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Abstract

Chitosan-based nonwoven fibrous materials have found applications in many fields,
especially in wastewater treatment, food packaging, wound dressing, and tissue engineering.
Additive polymers, such as other biopolymers and synthetic polymers, are often used to improve
the functional utility of chitosan-based fibrous materials. However, the interactions between
chitosan and additive polymers are poorly understood since conventional characterization methods
for solid-phase materials such as chitosan/biopolymers systems have some limitations, especially
when overlapping spectral signatures are convoluted. Hence, the use of complementary methods
and spectral deconvolution becomes important for the study of polymer interactions since it
governs the structure and properties of such chitosan-based fibrous materials. The overall goal of
this thesis research focuses on developing novel chitosan-based nonwoven micro-/nanofibrous
materials with good water stability, various adsorption properties, and tunable surface features,
along with an investigation of the formation of these materials. The overall goal can be divided
into three objectives. In Chapter 4, carboxymethyl chitosan (chi)/alginate/poly(ethylene oxide)
(PEO) self-assembled sponges (nonwoven microfibrous materials) were prepared via freeze-
drying. Their structurally modified forms were prepared via heat treatment (annealing). Original
and thermally treated forms were characterized by a novel characterization method based on
Raman spectral imaging. The results highlighted the multi-functional role of PEO and the value of
Raman spectral imaging in understanding the interactions occurring for chitosan-based materials.
In Chapter 5, various chi/hydroxypropyl-B-cyclodextrin (HP--CD) electrospun nanofibers were
prepared and characterized by the Raman spectral imaging method (developed in Chapter 4) and
other characterization methods. The results highlighted the formation of a supramolecular
assembly (chi + HP-B-CD + solvent) and its importance to facilitate the electrospinning of chi/low
molecular weight polymers systems. In Chapter 6, the chemically modified chitosan/low molecular
weight (LMw) PEO electrospun nanofiber was prepared by forming the chi/LMw PEO assembly.
A porous chitosan nanofiber was prepared through physical treatment. The results revealed that
tunable porous surface features could be obtained using LMw PEO as a sacrificial template.
Moreover, a dye uptake study with Methylene blue was conducted that revealed the porous fiber
materials displayed enhanced uptake. The studies reported herein provide a greater understanding
of the interactions between chitosan and additive polymers, which contribute to the design of novel

chitosan-based materials with tunable surface features and various physicochemical properties.
iii
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CHAPTER 1

Introduction

1.1 Background

Nonwoven fibrous materials can be described as highly porous structures with interlocked
continuous pore volume, which have drawn increasing attention because of their high surface areas,
interconnective pore structures, and diverse morphologies. Synthetic polymers and biopolymers
have been used to prepare nonwoven fibrous materials. Since the 1990s, due to environmental
concerns of synthetic polymers, nonwoven fibrous materials using biopolymers as raw materials
have multiplied because biopolymers are biodegradable and obtained from renewable natural
sources, including cotton, wood, hemp, flax, fungi, bacteria, tunicate, crustacean shells, silkworm,
algae, etc.>*3 Chitosan (chi)-based materials are among the most interesting nonwoven micro-
/nano- biopolymer fibrous materials because of chitosan’s abundance, versatility, and
antimicrobial properties. Chi-based fibrous materials have been used in many different fields,
especially in wastewater treatment!*, food packaging®®, wound dressing'®>?!, and tissue
engineering?2, since chi has many unique properties, which will be further discussed in Chapter
2.

Unlike synthetic polymers, thermal processes like melt blowing are not suitable for
preparing biopolymer fibrous materials because biopolymers can be degraded at a high
temperature.? Therefore, non-thermal methods, such as electrospinning, solution blowing, wet
spinning, and freeze-drying, are often used to produce nonwoven micro-/nano- biopolymer fibrous
materials.? For chi-based nonwoven micro-/nano- fibrous materials, electrospinning and freeze-
drying, are usually applied in the literature. Meanwhile, additive polymers, such as synthetic
polymers or other biopolymers, are employed in chi-based fibrous materials for many purposes:
to accommaodate different mechanical properties; to tune the morphology and the physicochemical
properties of chi-based materials for various applications; or to facilitate the fiber formation for
materials prepared by electrospinning.>°1>24-28 This thesis will focus on two chi systems obtained
by these two methods. The first system is prepared by a freeze-drying method, which is chi/sodium
alginate (alg)/poly(ethylene oxide) (PEO) sponges (nonwoven microfibrous materials). The

second one is prepared by the electrospinning method, including two examples:



chitosan/hydroxypropyl-B-cyclodextrin (chi/HP-B-CD) electrospun nanofibrous materials; and the

other one is chi/PEQ electrospun nanofibrous materials.

1.2 Knowledge gaps

However, four major knowledge gaps are hindering the material design of such fibrous
materials. Because aqueous media is involved in most of the applications of chi-based fibrous
materials, uncontrolled dissolution is a significant challenge for these fibrous materials.?®° The
occurrence of uncontrolled dissolution leads to unsatisfactory performance due to a constituent
component’s exfoliation (or loss). Further modification (chemical and physical) of chi-based
materials can be applied to resolve this issue. All the modification approaches depend on an
understanding of the interaction between chi and the additive polymer. The first knowledge gap is
that the nature of the interactions between chi and the additive polymer is poorly understood as
conventional characterization methods have limitations regarding the deconvolution of critical
spectral signatures to identify solid-state products containing structurally similar components.
Historically, many reported literature studies on the interaction between chi and the additive
polymer focused on solution-based characterization methods such as solution-based NMR
spectroscopy.®132 A question remains as to whether solution-based methods are relevant to the
solid fibrous material’s structure, although solution-based methods provide great insight into each
component’s interaction in the solution. Polymer-polymer interactions for solid fibrous materials
may be distinct from those in the solution for two reasons: one is that solvent molecules intervene
in polymer-polymer interactions; the other one is that new interactions are established for solid

materials during the freeze-drying and electrospinning process.3*3¢

Moreover, some solid-based characterization methods such as FT-IR spectroscopy and
differential scanning calorimetry (DSC) may limit the level of detailed structural insight for chi-
based materials. FT-IR spectra of chi overlap with other structurally similar spectral signatures of
components (other biopolymers) in 4000-400 cm, making the interaction between components
challenging to interpret. As for DSC, the bound water in chi may skew the DSC results, weakening
the ability to obtain meaningful structural information for chi-based materials by DSC.3"® X-ray
diffraction (XRD) provides limited structural information for amorphous biopolymer composites,
while microscopy methods such as scanning electron microscopy (SEM) merely afford the

characterization of the surface morphology of materials but no spectral information. It is noted that
2



it is difficult to directly connect spectral information (chemical and physical interactions among
each component) with the morphology of materials, limiting the understanding of the solid fibrous
materials’ structure. Therefore, Raman spectral imaging has been widely used to study complex
biological samples and composite nanofibrous materials, where the relationship between the
morphology of the samples and their spectral information can be correlated.3**3 The change of the
samples’ morphology could be related to spectral variations among the samples, which provides
more in-depth knowledge about the contribution of constituent molecular components of the
sample to its morphology. Different dye solutions can be used to distinguish structurally similar
biopolymer constituents due to their different biopolymer-dye interactions, such as electrostatic

interactions, ion-dipole interactions or hydrogen bonding.>°44-47

The second knowledge gap is that the underlying interaction for promoting the
electrospinning of chi/HP-B-CD electrospun fibrous materials is not well understood. According
to the study by Burns et al. on chi/HP-B-CD electrospun fibrous materials®!, the mixture of
different ratios of chi and HP-B-CD was reported to be electrospinnable in trifluoroacetic acid
(TFA). This study also suggests that hydrogen bonding is not an essential factor in the chi/HP-f-
CD system’s electrospinning process, in contrast to the pure HP-B-CD system where hydrogen
bonding among HP-B-CD molecules plays a vital role in the electrospinning process.3484°
However, due to the study by Burns et al. focusing on the solution-based characterization method
(NMR spectroscopy) and the conventional characterization method (FT-IR), the potential
interaction between each component leading to the formation of such electrospun fiber has not

been fully revealed, which prevents the development of such electrospun materials.

Surface porous morphology has been introduced to electrospun microfiber using high
volatility solvents®® or controlling the environment’s humidity during electrospinning.®® A post-
treatment method has also been used to create porous surface morphology on the PEO blended
electrospun microfiber. During the post-treatment, the porous surface morphology originates from
removing recrystallized PEO domains by water after the thermal treatment of PEO blended
electrospun microfiber.525% The third knowledge gap is that this post-treatment method has not
been used for the electrospun nanofiber because melted PEO domains in the electrospun
nanofibrous material coalesce during recrystallization prohibits the application of this method for
the electrospun nanofiber.>? The coalescence of melted PEO domains could be limited using

3



relatively low molecular weight PEO as the additive polymer in the electrospinning process. Low
molecular weight PEO possesses shorter polymer chains than high molecular weight species
leading to the isolated PEO domain in the nanofiber.>* Therefore, this post-treatment method could
be applied chi/PEO electrospun nanofibrous materials, which in turn increases the utility of PEO
in the chi/PEO system as PEO usually serves only one role as a fiber formation aide in the chi/PEO
electrospun fibrous material and is preferably removed after the formation of such electrospun

fibers.279°

The fourth knowledge gap is that only high molecular weight PEO has been used in current
chi/PEO systems in the literature. For the chi/PEO system, PEO with a molecular weight above
400 kDa (HMw PEO) in the literature has been employed to obtain electrospun fibers, whereas
PEO with a molecular weight =~ 100 kDa (LMw PEQO) and below is generally considered
inadequate to aide in the formation of electrospun fibers. The difficulty with LMw PEO relates to
the weak PEO-PEO chain entanglement, which prevents the formation of electrospun fibers, in
contrast to the strong PEO-PEO chain entanglement of HMw PEOQ.%%*" This knowledge gap
restricts the material design of chi-based electrospun fibers. Supramolecular interactions as an
essential solution to facilitate the electrospinning of low molecular weight polymers has recently

been recognized (detailed discussion in section 2.4.3, Chapter 2).%

1.3 Hypotheses

Hypothesis #1: Enhancement of the interactions among all constituents for chi-based
nonwoven fibrous composites will occur in the thermal treatment, leading to improved water
stability. The insight into these structural changes could be studied using Raman spectral imaging

with suitable dye probes (corresponding to the first knowledge gap).

Hypothesis #2: A multicomponent (Chi-TFA-HP-B-CD) assembly will exist in the chi/HP-
B-CD eletrospun nanofiber, attributed to the electrospinning of the chi/HP-B-CD system. The use
of solid-state characterization methods, including Raman spectral imaging with suitable dye
probes, could be used to investigate the structure of the assembly in the chi/HP-B-CD system

(corresponding to the second knowledge gap).

Hypothesis #3: Physical processes will create porous features on the surface of the
chi/LMw PEO electrospun nanofiber (corresponding to the third knowledge gap).

4



Hypothesis #4: A supramolecular assembly between chemically modified chi and LMw
PEO will facilitate the electrospinning of chi/LMw PEO system (corresponding to the fourth
knowledge gap).

1.4 Objectives

The overall goal of this thesis research focuses on developing novel chi-based nonwoven
micro-/nanofibrous materials with good water stability, various adsorption properties, and tunable
surface features, along with an investigation of the formation of these materials. The overall goal
can be divided into three objectives. Each objective corresponds to a specific hypothesis mentioned

in Section 1.3.

Objective #1: The structure of chi-based self-assembled sponges (nonwoven microfibrous
materials) prepared via freeze-drying and their thermally treated forms is investigated using a
novel characterization method based on Raman spectral imaging to understand the role of the
additive polymer and the interaction between chi and the additive polymer in the materials. This

objective relates to Hypothesis #1 and has three short-term goals:

)] preparation of carboxymethyl chi/alginate/PEO self-assembled sponges via freeze-
drying;
i) preparation of their structurally modified forms via heat treatment (annealing);
iii) a structural study of composites at variable composition is carried out using Raman
spectral imaging in conjunction with suitable dye probes.
Objective #2: The interactions leading to the formation of the chi/HP-B-CD electrospun
fiber are investigated using solid-state characterization methods, including Raman spectral
imaging with a suitable dye probe. This objective relates to Hypothesis #2 and has two short-term

goals:

) preparation of chi/HP-B-CD electrospun fibers at variable mass ratios (mass ratios
between chi and HP-B-CD in nonaqueous media (TFA as a solvent);

i) the characterization of the electrospun fibers in the solid-state using thermal
analysis and spectroscopic (FT-IR and Raman) methods and Raman spectral

imaging assisted by the use of a rhodamine dye probe.



Objective #3: The structure of the chemically modified chi/LMw PEO electrospun

nanofiber and its porous nanofiber prepared by utilizing a LMw PEO additive are investigated,

which relates to Hypothesis #3 and #4. This objective can be divided into four short-term goals:

i)

The first short-term goal relates to the synthesis of salicylic acid grafted chi and the
preparation of electrospun fibers from blends of grafted chi with LMw PEO (Mw
~ 100 kDa).

The second short-term goal is to carry out a structural characterization study of the
electrospun fibers to ascertain the interactions between the grafted chi and PEO.
The third short-term goal is to prepare a porous chi fiber using a physical method
in which the grafted chi/PEQ electrospun fiber is treated thermally, followed by the
controlled removal of PEO with the solvent.

The fourth short-term goal is to investigate different uptake properties of
electrospun chi fibers prepared in this study towards methylene blue (MB) to
demonstrate the effects of salicylic acid and the addition of porous features on chi-
based materials.

1.5 Thesis organization

Chapter 2 is the literature review section for this thesis, which provides relevant

background information. Chapter 3 is the experimental methods. Chapters 4-6 contain formatted,

edited articles (including both published articles and manuscripts in preparation). Chapter 7 is an

integrated discussion of manuscript chapters (Chapters 4-6), conclusion, and proposed future work.

The published articles and manuscript in preparation are outlined below:

1. Xue, C.; Wilson, L. D. A Structural Study of Self-Assembled Chitosan-Based Sponge

Materials. Carbohydr. Polym. 2019, 206, 685-693.
https://doi.org/10.1016/j.carbpol.2018.10.111.

Xue, C.; Wilson, L. D. A Spectroscopic Study of Solid-Phase Chitosan/Cyclodextrin-
Based Electrospun Fibers. Fibers 2019, 7 (5). https://doi.org/10.3390/FIB7050048.

Xue, C.; Wilson, L. D. Preparation and Characterization of Grafted Chitosan

Composite Porous Electrospun Fibers. Carbohydr. Polym. 2021. (under review).


https://doi.org/10.1016/j.carbpol.2018.10.111
https://doi.org/10.3390/FIB7050048

A summary of the research work and a description of each author’s contributions are
presented at the beginning of each chapter. Besides, the justification for the completion of the

general objective of the Ph.D. thesis is also included. A summary of each chapter is given below.

Chapter 2 is the literature review, and it discusses the concepts used in the thesis. Firstly,
chi and its properties are discussed. Secondly, chi nonwoven fibrous materials and their
applications are introduced in terms of preparation procedures: the methods used for the
solubilization of chi; the examples of chi nonwoven fibrous materials prepared by electrospinning
and freeze-drying; the post-treatment for enhancing the stability of chi nonwoven fibrous materials
in agueous materials. Moreover, the freeze-drying method’s background is introduced, followed
by an overview of the conditions during freeze-drying, which controls the freeze-dried product’s
morphology. The background of electrospinning, including various conditions in the
electrospinning process, is discussed by highlighting different approaches to facilitate electrospun
fibers formation. Furthermore, the purpose of using synthetic polymers as additive polymers in chi
nonwoven materials is described, where PEO and its related properties are the main focus of this
section. Finally, Raman spectroscopy and its applications are briefly discussed, followed by

Raman spectral imaging, including data processes for Raman spectral imaging and its applications.

Chapter 3 is the experimental methods and section. The details of characterization methods
and the details of an “in-house” electrospinning setup used in the thesis are summarized to avoid
repeating the experimental methods that would otherwise appear within the manuscript chapters
(Chapters 4-6).

Chapter 4, relating to Objective #1, focused on the preparation of freeze-dried chi-based
sponges (nonwoven microfibrous materials) with and without annealing to compare their structural
and physicochemical properties that highlighted the utility of Raman spectral imaging in
conjunction with a suitable dye probe as an effective and facile method to reveal structural features
for chi-based microfibrous materials before and after thermal annealing. The multi-functional role
of PEQ, such as a sacrificial template and a protective barrier in the materials, was evaluated using
solvent etching. The treated materials’ improved stability reveals their potential utility for
applications such as wounding dressing and tissue engineering in aqueous media. Raman spectral

imaging with suitable dye probes as a powerful characterization tool was used in Chapter 5 to



study the structure of chi-based electrospun nanofibrous materials. PEO as the sacrificial template

for creating porous morphology supports the works done in Chapter 6.

Chapter 5 corresponds to Objective #2. In this study, two chi/HP-B-CD nanofibers (mass
ratio between chi and HP-B-CD = 2:20 and 2:50) were prepared from a mixture of chi and HP-p-
CD using TFA as a solvent by electrospinning. The Raman spectral imaging mentioned in Chapter
4 and other complementary characterization methods, including thermal analyses (thermal
gravimetric analysis (TGA) and differential scanning calorimetry (DSC)) and spectroscopic
methods (Raman/IR), were used to evaluate the structure and composition of the fiber assemblies
in the solid-state. This study highlighted the multi-functional role of TFA as a solvent, an
electrostatically bound pendant group to chi, and a guest molecule binding with HP-B-CD. The
experimental results also inferred the formation of a ternary supramolecular assembly based on
unique host-guest interactions. This work contributes further insight on the formation and stability
of such ternary (chi + HP-B-CD + TFA) electrospun fibers and their potential utility as “smart”
fiber coatings for advanced applications. The potential application of supramolecular assembly
between chi and an additive polymer in the electrospinning process supports the works done in
Chapter 6.

Chapter 6 relates to Objective #3. Chi electrospun fibers have been found in medical
applications and food packaging materials despite the technical challenges in their preparation.
PEOQ is an additive polymer that is commonly used to facilitate the electrospun fiber formation of
chi because it offers PEO-PEO chain entanglement to aid such electrospun fibers formation.
Therefore, PEO with a molecular weight greater than 400 kDa is employed to ensure chi
electrospun fiber formation. LMw PEO (Mw less than 100 kDa) can be employed to create porous
surface features on chi nanofibrous materials, but the chi/LMw PEO system is not suitable for
electrospinning. Therefore, an alternative method that utilizes LMw PEO is required. Herein, chi
grafted with salicylic acid was prepared to afford improved electrospun fiber formation with LMw
PEO (Mw = 100 kDa). Unmodified (pristine) chi did not yield electrospun fibers with LMw PEO
under the conditions reported in this study. The investigation of the interactions between
unmodified or grafted chi with PEO revealed that supramolecular assemblies were formed between
grafted chi and PEO, contributing to chi electrospun fiber formation. The supramolecular assembly
could offer an alternative approach for the design of chi electrospun fibers. Moreover, tunable
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porous surface features could be designed for electrospun chi fibers via physical processing that

employs PEO as a sacrificial template, as reported herein.

Chapter 7 provides an overview of the thesis research results and discusses how Chapters
4-6 connect with the various objectives and the thesis research’s overall goal. Chapter 7 concludes
this thesis, outlines the advancement of novel chi-based nonwoven micro-/nano- fibrous materials

mentioned in the thesis, and suggestions for future research.
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CHAPTER 2

Literature review

2.1 Chitosan and chitosan nonwoven fibrous materials

2.1.1 Chitosan

Chitosan (chi), B-(1,4)-aminoglucopyranose containing randomly distributed N-acetyl-
glucosamine and glucosamine residues (cf. Fig. 2.1), is a copolymer made from deacetylation of
chitin, which is the second most abundant biopolymer in nature next to cellulose and is mainly
found in invertebrates, fungi, and yeasts.! Chitin is mainly found in invertebrates, fungi, and
yeasts.! Chi can be made from chitin by enzymatic or chemical processes.? The enzymatic process
represents a controlled, non-degradable process to hydrolyze N-acetamide bonds in chitin utilizing
chitin deacetylases, leading to well-defined chi such as chi oligomers.? The chemical process is a
favorable method to produce chi for commercial usage due to the low cost and mass production
ability.? Chi is a non-toxic, biodegradable, biocompatible material with many interesting chemical
and physical properties and attractive biological functionalities, such as antimicrobial, antioxidant,
antitumor activities, etc.? The degree of acetylation (DA) of chi is lower than 40% and soluble in
acidic media, making chi easier to manipulate using solution-based methods than cellulose.®
Moreover, chi behaves as a cationic polyelectrolyte with a dissociation constant (pKa) value of
~6.3 because the presence of the free amine groups on its structure can undergo protonation in
acidic media.* The occurrence of protonation of the glucosamine groups provides chi with the
potential to form polyelectrolyte complexes. Chi also has been reported to dissolve in several
organic solvents/solvent mixtures, such as trifluoroacetic acid (TFA), 1,1,1,3,3,3-
hexafluoroisopropanol ~ (HFIP),  chloroform,  glycine  chloride, aqueous acetic
acid/dimethylformamide, aqueous acetic acid/dimethyl sulfoxide, lithium hydroxide/urea,
HFIP/formic acid, and tetrahydrofuran/dimethylformamide.® However, the solubility of chi in
these solvents or solvent mixtures is limited and strongly depends on the DA and molar mass of
the chi. In addition, the free amine groups on C-2 (cf. Fig. 2.1) affords chi the ability to undergo
various chemical modifications, which will be discussed later. Chi has good water swelling ability,
which is beneficial for wound dressing. These advantages of chi over other biopolymers make chi

a versatile precursor for materials design and development.
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Chemical and physical properties of chi, such as crystallinity, solubility (in acidic medium)
and reactivity, depend on several structural features of the chi molecule. These features include
the average molecular weight, DA of the chi materials, and the local and global distribution of N-
acetyl-glucosamine units along the chain.! For example, the DA of chi and the local and global
distribution of N-acetyl-glucosamine units along the chi chain contribute to inter- or intra-
molecular interactions (in terms of hydrogen bonding). In turn, the bonding arrangement
determines the structural arrangement of chitosan and the crystalline nature of chi.b Furthermore,
the crystallinity of chi relates to the accessibility of the hydroxyl and amine groups of chi, which
determines the chemical reactivity of chi, the hydration properties of chi in aqueous media, and
the ability to form complexes with cationic species.” The solubility of chi in acidic media can be
evaluated from its pKa value, Where the pKa value of chi can be calculated using Katchalsky’s
equation, as given in equation (2.1).48

pKa=pH+log(1?Ta) =pKo—% (2.1)

Here, Ay (a) is the difference in electrostatic potential between the surface of chi and the
reference state at a distance from the axis in the rod-like model, where « is the degree of
dissociation, kg is the Boltzmann constant, T is the absolute temperature, and e is the electron
charge. The intrinsic dissociation constant of the ionizable groups, pKo, can be obtained by
extrapolating the pKa value to @ = 1, where the polymer becomes uncharged (or completely
deionized). This value (pKo) is ~6.5, which is independent of the degree of dissociation; however,
the pKa value is highly dependent on the degree of dissociation.* The degree of dissociation
relates to the accessibility of amine groups of chi, which in turn depends on the DA of chi and the
distribution of N-acetyl-glucosamine units along the chi chain.®® Chi in acidic medium displays a
semi-rigid behavior depicted by a persistence length, which is marginally determined by the DA
of the sample.? The source of chitin used as the precursor and the method employed for the
deacetylation of chitin in the chemical process can influence the physicochemical properties of
chi.? The chitin precursor used can be a-, B-, or y-chitin. Different unit cell arrangements clearly
differentiate a- and B-, but y-chitin is considered to be a mixture or distortion of a- and B-forms.”®
According to Hajji et al.%%, chi prepared from B-chitin has a lower DA than a-chitin but a higher
degree of degradation because B-chitin has higher reactivity than a-chitin. Chi prepared from a-

chitin demonstrated a slightly higher crystallinity than that prepared from B-chitin.X® Methods of
17



deacetylation of chitin in the chemical process are either homogenous or heterogeneous. For the
heterogeneous method, chitin is immersed in a hot concentrated NaOH solution for several hours,
and then chi is obtained as an insoluble settlement with DA up to ~1% to 15%.2 For the
homogeneous method, chitin is dispersed in concentrated NaOH (with a mass ratio between NaOH,
H20, and chitin being 10 : 15 : 1) at 25 °C for three hours or more, then the dispersion is cooled in
crushed ice at 0 °C.2 The heterogeneous method leads to an irregular distribution of N-acetyl-
glucosamine units along the chi chain, whereas the homogeneous method results in a uniform
distribution.!! The deacetylation methods may also affect DA, molar mass, and viscosity in the

solution.?

