Evaluation of Wet
Spinning of Fungal and
Shellfish Chitosan for
Medical Applications

MSc in Resource Recovery
Industrial Biotechnology

Ghasem Mohammadkhani

Project number (20xX.XX.XX)



Program: Master program in Resource Recovery in major of Industrial Biotechnology

Swedish title: Utvardering av vat spinning av svamp- och skaldjurschitosan for
medicinska tillampningar

English title: Wet spinning of shellfish and fungal chitosan and their evaluation for
medical applications

Year of publication: 2021

Authors: Ghasem Mohammadkhani

Supervisor: Akram Zamani | Co-supervisor: Amir Mahboubi Soufiani
Examiner: Dan Akesson

Key words: Chitosan fiber, Fungal fiber, Wet spinning, Hydrogel, Suture applications

Abstract

The aim of this project was to address the food waste problem, particularly bread waste, to
some extent by producing monofilaments obtained from wet spinning of fungal hydrogel
through the cultivation of Rhizopus delemar on bread waste. The project had two phases.
Firstly, the possibility of production of chitosan fiber with wet spinning (using different acids)
was evaluated, the process was optimized, and then applied to the production of fungal fiber.
Regarding first stage of the project, adipic acid, a non-toxic solvent with two carboxyl groups,
was used as acting physical crosslinker between the chitosan chains, resulting in improving
properties of the monofilaments. Adipic acid performance was compared with conventional
solvents, such as citric, lactic, and acetic acids. By injecting chitosan solutions into a
coagulation bath (EtOH or NaOH 1M or EtOH-NaOH or H.SO4-EtOH), monofilaments were
formed. Scanning electron microscopy showed that uniform chitosan monofilaments with
smooth surface were formed using adipic and lactic acids. In general, fibers obtained from
adipic acid displayed higher mechanical strength (Young’s modulus of 4.45 GPa and tensile
strength of 147.9 MPa) than that of monofilaments produced using conventional solvents.
Fiber dewatering with EtOH before drying led to greater fiber diameter and lower mechanical
strength. As the second stage of this study, Rhizopus delemar was cultivated on bread waste in
shake flasks and 1.3 M3 bioreactor. While different combinations of ground bread and
K2HPO4 was used as the substrate for shake flask cultivations, white bread waste without
K2HPO4 was utilized for scaling up the process, mostly due to the Glucosamine (GIcN) and
N-acetyl-glucosamine (GIcNAc) content in the fungal cell wall. GIcN and GIcNA content
obtained from ground bread was remarkably higher than that of obtained from combinations
of ground bread and KoHPOQ4 as the substrate. Cultivation in 1.3 M?* bioreactor resulted in
about 36 kg wet biomass with a mean of 14.88% dry weight, indicating 5.95 g biomass/L. The
biomass yield of 0.15 g dry biomass/g dry bread was achieved. Alkali insoluble material
(AIM) was obtained by alkali treatment of biomass. Fungal hydrogel was prepared by adding
adipic and lactic acid to AIM, followed by grinding treatment. While hydrogels treated with
lactic acid showed better spinnability and gelling ability, the one from adipic acid was not
uniform to be wet spun. Considering hydrogels treated with lactic acid, the optimum grinding
cycle for more spinnable hydrogel was 6 negative cycles, contributing to the fibers with the
tensile strength of around 82 MPa. Such fibers showed antibacterial property against
Escherichia coli, making them as a good option for suture applications. However, further in
vitro and in vivo trials are essential to test the fungal fiber for such applications.
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1 INTRODUCTION

1.1 Problem description and purpose

Scarcity of cotton supply in the world and adverse environmental impacts of using
petrochemical-based textile like releasing of micro-plastics has led to serious environmental
concerns. Furthermore, common textiles are difficult to recycle and consequently, renewable
fibers, which can undergo biological recycling are highly demanded (Chen and Burns, 2006).
One of the promising solutions to respond to such a demand is using natural biopolymers like
chitin and chitosan. Chitin as a ubiquitous natural aminopolysaccharide polymer plays
structural role in exoskeletons of crustaceans, insects, and fungi cell walls. Chitosan, the most
well-known derivative of chitin, can be obtained via enzymatic deacetylation or chemical
deacetylation of chitin. From the medical application point of view, metals, ceramics and
synthetic polymers have been used as biomaterials over the past decades. However, they have
some disadvantages, such as being rejected by the patient's immune system. In addition,
synthetic polymers can set the stage for an undesirable immunogenic response, mainly due to
the biodegradation products they leave in the body. Therefore, biopolymers can be regarded
as a suitable option for medical applications because of their structure, degradability and
biocompatibility in comparison to synthetic polymers. Proteins, polynucleotics and
polysaccharides (e.g. chitin and chitosan) are the main groups of biopolymers (Rebelo et al.,
2017). While Zooplankton cuticles is considered globally as the largest source of chitin,
fishing these tiny organisms is not commercially feasible, so shellfish industry wastes
including shrimp, crab, and lobster shells with chitin contents of 8-40%, are the main source
of industrial chitin. Besides, fungi, particularly filamentous fungi, is suggested as an
alternative chitin source. Fungi are gaining more research and commercial attention, in spite
of having lower chitin content compared to crustaceans (10-26% as a chitin-pB-glucan
complex or chitin-chitosan complex). That is because not only is not fungal chitin limited by
seasonal and local availability, but also it does not need to undergo aggressive acid treatment,
which is necessary for crustacean chitin in order to remove calcium carbonate and other
minerals through purification and demineralisation (Jones et al., 2020). Moreover, it is
possible to successfully adjust the production yield of products from fungal sources via
monitoring of fermentation and processing conditions. Another advantage of using the fungi
is that it can grow on low cost substrates such as food waste (Synowiecki and Al-Khateeb,
2003).

From the environmental perspective, food waste contributes to the loss of precious resources
like energy, water, land and labor and it also leads to emissions of pollutants. One of the
biggest fractions of food wastes is bread waste, and it has the highest environmental footprint
of big supermarkets in Sweden. Put differently, the annual bread waste has the largest
contribution to the total mass of food waste, the economic costs incurred by the supermarket
and the environmental impacts in ozone depletion, freshwater ecotoxicity and resource
depletion categories (Brancoli et al., 2017).

As a part of a bigger project (Sustainable Fungal Textiles: A novel approach for reuse of food
waste) running at University of Boras, the main purpose of this master thesis is the conversion
of bread waste to a monofilament yarn that can be used for medical applications. The thesis
includes two stages. Firstly, monofilament yarn has been produced from the pure shellfish
chitosan, as a reference material for the fungal chitosan, in order to see the capability of
producing continuous monofilament yarn in a simple condition, which is similar to the next
stage. For the second part, filamentous fungi (Rhizopus delemar) was cultivated on bread

-1-



waste and the fungal cell wall containing chitosan has been isolated. For both stages, a wet
spinning method was developed for the preparation of the continuous monofilament yarns.
Moreover, the antimicrobial properties of the fungal yarns were examined against Gram-
negative (e.g. Escherichia coli) bacteria. Mechanical properties of the fungal yarn were also
tested as well. It should be mentioned that it was already investigated on Rhizopus delemar’
cultivation using bread waste by Kohnlein (2020) and in the study at hand, the mentioned
research was used for the cultivation parts as a reference for the fungal chitosan.

1.2 Social and ethical aspects

In regards to the social aspects of this thesis, several aspects should be pointed out. It is
undeniable that a significant amount of human-grade food is being wasted on daily basis.
Such remarkable food waste occurs in developing countries as well as wealthier countries
(Statista, 2020). However, poor countries are battling against food deficiency. On the other
hand, it is speculated that population of the world will reach 9.6 billion by 2050 (Nations,
2021), which means the global food production should increase accordingly. As an
alternative, countries can plan to reduce food loss and recover recourse ending in waste. Such
a policy, if not implemented, can have a large number of irreparable consequences on the
nature as well as mankind life, setting the stage for annihilating of the Earth. To solve the
food waste associated issues, a vast variety of parameters including supply chains,
supermarkets, restaurants, farms, fluctuation of markets, information strategies, governmental
regulations, education programs etc. should be taken into consideration (Statista, 2020). As
previously mentioned, the highest environmental footprint of big supermarkets in Sweden can
be attributed to bread waste.
In the study at hand, in a “killing two birds with one stone” strategy, not only bread waste
handling and management was targeted but also a valuable product was produced from waste.
The bread waste (unsold bread), that was used in this project was collected form ICA
supermarket in Boras, Sweden. As far as | concerned, production of valuable products for
textile and medical application is a very interesting and rational approach to cope with a
portion of food waste, resulting in addressing environmental impacts of bread waste to some
extent.

1.3 Research questions
The following is a list of questions expected to be answered:

e Isitpossible to produce continuous monofilament yarn from commercially available shellfish
chitosan and chitosan available in the fungus cell wall by a wet spinning system?

e  To what extent are the above-mentioned fibers antimicrobial and biodegradable?
e  What is the best solvent and coagulation bath to produce wet-spun chitosan fibers?

o  What types of post-treatment procedures can be used to improve the mechanical properties of
chitosan fibers and chitosan extracted from the fungus cell wall?

e Isitpossible to produce fungal fibers, showing antimicrobial properties to be used for
structural applications?




2. Background

2.1 Filamentous fungi

Cellular life is divided into two main domains of prokaryotes and eukaryotes. Prokaryotes
consist of two discrete types of organisms, the Bacteria and the Archaea. It is indicated that
eukaryotes and Archaea demonstrate sister groups in the tree of life (Eme et al., 2018).
Eukaryotes are further divided into the five kingdoms of chromista, protista, plantae, fungi,
and animalia. While fungi as heterotroph organisms represent the characteristics of both
plants and animals, they are placed in a distinct kingdom. Fungi can be unicellular organisms
like yeasts, and multicellular organisms like filamentous fungi and mushrooms (Silvia
Huattner, 2020). Although Chytridiomycota, Zygomycota (the most varied), Ascomycota, and
Basidiomycota are four subgroups, phyla, of the fungi kingdom due to their morphological
and reproductive traits (Zamani, 2010), the most up-to-date taxonomy of fungi states that
fungi are divided into nine major lineages, which are Opisthosporidia, Chytridiomycota,
Neocallimastigomycota, Blastocladiomycota, Zoopagomycota, Mucoromycota,
Glomeromycota, Ascomycota and Basidiomycota (Naranjo-Ortiz and Gabaldon, 2019). The
fungi, Rhizopus delemar, which is used in this project, belongs to the Mucoromycota phylum.
Over the past years, filamentous fungi have become an excellent biological catalyst being able
to produce and refine a wide range of products (e.g. enzymes, pigments, antibiotics, ethanol
and lipids) according to their metabolic pathway. As a result, fungal biotechnology plays a
key role for many industries, such as food and feed, pharma, pulp and paper, detergent and
textile. The European leaders in using filamentous fungi are AB Enzymes, BASF, Bayer, Chr.
Hansen, DSM, DuPont, Novozymes companies (Meyer et al., 2016).

In general, fungi grow as either yeast or filamentous fungi. Filamentous fungi (also referred to
as mold) grow by apical extension of their filaments named hyphae (miniscule feathery
strands). Continued growth of hyphae forms branches, contributing to building an intricate
network of hyphae, known as a mycelium (pl. mycelia), which are observable to the naked
eye and can grow from centimeter-scale to meter-scale (Powers-Fletcher et al., 2016;
Augustina Egbuta et al., 2016). Therefore, if a eukaryotic microorganism exhibits the growth
of mycelium as part of their life cycle, it can be considered as filamentous fungi regardless of
the taxonomical classification. Figure 1 illustrates the schematic of filamentous fungi.
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Figure 1. Schematic of filamentous fungi, adopted from Haneef et al. (2017) and Haverford (2017).

The mycelium plays the role of the feeding structure of a fungus. Mycelia’s fibrous structure
helps them to maximize their contact with the food source. Fungi cannot swim, run and fly to
find food. The mycelium has the capability to grow rapidly throughout a food source and
address the problems with mobility. Therefore, for the heterotrophic lifestyle of fungi, a
mycelium is an efficient structure, which enables the fungus to absorb small organic
molecules from its surroundings. The mycelium absorbs nutrients because it penetrates into
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surrounding substrate. Fungi secrete enzymes into their surroundings using hyphae, which
results in the breakdown of complex macromolecules to simpler nutrients. Such nutrients are
then absorbed by mycelium via the cell wall and are used for biosynthesis. Sporangiophores
are formed by hyphae growing outside the nutrient medium into regions of air and are used
for asexual reproduction via spore propagation (Money, 2016).

As it is shown in figure 2, the fungal cell wall consisting of glucans, chitin, chitosan, and
glycosylated proteins plays a significant role in maintaining cellular integrity and viability.
The composition of the fungal cell wall depends on the type of the fungi. For example, not all
fungi contain chitin and chitosan and if the fungi contain glucan then it does not contain
chitosan. Moreover, the only family of fungi containing chitosan in the cell wall is
Zygomycetes fungi. It should be mentioned that proteins are commonly associated with
polysaccharides, which leads to glycoproteins.
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Figure 2. Filamentous fungi cell wall structure, adopted from Geoghegan et al. (2017).

2.2 Source and structure of chitin and chitosan

As the second most abundant polymer in nature, chitin has a similar function to collagen in
animals and cellulose in plants. While plants produce cellulose in their cell walls, insects and
crustaceans make chitin in their shells. Thus, cellulose and chitin are two polysaccharides,
which are related structurally, causing the uniformity of structure and protection to plants and
animals. Chitin naturally exists as ordered crystalline microfibrils forming structural
components in the exoskeleton of arthropods and in the fungal cell wall to a large extent
(Zargar et al., 2015; Afzal et al., 2020). Its natural abundance is equivalent to more than 1000
tons per year and about 70% of this amount comes from marine species, such as shells of
shrimp, crab and lobster. Also, it can be found in the exoskeletons of mollusks and insects
(Islam et al., 2016). There exists two main polymorphic forms of chitin, a and B, where the
most dominant polymorph for both crustacean and fungal chitin is a-chitin. B-chitin can be
found only in squid pen, sea tube worms, and some algae (centric diatom) (Jones et al.,
2020).

The chitin content of the fungal wall is different based on the morphological phase of the
fungus. In yeast cell wall, it is 1-2%; however, in filamentous fungi, it can reach up to 10—
20% of the dry weight (Garcia-Rubio et al., 2020). As an example of various fungi that are
appropriate for chitin isolation, Allomyces, Aspergillus, Penicillium, Fusarium, Mucor,
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Rhizopus, Choanephora, Tamnidium, Zygorrhynchus, and Phycomyces can be pointed out
(Synowiecki and Al-Khateeb, 2003).

The chemical structure of chitin and chitosan greatly resembles to the cellulose chemical
structure. Cellulose is a homopolymer consisting of glucose units in f-(1—4)-linkage. Natural
chitin is a random copolymer of glucosamine (GIcN) and N-acetyl-glucosamine (GIcNACc) in
B-(1—4)-linkage. Whereas, chitin is generally defined as a polymer of GIcNA. Although
chitosan is also a copolymer of GIcN and GIcNAc units, GIcN is the predominant constituent.
Figure 3 shows the chemical structure of cellulose, chitin and chitosan. To clarify further, the
hydroxyl group at position C-2 of cellulose is replaced by an acetamide group in chitin, which
can be deacetylated to have chitosan (Islam et al., 2016; Schmitz et al., 2019).
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Figure 3. Chemical structures of cellulose, chitin and its fully deacetylated derivative chitosan, adopted from
Schmitz et al. (2019).

Chitosan molecules are chitin molecules that are deacetylated to the point where they get
soluble in dilute aqueous acidic solution. As complete deacetylation of chitin is extremely
difficult to achieve (Knaul et al., 1999), chitosan can be defined by the degree of acetylation
(DA), which can be calculated by the following equation (1.1) (Enache, 2018).
nGlcNAc
DA = 100

X
nGlcN + nGlcNAc

nGlcNAc - mole fraction of glucopyranose acetamido unit;
nGlcN — mole fraction of glucopyranose amino unit. (1.1)

As it is illustrated in figure 4, when the number of GIcNAc units is higher than 50%, the
polymer is termed chitin. In contrast, the term chitosan is used if the number of nGIcN units is
higher than 50% (Khor and Lim, 2003).
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Figure 4. Chitin and chitosan in respect with DA, adopted from Pillai et al. (2009).

Furthermore, chitosan as the most interesting component of fungal cell wall in this project is
naturally available in Zygomycetes fungi and it is no need for deacetylation of chitin. Table 1
shows chitosan contents of different types of fungi, which were done by Tan et al. (1996) and
Pochanavanich and Suntornsuk (2002).

Table 1. Yield of extractable chitosan of Zygomycetes reported by Tan et al. (1996) and Pochanavanich and

Suntornsuk (2002).
Fungi A: Dry weight of B: B/A
mycelia (g) Chitosan(mg) (%)

Rhizopus oryzae 0602 1.13+0.19 55.70 + 8.53 4.91
Rhizopus oryzae 0263 0.99 +0.03 43.98 £ 3.05 4.43
Rhizopus arrhizus 0.97 £ 0.02 46.80 + 8.05 4.78
Rhizopus microsporus 0.88 +0.04 29.98 +1.77 3.40
Rhizopusstolonifer 0.91+0.01 20.48 +8.72 2.25
Rhizopus oligosporus 0.93+0.1 29.98 + 5.81 3.21
Absidia glauca 1.21+0.2 65.24 £ 10.81 5.37
Mucor sp 1.17+£0.03 50.4 £ 4.46 4.31
Mucor htemalis 0.89 +0.04 51.22 + 4.63 5.77
Zygorhyncus moelleri 1.15+0.1 47.72 £13.09 4.14
Cunninghamella echinulata 1.12+£0.02 79.73+6.04 7.14
Gongronella butleri 0489 1.62+ 0.06 76.63 £9.00 4.73
Gongronella butleri 0201 1.63+0.05 93.38 + 6.69 5.74
Aspergillus niger TISTR3245 1.00 107.00 10.70
Rhizopus oryzae TISTR3189 1.00 138.00 13.80
Lentinus edodes no. 1 1.00 33.00 3.30
Pleurotus sajo-caju no. 2 1.00 12.00 1.20
Zygosaccharomyces rouxii 1.00 36.00 3.60
TISTR5058

Candida albicans TISTR5239 1.00 44.00 4.40

Unlike cellulose, chitin and chitosan contain 5-8% nitrogen. In chitin, it is in form of
acetylated amine groups and in chitosan, it is in form of primary aliphatic amine groups (at
the C-2 position), causing chitin and chitosan to be suitable for general amine reactions.
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However, chitosan is chemically more active compared to chitin based on the presence of
primary (at the C-6 position) and secondary hydroxyl groups (at the C-3 position) on each
repeat unit, and the amine group on each deacetylated unit. These functional groups are easily
subject to chemical modification to change mechanical and physical properties (e.g.
ameliorating chitosan’s solubility at neutral pH range) of chitosan as well as conjugation with
special drugs (Islam et al., 2016). On the other hand, the presence of acetyl groups in chitin
enhances the inter chain forces and the percentage of crystallization, resulting in a better dry
and wet strength in comparison to semi-crystallize chitosan fibers. Moreover, the chitosan
fibers represent poor performance in developing a suitable strength, mainly due to having
higher moisture regaining property (Roy et al., 2017). The chemical modification of chitosan
is an effective technique to control the interaction of the polymer with drugs, increases the
load capability, and tailor the release profile of the drug carriers (Pokhrel and Yadav, 2019).

