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INTRODUCTION INTO WOUND DRESSING, AEROGELS 
AND DRUG-ELUTING MEDICAL TEXTILES: FROM FIBER 
PRODUCTION AND TEXTILE FABRICATION TO DRUG LOADING 
AND DELIVERY

This chapter is mainly based on the following publication:
Rostamitabar, M.; Abdelgawad, A.M.; Jockenhoevel, S.; Ghazanfari, S. Drug-Eluting 
Medical Textiles: From Fiber Production and Textile Fabrication to Drug Loading and 
Delivery. Macromolecular bioscience 2021, 2100021.
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1.1 Wound and wound dressing
An injury or disruption of anatomical structure and function of the skin is defined 
as a wound [1]. A wound can be formed by external stimuli including heat, freezing, 
electricity, chemicals, radiation, and friction, or through surgical interventions. Other 
types of wounds can happen due to human body malfunction or illness such as diabetic 
foot ulcers, pressure ulcers, and venous and arterial leg ulcers [2].

The wound healing process occurs in highly ordered phases of hemostasis and 
coagulation, in which bleeding is stopped, inflammation, when essential cells are 
recruited into the wound area, proliferation, when the new tissue is being formed, 
and finally maturation, in which remodeling of the initially formed tissue towards a 
more mature tissue occurs [1,3]. Based on the nature of the healing process, wounds 
are categorized as acute and chronic. Acute wounds are typically referred to those 
that are fully healed within one to twelve weeks with minimal scars left. On the other 
hand, chronic wounds generally require a longer time to heal with the possibility 
of reoccurrence [4]. Chronic wounds have a higher potential to be infectious, are 
significantly more difficult to heal, and can also lead to serious issues such as limb 
amputation or death.

There are high health issues and cost burdens concerning wound care and management. 
In both types of wounds, accelerated wound healing is favorable for recovery, overall 
health, and cost issues. Wound dressings are fabricated to assist, facilitate, and accelerate 
the wound healing process and protect the wound site from the factors that may delay 
or obstruct healing procedures such as infection, contamination, and moisture loss 
[4,5]. An ideal wound dressing is biocompatible, non-adherent, bactericide, and has the 
potential to be loaded with bioactive agents to have sustained-release on the wound 
site. Also, it should provide a suitable barrier against the penetration of microorganisms, 
provide a moist environment around the wound, and have the capability to absorb 
wound exudates [6,7].

Wound dressing materials are produced from natural, synthetic polymers, and 
hybrid polymers in various forms of films, sponges, textiles, hydrogels, and aerogels. 
Biopolymers are favorable for wound dressing applications because of their high 
biocompatibility and environmentally friendly characteristics. They could also resemble 
the structure of the extracellular matrix (ECM) and have good biological recognition 
which is often lacking when using synthetic polymers [4,8]. Although so many wound 
dressing products have been already introduced into the market, there has been no 
single treatment in order to fulfill all requirements of the wound healing process yet. 
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promise to cover this gap and get closer to a multi-functional wound dressing.

Recently, a category of materials so-called ‘’cellulose aerogels’’ have shown promising 
results for being used in wound dressing application and drug delivery [9]. The 
most abundant organic polymer on earth, cellulose, is a linear and semi-crystalline 
carbohydrate polymer made of repeated D-glucose bounded by β(1-4) glycosidic bonds 
((C6(H10O)5)n) [10]. Cellulose biocompatibility, renewability, high moisture uptake, 
and biodegradability make it an interesting candidate for wound dressing application 
[11,12]. Furthermore, cellulose can be transformed into aerogel fi bers as novel functional 
materials with low density, high porosity, and a large specifi c surface area [13,14], all of 
which are important when it comes to the fabrication of an ideal wound dressing.

In the following sections, terminologies and the current state of the art in the fabrication 
of drug loaded cellulose based aerogel fi bers for biomedical applications are described. 
First, aerogel and its fabrication techniques with an emphasis on bioaerogels have been 
explained. Later, the importance of transforming aerogels into fi bers and textiles as 
well as common techniques to fabricate drug-eluting fi brous materials for drug delivery, 
wound dressing, and tissue engineering applications have been reviewed.

1.2 Aerogels
In 1931, Kistler introduced the term “aerogel” to describe a gel whose liquid phase is 
exchanged by a gas without collapsing the structure of the solid network [15]. Aerogels 
are a class of novel materials with high porosity (80-99%), low density (0.003–0.5 
g/cm3), and large specifi c surface area (100–1200 m2/g) [11,16]. These fascinating 
characteristics accompanied by fl exibility in the synthesis and variety of initial precursors 
have made the aerogels very promising candidates for multiple applications such as 
thermal and sound insulation [17,18], pollution absorption [19,20], energy damping, 
storage, conversion [21-23], and biomedical applications [11,14].

Aerogels are typically fabricated in three main steps: dissolving or dispersion of the 
precursors, gel or network formation, and removing the solvent via different drying 
techniques such as ambient drying, freeze-drying, or supercritical CO2 (scCO2) drying 
in order to preserve the three-dimensional (3D) porous structure. In the past few years, 
some other methods have been proposed for the fabrication of nonwoven aerogels 
including electrospinning [24] and solution blowing [25]. Among the aforementioned 
techniques, gel formation followed by freeze-drying or scCO2 drying method is the 
most reported and popular technique for aerogel fabrication. It should be noted that in 
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contrast to scCO2 drying, freeze-drying can not lead to nanoporous materials since the 
growth of the ice crystals causes pore size enlargement.

Inorganic materials such as silica, metal oxides, mixed metal oxides, modern metal-
based aerogels, and organic materials including a wide variety of polymers and 
biopolymers have been used as aerogel precursors [26,27]. Silica aerogels, as the first 
generation of aerogels, have been extensively studied and are even commercially 
available; however, due to their brittle nature and high production cost, their usage 
is limited [28]. Bioaerogels are a new generation of aerogels that has obtained more 
attention during the 21st century, thanks to their renewability, biodegradability, and low 
or non-toxic nature. Bioaerogels are made of natural polymers such as polysaccharides 
and proteins. Moreover, in comparison to silica aerogels, bioaerogels, especially 
polysaccharide aerogels, showed more ductile mechanical behavior [29,30]. Due to their 
different chemical functional group, such as hydroxyl-, carboxyl-, and amino groups, 
bioaerogels allow for targeted functionalization. Furthermore, their biocompatibility 
and biodegradability have made them suitable for a variety of biomedical applications 
such as tissue engineering, drug delivery, and wound dressing [12,29,31]. An overview 
of the progress of aerogel science from its invention to modern-day aerogels including 
examples of important precursors used in their fabrication process is represented  
in Figure 1.1.
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FIGURE 1.1. 
Timeline of aerogel science and technology progress from its invention to modern-day aerogels with 

examples of important precursors used in their fabrication. The timeline is not drawn to any particular 

scale. Abbreviations: PEG, polyethylene glycol; PPy, polypyrrole; PVA, poly(vinyl alcohol); PBAs, 

polyhydroxybutyrates; and PANi, polyaniline. Reproduced with permission [18], Copyright © 2021 American 

Chemical Society.
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1.2.1 Synthesis of bioaerogels
Bio-aerogels can be fabricated from fully dissolved polymer solutions or suspension/
dispersion of biomacromolecules. The focus of this thesis is only on the usage 
of polysaccharides in solution to produce aerogel fibers due to the limitation of 
suspensions for fiber spinning techniques. Bioaerogel synthesis route mainly consists 
of biomacromolecule dissolution, gelation, or network formation followed by solvent 
exchange from a solvent to anti-solvent and drying with scCO2 (Figure 1.2A) [32].

The network formation is a critical step of aerogel fabrication and it can occur by polymer 
gelation or by direct coagulation of the polymer solution. It is important to notice that 
the gelation of biomacromolucles is rather different from the small molecules and sol-
gel route and it does not necessarily include a polymerization step. Therefore, physical 
and chemical gelation has been proposed for biopolymers network formation. In the 
first route, physical interactions by chain entanglements or weak forces (e.g. hydrogen 
bonds, ionic bonds, and hydrophobic interactions) between chains are the dominant 
causes of gelation. However, chemical crosslinking between chains by cross-linkers is 
the main force of gelation in the second route. The polymer characteristics such as 
molecular weight, chemical structure, functionalization, and the synthesis conditions 
including polymer concentration, pH, temperature, and crosslinker concentration affect 
the gelation and the final properties of the aerogel [33,34].

The aforementioned gelation routes have been challenged in some studies for cellulose 
[35,36], pectin [37], and alginate [38]. It has been discussed that for some polysaccharides, 
there might be no gelation, but rather another phenomenon occurs; this is known 
as non-solvent induced phase separation or immersion precipitation. It has been 
suggested that phase separation through reducing the solubility of the polysaccharide 
by the gradual increase of non-solvent during the solvent exchange is causing the 
polymer coagulation and contraction. In the case of polysaccharides above the overlap 
concentration, where the conformations of individual chains start to overlap each 
other, the coagulated polymers will not precipitate even if no gelation happens in the 
solutions. This is arising due to the chain rigidity of polysaccharides, leading to a 3D 
structure from the coagulated polymer and finally shaping the network of the aerogel 
precursor [32,39].

1.2.2 General aspects of the aerogels drying methods
A schematic of the capillary forces applied during evaporative drying is displayed in 
Figure 1.2B. The liquid phase between the pores of the gel matrix typically forms a 
concave meniscus since cohesive intermolecular forces are lower among liquid-liquid 
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liquid, the meniscus curvature enhances, causing stress applied to the pore’s walls termed 
as “capillary forces”. The young-Laplace equation defi nes the capillary pressure by:

              Equation (1.1)

Pc is the capillary pressure within the pores (Pa), γ is the surface tension between the 
liquid and the gas phase (N/m), θ is the meniscus angle formed between the solid 
(pore walls) and the liquid phase (in °), and R is the pore radius (m).

By evaporation of the liquid, the capillary pressure increases and the porous structure 
starts to deform and shrink. Such capillary pressure is higher for pores with a lower 
diameter and can lead to cracks, densifi cation, and signifi cant damage to the gel 
network structure. In order to prevent such a destructive process, it is vital to remove 
the liquid-gas surface tension or make the meniscus angle as high as possible (close 
to 90°) utilizing chemical treatment. The gels without chemical modifi cation which 
are dried by conventional evaporation typically lead to dense, highly shrank, and low-
porosity materials so-called xerogels. Cryogels are fabricated from the freeze-drying 
technique (also known as lyophilization) in which the liquid phase is frozen and then 
sublimated by lowering the pressure. In cryogels, pore wall densifi cation and micro size 
pore formation occur due to the growth of ice crystals within the material.