2.1.2 Chitosan nonwoven fibrous materials

As described above, chi is a versatile platform for materials design. Various forms of chi
have been developed for different applications. For example, beads, microspheres, nanoparticles,
and coatings have been used for drug delivery, enzyme immobilization, gene delivery, surface
modification, and textile finishes. Films have been used for dialysis membranes and antimicrobial
membranes. Powders of chi have been used directly as adsorbents for water and various form of
water contaminants (heavy metals and dyes). Chi solutions have been involved in floc-coagulants,
cosmetics, bacteriostatic agents, anticoagulants and antitumor agents. Chi gels have been applied
for implants, coatings, and tissue engineering. Chi tablets and capsules have been used for
disintegrating agents and delivery vehicles. Chi nonwoven micro- or nanofibrous materials, the
main targets of this thesis, have drawn increasing attention in food packaging, medical textiles,
suture, bone regeneration, tissue engineering, wound dressing, drug delivery, enzyme entrapment,
and artificial skin.® As mentioned in Chapter 1, common methods to prepare nonwoven micro-
/nanofibrous materials are either freeze-drying or electrospinning. For both methods, the first step
of the material preparation is to solubilize chi. Although chi is soluble in acidic conditions or
somewhat soluble in organic solvents or organic solvent mixtures as discussed in Section 2.1.1,
chi is further chemically modified to make it soluble in a neutral aqueous medium and increase the
solubility of chi in organic solvents as a result of adapting to different application requirements.
Common approaches are grafting chi with various chemicals and polymers, such as

carboxymethylation, quaternization, and PEGylation.> Most of the modification methods utilize
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the hydroxyl group on C6 (sometimes with a side reaction at the hydroxyl group on C3) and the
amine group on C2 of chi. Carboxymethylation is the common method to make chi soluble in the
neutral aqueous medium. Some of the approaches used the synthesize carboxymethylated (cm) chi
are shown in Figure 2.1. It is worth noting that the difference between O- and N-
carboxymethylated chi in the inter- or intra-molecular interaction leads to distinct reactivities and
solution behaviors, which is the same for other chemical modifications.!? Apart from
carboxymethylation, quaternization of chi is also used. Quaternary ammonium groups are
introduced to chi, leading to the enhancement of the solubility of chi at neutral and high pH
aqueous environment.*® PEGylation is another important method to increase the solubility of chi
in aqueous media.}* For both carboxymethylation and quaternization, ionic groups charged at
neutral and high pH aqueous medium are attached to chi. However, in PEGylation, a non-ionic
hydrophilic polymer, poly(ethylene glycol) (PEG), is grafted to chi. During PEGylation, PEG with
an appropriate end group is firstly synthesized, then attached to the chi. To increase chi solubility
in organic solvents or change the hydrophilic-hydrophobic balance of chi, acylation, alkylation,

and benzylation can be performed.®
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Figure 2.1. Original chitosan and different types of carboxymethylated chitosan.

During the preparation of nonwoven fibrous materials by electrospinning, the chi or its
modified form is initially dissolved in a proper solvent. After that, the solution properties, such as
polymer concentration, viscosity, surface tension, dielectric constant, conductivity, etc, are
adjusted to achieve the desired strength of intermolecular interactions suitable for electrospinning.
Thereafter, the resulting solution is converted into a solid fibrous material through electrospinning.
Some examples of chi-based electrospun fibers are hexanoyl chi, PEGylated chi, cm-chi blended
with other water-soluble synthetic polymers (PEO, polyacrylamide (PAM), poly(acrylic acid)
(PAA), poly(vinyl alcohol) (PVA))®, chi/PVAL, chi/poly(lactide-co-glycolide) (PLGA)/PVAY,

chi/PEO™-22, chi/collagen?®, chi/agarose, chi/zein, chi/nylon-6, etc'®.
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For fibrous materials prepared by freeze-drying, the first step is to form polyelectrolyte
complexes (PECs) in the solution. These PECs are then assembled into solid fibrous materials by
the freeze-drying method. Some examples are chi/acetate®®, chi/alginate?®, chi/hyaluronate®®,
chi/poly(galacturonic acid) (PGA)?’, and so on. It is worth noting that even though various forms
of chi (e.g., chi films, powders, tablets, capsules, etc.) can be prepared by freeze-drying, the
formation of a dispersion of PECs in the solution prior to freeze-drying is a sufficient condition to
produce chi-based micro- or nanofibrous materials, which relates to the mechanism of freeze-
drying and will be discussed later in this chapter.

Once chi-based nonwoven fibrous materials are obtained, post-treatment is sometimes
required to increase the stability of the materials in an agueous medium. There are two categories
for post-treatment of chi fibrous materials: chemical and physical methods.* In the case of
chemical methods, cross-linking through a covalent bond is typically used to reduce the number
of free hydrophilic groups in the chi (amino group or hydroxy group), increasing the stability of
chi in water. Some commonly used cross-linking agents are epichlorohydrin? or glutaraldehyde?®.
Although a study conducted by Zhao et al.>® has shown that the chemical cross-linking does not
change the biocompatibility of chi, the safety of chemically cross-linked chi is still of concern due
to the presence of the unreacted or partially reacted cytotoxic cross-linking agent in the product.
For physical methods, the chi-based material is cross-linked via electrostatic interactions by
multivalent anions, like oxalic acid®, citric acid®-*, or tripolyphosphate®*=. Another physical
method often used is thermal treatment.®”* Physical methods are favorable for preparing materials
for applications such as wound dressing, tissue engineering, and food packaging because there are

no questionable or harmful organic chemicals used in the process.

2.2 Interactions in the polymer solution

As mentioned in Section 2.1.2, it is necessary to prepare the chi solution or chi-based
polymer blends before producing chi nonwoven fibrous materials. Various interactions occurring
in the chi solution or chi blend (a mixture of chi and a synthetic polymer in a common solvent)
determine the product’s morphologies and physicochemical properties. Therefore, some common

interactions in the polymer solution are discussed hereafter.
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2.2.1 Polymer-solvent interactions based on Flory-Huggins theory

Flory and Huggins independently introduced a lattice model for calculating the enthalpy
and entropy of mixing polymers in solution media. The assumptions used in this theory are
monodisperse polymer chains (same molar mass), uniformity of concentrated polymer solutions,
very flexible polymer chains or free-joint polymer chains (no bond angle), no volume change on
mixing, and no specific interactions between polymer repeat units and solvent.>® A polymer-
solvent interaction parameter, y, can be found based on Flory-Huggins theory. When y = 0, it is
called a theta-solvent (0-solvent) in which the solvent-polymer segment interactions and the
interaction between the polymer segment are equally favored. As the solvent does not induce chain
expansion, the polymer shows unperturbed chain dimensions. Hence, the conformational
characteristic of the polymer can be studied in its dilute solution under 6-solvent conditions. On
the other hand, in a good solvent (y <0.5), the polymer-solvent interaction is energetically favored,
and the polymer chain exhibits full expansion leading to a larger “end-to-end” distance of the
polymer chain than that of the polymer chain in the 6-solvent. When x > 0.5, it represents a poor
solvent where solvent-polymer interaction is energetically less favored than polymer-polymer
interaction leading to a contracted polymer chain conformation in this solvent.

The concepts of the Flory-Huggins theory have been extended to the understanding of
polymer/polymer miscibility for polymer blends. The Flory-Huggins thermodynamic interaction
parameter y,, depicts the interaction in free energy of mixing and is used to measure the excess
enthalpic and entropic contributions to potentially favorable mixing. The more negative the
parameter, the stronger the interaction.?! Because the chi polymer chain in the solution displays
stiffness and the concentration of chi solutions used in the examples mentioned in Section 2.1.2
are not dilute, chi solutions may not satisfy Flory-Huggins polymer-solvent interactions parameter.
However, chi blends’ miscibility can be understood with this theory as synthetic polymers used in
chi blends follow the assumptions. For example, chi/poly(N-vinyl pyrrolidone) (PVP) and
chi/PVA result in miscible blends, but chi/PEQ is miscible to ~30% of PEQ.224%4! For chi blends,
the morphology of microscopic domains from immiscible components will affect the ability to

form nonwoven fibrous materials, even the products’ physicochemical properties.
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2.2.2 Polymer-polymer interactions based on chain entanglements

The terminology, chain entanglements, are brought from polymer melts (or rubbery-like
materials) into polymer solutions to describe polymer-polymer interactions in non-diluted polymer
solutions. The most critical assumption of chain entanglements is that the materials behave as an
ideal rubber with only entropic forces on stretching. In other words, chain entanglements are the
physical interlocking of polymer chains acting similarly as chemical and physical cross-links,
resulting from chain overlap above a certain concentration.*> However, chain entanglements differ
from chemical and physical cross-links in a way that polymer chains, owning to the assumption,
can move past one another, affecting viscoelastic behavior but have no specific interactions (no
internal energy contributions).*® In a polymer melt, chain entanglements can be expressed with the
number of entanglements (or entanglement density), which increases with polymer chain length
or molecular weight, M. The number of entanglements in the polymer melt can relate to the ratio
of M./M,, where M, represents the critical molecular weight corresponding to one entanglement
per chain and M, represents the entanglement molecular weight corresponding to the average
molecular weight between entanglement junctions (or couples). In a polymer solution, when the
polymer solution concentration (C) is below the critical value (C*), there are no chain
entanglements in a dilute solution due to no chain overlap. When € = C*, the chain overlap takes
place, and the number of chain entanglements is proportional to C. The relation between the
entanglement molecular weight in the solution ((M,)s,») and the melt (M,) can be described as

the equation (2.2):
(Me)somn = Me/¢p (2.2)

where ¢, is the polymer volume fraction. Therefore, the strength of polymer-polymer interactions

in the polymer solution (C > C*) can be evaluated using the number of entanglements.*?

2.2.3 Molecular interactions in the polymer solution
As mentioned above, chain entanglements relate to non-specific polymer-polymer
interactions. However, in the context of chi solutions and blends, molecular interactions can not

be ignored.
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2.2.3.1 Hydrogen bonding

Hydrogen bonding is a special type of dipole-dipole attractive force which occurs between
two species owing to a through-space interaction such as X-H----Y, where X and Y are polar atoms,
X-H represents a hydrogen donor (X is more electronegative than H), and Y represents a hydrogen
acceptor containing a lone-pair electron.** Hydrogen bonding is energetically weaker than ionic
and covalent bonds but stronger than dipole-dipole and dispersion forces. Chi and modified chi (cf.
Section 2.1.2) possess many groups contributing to hydrogen bonding, such as -OH, -NH>, and -
C=0, making hydrogen bonding the most vital molecular interaction for chi solutions and chi
blends.

2.2.3.2 Hydrophobic effects

Hydrophobic effects are a long-range attractive force that occurs due to two hydrophobic
surfaces trying to eliminate water molecules between them.***” Polar and ionic compounds can
readily dissolve in water due to the polar nature of water. However, the introduction of nonpolar
(hydrophobic) compounds into water or polar solvent leads to hydrophobic effects. Hydrophobic
effects are the tendency of nonpolar molecules to self-associate instead of dissolving individually
in water.*® Hydrophobic effects are the driving force for the formation of host-guest inclusion
complexes for cyclodextrins, aggregation or formation of micelles by amphiphilic molecules, and
removal of non-polar molecules from the aqueous environment.***’ Hydrophobic forces were
found to be much greater than van der Waals forces at large distances, and increase with increased
hydrophobicity of the surface. Hydrophobic effects could affect solution behaviors of chi solutions
and blends attributed to the hydrophobic parts of chi, although chi is considered hydrophilic due
to the -OH and -NH groups on the surface. Furthermore, after chemical modification of chi
mentioned in Section 2.1.2, because the hydrophilic-hydrophobic balance of modified chi differs
from original chi, hydrophobic effects could lead to the formation of organized microstructures in
chi blends.
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2.3 Freeze-drying method

Freeze-drying, also known as lyophilization or cryodesiccation, is a dehydration process
where water in the product is frozen then removed by subliming the ice to vapor. There are three
stages in the freeze-drying process: freezing, primary drying, and secondary drying. During the
freezing stage, the sample’s temperature is reduced until the initiation of the nucleation of ice
crystal, which is followed by ice crystal growth.*® This leads to the separation of most of the water
(in the form of ice crystal) from a concentrated solute phase, usually containing a small amount of
water.”® During primary drying, the crystalline ice formed during freezing is removed by
sublimation.“34° Therefore, the chamber pressure is reduced well below the vapor pressure of ice,
and the shelf temperature is raised to supply the heat removed by ice sublimation.*® At the end of
the primary drying, the sample can still contain about 20% of unfrozen water in the concentrated
solute phase, which is then desorbed during the secondary drying stage, usually at elevated

temperature and low pressure, to finally attain the desired low moisture content.*®

The freezing stage plays an essential role in the freeze-drying method. Many studies have
shown that the freezing stage dramatically impacts the quality and the morphology of the final
freeze-dried product.?>4°-54 Generally, freezing can be defined as the process of ice crystallization
from supercooled water (it is a type of water remaining as a liquid at the temperature below its
equilibrium freezing point).*® Supercooling is a non-equilibrium, meta-stable state, of which the
energy is close to the activation energy of the nucleation process. The formation of ice crystals
starts from the nucleation. Ice-like clusters, resembling the molecular structure of ice crystal, are
formed by water molecules in the supercooled water through prolonged hydrogen bonds due to
density fluctuations from Brownian motion.*® The probability of forming these energetically
unfavorable clusters increases as the temperature decreases.*® Ice crystal growth is initiated when
the critical mass of these clusters (nuclei) is met.*® There are two types of nucleation, which are
homogenous and heterogeneous nucleation. Heterogeneous nucleation is observed during the
freeze-drying process, which suggests that ice-like clusters are formed by adsorbing layers of water
on “foreign impurities” such as the container’s surface, particulate contaminants present in the
water, and large molecules.® Ice crystal growth is controlled by the heat released from the addition
of water molecules to the ice-water interface and the cooling rate to which the sample is exposed.

Because merely a portion of the heat released by the ice formation (15 cal/g of the 79 cal/g of heat
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given off by the ice formation) can be absorbed by the supercooled water, the rest of the heat needs
to be removed by further cooling.*® The ice morphology is based on two factors: the degree of
supercooling and the freezing mechanism.*® The degree of supercooling depends on the solution
properties and process conditions. It is defined as the difference between the equilibrium ice
formation temperature and the actual temperature at which the ice crystal first forms.*34® High
degree of supercooling results in a higher number of small ice crystals because of the number of
ice nuclei formed, where a fast freezing rate at the ice-water interface leads to small ice crystals.

However, at a lower degree of supercooling, a lower number of large ice crystals were observed.>®

There are two basic freezing mechanisms involved in the freeze-drying process: global
supercooling and directional solidification. During the occurrence of global supercooling (like
shelf-ramped freezing), the whole liquid volume has a similar level of supercooling, and
solidification occurs through the already nucleated volume, which leads to spherulitic ice
crystals.*® For directional solidification, it occurs when a small volume is supercooled, which is
the case for high cooling rates, like with liquid nitrogen sample immersion. During high cooling
rates, the nucleation and the development of the ice-water interface occur almost simultaneously;
and the ice-water interface moves further into non-nucleated solution leading to directional
lamellar morphologies with connected pores.**52%4%6 Ag jce crystals grow in the freezing stage,
the phase separation takes place between most of the water (in the form of the ice crystal) and a
concentrated solute phase. As a result, the space among ice crystals is occupied by the concentrated
solute phase.5? If this separation does not happen, a mixture of the sample is formed with a greatly
reduced vapor pressure, which cannot be freeze-dried.*® The concentrated solute phase may
undergo eutectic crystallization or vitrification depending on the properties of the solutes, which
results in a mixture of small crystals of ice and solute or a mixture of amorphous solutes and
amorphous (unfrozen) water, respectively.*® Other behaviors, like liquid-liquid phase separation
(further phase separation of the multicomponent system in the concentrated solute phase),
crystallization of amorphous solids, or amorphization from crystalline solids, may also take place,
which profoundly affects the physicochemical properties of the freeze-dried product. Following
the completion of freezing, the concentrated solute phase adopts the morphology of ice crystal
acting as a “template”. Upon removal of the “template” in the second and third stages of the freeze-

drying process, the freeze-dried product with the corresponding morphology can be obtained.>2>4
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It is reported that nonwoven fibrous materials such as sponges and foams can be prepared
through freeze-drying.24-2750515457.58 Degpite the differences in the starting materials and some
preparation procedures among these studies, there are two common features in the preparation of
nonwoven fibrous materials: freezing with high cooling rates and the use of a diluted dispersion
of high molecular weight polymers as the starting material like cellulose, chi, alginate, poly(lactic
acid) (PLA), PLGA, gelatin, etc.2427°051545759 Ag discussed above, freezing with high cooling
rates results in the directional solidification of the sample leading to directional lamellar structure
of ice crystal with connected pores. The dispersed polymers in the concentrated solute phase are
rearranged into the fibrous structure or the lamella structure according to the initial dispersion
concentration.?>®* Moreover, the use of high molecular weight polymers ensures that the
microstructure created by “the ice template” remains unchanged during the second and third drying
process. A schematic illustration of the formation of different morphologies of the freeze-dried
high molecular weight polymer is shown in Figure 2.2. In the context of chi-based nonwoven
fibrous materials, such materials can be prepared by the freeze-drying process, following the same
mechanism. A stable diluted dispersion of chi-based materials can be achieved in the solution by
forming polyelectrolyte complexes, as mentioned in Section 2.1.2, then is frozen with high cooling
rates, like with liquid nitrogen immersion (or the ultra-low-temperature freezer) and dried.?*?
Therefore, the formation of a dispersion of PECs in the solution is crucial for the preparation of

chi-based nonwoven nano- or micro-fibrous materials.
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Figure 2.2. A schematic illustration of the formation of different polymer morphologies of the

freeze-dried high molecular weight polymer dispersion.

2.4 Electrospinning method
2.4.1 Brief history of electrospinning

Electrospinning provides a facile method to produce ultrathin fibers with diameters down
to the nanometer scale. Electrospinning may be considered a variant of the electrostatic spraying
(or electrospray) process, both of which depend on using a high voltage to eject liquid jets.®® The
significant differences between electrospinning and electrospraying are the viscosity and
viscoelasticity of the liquid involved and thus the behavior of the jet.5! During electrospinning, the
continuous jet results in fibers, whereas the jet breaks into droplets leading to the formation of
particles during electrospraying. The earliest concept of electrospinning could be found in 1887.
Charles V. Boys reported that fibers could be drawn from a viscoelastic liquid (e.g., beeswax and
collodion) under an external electric field.®? A prototype of the electrospinning setup was patented
in 1902.5! In the late 1930s, the improvement of the electrospinning setup was made by Anton
Formhals that aimed to commercialize electrospinning.®® In the same period, the first example of

electrospun nanofibers, “Petryanov filters”, was realized in the Soviet Union to capture aerosol
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particles.5! Afterward, for 60 years, academia or industry has not paid much attention to
electrospinning, resulting from the limitation on characterization tools to measure fibers with sub-
micron diameters accurately.®! The tide turned in the late 1990s. Several research groups, notably
those led by Darrell Reneker and Gregory Rutledge®®°, brought this “ancient technique” into the
laboratory to produce nanofibers from various organic polymers as electron microscopes that can
resolve nanoscale features became available for researchers.® Thus, the term “electrospinning”
was widely accepted and used in the literature to describe this technique. Since the beginning of
the 21% century, because of its remarkable simplicity, versatility, and potential uses, the
electrospinning method has been considered to be the method of choice for producing fibrous

materials with nanoscale diameters.%!