2.3 Processing of chitin and chitosan

From the industrial perspective, chitosan production from chitin available in shellfish
exoskeletons is performed through alkali treatment. Firstly, proteins are removed using mild
alkali; then strong alkali at high temperature is applied in order to deacetylate chitin (Kumar,
2000). This can happen at various temperature ranges (80 to 140°C for up to 10 h) using sodium
or potassium hydroxide solution with concentrations of 30 to 60% (w/v). The concentration of
alkali solution, temperature and the time of the process have effects on the degree of
deacetylation, molecular weight and molecular weight distribution, as well as the distribution of
deacetylated units along with the polysaccharide chain. For instance, moderate concentration of
sodium hydroxide, relatively low temperature, and prolonged deacetylation time contributes to a
random distribution of deacetylated residues in chitosan molecules. High temperature in chitosan
preparation leads to enhancing of the degree of deacetylation; however, diminishing the size of
the molecules. As previously mentioned, it is not easy to prepare chitosan with a degree of
deacetylation higher than 90% without significant degradation of polysaccharide molecules. An
alternative method of chitin processing to obtain completely deacetylated chitosan is comprised of
prior incubation of chitin at 4°C in 50% NaOH for 24 h, followed by its separation, mixing with
10% NaOH and heating up to 230°C (Synowiecki and Al-Khateeb, 2003).

From the environmental point of view, such a method (using strong alkali solution at high
temperature) can contributes to some problems. Conversely, chitosan production from fungal
biomass through enzymatic deacetylation reaction can address the potential environmental
issues. To explain further, such a chitosan production does not lead to creation of wastewaters
with high chemical oxygen demands as the application of very high concentration of alkaline
chemicals is skipped. Besides, the fungi availability does not depend on seasons, meaning that
chitosan can be obtained continuously from various waste materials under well-controlled
conditions.

Chitosan biosynthesis in Mucor species will be elaborated in the following paragraph;

Uridine diphosphate N-acetyl glucosamine (UDP-GLcNACc) acts as a precursor for chitin
production in fungal cells. Chitosomes, specific micro vesicles, are responsible for
transporting chitin synthase from cytoplasm to the site (apical region of hypha wall) in which
chitin can be active. Based on in vitro studies, chitin with a highly crystalline structure is not
prone to enzymatic deacetylation. That is because chitin deacetylase is not capable of going
through the organized structure of chitin. On the other hand, it is shown that having a
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digitonin pretreated chitosomal chitin synthase instead of the untreated one leads to a
remarkable chitosan production rate due to getting the dissociated subunits of chitin synthase
(Karimi and Zamani, 2013). Indeed, such subunits provide more time for growing chains of
chitin to be deacetylated through enzymatic deacetylation. Considering in vivo conditions for
the Mucor cells, chitin and chitosan production rate is attributed to the degree of crystallinity
of chitin synthase. The associated part of chitin synthase causes to get highly organized chitin
while the dissociated subunits of chitin synthase produce chitin chains, which are susceptible
to be deacetylated through enzymatic reaction, which means chitosan is produced. In Mucor
cell wall, the predominant nitrogenous part is chitosan that causes chitin synthase to be
dissociated on the cell surface. As the final point for this part, the higher chitosan production
rate happens in case of providing conditions for the fungus to experience the maximum
growth rate, regardless of the substrate (Karimi and Zamani, 2013).

2.4 Biological property of chitin and chitosan

Chitin and chitosan have a considerable potential to be used in medical and pharmaceutical
industry due to their interesting properties such as strong antibacterial effect, biocompatibility,
biodegradability, non-toxicity and high humidity absorption. Moreover, other biological
properties like analgesic, antitumor, hemostatic, hypocholesterolemic, antimicrobian, and
antioxidant properties have also been reported by Islam et al. (2016). The polymer chain
length and the distribution of functional groups also can have effects on the biodegradation
kinetics of chitin and chitosan. Small oligomeric chitosan compared to the high molecular
weight chitosan can easily penetrate the cell membrane of a microorganism, and consequently
prevents the growth of the cell by hindering RNA transcription (Islam et al., 2016).

2.4.1 Antimicrobial properties of chitosan

Chitosan displays a broad range of antimicrobial property against both Gram-positive and
Gram-negative bacteria and fungi. Several possible explanations have been proposed for
antimicrobial activity of chitosan; polycationic chitosan molecule interacting with the
lipopolysaccharides and proteins as the predominantly anionic cell wall components of the
microorganism. As a consequence, it leads to changes in permeability barrier, resulting in the
leakage of intracellular components and the death of the cell or bonding to DNA followed by
preventing DNA replication and, subsequently cell death (Sahoo et al., 2009; Yilmaz Atay,
2019). Moreover, chitosan is able to adsorb the electronegative substrate in the cell of
microbe and thereby disturb the physiological activities of the microorganism, contributing to
the death of cells. A further subtle point is that the degree of deacetylation (DD) of chitosan
and its derivatives extremely affect the positive charge density and the higher cationic charge
density gives rise to strong electrostatic interaction. For instance, chitosan with a high DD
(97.5%) can lead to higher positive charge density providing a stronger antibacterial activity
in comparison to the moderate DD (83.7%), mainly based on having more protonated amine
groups (Islam et al., 2016). Besides, chitosan antimicrobial activity is indirectly proportional
to pH. Additionally, presence of metal ions can set the stage for decreasing antimicrobial
activity of chitosan remarkably. However, the choice of solvent does not affect antimicrobial
activity of chitosan (Raafat and Sahl, 2009). While antimicrobial activity of chitosan is an
undeniable fact, what is to be investigated in that if chitosan antimicrobial activity is affected
by the spinning process. More specifically, during the spinning process, chitosan is
precipitated in the sodium hydroxide or other solutions. Does that mean the amino groups of
chitosan are not protonated anymore?




As a research example, chitosan fibers and chitosan- polyvinyl alcohol (PVA) fibers were
prepared using wet spinning system (solvent = acetic acid, coagulation bath = wt. % NaOH
solution) (Qu et al., 2014). Chitosan, chitosan-PVA and cotton antimicrobial properties were
evaluated against Escherichia coli and Staphylococcus aureus. A large number of bacterial
colonies in the cotton samples were seen; however, it was difficult to find a single bacterial
colony in the chitosan samples. Moreover, Chitosan-PVA antimicrobial rate against
Escherichia coli and Staphylococcus aureus was more than 99%. That is because amino
groups of chitosan did not experience a remarkable change due to FTIR analysis, which
means that they did not crosslink with PVA, implying PVA did not affect the chitosan
antimicrobial activity (Qu et al., 2014).

2.5 Chitosan applications

Over the past years, chitosan has been utilized in the food industry as a preservative, a
packaging additive, a dietary supplement, and as a nutrient encapsulation system. In addition,
in the cosmetic industry, chitosan is used for a vast variety of applications including
antioxidant and antibacterial agents in skin protection products, toothpaste and mouthwash,
and as a film-forming agent in shampoos and lotions. Moreover, in the agricultural industry,
chitosan has been used to defend plants from bacteria, fungi and viruses, and as a fertilizer
additive. Considering the wastewater treatment industry, chitosan has also been used to
eliminate fats, dyes and heavy metals, mostly due to the fat-binding and chelating properties
of chitosan (Schmitz et al., 2019). Besides, chitin and chitosan have been utilized in the textile
industry like synthetic fibers production and coatings and textile auxiliaries (Synowiecki and
Al-Khateeb, 2003). Figure 5. illustrates the different medical potentials and applications of
chitin and chitosan.
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Figure 5. Applications of chitin, chitosan and chitosan oligomers (COS). Biomedical applications are separated
into two parts (bulk chitosan and COS), adopted from Schmitz et al. (2019).




2.5.1 Biomedical applications

Chitosan is a biocompatible, biodegradable and non-toxic biopolymer. Promising properties
like antimicrobial and anti-inflammatory features has been made chitosan as an excellent
option for medical applications like tissue engineering, controlled drug delivery and artificial
kidney membrane. To explain further, chitosan has a high mechanical strength as well as
having permeability to urea and creatinine, making it suitable as an artificial kidney
membrane. Furthermore, these membranes are impermeable to serum proteins. A vast variety
of chitosan membranes have been proposed for reverse osmosis, ion exchange, metal ion
uptake, diffusion of dyes and separation of water-alcohol mixture systems based on film-
forming properties of chitosan (Islam et al., 2016). On the other hand, one of the major
impediments of using chitosan for biomedical application is its low solubility at physiological
pH; however, chitosan oligomers (COS) are more soluble. Thus, COS are more suitable for
medical applications. Besides, COS have bioactive properties, which are insufficient in the
longer chitosan polymer since these small molecules are able to penetrate cell membranes,
allowing them to affect gene expression and biological processes like apoptosis (Schmitz et
al., 2019).

Over the years, a large number of researches have been conducted to study the application of
chitin and chitosan as an accelerator of wound healing. Chitin and its derivatives can be used
safely for animals and humans (Islam et al.,, 2016). Wound healing as a complicated
biological process consists of four stages: hemostasis, inflammation, proliferation, and
remodeling. Such a mechanism performs well enough to repair the injured skin rapidly (Jones
et al., 2020). Su et al. (1997) used chitin with fungal mycelia from the fungus Ganoderma
tsugaue to produce wound healing sacchachitin membranes. Two different materials were
examined. The improvement in the wound healing process by covering with Sacchachitin
membrane was quite significant in comparison to cotton gauge (or Beschitin). The
comparative effectiveness of Sacchachitin membrane with respect to Beschitin in wound
healing process can be attributed to N-acetylglucosamine as the main structural monomer of
chitin (Su et al., 1997). In another study, the British Textile Technology Group (BTTG) used
micro-fungal mycelia, which grew in a nutrition solution. Then it was washed and the
treatment was done using NaOH to remove protein and then chitin/chitosan were remained as
alkali insoluble material (AIM). After that, they used paper-making equipment for the
preparation of the dispersion of fibers and finally they did filtration and wet-laid matt
preparation. Micro-fungal fibers as their final medical product have highly branched and
irregular structures. Moreover, they are unmanageably brittle in case they are allowed to dry
and a plasticizer has to be associated with the whole process and a wet-laid matt is used as the
basic product (Kumar, 2000).

2.5.1.1 Suture

Surgical sutures are filaments representing one of the main categories of biomaterials for
holding body tissue together and wound closure in human and veterinary medicine. Also, they
have the capability of drug loading to improve their performance via drug direct
administration. Suture probably has the largest market share of material implants, which are
used in the human body with a total turnover exceeding $1.3 billion annually (Pillai et al.,
2009). An ideal suture providing a secure wound healing process should be biologically inert,
flexible, sterilized and handled easily. Also, a suitable suture does not contribute to
complications like supporting bacterial growth, causing tissue reaction and allergic reaction.
Besides, it has uniform high tensile strength, uniform diameter and size, and at the same time
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is capable of dissolving in body fluids in proportion to the rate of tissue strengthening. On the
other hand, firstly, different tissues need different ranges of time to be effective. Secondly,
each tissue will be healed at different rate because of infection, debility, respiratory problems,
obesity, collagen disorders and etc. Based on United States Pharmacopeia (USP), a non-
governmental agency for suture materials’ standardization, sutures have three classes, which
are collagen, synthetic absorbable (e.g. Polyglycolic Acid sutures, Polyglactin 910, Catgut,
Poliglecaprone 25 and Polydioxanone sutures.), and nonabsorbable (e.g. Polypropylene
sutures, Nylon (polyamide), Polyester, PVDF, silk and stainless-steel sutures.) as follows:
Type | — Twisted or braided and monofilament silk or synthetic fibers.

Type Il — Cotton or linen fibers or coated natural or synthetic fibers in which the coating
contributes to suture thickness without adding strength.

Type 111 — Metal suture of monofilament or multifilament construction.

The diameter of the suture is denoted by zeros and indicates the size of the suture. The suture
diameter reduces as the zeros expressing the suture size increase (e.g. 6-0 is less than 2-0).
Various suture diameters are suitable for different operations since larger diameter contributes
to higher tensile strength (Pillai and Sharma, 2010).

As previously mentioned, an ideal suture should have a proper knot safety, which
demonstrates the capacity of suture to keep the strength and firmness of the knot without
loosening in the course of time. Knop safety increases by reducing the thickness of suture. In
contrast, knot safety is proportional to the suture’s quality and functional result. Moreover,
multifilament and natural sutures can be handled easily in comparison to the synthetic
monofilament sutures, meaning that synthetic monofilament needs a greater number of throws
to each knot to have a secure knot. Also, monofilament sutures are more susceptible to be
loosened after being tied due to their low coefficient of friction (Qin, 2016).

The actual diameter of thread for a given U.S.P. size differs depending on the suture material
class as it is illustrated in the Table 2.

Table 2. Suture sizes and knot security based on USP designation for different type of sutures Golnit (2017) and
Wikipedia (2020).
Collagen Sutures Synthetic (Absorbable & Non-
absorbable)

UsP .
. . . Diameter  Average Knot. . . Average Knot.
designation M;;gc Range Pull Tensile (N) MS?;Z'C Rgrza?((artr?&) Pull Tensile (N)
(mm) (USP) g (USP)
0.2 0.02 - *
#10-0 0.02 0.029 024
0.3 0.03 - *
#9-0 0.4 0.04 - 0.049 0.039 049
0.4 0.04 -
#8-0 0.5 0.05-0.069 0.44 0.049 069
0.5 0.05 -
#7-0 0.7 0.07 - 0.099 0.69 0.069 1.37
0.7 0.07 -
#6-0 1 0.1-0.149 1.76 0.099 2.45
1 0.1-
#5-0 15 0.15-0.199 3.73 0.149 6.67
15 0.15 -
#4-0 2 0.2-0.249 7.55 0.199 9.32
2 0.2 -
#3-0 3 0.3-0.339 12.2 0.249 17.5
1#2-0 35 0.35 - 0.399 196 3 03- 26.3
' ' ' 0339 '
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35 0.35 -

#0 4 0.4 - 0.499 213 33 38.2
#1 5 0.5-0.599 373 3 40 04 - 49.8
#2 6 0.6 - 0.699 43 200 0.5 - 62.3
#3 7 0.7-0.799 587 O oo 06 - 715
#4 8 0.8 0.899 685 o oo 06 -
#5 0.7

“The tensile strength of the indicated USP size is measured by straight pull.

Table 3 demonstrates the mechanical properties of some commercially available sutures,
which are synthetic absorbable monofilament sutures for the indicated size.

Table 3. Tensile properties of 2/0 size sutures available commercially Pillai and Sharma (2010).

Suture Failure Failure load Elongation Work of Tensile

load (Kg):  (Kg): Knotted at break rupture strength

Straight (%) (kg cm) (kg/cm?)

PDO II 4.440.2 - 5.7 18.07 -

Maxon 7.09 441 4.39 15.92 6056.5
Monocryl 7.26 3.67 39 91,100
Novafil® 4.35 2.57 2.94 6.29 4749.4
Gore-Tex (CV-4)? 1.78 1.75 1.42 1.55 1558.8
Biosyn? 3.7 2.4 44 2.76" 55.3°

33/0 size. °0-10% in kg mm. tkg/mm?

Few studies have been conducted on the use of chitosan for suture application. This is
probably due to the difficulty of obtaining chitosan filaments with a suitable tensile strength.
In order to increase the tensile strength, it is possible to produce biocomposite fibers
comprising chitosan reinforced with chitin nanofibrils. Such strong fibers with a good
antimicrobial activity can be used for different medical applications (Yudin et al., 2014). In
addition, the mechanical properties and absorption resistance of fibers can be improved by
adding crosslinking agents through chemical treatment (Singh and Ray, 2000).

In their research, Fan et al. (2007) used wet spinning process to produce chitosan and konjac
glucomannan (KGM) blend fibers. The coagulation bath was an aqueous solution of NaOH
and ethanol, and 2% acetic acid was used as the solvent. The fibers that were treated by
alcoholic solution of acetic acid showed suitable antibacterial activity against Staphylococcus
aureus. Such a fiber may be a good option for using as sutures.

Besides so many excellent properties of chitosan mentioned previously, chitosan can be
degraded in vivo by several enzymes e.g. lysozyme. da Silva et al. (2019) conducted a
research on the production of absorbable surgical suture, using wet spinning system, from
chitosan incorporated with N-acetyl-D-Glucosamine (GICNAc). They could produce chitosan
and Chitosan/GIcNAc filaments with a diameter of 145 u and 148 p, respectively. The
mechanical resistance of the chitosan filaments diminished with the incorporation of the
GIcNAc drug. Inversely, the biodegradation rate of the chitosan filaments was improved by
the addition of GIcCNAc.
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2.6 Wet spinning

There are several spinning techniques to manufacture fibers: melt spinning, electrospinning,
wet spinning, dry-jet wet spinning, reaction spinning and gel spinning (Qin, 2015). Wet
spinning, dry-jet wet spinning and electrospinning are the main technologies to obtain
chitosan fibers. In fiber spinning, firstly, the desired amount of polymer is dissolved in a
suitable solvent and directly extruded into a coagulation bath containing a liquid, which is
miscible with the spinning solvent; however, a non-solvent of the polymer. Therefore, the
solvent will be removed from the polymer, contributing to a precipitated solid fiber in the
solution. Wet spinning is usually subdivided into three major steps according to different
spinning strategies; 1. Phase separation: rapid formation of the fiber structure happens due to
the polymer solution exposure with the coagulation bath. When the polymer fluid is injected
into the nonsolvent, the solvent is removed from the polymer solution. It causes the polymer
to be precipitated in the bath to form a semi-solid fiber. Further solidification into a
coagulation bath brings adequate cohesion and strength for the fiber in order to be collected
continuously. 2. Gel separation: The polymer is coagulated based on intermolecular bonds
like ionic cross-linking using a salt or another reacting agent. 3. Liquid crystal spinning: a
solid crystalline phase for fibers will be formed since lyotropic crystalline solution provides
enough alignment and cohesiveness (Foroughi et al., 2018).