Aerogels, on the other hand, are produced by supercritical CO2 drying in which above 
the critical temperature and pressure of CO2 (Tcritical ~ 31°C and Pcritical ~ 75 bars), 
densities of the liquid and vapor phases become equal leading to the formation of a 
single-phase supercritical fl uid within the network. This will omit the capillary forces 
and prevents the network from collapsing, volume shrinkage, and gel cracking. After 
extracting the solvent by supercritical phase, slow and isothermal depressurization of 
the supercritical phase continues till the gaseous state at ambient pressure is reached. 
CO2 benefi ts from low critical coordination, and it is commonly used due to its low cost 
and inert nature [32]. ScCO2 is also used as a medium to load drugs into an aerogel; this 
technique is thoroughly explained in section 1.4.3.6. Figure 1.2C illustrates the above-
mentioned drying processes of freeze-drying, evaporative drying, and supercritical 
drying in terms of phase changes. Moreover, biobased aerogels fabricated from natural 
polymers such as cellulose and chitosan are attractive as they confi ne their intrinsic 
chemical characteristics and the physical features of their nanostructure.

2 γ cos𝜃
R

Pc= 
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FIGURE 1.2. 
Schematic illustration of general process route of aerogel preparation from biomacromulecles (A), capillary 

pressure in liquid-gas interphases in the pore structure of the network (B), and various drying procedures 

of freeze-drying, evaporation, and supercritical CO
2
 drying (the critical temperature (T

c
) and pressure (P

c
)).

1.2.3 Aerogels based on cellulose and chitosan
The most studied bioaerogels are cellulose II [39,40]. Cellulose II aerogels are fabricated 
by dissolving cellulose in solvents such as N-Methylmorpholine N-oxide (NMMO) 
monohydrate, NaOH-water, salt melt hydrates such as zinc chloride (ZnCl2∙6H2O) and 
calcium thiocyanate (Ca(SCN)2∙6H2O), and ionic liquids. Various ionic liquids can be 
used for the fabrication of cellulose aerogels including 1-Ethyl-3-methylimidazolium 
acetate (EmimAc), 1-Allyl-3-methylimidazolium chloride (AMIMCl), and 1-Butyl-3-
methylimidazolium chloride (BMIMCl)). The dissolved cellulose can be coagulated in 
different anti-solvents such as water, alcohols, acids, and acetone and subsequently 
solvent-exchanged and dried. It should be noted that the final structural and mechanical 
properties of the obtained cellulose II aerogel are highly dependent on the type of 
solvent and anti-solvent [39]. Cellulose-based aerogels can be used in drug delivery and 
wound dressing applications due to their high drug loading capacity, biocompatibility, 
degradability, oxygen permeability, and high moisture and exudate uptake [11,12]. 
Depending on the shape and structural arrangement of cellulose aerogels, both fast and 
slow sustained drug release rates are achievable [31]. Furthermore, other bioaerogels 
from natural polymers with an anionic or cationic moiety such as chitosan have been 
studied to overcome the limitations of cellulose such as lack of antibacterial properties.
Chitin is typically extracted from the exoskeleton of arthropods, such as sea 
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a linear polysaccharide composed of β-(1→4) linked D-glucosamine (deacetylated 
unit) and N-acetyl-D-glucosamine (acetylated unit) [41]. The chitosan degree of 
deacetylation is typically varying from 60 to 95% and can signifi cantly impact the 
fi nal properties of the chitosan aerogel. In acidic conditions, at pH below pKa (~ 6.5), 
chitosan transforms into a cationic polyelectrolyte, while total charge density relies 
on the degree of deacetylation and pH conditions. Therefore, chitosan can react with 
negatively charged materials and is soluble in an aqueous acidic medium. Gelation of 
chitosan can occur by hydrogen bonding at pH > pKa or through chemical crosslinking. 
Chitosan is usually used to fabricate composite aerogels with cellulose, alginate, or 
pectin [42,43]. Chitosan aerogel can be utilized in drug delivery applications for instance 
to achieve fast dissolution of poorly water-soluble drugs in gastric acid media. It is 
also appealing material for wound healing, thanks to its hemostatic and antibacterial 
properties and the possibility to establish polyelectrolyte complexes with other bio-
based polyanions including alginate, pectin, carrageenan, xanthan gum, carboxymethyl 
cellulose, chondroitin sulfate, and hyaluronic acid [32,43,44].

1.3 Importance of transforming aerogels into fi bers and textiles
Some types of inorganic aerogels have already reached the market in construction 
materials and aerospace engineering, but the full potential of aerogels is still to be 
assessed for other sectors such as the biomedical fi eld. Despite the recent enhancement 
of polysaccharide aerogels’ research in the academic fi eld, their transformation to pilot 
and industrial scales is still pending. This is mainly due to the fact that even though 
the aerogels from biopolymers possess excellent textural characteristics, they suffer 
from poor processability, weak mechanical stability, high production cost, and time-
consuming fabrication process which are severe challenges for large-scale production 
of these materials [19].

Textile fabrication technologies could be the key to overcoming this issue via offering 
multiple processing techniques such as electrospinning, wet spinning, and solution 
blowing. Moreover, the fi bers can be fabricated in different sizes and have the potential 
to be transformed into various fi brous structures such as woven, knitted, braided, and 
nonwoven [20]. It can also reduce the time and cost of fabrications by reducing the 
drying time and utilizing available techniques in textile engineering, respectively [11,45]. 
In the current doctorate thesis, the aim was to transform bioaerogels from cellulose and 
chitosan into the fi bers and textiles by using two principal techniques of wet spinning 
and solution blowing followed by scCO2 processes. The products have been analyzed 
by different material characterization and in vitro assessment methods to check their 
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properties for biomedical applications of drug delivery and wound dressing.

In the next section, advances in fabrication and analysis of drug-eluting medical textiles 
for biomedical applications such as wound care, tissue engineering, and transdermal 
drug delivery are reviewed. From this, the technical requirements for the current study 
were derived and further developed into the overall concept.

1.4 Drug-Eluting Medical Textiles: From Fiber Production  
and Textile Fabrication to Drug Loading and Delivery
The market of medical textiles has great potential as it was worth USD 13.94 billion 
in 2014, which constituted 10% of the technical textile market in Europe and was 
predicted to increase its share to about 12% in the near future [46,47]. Various textile 
features such as their flexibility, light-weight, wide range of dimensions, surface, 
physical, and structural properties made these constructs favorable to be used in 
different medical applications [48,49]. Textile fabrics have been extensively used as drug 
delivery systems in wound dressings, synthetic skin graft substitutes, scaffolds for tissue 
repair and regeneration, and other topical applications [49,50].

Textile fibers are categorized into natural and man-made groups based on their origin 
or the way they have been produced. Natural fibers refer to naturally occurring fibers 
found in animals, vegetables, and minerals in which their properties depend on the 
source, the region where they have been produced or stored [51,52]. On the other hand, 
man-made textile fibers do not occur in nature although they might be made from 
natural materials in which the physical and chemical properties of the initial mater have 
been altered notably during processing. Man-made fibers can be made from synthetic 
and natural materials [52,53]. These fibers can be manufactured using different fiber 
production methods, such as melt spinning [54], wet spinning [55], and electrospinning 
[56] depending on the material used and the properties required for the final fibrous 
construct.

The cross-sectional shape of the fibers has a significant influence on their physical and 
mechanical properties, such as flexural rigidity, crispness, and stiffness [57]. Various 
shapes have been observed in natural fibers. For example, silk fibers have a triangular 
shape with rounded edges, while wool fibers have oval to round cross-sectional shapes 
[58,59]. Man-made fibers resulting from different production methods can also have 
different cross-sectional forms such as round, trilobal, and crenulated, and various 
morphologies, such as hollow and porous [50,60,61]. In addition, different types of 
polymers can be combined to produce fibers with the properties required for different 



11

CHAPTER 1

C
H

A
P

T
E

R
 1medical applications. For example, synthetic and natural polymers can be combined as 

the natural polymer can provide biological recognition and the synthetic polymer can 
be used for tuning the mechanical properties [62]. This combination can also appear 
in various morphologies, including core-shell structures,[63,64] micro/nanotubes, 
interpenetrating phase morphologies,[65] and nanoscale geometries, such as spheres, 
rods, micelles, lamellae, vesicle tubules, and cylinders.[66] Finally, produced fi bers can 
be assembled into a 3D construct as woven, knitted, braided, or non-woven.

In woven textiles, the fi bers are intermeshed together through a pattern called “warp” 
and “weft”, which typically results in a more robust and dimensionally stable structure 
than non-woven structures [67]. However, in non-woven textiles, no interwoven strands 
exist and fi bers are bound by applying heat, chemicals, pressure, or a combination of 
these methods. The mechanical and thermal properties can be tuned by orienting fi bers 
randomly or favorably in specifi c directions [50,68,69]; therefore, suitable constructs for 
various biomedical applications, such as wound care [70] and skin grafts [71], can be 
obtained. Finally, both woven and non-woven constructs can be functionalized with 
different bioactive agents using different drug loading methods [72].

Fibers can be loaded with bioactive agents or drugs using suitable physical or chemical 
processes. Examples of physical drug loading methods are absorption or adsorption, 
coating, and encapsulation, and examples of chemical loading methods are covalent 
conjugation and grafting [49,73-76]. Fibrous textiles used for drug delivery can also be 
categorized based on the mechanism by which the drug is released [77]. Some major 
types of releasing mechanisms are drug or solvent diffusion-controlled systems [78,79], 
chemically controlled systems, such as enzymatic or hydrolytic degradation [80], and 
externally regulated systems in which the application of an external stimulus, such 
as ultrasound or electrical fi eld, triggers the release of the drug [81,82]. The release 
mechanism of the drug-containing fi bers as a drug delivery system can be engineered 
based on the fi nal application to avoid unwanted results, such as burst effect.

To investigate the kinetics of drug release, various statistical methods, such as repeated 
measures design [83,84], and model-dependent approaches, such as zero-order model 
[85,86], have been developed based on the different phenomena which control the drug 
release profi les [87]. Among various kinetic models, the zero-order is commonly used as 
it provides a consistent delivery pace of the drug independent of the concentration [85]. 
Another simple and frequently used model of drug release kinetic is the Korsmeyer-
Peppas Model, the so-called power law, which describes the fractional amount of the 
drug released over time based on the assumption that the drug diffuses through the 
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polymer or the solvent diffuses inside [86]. Other models take more parameters, such 
as the effect of desorption, degradation, concentration gradient, and porosity, into 
account and thus provide more accurate outcomes [56,88,89].

Developing pioneering biomaterials with tunable physical and chemical properties 
that are qualified to provide controlled delivery of different biomolecules has great 
importance in the field of biomedical engineering. Hereby, the materials, production, 
and fabrication of drug eluting fibers, mechanisms of drug loading and delivery 
systems, and ultimately different biomedical applications of drug eluting textiles are 
discussed. Finally, the benefits and drawbacks of different types of drug eluting textiles 
and mechanisms of drug loading and release kinetics are summarized and potential 
future directions are provided.