2.4.2 Basic theory of electrospinning

In 1887, Charles V. Boys used an insulated dish connected to an electrical supply.®?
Currently, a basic electrospinning setup consists of a high-voltage power supply, a spinneret, and
a collector (a grounded conductor). It is not much different from the first apparatus. A scheme of
the basic electrospinning setup is shown in Figure 2.3. The high-voltage power supply can either
be direct current (DC) or alternating current (AC). The spinneret, containing the polymer solution,
is equipped with a blunt-tip needle, and a syringe pump controls the polymer solution's flow rate.
Many advanced electrospinning setups have been developed to regulate the alignment of
electrospun nanofibers®?, to control the structure of electrospun nanofibers (coaxial setup for core-
sheath and hollow nanofibers’®), or to increase the throughput of electrospun nanofibers (multi-

needle electrospinning setup’?).
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Figure 2.3. A scheme of the basic electrospinning setup.
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Nevertheless, the electrospinning process generally can be divided into four successive
steps: 1) charging a pendant droplet to form a cone-shaped jet in an electric field; 2) elongating
the charged jet; 3) stretching and thinning the charged jet under the electric field leading to the
growth of bending instability (also called whipping instability); 4) solidification and collection of
the jet as solid fibers on a grounded collector. The first step is the formation of a cone-shaped jet
in an electric field. During electrospinning, the polymer solution is ejected from the spinneret to
form a pendant droplet due to surface tension. The droplet is then electrified in the presence of the
external electric field, which results in the deformation of the electrified droplet into a conical
shape due to the electrostatic repulsion among the surface charges that feature the same sign. Thus,
acharged jet is ejected from the tip of the conical shape. According to Plateau-Rayleigh instability,
the deformation of the droplet into the conical shape in an external electric field was first
mathematically explained by Geoffrey Taylor between 1964 and 1969.7>™ This conical shape is
now known as “Taylor cone”. By assuming the liquid in the droplet as a perfect conductor’, the
electrostatic pressure (P, ) caused by the external electric field is applied on the surface of the

droplet, which can be described by equation (2.3)

P, =¢E?/2 (2.3)
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where ¢ is the dielectric constant of the medium surrounding the droplet and E is the intensity of
the electric field. The capillary pressure (P.) due to the surface tension can be calculated using the

Young-Laplace equation in the following form (2.4):
P.=2y/r (2.4)

where y is the surface tension and r is the mean radius of curvature of the surface, which
approximately equals to the inner radius of the spinneret.”® As the electric field is increased to a
threshold, a critical voltage (V.), P, will surpass P., which suggests that the strength of the
electrostatic repulsion will surmount the surface tension. As a result, the droplet will deform into
a conical shape.” In this case, V. can be determined with the use of the following equation (2.5):7*

V2 =2 (In (%) - 1.5) (1.37Ry)(0.09) (2.5)

12 R

where H is the distance between the tip of the spinneret and the collector, [ is the length of the
spinneret, and R is the outer radius of the spinneret. The units of H, [, and R are all in centimeters,
while the unit of y is dyn/cm and the unit of the voltage is kV. The factor 1.3 is derived from
2 cos 49.3" when assuming that the cone has a semi-vertical angle close to a possible equilibrium
value of 49.3°. Properties of the liquid also affect the critical voltage required to deform the droplet
into a conical shape. When a viscous liquid such as a polymer solution is used to form a Taylor
cone, the electrostatic repulsion threshold generated by the voltage needs to be greater than the
sum of the surface tension and the viscoelastic force of the liquid. The Taylor cone can be kept in
shape if there is enough supply of liquid to compensate the ejected amount during an

electrospinning process.5*

The second and third steps of electrospinning are usually studied together. After being
ejected from the tip of the Taylor cone, an electrically charged jet is elongated straightly in the
direction of the electric field as it travels toward the collector with acceleration.”” This linear
elongated segment of the jet is named the near-field region, as shown in Figure 2.3. The electric
force is dominant in this region.”® The acceleration is gradually reduced by the surface tension and
viscoelastic force in the jet.”> Meanwhile, because the jet is continuously elongated, its diameter
in the straight segment decreases as it moves away from the tip. In this region, The Rayleigh

instability should be overcome by the viscoelastic properties of the fluid to prevent the jet from

31



breaking into droplets.2® When the acceleration is reduced to zero or a constant, any small
perturbation, such as the electrostatic repulsion generated by the surface charges located on the jet,
can disturb this straight movement, resulting in the indication's instability of the far-field region.”
In the far-field region, there are three different types of instabilities: Rayleigh instability
(axisymmetric), axisymmetric instability occurring at a stronger electric field, and bending
instability (whipping, non-axisymmetric).®>-68/0 Rayleigh instability leads to the potential breakup
of the jet into the droplets, governed by the surface tension. Rayleigh instability can be suppressed
at a strong electric field according to equation (2.5). For bending instability, it describes that the
aerodynamic instability coordinates the “lateral electrostatic force”, perpendicular to the electric
field, to generate the wave-like perturbations onto the jet.” Consequently, the jet is compelled to
bend by the lateral force created by the electrostatic repulsion among the surface charges in a
strong electric field to form a coil, as shown in Figure 2.3.” According to both experimental
observations and electrohydrodynamic theories, different models have been developed to describe
the behavior of the charged jet to understand the electrospinning process.®* Based on these models,
these three instabilities are controlled by the physicochemical properties of the liquid and the
electrospinning parameters. The final step of electrospinning is solidification and the collection of
the jet as solid fibers. Solidification of the jet occurs during the second and the third step, where
the solvent is evaporated. A slow solidification will result in fibers with a thinner diameter.®
Solidified fibers are collected on the grounded collector leading to nonwoven fibrous materials.
The morphologies of the products are mostly determined by bending instability (the third step of
electrospinning).®* In order to obtain electrospun nanofibers, bending or stretching of the jet

resulting from the rapid growth of bending instability is essential .

2.4.3 Factors regarding the electrospinnability of the system

As discussed above, the critical processing parameters of the electrospinning setup are the
voltage applied to the spinneret, the flow rate of the liquid, and the working distance between the
tip of the spinneret and the collector. In general, the voltage applied to the spinneret determines
the strength of the electric field. The flow rate of the liquid typically relates to the diameter of the
fiber. A long enough working distance is required to achieve fully extended solid fibers. However,
there is a complicated interplay among all the processing parameters, making the optimization of

the electrospinning process difficult. Besides, the physicochemical properties of the polymer
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solution can also affect the electrospinning process significantly, such as the molecular weight of
the polymer, viscosity, viscoelasticity, surface tension, dielectric constant, etc. In particular, the
ability for the polymer solution to overcome the Rayleigh instability occurring in the second step
of the electrospinning process is the crucial factor to prevent the jet from breaking up into the
droplet leading to the fiber formation. For a polymer melt or a single component polymer solution
system, this ability has been correlated to chain entanglements using the “solution entanglement
number” by Shenoy et al., which is a semi-empirical methodology with an important assumption
that chain entanglements are solely responsible for both the increase of the solution viscosity and
the cause of the elastic network under the influence of an elongational strain.8* The solution
entanglement number, (n,)s,m, IS defined as the ratio of the weight-average molecular weight
(M,,) to the entanglement molecular weight in solution ((M,)s., )-8 The corresponding
mathematical expression is given in equation (2.6):

My _ $Mw
(Me)soln - Me (26)

(Me)soin =

where M, is the entanglement molecular weight in the melt and ¢ is the polymer volume fraction.
Generally, M, are a function of chain topology or geometry and ¢ relates to the dilution effect due
to the presence of a solvent. Shenoy et al.8* demonstrated that stable fiber formation for a neutral
polymer in a good solvent occurs when (n,)¢., = 3.5 (or the number of entanglements per chain
is greater than 2.5) depending on the polymer molecular weight, concentration, and solvent quality.
This solution entanglement number suggests that the polymer with high molecular weight has large
number of entanglements per chain, resulting in better electrospinnability. Many systems have
displayed a similar threshold of the number of entanglements per chain (> 2.5).828 However,
because of the underlying assumption of this approach, it is valid only for the single polymer
system in a good solvent where polymer-polymer interactions are negligible.*> Under a similar
assumption, four solution regimes have been predicted for linear neutral polymers in a good
solvent using a slope transition when plotting the log of specific viscosity (n,) as a function of
log of polymer concentration (c), including the dilute regime (ng, ~ ct9), the semi-dilute
unentangled regime (ny, ~ c'®), the semi-dilute entangled regime (75, ~ c*%), and the

concentrated regime(n, ~ ¢*°).2% The specific viscosity is expressed by equation (2.7).

Nsp = (nsoln - nsolv)/nsolv (2-7)
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Here, nso1n, IS the viscosity of the polymer solution and 7, is the viscosity of the solvent. The
slope for each regime is also called the scaling value, which represents the contribution of the
polymer concentration to the viscosity in a specific regime. The entanglement concentration (ce)
is defined as the polymer concentration at the transition from the semi-dilute unentangled to the
semi-dilute entangled regimes.8” The entanglement concentration has been used to envisage the
electrospinnability of the polymer solution and the corresponding morphology of the electrospun
nanofibers.®® It is found that beaded nanofibers formed at ¢ = ce, while defects and droplets
disappear at ¢ = 2 - 2.5 ¢..8 Rubinstein® and Dobrynin® expands the theory to the salt-free linear
polyelectrolyte solution, predicting that the semi-dilute unentangled regime (15, ~ c*°), the semi-
dilute entangled regime (175, ~ c'°), and the concentrated regimes (175, ~ ¢*'). It was found that a
uniform electrospun fiber can be prepared from the salt-free polyelectrolyte solution at ¢ = 8 - 10

Ce_QO

For the systems in which the polymer-polymer interactions cannot be neglected, the ability
to maintain the jet during electrospinning can be provided by physical molecular interactions
between polymer units or other molecules in the spinning solutions as polymer entanglements.81%
These physical molecular interactions include hydrogen bonding, electrostatic interactions, and
hydrophobic effects.®? This means that the fiber formation can take place without high molecular
weight polymers or at lower concentrations leading to advanced electrospinning formulations. The
molecular interaction-driven electrospinning can be divided into three categories: polymer-
polymer interactions, polymer-small molecule interactions, and supramolecular interactions, as
shown in Figure 2.4. In the context of this thesis, two categories, polymer-polymer interactions
and supramolecular interactions, are discussed. For polymer-polymer interactions, the first sub-
category is polymer self-interactions. Shenoy et al. demonstrated that PV A solution prepared in a
good solvent could experience self-interactions at a certain temperature.8! When PVA was heated
to 80 °C, where the polymer is mostly dissolved, but polymer aggregates (small crystallites) were
present, the onset of fiber formation occurred at a point where there were no chain entanglements
as (Ng) somn < 1. If the polymer is first heated to 92 °C, where the aggregates are fully dissolved,
then the onset of fiber formation happens at the predicted as (n,) s, > 2 for other high molecular
weight polymers. The existence of small aggregates clearly stabilized the jet instead of chain

entanglements during electrospinning. Self-interactions can also be induced by the “poor solvent”
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for the polymer. Poly(vinyl chloride) (PVC) dissolved in tetrahydrofuran (THF), a good solvent
that displayed (n,) ¢, > 2 for fiber formation while PVC dissolved in morpholine (MOR), a poor
solvent, had (1,) 0, < 1.8* The second sub-category is polymer blends. In this case, chi-based
electrospun nanofibrous materials are good examples. As discussed in Section 2.1, chi is a
polyelectrolyte with different rheological properties and electrospinning behaviors compared with
neutral polymers. The stiffness of chi polymer chains in the solution showed a weaker relationship
between viscosity and concentration than neutral polymers in dilute and semi-dilute regimes. 8903
However, because of the repulsion between charges, electrospinning of charged polymers requires
higher concentrations, with (n,)s,,> 8 compared to > 2.5 for neutral polymers.*® Furthermore,
depending on the DA of chi, it may undergo gelation at a high concentration®, preventing chi from
electrospinning at higher concentration values. Therefore, chi was blended with other high
molecular weight polymers, like PEO, PVA, collagen, etc., to achieve the stable jet during
electrospinning and facilitate the formation of chi-based electrospun nanofibrous materials. For
example, the addition of high molecular weight (HMw, greater than 400 kDa) PEO to the chi
solution is a promising material to promote chi electrospun nanofibrous formation materials.!8-
22959 Moreover, HMw PEO can act as a plasticizer for chi as flexible PEO chains which can
occupy the void space among the rigid chi chains to reduce the inter- and intra- molecular
interactions of chi chains that result in the prevention of the gelation of chi and reduction of the
viscosity of the blends.?>® Collagen and PVA can also be used as additive polymers blended with
chi.1®2 Blending of chi with collagen or PVA favours hydrogen bonding between the polymer
subunits, leading to increased molecular interactions and stable jet formation during
electrospinning.'®23 Other hypotheses have been proposed for chi/collagen blends to explain for
the improved electrospinning performance, which includes the enhancement of molecular
interactions through chi wrapping with collagen in a triple helix or the two polymers undergo

ionic complex formation.®?

For supramolecular interactions, the first sub-category is cyclodextrin-related interactions.
Pure HP-B-CD system®’ has been known to form an electrospun fiber despite the relatively low
molecular weight of HP-B-CD because of the tendency to form supramolecular assemblies through
hydrogen bonding. The role of hydrogen bonding in the system was studied by the addition of urea,
as urea is known to disturb hydrogen bonding.®” As a result, the viscosity of the solution decreased
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significantly, and the solution was no longer spinnable.®” Further rheological study was conducted
focusing on HP-B-CD in dimethylformamide (DMF) by Zhang et al.®® Based on the dependence
of the specific viscosity on the concentration of the HP-B-CD, a transition from the unentangled
(nsp ~ ¢*?) and entangled regimes (1, ~ c'>*) was shown, and the scaling values for both regimes
were higher than those for neutral polymers in a good solvent, (s, ~ ¢+**) and (15, ~ ¢*?),
respectively. However, the scaling value for HP-B-CD entangled regime was in agreement with
the concentrated regime (1, ~ ¢*?) of the surfactants.*® This suggests that the HP-B-CD solution
has similar behavior to that of wormlike micelles, which contributes to the electrospinnability.®®
An alternative mechanism for electrospinning of HP-B-CD in pure aqueous solutions was proposed
by Manasco et al.*® According to their study®®, the jet during electrospinning was stabilized by the
water-HP-B-CD assemblies formed through the strong hydrogen bonding, which was supported
by the fact that there was almost 0% free water in 60% (w/w) HP-B-CD solution (an
electrospinnable concentration). This study also demonstrated that HP-B-CD solutions in water
had high viscosity but not high elasticity. This result is in contrast to the previous report that high

elasticity is a condition for electrospinning solutions without polymer entanglements.3

The second sub-category is that small-molecule systems, which tend to assemble into
supramolecular assemblies via noncovalent bonding, have been studied for electrospinning, such
as benzo-21-crown-7 (B21C7) binding with secondary dialkylammonium salts in chloroform,
pillar[5]arene binding with a tertiary ammonium salt, etc.1%1% Especially, 40 - 55 wt % solutions
of tannic acid in a water/ethanol solvent mixture can be electrospun due to the aggregations of
tannic acid formed by hydrogen bonding between tannic acid molecules.!® In this study, the
electrospinnable concentration was in the concentrated regime with a scaling value, 1, ~ c,105
which indicates the appearance of strong molecular interactions. The third sub-category is that
amphiphilic molecule systems such as phospholipids and surfactants, which tend to construct self-
assembled supramolecular structures due to the balance of their hydrophobic and hydrophilic
groups, demonstrate their ability to undergo electrospinning.1%-1% The phospholipid lecithin
(derived from soybeans), with the scaling values for the semi-dilute unentangled regime (7, ~
%) and semi-dilute entangled regime (n,, ~ c®%), can be electrospun at high concentrations
because the formation of wormlike micelles provides sufficient molecular interactions to stabilize

the jet during electrospinning. As the concentration increased, it was reported that the
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entanglement could take place among the wormlike micelles leading to better stabilization of the
jet during electrospinning.’” Gemini surfactants, like N,N’-didodecyl-N,N,N’,N’-tetramethy|-
N,N’-ethanediyldiammonium dibromide (12-2-12) in water/methanol, can also be electrospun at
high centration due to the increase of molecular interactions through the formation of the globular

micelles in methanol/water.%
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Figure 2.4. Categories of the molecular interaction-driven electrospinning. Reprinted (adapted)
with permission from Ewaldz, E.; Brettmann, B. Molecular Interactions in Electrospinning: From
Polymer Mixtures to Supramolecular Assemblies. ACS Appl. Polym. Mater. 2019, 1 (3), 298-
308.%2 Copyright (2019) American Chemical Society.

Overall, it is worth noting that, because of the underlying assumption of the chain
entanglement, the entanglement concentration and the scaling value acquired from the polymer
system of interest cannot be applied to foresee the electrospinnability of the system and the
morphology of the corresponding electrospun nanofiber for many systems, as mentioned

above %8105-107.110-112 Nevertheless, the entanglement concentration and the scaling value,
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especially the scaling value compared with the theoretical value of the linear neutral or
polyelectrolyte polymer system®:105-107.110-112 = can  provide valuable information on the

microstructure of the interested polymer solution.

2.5 Synthetic polymer in chitosan nonwoven fibrous materials

2.5.1 Background

Synthetic polymers, as additives, are widely used in the preparation of chi nonwoven
fibrous materials to optimize chemical, structural, mechanical, morphological, and biological
properties. The application of these additive polymers helps overcome the disadvantages prevalent
in chi as a biopolymer, including hydrophilicity, crystallinity, and brittleness.'** Hydrophilicity of
chi can lead to poor moisture barrier properties, which is important for food packaging.''*
Moreover, although it leads to the loss of constituents in an aqueous medium, resulting in poor
stability of the product in an aqueous environment, hydrophilicity can be beneficial for biomedical
applications as it contributes to good water swelling property.t*314 Therefore, the materials for
biomedical applications need to reach a balance between hydrophilicity and hydrophobicity, which
can be accomplished through chemical modifications of chi and/or post-treatment methods, as
mentioned in Section 2.1.2 as well as with the addition of the synthetic polymer. Crystallinity and
brittleness of chi can also be addressed with the use of additive polymers. The crystallinity of chi
can provide barrier properties to gasses (O2 and CO>), which is useful for food packaging to extend
the shelf life of food products, while the semi-crystalline nature of chi leads to the brittleness of
chi-based materials.**®'** A compromise can be made through the formation of multilayer
composites or post-treatment methods.***4 Meanwhile, for chi nonwoven fibrous materials, the
applications, such as active food packaging and biomedical applications, share some common
properties, including biodegradability, biocompatibility, and ductility.!**1> These properties can
be fulfilled using water-soluble, biocompatible, and biodegradable synthetic polymers such as
PEO® 22 PVADBI® PAMP, PLGAY, poly(e-caprolactone) (PCL)°, poly(vinyl pyrrolidone)
(PVP)18117 Simultaneously, new functionalities, including sensitivity to photooxidation!®, high
ion exchange ability'!’, and conductivity!8, can be cooperated into chi with synthetic polymers.°
Because chi can be easily dissolved in the dilute acidic aqueous solution but have limited solubility
in other solvents to prepare chi nonwoven fibrous materials from polymer blends, chi and synthetic

polymers need to be dissolved in the same solvent. Therefore, the first condition to select synthetic
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polymers as additives for chi-based materials is water solubility. Miscibility of chi and the
synthetic polymer determines the blend's fluid property, which affects the component distribution,
the morphology, and the physicochemical property of the corresponding product (i.e.,
crystallinity).?2%° The additive polymer can be utilized in the freeze-drying process and the
electrospinning process to control the morphology and tune the physicochemical property of chi
nonwoven fibrous materials. For instance, during freeze-drying, a compact lamellar structure may
be formed due to strong molecular interactions among PECs. In order to obtain a fibrous structure,
the synthetic polymer with a flexible backbone can be used as a space-filler to attenuate the
interactions among PECs by weakening the electrostatic interactions or hydrogen bonding, which
leads to the formation of the fibrous structure.*"'° During electrospinning, the benefit of using the
synthetic polymer was discussed in Section 2.4. Briefly, the electrospinning of chi-based systems
can be facilitated by the addition of synthetic polymers in two ways: enhancing chain
entanglements in chi/synthetic polymers blends or inducing molecular interactions between chi

and synthetic polymers.

2.5.2 Poly(ethylene oxide)

Among all the synthetic polymers mentioned previously, PEO has been used extensively
as the additive polymer to prepare chi nonwoven fibrous materials due to its viscoelasticity,
flexible backbone, and good solubility in water.'¥-22 PEQ is synthesized through the ring-opening
polymerization of ethylene oxide, as shown in Figure 2.5a. PEO is a semi-crystalline material that
contains about 70-85% crystallinity and an amorphous elastomeric phase at room temperature.*?°
PEO in the crystal state displays a helical conformation with a confirmational assignment to the
internal rotations, which follows a trans-gauche-trans (tgt) sequence, as shown in Figure 2.5b.2
In aqueous solution, PEO shows hydrophilicity by forming hydrogen bonding with water
molecules through oxygen atoms on the polymer. Meanwhile, ethylene groups on the polymer
repel water molecules leading to the hydrophobicity of PEO. The good water solubility of PEO is
attributed to a layer of water molecules surrounding the PEO chain.'?? Based on the frequency
shifts and band shapes of D-LAM (Disordered Longitudinal Acoustic Mode) band in Raman
spectra, it indicates that a more ordered conformation of PEO chain closer to the tgt sequence in
the crystal state present in aqueous solution is compared to the random coil conformation of PEO

chain in the molten state.'?! PEO can also form supramolecular assemblies with other polymers in
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water. One example is that PEO can form PEO-polymer complexes with poly(carboxylic acid),
like PAA and poly(methacrylic acid) (PMAA), through establishing hydrogen bonding between
oxygen atoms on PEO and carboxylic groups on poly(carboxylic acid).1?32* Due to hydrophobic
interactions between -CHs on PMAA and -CH2-CHz- on PEOQ, it is easier for PMAA to form
complexes with PEO than PAA.'?® A recent study demonstrated that hydrogen bonding between
PEO and PAA in the water solution could be induced through an external force (or the deformation
of PEO/PAA blends), resulting in the change of the network of PEO/PAA complexes.!? The other
example is that PEO can form complexes with various aromatic compounds such as phenol-
formaldehyde resin (PFR), tannic acid, poly(vinyl phenol), and B-naphthalene sulfonate.*?” 3! The
complex formation between phenolic compounds and PEO results from the intermolecular
hydrogen bonding and hydrophobic interactions between -CH>-CH>- on PEO and aromatic
groups.t?1% The complexation between PEO and aromatic compounds depends on the molecular
weight of PEO and the aromatic compound.?"13:132 For a given arene molecule, for high
molecular weight PEO, a single PEO chain with high molecular weight acts as a coupling or
physical crosslinking agent that can form complexes with multiple aromatic compounds. On the
other hand, one PEO chain can bind with a single aromatic compound when PEO has low

molecular weight.*3!

Besides properties discussed above, PEO also exhibits confined crystallization, especially
in electrospun nanofibrous materials of immiscible polymer blends with PEO as the minority
component.33-13¢ Confined crystallization of the polymer occurs when polymer chains are placed
into nanosized domains (at least on dimension in the order of 1-100 nm) called confined space.
During confined crystallization, a polymer may form the nanostructure in the confined space
because of the geometric limitation and the distortion of the phase transition’s kinetic pathway of
the polymer.®*’ In the case of electrospun nanofibrous materials of immiscible polymer blends with
PEO as the minority component, PEO will form a dispersed phase in the nanofibrous materials
because of its semi-crystallinity. However, because of the limitation of both the diameter and the
shape of nanofibers, phase separation between PEO and the other constituent has a limited length-
scale, leading to restricted PEO domains during crystallization. For example, in thermally-treated
polystyrene (PS)/PEO electrospun fibers, removing PEO from the electrospun fibers led to small-

sized porous features on the surface of the fiber.®* At a temperature near the glass transition
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temperature of PS during the thermal treatment, porous features’ size reduced due to PEO domains
that underwent breakup caused by the Plateau-Rayleigh instability. When the temperature was
much higher than the glass transition temperature of PS, the porous features’ size increased as the
mobility of PS matrix increased, leading to the coalescence of the PEO domains.*®* Therefore, the
final shape and size of the created porous features were determined by balancing the coalescence
and breakup of PEO domains during crystallization.'®” Confined crystallization of PEO can be
utilized to create porous features on the surface of electrospun fibers easily and rapidly, although
the downside of this approach is that the porous features created are highly polydisperse.

(a)

; ; —_— /\/O
o Catalyst (o)
Ethylene Oxide PEO

(b)

()

Figure 2.5. (a) Synthesis of polyethylene oxide. (b) A schematic illustration of the tgt sequence of
PEOQ in the crystalline state.