Another aspect to point out is that a comprehensive wet spinning system has two more baths.
After coagulating in the first bath, washing of the filaments occurs in the second bath in order
to remove the coagulation agent, which is followed by drying of the filament in the third bath
to remove the remained fluid. Drying can be done through different methods such as using
methanol bath, ethanol bath, isopropanol bath and etc. as well as air drying. Stretching of
fibers in different baths, draw ratio of each step and the composition of each bath determine
the properties of final fibers. Figure 6 represents a schematic of wet spinning setup. v is the
linear extrusion rate at the end of the spinneret, v1 is the speed of the stretching rollers at the
end of the coagulation bath, v is the speed of the stretching rollers at the end of the washing
bath, and vs is the winding speed (Desorme et al., 2018). In this study, various coagulation
baths, washing bath (Milli-Q water) and ethanol bath as dewatering bath have been used,;
however, they are not connected to each other by rollers and the fibers were taken to different
bath manually. Moreover, the injection system should have some pneumatic purge valves in
order to eliminate the air bubbles. Such valves, if not considered, can set the stage for the
breaking of the fiber in the coagulation bath (David et al., 2018). In this project, the chitosan
solution was centrifuged to remove air bubbles and an adjustable syringe pump was used for
the dope injection.
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Figure 6. Schematic of a chitosan wet spinning system, adopted from Desorme et al. (2018)

2.6.1 Dissolution and coagulation

Chitosan is not soluble in water due to its hydrogen bonds and hydrophobic interactions
between the chain segments (hydroxyl, amino, acetamido, ether and carbon skeleton). In an
aqueous medium (except sulfuric acid), which is acidic to a small degree, the protonation of
the amine groups supplies adequate electrostatic (repulsive) energy to destroy these intra- and
interchain interactions, contributing to solvation of the chains (Enache, 2018). According to
Knaul and Creber (1999), it has two steps as follows:

Step 1: GIcN-NHa) + CH3COOH (ag) — GICN-NH"3 (ag) + CH3COOH- ()
Step 2: GICN-NH"3 (aq) + CH3COOH- (ag) + NaOH (aq) — GICN-NH2) + CH3COONag) + H20

For instance, the dissolution of chitosan can happen in 1-10% acetic acid (important to
provide a stoichiometric amount of acetic acid to protonate the amino groups of the chitosan)
below pH 6 to get a viscous dope (Roy et al., 2017).

There are four different categories of solvent used for chitosan. Category 2 (10% oxalic acid
and 2M dichloroacetic) represents solutions with pseudo-plastic behavior. Solvents of
category 3 (0.0252 M sulfanilic acid, 0.36 M salicylic acid and 0.041 M benzoic acid) are able
to dissolve very small amounts of chitosan, and chitosan is insoluble in solvents of category 4
(dimethylformamide, ethylamine, nitrilotriacetic acid, trichloracetic acid, pyridine and etc.).
Eventually, the most suitable solvent for chitosan is category 1 (acetic acid, citric acid, lactic
acid, malic acid and etc.). However, it has been reported that the chitosan can be dissolved in
an alkali medium as well (Enache, 2018). In this study, acetic acid, citric acid, lactic acid and
adipic acid were used as the solvent to prepare the chitosan solution and find the optimum
solvent for the second stage of the thesis.

Adipic acid as the novel solvent is an abundant, nontoxic, and biocompatible compound. It is
also the most important industrial dicarboxylic acid. Commercial adipic acid is mainly
obtained from benzene (Polen et al., 2013) and is extensively used for the production of nylon
66 and polyurethane (Falamarzpour et al., 2017). Recently, Niu et al. (Niu et al., 2020)
reported the first example of direct biosynthesis of adipic acid using the lignin-derived
compound. Besides, the possibility of preparing chitosan hydrogels for e.g. food texturing
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agents, nutraceutics and controlled drug delivery by utilizing different acids including adipic
acid has been studied (Hamdine et al., 2005).

A large number of coagulations systems were studied by different researchers. Various
coagulating agents that were used in the researches on chitosan along with wet spinning
before 1990 are shown in Table 4 (Enache, 2018).

Table 4. Various solvents and coagulation baths for chitosan before 1990 Enache (2018).

Solvent Coagulation bath
1.2% acetic acid aqueous 4.6% sodium acetate
solution 2% sodium hydroxide

0.2% sodium dodecyl sulfate
0.5% acetic acid aqueous 100 parts water
solution 2 to 2.5 parts NaOH,
2 parts of zinc acetate, 15 parts glycerin

4 parts of glycerin and
0.5 parts of alcohol

X parts of sodium sulfate

0.5% acetic acid aqueous solution 5% NaOH aqueous solution

1% acetic acid aqueous
solution

dichloroacetic acid
aqueous solution

dichloroacetic acid
aqueous solution

2% dodecyl sulfate de sodium
aqueous solution

CuCO3-NH40H aqueous
solution

5 to 20% sodium hydroxide
aqueous solution

+ NaOH/methanol

2-4% acetic acid aqueous

solution 1) 2M CuS0O4: NH40H (1: 1
\A%)
2) mixture 5% NaOH: 70:30 v
/ v ethanol
3) 2M CuS04: 1M H2S04
+ other treatments:
1) and 3) 50% ethanol aqueous
solution + 0.2M EDTA « 4Na
2) 50% ethanol aqueous

Here, other new coagulation agents, solvents and researches on wet-spun chitosan fibers are
represented. Even though shellfish chitosan has been wet spun in several studies, to the best of
our knowledge fungal chitosan has not been wet spun and this is the focus of current thesis.

East and Qin (1993) produced wet-spun chitosan fibers, which were then acetylated in order
to get chitin fibers. To prepare the dope, 50 g chitosan (DD = 84%) was dissolved in 950 mL
of 2% (v/v) acetic acid solution. A candle filter system was used to filter the solution, then it
was added to the reservoir of the spinning equipment, where it was deaerated under vacuum.
The metering pump (1 cm®/rev) and a spinneret (20 holes, 80 mm diameter) were used. Plus, a
dilute NaOH bath was considered for the coagulation bath. Fibers that were prepared in this
study can have up to 0.24 N/tex tenacity.
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Knaul et al. (1998) examined various methods to improve the drying process (forced air, heat,
acetone bath, methanol bath and isopropanol bath) for wet-Spun chitosan fibers. Their dope
consisted of 6% by weight chitosan (DD = 97.3%) dissolved in 3% by volume acetic acid
solution. The linear extrusion rate of the chitosan solution was kept at 2.47 m/min. The
coagulation bath was a 1M NaOH solution with an immersion path of 2 meters in length. It
was expected to have complete coagulation for the residence time of 48.6 s due to the
extrusion rate and length of the bath. The temperature was considered 24 + 1°C. The
optimum take-up velocity at the end of the coagulation bath was 2.50 m/min. For the
extrusion, a variable speed infusion pump was used along with a stainless steel 20-hole
spinneret (each hole 100 mm in diameter & the capillary length of 200 mm), resulting in a
chitosan yarn of 16-20 filaments. Furthermore, a 40 mm stainless steel filter was mounted
behind the spinneret and solutions were degassed using vacuum for 24 h. They concluded that
the optimum drying bath was methanol, contributing to having filaments with low moisture
content. Moreover, methanol drying led to chitosan fibers with smaller diameter, superior
surface smoothness and superior mechanical properties (elongation at break 18.5 % and
tenacity 1.05 g/denier) in comparison to other drying methods (Knaul et al., 1998b).

As reported earlier by Tamura et al. (2004), calcium chloride or calcium acetate saturated
water-methanol (1:1 v/v) was better coagulation solvent to prepare chitosan filament
compared to conventional coagulation baths. Also, ethanol performed effectively as a
coagulation agent of chitosan filament instead of methanol, causing ethanol to be the better
option from the biomedical safety point of view. Chitosan powder (DA = 6.5%) was dissolved
in 100 ml of 10% aqueous acetic acid solution under severe agitation. Subsequently, it was
filtered and kept overnight to de-bubble. The dope was extruded under the pressure of 0.6-0.8
kg/cm, which was applied on a stainless-steel nozzle (3 cm of diameter) with 0.1 mm @ x 50
holes as the spinneret. The first coagulation bath prepared by suspending 100 g of calcium
chloride or calcium acetate in water-methanol (or ethanol) of 1:1(v/v) mixture, which was
followed by 1 h refluxing. The second coagulation bath consisted of 50% aqueous methanol
or ethanol according to the composition of the first bath (Tamura et al., 2004).

Researchers produced well-defined chitosan macrofibres, which were processed into a textile
structure (3D nonwoven structures, stable knitted and woven textile fabrics) in order to use as
textile scaffolds in regenerative medicine such as cartilage and bone tissue (Toskas et al.,
2013). In this study, an industrial scale custom-made wet spinning machine was used.
Chitosan by 8.5% (wt.) was dissolved in an acetic acid buffer solution (pH = 4.5). A candle
filter system then was used for the filtration and the solution was stirred for 5-10 hours.
Subsequently, it was deaerated under vacuum. A solution of 0.5 M NaOH/10% EtOH at
temperature of 30 - 45 °C was used to coagulate the chitosan. For the washing stage, water
bath at 30 — 50 °C was used, which was followed by an air-drying unit. Chitosan fibers with
tenacities up to 24.9 cN/Tex could be achieved.

Yudin et al. (2014) reported their progress in biocompatible and bioresorbable composite
production using chitosan fibers filled with anisotropic chitin nanofibrils. The degree of
deacetylation of chitosan was 83% with the Mw of 215 kDa. The solvent was acetic acid
solution (2%) and the coagulation bath was 1:1 mixture of 10% solutions of NaOH and
C2HsOH. To explain further, the aquods solution of chitin nanofibrils was homogenized using
ultrasonic mixer. Then a suitable amount of chitosan was added to chitin nanofibril solution
until getting 4 wt% solution. The concentration of the chitin nanofibrils’ depended on dry
chitosan and were altered between 0.05 - 20 wt.%. Afterwards, the solution was stirred at
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ambient temperature for 30 minutes, which was followed by adding the 2% aqueous acetic
acid solution into the mixture. Chitosan with the chitin nanofibrils was stirred at ambient
temperature for 90 minutes. Degassing was done for 24 h at 0.1 atm pressure. The solution
was extruded via the hole with a diameter of 0.6 mm. Extrusion rate was 5.5 mm/s and the
residence time of precipitation was 150 s. Washing was done using the distilled water and
then dried at 50 °C for 10 minutes. Adding 0.1 - 0.3 wt% in the chitosan matrix results in
improving the mechanical properties of the composite like the strength and Young modulus.

In another study, chitin nanocrystals were used to improve the mechanical properties of wet-
spun chitosan fibers. Chitosan by 3 wt% concentration was dissolved in 3 wt% acetic acid
solution under agitation (stirring at 30 °C). Chitin nanocrystal (powder) was added into in
deionized water and homogenized by ultrasonication. After that it is mixed with chitosan
solution. Mass ratio of chitin nanocrystal to chitosan was controlled (0, 2.5, 5, and 10 wt.%).
The coagulation bath for the solution of chitosan and chitin nanocrystal was NaOH-Na>SOa.
The mechanical properties of the composite improved due to uniform distribution of chitin
nanocrystal in chitosan, which can be attributed to the hydrogen bonds formed between chitin
and chitosan. The optimum mass ratio was 5 wt.%, contributing to the modulus of 145.6
cN/dtex (Yan et al., 2014).

Mirabedini et al. (2017) used rotary wet-spun chitosan fibers to obtain a torsional artificial
muscle. Chitosan solution comprised 3% by weight chitosan (DD = 80% and Mw = 4.5 x 10°
Da) dissolved in 2.5% by volume aqueous acetic acid solution. In order to get a homogenous
solution, it was stirred at 50°C overnight. The coagulation bath was 1 M sodium hydroxide
(Ethanol/H20: 1/4). The coiled fibers that were produced with this method demonstrated
remarkable torsional actuation. Two especially constructed rotors with adjustable distance
rotating in opposite direction were used to make coiled fibers. Wet fibers were hanged
between two stiff supports, which were fixed at both ends and kept the fibers straight during
the twisting process. As the rotors start spinning in opposite directions, a symmetric twist was
put into the fiber, contributing to shortening the length.

Wet-spun chitosan fibers (monofilament and multifilament) were examined for possible use
as sutures by Costa Da Silva et al. (2020). Four percent (w/v) chitosan (DD = 88% and MW =
270 KDa) was dissolved in 2% (v/v) lactic acid aqueous solution and homogenized overnight
under constant mechanical stirring at 600 rpm. The extrusion rate was considered 45 mL/h
using a syringe of 20 mL with the spinneret of 1 mm. The coagulation bath was 1 M NaOH
and the residence time was 24 hours at room temperature. This was followed by firstly
washing the fibers with distilled water and secondly drying with methanol at 60°C for 2 h. By
twisting two of 150 mm long monofilament fibers together, the multifilament fibers were
manufactured. Finally, it was concluded that multifilament wires represented higher tensile
strength. Also, the multifilament wires are larger than monofilament wires in terms of
diameter. From the mechanical properties point of view, chitosan wires are compatible with
the U.S. Pharmacopeia specifications for surgical sutures, causing such filaments to be a
suitable option for use as surgical sutures. (Costa Da Silva et al., 2020).
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2.6.2 Production of fungal fiber and cellulose-based nanofibers

Structure and composition of cell wall of zygomycetes was explained in sections 2.1 and 2.2.
As the final section of this chapter, some important studies regarding the production of fungal
fiber and fibers obtained from chitin will be mentioned.

Methylcellulose/cellulose nanocrystal (MC/CNC) nanocomposite fibers with suitable ductility
and high toughness modulus were prepared using a simple wet spinning system. For the fiber
spinning of MC/CNC hydrogel, a high-pressure pump, a sample, an extrusion capillary tube
with L=1.50 m and ®=0.5 mm was used. The MC/CNC hydrogel was centrifuged (1-5 min at
3000 rpm) to debubble. The coagulation bath was 96.1% (v/v) ethanol. The extrusion rate was
fixed at 1.0 mL/min. Furthermore, the fibers resided in the ethanol bath for 10 min before
being cut and were dried at room temperature (hung and fixed at both ends for at least 20 h).
Besides, it was illustrated that continuous spinning process could be done. The extrusion flow
rate was reduced to 0.06 mL/min in order to be harmonized with the take-up winder rate and
to maximize the residence time within the coagulation bath, which was altered to isopropanol
to facilitate coagulation (Hynninen et al., 2019).

Berglund et al. (2016) studied the production potential of cellulose nanofibers from industrial
residues, which were carrot (the juice industry waste) and a byproduct of
the brewing industry, brewer's spent grain (BSG). They purified carrot residue and BSG
thereafter carrot bleached pulps and BSG were ground using a grinder (MKCAG6-3, Masuko
Sangyo, Japan) which is similar to the grinder that was utilized in this thesis. Briefly put, after
dispersing the both suspension with a shear mixer, grinding treatment was performed for
around 20 min (gap size of -70 p, rotation speed of 1500 rpm). They reported that carrot
residue is an excellent option for the industrial production of cellulose nanofibers, which is
mainly because the dried carrot nanofiber network had strength and Young’s modulus of 210
MPa and 12.9 GPa, respectively. Furthermore, the carrot residue showed a 10% higher yield
compared to the BSG. Moreover, carrot residue was better than BSG considering raw material
cost and processing efficiency.

Ifuku et al. (2009) prepared chitin nanofibers from dried crab shells using a grinding treatment
in wet-state. The obtained nanofibers had an even width of 10 to 20 nm. They showed that the
N-acetyl group and the a-chitin crystal structure were not removed during the extraction of
nanofibers from the crab shell. For the fibrillation part, after making a suspension of purified
wet chitin from dry crab shells and water at 1 wt%, the suspension pH value was adjusted to 3
using acetic acid to facilitate the fibrillation. Afterwards, the 1 wt% suspension was passed
through the grinder (MKCAG6-3, Masuko Sangyo, Japan). The gap size and the rotation speed
were set to 0.15 mm and 1500 rpm, respectively. Such a simple but powerful method provides
the chance of achieving homogeneous chitin nanofibers in their original state from waste crab
shell in large scales.

Das et al. (2012) produced hydrogels containing surface-deacetylated chitin nanofibrils
(micrometer length, around 9 nm diameter and 1.35 wt%), which could be used as a spinning
solution at room temperature to obtain macrofibers using a coagulation bath of ethanol (30
min). To prepare the hydrogel, partial deacetylated chitin was prepared by dispersing
commercial chitin powder in 20 wt% sodium hydroxide solution. The deacetylated chitin was
then collected with centrifugation thereafter washed using distilled water. After preparing a
suspension (1.35%) of wet sample and water, acetic acid was used for pH adjustment to 4.
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Subsequently, the suspension experienced grinding treatment using a grinder (MKCA6-3,
Masuko Sangyo, Japan). The clearance gauge and the speed of rotation were 1.5 and 1500
rpm, respectively. The obtained biofibers showed interesting mechanical properties with a
large plastic region of about 12% in strain, in which frictional sliding of nanofibrils contribute
to dissipation of fracture energy, resulting in a high work-of-fracture of near 10 MJ/m?,

Svensson et al. (2021) could produce monofilaments from the cell wall of a zygomycetes
fungus, Rhizopus delemar, using wet spinning procedure. In brief, Rhizopus delemar was
cultivated on bread waste. The obtained biomass was treated chemically (alkali treatment),
contributing to 36% and 23% glucosamine and N-acetyl glucosamine as chitosan and chitin in
the cell wall, respectively. For the mechanical treatment, the AIM was dispersed in distilled
water (100 ml/g dry AIM) followed by 1 min kitchen blender processing. Further treatment
was homogenizing (IKA T25 Ultra-Turrax homogenizer) in distilled water (200 ml/g dry
AIM). After centrifugation (5 min, 5000xg), lactic acid or acetic acid was added to prepare
the hydrogel. Afterwards, hydrogel material was used for wet spinning in the coagulation bath
of ethanol. The obtained fibers displayed a tensile strength and Young’s modulus of 69.5 MPa
and 4.97 GPa, respectively.