1.4.1 Classification of fibers and materials
The main structural elements in textile products are made from natural and manufactured 
fibers. Natural fibers are sorted depending on their resource, originating from plants, 
animals, or minerals [49]. The most frequently used natural fibers in medical products 
are cotton, silk, and flax [90,91]. In addition, manufactured or man-made fibers can be 
divided into organic and inorganic fibers. Organic fibers can be further categorized 
into two large groups based on their sources which can be either natural or synthetic 
polymers [50,59,92]. Textile fibers classification, including some examples from each 
group, is shown in Figure 1.3.

1.4.1.1 Materials
By considering the difference in intrinsic functionality and physio-chemical properties 
of various materials, the selection of the right material or polymer plays a crucial 
role in designing and developing eluting drug textile. Natural, synthetic polymers, 
and inorganic compounds can be spun into fibers and form drug eluting textiles for 
versatile biomedical applications with varying properties, including macromolecule-
drug interaction, drug loading efficiency, and release profiles [93].

1.4.1.1.1 Natural polymers
Natural polymers are widely present and produced in living organisms and are used 
in numerous fields such as tissue engineering [94,95], the food industry [96,97], and the 
pharmaceutical industry [98,99]. Natural polymers are biodegradable, biocompatible, 
low/non-toxic, relatively inexpensive, and readily available in many parts of the world 
[100,101]. However, they have some drawbacks, such as batch-to-batch variations, an 
uncontrolled hydration rate, and a slow production rate [101,102]. Natural polymers are 



13

CHAPTER 1

C
H

A
P

T
E

R
 1obtained directly from living organisms, such as carbohydrates and proteins, and those 

made from renewable resources that need to be polymerized, such as lactic acid and 
triglycerides [103,104].

Carbohydrate polymers or polysaccharides are polymerized out of monosaccharides. 
Polysaccharides have a high molecular weight and can possess different charges or 
pH values. Various 3D structure of these macromolecules is governed by the linkage 
confi guration of monomers [105,106]. The most well-known carbohydrate polymer is 
cellulose which is typically obtained from processed cotton, wood pulp, or bacterial 
sources [107]. Cellulose and its derivatives are utilized for applications such as wound 
dressings due to their high tendency to form blood clots [8,108]. Furthermore, fi bers 
obtained from modifi ed polysaccharides such as alginates from algae, chitosan from 
crustacean shells, hyaluronan from the extracellular matrix (ECM), dextran and 
reticulated cellulose from bacterial fermentation are used for biomedical applications. 
Examples of polysaccharide-based products are wound dressings from alginate or 
bacterial cellulose [109,110], surgical sutures made out of cellulose, alginate or chitosan 
[111,112], scaffold materials or implants from chitosan, cellulose or hyaluronan [113,114].

Protein based fi bers have been commercially produced since the 1950s [115]. Protein 
based fi bers are widely used in medical textiles to possess biological recognition for cells 
to adhere to and promote cell infi ltration and proliferation compared to carbohydrates 
and synthetic polymers [50,116]. Protein based fi bers are obtained from living organisms 
using two main methods. In the fi rst method, proteins are dissolved by solvents or 
enzymes before being precipitated and reconstituted into fi brils. In the second 
approach, other elements of living organisms are removed by solvent or enzymes [117]. 
Natural proteins such as collagen, and gelatin from thermal denaturation or acid/alkali 
degradation of collagen, fi brinogen, glycoprotein, and elastin have been extensively 
used to produce medical textiles [100,103,118,119].

Natural polymers can be modifi ed via their functional groups, such as amino carboxylic 
and hydroxyl groups, to improve their functionality, such as solubility, using chemical 
[96] or enzymatic modifi cations [97]. For example, chitosan, the deacetylated form 
of chitin, is a water-soluble polymer at a low pH, while chitin is insoluble in typical 
regular solvents such as water, organic solvents, mild acidic or basic solution [43]. 
Fibers spun from some natural polymers lose their mechanical properties in the human 
body typically faster than required. Thus, hybrid materials are preferred when using 
natural-based polymers, especially proteins, to reach the desired physical properties 
and improve the processability [50,120-123].
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1.4.1.1.2 Synthetic polymers
Synthetic fibers are typically produced from chemicals or petrochemicals based materials. 
Through various polymerization processes, long molecular chains can be formed with 
different molecular weights and functional groups [124]. Therefore, engineering the 
structural characteristics of the material, such as melting point, crystallinity, and glass 
transition temperature, can lead to medical textiles’ advancement and innovation. Three 
classes of widely used synthetic fibers which dominate the market are nylon, polyester, 
and acrylic [125]. Other popular synthetic polymers such as poly lactic-co-glycolic acid 
(PLGA), polycaprolactone (PCL) [126], polyethylene oxide (PEO) [127], and water-
soluble polymers, such as polyvinyl alcohol (PVA) [128], poly(N-vinylpyrrolidone) (PVP) 
[129], are used to fabricate drug-eluting textiles for versatile biomedical applications. 
There are some challenges with the biocompatibility and biodegradability of synthetic 
fibers, however, they are more preferred than inorganic materials due to their carbon 
element based nature, which is more similar to the structure of biological tissue [130].

1.4.1.1.3 Inorganic materials
The inorganic fibers are composed mainly of inorganic chemicals, such as alumina, 
aluminum, carbon, silicon, and boron, which can be shaped into fibers after processing at 
elevated temperatures [131]. Inorganic fibers usually have high thermal and mechanical 
resistance. Many inorganic fibers, such as carbon nanotube, hydroxyapatite, and glass, 
have been successfully used in biomedical applications such as artificial hips [132], and 
vascular stents [131,133]. Figure 1.3 shows a summarized schematic of fiber classification.



15

CHAPTER 1

C
H

A
P

T
E

R
 1

FIGURE 1.3.
Classification of textile fibers and materials. Fibers are divided into two main categories of natural and man-

made fibers, each of which has several subgroups as shown in the figure.

1.4.2 Classifi cation of drug-eluting textiles
Drug eluting medical textiles can be divided into three leading categories of fi lament 
fi bers, woven, and nonwoven fabrics. Such textiles can be degradable or non-
degradable based on the nature of the base polymer from which they are made. Among 
these three categories, nanofi ber nonwovens have attracted more attention in recent 
years and have been extensively developed for various biomedical applications using 
different polymers. Additionally, individual fi bers produced in the form of continuous 
fi laments have been of great interest too. Such fi bers may contain the active bio-agents 
inside or chemically bond to their surface. Braided surgical suture for wound closure 
is an example of mono and multifi lament fi bers. Such continuous fi laments are usually 
manufactured using two main techniques of melt spinning and wet spinning based on 
whether the polymer is spun in melt or solution state [56,134-136].

Typically, natural fi bers have diameters ranging from 10 to 100 μm, and manufactured 
fi bers, using melt or wet spinning, could reach a similar diameter range. However, 
by using the electrospinning method, the size of produced fi bers could decrease to 
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the nanometer scale [50]. Nevertheless, electrospinning is considered as a textile 
manufacturing technique rather than a fiber production method since nonwoven mats 
are the output products and not single fibers. Ultimately, multicomponent spinning 
is an approach to combining two or several polymers in the spinning head using the 
aforementioned techniques which enables us to obtain fibers with a wide range of 
biological and mechanical properties [137]. Different classes of drug eluting textiles 
including various fabrication technologies are discussed in the following section.

1.4.2.1 Fiber production methods
1.4.2.1.1 Melt spinning
During melt spinning, the polymer granules or resin are heated within an extrusion to 
reach the melting point. The molten polymer is then extruded through the spinning 
head, and based on the number of spinneret holes, either mono- or multi-filament is 
obtained (Figure 1.4A) [134]. The geometry of the spinneret defines the cross-sectional 
appearance of the fibers which can be, for instance, round, trilobal or hollow [50,134]. 
Fibers are then cooled and solidified in the air and further post fabrication processes 
such as drawing, lubricating, twisting or entangling prior to being winded on a bobbin 
can be applied on them [49].

Melt spinning is typically performed using thermoplastic polymers with high 
degradation temperatures and low melt viscosities. Therefore, it is not possible to use 
this technique for some natural polymers, such as chitin or chitosan, due to the strong 
interchain forces that raise the melting point above the thermal degradation or the 
thermal sensitivity of the backbone [42]. However, polymers from renewable sources 
like poly(L-lactic acid) (PLA) [138], poly(ε-caprolactone) (PCL) [139], and cellulose 
derivatives, such as cellulose acetate butyrate [140], can be spun using this technique. 
Finally, due to the high processing temperature, melt spinning is typically not suitable 
for fabricating drug loaded fibers, especially when the drug is impregnated into the 
fibers during the spinning process [141].

1.4.2.1.2 Wet/gel spinning
In wet spinning, the polymer solution is extruded through a spinneret into an anti-
solvent in a regeneration bath where the fluid coagulates and regenerates into 
continuous solid filaments. Afterward, solvent and anti-solvent are washed, and fibers 
are drawn and dried before winding (Figure 1.4B). Dry-jet wet spinning is similar in 
principle to wet spinning; however, the only difference is that the polymer solution 
will be spun through an air gap before reaching the anti-solvent regeneration bath, 
causing higher molecular chain orientation compared to wet spinning [142,143]. Due 
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fi bers is often crenulated with multiple grooves [50,69,144]. Cellulose (viscose rayon) [64], 
chitosan [69], alginate [145], PCL [146] are some examples of natural polymers that have 
been spun using this method.

The spinneret diameter, air pressure, injection rate, concentration of the polymer, and 
the type of solvent and anti-solvent have a noteworthy impact on the characteristics of 
the fi nal fi bers [69,147]. For example, wet spun alginate hydrogel wound dressings with 
different fi ber sizes (~ 55-170 μm), Young’s modulus (0.026–0.148 MPa), swelling 
ratio, release effi cacy, water vapor transmission rate, and antibacterial activity were 
manufactured only by changing the spinning parameters such as air pressure (3-6 
bar), the concentration of alginate and calcium (1.5 to 3 w v-1% alginate; 0.5 to 5 
w v-1% calcium), and nozzle diameter (150-200 μm). The control sample (~ 60 μm 
diameter) was spun with the air pressure of 6 bar, needle size of 150 μm, and calcium 
and alginate concentration of 5 w v-1%, 1.5 w v-1%, respectively. In this study, the lower 
pressure or lower injection rate and longer manufacturing time formed loosely bound 
large-diameter fi bers (~160 μm, E=0.04 MPa), as it allowed more time for calcium to 
crosslink the fi ber. The ten-time decrease in the calcium concentration (0.5 w v-1%) led 
to the fabrication of thicker fi bers (80 μm) since the alginate molecules had more time 
to expand before complete crosslinking occurred [148].

Furthermore, co-axial wet-spinning fabrication can be utilized to create core–shell fi bers 
as a method to impregnate both hydrophilic and hydrophobic drugs in one structure. 
For instance, Wade et al. produced co-axial alginate-PCL microfi bers which were loaded 
with gemcitabine and nab-paclitaxel in the alginate core and PCL shell, respectively 
in order to treat unresectable pancreatic ductal adenocarcinoma. More than 94 % of 
the gemcitabine was released in the fi rst 10 h in the simulated body fl uid (SBF) and 
phospholipase D, while nab-paclitaxel exhibited a sustained release profi le over three 
weeks with less than 39% of the drug released in PBS [149].