2.6 Raman spectroscopy and Raman microimaging

2.6.1 Background of Raman spectroscopy

Raman spectroscopy is a spectral technique typically used to determine vibrational modes
and some low-frequency modes of systems (i.e. rotational) based on the Raman effect.!3® The
Raman effect is a phenomenon that results from the interaction of vibrational and/or rotational
motions of molecules with electromagnetic radiation. In other words, the Raman effect results
from the interaction of light and matter. When light and matter interact, the scattered light can be
categorized as elastic (Rayleigh scattering) or inelastic (Raman scattering). The Rayleigh
scattering possesses the same frequency as the incident light, while the Raman scattering is

detected at different frequencies, which constitutes the Raman spectrum of the sample. In 1928,
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when Sir Chandrasekhara Venkata Raman observed the inelastic scattering of light that bears his
name, where only simple instrumentation was available, including a focused, filtered beam of
sunlight, a large volume of a neat liquid as the sample, and the human eye as a detector. After the
initial discovery, the spectroscopic application of the Raman effect had not made much progress
until the invention of the laser (the ideal source for Raman spectroscopy). In 1966, Delhaye and
Migeon pointed out that Raman scattered light’s intensity should not decrease with decreasing
sample volume leading to the invention of Raman microspectroscopy. Two different Raman
Microspectrometer systems were described in 1974. One of the systems was commercialized and

capable of Raman imaging (mapping) and single-point analysis.**

According to quantum theory, a molecular motion can have only certain discrete energy
states. A change in the state leads to the gain or loss of one or more quanta of energy, which can

be expressed according to equation (2.8)
AE = hvy (2.8)

where h represents Planck’s constant (6.62608 x 10~3* Js) and v, is the classical frequency of
the molecular motion. The interaction of a molecule with electromagnetic radiation can thus be
examined with an energy-transfer mechanism. For instance, during the simplest absorption process,
the gain of a quantum of energy by the molecule leads to the annihilation of a photon (a quantum
of light); whereas, during spontaneous emission, the loss of a quantum of energy by the molecule
corresponds to the creation of a photon. In the light-matter interaction system, scattering processes
are composed of at least two quanta acting simultaneously. When a quantum of electromagnetic
energy is created for elastic scattering, an identical one is simultaneously annihilated. Thus, the
molecule is unchanged under elastic scattering. For inelastic scattering, the two photons are not
identical. Thus, a net change in the state of the molecule occurs. When the frequency of the
scattered light observed is lower than that of the incident light as the created photon is less
energetic than the annihilated one, this is referred to as Stokes Raman scattering. On the other hand,
when the Raman frequency is higher than that of the incident light (the laser), this is called anti-
Stokes Raman scattering. The scattering processes mentioned above are demonstrated in Figure
2.6. The laser excitation at the frequency v, reappears as the relatively strong Rayleigh line. The
weaker Raman frequencies are the consequence of inelastic scattering by a molecular vibration of

frequency v,,. In general, the intensity of the Rayleigh line is 1000 times weaker than that of the
42



incident excitation, while the Raman scattering is at least 1000 times weaker than that of the
Rayleigh line. In practice, the Raman frequencies can be expressed in relation to that of the
excitation. Thus, the origin of the abscissa scale in Figure 2.6 is placed at the position of the
excitation frequency, which gives the position of the Raman frequencies at +v,,. Moreover, the
frequency value in the Raman spectrum is usually represented in wavenumber units of cm™, which
is calculated by v,, = v,,/c = 1/4,,, where ¢ corresponds to the velocity of light and 4, is the
corresponding wavelength. The intensity of the Raman effect relates to the polarizability of
electrons in a molecule. The vibrational Raman spectra of amorphous materials yield broad
features compared to those of the crystalline solids. Furthermore, impurities, vacancies, or other
imperfections in the crystal lattice lead to broadening the corresponding Raman bands.®
Nowadays, a primary dispersive Raman instrument consists of a laser source with a high excitation
intensity, the interference filter to suppress the Rayleigh scattering, a diffraction grating to disperse
the Raman scattering, and the charge-coupled-device (CCD) capable of simultaneous detection of

a certain wavenumber region.

Rayleigh

Raman (Stokes) Raman (anti-Stokes)

Relative scattering intensity

>

i A

V- Uy v, vt o,
0 Aj

Frequency, v

Figure 2.6. Raman and Rayleigh scattering of excitation at a frequency v,. A molecular vibration

in the sample is of frequency v,,.

Both Raman and IR spectroscopies are used to detect the vibrational information of a
molecule. However, there are many differences between these two techniques. The most crucial
difference is that selection rules are distinct. The vibration is Raman-active if the size, shape, or
orientation changes during the normal vibration regarding the polarization of electron clouds in a
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molecule while the vibration is IR-active when there is a change in the dipole moment in a
molecule.’®® The latter one is that the intensity of some vibrations is inherently different. For
example, the stretching vibrations of the C-S bonds are strong in Raman, while the stretching of
the carbonyl groups yields strong intensity in IR. Bending vibrations are generally weaker than
stretching vibration in Raman spectra. Moreover, the bond stretching in plane is stronger than that
of stretching out of plane, which means that the “ring breathing” in cyclic molecules displays
relatively strong Raman bands. Raman spectroscopy has several advantages over IR spectroscopy.
One major advantage of Raman spectroscopy is that the quantity of the sample required is small.
Compared with conventional IR, Raman spectroscopy only demands a small quantity of the sample
for the measurement since the laser beam typically has a small diameter. Another advantage is that
there is no major interference of water in Raman spectroscopy as water is a weak Raman scatter,
whereas IR suffers from the strong absorption of water.!*® The low scattering cross-section of
water represents an advantage that makes Raman spectroscopy a powerful tool to study the
biological system® or composite fibrous materials related to the bulk molecular properties of
fibrous materials.1*142 As well, studies of the time-dependent change of the bulk molecular
properties and their interactions with the solvent.}*14 However, some disadvantage of Raman
includes fluorescence of some compound generated by the laser beam and the “burning” and/or
photodecomposition of the sample due to the intense laser power.**® Several approaches have been
developed to attenuate or avoid fluorescence contributions, including excitation in the near-
infrared, enhancement of the Raman signal, and temporal gating to isolate the Raman signal from

the fluorescence. 3814

2.6.2 Data processing for obtaining Raman spectral imaging

Raman spectral imaging is an imaging technique that maps the spatial location of one
constituent of an inhomogeneous sample based on the Raman scattered photons generated from a
characteristic Raman line of the specific compound.'*® Raman spectral imaging has been used for
biological studies such as component distribution imaging of living cell**’~1%° and tissue imaging
and diagnostics!#® or the determination of the component distribution of the composite fibrous
materials.t>>>* Raman spectral imaging methods can be categorized into two groups: direct-
imaging techniques and series-imaging techniques. Direct-imaging techniques relate to the

immediate creation of a complete two-dimensional (2D) image at a given wavelength, which
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corresponds to a molecular compound within the fully illuminated specimen. For direct imaging,
there is no need for extra data processing to produce an image, but image quality can be improved
using additional data treatment. On the other hand, series-imaging techniques require image
reconstruction, which is achieved either by a laser-scanning method, where the sample is scanned
by a finely focused laser beam, or by an encoding method where the image of the sample is encoded
with a mask illuminated by an expanded laser beam. A set of 2D images of the sample at various
wavelengths can be visualized and manipulated only after the collected data is processed. There
are several methods to accomplish laser-scanning methods, including point illumination, line
illumination, etc.#® For the case of point illumination, the laser spot is scanned over the sample
sequentially in a raster pattern (or the sample is moved equivalently under the microscope
objective). At each resolved position of the sample, a spectrum is collected. Since the Raman signal
is weak, a complete set of spatial/spectral Raman data is time-consuming. On the other hand, in
the line illumination method, the laser is focused on a narrow line to illuminate the sample. After
that, the spectra are collected simultaneously from multiple positions on the sample to generate a
large data set. Line illumination results in a significant reduction of data collection time, compared
to point illumination. Additionally, the line illumination method may result in better spectral
resolution (without signal reduction) and Rayleigh line rejection. Once the data are collected, the
spectra are processed, as described above. The first step of data processing involves the removal
of the Rayleigh line. Several mathematical methods have been applied to remove the Rayleigh line.
For example, polynomial and median filters can be used when the Rayleigh line is sharper than
the real Raman bands and the unaffected neighboring pixels. Eradicating the Rayleigh line is very
important for Raman spectral imaging because the residue of the Rayleigh line has a great
influence on the later data process.!® The second step is baseline correction, which is another
critical step as the baseline intensity may be so high that it could hinder real Raman bands.* This
step needs to proceed with caution as Emry et al. indicated that an unreasonable baseline correction
may introduce errors and lead to artefacts.**® The final step in data processing is reducing the noise.
For a set of data containing a large number of spectra (the data set collected for the Raman spectral
imaging), the noise can be reduced by utilizing principal component analysis (PCA), which is an
unsupervised data transformation procedure of complex data sets leading to reducing the

dimensionality and retaining the most significant information for further analysis.'>’ After the data
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processing, Raman 2D spectral imaging could be constructed based on the desired Raman spectral

information.
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CHAPTER 3

Experimental methods

3.1 Characterization methods

The purpose of this chapter is to summarize common characterization methods along with
experimental details of electrospinning and “in-house” electrospinning setup used in this thesis
research to avoid repetition of the experimental methods that would otherwise appear within the
manuscript chapters (Chapters 4-6).

3.1L1FT-IR

Diffuse reflectance FT-IR spectra were obtained with a Bio-RADFTS-40 (Massachusetts,
USA) instrument. Solid samples were prepared by mixing samples (~5 mg) and pure spectroscopic
grade KBr (~50 mg) by grinding in a mortar and pestle. The DRIFT (Diffuse Reflectance Infrared
Fourier Transform) spectra were recorded at 295 K with a resolution of 4 cm™ operating in the
range of 400-4000 cm™ in reflectance mode (Kubelka-Munk intensity units). Multiple scans were

averaged and corrected against a background matrix spectrum of pure KBr.

3.1.2 3C solid-state NMR spectroscopy

13C solid-state NMR spectra were obtained with a Bruker AVANCE 111 HD spectrometer
equipped with a 4 mm DOTY CP-MAS (cross-polarization with magic angle spinning) solids
probe operating at 125.77 MHz (*H spectral frequency at 500.23 MHz). The 3C CP-TOSS (Cross-
polarization with total suppression of spinning sidebands) spectra were obtained at a spinning
speed of 7.5 kHz, a 1H 90° pulse of 5 ps, variable contact time (2 ms) with a ramp pulse on the
1H channel, and 20k accumulated scans with a recycle delay of 2 s for all samples. *C MAS NMR
spectra were obtained at a spinning speed of 10 kHz with 10k accumulated scans, and a recycle

delay of 20s.

3.1.3 Differential scanning calorimetry (DSC)

DSC profiles of solid samples were acquired using a TA Q20 thermal analyzer (TA
Instruments, New Castle, DE, USA) over a temperature range of 40-190 <C. The scan rate was set
at 10 <C/min, and dry nitrogen gas was used to regulate the sample temperature and gas purging
of the compartment (flow rate at 50 mL/min). Solid samples were analyzed in hermetically sealed

aluminum pans with variable sample weight (1.55 mg to 3.20 mg).
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3.1.4 Thermal gravimetric analysis (TGA)

The thermogram profiles of samples (~15 mg) were reported as weight loss profiles against
temperature with a Q50 (TA instruments; New Castle, USA) thermogravimetric analyzer. A
heating rate (5 min) up to a maximum temperature (500 <C) with an N2 (carrier gas)
atmosphere was employed. The thermal stability of materials was evaluated using first derivative

plots (DTG plots) expressed as weight %/<C vs. temperature (C).

3.1.5 Scanning electron microscopy (SEM)

SEM images were obtained with a JSM-6010LV at variable magnification with 508 dpi
resolution. The samples were mounted onto the sample stub with the use of conductive carbon
tape.

3.1.7 Raman spectroscopy

A Renishaw InVia Reflex Raman microscope (785 nm solid-state diode laser with a 1200
lines/mm grating system) (Renishaw plc, New Mills, UK) was used to collect Raman spectra with
a Pelletier cooled CCD (charge coupled device) detector (400 < 576 pixels). The instrument

wavelength was calibrated at 520 cm™ using an internal Si (110) sample.

3.1.8 Raman spectral imaging and Data processing

Raman spectral measurements were carried out using a Renishaw InVia Reflex Raman
microscope (Renishaw plc, New Mills, UK) using a 785 nm solid-state diode laser (500 mW) with
a grating system having 1200 lines/mm. The microscope was focused onto the sample using a
Leica objective with a magnification of 50> (numerical aperture = 0.50) long working distance,
where the backscattered Raman signals were collected with a Pelletier cooled CCD detector (400
x 576 pixels). High-resolution Raman Spectral imaging (1.1 x 1.1 pm pixel size) was acquired
using Streamline™ mode within the instrument software (Renishaw Wire™ V3.4) using various
exposure time and a static scan mode centered at a specific Raman frequency. A total 66 x 49"
spectra were collected in a uniform 72 % 52* pm grid (*numbers may be varied according to each

project).

Data processing was carried out using the instrument software (Renishaw Wire™ V3 .4).
Cosmic rays (Rayleigh lines) were removed by replacement with the nearest neighbour. Principal

components (PCs) were calculated, and pseudo-colour principal component score maps were then
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gathered. After any remaining cosmic rays were removed, PCs were recalculated. Then, the signal-
to-noise ratio of the collected spectra was increased with the use of recalculated PCs. Raman
images were constructed by collecting intensity data (relative to baseline) at specific Raman
frequency values. The baseline of spectra for Raman imaging was linearized and normalized to
zero intensity to remove any baseline effects (sloping) and baseline offset effects caused by laser
focus or other experimental artifacts using the method provided by Renishaw Wire™ V3.4 prior
to the creation of Raman images. Each spectral component of interest was mapped individually by
using a corresponding peak maximum from the spectrum. The colour intensity of the pixels on the
image was determined by the relative intensity of the respective spectral band to baseline as
required. Samples were treated using specific dye solutions to differentiate each component of
samples before Raman imaging and air-dried onto an Au-coated Si wafer, where sample imaging
was collected after 24 h of dye-treatment. The instrument calibration was verified using an internal

Si (110) sample measured at 520 cm™.

3.2 Experimental details of electrospinning and “in-house” electrospinning setup
Electrospinning Solutions (2.5 mL) were placed into a 10 mL syringe with a metal needle
(Inner Diameter = 0.508 mm) that was operated by a Cole-Palmer 78-0100c syringe pump (Cole-
Palmer, Montreal, QC, Canada). The distance between the needle tip and a grounded collector
plate (copper plate covered with Alumina foil) was set to 11.5 cm. The flow rate was controlled at
0.1 mL h%, where a high voltage was produced by a high voltage DC (direct current) power supply
(Spellman CZE 1000R) (Spellman, Hauppauge, NY, USA) and was applied between the needle
tip and collector plate during electrospinning. The voltage was slowly adjusted from 7 to 15 kV to
achieve a stable Taylor cone. The resulting fiber product was accumulated onto a foil-covered,
electrically grounded collector plate. The “in-house” electrospinning apparatus is shown in Figure

A3.1 in Appendix.
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CHAPTER 4

A structural study of self-assembled chitosan-based sponge materials

Xue, C.; Wilson, L. D. A Structural Study of Self-Assembled Chitosan-Based Sponge Materials.
Carbohydr. Polym. 2019, 206, 685-693. https://doi.org/10.1016/j.carbpol.2018.10.111.1
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Description

The original published paper was reformatted to integrate Chapter 4 into a coherent thesis
and to meet the formatting guideline of the College of Graduate and Postdoctoral Studies (CGPS)
at the University of Saskatchewan. Specifically, the introduction and conclusion section of the
original paper was revised to avoid repetition. The general details of routine characterization
methods are introduced in Chapter 3, the experimental section is modified accordingly, where
specific details are included, as required. The reference style of the original paper is changed to
the CGPS thesis’ style. Some of the supplementary information in the original paper is included
in the methods and discussion section. Other supplementary information and the Copyright
permission forms are included in the Appendix.

This research contributed significantly to the overall goal of the thesis in three aspects.
Firstly, self-assembled chi-based sponges as chi-based nonwoven microfibrous materials were
prepared via freeze-drying, and its structurally modified form was prepared by thermal-annealing.
Secondly, the utility of Raman spectral imaging with suitable dye probes was demonstrated in this
work by revealing structural features for chi nonwoven microfibrous composite materials before
and after thermal annealing. The first and second aspects satisfied Objective #1 of this thesis.
Besides, Raman spectral imaging with dye probes mentioned in the second aspect was employed
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in Chapter 5. The final aspect is that it is found that PEO could work as the sacrificial template to

generate porous morphology, which supports Hypothesis #3.

4.1 Introduction

Sponge-like composite materials (nonwoven fibrous composite materials) formed by the
self-assembly of biopolymers have found many applications in wound dressings?>, tissue
engineering®, and wastewater treatment’® due to their high porosity and tunable mechanical and
physicochemical properties. Among all the various materials, as discussed in Chapter 2, chi (cf.
Scheme 4.1) is a linear cationic biopolymer composed of B-linked glucosamine and N-acetyl-
glucosamine units that offer versatile synthetic utility to yield modified forms of chi.® Chi-based
nonwoven fibrous composite materials have gained increasing attention because of their unique
biocompatibility, biodegradability, and low toxicity comparing to other biomaterial composites.?-
510-12 Tg achieve various mechanical properties for different purposes, additive components such
as poly(ethylene oxide) (PEO), poly(vinyl alcohol) (PVA), etc., are used to formulate biopolymer
composites.” Suitable elasticity of chi fibrous materials is crucial for their applications in wound
dressings and wastewater treatment.'® The component addition of PEO to biopolymer composites
contributes to changes in the hydrophilicity and mechanical properties due to the well-known

plasticizer effect of PEO in biopolymer composites.>’141°

Freeze drying offers a potential preparation method for the design of biocompatible and
multi-component sponges that contain biopolymer precursors.®® In a previous study?’, self-
assembled colloidal particles with tunable physicochemical properties were formed between
carboxymethylated chi (cm-chi) and alg via electrostatic interactions. The resulting colloidal
particles can be transformed into self-assembled sponges in the presence of PEO upon freeze-
drying, where the resulting composites possess tunable mechanical and physicochemical

properties for diverse applications.

As discussed in Chapter 1, a potential limiting feature of PEO-biopolymer composites
relates to their uncontrolled dissolution in agueous media®® due to their hydrophilic character.
Uncontrolled dissolution limits the practical application of such PEO-based composites, where

strategies to overcome dissolution may include chemical treatment via cross-linking and heat
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treatment via annealing®®. The potential concern over the toxicity and biocompatibility of various
chemical additives has led to the preferred use of physical methods such as heat treatment. The
routine use of characterization methods such as FT-IR spectroscopy and thermal analysis (TGA
and DSC) may limit the level of detailed structural insight for polysaccharide materials and their
composites, especially before and after heat treatment. X-ray diffraction (XRD) provides limited
structural information in dealing with amorphous biopolymers, while microscopy methods such as
scanning electron microscopy (SEM) afford the characterization of materials’ morphology. In the
case of chi-based materials subjected to heat treatment, it is difficult to ascertain the role of thermal
effects a priori on the structure of such multi-component systems. This knowledge gap
underscores the need to develop alternate characterization methods that yield further structural

insight on the structure-function properties of such complex materials.

As mentioned in Chapter 2, Raman spectral imaging has been reported to study complex
biological samples such as cells or tissues. Spectral maps contain compositional information,
spatial distribution, and the arrangement of constituents that can be visualized by this spectral
construction technique.'® The use of secondary components such as dye probes can be employed
to distinguish between chemically similar composites that vary in morphology and/or the surface
accessibility of various functional groups, as reported for chi-polyaniline materials.?® The use of
dye probes as an indirect method relies on the role of adsorption between the target material
(adsorbent) to be imaged and the bound dye probe (adsorbate).%2122 Recent reports have shown
that materials with variable morphology and surface accessibility can be studied according to their
uptake properties with suitable dyes (phenolphthalein, fluorescein, and methylene blue) that
possess variable ionization.?>2* According to the role of specific target-dye interactions,
chemically similar components and their composites can be differentiated.?02

The purpose of this chapter is to fulfill Objective #1 of this thesis (cf. Section 1.4) through
three short-term goals: preparation of cm-chi/alg/PEO self-assembled sponges (nonwoven
microfibrous materials) via freeze-drying and their structurally modified forms via heat treatment
(annealing) as well as a structural study of composites at variable composition prepared above
using Raman spectral imaging in conjunction with a suitable dye probe. In detail, the first short-
term goal is that cm-chi/alg and cm-chi/alg/PEO self-assembled sponges were obtained via freeze-
drying. The second short-term goal is that structurally modified forms of cm-chi/alg/PEO sponges
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were obtained by heat treatment (annealing). The third short-term goal is that a structural study of
composites at variable composition prepared above was conducted using Raman spectral imaging
in conjunction with suitable dye probes. This method is anticipated to complement standard
structural tools such as SEM, thermal analysis (DSC and TGA) and FT-IR spectroscopy to gain

insight on the structural and morphological changes of cm-chi/alg/PEO sponges before/after

annealing.
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Scheme 4.1. Molecular structure of chi (i); cm-chi (ii) where R= -COCHjs or H depending the
degree of deacetylation; sodium alginate (iii); and PEO (iv). The terms m, n, p, X, Yy, and z are

integer values that depend on the degree of polymerization of the respective polysaccharide.

4.2 Materials and Methods
4.2.1 Materials

Hydrochloric acid (HCI), sodium chloride (NaCl), and sodium hydroxide (NaOH) were
obtained from EMD (Edmonton, Canada). Low molecular weight (LMW) chi was obtained from
Sigma-Aldrich Canada Ltd. (Oakville, ON.) with 75-80% deacetylation, Brookfield viscosity 20
cPs, with a range of molecular weights (50-190 kDa). Alg was obtained from Sigma-Aldrich
Canada Ltd. (Oakville, ON.), where its molecular weight was specified between 12-40 kDa. The
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G/M ratio of alginate was estimated as 1.22 by a FT-IR spectral method reported by Filippov and
Kohn.?® Poly(ethylene oxide) (PEO) was obtained from BDH Inc. (Toronto, Canada) with an
average molecular weight at 3.11 kDa with a melting point at 60 <C. All materials were used as
received unless specified otherwise.

4.2.2 Preparation of self-assembled chitosan-based sponge materials

4.2.2.1 Synthesis of carboxymethyl (cm-) modified chitosan (chi)

cm-chi was synthesized according to an adapted procedure reported by Chen and Park.?®
Chi (1 g) was stirred in 15 mL Millipore water with NaOH (3 g) at 295 K for 12 h. Millipore water
was completely removed using a rotoevaporator ca. 50 <C. Isopropanol (15 mL) was added to the
chi mixture and monochloroacetic acid (1.5 g) was dissolved in 2 mL isopropanol with drop-wise
addition to the mixture at 60 <T with stirring for over 30 min. After 8 h, the product was collected
and washed with ethanol (ca. 100 mL) along with filtration through a Whatman no. 2 filter paper
(pore size: 8 um) under vacuum. The sodium salt of cm-chi was dialysed in 1 L of Millipore water
for 48 h to remove residual NaOH and the product was finally dried for 12 h in a vacuum oven at
50 <.

4.2.2.2 Preparation 0.06% (w/v) 1:2 cm-chi/alg sponge (S-1)

cm-chi (0.08 g) was dissolved in 50 mL of 0.2% (v/v) HCI (aq). Alg (0.16 g) was dissolved
in Millipore water (350 mL). The cm-chi solution was added to the alg solution drop-wise over 6
h with stirring. The solution was adjusted to pH 6.5 with aqueous NaOH. Then, the sample was
freeze-dried for 48 h. For all freeze-dried samples prepared in this project, the vials containing
respective solutions were immersed into liquid nitrogen to freeze samples before they were placed

in the freeze-dryer.

4.2.2.3 Preparation 0.6% (w/v) 1:2 cm-chi/alg sponge (S-2)

cm-chi (0.04 g) was dissolved in 5 mL of 0.2% (v/v) HCI (ag). Alg (0.08 g) was dissolved
in Millipore water (15 mL). The chi solution was added to the alg solution drop-wise over 6 h with
stirring. The solution was adjusted to pH 6.5 with aqueous NaOH and the sample was subsequently
freeze-dried for 48 h.
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4.2.2.4 Preparation cm-chi-alg/PEO 2:1 composite sponge (CP-1)

cm-chi (0.04 g) was dissolved in 5 mL of 0.2% (v/v) HCI (aq). PEO (0.06 g) and alg (0.08
g) were dissolved in Millipore water (15 mL). The cm-chi solution was added to the mixed solution
drop-wise over 6 h with stirring. The solution was adjusted to pH 6.5 with aqueous NaOH and was

subsequently freeze-dried for 48 h.