3 MATERIALS AND METHODS

3.1 Materials

Chitosan (commercial medium Mw, DD 85%, viscosity 120 mPaS, and ash content less than
1%) was obtained from BioLog (Germany). Chitosan was used without further purification.
The solvents including acetic acid glacial and citric acid anhydrous were purchased from
Scharlau (Spain). Adipic acid and lactic acid with purity of 90% and water content of 10%
were acquired from Sigma-Aldrich (Japan and USA, respectively). Sulfuric acid and sodium
hydroxide pellets, pure GIcN, agar, tryptone, sodium chloride and K:HPO4 were obtained
from Sigma-Aldrich. Calcium carbonate and ethanol absolute were purchased from VWR.
Yeast extract was obtained from Scharlau.

3.2 Production of chitosan fiber

3.2.1 Preparation of chitosan solutions and coagulation baths

In order to prepare chitosan solution (4% wi/w), chitosan powder was dissolved in an aqueous
solution of lactic acid and acetic acid. It should be noted that a stoichiometric amount of acids
(0.239 mol/L) was provided to protonate amino groups of chitosan. Adipic acid is a divalent

acid, which means that it has two carboxyl groups. Therefore, Ozzﬁ mol/L of adipic acid was

enough to dissolve chitosan. As citric acid is a trivalent acid, it has three carboxyl groups,

meaning that % mol/L of citric acid could be enough to dissolve polymer. However,

chitosan was not dissolved in Ozsﬁ mol/L of citric acid probably due to the fact that this acid

is not strong enough. Eventually, 0.239 mol/L of citric acid was needed to prepare chitosan
solution. Since the calculation of needed amount of acid to prepare chitosan solution was not
that straightforward, the calculation for adipic acid samples, as an example, is provided here.
Considering equation (1.1) and DD of chitosan which is 85%, mol fraction of glucopyranose
amino unit (nGlcN) is 0.85 and mol fraction of glucopyranose acetamido unit (nGlcNAc)
would be 0.15. Mw of GIcN and GIcNAc is 179.17 g/mol and 221.21 g/mol, respectively. on
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the other hand, when polymerization reaction is happening, 1 molecule of for example
glucosamine is reacted from two sides, from one side one OH group is removed and from
other side one H group is taken out and instead two covalent bonds are formed. As a
consequence, we removed Mw of one molecule of water to calculate the molecular weight of
glucosamine repeating unit in the chitosan chain. Moreover, 1 mol chitosan-amine group
(NH2) needs 0.5 mol adipic acid for protonation because adipic acid has two carboxyl groups.

1 mol chitosan = 0.85 x (179.17 — 18) + 0.1 x (221.21 — 18) = 167.3 g

4% chitosan by weight: 209 o 1MoL _ o 52g MO

0 chitosan by weignt: 11 167.3g_ . ;
M ipic acid is 146.14 g 0.239 "wlxl%'l4 g —17469 dipic acid
w of aipic acid is A4 = 0. ; > ol L7407 adipic aci

The chitosan solutions were maintained under mechanical stirring (600 rpm, ambient
temperature) for 2 h. Afterwards, the solutions were centrifuged (5000xg) for 10 min to
remove the trapped air bubbles and kept at room temperature. Three different coagulation
baths were used, which were 1:1 mixture of 10% solution of NaOH and EtOH (Yudin et al.,
2014), 1M NaOH (East and Qin, 1993) and 1:1 mixture of 2% solution of H2SO4, and EtOH.

3.2.2 Viscosity and pH measurement

Viscosity measurement of solutions were performed at room temperature using a Sinewave
vibro-viscometer (SV-10, A&D, Tokyo, Japan). Similarly, the measurement of solutions’ pH
values was done at room temperature using a pH meter (METTLER TOLEDO, USA).

3.2.3 Wet spinning method

The chitosan solutions were injected into the coagulation bath using a 10 ml syringe and a
syringe pump (WPI, Germany) at a fixed feed rate of 1 mL/min to form the chitosan fibers.
The length and diameter of syringe needle was 40 mm and 0.8 mm diameter, respectively.
The needle was submerged directly into the bath through a hole in the coagulation bath’s wall
(Figure 7). Monofilaments were remained in the first bath for around 2 minutes.
Subsequently, the filaments were transferred to the second bath, which is the washing bath
(distilled water). Afterwards, ethanol bath was used for dewatering. To evaluate the effect of
ethanol bath on the monofilament’s properties, samples that were not treated using an ethanol
bath were evaluated as well. Finally, the fibers were collected from the last bath (water bath
or ethanol bath) and fixed between two points on a whiteboard at room temperature to dry.
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Figure 7. Schematic steps of the wet spinning procedure.
3.2.4 Chitosan monofilaments characterization

3.2.4.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy was used to analyze the morphology of the chitosan fibers. The
images were obtained by ultrahigh-resolution FE-SEM (Hitachi S4800). To coat the samples a
2 nm Pd/Pt layer was used and 3 kV acceleration voltage was applied.

3.2.4.2 Mechanical properties

Tensile testing was used to characterize the mechanical properties of the chitosan fibers.
Tensile tests were performed on a Testing Machine (Tinius Olsen Ltd, England) equipped
with pneumatic grips and a load cell of 100 N at room temperature. The test speed and the
gauge length were 20 mm/min and 20 mm, respectively. The average diameters of
monofilaments were 0.165 - 0.293 mm, which was determined by axiosStar microscope
Nikon SMZ800 (Germany). Samples were preconditioned 24 h at 20 °C and 65% relative
humidity before tensile testing (Fan et al., 2007). The slope of stress-strain curves between
0.1-0.5% strain was considered to calculate Young’s modulus.

3.2.4.3 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR was used to evaluate the molecular structures of commercial chitosan powder and wet-
spun chitosan monofilaments using a Nicolet iS10 FTIR spectrometer (Thermo Scientific,
USA) in transmittance mode over a wavenumber range of 600 to 4000 cm™. The resolution
was 4 cm™ through the accumulation of 32 scans for all spectra. Samples were kept in a
desiccator for 3 h prior to the analysis.

3.2.4.4 Differential Scanning Calorimetry (DSC)

DSC-Q2000 apparatus (TA Instruments, USA) was used to examine thermal behavior of
fibers. Each specimen (5-10 mg) was put in a covered aluminum sample holder. As the
reference for all measurements, an empty aluminum holder and its lid was used. The sample
and reference cell were heated at the same time from -30 °C to 230 °C under nitrogen
atmosphere. The heating rate was 10 °C/min and the flow rate of nitrogen gas was fixed at 50
mL/min.
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3.2.4.5 Water retention test of chitosan fibers

For all of adipic acid samples and sample with highest tensile strength, which were obtained
from acetic acid and lactic acid, water retention test was performed. This test was carried out
according to ASTM D2402 — 07. Briefly, each chitosan monofilament was immersed in a
determined beaker of distilled water at room temperature for 5 min. Samples were centrifuged
(9800 m/s?) and wet samples were weighed. The wet sample then was dried at 110°C for
about 1.5 hour and reweighed. The water retention of monofilaments was calculated as
equation (2.1):

R =100 (==

Where R is water retention (%), M is the mass of wet sample with its tare mass (g), D
demonstrates the mass of dried specimen with its tare mass (g), T is the mass of the tare (g).

3.3 Production of fungal fiber

The following sections are focused on the cultivation of the Rhizopus delemar on bread waste.
Bucuricova (2019) found the optimum condition for Rhizopus delemar cultivation on bread
waste including concentration of bread particle in suspension, the medium pH and time of
cultivation. In the study at hand, the cultivation was firstly done in lab scale (shake flasks) to
find out the best condition contributing to obtaining the better gel-like material for wet
spinning. For instance, different amount of K;HPO4 were added to the cultures to examine the
effect of KoHPO4 on the growth yield as well as chitosan amount of biomass. Moreover, it
was evaluated whether the mentioned phosphate compound contributed to better spinnable gel
or not. Those experiment are explained in details in the following sections. Afterwards,
cultivation was scaled up to acquire the possible maximum amount of fungal biomass, which
were needed for remaining experiments including preparation of AIM, AIM treatment with
lactic and adipic acids and evaluating the obtained hydrogels for fungal fiber production using
wet spinning.

3.3.1 Shake flasks cultivation

3.3.1.1 Substrate preparation

Ground bread using grinder

The bread waste (yesterday bread) was collected from ICA supermarkets near the University
of Boras, Boras, Sweden. The bread was diverse including bread loafs, buns, puff pastries etc.
While the bread outer surface might have imperfections, no visible signs of mold were seen.
The bread was cut into roughly palms sized pieces. To have a homogenized substrate, 1:2
(w/w) mixture of bread and water was passed for four cycles through a disc mill grinder
(MKCA®6-5, Masuko Sangyo, Kawaguchi, Japan) using the MKE #46 grindstone with a
rotation speed of 1500 rpm and a clearance gauge of 0.2, 0, 0, and -0.2, respectively. To
clarify further, the clearance gauge or gap size illustrates the shift from a zero position, where
the grinder stones have zero distance from each other. A positive clearance gauge
demonstrates an open gap. Conversely, a negative clearance gauge shows that discs of grinder
are being pressed onto each other. Therefore, a clearance gauge of -1 corresponds to a 0.1 mm
shift from the zero position. When the grinding was applied in the contact mode (negative
clearance gauge), immediately after suspension feeding, the gap size was set and the clearance
gauge was changed to positive mode as soon as there was no suspension between the
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grindstone. In order to remove the residue of bread-water suspension, the grinder was cleaned
using tap water. The washing slurry was added to the suspension.

The dry weight of bread solution was calculated by weighing triplet specimens of bread in
aluminum cups using a digital balance (AEJ 200-4CM, Kern, Balin-gen, Germany). The
samples of 5 g were then kept in an oven (Termaks, Sweden) at 70°C over night. The dry
weight was obtained from the average of dry weight of three samples using the equation (2.2)
(Kohnlein, 2020):

Db:%* 100%

Where Db is concentration of dry bread, M1 is mass of bread solution before drying and M2 is
mass of bread solution after drying.

Bread powder and inner parts of bread

Two more substrates were also used to optimize the substrate of scaling up process based on
the spinnability of hydrogels obtained from them.

- Dried-milled bread previously prepared by (Kéhnlein, 2020) was sieved by very fine sieve
(0.5 mm pore size) to obtain flour-like material. Two mediums 1- 4% bread solution and 2-
4% bread solution with 1 g/LK>HPO4 were prepared using the bread powder.

- Another substrate was 4% bread solution using inner part of white and brown roll baguette.

3.3.1.2 Cultivation on ground bread

The following experiments were performed in sterile conditions. Agar medium (17 g/Lagar, 20
g/Lglucose, 4 g/Lpeptone, pH 5.5) was prepared for the inoculation of Rhizopus delemar. The
medium was then autoclaved (VX-95, Systec, Linden, Germany) at 121°C for 20 minutes.
When the temperature reached around 60°C, the medium was transferred to agar plates. Agar
plates were kept at room temperature overnight to see whether they got contaminated or not.
Ten milliliter of sterile ultrapure water (MiliQ, Sigma-aldrich) was added to fungi spore and
the fungal spores were suspended in water using a sterile loop, subsequently 100 ul of spore
suspension was added to each agar plate in sterile conditions and spread out on the surface of
plates using sterile cell spreader. Afterwards, agar plates were kept in an incubator at 30°C for
3.5 to 4 days. However, the ideal temperature for the growth of Rhizopus delemar is 35°C.
Eventually, plates were sealed using parafilm and kept in refrigerator a at +4°C until used for
inoculation of Erlenmeyer flasks. For shake flask cultivations, five different substrates as
listed in Table 5 were examined. To prepare shake flasks, 200 ml solution of each substrate
(triplet samples) was added to 500 ml cotton-plugged Erlenmeyer flask and the pH was
adjusted to 5.5. Erlenmeyer flasks then were autoclaved at 121°C for 20 minutes and kept in
cold room at +4°C until inoculation. For the inoculation, 20 ml of sterile ultrapure water was
added to three agar plates under the sterile conditions. Spores were suspended in water using
sterile cell spreader, subsequently 4 ml of spore suspension was added to each shake flask,
contributing a 2% spore concentration. All 15 shake flasks were put in water bath shaker
(Grant Instruments (Cambridge) Ltd, UK) at 35°C, 100 rpm for 48 h.

Table 5. Different mediums from ground bread used in shake flasks cultivations.

Sample name Substrate
0-GB1 4% ground bread solution
0-GB; 4% ground bread solution
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0-GBs 4% ground bread solution

0.5-GBs 4% ground bread solution and 0.5 g/LK;HPo4
0.5-GB; 4% ground bread solution and 0.5 g/LK;HPo4
0.5-GBs3 4% ground bread solution and 0.5 g/LK;HPo4
1-GB; 4% ground bread solution and 1 g/LK;HPo04
1-GB; 4% ground bread solution and 1 g/LK;HPo4
1-GB3 4% ground bread solution and 1 g/LK;HPo4
2.5-GB1 4% ground bread solution and 2.5 g/LK;HPo,4
2.5-GB; 4% ground bread solution and 2.5 g/LK;HPo4
2.5GB3 4% ground bread solution and 2.5 g/LK;HPo4
5-GB; 4% ground bread solution and 5 g/LK;HPo04
5-GB; 4% ground bread solution and 5 g/LK;HPo04
5-GBs 4% ground bread solution and 5 g/LK;HPo4

The calculation for preparing 4% ground bread solution and 1 g/LK2HPOQ4 is provided here;
Since 200 ml solution of each substrate was needed, 8 g dry ground bread was needed to get
4% bread solution. Dry weight of ground bread was 24.2%.

100 g solution of ground bread

25 g dry bread X 8g dry bread = 33.31 g solution of ground bread

Thirty-two grams of that solution comprised 8 g dry bread and 25.31 g water, meaning that it
was allowed to add
200 — 25.31 = 174.69 g water

Therefore, to prepare the solution: 32 g solution of ground bread and 0.2 g KoHPO4 were
added to 176 g water. Biomass harvesting was done after 48 h. Biomass was collected using a
very fine sieve and 1.5 ml of solution was taken for analysis of biomass metabolites.

3.3.1.3 Alkali treatment

Alkali treatment is considered as a common treatment to separate fungal biomass from the
cell wall skeleton, resulting in removing protein fractions and other alkali soluble materials.
Since chitin and chitosan as the main part of the cell wall material are alkali insoluble,
chitinous fractions of biomass can be separated readily using alkali treatment.(Svensson et al.,
2021; Koéhnlein, 2020). Considering shake flasks cultivations, AIM was needed for two main
reasons: 1- evaluating the chitin and chitosan content of the AIM. 2- examining the
spinnability of gels obtained from AIM using different concentrations of phosphate.

3.3.1.3.1 AIM preparation to determine of GIcN and GIcNAc content

The following experiment was performed in duplicate in order to obtain the yield of the AIM
(g AIM/g dry biomass) as well as determination of GIcN and GIcNAc content. Fungal
biomass was mixed for each phosphate concentration and then 0.5 g dry of each concentration
was taken. Afterwards, 50 ml of 0.1M sodium hydroxide was added to each of them, which
means alkali treatment was done using 100 ml of 0.1 M NaOH/g dry biomass. In order to
disperse the biomass in the alkali solution, kitchen blender was used for 1 minutes, followed
by autoclaving the solution at 121 °C for 20 min. After the temperature reached room
temperature, samples were centrifuged for 10 min (5000 g force) and the supernatant was
discarded. The insoluble material was AIM. The rest of the centrifuge tubes were filled with
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water and the solutions were mixed manually and the centrifugation was repeated. This
washing process was repeated several times until the pH of the supernatant became neutral
(using pH paper indicator). Washing process was carried out carefully to avoid losing target
solids. This solid material is the fungal cell wall. Finally, the AIM was freeze dried for GIcN
and GIcNAc analysis as well as measurement of the AIM vyield.

3.3.1.4 Spinnable hydrogel preparation

Gelling ability of AIM which were obtained from different phosphate concentrations was
examined in this section. To prepare AlM, the rest of the dried biomass for each phosphate
concentration was mixed manually and 100 ml of NaOH 0.1 M/g of biomass was then added
to each sample. The experiment was followed by autoclaving all the solutions at 121 °C for
20 min. The AIM was collected after cooling using a very fine sieve. Afterwards, the AIM
was washed with water and the sieving was repeated until neutral pH using pH paper
indicator. Thereafter, 0.5 g of wet AIM was kept in the oven at 70°C over night to measure
the AIM dry weight. This dry weight was later used for the calculation of the needed amount
of acid in the next step of the experiment, which is adding adipic acid or lactic acid to the
washed AIM to get 5% AIM with pH 4 and evaluating visually if we get a proper spinnable
gel. The AIM which was treated by each acid was then treated mechanically using mechanical
agitation (IKA T25, DIGITAL ULTRA TURRAX, Germany) to get microfibers, which were
to be used for wet spinning.

3.3.1.5 Cultivation on other substrates

Cultivation was performed on two other substrates; the bread powder (dried-milled bread) and
inner part of white and brown roll baguette. Regarding the former, two mediums (1- 4% bread
solution and 2- 4% bread solution containing 1 g/LK>HPO4) were prepared using the bread
powder (dried-milled bread). For each medium, triplet samples were prepared. Considering
white and brown roll baguette, only one medium of 4% bread solution was prepared
(duplicate). Table 6 shows the labelling of different samples used in this section. 0-DB
represents the medium with no KoHPO4 addition and the bread solution from dried-milled
bread. 0-1B shows that the bread solution was prepared by inner parts of bread and there was
no KoHPO4in the medium. The process from agar plate preparation to hydrogel formation has
been done similar to what was presented in section 3.3.1.2.

Table 6. Different mediums from bread powder and bread inner parts used in shake flasks cultivations.