1.4.2.1.3 Electrospinning
The fi rst usage of electrospinning to fabricate microfi bers and nanofi bers goes back 
to 1934, when Formhals released his work on artifi cial threads using the electrostatic 
procedure [150]. In this method, fi bers with diameters ranging from micrometer 
to nanometer from a polymer solution or melt subjected to an electric fi eld can be 
fabricated. The electrospinning system is composed of a syringe pump that controls the 
fl ow rate of the solution and a high voltage power supply connecting an electrode with 
a needle-like nozzle to a collector electrode (Figure 1.4C) [56,151-153].
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The final properties of the fibers are influenced by different processing variables such as 
voltage, nozzle to collector distance, needle diameter, flow rate, spinning ambient, and 
solution parameters, such as concentration, viscosity, conductivity, surface tension, and 
solvent volatility. Fiber orientation can be controlled by selecting the proper collector 
for a specific end application. Rotating drums or parallel plates can be used to produce 
fiber mats with aligned and unoriented fibers, respectively [154]. For example, for the 
fabrication of the scaffolds for vascular grafts, it is essential to produce tubular constructs 
with the fibers predominantly aligned in the circumferential direction mimicking the 
preferential alignment of the ECM fibers in native blood vessels [8,155].

The possibility of incorporating hydrophobic and hydrophilic drugs/proteins and 
metallic nanoparticles within the bulk phase of fibers makes electrospinning an efficient 
and highly flexible process to produce drug eluting fibers [56,156]. We reported the loading 
and controlled release of tetracycline hydrochloride (TC.HCl) from Curdlan nanofibers 
over a period of 6 hours [157]. Curdlan, an extracellular polysaccharide produced by 
Alcaligenes faecalis bacterium, was blended with polyethylene oxide in different ratios. 
Antimicrobial activity was acquired by loading TC.HCl to the fibrous system. The 
cross-linked nanofibers showed an initial burst release behavior in the first two hours 
due to the release of TC.HCL which is attached to the surface of poly(ethylene oxide) 
(PEO) nanofibers. Afterward, a sustained release profile over 6 hours was observed. 
Several other polymers, such as PLA [158], gelatin [159], PCL [160], and polymers from 
bacterial sources, such as polyhydroxyalkanoate [161], poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) [162], can be used to produce ultrafine fibers using electrospinning.

Moreover, a summary of spinning feed type and parameters as well as the resultant 
cross-sectional shape of the fibers using three spinning methods of melt spinning, wet 
spinning, and electrospinning are provided in Table 1.1.
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An overview of spinning methods, processing parameters and the resultant fiber shape [58,154,163].

a) Mw (weight average molecular weight), Đ (dispersity, Đ
M
 = Mw/Mn).

SPINNING METHODS

Melt spinning

Wet spinning

Electrospinning

Multicomponent

spinning

FEED TYPE

Granules

Resin

Thermoplastic- 
polymers

Solution

Solution

Polymer melt

Solution

Polymer melt

PROCESS PARAMETERS

- Viscosity

- Mw and Đa)

- Concentration

- Viscosity

- Mw and Đ

- Concentration

- Viscosity

- Conductiviry

- Surface tension

- Solvent volatility

- Mw and Đ

- Concentration

- Viscosity

- Ratio of components

- Components miscibility

- Mw and Đ

- Geometry of the

  spinneret

- Drawing ratio

- Take up speed

- Temperature

- Humidity

-Geometry of the 

  spinneret

- Air pressure

- Injection rate

- Anti-solvent

- Washing

- Drying

- Drawing ratio

- Take up speed

- Temperature

- Humidity

- Flow rate

- Needle diameter

- Applied voltage

- Tip to collector distance

- Collector types

- Temperature

- Humidity

- Similar to melt 

  or wet spinning

CROSS-SECTIONAL

SHAPE

- Round

- Squares

- Trilobal

- Ellipse

- Hollow

- Round

- Regular serrated

- Trilobal

- Hollow

- Round

- Segmented Pie

- Islands in Sea
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1.4.2.1.4 Multicomponent spinning
Multicomponent spinning technology can provide the opportunity to tune the 
mechanical and the biological properties of the fibers by, for example, combining a 
material with desired mechanical properties for the final use with another material 
possessing proper biological properties. Multicomponent spinning requires combining 
two or more polymers at the spinning head while the resulted fibers contain all the 
polymer components in isolated pieces of the cross-section [137,164]. Melt-spinning, wet 
spinning, and electrospinning can be utilized to form multicomponent fibers [56,165,166]. 
Moreover, it is possible to fabricate ultrafine fibers by multicomponent fiber spinning, 
using thermal treatments or dissolutions to remove the polymer matrix of some of the 
components of the fibers [50,164,167].

Bicomponent spinning is used to produce nanofibers via two essential techniques: (i) 
spinning islands-in-the sea (INS), which contains a large number of islands surrounded 
by the sea (matrix) polymer, and (ii) splittable bicomponent fibers, known as segmented 
pie fibers, which is another approach to produce nanofibers with noncircular cross-
section [164,166,168]. Furthermore, bicomponent fiber spinning can be used to spin a 
resorbable polymer sheath around a non-degradable polymer; drugs and bioactive 
agents can be loaded into the outer resorbable sheath and released at controlled rates 
based on the polymer thickness, molecular weight, and morphology [169,170].

Multicomponent fibers containing bioactive agents or function-regulating biomolecules, 
such as DNA and growth factors, are widely used in biomedical textiles [50,165,171]. 
They offer various fiber morphologies, such as core-sheath [63], side-by-side fibers [172], 
micro/nanotubes, and interpenetrating phase morphologies [65] as shown in (Figure 
1.4D). In addition, a large group of nanoscale morphologies [66] such as spheres, rods, 
micelles, lamellae, vesicle tubules, and cylinders are fabricated by self-assembly of 
block copolymers [165,173]. Therefore, multicomponent spun fibers have great potential 
to be designed and fabricated as drug eluting fibers.
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FIGURE 1.4.
The schematic of fiber production techniques and their representative morphologies. A) Melt-spinning 

method in which the molten polymer is extruded through the spinning head. B) Wet-spinning process 

showing that the polymer solution is extruded through a spinneret into an anti-solvent to form a solidified 

fiber. C) Electrospinning in which polymer solution or melt is subjected to an electric field to fabricate micro 

or nanofibers, and D) some examples of various morphologies of multicomponent fibers.

Each aforementioned fi ber spinning methods have advantages and disadvantages for 
producing drug eluting textiles. For instance, melt and wet spinning methods typically 
lead to fi bers with larger diameters compared to electrospining; however, an additional 
fabrication process is usually required to turn fi bers into textiles. In addition, melt 
spinning is considered as a fast solvent-free technique, but the degradation of polymers 
and incorporated drugs are likely to happen due to the harsh processing conditions 
such as high temperature and shear rates. Also, extended exposure to organic solvents 
during the spinning and regeneration might in wet spinning negatively impact the fi ber 
biocompatibility, but it is applicable to many natural based polymers and benefi t from 
mild temperature processing conditions. Although electrospinning is a simple, inexpensive 
technique resulting in submicron fi bers, the toxicity of the solvents and the instability of the 
jets, and the processing issues with conductive polymers can be highly challenging [141,174].
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1.4.2.2 Textile fabrication techniques
Textiles as the final processed products of the fibers are typically categorized to woven 
or nonwoven fabrics which are reviewed in this section.

1.4.2.2.1 Knitted fabrics
The knitting process creates forming loop stitches in rows (longitudinal direction of 
fabrics). These stitches intermesh with the next and previous rows and form either flat 
or tubular fabrics. Unlike weaving, where yarns are always running straight both in 
the transverse (warp) or the longitudinal (warp) directions, the yarn in knitted fabrics 
follows the forming sequence of symmetric loops above below the mean path of the 
yarn. These knitted loops are extensible in the course and wales (X and Y, respectively) 
directions, giving the knit fabrics much more elasticity than woven fabrics. Therefore, 
it is commonly used in medicated bandages and adhesive tapes [175]. Depending on the 
loops’ formation direction, the knitting process is categorized into two main classes of 
warp and weft knitting (Figure 1.5A-I, II) [176].

More fibers are involved in the knitting process than any other textile technology 
to allow the fabrication of complex 2D and 3D structures [177]. Li et al. developed a 
weft-knitted stent for colorectal cancer treatment from 5-fluorouracil (5-FU)-loaded 
polydioxanone membrane [178]. 5-FU was incorporated into the nanofibres and coated 
onto the surface of the knitted stent. The half-maximal inhibitory concentration (IC50) 
and the median lethal dose (LD50) validated that the membranes outperformed the 
pure 5-FU and exhibited higher antitumor activity due to the sustainable drug-releasing 
profile of the coated stent (Figure 1.5A-III).

Shanmugasundaram et al. developed wound-healing flat-knitted cellulosic fabrics 
coated with chitosan and alginates [179]. Chloramphenicol and tetracycline 
hydrochloride drugs were loaded into the coating polymers to improve the antibacterial 
and wound healing properties. A gel-like with chunky-complexed granules was formed; 
consequently, heterogeneous films were created upon mixing chitosan and alginates 
due to the electrostatic interactions between the amino groups in chitosan and the 
carboxyl groups in alginate. The study concluded that when the drug on the fabric’s 
surface is exhausted, the polymer coating on the surface provides a succeeding shield 
against bacteria.

In another study, an anti-inflammatory dressing was developed via eluting 
hydrocortisone (HCr) on activated cotton knitted fabrics for skin-friendly treatment 
of coetaneous [180]. Drug elution was attained either via covalent grafting of cotton 
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sodium sulfate in an ionic crosslinked chitosan-based hydrogel. The developed systems 
were deposited on the knitted fabrics and are meant for a temporary generation of HCr 
inclusion. Although the drug-loading method is different, the drug-release mechanism 
is relatively identical. In the case of MCT-β-CD, the wet conditions, due to perspiration, 
triggers the substitution of HCr from the internal hydrophobic cavity and promote its 
transfer to the dermis. For the hydrogel, the medium swells the chitosan-based hydrogel 
to form a mesh, and then the drug is diffused toward the dermis.

1.4.2.2.2 Woven fabrics
The woven fabric is made by linking two orthogonal arrays of yarns, the fi rst is the warp 
at 0 degrees and the second is weft at 90 degrees [181]. The yarns are seized in place due 
to the inter-yarn friction. The weaving loom technology is well established and provides 
low manufacturing costs through high productivity rates. The yarns’ interlacement 
acquires stability to the structure and enables complex shapes with no gaps. Different 
woven structures such as plain, twill, stain, and basket weaving are shown in Figure 
1.5B. In some medical applications, woven systems involve the assembly of fabrics 
that are encapsulated with drugs or active ingredients. Besides woven fabrics can 
be decorated with bioactive agents via physical absorption and coating or with the 
aid of modifi ers to bond them covalently [136]. Apart from drug releasing properties, 
medicated woven fabrics offer defi ned geometry, pore structure, as well as the strength 
that are suitable for various medical applications such as wound dressing, artifi cial skin 
grafts, and scaffolds for tissue engineering [182,183].