4.2.2.5 Preparation cm-chi-alg/PEO 5:1 composite sponge (CP-2)

cm-chi (0.05 g) was dissolved in 5 mL of 0.2% (v/v) HCI (aq). PEO (0.03 g) and alg (0.10
g) were dissolved in Millipore water (15 mL). The cm-chi solution was added to the mixture
solution drop-wise over 6 h with stirring. The solution was adjusted to pH 6.5 with aqueous NaOH
and subsequently freeze-dried for 48 h.

4.2.2.6 Preparation of a physical mixture of cm-chi-alg/PEO
cm-chi (0.04 g), PEO (0.06 g) and alg (0.08 g) were thoroughly mixed in a mortar and
pestle for 15 mins and stored in glass screw cap vials.

4.2.2.7 Preparation of physical treated sponge (TCP-1)
A thin film of CP-1 was placed in a 5 mL glass test tube, where it was subject to heating
and cooling in the oil bath in the temperature range from 20 < to 130 <T at a rate of 2 T min™*

under argon at a flow rate 10 mL min.

4.2.3 Characterization of prepared sponges

DSC profiles (cf. Section 3.1.3), DTG plots (cf. Section 3.1.4). FT-IR (cf. Section 3.1.1),
and Raman spectra (cf. Section 3.1.7) of the cm-chi, alg, PEO, physical mixture, S-1, S-2, CP-1,
CP-2 and TCP-1 were acquired. SEM images (cf. Section 3.1.5) of samples were obtained at
variable magnification (1000> 3000 and 5000x). Raman spectral imaging and data processing
(cf. Section 3.1.8) was done as described in Chapter 3. In detail, Raman spectral imaging was
performed using a 60s exposure time and a static scan mode centered at 450 cm™ (leads to an
effective spectral range of 243-659 cm™) for various samples. A total 66 > 49 spectra were
collected in a uniform 72 x 52 um grid. Then, Raman images were constructed by the relative
intensity of the respective spectral band (427 cm™, 447 cm™, 346 cm™, and 279 cm™) to baseline
as required. A methylene blue (MB) solution (~0.1 uM, ambient pH) was used as a dye probe in
this study.
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4.3 Results and Discussion

4.3.1 SEM images of self-assembled sponges

Optical photographs and SEM images of S-1 and CP-1 (cf. Section 4.2.2 for acronym
definitions) are shown in Figure 4.1. The images in Fig. 4.1 for S-1 and CP-1 are composed of
fibrous and sheet-like domains that reveal their heterogeneous nature. Moreover, the fibrous part
of CP-1 has a rough surface with grooves, while S-1 displays a relatively smooth surface
topography. The sponge materials have a denser appearance with more efficient packing as the
concentration of cm-chi/alg increases from 0.06% (w/v) to 0.6% (w/v) in Figure 4.2. For S-2, the
denser appearance is attributed to the formation of the lamellar structure during freeze-drying
because of its higher colloidal suspension concentration, as discussed in Section 2.3. In Fig. 4.2,
CP-1 appears more loosely packed than S-2, which indicates that the addition of PEO leads to a

reduction in the sponge density.

Figure 4.1. Optical and SEM images of self-assembled sponge materials: A) S-1, and B) CP-1.
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S-1 S-2 CP-1 CP-2

Figure 4.2. Photographs of various self-assembled sponges. From left to right, S-1 (0.06% w/v),
S-2 (0.6% w/v), CP-1 (0.6% wi/v), and CP-2 (0.75% w/v), respectively.

4.3.2 TGA results

The effect of PEO and other components in the sponge materials was studied using TGA
since it has been shown in other studies that interactions among polymer constituents in
multicomponent mixtures and composites can be estimated by this method.?”?® TGA was used to
study the interactions among the respective components (cm-chi, alg, and PEO), and the relative
thermal stability was determined based on the trends in the TGA profiles that follow their
respective physical and chemical modification. A previous report on cross-linked chi materials
indicated that variable TGA profiles result for chi with variable cross-linker content, as evidenced
by the differential TGA (DTG) plots that revealed distinguishable weight loss profiles for cross-
linked chi.?® The DTG results for cm-chi, alg, PEO, physical mixture of components, and CP-1 are
illustrated in Figure 4.3A-E. A thermal event corresponding to the decomposition of chi is
observed at 300 °C.2° In Fig. 4.3A, the thermal event for the decomposition of cm-chi is shifted to
a lower temperature (271 °C). Another report>® revealed that the maximum temperature stability
for sodium alginate is ca. 245 <C agrees by the TGA results in Fig. 4.3B. In the case of cross-
linked chi?®, the TGA results reveal lower onset temperatures relative to unmodified chi. By
comparison, parallel trends in TGA profiles were observed for the chi composite materials herein,
as shown in Fig.4.3E and Fig. A4.1(A-H) (cf. supplementary information in Appendix). The
reduced thermal stability for the composites was attributed to decreased crystallinity due to defects
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in the intermolecular H-bonding network for the amine and hydroxyl groups of chi. Analogous
effects were observed for cross-linking of chi, where reduced thermal stability was attributed to
pillaring effects that ultimately attenuate hydrogen bonding interactions between adjacent
biopolymers.? Likewise, modification of pristine chi by carboxymethylation and fiber formation
via electrostatic interactions (between protonated cm-chi and alg) is inferred to alter the degree of
inter-chain H-bonding due to reduced availability of H-bond donor and acceptor groups. The
reduced onset temperature for the DTG profiles of the self-assembled sponges is consistent with
an overall lowering of the lattice energy of such polymers that resemble chi materials.33
Overlapping thermal events between 200 and 300 <C are evident in Fig. 4.3E and Fig. A4.1(C-H)
(cf. Appendix). The addition of PEO to cm-chi/alg results in an additional overlap of the thermal
events that reside between 200 and 300 <C, along with a weight loss event due to the presence of
PEO in CP-1is noted at 360 <C instead of 400 <C (pure PEO). The TGA results provide supporting
evidence of an association between PEO and cm-chi/alg. The formation of polymer complexes is
further supported by comparing the DTG profile of the self-assembled composites with a physical
mixture (cf. Fig. 4.3D) of the single component polymers (cm-chi, alg, and PEO).

AU.
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Figure 4.3. DTG plots of precursors and sponges: A) cm-chi, B) alg, C) PEO, D) Physical mixture
(cm-chi, alg, and PEO), and E) CP-1.
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4.3.3 Morphology and structure of the self-assembled (CP-1) and thermally annealed sponges
(TCP-1)

SEM images of the annealed sponges are shown in Figure 4.4. By comparison with the
original, untreated sponge (cf. Fig. 4.1B), the formation of island-like features is noted on the
thermally annealed sponges’ surface. These island-like features on the fiber surface display a
combined appearance of indented and pendant structures. These features are formed due to re-
crystallization of the PEO fraction with different dimensions during annealing. The heterogeneous
distribution of PEO in the composite with amorphous constituents is described in Section 2.5.3.
As a result, PEO forms a dispersed phase between cm-chi and alg in the composite. The DSC
results of the precursors, physical mixture, CP-1, and TCP-1 are illustrated in Figure 4.5, where
an endotherm occurs at 58.7 <C, corresponding to the melting of PEO (Fig. 4.5A). This thermal
event becomes broader as PEO mixes or forms a composite with other biopolymer components,
as seen in Fig. 4.5. Furthermore, the melting point of PEO shifts to 55.0 <C and 54.0 <C for the
case of CP-1 and TCP-1, respectively. This effect relates to alteration of the degree of
intermolecular association and the level of PEO crystallization upon mixing, in agreement with

another report.3*

SU8000 2.0kV 8.3mm x30.0k SE(UL) 1.00um

Figure 4.4. A SEM image of a thermally treated sponge (TCP-1).
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Figure 4.5. DSC profiles of biopolymer precursors, physical mixture (cm-chi, alg, and PEO), and
self-assembled sponges (TCP-1, and CP-1). The left panel shows an expanded DSC trace for CP-
1, PEO, TCP-1, and the physical mixture (cm-chi, alg, and PEO).

Etching of the PEO phase was carried out with deionized water at ambient conditions to
investigate the structure of the fibrous sponge before and after annealing. Etching with deionized
water serves as a solvent-based “scalpel” to excise polar components from the multi-component
system (cm-chi/alg/PEO). Herein, it will be shown that the morphology and structural features can
be further resolved using microscopy and spectroscopy upon selective removal of the PEO phase.
The SEM images of CP-1 and TCP-1, before and after solvent etching, are shown in Figure 4.6. A
comparison of the morphology of CP-1 with that of TCP-1 after etching reveals that CP-1
undergoes swelling that reveals in a change of material morphology from sponge-like to film-like
product. By comparison, TCP-1 retains much of its original surface features and gains additional
surface pore features. This morphology change of TCP-1 may be due to removing the PEO phase
via washing with the deionized water because of its hydrophilic nature, in agreement with other

independent results®* that provide porous features upon removal of PEO with deionized water.
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Figure 4.6. SEM images of CP-1 and TCP-1 before/after selective etching of PEO phase with
deionized water. A) CP-1 and B) TCP-1 before solvent etching; C) CP-1 and D) TCP-1 after

solvent etching.

4.3.4 Raman spectra and imaging results

The change in morphology of CP-1 and TCP-1 sample upon exposure to water is discussed
in Section 4.3.3. Raman spectral results are presented to complement the SEM images to gain
further insight on the composite structure for these sponge materials as Raman spectroscopy
provides information on the chemical fingerprint of the respective components within such
mixtures.'® Raman spectra of the biopolymer precursors and the self-assembled sponges are shown
in Figure 4.7. The vibrational bands between 750 cm™ and 1000 cm™ from Fig. 4.7B-G correspond
to the ring-breathing mode of a polysaccharide®, where it corresponds to C-O-C bending for PEO
in Fig. 4.7A%. Sodium alginate displays Raman bands at 809, 886, and 952 cm™ assigned to the
ring breathing of sodium alginate (Fig. 4.7C), in agreement with the different types of monomer
units (cf. Scheme 4.1). The band at 891 cm™ for cm-chi (Fig. 4.7B) relates to its ring-breathing
mode. The spectral intensity change from 1000 cm™ to 750 cm™ corresponds to the interaction

between the PEO chain and the monosaccharide unit because the C-O-C torsional angle has a
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profound impact on the spectral intensity in this region.®” The Raman spectra of S-1 and CP-1 is
shown in Fig. 4.7D and 4.7F, respectively. The spectral differences at 809, 886, 891, and 952 cm"
! for S-1 and CP-1 are trivial compared to the physical mixture shown in Fig. 4.7E. However,
electrostatic interactions between protonated amino groups of chi with carboxylate groups of alg
are supported by the FT-IR spectra in Fig. 4.8A-H. The vibrational band at 1510-1520 cm™
corresponds to the N-H bending vibration of the protonated amine group of chi undergoes a
spectral shiftto 1527 cm™. 293839 The observed FT-IR shift results from the electrostatic interaction
between chi and the respective counter-ion species. The Raman spectra of TCP-1 in Fig. 4.7G
reveal that the vibrational fingerprint band in the range shows large differences relative to the
physical mixture and CP-1 (cf. Fig. 4.7E & 4.7F). The spectral band for PEO is enhanced, whereas
the ring breathing of the polysaccharide moiety undergoes attenuation upon annealing. This
attenuation of the ring breathing band indicates that the polymer units of cm-chi and alg undergo
complex formation due to favourable H-bonding and structural rearrangement of each polymer

segment upon annealing.

Normalized Intensity

500 ) 1000 ' 1500 ) 2000
Raman Shift (cm™)

Figure 4.7. Raman spectra (500 - 2000 cm-1) of precursor components and self-assembled

sponges: A) PEO, B) cm-chi, C) alg, D) S-1, E) physical mixture (cm-chi, alg, and PEO), F) CP-

1F), and G) TCP-1.
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Figure 4.8. FT-IR spectra of precursors and sponge samples: A) cm-chi, B) alg, C) S-1, D) S-2,
E) PEO, F) physical mixture (cm-chi, alg, and PEO), G) CP-1, and H) CP-2.

To further illustrate the structural variation of original (as-prepared) and annealed sponges,
Raman spectral imaging was applied to ascertain the role of specific functional groups of the
respective biopolymer components with the structure of the resulting composite material. The
presence of surface accessible, functional groups in the composite can be identified by studying
the relative affinity of adsorption using a dye-based probe.® Herein, self-assembled sponges were
exposed to a solution containing MB before obtaining Raman spectra, where evidence of dye
adsorption onto CP-1 can be deduced from the results in Figure 4.9 and Figure A4.2 (cf. Appendix).
Panel A (Fig. 4.9) shows the Raman image obtained at 427 cm™ that corresponds to the C-C-C and
C-O-C bending for cm-chi and alg.%>“° Panel B and C (Fig. 4.9) are related to the spectral image
at 447 cm™ for MB*! and at 346 cm™* due to C-C-O bending of cm-chi*®, while panel D corresponds
to Raman imaging of PEO at 279 cm™. Due to the structural similarity of cm-chi and alg, there is
no characteristic fingerprint between 200 and 600 cm for alginate. MB is a cationic dye with a
favourable binding affinity toward anionic sites as those localized on the surface of alg. The Raman

images of MB (cf. Fig.4.9B) and cm-chi (cf. Fig. 4.9C) were combined into an additive picture (cf.
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Figure A4.2 in the Appendix) using Image-Pro® Plus 6.0. This additive picture is similar to the
image constructed using Raman fingerprints of cm-chi/alg in Figure 4.9A, which suggests that MB
locates at the anionic domains of alginate, in line with its known favourable adsorption properties
for polymers which contain carboxylate groups.3! As a result of etching with the dye solution, the
Raman imaging results reveal that cm-chi and alg undergo phase separation to form isolated
domains. In Fig. 4.9D, a portion of PEO remains in this region after etching with water and the
remaining fraction of PEO also forms a separate domain. The change in morphology that occurs
for CP-1 is discernible according to the variation in the SEM images from Fig. 4.6A to 4.6C is not
due to the sole effect of biopolymer swelling but also involves phase separation of the polymer
components after water etching. The Raman spectral imaging results indicate that the structure of
the original sponge assembly is loosely packed before etching, which accounts for the uncontrolled
dissolution of composites that are formed by physical association. The same method was applied
to TCP-1 where its Raman image is shown in Figure 4.10. Small pores were noted, in agreement
with SEM results (Fig. 4.6). A comparison of Fig. 4.9 and 4.10 reveals the co-location of three
polymer components occurs in overlapping domains: alg (cf. Fig. 4.10B), cm-chi (cf. Fig. 4.10C),
and PEO (cf. Fig.4.10D). The results reveal that cm-chi/alg does not undergo significant phase
separation after etching with the dye solution. This reveals that annealing improves the structural
stability of the composite toward dissolution in water due to the supramolecular association of cm-

chi, sodium alginate, and PEO.
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Figure 4.9. Raman spectral imaging results of CP-1 after etching with methylene blue (aq) and
sample stack plots of Raman spectra centred at 450 cm™ under static conditions (1, = 785 nm).
Raman images were constructed by use of spectral line intensity at variable Raman frequencies:

A) cm-chi/alg region (427 cm™), B) MB region (447 cm™), C) cm-chi region (346 cm™), and D)
PEO region (279 cmY), respectively.
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Figure 4.10. Raman spectral imaging results of TCP-1 after etching with methylene blue (aq) and
sample stack plots of Raman spectra centered at 450 cm™ under static conditions (4., = 785 nm).
Raman images were constructed by use of spectral line intensity at variable Raman frequencies:
A) cm-chi/alg region (427 cm™), B) MB region (447 cm™), C) cm-chi region (346 cm™), and D)
PEO region (279 cm™), respectively.

4.3.5 Structure of self-assembled sponges before/after annealing

Based on the previous results, a structural mechanism of self-assembly for a multi-
component sponge before and after annealing is proposed in Figure 4.11. Original self-assembly
of the sponge may be described as a “sandwich-like” arrangement with a loosely packed structure.
The biopolymer building blocks (cm-chi and alg) are assembled via electrostatic interactions
according to the FT-IR spectra in Fig. 4.8. PEO associates with cm-chi and alg via hydrogen
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bonding.* Therefore, the void space among the polymer chains is occupied by PEO and results in
a greater separation of the biopolymer chains. The supramolecular assembly of PEO is also
supported by TGA results (Fig. 4.3), DSC (Fig.4.5), and Raman spectra (Fig. 4.7). Zhao et al.?®
reported that PEO was used to suppress electrostatic interactions between cationic and anionic
polysaccharides. A consequence of weak interactions between cm-chi and alg for CP-1 leads to
phase separation upon exposure of the composite to water because of its high dielectric constant
(Fig. 4.9). During annealing, reordering of the resulting polysaccharide complex occurs upon
melting and re-crystallizing PEO by reducing the distance between the biopolymer chains and
strengthening the polysaccharide assembly upon annealing. PEO crystallization occurs at the
polysaccharide surface or within the void space between the polymer chains (Fig. 4.4), revealing
two different roles for PEO in the etching process.®**3#* Firstly, PEO may serve as a sacrificial
template to create additional pore structure since water etching (cf. Fig. 4.10) results in pore
formation, in agreement with Fig. 4.6. Secondly, PEO may serve as a protective barrier on the cm-
chi/alg fiber surface to shield the hydrophilic surface sites of the composite material from solvent

etching effects.
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Figure 4.11. An illustrated view of the composition and structure of CP-1 and TCP-1. The red line
represents PEO, red area represents PEO domains; blue line represents cm-chi and blue area

represents cm-chi domains; yellow line represents alg, and yellow area represents alg domains.

4.4 Conclusion

Chi self-assembled sponges (nonwoven microfibrous materials) were successfully
prepared by freeze-drying, and the structural features were characterized by various spectral
methods. In particular, Raman spectral imaging with a suitable dye probe was developed to study
the composition and structure of biopolymer composites before/after thermal annealing. Prior to
annealing, the composite displayed a phase-separated “sandwich” structure, while the annealing
of cm-chi and alg with PEO led to the strengthening of the cohesive interactions between cm-chi
and alg. Meanwhile, PEO forms island-like features on the biopolymer fiber surface. PEO may
serve a dual function upon annealing, where it may either serve as a sacrificial template to create

a porous morphology or as a protective layer to prevent water intrusion upon exposure to solvent.
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The Raman spectral methods reported herein will contribute to a greater understanding of
the structure-function properties of chi-based composites electrospun fibrous materials in Chapter
5 and other biopolymer composites for a wide range of emerging applications in the formulation
of biomedical devices, nutraceuticals, pharmaceuticals, and cosmetics. Furthermore, the ideology
of PEO being a sacrificial template to create a porous morphology on the surface of the fiber,

which was demonstrated herein, has been applied in Chapter 6 to help address Objective #3.
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CHAPTER 5

A spectroscopic study of solid-phase chitosan/cyclodextrin-based electrospun

fibers
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Graduate and Postdoctoral Studies (CGPS) at the University of Saskatchewan, along with
formulating the published work into a comprehensive thesis document. Specifically, the
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repetition. As general details of routine characterization methods are introduced in Chapter 3, the
experimental section is modified accordingly in which only specific details are included. The
reference style of the original paper was changed to the CGPS thesis’ style. The supplementary
information for the published study is included in the Appendix.

This research accomplished Objective #2 of this thesis, contributing to the overall goal in
two aspects. The first aspect is that chi-based electrospun nanofibrous materials were prepared.
The other one is that the role of the supramolecular ternary assembly (chi + HP-B-CD +
trifluoroacetic acid) role in forming chi-based electrospun fibers was elucidated through several
complementary characterization methods. The latter includes FT-IR, Raman spectroscopy, and

Raman spectral imaging with a dye probe to support Hypothesis #4 as described in Section 1.3.
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5.1 Introduction

According to the degree of ionization of glucosamine groups of chi, the antimicrobial and
adsorption properties can be altered by variable pH levels.2 Diverse chi applications have been
found in many fields that exploit its pH-dependent binding properties, as evidenced in wastewater
treatment, food preservation, and biomedical devices.}?>1! To attain additional performance in
these applications, research has also focused on the design of different morphological forms of chi
that include nanofibrous systems, owing to the high surface area of these biomaterials.”*® Among
the various approaches for the design of fibrous and nanofibrous materials as outlined in Chapters
1 and 2, where electrospinning methods represent a commonly accepted method %1472 While
chi is soluble in acidic aqueous solution, technical difficulties related to the electrospinning of
uniform fibers arise due to repulsive interactions between the cationic sites of the biopolymer
glucosamine sub-units that attenuate chain entanglement effects.’*172! The judicious choice of
additive components offers a solution to offset such charge repulsion effects during
electrospinning.*22-2" For example, Burns et al. reported the use of trifluoroacetic acid (TFA) and
hydroxypropyl B-cyclodextrin (HP-B-CD) as additives to assist in the electrospinning of chi
nanofibers.?® The potential of HP-B-CD to form noncovalent host-guest complexes with various
molecular species, in conjunction with the polyelectrolyte nature of chi, may further enhance the
utility of such nanofibrous materials as advanced coatings for diverse applications.?®?°
Notwithstanding the complexation properties of HP-3-CD, the molecular level details that account
for the uniform formation of chi fibers via this pathway are not well understood. While Burns et
al.?8 allude to the possibility that inclusion complex formation occurs between chi and HP-B-CD,
further research is required to gain insight on the molecular basis of the improvement of fiber
formation in this ternary (HP-B-CD + chi + TFA) system to advance the field of chi nanofibrous
materials. As demonstrated in Chapter 4, Raman spectral imaging with a suitable dye probe is a
useful tool to decipher complex multi-component systems’ structures. Therefore, the insight on
improvements to the electrospun fiber formation process through such ternary systems can be

addressed using this strategy.

The purpose of this thesis chapter is to accomplish Objective #2 by two short-term goals.
The first short-term goal is to prepare chi/HP-B-CD nanofibrous materials at variable mass ratios

via electrospinning in nonaqueous media (TFA) using an “in-house” electrospinning apparatus.
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The second short-term goal is that the composition and structure of the electrospun fibrous
materials in the solid-state was studied using thermal analysis and spectroscopic (FT-IR and
Raman) methods, along with Raman spectral imaging with a suitable dye probe. Raman spectral
imaging being assisted by a rhodamine dye probe was employed to gain further structural
information on the chi nanofibrous composite materials reported herein. This study’s results are
foreseen to help develop electrospinning formulations for chi systems by taking advantage of such

ternary component systems.

5.2 Materials and Methods

5.2.1. Materials

Research grade 6-O-hydroxypropyl p-cyclodextrin (HP-B-CD) with a degree of
substitution (DS) = 4.6 was purchased from CYCLOLAB, Ltd. (Budapest, Hungary) and was used
as received. Rhodamine 6G was purchased from Allied Chemical (Morristown, New Jersey, NJ,
USA) and used as received. Low molecular weight (LMW) chi (chi, 75-80% deacetylation and
molecular weights in the range of 50-190 kDa, according to Brookfield viscosity 20 cPs),
deuterated dimethyl sulfoxide (DMSO-ds, 99.9%), tetrahydrofuran (THF) and trifluoroacetic acid
(TFA) was obtained from Sigma-Aldrich Canada Ltd. (Oakville, ON, Canada).

5.2.2. Preparation of chi/HP-B-CD electrospun nanofibrous materials

All solutions used for electrospinning were formulated according to Burns et al.?®, where
the designated mass of chi and HP-B-CD (wt.%) was added to neat TFA and allowed to mix
overnight with stirring (100 rpm) at 23 <C. All solutions were kept at 4 <C and consumed within
72 h.