Sample name Substrate

0-DB: 4% ground bread solution

0-DB; 4% ground bread solution

0-DB; 4% ground bread solution

1-DB; 4% ground bread solution and 1 g/LK;HPo4
1-DB; 4% ground bread solution and 1 g/LK;HPo4
1-DB3 4% ground bread solution and 1 g/LK;HPo04
0-1B; 4% ground bread solution and 2.5 g/LK;HPo4
0-1B, 4% ground bread solution and 2.5 g/LK;HPo4
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3.3.2 Scaling up the process in 1.3 M3 bioreactor

3.3.2.1 Substrate preparation for 1.3 M2 bioreactor cultivation

Bread was collected over 10 days from ICA supermarkets near the university of Boras,
Sweden. It should be noted that only white bread was used for this purpose. The bread waste
comprised of bread loafs, buns, puff pastries and etc. The bread surface looked mold-free.
Sweet pastries and similar bread containing large amounts of fruits or custard were eliminated
as their presence could prolong the drying process, cause clogging difficulties during grinding
and leaving residuals in the final gel. Residual particles may get stuck in the syringe, causing
syringe and needle narrowing or clogging during the injection of spinning hydrogels. Before
drying, the bread was manually cut into roughly palm sized pieces, then spread out on
tablecloth for drying at room temperature for 3 days. A cutting mill (SM 100, Retsch, Haan,
Germany) was used to grind the dry bread to a particle size of around 3 mm. The bread was
used in the same day as the substrate of all steps (three cultivations). This is further explained
in the following paragraphs of this section. Figure 8 illustrates bread preparation for the
cultivation in 1.3 m?® bioreactor.

Figure 8. Substrate preparation. (a) yesterday bread, (b) drying process, (c) milling, (d) dried and milled
substrate

3.3.2.2 Cultivation in 1.3 m3 bio-reactor

Rhizopus delemar batch cultivation in 1.3 m® bioreactor had three main steps as shown in
Figure 9. Firstly, agar plates were prepared as it was explained in section 3.3.1.2 followed by
shake flasks cultivation. To prepare shake flasks, 100 ml solution of 4% bread (triplet
samples) was added to 250 ml cotton-plugged Erlenmeyer flask. The pH was adjusted to 5.5
and then solutions were autoclaved at 121°C for 20 minutes. Flask inoculation was performed
as presented in previous sections. Erlenmeyer flasks were incubated in water bath shaker at
35°C, 100 rpm for 24 hours.
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The second step was cultivation in a 26-litre bubble column airlift reactor (Bioengineering,
Wald, Switzer-land). To clarify further, in a bubble column reactor, air is used to have a
continuous oxygen exchange as well as agitation. Air is provided from the bottom of the
vessel and move through the continuous liquid phase (Ferreira et al., 2017). For the
inoculation of the 26-litre reactor, 300 ml pre-culture, which was prepared in the previous step
was used. The substrate (4% bread solution) was prepared using 20 L ultrapure water and 800
g ground bread. which were serialized separately and mixed immediately before the
inoculation. The substrate was then added to the 26-liter reactor without pH adjustment. The
cultivation was done at 35°C for 24 hours with the aeration of 1 vvm (volume of air per
volume of liquid per minute).

As the final step of scaling up, a 1.3 m? airlift bioreactor (Knislinge Mekaniska Verkstad AB,
Kristianstad, Sweden) was used. To explain further, an airlift reactor is manufactured with a
second internal tube/riser. Providing air at the bottom of the reactor contributes to creating a
circular motion of the liquid phase, causing the liquid to move upward inside the inner tube
and downward between the inner tube and the reactor shell side (Ferreira et al., 2017). The
reactor vessel was filled by ca. 900 | of tap water, then the bread particles (39.75 kg, dry
weight 91%) were added manually through a funnel inlet at the top of the reactor. The mixture
of bread and water was sterilized inside the reactor (80°C, 1 hour). Harvesting of 26-litre
reactor after 24h resulted in 20 L of biomass, which were transferred into the 1.3 m?
bioreactor as the inoculation.

Eventually, the fungal cultivation was carried out at 35°C for 48 hours with the aeration of
lvvm. The pH was continuously adjusted with a pH meter (METTLER TOLEDO, USA)
using 1M and 10M NaOH since it decreased continuously after inoculation. To check the
cultivation progress, samples were taken at 0, 5, 24, 31 and 48 hours after initiation for high-
performance liquid chromatography (HPLC) analysis. As it is shown in Figure 9, biomass
harvesting was done after 48 hours using manual sieving as well as using a compact sieve
(Russell Finex, India) to separate biomass from liquid (the sieve pore size, 1 mm).
Afterwards the biomass was rinsed three times using tap water and pressed using a pillow
cloth by hand to remove excess water. Finally, the biomass was kept in plastic bags of ca. 1
kg and stored at -18°C until use.
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f)
(e) (
Figure 9. Scaling up Rhizopus delemar cultivation. (a) pre-inoculum for the 26 L reactor, (b) cultivation in 26 L
reactor, (c) cultivation in 1.3 m3 bioreactor, (d) compact sieving of biomass-water suspension, (e) collected
biomass, (f) washed biomass

3.3.2.3 Alkali treatment and AIM preparation.

Pilot scale cultivation in 1.3 m? bioreactor resulted in 6.7 kg wet biomass. Triplet specimens
of 10 g biomass were taken to measure the dry weight. While 100 ml of 0.1M NaOH/g dry
biomass was used for the chemical treatment in previous experiments, 30 ml of 0.3M NaOH/g
dry biomass was considered in this section, which is mainly because the dry biomass was
around 990 g, meaning that around 90 L 0.1M NaOH was needed. Biomass homogenization
before alkali treatment was done using the grinder (1 cycle, gap size of +50 ) as described in
section 3.3.1.1. The following calculations are related to adding 30 ml of 0.3M NaOH/g dry
biomass.

6.7 kg wet biomass (14.88% dry weight) included 996.9 g dry biomass and 5.703 L water.

Mw of NaOH = 40 g,0.3M NaOH = 122 NaOH,30 ml of —=2 N0 _ 05 used
l g dry biomass
. 0.3M NaOH
996.9 g dry biomass X 30ml of = 29907 L NaOH 0.3M

g dry biomass
29.907 — 5.703 = 24.204 L water allowed to add

To make the solution preparation easier, it was done in three same batchs;

6.7 kg wet biomass 24.204 L water 29.907 L NaOH 0.3 M

3 , 3 and 3 were used

For each batch:
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Considering the amount of water allowed to be used for each batch, 3 and 4.068 L water were
used to make water-biomass suspension and remove the biomass residue remained in the
grinder, respectively. The water used for the washing was also added to the final biomass
suspension. one liter of water was used to make 0.3M NaOH solution which was then added
to the biomass-water suspension. The final solution was autoclaved at 121°C for 20 minutes
using 5 L glass beakers, which were filled to ca. 4 L with the solution. The AIM was collected
by removing the liquid fraction using a very fine sieve. Thereafter, the AIM was washed with
tap water and sieved with compact sieve (Russell Finex, India) several times until neutral pH
was reached.

To measure the dry weight of AIM, triplet samples of 20 g wet AIM were placed in an oven at
70°C over night. The acquired dry weight (2.6%) was further used for the calculation of the
amount of acids needed.

3.3.2.4 Spinnable hydrogel preparation

Based on the results of chitosan fibers’ production, pH values of 4.8 and 4.5 contributed to
fibers with high mechanical strength from adipic acid (AD) and lactic acid (LA) using
commercial chitosan solutions, respectively. Therefore, hydrogels were prepared by adjusting
pH to the mentioned values using AD and LA (0.239 mol/L). As the first trial of this section,
1 L AIM (initial pH 10.2) was diluted using tap water to attain a concentration of 2%. In order
to adjust the pH to 4.5, a small volume (50 g) of AIM was used to find out how much lactic
acid was needed. Afterwards, the AIM-water suspension went through repeated grinding
cycles using the same grinder used for substrate preparation with a rotation speed of 1500
rpm. The MKE #46 grinding disc set was used as the grinder stone. AIM-water suspension
was added to the grinder once setting a clearance gauge of + 0.5 (a gap size of +50 p).
Subsequently, the gap size was set to -70 p and the suspension was passed through the grinder
6 times in total. Samples were taken after 1P (1 cycle, open gap), 1N (1cycle, negative gap)
3N (3 cycle, negative gap) and 6N (6 cycle, negative gap). To label the samples, name of acid,
type of grindstone, number of cycles and grinder mode were mentioned, respectively. For
instance, [LA]-[MKE]-[6N] is the abbreviation for samples treated with lactic acid, passed 6
times through the grinder with a negative clearance gauge using MKE #46 grindstone. All
ground AIM samples without any further treatment were used for fiber production using wet
spinning.

Since some amount of the AIM suspension remained in the grinder, a new experiment was
designed to acquire more diluted suspension through the grinder. In this regard a 1.35% AIM
solution (initial pH, 9.3) (Das et al., 2012) was prepared. After adjusting the pH to 4.5,
grinding was operated. Clearance gauge was set to +0.5 and -0.1 (-100 pu gap size) for the
positive and negative gap size, respectively. Apart from gap size, all parameters were similar
to the pervious grinding treatment. Sample of 6N was taken for the hydrogel preparation. In
order to achieve more homogenized hydrogel, samples were centrifuged (30 min, 5000xg)
and the new concentration was calculated. Centrifugation was repeated three times to obtain
the hydrogel with the highest possible concentration. However, it was not possible to get that
concentrated hydrogel using centrifugation.

To get AIM with the concentration of around 5% or higher, a vacuum filtration funnel was
used. The maximum volume of the cylindrical funnel was 1 L, which was attached to a
circular PVDF-coated support screen with a support holder. A removable filter (nylon mesh)
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with the pore size of 30 p was placed on the screen. Immediately after adding the suspension,
vacuum should be applied. By switching on the pump, the bottom vessel becomes vacuum
and since there is pressure in the top vessel, water will travel from the top vessel to the bottom
through the filter. The dry weight was measured after the filtration. AIM- water suspension
(1.35%) was fed through the funnel to be filtered and attain concentrated AIM. However, it
was not that effective. Therefore, AIM suspension was diluted more with tap water (1:4 ratio
of AIM suspension and tap water) before pouring into the funnel, resulting in around 5% AIM
hydrogel after 20 minutes. It was possible to get more concentrated hydrogel in case the
filtration was continued.

There are several reports on the effect of pH on the quality of produced chitin nanofibers.
Ifuku et al. (2011) showed passing chitin extracted from mushroom through the grinder at pH
3 can facilitate nanofabrication. Moreover, Das et al. (2012) reported that adjusting pH value
to 4 can ease obtaining nanofibrils. Therefore, it was decided to examine the effect of pH on
quality of fibers in this work. LA was used to prepare AIM with pH values of 2.5, 3, 3.5 and 4
from filtered AIM (5%) which already had pH value of 4.5. After pH adjustment, all samples
were sonicated (BRANSONIC ULTRASONIC, USA) for 60 min at room temperature.
Subsequently, spinnability of 5% hydrogel with different pH were evaluated with wet sinning
system.

In regards to hydrogel preparation with AD, 1 L AIM (2.6%, initial pH 9.5) was diluted to
obtain 1.35% AIM suspension. For this trial, rotary evaporator (Heidolph instruments,
Germany) was used for better mixing after adding adipic acid (2 h, 100 rpm). The grinding
treatment was carried out with a gap size of +50u and -100u for the positive and negative
clearance gauge, respectively (rotation speed, 1500 rpm). Regarding grinding stone, MKE #46
grinding disc set was utilized. The suspension was passed through the grinder once and 10
times for the positive and negative gap size, respectively. Specimens of 1P, 1N, 3N, 6N and
10N (10 cycle, negative gap) were obtained through this approach. 10N sample was
centrifuged (30 min, 5000xg or 20 min, 9000xg) to evaluate the spinnability of obtained
hydrogel. Since the output was not homogeneous and uniform, spinning was not performed.
Afterwards, the suspension was subjected to vacuum funnel filtration for 20 minutes. Unlike
preparation of lactic acid hydrogel, there was no need to dilute the suspension before pouring
into the funnel. The schematic of the process from AIM to hydrogel is shown in Figure 10.

Diluted AIM
A

AlM Grinding Unforming the pH Vacuum filtration setup Hydrogel
Figure 10. The schematic of the process from AIM to hydrogel

In order to evaluate lactic acid treatment for 10N samples, another new grinding process was
conducted, where, MKG-A #80 grinding disk set was used as well as MKE #46 grindstone.
MKE #46 (fine grinding, Sic+Al.Oz) is standard grindstone for soft material. However,
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MKG-A #80 (ultrafine grinding, Al203) is used for pulverizing and emulsifying fibrous
material (Figure 11). Briefly put, 3.8 L AIM (2.6%, initial pH 9.1) was diluted to obtain
1.35% AIM suspension. Rotary evaporator (Heidolph instruments, Germany) was utilized
(room temperature and 100 rpm) to achieve a suspension with uniform pH (final pH, 3.8). The
grinding treatment with MKE #46 grindstone was performed as explained in previous
experiment (preparation of adipic acid hydrogel). New experiment was operated utilizing the
MKG-A #80 as the grindstone with the same conditions in terms of number of cycles,
sampling, rotation speed, and etc. The dry weight of all samples were measured followed
vacuum funnel filtration was applied for 10N samples, subsequently the dry wight of 10N
sample after filtration was measured.

Figure 11. Different set of grindstones (left) MKE #46 grindstone, (right) MKG-A #80 grindstone

3.3.3 Analysis of the obtained biomass from shake flasks cultivations

3.3.3.1 Biomass metabolites analysis

Biomass metabolites were analyzed using high-performance liquid chromatography. Analysis
was performed to determine contents of ethanol, acetic acid, glucose, glycerol, lactic acid and
other sugars. To prepare samples, 1.5 ml of filtrate was centrifuged (14000 rpm, 6 min) using
a microcentrifuge (Thermo Fisher Scientific, Waltham, MA, USA). The 1 ml supernatant was
syringe filtered into HPLC vials. HPLC analysis was operated by a hydrogen-ion based ion-
exchange column (Aminex HPX-87H, Bio-Rad, Hercules, CA, USA), performing at 60°C and
using 0.6 ml/min of 0.005M sulfuric acid (mobile phase) with a refractive index (R1) detector.

3.3.3.2 Biomass yield

After collecting biomass using the very fine sieve, biomass was washed with water two times
to remove unwanted bread particles, which might set the stage for problems during the wet
spinning. Biomass was kept in freezer overnight in order to be freeze dried next day using a
freeze dryer (FreeZone 2.5L, Labconco, Kansas City, USA). Samples were freeze dried for 36
hours and the dry weight of fungal biomass was measured.
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3.3.4 Analysis of the prepared AIM and hydrogels

3.3.4.1 AlM yield
The AIM was freeze dried and the yield of the AIM (g AIM/g dry biomass) was calculated.

3.3.4.2 Viscosity and pH measurement

The measurements of viscosities and pH values of ground AIM were performed at room
temperature, using a sinewave vibro-viscometer (SV-10, A&D, Tokyo, Japan) and a pH meter
(METTLER TOLEDO, USA), respectively.

3.3.4.3 Glucosamine and N-Acetyl glucosamine analysis

The composition of the cell wall was studied by determining the glucosamine (GIcN) and N-
Acetyl glucosamine (GIcNACc) content in the freeze-dried AIM using the method developed
by Mohammadi et al. (2012). AIM samples were pulverized with a pulverizing machine
(FRITSCH, Germany) with the speed of 6000 rpm. 2,5-anhydromannose concentration
represents the total GIcN and GIcNAc residues. To convert chitin and chitosan contents of
AIM to 2,5-anhydromannose, following steps were performed.10 mg of AIM was placed in a
13 ml screw cap tube, followed by adding 0.3 ml of sulfuric acid (72% v/v). The solution was
mixed every 15 minute for 1.5 hour at ambient temperature. Subsequently, 8.4 ml of water
was added and the suspension was then autoclaved at 121 °C for 60 minutes. After that, a 0.5
ml sample was taken immediately by reaching the temperature around 100 °C. when the
temperature went down to room temperature, 0.5 ml of sodium nitrite (NaNO2, 1M) was
added to the sample under the fume hood. Afterward, the lid was closed tightly and the
solution was again mixed, and kept for 6 hours at room temperature. Thereafter the cap was
removed and the solution kept overnight under a laminar air flow hood.

To this stage chitin and chitosan contents of AIM has been converted to 2,5-anhydromannose.
Eventually, ammonium sulfamate (0.5 ml, 12 wt%) was added to neutralize the surplus
nitrous acid, subsequently the sample was mixed for 4 min, which was followed by
centrifugation (10 min, 4000g). Moreover, different solutions of pure GIcN (0, 0.125, 0.25,
0.5, and 1 g/L) were prepared using in 2.48% (v/v) sulfuric acid and subjected to the
mentioned steps (from taking hot samples to the end of the process). Furthermore, after
autoclave step described above, 1.5 ml of samples were also taken when the samples
temperature went down to the room temperature. These samples were used to determine
acetic acid concentration. HPLC with an ion exchange Aminex column was used to determine
the concentration of 2,5-anhydromannose at 60 °C with 0.6 mL/min of 0.005M sulfuric acid
(mobile phase) with an RI detector. In order to determine the GIcNAc, acetic acid
concentration in cold sulfuric acid hydrolysates was determined simultaneously using HPLC.
Moles of acetic acid in each sample is equal to GIcNAc moles. Therefore, the GIcN
concentration can be calculated using 2,5-anhydromannose and GIcNAc concentration.

3.3.4.4 FluidScope™ scanning technology (oCelloScope)

The automated time lapse microscopy pictures captured with the FluidScope™ scanning
technology using the oCelloScope (BioSense Solutions ApS, Farum, Denmark) was utilized
to examine the size of the fungal fibers in the AIM and the hydrogels (ground AIM treated
with acids) in the wet state. Lactic acid hydrogel (1.35%) and adipic acid hydrogel (1.35%)
were diluted 50 times with the aqueous solution of lactic acid (pH ~ 4.5) or adipic acid (pH ~
4.8). The AIM sample (2.6%, without any acid and grinding treatment) were diluted 100
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times using ultrapure water to acquire suitable fiber dispersions to be able to observe
individual fibers in the images. Default settings of a 24-wells plate (Sigma-Aldrich) were set
for the picture acquisition, which are illumination time of 2 ms, 4.9 u imagine distance and
scan arear length of 855 p). Images number for each sample was fixed to 20.

3.3.4.5 Scanning Electron Microscopy (SEM)

To analyze the morphology of AIM and ground AIM treated with lactic acid and adipic acid,
materials were diluted (water solution, 0.1 wt%) and the suspension was freeze-dried
thereafter the material were placed on an aluminum surface (Salehinik et al., 2021). After
extra solvent evaporation, AIM and ground AIM were coated with Pt/Pd of 3.5 nm and
observed via FE-SEM using 3KV acceleration voltage.