Aykut et al. investigated the weaving of polyvinyl alcohol yarn and cotton to produce 
a high strength drug delivery system. The woven fabrics were treated with different 
concentrations of aqueous crosslinkers, namely borax and glutaraldehyde solutions 
[184]. In another study, woven cotton and viscose-micromodal fabrics were loaded 
with caffeine nanoparticles for transdermal antioxidant patches. Once worn next to 
the skin, the system can deliver caffeine for several hours without any further action 
from the patient [185]. The self-assembled coating on woven cotton fabrics utilizing the 
layer-by-layer (L-B-L) technique to acquire antimicrobial properties was explored 
by Gadkari et. al [186]. In this study, chitosan loaded with silver nanoparticles 
(Figure 1.5C-I) was used to coat the surface of the fabrics (Figure 1.5C-II, III, IV). 
The sustained release of silver ions (Ag+) from cotton fabrics was confi rmed by atomic 
absorption spectroscopy over 48 hours.
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Bioactive woven cotton gauze is suitable for antimicrobial wound dressings; for 
instance, medical gauze was decorated with silver nanoparticles and medicated via 
acacia gum. The woven fabric was found active against the infectious bacterial strains 
Staphylococcus aureus and Pseudomonas aeruginosa [187]. Synthetic polyester fabric has 
been investigated as a carrier for skin lubrication via polytherapeutic substances. The 
loaded materials increased the durability and abrasion resistance of the textile fabric in 
addition to its medical effect [136].

In another study, the microgel particles from poly(N-vinylcaprolactam) and chitosan 
were prepared in calcium carbonate templates (CaCO3) (Figure 1.5C-I, II, III) to be 
on woven cotton fabrics for the treatment of sunburn (Figure 1.5C-IV, V, VI) [188]. The 
in vitro drug release behavior, in response to temperature, was evaluated at pH 7.4 in 
phosphate buffer saline. The drug-release profile exhibited extended-release above the 
lower critical solution temperature due to the shrinkage of the microgels. Mihailiasa 
et al. reported the mobilization of hyperbranched polymers on the surface of woven 
cotton fabrics. Nanosponges from hyperbranched β-CD were loaded with melatonin in 
water/ethanol suspension and mobilized on the surface of the fabrics [189]. A zero-
order kinetic behavior was observed for the functionalized fabrics as an indication of a 
typical reservoir diffusion-controlled system.
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FIGURE 1.5. 

Knitted and woven fabrics in drug delivery applications. A) Schematic drawings of different knitting 

patterns, (I) warp knitted, (II) weft knitted. Reproduced with permission [176]. Copyright 2000, Elsevier, 

and (III) weft knitted stent for treatment of colorectal cancer are presented. Reproduced with permission 

[178]. Copyright 2013, Elsevier. B) Schematic drawings of different woven patterns, plain (I), twill (II), stain 

(III), basket (IV). Reproduced with permission [190]. Copyright 2000, Elsevier. C) SEM images of chitosan-

silver nanoparticles (I), untreated woven cotton (II), and loaded woven cotton fabrics with nanoparticles 

(III, IV). Reproduced with permission [186]. Copyright 2020, Elsevier. D) SEM images of microgel particles 

from poly(N-vinylcaprolacta65m) and chitosan were prepared in calcium carbonate templates (CaCO
3
) 

(I), TEM image of porous CaCO
3
 (II), CLSM images of microgel after core removal (III), pure cotton fibers 

(IV), microparticle-loaded cotton (V), and microgel-loaded cotton (VI). Reproduced with permission [188]. 

Copyright 2017, Elsevier.

1.4.2.2.3 Nonwoven Fabrics
In general, nonwovens are widely used as medical textiles and are usually considered 
disposable products. Surgical gowns, masks, surgical drapes, pads, medical fi lters, 
and wound dressings can be made from nonwoven fabrics. Its high fl exibility, short 
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production cycles, and low-cost production are popular reasons for using nonwovens 
in medical applications. During the past several years, melt-blowing (Figure 1.6A), 
solution blowing (Figure 1.6B), needle-punching (Figure 1.6C), air laying, wet laying, 
chemical bonding, thermal bonding, hydro-entangling, spunbonding, and carding have 
been essential technologies for the formation of nonwovens for medical applications 
[191,192].

Most nonwoven fabrics are anisotropic, meaning having more fibers oriented in 
longitudinal (machine direction) than in the cross direction. The fibers entanglement 
in a web has a profound effect on the final web properties. Also, fiber configuration 
impacts fiber packing pore size, capillary dimensions, and capillary orientation. 
Although nonwovens possess several advantages when used as medicated wound 
dressing, such as optimal fluid absorbency, breathability, excellent barrier properties, 
lightweight, and comfortbale contact with skin, they inherit weak mechanical stability 
when compared with woven and knitted fabrics. This is mostly attributed to the lack of 
fiber interlacing and yarn locking [193].

The most recent nonwoven innovation is the fabrication of 2D and 3D nanofiber mats 
for implantable scaffolds, biological filters, and drug eluting systems. Recent advances 
in material science enabled the materials and devices to be fabricated on the nanoscale. 
The primary reason for minimizing the object size compartments to nano scales is 
to provide superior mechanical properties and a high surface-to-volume ratio [194]. 
Electrospinning has been widely investigated to produce nanoscale fibrous structures 
in various conditions such as immersion electron spinning in which the fiber collectors 
can be immersed in coagulant solutions (Figure 1.6D), and the fibers can be collected 
in the wet state. Different active materials such as drugs can be dispersed in the 
coagulation bath and loaded into the nanofibers upon their precipitation [195].

Different techniques are being used for nanofiber formation, among which biocomponent 
extrusion is widely used. In this technique, two different polymers with various blending 
ratios are spun together in the same fiber from the same spinneret. Usually, one fiber 
component can be removed by heat, solvent, or mechanical device, leaving the core 
fiber alone [196]. Another fiber formation process is the phase separation technique. 
It is a five-stage procedure in which the polymer is dissolved in a proper solvent 
followed by gelation, solvent extraction, freezing, and freeze-drying. This system relies 
on phase separation due to physical inconsistency between solvents and polymer. The 
dissolving agent is extracted and leaves the residual fibers dry [197]. On the other hand, 
nanofibers from polymer melts can be produced through the melt-blowing technology. 
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streams. Furthermore, self-bonded webs can be collected on a rotating drum or belt. 
The air jet creates a drag force that attunes the fi bers rapidly and dramatically reduces 
its diameter below the nozzle diameter.

Nagy et al. investigated the production of a melt-blown nanofi ber system based on 
a hydrophilic vinylpyrrolidone-vinyl acetate copolymer and PEO plasticizer for drug 
delivery applications [198]. In addition, the blowing of polymer solutions through 
concentric nozzles can lead to the formation of nanofi bers. Solution blow spinning 
was fi rst developed in 2009 by Medeiros et al. [199] to fabricate submicron fi bers at a 
high production rate. Nonwovens from PLA as well as PLA/poly(vinyl pyrrolidone) 
blend containing 20% (wt/wt) antimicrobial Copaibla oil [200]. A recent emerging 
method for nanofi ber formation is centrifugal spinning (Figure 1.6E) [201]. This 
spinning method relies on centrifugal forces to achieve the high production rate of 
nanofi bers. Both polymer solution and melt can be used to fabricate nanofi bers [202]. 
Stojanovska et al. were the fi rst to report the formation of lignin-based nanofi bers 
via an industrially scalable centrifugal spinning system [203]. The research aimed at 
the large-scale production of lignin/thermoplastic-polyurethane (TPU) nanofi bers for 
bioactive materials. In another recent study by Rampichova et al., a 3D PCL scaffold 
was loaded with a combination of TGF-β, IGF, and bFGF growth factors and was used 
as a delivery system in the treatment of skeletal disorders [204].

In general, non-woven and woven drug-loaded fi brous constructs are selected based 
on the fi nal requirements of the biomedical application. However, drug eluting woven 
and knitted fabrics provide more precise geometry, pore structure, and strength than 
nonwoven fabrics. On the other hand, nonwoven fabrics such as electrospun fi bers 
with smaller pore sizes are more feasible to reach nanostructures with sophisticated 
morphologies. Nevertheless, considerable challenges must be solved to scale up the 
fabrication procedure and transform electrospinning into a commercial and operational 
process [141,174]. For instance, the poor reproducibility, high dependency of processing 
conditions on polymer-solution nature, and limitation of the obtainable mesh thickness 
are the main challenges in the aspect of the mass production of nanofi ber fabrics [205].
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FIGURE 1.6. 
Schematic representation of some nonwoven manufacturing technologies from bulk fibers as well as 

nanofiber. A) Melt-blowing. B) Solution blowing. Reproduced with permission [192]. Open access, copyright 

“Creative Commons CC BY license”, Wiley. C) needle-punching. D) Immersion electrospinning. Reproduced 

with permission [195]. Copyright 2020, Elsevier. E) Centrifugal spinning (I). Reproduced with permission 

[206]. Open access, copyright “Creative Commons Attribution-NonCommercial 3.0 Unported Licence”, 

2017, the Royal Society of Chemistry, (II) an image of ethyl cellulose/polyvinyl pyrrolidone fibers fabricated 

from centrifugal spinning, (III) SEM images indicating micro- and nano-porous structures produced by 

centrifugal spinning. Reproduced with permission [207]. Copyright 2017, Elsevier.

1.4.3 Drug loading of fiber-based constructs
Drug eluting systems provide sustained delivery of drugs and other bioactive agents 
over a period of time from hours to months. Drug eluting fibers are recently used 
for delivering different kinds of drugs, such as antibiotics, anti-inflammatory drugs, 
growth factors, anti-cancer drugs, proteins, DNA, gens, and vaccines [208,209]. A variety 
of loading mechanisms are used to produce drug eluting fibers depending on the 
parameters such as the type of drug, fiber production method, and the expected drug 
release profile. For instance, the drug can be incorporated at the pre-spinning stage 
by mixing with a polymer solution or after spinning using methods such as coating 
and supercritical loading [75,210,211]. Coating [212,213], encapsulation [214,215], hollow 
fiber filling [216], ion exchange [217-219], inclusion complex [220,221], direct conjugation 
[222,223], hot-melt extrusion [224], and supercritical impregnation
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 1[75,78] are some important methods that have been used to load fi bers with drugs 

through physical adsorption, entrapment, and covalent attachment of the drugs to the 
fi bers [49].

1.4.3.1 Coating
Using this loading method, the drug is incorporated on the surface of the fi ber by 
immersing it in a drug solution [213] or by coating it with drug encapsulated micro- or 
nanoparticles [225] (Figure 1.7A). Several coating methods, such as electrochemical 
deposition [226,227], immersion [212], dispersion, and curtain coating[174] are used for 
drug incorporation onto the fi bers. Coating parameters such as pH, solids content, 
and coating thickness can be tuned to reach the desired coating [174]. In addition, the 
bioactive components can be grafted to the coating material. Therefore, the coating 
effi ciency is depended on the type of the material, the affi nity of the drug to the fi ber, 
coating thickness, and the coating formula [228].