The resulting solutions were used to prepare chi/HP-B-CD electrospun nanofibrous
materials according to Section 3.2 described further in Chapter 3. Chi/HP-B-CD electrospun
nanofibrous materials with two different mass ratios (chi : HP-B-CD = 2:20 and 2:50) were
prepared; chi:HP-B-CD 2:20 and chi:HP-B-CD 2:50. The electrospinning apparatus and molecular

structures of the precursors and the solvent are shown in Scheme 5.1.
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High voltage power supply

Scheme 5.1. A schematic illustration of the electrospinning setup and molecular structure of the
precursors: A) chi where R = —COCHz or H depending the degree of deacetylation, where n
depends on the relative molecular weight of the biopolymer; B) HP-B-CD; and C) trifluoroacetic

acid (TFA) is the solvent system.

5.2.3. 'H NMR spectroscopy in solution

The HP-B-CD content of the fiber samples was estimated using a qualitative NMR (qQNMR)
method adapted from a previous report. A 1% (w/w) THF/DMSO-ds solution was prepared by
adding a desired amount of THF to DMSO-ds to which ca. 5 mg of the as-spun fiber was dissolved
with ~600 mg of solvent (THF/DMSO- dg) in a 5 mm NMR tube. *H NMR spectra were obtained
using a wide-bore (89 mm) 11.7 T (500 MHz) Oxford superconducting magnet system (Bruker
BioSpin Corp., Billerica, MA, USA) equipped with a 5 mm Pa Tx1 probe and a recycle delay of
10 s. THF served as an internal quantitative standard for estimation of HP-B-CD content of a fiber

sample.
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5.2.4 Characterization methods

DSC profiles (cf. Section 3.1.3), DTG plots (cf. Section 3.1.4). FT-IR (cf. Section 3.1.1),
and Raman spectra (cf. Section 3.1.7) of chi, HP-B-CD, the physical mixture (chi and HP-B-CD),
chi/HP-B-CD electrospun fibrous materials were acquired. SEM images (cf. Section 3.1.5) of
samples were obtained at variable magnification (1000> 3000 and 5000>). Raman spectral
imaging and data processing (cf. Section 3.1.8) for chi:HP-B-CD 2:50 electrospun fibrous materials
was done as described in Chapter 3. In detail, Raman spectral imaging was performed using a 12s
exposure time and a static scan mode centered at 790 cm™, where such conditions lead to an
effective spectral range of 596-985 cm! for various samples. A total 92 %70 spectra were collected
in a uniform 101 x 77 um grid. Then, the Raman images were constructed by the relative intensity
of the respective spectral band (610 cm™ and 850 cm™) to baseline as required. The results from
dividing the band intensity at 610 cm™ by the band at 850 cm™ were used to construct the Raman
image for the highlighted chi region. A Rhodamine 6G dye in a benzene solution (~0.1 uM) was

used as a dye probe in this project.

5.3. Results and Discussion

As indicated in the introduction section above, the role of additives (TFA, HP-B-CD) for
the assisted electrospinning of chi is not well known. Therefore, structural characterization of the
nanofibrous materials was carried out to gain an improved understanding of the structure and

composition of these composite materials, as described in following sections below.

5.3.1. SEM results

SEM images of chi:HP-B-CD 2:50 fiber are shown in Figure 5.1. A mixture of products
that possess nodule-shaped elements and fiber-like morphology was observed in Figures 5.1A-B,
showing the resulting materials for both ratios (2:20 and 2:50) with a heterogeneous composition
in terms of morphology. It was noted that the chi:HP-B-CD 2:50 fiber contained fewer nodule-
shape elements and had a large fiber diameter when compared with the chi:HP-B-CD 2:20 fiber.

These general observations coincide with those reported in the previous study by Burns et al.8
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Figure 5.1. SEM images of chi/HP-B-CD fibers: A) chi:HP-B-CD 2:20 and B) chi:HP-B-CD 2:50.

5.3.2. Determination of HP-B-CD content in the as-spun fibers

To assess the composition of the chi:HP-B-CD electrospun fibers, the HP-3-CD content in
the as-spun fibers was examined using *H NMR spectroscopy. The composition of HP-B-CD
(wt. %) in the as-spun fibers was calculated based on the integration of a -CHz group of HP-3-CD
(8 = 0.99 ppm) relative to the internal standard THF (8 = 1.60 ppm). The *H NMR spectra are
shown in Figure A5.1 of the Appendix. A quantitative determination of a known amount of HP-f-
CD was evaluated in a test sampling trial to verify the accuracy of the method. The results are
summarized in Table 5.1, where the measured content (wt. %) of HP-B-CD in the as-spun fiber
sample was drastically lower than that of the predicted value (the theoretical composition
according to mass ratios in the prepared solution). The chi: HP-B-CD 2:20 fiber had ~50%
difference, and the chi:HP-B-CD 2:50 fiber had ~20% difference compared with the respective
theoretical values based on wt. % content. This difference in wt. % suggests that solvent effects
may contribute to the as-spun fiber’s weight, which yields a reduced composition (wt. %) of HP-
B-CD. This difference also infers more solvent residue (TFA) in the 2:20 fiber than the 2:50 fiber.
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Table 5.1. Determination of HP-B-CD content in the as-spun chi:HP-B-CD fiber using *H NMR

spectroscopy.

Experimental HP-g-CD

Material Theoretical Value *
Content
HP-B-CD 100% + 6.9% (4.47 mg)? 100% (4.80 mg)*
chi: HP-B-CD 2:20 Fiber ~40% ~91%
chi: HP-B-CD 2:50 Fiber ~75% ~96%

*Theoretical value was calculated based on mass ratios between chi and HP-B-CD in the prepared solution, assuming that all the
solvent was evaporated from fibers. *Values in parentheses refer to the actual sample weight used for the gNMR calibration. 2Values
in parentheses refer to the determined HP-B-CD weight for the gNMR calibration.

5.3.3. FT-IR results of as-spun fibers
The chi:HP-B-CD fibers were further characterized by FT-IR to identify the composition

of the as-spun fiber. The FT-IR spectra of as-spun fibers are presented in Figure 5.2 without

normalization. FT-IR spectrum of pristine chi was shown in Figure A5.2(A) in Appendix. The IR

band at 1786 cm™ relates to a free —-COOH group in TFA.2*32 The intensity of this band for
chi:HP-B-CD 2:20 was higher than the value estimated for chi:HP-3-CD 2:50. This increased band

intensity further indicates higher TFA content in the 2:20 fiber than the 2:50 fiber system, in

agreement with the results in Table 5.1. The -COO" band at 1679 cm™ corresponded to that of the

trifluoroacetate ion*°, whereas the band at 1526 cm™ was assigned to the protonated amine (-NHs")
group of chi**%, These signatures indicate that electrostatic interactions are likely to occur

between the -COO" group from TFA with the cation sites (-NH3") of chi within the fiber composite.
The band at 1221 cm™ and the shoulder at 1183 cm™ was assigned to the vibrational signature of
C—F for TFA.31-3336 The two spectral signatures disappear in the 2:50 fiber but were evident for
the 2:20 fiber. The spectral variation between samples is the result of interference of free TFA in

the 2:20 fiber, as it contains more TFA over the 2:50 fiber, according to the gNMR results in

Section 5.3.2 and the IR band intensity results of the free -COOH group (1786 cm ™) of TFA-33,
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Hence, the attenuation of two signatures at 1221 and 1183 cm™ in the 2:50 fiber can infer that the
—CF3 group of TFA is bound by the annular region of the HP--CD host to form a stable complex.
Wilson and Verrall?® have reported an analogous inclusion mode for B-cyclodextrin-guest
complexes formed between volatile organics such as halothane with a trifluoromethyl moiety for
a range of B-CD/halothane systems (cf. Scheme 2 in Ref. 29).
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Figure 5.2. FT-IR spectra of HP-B-CD (HPCD) and as-spun chi:HP-B-CD fiber (2:20 and 2:50,
respectively) without normalization. The expanded region of the inset spectra is shown between
1250 and 900 cm™* of the original spectra.

5.3.4. TGA and DSC results of chi:HP-B-CD fiber

The as-spun chi:HP-B-CD 2:50 fiber was characterized by TGA and DSC, where the 2:20
as-spun fiber was not measured because it contained a higher level of free TFA, which was done
in order to avoid potential damage to the instrument. TGA results are shown in the form of a DTG
plot of chi in Figure A5.2(B) of the Appendix. The DTG plots of HP-B-CD and chi:HP-B-CD 2:50

are shown in Figure 5.3A, where a thermal event for HP-B-CD at ~350 <C showed no apparent
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temperature shift, as compared with that of the fiber prepared at the 2:50 ratio. The 2:50 fiber
displayed a new thermal event at ~260 <C that corresponds to the decomposition of a
trifluoroacetate salt.” This indicates that the major fraction of TFA in 2:50 fiber is in the form of
a trifluoroacetate salt (CF3COO/-NHz3"), where the -NH3" groups are the cationic glucosamine
sites of chi. This trend is consistent with the FT-IR results reported herein (cf. Figure 5.2).
According to the DSC results in Figure 5.3, evidence of mixing occurs between chi and HP--CD.
However, because of the greater mass content of HP-B-CD in the binary system (chi + HP-B-CD),
the thermal analysis (TGA and DSC) results for the chi:HP-B-CD fiber may be obscured,

precluding further detailed compositional analysis of the fiber material.
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Figure 5.3. Thermal analysis results of as-spun chi: HP-B-CD fiber. A) DTG plots of HP-3-CD
(HPCD) and chi:HP-B-CD 2:50 fiber (Chi:HPCD 2:50); and B) DSC profiles of chi, HP-B-CD
(HPCD), physical mixture, and as-spun chi:HP-p-CD 2:50 fiber (Chi:HPCD 2:50).

5.3.5. Raman spectroscopy results

The Raman spectra of HP-B-CD, pristine chi, as-spun chi:HP-B-CD fibers, and chi: HP-f-
CD fibers at three days and three months after preparation are illustrated in Figure 5.4. The band
at 730 cm™* and 1788 cm™ was assigned to the deformation of —COO" and the stretching of the
carbonyl group in trifluoroacetate anion, respectively.® The relative intensity of this band to other
spectral signatures revealed a gradual decrease between the as-spun fiber (Figure 5.4C) to an aged
fiber after three days (Figure 5.4E), then to a further aged fiber after three months (Figure 5.4F).
This reduction of the band intensity demonstrates that TFA content in the fiber decreases slowly
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over time. A noticeable fact is that signatures related to the —CFs group (1143, 1202, 601 and 521
cm 1) were not clearly observed in the Raman spectra, in contrast to the —COO" group of TFA,
which suggests that the —CFs group may form an inclusion complex with HP-B-CD due to the
favourable size-fit compatibility between the cavity of B-CD and the -CF3 group in line with Ref.
29. The FT-IR results support this conclusion, as evidenced by the disappearance of bands at 1221
and 1183 cm™ in Figure 5.2. Expansions of the original Raman spectra in the range of 770 and
990 cm™? are similarly shown in Figure 5.4. The Raman signatures over this spectral range relate
to the variation of the C-O—C torsional angle since it is sensitive to its local conformations.3*3
For HP-B-CD, the band at 850 and 925 cm ™ was related to ring-breathing modes of HP-B-CD,
while the band at 948 cm™ related to the skeletal vibrations for the a-1,4 linkages of HP-B-CD.*°
A comparison was made among precursors (i.e, HP-B-CD and chi) and different chi:HP--CD
fiber types. New bands were observed at 827, 864, 884, and 918 cm™*. By comparison, the band
at 950 cm™1, compared with the spectrum of HP-B-CD in Figure 5.4A, displayed minimum change.
Among the new spectral bands observed, none were associated with the signatures of the CFsCOO"
anion compared with the results reported by Robinson and Taylor’s Raman spectral study of the
trifluoroacetate ion.*® These bands showed maximum relative intensity for the as-spun chi:HP-p-
CD 2:50 fiber spectrum (Figure 5.4C) and minimum relative intensity in the spectrum of chi:HP-
B-CD 2:50 fiber after three months (Figure 5.4F). Therefore, new spectral bands at 827, 864, 884,
and 918 cm* may be related to conformational changes of the glucopyranose unit of HP-B-CD
that result from the interfacial host-guest complex?® formed between the —CF3 group of TFA and
HP-B-CD. The attenuation of the relative intensity of these spectral bands may be ascribed to the
attenuated formation of such complexes between TFA and HP-B-CD, as the trifluoroacetate ion
content of the fiber decreased. Similar Raman spectral changes have been reported elsewhere!4,
Furthermore, the spectral band shapes centered at 850 and 925 cm™ for the chi:HP-B-CD 2:50
fiber after three months in the spectrum (Figure 5.4F) was similar to HP-B-CD (Figure 5.4A), but
revealed broader Raman spectral features. By comparison, the spectral band at 948 cm™ showed
little difference between HP-B-CD (Figure 5.4A) and the chi:HP-B-CD fibers (Figure 5.4C—F).
This effect may suggest that the —CFs group of TFA was bound to the interfacial region of HP-p3-
CD since there was limited host-guest interaction with the a-1,4 linkage domain of HP--CD. The

compositional difference between chi and HP-B-CD precluded a diagnostic spectral analysis to
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assess the details of the host—guest interaction between chi and HP-B-CD due to the presence of

excess HP-B-CD in the system.
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Figure 5.4. Raman spectra of precursors and different chi:HP-B-CD fibers: A) HP-B-CD, B)
pristine chi, C) as-spun chi:HP-B-CD 2:50 fiber, D) as-spun chi:HP-B-CD 2:20 fiber, E) chi:HP-
B-CD 2:50 fiber after 3 days and F) chi:HP-p-CD 2:50 fiber after 3 months. The expanded region
(Right side) covers the region between 770 and 990 cm ™.

5.3.6. Raman spectral imaging with dye probe (Rhodamine 6G)

The TFA content was minimized for the chi:HP-B-CD 2:50 fiber by exposing the fibers to
the open atmosphere under adequate ventilation at ambient conditions to assess the interaction
between chi and HP-B-CD. This setup favored the volatilization of excess TFA that may influence
the sensitivity of the fiber characterization by reducing contributions of high spectral intensity that
arise from TFA. The combined use of Raman spectral imaging with a suitable dye probe afforded
a spectral method that highlighted the chi fiber domains that enable the spectral characterization
of the regions of interest. Rhodamine 6G was chosen as the dye probe for this study because of the
reported favorable binding of chi*® relative to HP-B-CD with the Rhodamine 6G dye***°. Benzene
was used as the solvent to avoid the dissolution of fiber components and to maintain the integrity
of the electrospun fiber system as it is a poor solvent for such polysaccharide systems (chi:HP-f3-

CD). The characteristic Raman signature at 610 and 850 cm™ corresponded to the C—-C—C ring in-
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plane bending for Rhodamine 6G*#” and the respective ring breathing band for the HP-B-CD

glucopyranose unit*° that was used to construct the Raman images.

Raman spectral imaging results in the presence of the Rhodamine 6G dye probe are shown
in Figure 5.5. The Raman image of the HP-B-CD area generated using the Raman signal at 850
cm™! for the fiber is shown in Figure 5.5A. From this Raman image, fibrous materials with a
heterogeneous morphology of beads and fibers concur with the SEM results, as shown in Figure
5.1. The Raman spectral imaging of the chi fraction was generated using the Raman band at 610
cm™L, as shown in Figure 5.5B. It appears that chi adopts a bundle-type structure in various sample
loci. Upon comparing Figure 5.5A-B, the spectral region for the chi domains was not congruently
matched with the spectral region of HP-B-CD and may indicate that the composition of the
electrospun fiber was heterogeneous in nature. Such heterogeneities likely take place during the
electrospinning process. Despite the efforts made to remove TFA from the fiber, the persistence

of Raman signatures of TFA was noted at ~730 cm ™ but with reduced spectral intensity.
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Figure 5.5. Raman imaging results of dried chi:HP-B-CD 2:50 fiber after soaking with Rhodamine
6G in a benzene solution, where a sample Raman spectrum centered at 790 cm™* was given under
static conditions (Aex = 785 nm). The Raman image of the HP-B-CD area (A) was constructed by
peak integration at 850 cm™. The Raman image of chi in area (B) was constructed by dividing the
spectral intensity for Rhodamine 6G (610 cm™) against that for HP-B-CD (850 cm™) for each

respective Raman spectrum, where a Raman spectrum is shown in panel C as an example.
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Figure 5.5A-B was combined into one additive image, as shown in Figure 5.6 to emphasize
different structural domains of the fiber: a chi rich area, a chi/HP-B-CD mixed area, and a HP-p-
CD rich area. In the spectrum for the chi rich domain (Figure 5.6A), a Raman signature related to
the ring breathing mode of chi was noted at 895 cm™. This band had no apparent spectral change
compared to the Raman spectrum of pristine chi (Figure 5.4B). Moreover, the shape of the spectral
band at ~850 and ~930 cm™* for all samples (Figure 5.6A—C) was nearly identical, suggesting that
HP-B-CD has no direct intermolecular interactions with the chi polysaccharide chain of the fiber.
Moreover, the TFA/HP-B-CD peak intensity ratios between TFA (@~730 cm™) and HP-B-CD
(~850 cmt) were obtained for the chi rich area, the mixed area, and the HP-B-CD rich area based
on Figure 5.6A-C. The highest TFA/HP-B-CD ratio was observed in the mixed area, while the
lowest TFA/HP-B-CD ratio was found in the HP-B-CD rich area. This finding may suggest that
chi/TFA/HP-B-CD forms a stable complex in the final electrospun fiber.
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Figure 5.6. A combined Raman image from the spectral data for the chi region (Figure 5.5A) and
the HP-B-CD region (Figure 5.5B). The sample spectrum was shown for different highlighted
spectral regions: A) a chi rich domain, B) a chi/HP-B-CD mixed domain, and C) an HP-B-CD rich

domain.
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5.3.7. Composition of chi:HP-B-CD electrospun fiber and its component interactions

An illustration of the compositional change of the chi:HP-B-CD electrospun fiber over time
is shown in Scheme 5.2. According to the FT-IR and Raman spectral results, TFA exists in the
chi:HP-B-CD electrospun fiber as a third component that undergoes slow release from the fiber
composite over time that leads to compositional and/or structural changes of the fiber. Electrostatic
interactions were likely to occur between the -COO™ group from the TFA and NHs* group from
chi under such conditions. A host-guest complex is inferred between the —CFs group in TFA and
HP-B-CD, as described above. According to FT-IR spectra, this is supported by the disappearance
of the C—F band at 1221 and 1183 cm™* Secondly, this is confirmed by the reduction of the relative
intensity of —CFs signatures in the Raman spectra. Thirdly, further verification is judged by the
Raman spectral modifications of the ring breathing region of HP--CD for the chi:HP-B-CD fiber.
Thus, the majority of remaining TFA in the fiber may have served as a “connector unit” between
chi and HP-B-CD, where the -COO" group of TFA is associated with the NH3* group of chi via
ion-ion interactions, while the —CF3 group of TFA forms an interfacial complex with HP-p-CD.?®
To afford this type of host-guest complex, the wider annular region that contained the secondary
hydroxyl groups of HP-B-CD is implicated since the narrow annular region contained C6-hydroxyl
and C6-hydroxypropyl substituents that may have resulted in steric effects. Upon ion-ion binding
of TFA with the charged amine sites (-NH3z") of chi, repulsive electrostatic forces between chi
polymer chains become attenuated. As well, the presence of bound TFA onto chi with subsequent
binding by HP-B-CD may have afforded additional charge screening effects that lead to improved
electrospinning performance of the system, as illustrated in Scheme 5.2. Based on the Raman
spectral imaging results, compositional heterogeneity of chi:HP-B-CD electrospun fiber was
depicted, where no evidence of a direct or well-defined host-guest interaction between chi and HP-
B-CD for the fiber system is supported by the Raman spectral results. In turn, this is consistent
with the likely formation of a “facial complex™, as reported for the case of a weakly bound (-
CD/halothane complex with a reported 1:1 binding constant (ca. K11 = 10> M) in aqueous

media.?®
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Scheme 5.2. An illustrative view of the compositional change of a chi:HP-B-CD electrospun fiber
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over time, where the green arrow shows incremental temporal loss of trifluoroacetic acid (TFA).

5.4. Conclusion

Chi:HP-B-CD 2:20 and 2:50 fiber were produced via electrospinning of mixtures of HP-f3-
CD and chi using TFA as a solvent. The composition of chi:HP-B-CD fibers was determined using
thermal analysis and complementary spectral methods. TFA was found to be a constituent in the
chi:HP-B-CD fiber assembly. The heterogeneous morphology and composition of this electrospun
fiber composite were revealed using SEM and Raman spectral imaging with a dye-based probe
method described in Chapter 4. Interactions among the components were also characterized using
complementary methods, such as IR/Raman spectroscopy. TFA appears to have multifunctional
properties as a solvent during the electrospinning process: TFA protonates chi and stabilizes host-
guest interactions with HP-B-CD. Hence, the presence of lateral binding sites along the chi
backbone (cf. Scheme 5.2) due to electrostatically bound TFA are found to play a crucial role in
the effective dispersion of chi and the reduction of repulsive forces during electrospinning between
chi polymer chains that favor fiber formation. There was no clear evidence of direct interactions
between the glucosamine moiety of chi and HP-B-CD in the solid-state according to Raman
spectral imaging with the dye probe method. The combined complementary results herein account
for the fiber formation process as the role of weak host-guest supramolecular interactions that arise

from the formation of an interfacial association complex.

In turn, the ideology that the supramolecular assembly can be employed to facilitate the
formation of chi electrospun nanofibrous materials, as discussed in this chapter, will pave the way

to achieve Objective #3 of the thesis research (Chapter 6). Moreover, such controlled-release
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supramolecular disassembly will contribute to the development of “smart coatings” that may

utilize diverse types of chi polyelectrolyte complexes.
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CHAPTER 6

Preparation and characterization of grafted chitosan electrospun fibers
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Description

The original manuscript was reformatted to meet the requirements of the College of
Graduate and Postdoctoral Studies (CGPS) at the University of Saskatchewan, along with
formulating the published work into a comprehensive thesis document. Specifically, the
introduction and conclusion section of the original manuscript was revised to avoid unnecessary
repetition. As general details of routine characterization methods are introduced in Chapter 3, the
experimental section is modified accordingly in which only specific details are included. The
reference style of the original paper was changed to the CGPS thesis’ style. The supplementary
information for this manuscript is included in Appendix.