3.3.5 Wet spinning

All wet spinning trials done in the stage 2 of the project was performed similar to the section
3.1.4. However, coagulation bath was ethanol and there was no need for any further bath.
Residence time and the injection speed were 2 minutes and 0.6 ml/min, respectively. The
needle diameter was 1.2 mm with the length of 50 mm (Svensson et al., 2021). Coagulated
monofilaments were collected from the ethanol bath and fixed between two points on a
whiteboard at room temperature for drying.

3.3.6 Fungal fiber characterization

3.3.6.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy was utilized to investigate the morphology of the fungal fibers
as explained in section 3.2.4.1.

3.3.6.2 Mechanical properties of fungal fibers

Tensile testing was conducted with the same equipment utilized in the section 3.2.4.2. The
average diameter of fibers was 110 to 240 p, measured by simple micrometer (Mitutoyo
Crop., Japan). The crosshead speed was set to 1 mm/min and pre-load of 0.01 N. Each fungal
fiber was sandwiched between two pieces of paper on either side of it using glue to secure the
attachment to grips of the instrument. Samples were preconditioned 24 h at 23 °C and 50%
relative humidity before operating the test (Svensson et al., 2021). To calculate Young’s
modulus, the slope of elastic area of stress-strain curve (between 0.1-0.5% strain) was
considered.

3.3.6.3 Antibacterial properties of fungal monofilaments

Antibacterial properties of the obtained fugal monofilament were evaluated against Gram-
negative (Escherichia coli) bacteria. A new agar plate of E. coli was prepared and single
colony of the bacterium was transferred into 20 ml of fresh sterile medium containing
tryptone (1%), yeast extract (0.5%) and NaCl (1%). The pH was adjusted to 7 with NaOH
1M. Subsequently, it was incubated overnight at 37°C. Fibers were cut in length of 1 cm and
5 mg of fibers was placed in small flasks. Then, flasks were closed and autoclaved with fibers
to be sterilized. Afterward, 50 pl of the obtained bacterial suspension was added to each flask,
which contained 5 mg fibers in a way that the fibers become wet with bacterial suspension
followed by the incubation of flasks for 24 h (37°C). Then, 10 ml of fresh liquid medium was
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added to each flask and 0.2 ml of liquid was taken from each flask and placed in a well (in 96
well plates). Flasks and 96 well plates were kept in incubator at 37°C. In order to observe the
fibers behavior, at times, 0, 2, 4, and 6, and 24 hours, 96 well plate was taken out from the
incubator and the images were taken by oCelloScope. A blank sample (three flasks with no
fiber) was used as control.

4 Results and discussion

4.1 Production of chitosan fiber

4.1.1 Fibers formation

Chitosan was dissolved in lactic acid (LA), acetic acid (AC), citric acid (Cl) or adipic acid
(AD) in order to investigate the effect of different spinning solvents on the monofilament
characteristics. To protonate the amino groups of chitosan, a stoichiometric amount of the
acids was used. Table 7 represents the viscosity and pH values of chitosan solutions in
different acids. If pH values are between 3.7 to 5.6, aggregation of the chitosan does not occur
(Toskas et al., 2013).

Table 7. pH value and viscosity of different spinning solutions.

Type of solvent Solvents’ ID pH Viscosity (Pa.s)
Lactic acid LA 4.5 3.0
Adipic acid AD 4.8 3.3
Citric acid Cl 4.2 2.4
Acetic acid AC 5.5 3.3

Chitosan solutions were extruded into the different coagulation baths as listed in Table 8. All
monofilaments were washed with distilled water after coagulating process. By entering
different chitosan solution into the different coagulation bath, the monofilaments formed
immediately which were collected manually. Stable good quality chitosan monofilaments
were obtained from the adipic acid solution as an acid that has not been used previously for
production of wet-spun chitosan fiber. The preliminary experiments displayed that using only
H>SO4 as a coagulation bath contributed to the formation of unstable fibers which were
impossible to collect from the bath. Whereas, a mixture of H>SOs and EtOH as the
coagulation bath remarkably improved the fiber formation. Considering all chitosan solutions,
monofilaments coagulated in NaOH and NaOH-EtOH were collected easily. In contrast, it
was much harder to collect and place the monofilaments coagulated in H.SO4—EtOH on
whiteboard. That is because the fibers obtained from the bath containing H.SO4 absorbed
more water compared to the other monofilaments, causing them to be less stable. Another
point to be mentioned is that fibers, which experienced NaOH and NaOH-EtOH bath could be
stretched easily before fixing on the whiteboard. However, most of the fibers obtained from
H>SO4-EtOH coagulation bath broke upon stretching. Considering all acids tested, lactic acid
led to fibers with higher stretchability in the wet form. Monofilaments were obtained from
adipic acid solutions displayed good spinnability and stretchability in the wet form, meaning
that it was easy to handle them in coagulation bath and collecting process.

Table 8. Monofilament production in different conditions
Solvent Samples’ ID Coagulation bath Dewatering
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(EtOH)

Lactic acid [LA]-[NaOH]-[N] NaOH 1 M No
Lactic acid [LA]-[NaOH]-[Y] NaOH 1 M Yes
Lactic acid [LA]-[NaOH-EtOH]-[N] (1:1) 10% solution of NaOH and EtOH No
Lactic acid [LA]-[NaOH-EtOH]-[Y] (1:1) 10% solution of NaOH and EtOH Yes
Lactic acid [LA]-[ H2SO4 -EtOH]-[N] (1:1) 2% solution of H,SO4 and EtOH No
Lactic acid [LA]-[ H2SO4 -EtOH]-[Y] (1:1) 2% solution of H,SO4 and EtOH Yes
Adipic acid [AD]-[NaOH]-[N] NaOH 1 M No
Adipic acid [AD]-[NaOH]-[Y] NaOH 1 M Yes
Adipic acid [AD]-[NaOH-EtOH]-[N] (1:1) 10% solution of NaOH and EtOH No
Adipic acid [AD]-[NaOH-EtOH]-[Y] (1:1) 10% solution of NaOH and EtOH Yes
Adipic acid [AD]-[ H2SO4 -EtOH]-[N] (1:1) 2% solution of H,SO4 and EtOH No
Adipic acid [AD]-[ H2SO4 -EtOH]-[Y] (1:1) 2% solution of H,SO4 and EtOH Yes
Citric acid [CIT-[NaOH]-[N] NaOH 1 M No
Citric acid [CI]-[NaOH]-[Y] NaOH 1 M Yes
Citric acid [CI]-[NaOH-EtOH]-[N] (1:1) 10% solution of NaOH and EtOH No
Citric acid [CI]-[NaOH-EtOH]-[Y] (1:1) 10% solution of NaOH and EtOH Yes
Citric acid [CI]-[ H.SO4 -EtOH]-[N] (1:1) 2% solution of H2SO4 and EtOH No
Citric acid [CI]-[ H.SO4 -EtOH]-[Y] (1:1) 2% solution of H2SO4 and EtOH Yes
Acetic acid [AC]-[NaOH]-[N] NaOH 1 M No
Acetic acid [AC]-[NaOH]-[Y] NaOH 1 M Yes
Acetic acid [AC]-[NaOH-EtOH]-[N] (1:1) 10% solution of NaOH and EtOH No
Acetic acid [AC]-[NaOH-EtOH]-[Y] (1:1) 10% solution of NaOH and EtOH Yes
Acetic acid [AC]-[ H2S04 -EtOH]-[N] (1:1) 2% solution of H,SO4 and EtOH No
Acetic acid [AC]-[ H.SO4 -EtOH]-[Y] (1:1) 2% solution of H,SO4 and EtOH Yes

4.1.2 Chitosan monofilaments morphology

The SEM images of the obtained monofilaments are shown in Figure 12. Fibers with round
cross-sections were obtained in all cases. Figure 12a represents the monofilaments from
adipic acid applying different conditions (c.f. Table 8). Monofilaments coagulated in NaOH
as without experiencing EtOH bath for dewatering displayed a very uniform and even surface
morphology as well as smaller diameters than the other adipic acid fibers. Conversely,
dewatering by EtOH had negative impacts on the surface of monofilaments surfaces (e.g.
[AD]-[NaOH-EtOH]-[Y] sample). Knaul et al. (1998b) also described a similar effect of the
drying process on the surface of chitosan fiber. Surface irregularities could stem from the
rapid dehydration using ethanol, creating porous regions. The presence of EtOH in the
coagulation bath also led to a similar effect on the monofilaments (e.g. [AD]-[NaOH-EtOH]-
[N]). Whereas, less irregularities were seen compared to a bath containing only EtOH
probably because of the lower concentration of EtOH. Moreover, the monofilaments made in
H>SO4-EtOH without dewatering showed a rather even surface. This can be rooted in the
higher affinity of the fibers to absorb water in the presence of H2SOs. The protonated amino
groups of chitosan can create an ionic complex of chitosan-sulfate immediately after contact
with sulfuric acid. Although, it is not soluble in agueous solutions anymore (Akram and
Mohammad, 2010), it had a higher interaction with water in comparison to the non-protonated
amino groups of chitosan, which were precipitated in the presence of NaOH. Furthermore, the
non-protonated part of chitosan in NaOH bath resulted in the formation of stronger
interactions along the chitosan chains and led to acquiring monofilaments with smaller
diameters as well as higher stability in the wet form than the fibers coagulated in H2SOgs-
EtOH bath (Cui et al., 2008).

Figure 12b represents the fibers made in H2SOs-EtOH bath using lactic acid, citric acid, and
acetic acid as solvents, respectively. The images showed that H.SO4 could be used as a part of
an effective coagulation bath, resulting in monofilaments with an even and uniform surface.
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As Cruz et al. (2016) described earlier, the presence of small white particles, which can be
seen on some monofilaments (e.g. [LA]-[H2SO4-EtOH]-[N]) might be attributed to NaOH
contamination from the coagulation bath, which was not eliminated in the washing process.
The obtained monofilaments with the highest tensile strength from lactic acid, citric acid, and
acetic acid are shown in Figure 12c (c.f. Figure 13a). It should be noted that all of these
monofilaments with uniform and smooth surface were made in NaOH-EtOH.

[AD]-lNaDH]-lIV [ADHNaOH[HY] IAD]-H‘JaDH-Ei'DHl{N\

[ADHNaOH-H,50, 1N] [ADHN2OH-H.50, Y]

a
[ACH qu‘ EtOH-IN] [CII-[ H,50, -E4HI-N]

| &

(CI1-faOH-EtOH-N]

(c)

Figure 12. SEM images of chitosan monofilaments. Fibers produced using (a) adipic acid as a solvent in
different coagulation baths with and without dewatering, (b) lactic acid, citric acid or acetic acid as solvents
made in H,SO4-EtOH bath without dewatering, (c) lactic acid, citric acid or acetic acid as solvents made in

NaOH-EtOH bath without dewatering.
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4.1.3 Monofilament mechanical properties

Mechanical properties of the fibers which were obtained using the different fabrication
processes were examined through tensile testing. All the measurements were conducted at
room temperature. For the samples’ preconditioning, they were kept at 20 °C, and 65 %
relative humidity for 24 hours. As illustrated in Figure 13, generally monofilaments made
from the new solvent, adipic acid, exhibited higher mechanical strength compared to the
fibers made by utilizing other conventional solvents. The exception were fibers prepared in
NaOH-EtOH as the coagulation bath without dewatering. Monofilaments obtained under
these conditions using lactic acid, acetic acid and adipic acid showed similar tensile strength
properties of 151.7 (£ 8.7) MPa, 150.1 (x 9.8) MPa and 147.9 (x6.9) MPa, respectively;
however, clearly lower tensile strength was obtained for the monofilaments made from citric
acid (110.7 MPa) (Figure 13a).

As it is presented in Figure 13b, samples dewatered AD and non-dewatered AD exhibited the
highest Young’s modulus of 4.5 GPa and 4.1 GPa, respectively. This demonstrates that the
preferable solvent and coagulation bath, from a strength and modulus point of view, were
adipic acid and NaOH-EtOH, respectively. The highest elongation at break was 9.5 % related
to using lactic acid as the solvent and NaOH-EtOH as the coagulation bath (Figure 13c). But,
the elongation at break of wet-spun monofilament made using adipic acid was at the same
level (8 %). Another interesting point is that while sulfuric acid-derived fibers were less stable
in the wet form, they displayed promising tensile strength (141.7 MPa) as dried, which is
comparable with the highest tensile strength value for adipic acid monofilaments.
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2
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Figure 13. Mechanical properties of wet-spun fibers coagulated in (1:1) 10 % solution of NaOH and EtOH bath
as the preeminent coagulation bath. (a) tensile strength, (b) Young’s modulus, (c) Elongation at break.

Tensile strength of all monofilaments, which were dewatered with ethanol reduced, regardless
of solvent types and coagulation agents. This may be attributed to the higher internal porosity
of the fibers after dewatering in EtOH bath. The higher porosity may be caused by the lower
surface tension and the lower polarity of ethanol compared to water, decreasing the capillary
forces acting on chitosan chains during the drying. A similar phenomenon has been described
for nanocellulose membranes, which were subjected to ethanol dewatering (Sehaqui et al.,
2016; Henriksson et al., 2008). Moreover, elongation at break of most fibers was diminished
after experiencing dewatering bath (c.f. Tables 9, 10, 11 and 12). Ethanol-dried
monofilaments showed larger diameter in comparison to those directly collected after the
washing process since the immediate removal of water with ethanol resulted in a more porous
fiber and consequently a larger diameter, mainly due to the entrapment of the drying agent in
the dehydrant molecules (Knaul et al., 1998a). Whereas, drying fibers at room temperature
(without dewatering using EtOH), resulted in a more compact fiber. This is probably

-38 -



explained by the longer time needed for the drying at room temperature, leading to the
creation of stronger interaction between the chitosan chains.

4.1.3.1 Monofilaments obtained using adipic acid

Considering fibers prepared using adipic acid as the solvent in different coagulating agent, the
diameter of obtained monofilaments were between 165 and 286 micrometer. Dehydration by
ethanol enhanced the diameters remarkably. The tensile strength of the monofilaments
obtained from AD was between 74.2-147.9 MPa and the fibers collected without dehydration
demonstrated 18 % (for NaOH), 46 % (for NaOH-EtOH), and 91 % (for H.SO4-EtOH) higher
tensile strength than those made with dewatering. Considering all the examined acids, when
either NaOH- or H2SO4 -EtOH were used as the coagulation bath, by far the highest tensile
strength and Young’s modulus were attained using adipic acid as a solvent. For adipic acid
samples, both NaOH and NaOH-EtOH baths generally contributed to achieving fibers with a
better tensile strength in comparison to fibers obtained from other acids (LA, ClI and AC).
Thus, adipic acid performed as a proper solvent and the resulting fibers had in many cases
even better mechanical strength compared to those made using conventional acids. From the
mechanical strength point of view, the best monofilaments were acquired from [AD]-[NaOH-
EtOH]-[N] (Table 9).

As reported earlier (Chen et al., 2008a), in porous chitosan membranes, adipic acid resulted in
more flexible membranes based on the longer carbon backbone of adipic acid compared to
other evaluated acids (acetic acid, oxalic acid, succinic acid, and malic acid). Additionally,
chitosan and adipic acid displayed stronger interactions in the solution and in the fabricated
membranes, leading to higher mechanical strengths. Therefore, adipic acid worked as a good
solvent for chitosan, but it also caused further advantages like playing a role of a cross-linking
reagent for chitosan (Chen et al., 2008b). In addition, Falamarzpour et al. (2017) reported that
using adipic acid to produce chitosan films prevented loss of strength and modulus in
comparison to production of chitosan films using acetic acid. This can result from hydrogen
bonds and ionic interactions between chitosan and adipic acid, contributing to the physical
cross-linking of chitosan by adipic acid. Such a cross-linking decreases the capability of
chitosan chains for slippage, causing a remarkable increase in the Young’s modulus. The
range of elongation at break and Young’s modulus for adipic acid fibers were between 1.23-
4.45 GPa and 1.8 to 8.1%, respectively, due to the fabrication conditions.

Table 9. Mechanical properties of monofilaments made from adipic acid as the solvent using wet spinning
Elongation at Tensile

Diameter  Young’s modulus

Sample (mm) (GPa) b{g/;a)k St(:\e/:lrllgz;it)h
[AD]-[NaOH]-[N] 0.165 (+0.02) 411(x0.7) 6.5(x2.1) 1375(x9.1)
[AD]-[NaOH]-[Y] 0.221 (+0.03) 1.23 (£ 0.5) 52(x19) 116.8(+6.3)

[AD]-[NaOH-EtOH]-[N] 0.183 (+0.01) 4.45 (£ 0.7) 8.0(x1.1) 147.9 (+6.9)
[AD]-[NaOH-EtOH]-[Y] 0.231 (+0.01) 4.15(£0.9) 8.1(x2.3) 101.4 (+6.7)
[AD]-[H2SO4 -EtOH]-[N] 0.197 (£0.03) 3.17(x0.3) 1.9(x0.8) 141.7 (x4.9)
[AD]-[H,SO4 -EtOH]-[Y] 0.286 (+£0.02) 2.13(x0.5) 1.8 (£ 0.9) 74.2 (£ 1.3)

4.1.3.2 Monofilaments made using lactic acid

Wet-spun monofilaments obtained from lactic acid as a solvent exhibited inferior tensile
strength (except the sample [LA]-[NaOH-EtOH]-[N]) than wet-spun fiber made using adipic acid.
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Among the series of wet-spun fibers from lactic acid, the NaOH-EtOH coagulation bath
without dewatering (Table 10) contributed by far the the highest tensile strength, which was
also comparable with monofilaments produced by using adipic acid. Similar to adipic acid
fibers, dewatering decreased the tensile strength of the fibers. Besides, [LA]-[NaOH-EtOH]-
[N] had the elongation at break 9.5%, which was the highest flexibility. The range of Young’s
modulus of lactic acid fibers was between 1.411 GPa to 3.62 GPa.

Table 10. Mechanical properties of fibers made from lactic acid as the solvent using wet spinning.