One of the main issues in the controlled drug delivery systems is the initial burst release. 
There are some strategies applied to the coating procedure which can help to achieve 
sustained release over time, such as using microcapsules and adhesives drugs that can 
adhere to biological tissues for an extended period of time [225,229], repeated layers of 
drug coating on fi bers using L-B-L deposition [230], or taking advantage of processes, 
such as ultrasound, ion-beam, and irradiation [49,73,231]. For instance, Ma et al. [225] 

coated cotton fabrics with a solution comprised of tamoxifen drug microencapsulated 
in gelatin B and acacia gum as an anti-cancer drug for the treatment of breast cancer. 
Microcapsules remained on fabrics even after 5 and 10 cycles of washing. The coating 
was stable, and the compound was released over 10 hours after an initial bust release. 
The initial burst effect (30-60%, 1 hour incubation time) was attributed to the fact 
that a signifi cant amount of tamoxifen was loaded in the vicinity of the microcapsule 
surface.

In addition, different structures of fi bers can be formed using coating methods. For 
example, in a study by Zilberman [232], core-shell structures were created by coating 
the core polymers of poly(L-lactic acid) (PLLA) for eluting hydrophilic horseradish 
peroxidase and nylon for eluting hydrophobic paclitaxel. The shell was made out of drug/
protein-containing poly (DL-lactic-co-glycolic acid) to form a porous shell structure. 
The fi bers were dip-coated in fresh emulsions of the shell material and subsequently 
freeze-dried. The structure and pore size of the shell was tuned by organic:aqueous 
phase ratio, polymer concentration in the organic phase, and the amount of drug. Both 
types of drug loaded fi bers had an initial burst effect followed by a reduction in the 
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release rate over time, normal for diffusion-controlled systems. In most of the samples, 
the horseradish peroxidase and loaded PLLA fibers released 90% of the active agent 
over 90 days. Paclitaxel exhibited a very low initial burst effect (less than 3%), and 
over 30% of the drug was released within the first 30 days. It was shown that a suitable 
formulation of the emulsion could lead to a variety of new core-shell structures with 
favorable drug release profiles.

Coating can also be used to protect the drug layer or as an option for selective contact 
surface of the fibers with the target area [174]. For instance, dispersion coating in which 
polymer dispersions are applied and dried on the surface to make a uniform and non-
porous film, can provide a protective layer for drugs against possibly toxic substances 
by utilizing separate converting machines or printing press. Also, the desired drug-
coated surface area can be obtained by sealing the unwanted sides [141,174].

1.4.3.2 Encapsulation
In this method, incorporation of bioactive agents or drugs can be done either before the 
fiber production (Figure 1.7B-I), by homogeneously mixing the polymer and the drug 
solution [233], or during the post-fabrication process (Figure 1.7B-II), for example, by 
soaking swellable fabrics in a drug solution [122,234]. Encapsulation of drugs in the fibers 
is better performed in the preparation stage as a higher dosage of drugs can be loaded 
[215]. Loading the fibers through the pre-fabrication process depends on the solubility 
of the drug and the polymer. However, it depends on the swelling of the fiber and 
diffusion of the drug in the polymer matrix in post-fabrication [49,56]. In case of the low 
solubility of the drug or the polymer in the solution, drug-polymer suspensions can be 
prepared by dispersing fine drug particles followed by agitation or exposing the drug-
polymer solution to ultrasonic waves [73].

Furthermore, the drug eluting fiber can be made out of suspension by electrospinning 
[235], wet spinning [236], or microfluidic spinning [237-239]. In wet spinning and 
microfluidic spinning, encapsulation efficiency dramatically depends on the type of anti-
solvent used to regenerate and solidify the fibers as it might lead to partial dissolution 
of the drug [148,236,237]. Wu et al. [240] fabricated microfibers made of polyacrylonitrile 
(PAN) encapsulated with curcumin and vitamin E acetate. The encapsulation at the 
solution preparation stage was successful and both drugs were loaded; however, the 
actual drug loading content was lower than the theoretical drug loading content due to 
the diffusion of the drugs into the coagulation bath. The drug-loaded filaments showed 
a microvoid structure caused by entrapment of solvent and non-solvent molecules and 
subsequent drying of the fibers. The pores could enhance the specific surface area, air 
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 1permeability, and the drug release rate. Woven textiles from PAN fi laments showed 

good cytocompatibility with a prolonged drug release profi le over more than 600 hours.

1.4.3.3 Bioconjugation
In this approach, to couple the bioactive agents to the surface of the fi ber, the presence 
of functional groups, such as carboxyl [241], amine [242], and sulfonic groups [243], on 
fi bers are required. Surface functionalization can be performed using plasma treatment, 
wet chemical method, grafting, and co-spinning. When the surface is functionalized, 
drugs can be coupled to the surface of the fi ber by, for instance, chemical conjugation, 
such as covalent, or physical conjugation, such as adsorption [222,223,243,244].

1.4.3.3.1 Plasma treatment
In this method, surface adhesion and hydrophobic or hydrophilic properties can be 
tuned by altering the surface chemical structure. Furthermore, various functional 
groups, such as carboxyl and amine, depending on the gas used to create plasma, can 
be added to the surface (Figure 1.7C-I). Fiber surfaces with activated functional groups 
created by plasma treatment have been used to couple with protein-based materials, 
such as gelatin, collagen, laminin, and fi bronectin, to enhance cellular adhesion and 
proliferation [234,245,246].

1.4.3.3.2 Wet chemical method
Plasma treatment is limited to the surface area, whereas wet chemical methods, 
such as partial surface hydrolysis, can be a solution to increase the conjugation sites 
[247,248]. This means that the surfi cial ester linkages in the polymer chain backbones of 
biodegradable aliphatic polyesters under acidic or basic conditions will be chemically 
cleaved; therefore, carboxylic and hydroxyl groups will be generated while the polymer 
remains water-insoluble [222]. Sun et al. [249] investigated simple alkali hydrolysis as an 
effi cient way to modify polyesters, such as PCL, to couple a cell-recognizing peptide to 
a carboxylated surface.

1.4.3.3.3 Graft copolymerization
Another approach to conjugate bioactive molecules on the fi ber surface is via graft 
copolymerization. In this technique, particular monomers are covalently linked to the 
backbone of the macromolecule via free or controlled radical polymerization. The 
polymerization is often initiated with plasma or UV radiation treatment to create free 
radicals for the polymerization. (Figure 1.7C-II) [222,250]. Using this method, multi-
functional macromolecules with hydrophobic or hydrophilic groups can be tailored 
[222]. In a research done by Park et al. [251], poly(glycolic acid) (PGA), PLLA, and poly 
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(lactic-co-glycolic acid) (PLGA) electrospun fibers were functionalized using oxygen 
plasma treatment, and in situ grafting of hydrophilic acrylic acid (AA) to incorporate 
hydrophilic functional groups resulted in better fibroblast proliferation.

1.4.3.3.4 Co-spinning
In this approach, it is essential to achieve a homogenous polymer blend solution of 
nanofibers, nanoparticles, and functional polymer segments prior to spinning [49,222]. 
Functional groups can be located on the fiber surface via co-spinning of different 
polymers containing various functionalities (Figure 1.7C-III). For example, Sun et 
al.[252] fabricated antibacterial surface biofunctionalized electrospun PEO fibers as a 
host polymer and an oligopeptide conjugate. This was a single-step method to obtain 
surface biofunctionalized fibers which possess three repeated units of a triad serine, 
glutamic acid, and glutamic acid (Ser-Glu-Glu)3 using the co-spinning method.

1.4.3.4 Inclusion complex
An inclusion complex is a compound in which a small molecule (the guest) can be 
accommodated in its cavity (the host) (Figure 1.7D). Usually, inclusion complexes 
are referred to as textile slow-release systems due to their ability to release the guest 
compound in a slow and continuous manner [49,174,253]. Several large molecules such 
as CD, fullerene, azacrown ether, and their derivatives can be used to produce inclusion 
complexes [254,255]. The most well-known inclusion compound used in drug releasing 
textiles is CD, cyclic alpha-1,4 linked oligosaccharides consisting of numerous D-glucose 
units, alpha-, beta- and gamma. The hydrophilic interior and hydrophobic exterior of 
CDs make them favorable substances in the complexation of drugs [255-257].

The first step in loading fibers is to introduce cyclodextrin on the surface of fibers which 
can be achieved by using one of the bioconjugations explained in section 1.4.3.3.[220,221] 

Then, the surface of the fibers is ready to form inclusion complexes with bioactive 
agents for drug delivery purposes (Figure 1.7D) [253]. As an example of using CD, wool 
fibers grafted with β-CD using low-temperature oxygen plasma treatment and dyed 
with antibacterial natural colorant berberine [220] or polyamide fibers coated with a 
CD–ciprofloxacin [221] proved to have significant antibacterial activity.

Furthermore, CDs can be introduced into the fiber during fiber fabrication. For 
example, CDs entrapment within the fibers was achieved by melt spinning using 
materials such as polyesters and polyamides. It was shown that instant cooling of the 
fiber exiting from the spinneret forced CDs to migrate to the surface of the fiber and 
thus made them accessible to form complexes with drugs. This migration occurred 
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the fi ber [258,259]. In another research, Yildiz et al. [260] studied the potential of co-
spinning conjugated polymer and drug solution to fabricate self-standing and quick-
dissolving fi brous textiles from carvacrol/CD inclusion complexes. The result enhanced 
the hydrosolubility, thermal stability, and antioxidant activity of the fi brous web, which 
can have the potential to be used for food and oral care applications.

1.4.3.5 Ion complexes
Drugs can bind to the surface of the fi bers by using opposite charges in order to build 
ion complexes. Drug release is then relying on the external solution or the ability of 
the fi ber surface to preferentially exchange counter-ions that are infl uenced by the type 
and the concentration of the surface ion-exchange groups (Figure 1.7E) [49,72,141,174]. 
Ion complexes undergo a stoichiometric exchange reaction and can have extensive 
exchange potential, making them a suitable candidate as multiple drug carriers 
[80,218,219]. In a study by Liao et al.[217], fi bers from a blend of chitosan-alginate with 
charged surfaces were produced. Drug complexation was created with several bioactive 
charges including dexamethasone, BSA, growth factor (PDGF-bb), and avidin mixed 
with either chitosan or alginate solution. Electrostatic interaction among the charged 
fi ber and the charged drugs controlled their release mechanism and profi le from the 
fi bers; therefore, the elution time of the components from these fi bers ranged from 
hours to weeks.