This research builds upon the results from previous chapters (i.e., the results from Chapters
4 and 5 provided support for Hypothesis #3 and Hypothesis #4, respectively), targeting on
fulfilling Objective #3 of the thesis as mentioned in Section 1.4 in four aspects. Firstly, grafted chi
was synthesized, followed by the preparation of novel grafted chi electrospun fibers with LMw
PEO. Secondly, a structural characterization study of the electrospun fibers was conducted to
understand the interactions between the grafted chi and LMw PEO. Thirdly, porous chi
nanofibrous materials were prepared through physical processes. Lastly, the dye uptake properties

of prepared electrospun nanofibrous materials are discussed in this chapter.
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6.1 Introduction

As mentioned in Chapter 1, the development of unique chi electrospun nanofibrous
materials for water treatment and biomedical applications is of great interest because of their high
porosity and high surface area.'™* Despite the advantages of biopolymer-based electrospun
nanofibers, chi in its native form is a challenging biomaterial for electrospinning due to its
polycationic nature. As discussed in Chapter 2, the protonated form of chi displays strong
electrostatic repulsion between polymer chains, which results in significantly reduced chain
entanglement for effective electrospinning.>® Therefore, PEO was used to assist the production of
chi electrospun nanofibers. Since many applications of chi electrospun nanofibers usually involve
aqueous media, the uncontrolled dissolution of the water-soluble component such as PEO
negatively impacts the materials’ performance and integrity. In order to overcome this challenge,

PEO is removed in a controlled manner after the formation of such electrospun fibers.?3

Previous studies revealed that PEO might function as a sacrificial template to create porous
features on the fiber surface via the post-treatment method introduced in Chapter 1%, which was
also supported by the result from Chapter 4. The concept of PEO as a sacrificial template is
extended to the chi/PEO electrospun fiber system to prepare a porous chi electrospun fiber when
PEO could form a dispersed phase in the chi electrospun nanofiber. As discussed in Chapter 1, a
relatively low molecular weight PEO (Mw < 100 kDa) might be necessary for forming a dispersed

phase in the nanofiber.!2

Generally, PEO with a molecular weight above 400 kDa (HMw PEO) has been employed
as an additive to aid in the formation of chi electrospun fibers, whereas PEO with a molecular
weight below 400 kDa (LMw PEO) is considered unsuitable to aid in the formation of such fibers.
The difficulty with LMw PEO relates to the weak PEO-PEO chain entanglement, which prevents
the formation of electrospun fibers, in contrast to the greater PEO-PEO chain entanglement of
HMw PEO.83 Hence, there is a limitation on the use of low molecular weight PEO as an additive
to promote the chi electrospun nanofiber formation. The importance of supramolecular interactions
to facilitate the electrospinning of low molecular weight polymers has recently been recognized.*
This approach may be worthy of further investigation to develop a chi/LMw PEO electrospun fiber
system by establishing the supramolecular interactions between chi and PEO. Such supramolecular

interactions can be achieved indirectly by grafting chi with small arene units because, as mentioned
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in Section 2.5.2, PEO can form supramolecular complexes with aromatic compounds by hydrogen
bonding and CH-r interactions.'®>*’ Consequently, chi and LMw PEO could form supramolecular
assembly through grafted arene units. Salicylic acid is a potential moiety for grafting onto chi since
grafted salicylic acid alters the solubility profile of chi and may impart additional effects to the
nanofibers for fiber-based wound dressings such as anti-inflammatory properties.'® Moreover,
controlled-release of salicylic acid for seed coating materias that consist of chi-based nanofibers

could provide cold weather acclimatization effects for certain crops.!®

The purpose of this research is to complete Objective #3 through four short-term goals.
The first short-term goal relates to the synthesis of salicylic acid grafted chi and the preparation of
electrospun fibers from solutions of grafted chi with LMw PEO (Mw ~ 100 kDa). The second
short-term goal is to carry out a structural characterization study of the electrospun fibers to
ascertain the interactions between the grafted chi and PEO. The third short-term goal is to prepare
a porous chi fiber using a physical method in which the grafted chi/PEO electrospun fiber is treated
thermally, followed by the controlled removal of PEO with the solvent. The fourth short-term goal
is to investigate different uptake properties of chi electrospun fibers prepared in this study towards
methylene blue (MB) to demonstrate the effects of salicylic acid and the addition of porous features
on chi-based materials. This study will address the above objectives, where the use of salicylic
acid grafted chi represents a first example of a report for such a chi-based fiber system in the
literature. The use of PEO as a sacrificial template is shown to yield microporous fibers that build
upon previous work for self-assembled fiber systems. These innovative contributions are
envisaged to expand the field of application for chi-based electrospun fibers that span diverse
applications relevant to adsorption-desorption phenomena from advanced water treatment to
biomedical devices that employ controlled-release systems.

6.2 Materials and Methods

6.2.1 Materials
Low molecular weight (LMW) chi was obtained from Sigma-Aldrich Canada Ltd.
(Oakville, ON.) with 75-80% deacetylation, Brookfield viscosity 20 cPs, with a range of molecular
weights (50-190 kDa). Polyethylene oxide (PEO) with Mw =~ 100,000 was acquired from Sigma-
Aldrich Canada Ltd. (Oakville, ON.). Acetic acid, ammonia, iso-propanol, NaOH, NacCl, salicylic
acid, and NaHCOs3 were obtained from EMD (Edmonton, Canada). Deuterium oxide (DO, 99%)
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was obtained from Cambridge Isotope Laboratories Inc. All other chemicals were purchased from
Sigma-Aldrich (Oakville, ON, Canada) and were used as received. All aqueous solutions were

prepared by using distilled and deionized water.

6.2.2 Deacetylation of chitosan (Dachi)

Chi (5 g) was dispersed in 40 mL of NaOH solution (1.25 M). The mixture was heated at
90 <C with continuous stirring for 2 h. Then, the resulting mixture was left to dry in an oven at
60 T overnight. The product was thoroughly washed with distilled water until pH of the filtrate
was neutral (pH = 7). The final product was dried in an oven at 60 <C for 48 h and stored until
further use. The estimated degree of deacetylation (ca. 95%) was obtained by *H NMR spectral
analysis.?® The viscosity-average molecular weight of Dachi (120 kDa) was determined with the

use of the Mark-Houwink equation, [n] = Kﬁna , Where K = 1.81 x10° L/g and o = 0.93, based

on estimates of the intrinsic viscosity [n] measured in 0.2 M NaCl and 0.1 M acetic acid solution
at 25 €242

6.2.3 Synthesis of salicylic acid grafted Dachi

The experimental procedure for the synthesis of grafted chi was adapted and modified
based on reports by Khalafi-Nezhad et al. and Hussain et al.?>% 1 g of Dachi and a requisite
amount of salicylic acid (Sal, 0.25 equiv. and 0.5 equiv. relative to a mole of glucosamine unit in
Dachi) and 4-toluenesulfonyl chloride were well mixed in a 10 mL beaker. Triethyl amine (4 equiv.)
was added to the mixture. The mixture was continuously stirred for 1 h. The resulting mixture was
suspended in 3% w/w NaHCO3 solution (200 mL) and stirred overnight. The settled product was
collected by vacuum filtration and washed thoroughly with deionized and distilled water (400 mL).
Then, the product was washed with diethyl ether (50 mL). Finally, the product was dried in an
oven at 60 <TC for further use. The products are referred to as DachiSal-1 and DachiSal-2 that
corresponds to the amount of salicylic acid used (0.25 equiv. and 0.5 equiv. per mole of

glucosamine unit in Dachi, respectively).

6.2.4 Preparation of polymer solutions for electrospinning and corresponding electrospun
nanofibers
0.24 g of Dachi and DachiSal (-1 and -2, respectively) and 0.12 g of PEO was dissolved in

4 mL of 3.8% v/v acetic acid/50% v/v iso-propanol/deionized and distilled water.
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Chi-based electrospun nanofibrous materials were formed using prepared polymer
solutions, as described in Section 3.2. After electrospinning, the resulting fibers were placed in a

chamber filled with ammonia vapor to neutralize the protonated amine groups of chi.

6.2.5 Preparation of porous fibers via physical processes

DachiSal-2/PEO electrospun fiber was gradually heated from room temperature (22 <C) to
120 <C under N2 gas, followed by slow cooling down to 70 <T in 1 h. The heated electrospun fiber
was placed in the liquid N2 for 30 mins. Subsequently, the treated fiber was imbibed in acetonitrile
for 48 h under quiescent conditions to remove polyethylene oxide. Then, the fiber was air-dried

under ambient conditions.

6.3 Materials Characterization

The viscosity of the polymer solutions prepared at variable total polymer concentration
was determined using a rheometer (AR G2, TA Instruments, Montreal, QC, Canada) equipped
with a parallel-plate geometry (40 mm, 500 um gap) as a function of shear rate in the range 0.01—
100 st at 25 <T. The solutions were delivered by the syringe pump, as described in Section 3.2,
and the shear rate generated in the syringe was estimated to be 80 s, according to the Poiseuille
equation.?® Therefore, the solution (1)) viscosity at a 80 s shear rate was used to calculate specific
viscosity (nsp), assuming that polymer solutions behave as a Newtonian fluid beyond 80 s shear

rate.

FT-IR (cf. Section 3.1.1) and Raman spectra (cf. Section 3.1.7) of the precursors, grafted
chi, and the resulting electrospun fibers were obtained. 3C solid-state NMR spectra were obtained
with a Bruker AVANCE Il HD spectrometer equipped with a 4 mm DOTY CP-MAS (cross-
polarization with magic angle spinning) solids probe operating at 125.77 MHz (*H spectral
frequency at 500.23 MHz). 3C CP-MAS spectra were acquired at a spinning speed of 7.5 kHz, a
'H 90° pulse of 5 us with a contact time of 2 ms along with a ramp pulse on the *H channel, and
20k accumulated scans with a recycle delay of 2s. 3C MAS NMR spectra were obtained with *H

decoupling at a spinning speed of 10 kHz with 10k accumulated scans, and a recycle delay of 20s.

SEM images (cf. Section 3.1.5) of all samples at various magnifications were acquired. An
analysis of the surface component distribution was studied using Raman spectral imaging (cf.

Section 3.1.8) with a 12 s exposure time under a static scan mode with a spectral range of 1330-
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1672 cm ™t and 1434-1769 cm™ for the Dachi sample and its grafted form, respectively. The Z
score maps were created using a standard distribution normalized spectral intensity (relative to
baseline) ratio between the PEO signature (1478 cm™) and a chi related signature (1377 cm™ and
1606 cm™ for the original Dachi electrospun fiber and grafted Dachi electrospun fibers,
respectively) to indicate the surface component distribution of electrospun fibers. The morphology
of the electrospun fibers was investigated using TEM (Hitachi HT-7700 microscope) images
obtained at an accelerating voltage of 100 kV. For the measurement of TEM images, a fiber sample
was dispersed in aqueous ethanol solution using an ultrasonic bath, where a drop of the suspension
was put onto the holey carbon-coated copper grids. Samples were air-dried and rinsed with distilled

and deionized water before imaging.

An aqueous (90% D,0/10%H,0) dye solution was prepared, containing methylene blue
(MB, 50 uM). A fixed amount (ca. 0.45 mg) of electrospun fiber was placed on an aluminum foil
in a glass petri dish with quartz cover and 20 pL of MB solution was layered over the fiber. In-situ
Raman spectra of the MB droplet in the range of 1500-2700 cm™ was collected every 10 mins for
2 h to track the change of MB concentration over time using a 785 nm solid-state diode laser with
a 1200 lines/mm grating system. In-situ Raman spectra of an MB droplet (without fiber) was

layered onto aluminum foil and measured over the same period as a control sample.

6.4 Results and Discussion

As described above, modified chi was synthesized by grafting salicylic acid onto chi.
Various chi/LMw PEO electrospun nanofibers were prepared. A uniform chitosan/LMw PEO
electrospun fiber was successfully prepared using modified chi, and the porous chi electrospun
fiber was also prepared by a unique template method. In order to understand the mechanism of the
formation of such electrospun fiber, fluid properties of polymer solutions were measured by
rheology. The corresponding electrospun fibers were characterized by spectroscopic methods (IR,

SEM, and Raman spectroscopy), as described in the sections below.

6.4.1 Characterization of salicylic acid grafted Dachi (DachiSal)

Solid-state **C NMR spectra are displayed in Panel | of Figure 6.1. Compared to Dachi, a
new signature with a chemical shift near 162 ppm relates to phenyl carbon (2) of salicylic acid and
another signature at 149 ppm that corresponds to the phenyl carbon (1) moiety of salicylsalicylic

acid. The latter signature indicates that self-reaction of salicylic acid occurred. Based on the solid-
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state 13C MAS NMR spectrum of DachiSal-2, two additional NMR lines at 166.5 ppm and 169.1
ppm corresponds to the carbonyl group (a) and the carbonyl group (b), respectively.?*?’ FT-IR
spectra of salicylic acid grafted onto Dachi are shown in Panel 11 of Figure 6.1. A new band at
1745 cm? for grafted Dachi corresponds to the carbonyl groups (a) conjugated to chi via an ester
bond.?4?>2" The shoulder at 1726 cm™ represents carbonyl groups (b), which is a conjugated form
of salicylic acid due to self-esterification. The presence of two different carbonyl groups in the FT-
IR spectra is complementary to the solid-state NMR results. The FT-IR spectrum of salicylic acid
is shown in Figure A6.1 of Appendix. A characteristic IR band at 1650 cm™ for the carboxylic
groups of salicylic acid is not observed for both DachiSal-1 and -2, which suggests no free salicylic
acid group in the product as there is no apparent signature for a free carboxylic group. Comparing
DachiSal-1 with DachiSal-2, an increase of the spectral intensity of the IR band at 1745 cm™
indicates that the degree of substitution for DachiSal-2 is greater than that of DachiSal-1.
Amidation of Dachi was not observed as there is no increase of the secondary amide N-H in-plane

bending band near 1525 cm™.%8
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Figure 6.1. Reaction scheme for the synthesis of salicylic acid grafted chi. Panel I: Solid-state *3C
CP-MAS NMR spectra of Dachi (A), DachiSal-1 (B), DachiSal-2 (C), and *C MAS NMR
spectrum of DachiSal-2 (D). The inset graph is an expansion of the original spectra from 145 ppm
to 175 ppm. Red region and blue region indicate carbonyl group (a) and carbonyl group (b),
respectively. Panel I1: FT-IR spectra of Dachi, DachiSal-1, and DachiSal-2. The inset of the IR
spectral region highlights 1800 to 1500 cm™ spectrum.
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6.4.2 SEM and surface component distribution of electrospun fibers

In order to study the effect of different levels of salicylic acid grafted onto chi and the
morphology of the electrospun fibers, SEM images of Dachi/PEO and grafted Dachi/PEO were
obtained. An estimation of the surface component distribution using Raman spectral analysis was
carried out to provide complementary structural information of the chemical groups of the
materials that are not accessible for typical SEM imaging results. Raman microimaging was used

to gain further molecular-level insight into the materials’ composition.®2°3°

The morphology and surface component distribution of Dachi/PEO and grafted Dachi/PEO
electrospun fibers and properties of the polymer solutions were studied using Raman spectral
imaging of selected spectral bands, according to a previously reported method. ° In Figure 6.2,
SEM images of Dachi/PEO, DachiSal-1/PEO, and DachiSal-2/PEQ electrospun fibers are shown
in panels 1, I, and II, respectively. Dachi/PEO fibers contain nanofibers, beads, and films, in
agreement with the morphology of chi/PEO electrospun fiber prepared using PEO with molecular
weight lower than 400 kDa in the literature.®3! Films were not observed in grafted Dachi materials.
For DachiSal-1/PEO fibers, microfibers, beads, and nanofibers were observed. DachiSal-2/PEO
fibers, the most uniform sample, possess nanofibers and evidence of bead-like structures. The
surface component distributions of the two components were studied using Raman imaging, where
previous studies indicate that such spectral imaging serves as a powerful tool for the study of the
component distribution of multicomponent systems.>* The data of the peak intensity (a) divided
by the peak intensity (b) is assumed to follow a normal standard distribution, which is then
normalized to obtain a Z score. The resulting Z score will be zero, shown as denoted by a yellow
colored region on the map for the homogenous system. As the Z score deviates from zero, the
system appears more heterogeneous. A positive Z score indicates a PEO rich region (white and
red color), and the negative score indicates a Dachi rich domain (black and green color). Thus, the
Z score map shown in Figure 6.2 for panels I, I, and 111, is constructed using the data to visualize

the distribution of two components: chi (Dachi and grafted Dachi) and PEO.
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Figure 6.2. SEM images and surface distributions of different electrospun fibers: Dachi/PEO
Panel (1), DachiSal-1/PEO Panel (I1), and DachiSal-2/PEO Panel (I11). Each panel contains the
SEM and Raman images (a and b) generated by the Raman spectral intensity of the PEO peak (a)
and Dachi (b), and the Z score map (c) constructed by dividing the intensity of PEO peak (a) by
that of chi related peak (b). Colour scale for Z score map: white represents z > 1.40, red represents
0.30 < z < 1.40, yellow represents -0.30<z<0.30, green represents -1.40<z<-0.30, and black
represents z<-1.40.
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For the case of Dachi/PEO and DachiSal-1/PEO fibers, chi and PEO are not distributed
homogenously among the materials, as evidenced by a few yellow regions on the map. DachiSal-
2/PEO fibers are among the most homogenous material seen by a large area of yellow and lighter
colors of red and green, as displayed on the Z score map. Overall, the morphology and
component distribution of electrospun fibers depends on the relative amount of salicylic acid

conjugated with Dachi.

6.4.3 Characterization of prepared polymer solutions

The viscosity of different polymer concentrations of polymer solutions as a function of
shear rate was measured as shown in Figure 6.3 A-C. Dachi/PEO solution shows shear thinning
behavior, while DachiSal-1/PEO and DachiSal-2/PEO solution shows yield stress behavior.
Different rheological behavior of the solutions demonstrates that Dachi/PEO and grafted
Dachi/PEO solution deforms differently upon the applied stress, which suggests that
microstructural features of Dachi/PEO and grafted Dachi/PEO solution are drastically distinct.®?
Since a minimum 80 s shear rate of the stress is applied to the solution during the electrospinning
process to drive the solution to flow continuously, the specific viscosity (nsp) of the solutions at
this shear rate could be used to study the interaction between chi and PEO in the solution assuming
the polymer solution behaves as a Newtonian fluid beyond this shear rate. The dependence of the
specific viscosity (nsp) on the total polymer concentration (C), along with the slopes, is shown in
Figure 6.3D. The slope of this log-log plot represents the contribution of the polymer concentration
to the viscosity. It is also known as a scaling value, as described in Chapter 2.3%3* Typically, for
polyelectrolyte solutions, ns, ~ C12 stands for the semi-dilute disentangled regime and ns ~ C*°
represents the semi-dilute entangled regime.®*% For the Dachi/PEO solution, ns ~ C32is close to
the value reported in the literature for related polyelectrolyte polymer/PEO solutions.'® According
to the results reported by Saquing et al. for an alginate/PEO electrospun fiber system,® a scaling
value of this magnitude indicates that there are no molecular interactions between chi and PEO,
where chain entanglements are provided mainly by PEO because the scaling value of this system
approaches that of a neutral polymer in a good solvent. Because the relatively low molecular
weight PEO (Mw = 100 kDa) provides insufficient chain entanglements to produce bead free fibers,
Dachi/PEO electrospun fibers contain films and beads, and the two polymer components (Dachi

and PEO) of the fibers are distributed unevenly among the materials according to SEM results and
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the Z score map (cf. Figure 6.2 Panel I). After Dachi is grafted with salicylic acid, the scaling
exponent for DachiSal-1/PEO and DachiSal-2 /PEO solution changes to ns ~ C3#and ng ~ C”*,
respectively. The scaling value of DachiSal-1/PEO solution is comparable to that of Dachi/PEO
solution, but the DachiSal-2/PEO solution displays a greater scaling value. This scaling value
indicates that DachiSal-1/PEO solution behaves similarly to Dachi/PEQ solution as the number of

salicylic acid groups grafted to Dachi for DachiSal-1 is low.
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Figure 6.3. log-log plots of viscosity vs. shear rate of different total polymer concentration (1.2,
3, 3.6, 5.4, and 6 wt.%; where the ratio between chi and PEO remains at 2:1.) for various polymer
solutions: Dachi/PEO (A), DachiSal-1/PEO (B), and DachiSal-2/PEO (C). Log-log Plot of specific
viscosity (nsp) at an 80 st shear rate as a function of total polymer concentrations of electrospinning

solutions (D). The slope, scaling value, is labeled beside the corresponding linear region.
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Despite this, the appearance of microfibers instead of films in DachiSal-1/PEO electrospun
fibers may be due to slightly different microstructures or surface tension of the solutions. On the
other hand, the solution behavior of the DachiSal-2/PEO solution differs from Dachi/PEO and
DachiSal-1/PEO solutions. The large scaling value was reported in the literature, attributed to an
increase of intermolecular associations among the solutes.*®-38 In the case of the DachiSal-2/PEO
solution, greater electrospinning performance was noted since there are more salicylic acid
segments attached to Dachi that favor the intermolecular interactions between the grafted Dachi
and PEO.

6.4.4 Characterization of electrospun nanofibers

To gain insight into the nature of the intermolecular interactions between Dachi or grafted
Dachi with PEO, the FT-IR and Raman spectra of electrospun fibers for Dachi and grafted Dachi
are shown in Figure 6.4. The IR spectra of electrospun fibers in the 1800 and 1500 cm™ regions
are similar to the polymer precursors prior to electrospinning. The comparable IR spectral features
reveal negligible evidence of chemical change upon electrospinning of the components. The
decrease of the IR spectral intensity of the signature out-of-plane bending band of the benzene ring
at 750 cm is evident for the FT-IR spectra of the electrospun fibers (Figure 6.4A), which may
relate to the reduction of an out-of-plane bending motion of a benzene group after electrospinning.
From the Raman spectra in Figure 6.4B, the bands located at 1038 cm™ corresponding to C-O
stretching for the original Dachi®® show a lower Raman spectral intensity than those for the grafted
Dachi because of the salicylic acid group of the grafted Dachi.*® Upon the formation of the PEO-
blended electrospun fibers, the bands at 1038 cm™ show an increase of spectral intensity due to
PEQO’s addition. Moreover, these bands of the grafted Dachi/PEO electrospun fiber display a
sharper band shape than that of the original Dachi/PEO electrospun fiber because there is an
increased tgg conformation of PEO for the grafted Dachi/PEO electrospun fiber, which provide
the support that interactions occur between PEO and salicylic acid grafted units of Dachi.*
Furthermore, the broadening of bands near 1090 cm™ for the grafted Dachi is also due to increased
PEQ’s gauche conformation.*!#? The greater gauche conformational preference of PEQ is induced
by the aromatic ring’s presence through hydrophobic interactions. In addition to the attenuated
intensity for the out-of-plane bending band of the benzene ring in the FT-IR spectra,

supramolecular interactions are inferred to occur between PEO and grafted chi, mainly through

125



the grafted salicylic acid groups. Pyranose ring breathing modes for chi occur near 993 cm™* adopt
a broader spectral appearance after blending with PEO.3® The spectral broadening is inferred from
changes in the dynamic motional constraint of the chi backbone. Such constraint is also supported
by the shift of Dachi C-O-C bending at 1090 cm™ to 1086 cm™ for the original Dachi/PEO
electrospun fiber and 1083 cm for the grafted chi/PEO electrospun fiber. These results suggest
that supramolecular assemblies are formed in the grafted Dachi/PEO electrospun fiber. Based on
FT-IR results, the DachiSal-2/PEO system displays a more significant reduction of the intensity
for the out-of-plane bending band of an aromatic ring with a higher proportion of gauche
conformers of PEO with a more dynamic motional constraint of the chi backbone according to the
Raman spectral results. It can be deduced that DachiSal-2/PEO electrospun fiber display more
favourable supramolecular interactions over the DachiSal-1/PEO electrospun fiber system. Thus,
supramolecular interactions play a vital role in the improved formation of the chi electrospun fibers
with LMw PEO.
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Figure 6.4. (A) FT-IR spectra of PEO, Dachi, grafted Dachi, and grafted Dachi/PEO electrospun

fibers; (B) Raman spectra of Dachi, grafted Dachi, and their electrospun fibers.
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6.4.5 Morphology of DachiSal-2/PEQO electrospun fiber treated with physical processing

The DachiSal-2/PEO electrospun fiber was subjected to physical treatment to create porous
surface features on the fiber. SEM and TEM images of electrospun fibers treated with and without
physical processing are shown in Figure 6.5. In Fig. 6.5C-D, porous features can be observed on
the fiber surface, confirming that LMw PEO as a sacrificial template for producing porous

nanofibers is a suitable design strategy that builds upon the results presented in Chapters 4 and 5.