Young’s Elongation at .
Sample Diameter (mm) modulus break Tensﬂi/ISF;crength
(GPa) (%) (MPa)
[LA]-[NaOH]-[N] 0.193 (£0.01) 3.62(+£0.2) 3.3(x1.0) 89.5 (+ 2.6)
[LA]-[NaOH]-[Y] 0.235 (£0.02) 249 (£ 0.2) 2.9 (x0.3) 58.8 (+ 4.9)
[LA]-[NaOH-EtOH]-[N] 0.187 (x0.03) 1.41(x0.5) 9.5(x1.2) 151.7 (= 8.7)
[LA]-[NaOH-EtOH]-[Y] 0.226 (+0.01)  3.07 (+ 1.0) 7.0 (£ 2.6) 76.6 (+ 4.6)
[LA]-[H2SO4 -EtOH]-[N] 0.217 (£0.02) 3.24 (£ 0.2) 3.6 (£ 0.6) 84.7 (x 2.5)
[LA]-[H.SO4 -EtOH]-[Y] 0.269 (+0.01) 1.22 (£ 0.5) 3.3(x0.7) 58.7 (+ 4.1)

4.1.3.3 Monofilaments made using citric acid

Regarding citric acid monofilaments, as for other discussed treatments, the coagulation bath
NaOH-EtOH led to the highest strength (Table 11). [CI]-[NaOH-EtOH]-[N] and [CI]-[H2SO:-
EtOH]-[N] resulted both in the highest tensile strength and elongation at break among the

citric acid samples. However, the mechanical strength of these fibers was not comparable with

that of adipic acid and lactic acid samples. Furthermore, the stoichiometric amount (%

mol/L) of citric acid did not dissolve chitosan, resulting in the application of more citric acid
(0.239 mol/L). As a result, chitosan solution with citric acid had a lower pH than other
spinning solutions (c.f. Table 7). Lower pH might have affected the properties, but further
investigations are required in this regard. In addition, monofilaments’ diameters were
generally larger than the wet-spun fibers obtained using other acids. 2.1% to 4.7% and 0.58 to
3.41 GPa were the range of elongation at break and Young’s modulus of wet-spun
monofilaments made by citric acid, respectively.

Table 11. Mechanical properties of fibers made from citric acid as the solvent using wet spinning

Youna’s modulus Elongation at Tensile
Sample Diameter (mm) gGP break Strength
(GPa) (%) (MPa)

[CI]-[NaOH]-[N] 0.186 (+0.01) 2.38 (£ 0.31) 29(x0.4) 86.2 (x4.1)
[CI]-[NaOH]-[Y] 0.218 (+0.02) 1.75 (£ 0.91) 2.7(x0.9) 50.4 (x 4.2)
[CI]-[NaOH-EtOH]-[N]  0.264 (+0.01) 3.41 (£ 1.06) 47 (1.0 110.7 (x 2.4)
[CI]-[NaOH-EtOH]-[Y] 0.275 (x0.03) 0.58 (£ 0.24) 5.0 (x 0.6) 54.4 (£ 5.3)
[CI]-[ H2SO4 -EtOH]-[N] 0.232 (+0.02) 1.75 (¢ 0.32) 45(x1.1) 106.3 (x 7.4)
[CI]-[ H2SO4 -EtOH]-[Y] 0.293 (+0.01) 0.83 (£ 0.22) 2.1(x0.8) 543 (x4.2)

4.1.3.4 Monofilaments made using acetic acid

Comparing the wet-spun fibers obtained using acetic acid and adipic acid, mechanical
properties of adipic acid samples were generally higher than acetic acid samples. Again, the
highest tensile strength acquired was for the fibers coagulated in NaOH-EtOH (Table 12).
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Consequently, the only fibers with comparably high tensile strength as the ones with adipic
acid was [AC]-[NaOH-EtOH]-[N]. Besides, [AC]-[NaOH-EtOH]-[Y] had the second-highest
elongation at break (8.9%) within all evaluated acids’ samples. Elongation at break of acetic
acid fibers were between 1.3% to 8.9% and Young’s modulus was between 0.88-3 to 74 GPa.

Table 12. Mechanical properties of fibers made from acetic acid as the solvent using wet spinning

_ Young’s modulus Elongation at Tensile
Sample Diameter (mm) (GPa) break Strength

(%) (MPa)
[AC]-[NaOH]-[N] 0.19 (0.02) 3.74 (+ 0.52) 7.3 (+0.9) 92.1 (+4.5)
[AC]-[NaOH]-[Y] 0.241 (+0.01) 1.09 (+ 0.43) 1.3 (+0.4) 332 (x1.1)
[AC]-[NaOH-EtOH]-[N]  0.250 (+0.02) 2.37 (£ 0.83) 5.1 (x1.2) 150.1 (+ 9.8)
[AC]-[NaOH-EtOH]-[Y]  0.185 (+0.03) 3.68 (+ 0.82) 8.9 (£ 0.9) 97.1 (+ 8.9)
[AC]-[ H2SOs -EtOH]-[N]  0.203 (+0.03) 1.71 (+ 0.16) 4.1 (+0.4) 79.6 (+ 5.6)
[AC]-[ H2SOs -EtOH]-[Y]  0.279 (x0.02) 0.88 (+ 0.19) 3.2 (£0.6) 70.8 (+ 3.0)

In this research work, the highest tensile strength achieved was for the wet-spun
monofilaments using adipic acid (147.9 MPa), which is higher than the strength (126 MPa)
reported by Han et al. (2016) for the obtained chitosan fiber from formic acid as the solvent
by wet spinning procedure. This is also higher than the tensile strength (72.3 MPa) of wet-
spun fiber obtained from fungal hydrogel treated by lactic acid (Svensson et al., 2021).
However, the strength was lower than that of wet-spun chitosan fibers produced by utilizing
lactic acid as the solvent (261 MPa) (da Silva et al., 2019)). This difference may be explained
by the presence of methanol in their coagulation bath, which was 70% aqueous solution of
1M NaOH and 30% methanol. As reported earlier by Knaul et al. (1998b) tensile strength of
methanol-dried chitosan fibers were higher than the strength of fibers produced by using
ethanol as coagulation bath. Methanol was not utilized in the study at hand because of the its
high toxicity as well as being fossil-derived (Maoxia Ran, 2019). The highest Young’s
modulus (4.52 GPa) achieved here was related to adipic acid samples, which is not
comparable to Young’s modulus of chitosan fiber (25.2 GPa) produced by da Silva et al.
(2019). However, this value is at the same range of Young’s modulus (4.97 GPa) reported
earlier by Svensson et al. (2021) for wet-spun fungal chitosan monofilaments. Elongation at
break of 8.9% and 5.7% were reported for chitosan fibers produced by wet spinning by da
Silva et al. (2019) and Toskas et al. (2013), respectively, which are lower than the highest
elongation attained in this work (9.5%). Higher elongation at break 0f31.5%, 23.1%, and
11.3% for chitosan monofilaments produced by wet spinning were evaluated by Han et al.
(2016), Fan et al. (2007) and Tamura et al. (2004), respectively. Hirano et al. (2000) and Yan
et al. (2014) described that stretching of fibers in different baths and the draw ratio
optimization can result in higher tensile strength and Young’s modulus. As reported earlier by
Dresvyanina et al. (2013) when stretching was not applied for wet-spun chitosan
monofilaments, tensile strength and Young’s modulus of fibers were about 168 MPa and 6.33
GPa, respectively. Considering the same condition of spinning procedure such as feed rate,
shear rate and residence time in coagulation bath, in contrast, tensile strength and Young’s
modulus of monofilaments were altered to 219 MPa and 7.93 GPa, respectively for 100%
degree of stretching (Dresvyanina et al., 2013). Therefore, the mechanical strength of chitosan
monofilaments examined in this project can be improved by optimizing of other parameters.
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4.1.4 Chemical structure of the produced monofilaments

To examine the chemical structure of pure chitosan powder and the obtained monofilaments,
FTIR spectroscopy was performed. Figure 14 illustrates the vibrational spectra of the original
chitosan powder and the wet-spun monofilaments, which were fabricated using adipic acid as
a new solvent. The characteristic absorption bands of original chitosan powder exhibited at
3357 cm™ and 2872 cm, were attributed to the -OH group and CHs groups, respectively
(Flores-Hernandez et al., 2014). Furthermore, peaks displayed at 1647 cm™, 1589 cm™, and
1320 cm™ corresponded to C=0 stretching (amide 1), N-H group bending vibration of the
primary amine, and C-N stretching (amide I11), respectively. Besides, the corresponding bands
of -CH, bending and - CHs bending absorption appeared at 1419 cm™, and 1374 cm?,
respectively (Li et al., 2016). The bands identified at 1149 cm™ and 1023 cm™ were attributed
to the stretching of C-O groups (Toskas et al., 2013). Except two differences, for wet-spun
fibers obtained utilizing adipic acid, the majority of the absorption bands occurred at the same
regions compared with vibrational spectra of original chitosan powder. The first difference
was that two absorption bands appeared at about 2870-2920 cm-! for all adipic acid samples
while only one absorption band was identified in the same region for original chitosan sample.
Also, bands displayed at 2877 cm™ and 2917 cm™ corresponded to -CH. groups of adipic acid
seeing the original adipic acid spectrum. As a consequence, the additional band can be caused
by the existence of adipic acid as a crosslinker between chitosan chains (Falamarzpour et al.,
2017). The second difference was that the hydroxyl group absorption band for [AD]-[H2SO4 -
EtOH]-[N] and [AD]-[H2SO4 -EtOH]-[Y], which were identified at 3226 cm™ at 3232 cm™,
respectively, became significantly wider. As mentioned earlier, for the original chitosan, the
hydroxyl group absorption band appeared at 3357 cm™X. Moreover, the band as shown at 2950
cm of adipic acid spectrum was related to the -OH of carboxyl group. Thus, this supports the
function of adipic acid as a cross-linker, resulting in to the shift of the absorption band of
hydroxyl group.

Figure 14b demonstrates the FTIR spectra of the monofilaments with the highest tensile
strength produced from adipic acid, lactic acid, citric acid, and acetic acid. These
monofilaments were coagulated in NaOH-EtOH without dewatering. When citric acid was
used as the solvent, a reduction in transmittance (an increase in absorbance) around 1640 cm™
was observed, which is mainly because citric acid has three carboxyl groups, contributing to
an increase in the absorptions of C=0 groups. Furthermore, a decrease in transmittance (an
increase in absorbance) is observed around 3355 cm™ for citric acid monofilaments, which
may be attributed to increasing number of hydroxyl groups in citric acid compared to the
other acids (Cruz et al., 2016).
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Figure 14. FTIR spectra of wet-spun fibers. (a) adipic acid monofilaments and pure chitosan, (b) comparison
between the fibers with highest tensile strength produced from other conventional solvents and adipic acid.

4.1.5. Differential Scanning Calorimetry analysis

Thermograms of original chitosan powder and wet-spun chitosan fibers with the highest
tensile strength is represented in Figure 15. Figure 15a illustrates the first heating run. This
heating run demonstrates endothermic peaks, which can be caused by absorbed moisture
(Dong et al., 2004). Peaks of pure chitosan, adipic acid and acetic acid monofilaments were
appeared at around 105°C. However, the peak of lactic acid sample was seen at about 92 °C.
On the other hand, all four peaks disappeared as it is displayed in Figure 15b, which further
supports the idea that water evaporation took place during the first DSC run. In order to
eliminate the influence of moisture on glass transition temperature (Tg) measurement, the
second heating run should be deliberated. Second heating run images showed a small changes
of baseline inclination at about 105°C, which could possibly correspond to the Tg of chitosan
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powder and chitosan fiber while this value is in contrast to the value of Tg reported by Dong
et al. (2004). This means the different treatment using different acids did not contribute to
remarkable changes in Tg of chitosan fibers in comparison to original chitosan powder.
Another aspect to point out is that while Tg of the common polymers can be demonstrated by
DSC, chitosan’s Tg is still a controversial issue. The major cause may be rooted in the fact
that chitosan is a natural polymer, subsequently some properties of chitosan (e.g. degree of
crystallinity, molecular weight and degree of acetylation) can show wide variations because of
the source and method of extraction, leading to influencing the Tg (Neto et al., 2005). To
explain further, Ratto et al. (1995) determined the Tg of chitosan at 30 °C for water contents
between 8 to 30%. However, Lazaridou and Biliaderis (2002) stated that the Tg of chitosan
could be between -23 to 67°C. Sakurai et al. (2000) also observed the Tg of chitosan at higher
temperature (203°C). As a result, the heterogenicity of some natural polymers like chitosan
can set the stage for some difficulties in determining Tg.
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Figure 15. DSC thermograms of chitosan fibers and pure chitosan powder. (a) first heating run, (b) second
heating run.

4.1.6 Water holding capacity

Table 13 represents the water retention of different chitosan fibers. The highest water
retention (311.8%) was related to [AD]-[NaOH]-[N], which is in the same range of maximum
water retention of chitosan fibers produced by Han et al. (2016) (333.4%). This is higher than
the maximum water retention of chitosan film (189.7%) and chitosan nanocomposite
(236.7%), which was reported by Riva et al. (2015). For sulfuric acid samples, we could not
measure the dry weight since the wet sulfuric acid fibers were damaged by centrifugal forces
and broken to small pieces, causing them to attach to the filter and centrifuge tube’s wall.
Consequently, it was impossible to collect and weigh them. Higher water retention property
can be attributed to the matrix complexity of chitosan molecules in the fiber. Also, higher
crystallinity of chitosan fiber may contribute to higher water absorption because of recovery
of hydrogen bonding in chitosan molecules (Han et al., 2016). High water retention property
of chitosan is interesting and the researchers explored the water holding capacity of chitosan-
based composites. Researchers observed the influence of reinforcement on water retention
(Riva et al., 2015). Increasing the water retention through novel adipic acid-based process will
be interesting for the researchers working on composites with water holding capability.

Table 13. Water holding capacity of adipic acid samples and other acids with the highest tensile properties

Chitosan fibers Water retention, %
[AD]-[NaOH]-[N] 311.8
[AD]-[NaOH]-[Y] 176.8

[AD]-[NaOH-EtOH]-[N] 230.2
[AD]-[NaOH-EtOH]-[Y] 200
[AD]-[ H2SO4 -EtOH]-[N] n/a
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[AD]-[ H2SO4 -EtOH]-[Y] n/a

[LA]-[NaOH-EtOH]-[N] 233.9
[CI]-[NaOH-EtOH]-[N] 164.3
[AC]-[NaOH-EtOH]-[N] 192.6

4.2 Production of fungal fiber

4.2.1 Substrate preparation

Three different substrates (bread with different pre-treatments) were evaluated for fungal
cultivation in order to find the optimal choice regarding hydrogel for wet spinning. Ground
bread with a dry weight of 24.2% was considered as one of the substrates. The obtained
biomass, AIM and hydrogels from the cultivation on ground bread contained small bread
particles, which were problematic in wet spinning (Figure 16). This is why dried-milled bread
was examined in order to eliminate the particles in the final hydrogel. Using the powder, the
bread particles could still be observed in the biomass, AIM and hydrogels. The next trial was
conducted on inner parts of bread. The idea was that since the problematic particles were very
hard and rigid solid material, they might be related to the outer-burnt parts of bread rather
than the inner parts. However, it did not make any difference, meaning similar particles again
appeared in the final biomass.

As a consequence, white bread that did not contain fruits, custard or seed was chosen as the
substrate for 1.3 m? bioreactor. Furthermore, different concentration of K;HPO, as a part of
the cultivation medium were used to evaluate the effect of KoHPO4 on the growth yield as
well as chitosan content of biomass.

Figure 16. Bread particles in freeze-dried biomass and AIM obtained from cultivation on wet ground bread.
4.2.2 Shake flask cultivations

4.2.2.1 Biomass metabolites analysis
Table 14 shows the resulting metabolites of 48 h fungal cultivation on different substrates.

Table 14. Biomass metabolite concentration (g/L) (obtained from HPLC) after 48 hours of shake flask
cultivation on different substrates (c.f. Table 5).
Sample Glucose (g/L) EtOH(g/L) SugMix (g/L) Acetic acid (g/L)
0-GB 0.044 +0.04 3.58+0.11 0.17+0.11 0
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0.5-GB 0.032 £ 0.004 4.99+0.72 0.13 +0.07 0.011 + 0.004
1-GB 0.035 £ 0.05 4.22 +2.55 0.09 +0.04 0.017
2.5-1B 0.007+0 4.86 +0.88 0.09 +0.03 0.01 +0.004
5-GB 0.01 +0.007 455+0.1 0.1+0.05 0
0-DB 0.2+0.13 8.32+0.55 0.21+0.0 0
1-DB 0.07+£0.08 5.47 £ 0.66 0.20+0 0
0-1B 080 450 0.12 £ 0.03 0

4.2.2.2 Yield of biomass and AIM (substrate: ground bread).

Biomass which was harvested after 48 hours, was freeze dried to measure the biomass yield
(triplet samples). Table 15 represents the biomass yield (g biomass/g bread) and the final pH
after harvesting. pH values changed for the samples containing phosphate compound
(K2HPOQg) in their cultivation medium. The biomass yield of all samples was in the same
range. However, the sample without phosphate (0-GB) showed lower yield, which might be
explained by the wider standard deviation of that sample. Therefore, from the biomass yield
perspective, there was no priority between different substrates.

Table 15. Biomass yield, dry weight and final pH value from shake flask cultivation on 4% ground bread
solution with different phosphate concentration.

Sample name Final pH Dry weight (%) Biomass yield (g/g bread)
0-GB 3.4 1.3+0.266 0.325+ 0.266
0.5-GB 3.9 1.4+0.035 0.354 + 0.035
1-GB 3.9 1.4+0.011 0.356 + 0.011
2.5GB 4.0 1.3+£0.052 0.325 + 0.052
5-GB 3.9 1.4 £0.039 0.348 + 0.039

AIM was obtained through alkali treatment of biomass. The average weight of freeze-dried
AIM from 0.5 g biomass is shown in Table 16. The highest AIM yield was achieved from 4%
ground bread solution and 5 g/LK>HPO4 medium while 0.5 and 1 g/LK>HPO4 did not result in
higher AIM vyield compared to 0-GB sample. It seems 4% ground bread solution and 5
g/LK2HPO4 medium. As the result acquired were only from shake flasks, meaning that there
were not enough materials to check the spinnability of the gel, phosphate supplement was not
used in large-scale cultivations.

AIM dry weight was used to calculate the amount of acid for hydrogel preparation as follows;
Example: 5 g of 2.5-GB solution was taken to prepare 6% lactic acid solution with pH of 4.
Dry weight = 13.4%, 13.4x 5 = 0.67 g,0.67/0.06 = 11.2

5g — 0.67 = 4.33 g water content, 11.2 - 4.33 = 6.87 g total water and acid

Table 16. AIM yield of shake flask cultivation on ground bread.
Freeze-dried AIM weight AlM yield (g AIM/g  AIM dry weight (%0)

Sample name

(9/0.5g biomass) biomass)
0-GB 0.088 + 0.001 0.175+0.001 16.8 £ 0.042
0.5-GB 0.085 + 0.005 0.17 £ 0.005 13.5+0.055
1-GB 0.085 + 0.015 0.17 £ 0.015 13.5+0.50
2.5-GB 0.105+0.014 0.21+0.014 13.4£0.081
5-GB 0.107 + 0.004 0.214 + 0.004 11.5+0.024
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Freeze-drying was not done for dried-milled bread and bread inner parts. However, the dry
weight of biomass was calculated as presented in Table 17.