In another study, Gao et al. [261] investigated the drug release from the poly(propylene-
g-styrene sulphonic acid) fi bers loaded with tramadol hydrochloride as a model 
drug. The tramadol was consistently delivered from the drug-loaded fi ber when 
iontophoretic, a non-invasive technique to increase transdermal penetration using a 
voltage gradient, was applied since combining ion-exchange fi ber with iontophoresis 
will decrease the fl uctuation of the drug release [262]. Some commercially available ion-
exchange fi bers are the Smopex® fi bers, which contain polyethylene backbone grafted 
with other polymers such as polystyrene sulphonic acid (Smopex®-101), polyacrylic 
acid (Smopex®-102) [263], or polyamide (Smopex®-108) [218]. In short, ion-exchange 
fi bers have demonstrated great abilities to release various ionic drugs loaded into ion-
exchange groups. These functional fi bers can be ultimately used to produce woven or 
nonwoven fabrics.

1.4.3.6 Supercritical CO2 impregnation
Supercritical impregnation is a mild temperature process to load fi bers with bioactive 
agents, providing a drug-loaded textile free of any solvent residue. CO2 above its critical 
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temperature and pressure, 31.1 °C and 73.8 bar, respectively, is in the supercritical 
state. The critical temperature of CO2 is relatively low and easily achievable, making it a 
mild solvent for temperature-sensitive materials. Supercritical CO2 (scCO2) is a ‘tunable 
solvent’ as its properties, such as viscosity, density, and diffusivity, can be controlled by 
varying pressure or temperature [45,60,75,264]. Furthermore, scCO2 has an intermediate 
behavior between gas and liquid, possessing a density similar to that of the liquid, 0.2-
1.5 g cm−3, and transport properties close to those of the gas. In addition, scCO2 is a 
dissolvable medium for nonpolar low molecular weight compounds; however, in case 
of poor solubility, a co-solvent like ethanol is used to increase the solubility of the polar 
molecules [75,265].

In biomedical applications, temperature and pressure ranges between 35-55 °C and 90-
200 bar have been investigated for drug loading [75,266]. This method has been mainly 
used in producing and loading aerogel. However, due to the low mechanical properties 
of aerogels in fibers, they have not been extensively investigated [39,45]. Drug loading 
in the aerogel fibers can be done either during gel preparation (Figure 1.7F-I), during 
the conventional sol-gel process, so-called solvent exchange (Figure 1.7F-II) [267], or 
during the post-treatment of the synthesized gel (Figure 1.7F-III) [27]. Post-treatment 
loading has been extensively utilized for non-aerogel materials too [27,266]. 

The post-treatment loading process consists of three main steps. At first, the solute is 
dissolved in the scCO2 and then the polymer is exposed to the solution of scCO2, where 
the bioactive agents and the solution diffuses into the polymer bulk. Finally, the last 
step is depressurization, in which CO2 and non-impregnated drugs are removed from 
the loading chamber [268,269]. The drug loading efficiency in this method depends on 
the solubility of the drug in CO2, CO2 sorption, polymer swelling, the affinity of the 
drugs to the polymer, and the processing factors, such as pressure, temperature, loading 
time, diffusion process, and depressurization conditions [75,269-271]. Some examples of 
loaded textiles are cellulose acetate (CA) fibers impregnated with menthol and vanillin 
[264], chitosan with dexamethasone as a scaffold for bone tissue engineering [272], and 
collagen and cellulose as a commercial wound dressing (Promogran®) impregnated 
with anti-inflammatory jucá (Libidibia ferrea).[273]

Using the supercritical impregnation method, fibers with different geometries can 
be loaded with hydrophilic or hydrophobic drugs. For instance, a dual-drug solvent 
exchange impregnation into core-shell electrospun nanofibers was achieved by scCO2 

method [274]. The scCO2 was able to load the model BODIPY 493/503, as a hydrophobic 
model drug, into the hydrophobic PCL core and impregnation of the Rhodamine B, as 
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polymer interactions improved the drug loading and caused a steady linear release. 
Since scCO2 localized the drugs throughout the entire fi ber matrix, scCO2 drug-loaded 
fi bers demonstrated a controlled and extended bimodal release compared to immersed 
fi bers in a solution containing the two drugs. Therefore, scCO2 can be used as a tunable 
medium for loading various drugs into a fi brous structure.

Selecting a suitable drug impregnation method is crucial in the fi nal properties of the 
fi brous delivery system. Therefore, several factors should be considered in the selection 
process including material or production cost, biostability, biodegradability, toxicity, ex 
vivo or in vivo drug delivery, and their compatibility with the fi ber/textile production. 
For instance, in the case of inclusion complexes, known for creating slow-release 
systems, modifi ed cyclodextrins costs are high; also their fi nal fi xation on the textile 
surface is required since high dosage release of cyclodextrins can be toxic [77,93]. The 
fi ber spinning condition, fi nal morphology, and drug loading capacity are other factors 
that can limit the choice of impregnation method. Nevertheless, conventional fi ber and 
drug loading production techniques such as coating and incorporating the drugs into 
the polymer or melt solution are yet favorable due to their simplicity.
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FIGURE 1.7.
Schematic representation of drug loading methods onto the fiber-based constructs. A) Coating; 

incorporation of the drug on the surface of the fiber. B) Encapsulation; incorporation of bioactive agents 

in the fiber matrix. C) Biocongjugation; coupling the bioactive agents to the surface of the fiber in the 

presence of the functional groups. D) Inclusion complexes; accommodation of a small molecule (the guest, 

drug) in the cavity (the host, drug carrier), where the complexes can be loaded on the surface of the 

fiber. E) Ion complexes; binding drugs to the surface of the fibers by using opposite charges to build ion 

complexes. F) Supercritical CO
2
 impregnation; the mild temperature process to obtain solvent residue-free 

drug-loaded fibers using CO
2
 above its critical coordination (31.1 °C, 73.8 bar).

1.4.4 Characterization of drug-eluting textiles
Several methods are used to characterize drug releasing textiles; however, the most 
common methods are those that determine the chemical functionality, biological activity, 
surface morphology, mechanical properties, durability and degradation, and drug-
loading and release kinetics. Infrared (IR) spectroscopy is widely used in identifying 
the chemical functionalities of fi ber surfaces. Most chemical functionalities absorb 
infrared frequencies that correspond to their molecular vibrational frequencies. IR can 
detect the majority of the mobilized compounds on the textile surfaces. In addition, any 
changes to the surface morphology of the textiles can be detected by scanning electron 
microscopy (SEM) [275]. The surface analysis can also give an idea about the durability 
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eluting textiles [276]. For the degradation studies, simulated body fl uids at physiological 
temperature are used. Enzymes can be added to the testing medium to accelerate the 
degradation of the base textiles [277].

Determining the biological activities of the medical textiles, especially, antibacterial 
properties is essential when antibiotics are incorporated. Test methods such as 
AATCC 100 and 147 are widely used in the antimicrobial assessment of textile fabrics. 
In addition, evaluation of the physical and mechanical properties of the drug eluting 
systems is essential in order to determine their suitability for different applications 
[278]. Finally, understanding the release behavior of the drugs is crucial to satisfy the 
requirement of the fi nal application. Different mechanisms of drug release from fi ber-
based constructs are thoroughly discussed in the following sections.

1.4.4.1 Drug release mechanisms
Textile-based drug release systems should be able to deliver the drugs effi ciently, 
accurately, and for a defi ned timeframe. The term ‘release mechanism’ illustrates the 
procedure in which drugs are transported or released [174]. In textile-based systems, 
regulation of the drug release rate is dependent on parameters such as geometry (size 
and shape), morphology, and material properties, such as swelling and degradation, of 
the carriers or host-molecules [72,141,174].

The most addressed drug release mechanisms are immediate, extended, and triggered 
or delayed release [72,174,279]. As shown in Figure 1.8A-I, in the immediate release, there 
is a rapid release of the drugs in a short time. However, in extended release (Figure 
1.8A-II), the drug is delivered at a lower rate constantly or variably over an extended 
period of time. Finally, in triggered release (Figure 1.8A-III), different stimuli, such as 
pH or temperature, initiate the release procedure, which can be immediate or extended 
[72,174].

1.4.4.1.1 Immediate release
In some circumstances, where an instant reaction is necessary, immediate drug release 
is preferred. For example, a rapid release rate of antibiotics in the fi rst hours following 
the biomaterial implantation is vital to avoid implant-related infection [280,281]. He et 
al. [282] spun a fi brous structure blend using electrospinning to incorporate a model 
drug TC.HCl into PLLA fi bers. The nanofi bers from the TC.HCl /PLLA blend showed 
an immediate release and prevented bacterial infection. Johnson et al. investigated the 
release of a hydrophobic model drug, Nile Red, from the emulsion electrospun fi bers 
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containing PCL (oil) and non-ionic surfactant, Span 80. The samples with and without 
surfactant exhibited an initial burst release continued by a slower continuous drug 
release over one hour. However, the burst release of the model drug from nanofibers 
with surfactant was lower, due to the interaction of the model drug at the interface of 
emulsion and the fiber body and the lower surface area of samples with the surfactant
 [283].

1.4.4.1.2 Extended release
In extended release systems, the drug is released at a constant or variable slow rate 
over an extended time [141,174]. In this systems, different phenomena such as diffusion 
[78], decomplexation [220], ion exchange [219], dissolution, erosion, swelling, and 
degradation [284] can control the release rate [285]. In systems such as fibers loaded with 
encapsulated drugs [215] or hollow fibers [135], the main mechanism of the release is 
based on the diffusion; therefore, the concentration gradient and diffusion coefficient 
govern the release rate. The release rate of inclusion complexes is controlled by kc and 
kd, the complexation and decomplexation constants, respectively [256], and is usually 
dependent on the interactiveness of the drug as the guest molecule and host molecule.

In some cases, the release rate is regulated by the dissolution rate of the macromolecular 
structure in which the drug is loaded. Examples of such systems are fibers loaded 
with encapsulated drugs in which the matrix is soluble in the surrounding media. 
Some drugs can bind to ion-exchange materials as explained in section 1.4.3.5. In 
ion-exchange textile systems, the eluting rate of the bioactive compounds attached to 
ion-exchange fibers is controlled by the ability of the textile surface to preferentially 
exchange counter-ions, the concentration of the surface ion-exchange groups, the ionic 
characteristics or the pH of the local medium, and the type of the ion-exchange material. 
In addition, erosion and degradation governed structures benefit from a biodegradable 
macromolecule that is gradually eroded or degraded and as a result, drugs are eluted.