Figure 6.5. SEM images of DachiSal-2/PEO electrospun fiber after thermal treatment (A),
DachiSal-2/PEO electrospun fiber without physical treatment after rinsing with water (B), and
DachiSal-2/PEO electrospun fiber with physical treatment after rinsing with water (C). TEM
images of DachiSal-2/PEQ electrospun fiber with physical treatment after rinsing with water (D).

Furthermore, it also suggests that PEO with a lower molecular weight (Mw = 100 kDa;
LMw PEO) is compartmentalized by the grafted salicylic acid as LMw PEO tends to bind with a
single aromatic molecule rather than complexation with multiple aromatic molecules*?, which

leads to the isolated PEO domain for the electrospun nanofiber.
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6.4.6 In-situ MB dye uptake for various types of electrospun nanofibers

Based on the Raman spectrum of MB in 90% D.0/10% H20 solution, the Raman bands at
1625 cm™ and 2382 cm™ correspond to the vibrational bands of the MB dye*® and D,0%,
respectively. The intensity ratio of lis2s/l23s2 IS proportional to the concentration of MB in the
solution, where the temporal variation of this intensity ratio is shown in Figure 6.6. The trend in
dye uptake for Dachi/PEQ is similar to the trend noted for the aluminum foil control, in agreement
with the low adsorption properties of chi and PEO with MB.* Meanwhile, grafted Dachi exhibits
enhanced uptake towards MB as the intensity ratios for grafted chi are much lower than onto the
surface of aluminum foil (control) and Dachi, indicating that the grafted salicylic acid segments
serve as the active sites for the uptake of MB. The DachiSal-1/PEO sample shows a surprisingly
high uptake toward MB among the various samples, where the uptake reaches its maximum value
in 40 mins, whereas desorption occurs after 80 mins. The DachiSal-1/PEO electrospun fiber has
more adsorption sites as a result of attenuated interactions between PEO and the grafted chi
polymer chains. For the DachiSal-2/PEO sample, it reaches a maximum uptake in 30 mins with
no sign of desorption for up to 112 mins. The porous DachiSal-2 sample reaches a maximum
uptake in 2 mins, which is higher than the DachiSal-2/PEO sample. The porous DachiSal-2
sample’s faster uptake is attributed to the additional porous feature on the fiber surface, which

provides additional binding sites for MB.
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Figure 6.6. The Raman band intensity ratio variation at 1625 and 2382 cm! for various electrospun
fibers imbibed in MB 90% D20/10% HO solution over time at ambient conditions.

6.5 Conclusion

In summary, the synthesis and characterization of different ratios of salicylic acid grafted
Dachi was achieved. The grafted chi successfully led to the formation of electrospun nanofibers
using PEO with a relatively low molecular weight (Mw ~ 100 kDa), in contrast to other
electrospinning studies that often require PEO with a higher molecular weight above 400 kDa. An
investigation of the fluid properties of Dachi/PEO solutions and the structural features of
electrospun fibers reveal that a stable supramolecular assembly occurs between DachiSal and PEO
that resulted in the formation of a chi electrospun nanofiber with LMw PEO. The supramolecular
interaction occurs primarily between PEO and grafted salicylic acid groups of chi. A novel
approach was reported, which yielded chi fiber materials with porous surface features attributed
to PEO’s thermal treatment and subsequent physical (solvent wash) removal of PEO as a sacrificial
template. A dye uptake study with MB was monitored using in-situ Raman spectroscopy. The

uptake results revealed that salicylic acid’s addition enhanced MB uptake, where the porous
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nanofibrous materials displayed notably enhanced uptake. The formation of grafted chi
electrospun fibers with low molecular weight PEO (Mw =~ 100 kDa) according to the
supramolecular chemistry approach reported herein will contribute to the development of
advanced chi-based electrospun fibrous materials. The facile preparation of porous nanofibers
employs PEO as a sacrificial template via physical processing that will contribute to a broader
scope of materials design. In turn, it is envisaged that such materials will have promising potential

for adsorption-desorption processes for water treatment and biomedical applications.
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CHAPTER 7

Discussion, concluding remarks, and directions for future work

7.1 Integrated discussion of manuscript chapters

This section provides an overview of the thesis research findings and outlines how the
objectives were addressed by the respective studies presented in the manuscript chapters (Chapter
4-6). The relation between each manuscript chapter is illustrated in Figure 7.1. As outlined in
Chapter 1, the overall goal of the thesis research focuses on developing novel chi-based nonwoven
micro-/nano- fibrous materials through freeze-drying and electrospinning with variable
physicochemical properties and tunable surface features, along with an investigation of the
formation of these materials. This overall goal was achieved by fulfilling three objectives
(Objective #1, #2, and #3):

1) The structure of chi self-assembled sponges (nonwoven microfibrous materials)
prepared via freeze-drying and their thermally-treated forms are investigated by a novel
characterization method based on Raman spectral imaging to understand the role of the
additive polymer and the interaction between chi and the additive polymer in the fiber
materials (Objective #1).

2) The interactions leading to the formation of the chi/HP-B-CD electrospun fiber are
investigated using solid-state characterization methods, including Raman spectral
imaging with a suitable dye probe (Objective #2).

3) The structure of the chemically modified chi/LMw PEO electrospun nanofiber and its
porous nanofiber prepared by utilizing an LMw PEO additive are investigated
(Objective #3).

Chapter 4 relates to Objective #1. Chi-based nonwoven microfibrous composite materials
have gained increasing attention because of their unique biocompatibility, biodegradability, and
low toxicity comparing to other biomaterial composites.~” As a result, chi-based self-assembled
sponges (nonwoven fibrous composite materials) formed with other polysaccharides have found
many applications in wound dressings>®~’, tissue engineering®, and wastewater treatment®° due

to their high porosity and tunable mechanical and physicochemical properties. Freeze drying offers
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a potential preparation method for designing biocompatible and multi-component sponges that
contain biopolymer precursors.®! In a previous study*?, self-assembled colloidal particles with
tunable physicochemical properties were formed between carboxymethyl chi (cm-chi) and sodium
alginate (alg) via electrostatic interactions. The resulting colloidal particles can be transformed
into self-assembled sponges in the presence of PEO upon freeze-drying, where the resulting
composites possess tunable mechanical and physicochemical properties for diverse applications.
Uncontrolled dissolution in solvent media is a key challenge associated with the utility of such chi
composite materials. Thermal annealing offers a solution to address this problem by altering the
water stability of the self-assembled composite materials. Conventional solid-based
characterization methods (i.e., FT-IR, DSC, XRD, and SEM) are commonly used to study chi-
based self-assembled microfibrous materials. These methods pose limitations regarding the role of
PEO in the solid fibrous materials and interactions among chi, alg, and PEO. FT-IR spectrum of
chi overlaps with alg in 4000-400 cm™, making the interaction between them difficult to
deconvolute. As for DSC, the bound water in chi and alg weakens the ability to identify interactions
among chi, alg, and PEO by DSC, which was supported by Fig. 4.5 in Chapter 4.131* X-ray
diffraction (XRD) provides limited structural information for chi and alg because of their
amorphous nature. As well, SEM offers surface morphology of materials but no spectral

information.

Therefore, there is a need to develop an alternative method to study interactions among
each component for chi-based fibrous materials. Raman spectral imaging has been reported for the
study of the component distribution of complex biological samples and fibrous materials.*>2° The
use of dye probes can be employed to distinguish between chemically similar composites based
on the hypothesis that dye probes interact with biopolymer components in a relatively well-defined
manner, particularly where strong or directional interactions occur such as electrostatic
interactions, ion-dipole interactions or hydrogen bonding for the biopolymer-dye system.?*2 In
Chapter 4, chi-based self-assembled sponges were prepared through freeze-drying with and
without annealing to compare their structural and physicochemical properties. The utility of
Raman spectral imaging with a dye probe (Methylene blue solution) was reported as an effective
and facile method to reveal the role of PEO in the solid fibrous materials and interactions among

cm-chi, alg, and PEO for chi-based composite materials before and after thermal annealing. The
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results highlight that interactions among cm-chi, alg, and PEO are strengthened via thermal
treatment due to the melting and re-crystallization of PEO. Hypothesis #1 was addressed by this
project. Moreover, the multi-functional role of PEO, such as a sacrificial template (cf. Fig. 4.6)
and its role as a protective barrier in the composites, was evaluated by SEM and Raman spectral
imaging. As a result, in Chapter 4, Raman spectral imaging with a dye probe was proven to be a
powerful characterization tool to study interactions between each component for chi-based fibrous
materials. As illustrated in Fig. 7.1, by changing the dye probe from MB to Rhodamine 6G, which
has favorable binding towards chi®* relative to HP-B-CD?%, this tool was consequently used in
Chapter 5 to study the structure of chi-based electrospun fibrous materials. Furthermore, PEO can
be used as a sacrificial template to construct porous surface features, which supports Hypothesis
#3 leading to Chapter 6, where PEO in grafted chi/PEO electrospun fiber was used to generate
pores on the fiber surface via physical treatment.

Chapter 5 was focused on addressing Objective #2. Chi electrospun nonwoven nanofibrous
materials have been found in many fields that exploit their high surface area, as evidenced in
wastewater treatment, food preservation, and biomedical devices.>?"~*? In this study, two chi/HP-
B-CD fibers (mass ratio between chi and HP-B-CD = 2:20 and 2:50) were assembled via an
electrospinning process that contained a mixture of chi and HP-B-CD with TFA as a solvent.
Complementary thermal analysis (TGA and DSC) and spectroscopic methods (Raman and FT-IR)
were used to evaluate the structure and composition of the fiber assemblies in the solid-state, in
contrast to conventional characterized methods that rely on the study of materials in their solution
form. Raman spectral imaging with a suitable dye probe is a useful tool to decipher the structure
of complex multi-component systems, as described in Chapter 4. Therefore, the insight into the
improvement of electrospun fiber formation through the chi/TFA/HP-B-CD assembly could be
understood using this technique and other spectroscopic methods. This study highlights the multi-
functional role of TFA as a solvent, proton donor, and electrostatically bound pendant group to
chi, where the formation of a ternary supramolecular complex occurs via unique host-guest
interactions. As a result, Hypothesis #2 was addressed. This work contributes further insight into
the formation and stability of such ternary (chi + HP-B-CD + TFA) electrospun fibers. Besides,
the chi-based supramolecular assembly’s ability to maintain the stable jet for electrospinning

supports Hypothesis #4 that Chemically modified chi and low molecular weight PEO could form
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a supramolecular assembly which facilitates the electrospinning of chi/low molecular weight PEO

system, leading to Chapter 6.

Chapter 6 was built upon Chapters 4 and 5, as demonstrated in Fig. 7.1, focusing on
Objective #3. Chi electrospun nanofibers have been found in medical applications and food
packaging despite the technical challenges in their preparation. Polymer additives like PEO are
suitable for designing chi electrospun nanofibers as PEO can facilitate chi electrospun fibre
formation. Chapter 4 revealed that PEO might function as a sacrificial template (cf. Fig. 4.6) to
generate porous features on the fiber surface upon post-treatment. Therefore, chi porous
electrospun nanofibrous materials could be achieved through physical processes using a relatively
low molecular weight (LMw) PEO (Mw < 100 kDa) because LMw PEO could form a dispersed
phase in the nanofiber due to its short polymer chain.*®* However, PEO with a molecular weight
greater than 400 kDa was commonly employed to ensure chi electrospun fiber formation because
it offers sufficient PEO-PEO chain entanglement to stabilize the electrospinning jet leading to the
formation of electrospun nanofibers.**+4% As described in Chapter 5, the supramolecular
assembly could offer an alternative approach to promote chi electrospun nanofiber formation using
LMw PEO. In Chapter 6, chi grafted with salicylic acid was prepared to afford improved
electrospun fiber formation with low molecular weight PEO, while un-modified chi did not yield
electrospun fibers with Low molecular weight PEO (cf. Fig.6.2). The investigation of the
interactions between unmodified or grafted chi with PEO revealed that supramolecular assemblies
were formed between grafted chi and PEO, contributing to promoting chi electrospun fiber
formation, supported by rheology studies (cf. Fig. 6.3) and spectroscopic studies (cf.Fig.6.4).
Based on spectroscopic studies (cf.Fig.6.4), interactions between grafted chi and PEO occurred
mainly at the grafted salicylic acid moiety, indicating that grafted salicylic acid moiety plays a
crucial role in the electrospinning of the chi/LMw PEO system. A porous electrospun nanofibrous
material was prepared successfully through physical treatment, supported by microscopic studies
(cf. Fig. 6.5). The MB uptake results demonstrated that the porous nanofiber displayed higher
uptake MB uptake than the original one (cf. Fig. 6.6). Hypotheses #3 and #4 were addressed by

the results of this project.
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Figure 7.1. Organization of the thesis research.

7.2 Conclusion

The overall goal of the thesis research focuses on the development of novel chi-based
nonwoven micro-/nano- fibrous materials through freeze-drying and electrospinning and the
investigation of the insight into the formation of these materials, which contributes to the design
of chi-based nonwoven fibrous materials with good water stability, distinct physicochemical
properties, and tunable surface features. This overall goal was accomplished, which led to many
unique findings regarding new knowledge of the design of chi-based nonwoven fibrous materials

for diverse applications amenable to wastewater treatment, wound dressing, and food packaging.

In Chapter 4, self-assembled chi sponges (nonwoven microfibrous materials) were
successfully prepared by freeze-drying, and their structural features were characterized by various

spectral techniques. In particular, Raman spectral imaging with a suitable dye probe was developed
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to study the structure and composition of biopolymer composites before and/or after thermal
annealing. Before annealing, the composite displayed a phase-separated “sandwich” structure,
while the annealing of cm-chi and sodium alginate with PEO led to the strengthening of the
cohesive interactions between cm-chi and alginate. Meanwhile, PEO forms island-like features on
the biopolymer fiber surface. PEO may serve a dual function upon annealing, where it may either
serve as a sacrificial template to create a porous morphology or as a protective layer to prevent
water intrusion upon exposure to aqueous media. The Raman spectral methods reported herein
contributed to a greater understanding of the structure-function properties of chi-based composites
electrospun fibrous materials and other biopolymer composites for a wide range of emerging
applications in the formulation of biomedical devices, nutraceuticals, pharmaceuticals, and

cosmetics.

In Chapter 5, chi:HP-B-CD 2:20 and 2:50 fiber were produced via electrospinning of a
mixture of HP-B-CD and chi using TFA as a solvent. The composition of chi:HP-B-CD fibers was
studied using thermal analysis and complementary spectral methods. TFA was found to be a
constituent in the chi:HP-B-CD fiber assembly. The heterogeneous morphology and composition
of this electrospun fiber were revealed using SEM and Raman spectral imaging with a dye-based
probe method described in Chapter 4. Interactions among the components were also characterized
using complementary methods, such as IR and Raman spectroscopy. TFA appears to have
multifunctional properties as a solvent during the electrospinning process, where it protonates chi
and stabilizes host-guest interactions with HP-B-CD. Hence, the presence of lateral binding sites
along the chi backbone (cf. Scheme 5.2) due to electrostatically bound TFA are found to play a
crucial role in the effective dispersion of chi and the reduction of repulsive forces during
electrospinning between chi polymer chains that favor fiber formation. There was no clear
evidence of direct interactions between the glucosamine moiety of chi and HP-B-CD in the solid-
state according to Raman spectral imaging with dye probes such as Rhodamine 6G. The combined
complementary results herein account for the fiber formation process as the role of weak host-
guest supramolecular interactions that arise from forming a facial complex due to hydrophobic
effects. Moreover, such controlled-release supramolecular disassembly will contribute to the

development of “smart coatings” that may utilize diverse types of chi polyelectrolyte complexes.
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In Chapter 6, the synthesis and characterization of different ratios of salicylic acid grafted
Dachi was achieved. The grafted chi successfully led to electrospun fibers’ formation using PEO
with a relatively low molecular weight (Mw = 100 kDa), in contrast to other electrospinning
studies*444° that often require PEO with a higher molecular weight above 400 kDa. An
investigation of the fluid properties of Dachi/PEO blends and the structural features of electrospun
fibers reveal that a stable supramolecular assembly occurs between DachiSal and PEO that resulted
in the formation of a chi electrospun fiber with PEO possessing a lower molecular weight. The
supramolecular interaction occurs primarily between PEO and grafted salicylic acid groups of chi.
A novel approach was reported, which yielded chi fiber materials with porous surface features,
attributed to PEO’s thermal treatment and subsequent physical (solvent wash) removal of PEO as
a sacrificial template. A dye uptake study with MB was monitored using in-situ Raman
spectroscopy. The uptake results revealed that the grafting of salicylic acid’s resulted in an
enhanced uptake of MB, where the porous fiber materials displayed notably enhanced uptake. The
formation of grafted chi electrospun fibers with low molecular weight PEO (Mw = 100 kDa)
according to the supramolecular chemistry approach reported herein will contribute to the
development of advanced chi-based electrospun fibrous materials. The facile preparation of porous
nanofibers employs PEO as a sacrificial template via physical processing that will contribute to a
broader scope of materials design. In turn, it is foreseen that such materials will have promising

potential for adsorption-desorption processes for water treatment and biomedical applications.

In summary, this thesis research contributes significantly to the design of novel chi-based
nonwoven micro-/nano- fibrous materials with various physicochemical properties and tunable
surface features through freeze-drying and electrospinning. Uncontrolled dissolution occurs for
chi-based composite materials in an aqueous environment. This challenge was addressed by
thermal annealing of prepared composite materials, which is anticipated to improve the
performance of chi-based composite materials in an agueous environment. Moreover, the structure
of solid chi-based fibrous materials was studied by conventional characterization methods and
Raman spectral imaging with a suitable dye probe method. Chi was grafted with salicylic acid to
make it electrospinnable with PEO (Mw < 100 kDa). As a result, grafted chi/LMw PEO
electrospun nanofibrous materials with porous surface features were prepared by physical

processes with the use of PEO (Mw < 100 kDa). The results obtained herein provided a deep
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understanding of the supramolecular assembly function for the electrospun fiber formation process,
leading to new material design strategies for chi-based electrospun nonwoven fibrous materials,

especially for chi/low molecular weight polymer systems.

7.3 Future work

In this thesis research, various chi-based nonwoven micro-/nano- fibrous materials were
prepared. These materials need to be validated for different practical applications. For example,
the cytotoxicity assay is required to validate these materials for biomedical applications.>® Also,
the wound healing test in vivo and antimicrobial activities test of these materials is also crucial for
the application in wound dressing, antibacterial filtration, and tissue engineering.>® The potential
application of the salicylic acid grafted chi/LMw PEO electrospun nanofibrous material
(DachiSal/PEO) for seed coating could be explored because salicylic acid is known to improve the
chilling resistance of the seed.®® This electrospun nanofibrous material can be directly applied to
the seed by placing the seed on the grounded collector using the vertical configuration of the
electrospinning setup instead of the horizontal one. Moreover, it was reported that chi-g-salicylic
acid film was coated on the fruit to preserve fruit quality during cold storage.>? The fruit could be
coated with DachiSal/PEO electrospun nanofibrous materials and tested for the respiration rate as

an index for fruit quality during cold storage.>?

DachiSal/LMw PEO electrospun nanofibrous material with porous surface features was
obtained with the aid of the supramolecular assembly of grafted chi and LMw PEO through
physical processes. These physical processes include the thermal treatment of PEO followed by
the removal of PEO. The distribution of porous features created on the fiber surface is determined
by the dispersion of the PEO domain in as-spun fibrous materials, governed by the molecular
weight of PEQ’s. #3358 When the supramolecular assembly involves in the formation of chi/PEO
electrospun fibrous materials, lowering the molecular weight of PEO (to ~ 10 kDa) results in
reducing the opportunity of the formation of the interconnected PEO domains among the chi
electrospun nanofibrous materials, leading to an even distribution of the dispersed PEO phase in
the materials. Therefore, it is reasonable to hypothesize that porous surface features could be
distributed evenly using PEO with Mw ~ 10 kDa. Moreover, the compound grafted onto chi has
an enormous effect on the pore distribution of the final product as the complexation between the

grafted compound and LMw PEO decides the allocation of the PEO domain in as-spun fibrous
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materials.*® The function of the final product relates to the properties of the grafted compound. For
instance, many vital pharmaceuticals, food ingredients, and cosmetics are aromatic
compounds.>*®° The aromatic compounds can be grafted onto chi through the method mentioned
in this thesis research (cf. Chapter 6), the carbodiimide-based chemical coupling method, the
enzyme-catalyzed grafting method, or the free-radical-mediated grafting method.®° The final chi
porous fibrous material will alternate the solubility profile of chi amenable to organic solvents and
gain different functions (i.e., antioxidant, antimicrobial, anti-allergic, etc.)®® and porosity
depending on the type of grafted aromatic compounds.

Chi-based nonwoven electrospun nanofibrous materials were prepared in this thesis
research. In order to develop a chi-based material with a more complicated structure,
electrospinning/netting (ESN) could be applied to chi-based materials. The ESN is considered a
modified electrospinning process involving splitting a small charged droplet attributed to phase
separation in a high electric field. The ESN results in one step fabrication of three-dimensional
(3D) nano-fiber/nets (NFN) containing conventional electrospun nanofibers as support for unique
ultrafine interlinked 1D nanowires.®* The NFN has several advantages such as low packing density,
small pore size, Steiner tree network geometry, and higher porosity, relative to conventional
electrospun nanofibers. Because of these advantages, the NFN membranes can be used in air
filtration media or face masks.®? The phase separation-induced splitting of small droplets occurs
in the third step of the electrospinning process (cf. Section 2.4.2) due to the induced composition
change of electrospinning formulation in this step resulting from solvent evaporation, which can
be activated using solvents with a low boiling point and high dielectric constant at a high electric
field.®* An example of the chi/polyamide-6 NFN membrane has been reported in the literature®?,
but chi was not the primary component in this example. Hence, it is necessary to prepare chi-based
NFN membranes using chi as the primary component to utilize chi’s advantages fully. Therefore,
it is hypothesized that the ESN of chi-based materials can be achieved using chemically modified
chi or manipulating the mixture of solvents at high electric field strength under controlled
environmental humidity. The chemically modified chi approach exploits the interaction between
modified chi and additive polymer to enable the electrospinning formulation’s heterogeneity. In
this case, chi can be modified using polyacrylamide (PAM).%* The electrospinning formulation can

be prepared using PAM grafted chi and formic acid as formic acid is a promising solvent for the
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ESN process.5! On the other hand, because conventional chi/additive polymers formulations have
had some heterogeneity levels attributed to molecular interactions between chi and additive
polymers, as shown in Chapter 5 and 6, the ESN of these formulations can be realized by further
inducing small droplets’ splitting in the third step of the electrospinning process through

manipulating the mixture of solvents.
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8 Appendix

8.1 Supplementary information

Figure A3.1. The picture of the “in-house” electrospinning apparatus.
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Figure A4.1. DTG plots of precursor and fiber samples. A) cm-chi, B) alg, C) S-1, D) S-2, E)
PEO, F) physical mixture (cm-chi, alg, PEO), G) CP-1, H) CP-2, and 1) TCP-1.
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Figure A5.1. 'H NMR spectra of chi:HP-B-CD electrospun nanofibrous materials dissolved in 1%
(w/w) THF/DMSO-ds solution for HP-B-CD content determination. A) chi:HP-B-CD 2:20 fiber

and B) chi:HP-B-CD 2:50 fiber.
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