Table 17. Biomass dry weight of shake flask cultivation on dried-milled bread and bread inner parts

Sample name Final pH Dry weight (%)
0-DB 3.2 153+16
1-DB 3.6 11.8+19
1-1B 2.8 81+1.7

4.2.3 Cultivation in 1.3 m3 bioreactor

For the large-scale fungal cultivation, the total volume of water and dry bread was 900 | and
36.17 kg (39.75 kg bread particles, dry weight 91%), respectively. This provides a bread
concentration of 40 g/Lor 4% bread solution. R. delemar cultivation on white bread particles
in a 1.3 m® bioreactor yielded around 36 kg wet biomass with an average of 14.88% dry
weight (5.95 g biomass/L). As reported earlier by Bucuricova (2019), bread concentration of
75 g/Land 45 g/Lresulted in 12.27 g biomass/L and 7.92 g biomass/ L, respectively. The
obtained dry biomass and the total dry bread used for the cultivation was 5356.8 g and
36172.5 g, respectively, leading to the biomass yield of 0.15 g dry biomass/g dry bread which
is greater than the dry biomass yield (0.095 g/g bread) reported by Kohnlein (2020). Figure 17
demonstrates the glucose concentration in the course of time in cultivation medium, which
was similar to the enzymatic hydrolysis of starch taking place in parallel with the fungal
growth. Glucose concentration was 0.136 g/Lat 0 h and increased rapidly after 5 h, showing
the start of exponential phase of growth. After 48 hours of cultivation the concentration of
glucose was 11.41 g/L, which further supports that a healthy and good cultivation was
performed. The glucose concertation reached a maximum of 18.357 g/L31 h after onset of the
cultivation. The ethanol and acetic acid concentration was 0.943 g/L(Figure 18) and 0 g/L48
hours after inoculation, respectively, which indicates the cultivation was done without any
contamination.

Glucose concentration (g/L)
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Figure 17. Glucose concentration over time in 1.3m?3 cultivation
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Figure 18. Ethanol concentration over time in 1.3 m? cultivation

4.2.3.1 Wet spinning
Different groups of hydrogel preparation considered are listed in Table 18.

Table 18. Different combinations of hydrogel preparation using the AIM obtained from cultivation in 1M?3

bioreactor
Group Samples name pH Viscosity Concentrated via Rotary Concentrated via
value (mPa.s) centrifugation mixing vacuum funnel

1 [LA]-[MKE]-[1P] 4.72 10.8 * 10° No No No
[LA]-[MKE]-[3N] 4.79 7.5*10° No No No
[LA]-[MKE]-[6N] 4.80 7.2*10° No No No

2 [LA]-[MKE]-[1P] 4.6  Not measured Yes No No
[LA]-[IMKE]-[1N] 4.65  Not measured Yes No No
[LA]-[IMKE]-[3N] 4.7  Not measured Yes No No
[LA]-[IMKE]-[6N] 4.9  Not measured Yes No Yes

3 [AD]-[MKE]-[1P] 4.8 23.5 No Yes No
[AD]-[MKE-[1N] 4.8 11.6 No Yes No
[AD]-[MKE-[3N] 4.8 13.8 No Yes No
[AD]-[MKE-[6N] 4.8 12.5 No Yes No
[AD]-[MKE-[10N] 4.8 14.4 Yes Yes Yes

4 [LA]-[[MKE]-[1P] 3.8 1.24*10° No Yes No
[LA]-[MKE]-[1N 3.8 1.3*10° No Yes No
[LA]-[MKE]-[3N] 3.8 1.1*10% No Yes No
[LA]-[MKE]-[6N] 3.8 993 No Yes No
[LA]-[MKE]-[10N] 3.8 406 No Yes Yes

5 [LA]-[IMKG]-[1P] 38 1.3*103 No Yes No
[LA]-[IMKG]-[1N] 38 1.2*103 No Yes No
[LA]-[IMKG]-[3N] 38 1.0*103 No Yes No
[LA]-[MKG]-[6N] 3.8 687.6 No Yes No
[LA]-[IMKG]-[10N] 3.8 570 No Yes Yes

As reported earlier by Ifuku (2014), by passing purified materials with chitin through the
grinder, the resultant mixture is a gel-like substance containing nanofibrils. Moreover, similar
to chitin behavior, viscosity values of cellulosic materials usually increase by passing through
the grinder, contributing to a high viscous, transparent and gel-like material (Ilwamoto et al.,
2011). However, in general, viscosity of the ground materials decreased by increasing the
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number of grinding cycles. Although, it was expected to obtain gel-like material with higher
viscosity by increasing the number of grinding cycles regardless of gap size or the type of
grindstone, grinding treatment did not result in nanofibrils formation. In following
paragraphs, each group will be discussed separately.

Group one (c.f. Table 18) had the highest viscosity among all groups since AlIM-water
suspension had greater concentration (2%) than the other groups (1.35%). Moreover, the gap
size for negative cycles was — 70 u for this group. Whereas it was -100 p for all other four
groups. Centrifugation was not done for this group in order to evaluate the possibility of
acquiring spinnable gel using grinding treatment without any further treatment. However,
such a hydrogel was not good at all for wet spinning, mainly due to low concentration, which
led to coagulation ofmonofilaments in the bath. The pH values for this group changed
slightly.

The second group (c.f. Table 18) is related to preparing hydrogels from AlM-water
suspension (1.35%). Since the suspension was more diluted compared to group one, AIM-
water suspension did not remain in the grinder. The pH value again has been changed
marginally, stemming from manual mixing. The highest concentration achieved via
centrifugation was 3.2% and hydrogel with that concentration was utilized for wet spinning.
However, it did not contribute to continuous fiber formation. To explain further, fibers were
broken immediately after injection into the coagulation bath, mostly due to the fact that
hydrogel was not uniform enough. Moreover, it seemed that the hydrogel should have been
more concentrated to be able to produce continuous fibers after injection. Therefore, if the
hydrogel is not uniform and concentrated enough, getting continuous fiber is not possible. As
a consequence, the sample [LA]-[MKE]-[6N] was passed through the vacuum funnel
filtration, resulting in around 5% hydrogel (average dry weight).

As previously mentioned, samples with pH values of 2.5, 3, 3.5 and 4 were prepared from
[LA]-[MKE]-[6N] (pH 4.9) by using lactic acid. All samples were utilized for wet spinning.
Monofilaments were formed from all hydrogels (5% dry weight, different pH values).
Considering fibers’ uniformity, hydrogels with lower pH (2.5, 3 and 3.5) produced better
fibers compared to others. However, fibers were very brittle, causing in breakage during
collection process. Considering ease of handling, obtained fibers from hydrogel with pH 5
were collected much easier compared to other obtained fibers. Fibers achieved from hydrogel
with pH 4, were not uniform and could not be handled easily. As explained earlier, all
hydrogels were sonicated prior to wet spinning. It should be noted that sonication did not
make any difference in regard to the quality of obtained fibers. The aging influence on [LA]-
[MKE]-[6N] (pH 4.9, group 2) was examined as well. As a result, the gelling was reduced
after 1 month (kept at 4°C) since the hydrogel lost some of its water content. Conversely, the
same aging period did not affect 6N hydrogels with the pH value of 2.5 and 3, meaning that
[LA]-[MKE]-[6N] (pH 2.5 and 3, group 2) could contribute to continuous fiber formation and
it was possible to collect fibers.

Group 3 (c.f. Table 18) corresponded to hydrogel treated by adipic acid. Since it was
concluded that mixing the suspension manually might not result in an AIM-water suspension
with uniform pH value throughout the suspension, rotary evaporator (Heidolph instruments,
Germany) was used for this hydrogel. As a result, the obtained pH value of 4.8 did not change
for different grinding cycles, which means that rotary mixing was effective. Hydrogels’
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viscosity of group 3 were significantly lower than the other groups, which is probably because
the hydrogel was not homogenous at all and the liquid fraction was separated from the AIM,
causing two separated phases. Furthermore, based on the oCelloScope images of lactic acid
hydrogel (Figure 19), it seemed while size of fibrils had been reduced from AIM to 6N
sample, 6 times grinding cycles did not contribute to nanofibrils. That is why 10 negative
cycles of grinding was planned to be examined as well. Therefore, for the adipic acid
hydrogel, 10 times grinding cycles were studied. In order to obtain a more uniform hydrogel,
[AD]-[MKE]-[10N] was centrifuged. However, the spinning was not performed since the
centrifuged hydrogel looked like aggregated non-uniform materials, which was definitely not
spinnable. [AD]-[MKE]-[10N] sample was also vacuum funnel filtred, but similar result was
obtained. As previously mentioned, unlike lactic acid hydrogels, there was no need to dilute
the AIM-water suspension before adding that into the funnel. It is a further support showing
that adipic acid hydrogels were two separated phases. The dry weight was measured to be
6.9%. Getting 6.9% dry hydrogel in the same time compared to the lactic acid hydrogel
filtration, might not be rooted in vacuum funnel filtration. It seemed that the liquid fraction of
the suspension passed through the filter easily since it was a separate phase.

L}

AIM before grinding /1"
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Figure 19. Microscope images (from oCelloScope) representing fungal fibers in AIM with and without
treatment. (a) AIM without any treatment (left) and group2 [LA]-[MKE]-[1P] (right), (b) A is related to group2
[LA]-[IMKE]-[1N], B is corresponded to group2 [LA]-[MKE]-[3N] and C is related to group2 [LA]-[MKE]-
[6N].

Group 4 and 5 (c.f. Table 18) represent other grinding treatments, which were done to
evaluate lactic acid treatment for 10 N cycles. The pH value for both groups’ hydrogel was
3.8 due to the homogenizing with rotary mixing step. None of the hydrogels were centrifuged
and samples of 10 N cycles passed through the vacuum funnel filtration. The viscosity value
of different hydrogels belonging to either group 4 or 5 were in the same range, meaning that
different grindstone had the same influence on hydrogels, from the viscosity value point of
view. In general, viscosity has been reduced by increasing the number of cycles. The dry
weight of [LA]-[MKE]-[10N] and [LA]-[MKG]-[10N] was 4.5% and 6.8% respectively. The
difference in dry weight could be caused by different time of applying vacuum funnel
filtration. Regarding wet spinning, it was impossible to form continuous fiber using [LA]-
[MKE]-[10N] (group 4, 4.5%) sample, probably due to the low concentration of hydrogel.
However, the same sample with the concentration of 5.2% contributed to forming fibers, but
fibers were not uniform. Comparing this sample ([LA]-[MKE]-[10N], group 5, 4.5%, pH 3.8)
with [LA]-[MKE]-[6N] (group 2, 5%, pH around 5), the second one resulted in more uniform,
stable and easily-handle fibers, which might result from different grinding cycles. Therefore,
performing 6N cycles lead to better result than 10N cycles.

Using the other hydrogel, [LA]-[MKG]-[10N] (group 5, 6.8%) for wet spinning led to
forming continuous fibers; however, it was not possible to collect and fix fibers on
whiteboard. Considering previous trials, about 5% concentration of hydrogel resulted in
better spinnability. Therefore, [LA]-[MKG]-[10N] (group 5, 6.8%) was diluted to obtain 5%
sample, which was used for wet spinning. The fibers were formed in very small pieces, but
they were somehow thin and not attached to each other to be able to hold the fiber. It was
impossible to collect such fibers. Another experiment was diluting [LA]-[MKG]-[10N] (group
5, 6.8%) to 6%, contributing to almost the same as 5% concentration. It formed a bit more
stable fibers; however, impossible to take out any piece from the bath. As described in section
3.3.5 the needle used for all wet spinning had the diameter of 1.2 mm. For [LA]-[MKG]-
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[1ON] (group 5) hydrogel, the needle with the diameter of 2.1 mm was also evaluated, which
was not helpful.

In brief, the optimum grinding cycle and the optimum concentration may be 6N and 5% to
5.5%. pH value may have remarkable effects on the quality of fibers in terms of uniformity
and obtaining continuous fibers and lower pH values (2.5 to 3) led to high quality fibers.

4.2.4 Measuring GlcN and GIcNAc content of both cultivations

The content of GIcN and GIcNAc from cell wall analysis is represented in Table 19. Alkali treatment
for all samples contributed to a higher GIcN content than the GICNAc content, indicating that
chitosan was more predominant than chitin, which could be caused by occurring the
significant deacetylation during NaOH treatment at 121°C for 20 minutes. The results for the
1.3 M3 bioreactor are close to the results reported by (Svensson et al., 2021). It is crystal clear
presence of phosphate compound (K2HPo4) in the cultivation medium has led to lower chitin
and chitosan in the fungal cell wall. The lowest amount of GIcN and GIcNAc resulted from
the sample 5-GB, which had 5% K>HPo4 in the cultivation medium.

Table 19. GlcN and GIcNAc content in fungal cell wall for shake flask cultivations and cultivation in 1.3 M3

bioreactor
Sample GlcN (g/g AIM) GlcNAC (g/g AIM)
0-GB 0.377 £ 0.002 0.122+0.0
0.5-GB 0.348 + 0.001 0.107+0.0
1-GB 0.355+ 0.019 0.115+0.0
2.5-GB 0.348 + 0.029 0.114+0.0
5-GB 0.307 £ 0.003 0.104+£0.0
AIM (1.3 M® bioreactor) 0.359 +£0.013 0.196 £ 0.0

4.2.5 Scanning Electron Microscopy (SEM) of AIM and hydrogels

SEM images illustrates that hydrogels had interconnected porous structure while AIM did not
show such an interconnected structure, which might be rooted in the protonated NH3z*-groups
of chitosan created by the addition of lactic and adipic acids. Comparing the effect of lactic
and adipic acid, adipic acid did not result in the same interconnected structure, which agrees
with the previous observations. As explained earlier, hydrogels treated by adipic acid was not
that homogenous and they showed two separated phases.
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Figure 20. SEM pictures of A) AIM before adding acid, B) [LA]-[MKE]-[10N], C) [LA]-[MKG]-[10N], D)
[AD]-[MKE]-[10N].

4.2.6 Mechanical properties of fungal fibers

As previously explained (section 4.2.3.1, group 2), monofilaments were produced using
hydrogels with pH values of 2.5, 3, 3.5 and 4, which were prepared from [LA]-[MKE]-[6N]
(pH 4.9). By utilizing lactic acid to adjust the pH value. Fibers with pH 2.5 showed higher
tensile strength compared to other fibers as it is represented in Figure 21. The results are in
line with the observation during wet spinning since fibers from hydrogel with pH 2.5 were
more stable, uniform and smoother in coagulation bath. Tensile strength of the fiber (pH, 2.5)
was around 82, which is higher than the tensile strength (72.3 MPa) of fungal fiber reported
by Svensson et al. (2021).
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Figure 21 Tensile strength of fungal fibers obtained from hydrogels with different pH values, which were
prepared from group 2 [LA]-[MKE]-[6N].

4.2.7 Antimicrobial properties of fungal fibers

In order to examine the possibility of using the fungal fiber for sutures applications,
antibacterial test against the Escherichia coli was evaluated. The sample [LAJ-[MKE]-[6N]
belonging to group 2 of hydrogels (c.f. table 18) with the pH of 4.9, 2.5 and 3.5 were tested.
As it is shown in the Figure 22 that the wet-spun monofilaments with pH 2.5 hinder the
growth of E coli. However, E coli was grown in the presence of two other samples, which
means they don’t have antibacterial properties. It seems protonation of chitosan is necessary
to have antimicrobial properties. In the sample with lowest pH, most probably a large number
of chitosan amino groups still stay protonated upon coagulation in ethanol bath and therefore,
they exhibit antimicrobial properties. However, in other fibers, the number of protonated
chitosan groups are probably not high enough to make the fiber antimicrobial.

(a) (b)
Figure 22. Antibacterial properties of a) fibers obtained from [LA]-[MKE]-[6N] belonging to group 2 of
hydrogels (c.f. table 18). Left (pH 2.5), middle (pH 3.5) and right (pH 4.9), and b) blank samples.

5 conclusions

Wet spun chitosan fibers were produced successfully using lactic acid, citric acid or acetic
acid as a solvent. Our results demonstrated that adipic acid has a great potential as a solvent
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for the production of chitosan monofilaments. Obtained fibers from adipic acid generally
showed higher tensile strength (147.9 MPa) than the ones produced using commonly used
acid solvents under the same conditions. This could be caused by the adipic acid potential to
create physical crosslinks between chitosan chains. Moreover, the properties of the
monofilaments were affected by different coagulation baths. Considering higher mechanical
strength, the best coagulation bath was NaOH-EtOH. Regarding second phase of the project,
scaling up the process in 1.3 m? bioreactor was performed successfully. Comparing hydrogels
treated with adipic and lactic acids, lactic acid resulted in hydrogels with better spinnability.
In particular, 6 negative cycles contributed to more spinnable fibers than that of suspensions
were passed through the grinder 10 times. To optimize the grinding treatment and produce
continuous fungal fiber, further research is needed. The tensile strength of wet-spun fiber,
obtained from fungal hydrogels is around 82 MPa and can be improved by optimizing the
grinding treatment. Fungal cell wall analysis showed that GIcN and GIcNAc content in the
fungal cell wall attained from 1.3M? bioreactor (0.359 and 0.196 (g/g AIM), respectively)
were significantly higher than the GIcN and GIcNAc content acquired from shake flasks
cultivations containing KoHPo4 in their medium. Fungal fibers with pH 2.5, which were wet
spun from 6 negative cycles of grinding treatment and lactic acid treatment was antibacterial
against Escherichia coli, making them as a good alternative for suture applications. However,
additional in vitro and in vivo trials are crucial to examine the fungal fiber for such
applications.

6 Future research

e Increase and test the number of grinding cycles treatments to check whether is it
possible to obtain nanofibrils or not.

e Evaluating the problematic brown bread particles and find a way to remove them
during the process, contributing to not being limited to very sorted substrate.

e Produce fibers to be tested (biocompatibility, blood compatibility) for sutures
applications in in vivo trails. Evaluation of drug delivery capabilities of the obtained
sutures (in vitro and in vivo).
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