The fiber erosion or degradation rate regulates the release rate of the drugs [285]. 
However, dissolution, ion-exchange, erosion, and degradation can be the mechanism 
behind triggered or delayed release too [72,174]. Volokhova et al. irradiated electron beam 
on paracetamol-loaded PCL electrospun meshes covered with pure PCL nanofibers. 
The combination of e-beam irradiation and the fibrous layer resulted in an extended 
release profile with no burst effect and enhanced drug release quantities over time 
since e-beam reduced the PCL molecular weight and the multilayers created a diffusion 
barrier and declined swelling [126].
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 11.4.4.1.3 Triggered or delayed release

A trigger/stimulus or time can determine the release of the drug in these systems. 
Therefore, the type of release can be immediate or extended based on the material and 
design. The release can be triggered by stimuli such as light, pH, temperature, ionic 
strength, sonifi cation, erosion, degradation, and dissolution. Therefore, consecutive 
release profi les over a longer period can be achieved [72,174]. Zhao et al. [286] fabricated 
a smart and tumor pH-trigged PLLA electrospun fabric for inhibiting cancer relapse. 
Mesoporous silica nanoparticles (MSNs) were loaded to the fi brous structure to extend 
the anticancer drug doxorubicin (DOX) release, which was physically adsorbed onto 
MSNs. CaCO3 inorganic caps were incorporated to temporarily block the pores of MSN 
loaded nanofi bers until the pH change triggered the drug release. CaCO3 caps were 
stable at physiological pH of 7.4; however, in an acidic media where protons were 
released from the tumor cells (pH < 6.8), CaCO3 gates dissolved into biocompatible Ca2+

(cations) and released CO2 gas. This phenomenon led to increased water penetration 
into the PLLA nanofi bers and accelerated DOX release. This pH-dependent drug-loaded 
fi brous system can inhibit long-term exposure of drugs to healthy cells by preventing 
drug release at non-acidic conditions.

In this study, three main groups of PLLA fi bers co-electrospun with DOX (Figure 
1.8B-x,w,x’), MSN-DOX (Figure 1.8B-y,v,y’), and MSN-DOX-CaCO3 (Figure 1.8B-z,u,z’) 
were fabricated, and SEM, transmission electron microscopy (TEM), and energy 
dispersive X-Ray (EDX) were used to analyze the morphology of fi brous structures 
and the effect of drug loading on the fi ber structure. Comparing the release profi les of 
DOX loaded fi bers (Figure 1.8C-I) with the electrospun CaCO3 caped fi bers (Figure 
1.8C-II) at various pHs demonstrated signifi cant pH-dependent drug eluting behavior. 
Moreover, sustained drug release over a period of 40 days from MSN-DOX-CaCO3 fi bers 
was observed only when the environment became acidic (Figure 1.8C-III). Finally, this 
example showed the importance of the triggered release in providing a sustained drug 
release while minimizing the damage to untargeted tissues.
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 1FIGURE 1.8.

Drug release mechanisms. A) Most common examples of drug release mechanisms, immediate, extended, 

and triggered or delayed-release. B) SEM (x,y,z) and TEM (w,v,u) images of PLLA fibers co-electrospun 

with (x,w) DOX, (y,v) MSN-DOX, and (z, u) MSN-DOX-CaCO
3
. EDX spectra of x’) PLLA-DOX, y’) PLLA-MSN-

DOX, and z’) PLLA-MSN-DOX-CaCO
3
. C) Drug release profiles of I) PLLA and II) PLLA-MSN-DOX-CaCO

3

at various pH conditions. III) Schematic explanation of drug release mechanism of electrospun fibers. The 

interaction of protons (H+) from the acidic media diffusion into the nanofibers; protons react with the CaCO
3

channel gates of MSN to release the encapsulated DOX inside the mesoporous structure and produce CO
2

gas, causing water penetration into the PLLA fibers and accelerating the DOX release. B and C reproduced 

with permission [286]. Copyright 2015, Elsevier.

1.4.4.2 Kinetics of drug release
The drug release kinetics from fi ber-based structures is infl uenced by various mechanisms, 
vigorously relying on polymer-drug system properties and interactions, such as physico-
chemical characteristics of the drug, fi ber spinning and loading methods, the solubility 
of the drug in the release medium, and the interactions between the loaded material 
and the target tissue [49]. Various mass transport mechanisms, including diffusion, 
swelling, dissolution, erosion, or a combination of them governs the drug extraction 
from a polymer matrix. Generally, hydrophilic drugs release occurs through simple 
diffusion, whereas water-insoluble drugs release happens by swelling or erosion of 
the macromolecule matrix [287]. Mathematical models have been proposed to describe, 
quantify, and predict the kinetics of drug release. Therefore, fi tting experimental data 
on drug release with various mathematical models is a key to understanding how the 
polymer-drug systems affect the transport mechanisms to tune therapeutic parameters, 
such as the drug dose, release rate, and the release time.

The drug dissolution rate in a medium can be explained by:

     Equation (1.2)

As dC/dt is the dissolving rate, D the diffusion coeffi cient of the drug, h the width of the 
diffusion path, A the surface area of the subjected polymer to medium, Cs the saturated 
amount of dissolvable drug, and C(t) the drug concentration in the release medium at 
time t.

The drug release profi le can be obtained by plotting the drug release fraction versus 
time:
     Equation (1.3)

Q(t) is the cumulative fraction, Mt is the amount of drug at time t, and Mtot is the total 
amount of loaded drug.

dC
dt

Mt

Mtot

= D.Ah(Cs-C(t))

Q(t)=
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The release profiles of each polymer-drug system can be assessed and explained 
by a mathematical model. The statistical coefficients, namely the higher coefficient 
of determination (R²) and the lower AIC (Akaike Information Criterion), are used 
to check the accuracy of the model to justify the experimental data. Therefore, the 
mechanisms with the highest potential to control the drug release can be recognized 
from the best fit model (Figure 1.9A). Several common mathematical models applicable 
for macromolecule systems, zero-order, first-order, Higuchi, Korsmeyer-Peppas,  
Hixson-Crowell, and Peppas-Sahlin, are reviewed in the following sections with an 
emphasis on drug eluting fibers.

1.4.4.2.1 Zero-order model
Zero-order kinetics is an “ideal” linear drug release profile. The eluting rate is 
independent of the drug concentration in the system and remains constant over time 
[288,289]. This model can be explained by:

Q(t) = k0tn					     Equation (1.4)

Where Q(t) is the cumulative fraction of the drug released at the time t, k0 is the constant 
rate or apparent dissolution rate, and n is geometrically dependent, 1.0 for a thin 
film, 0.89 for a cylinder, and 0.85 for a sphere. In some studies, the researchers have 
considered electrospun meshes as thin films, while for single micro-fibers, the cylinder 
geometry seems to be more accurate.

A graphical representation of the model is shown in Figure 1.9B-I. Zero-order release 
typically happens in transdermal or osmotic systems and for prolonged-release from 
a system that doesn’t break down when loaded with a very low soluble drug. Ahadi 
and coworkers [290] fabricated electrospun vancomycin hydrochloride (Vanco HCL) 
loaded PLLA fibers. The electrospun fibers were added to a silk fibroin/oxidized pectin 
hydrogel as a secondary structure where drug-loaded hydrogel/fiber complexes were 
fabricated. During the first day (24h), the release amount of vanco HCl from drug-
loaded hydrogel was 35.97% while from hydrogel/fiber composite was 13.83%. The 
drug release mechanism in such a gel-fiber system can be complicated and affected by 
parameters such as polymer degradation, hydrogel swelling, and hydrophobicity or 
hydrophilicity of the fibers. In order to evaluate the kinetics model, maximum linearity 
was considered to check the accuracy of the model. The drug-loaded hydrogel/fiber 
proved to have zero-order release with K0=3.307 and R2=0.98.
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 11.4.4.2.2 First-order model

First-order release kinetics is corresponding to the amount of the loaded drug in the 
matrix. This model results in constant release overtime, and the rate is only dependent 
on the initial drug concentration [291]. The cumulative released fraction can be described 
by:

Q(t)=1−exp(−k1t) or log(1−Q(t))=k1.     Equation (1.5)

where (1 – Q(t)) indicates the residual fraction of drug at the time t in the system, and 
k1 is the fi rst-order constant (Figure 1.9B-II).

The fi rst-order kinetics is favorable for the sustained release of the drug delivery 
systems. For example, it can be observed in systems consisting of water-soluble drugs 
loaded in a porous matrix, where the release rate is only controlled by diffusion or 
dissolution.

Painely et al. [214] studied a drug delivery system based on gelatin nanofi bers for two 
contraceptive drugs comprising levonorgestrel (LNG) and ethinylestradiol (EE). In the 
case of individual loading of the drugs, it was observed that the release of EE was 
altered by the initial content of the loaded drug, whereas no signifi cant difference was 
seen for the LNG with a sustained release of 30–35 μg day-1. This could be attributed 
to the hydrophobic nature of LNG as no signifi cant difference in morphology of the 
loaded fi bers with increasing the LNG dosage was observed. On the other hand, fi bers 
loaded with both LNG and EE showed a minor burst release on the fi rst day, followed 
by a sustained release of both drugs up to 7 days.

In addition, LNG release was ~ 4–5 fold increased in dual drug-loaded samples 
compared to single LNG loaded fi bers due to the combination of drugs. In vitro LNG 
release kinetics could be fi tted by zero-order and fi rst-order models with R2 ≥ 0.99 
for both models. EE/gelatin nanofi bers were described convincingly by zero- and fi rst-
order models with R2 in the range of 0.93–0.97. In the case of dual drug loading, the 
release of LNG and EE were described by zero-order and fi rst-order models for LNG 
(R2 ≥ 0.99), whereas Higuchi and Korsmeyer-Peppas model, explained in the following 
section, could better describe the EE release (n=0.49, R2 ≥ 0.97).

1.4.4.2.3 Higuchi model
There was no mathematical model to explain drug dissolution from matrix systems 
until the 1960s. One of the earliest models has been described by Higuchi [292] which 

t
2.303
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was initially effective only for a planar matrix but later was adjusted to be applied 
to different geometries and matrices [293]. Higuchi model is based on Fick law and 
describes the release kinetics of a hydrosoluble drug dispersed in a homogeneous solid 
matrix. Drug release happens by Fickian diffusion of the release medium and the drug 
within the pores macromolecule structure. The model is justifiable if the diffusion 
coefficient or matrix geometrical dimensions of the matrix are persistent over time [292], 
meaning that it does not apply to cases such as swellable or soluble delivery systems.

The cumulative released fraction in this model is:
Q(t)=√

      
  × (2md−εSd)t 				    Equation (1.6)

where ε is the polymer porosity, τ is the capillary tortuosity factor, md is the initial 
amount of the drug, and Sd is the solubility of the drug. Tortuosity is used to describe 
diffusion and fluid flow in porous media and it is the proportion of radius and branching 
of the pores and canals in the matrix.

This model is simplified as:

Q(t)=kH√t 			   Equation (1.7)

where KH is the release constant of the Higuchi model. As expected from Fick’s law, 
the amount of released drug is proportional to the square root of time. A graphical 
representation of the model is shown in Figure 1.9B-III.

In a study by Pisani et al. [294], gentamicin sulfate (GS) was encapsulated into polylactide-
co-polycaprolactone (PLA-PCL) electrospun nanofibers. Due to the antibacterial activity 
of the GS-loaded fibrous meshes, they were used for topical controlled drug delivery for 
treating infected skin and gum or for preventing infection in bone surgery. The kinetic 
release of the drug-loaded fibers could be predicted and explained by the Higuchi 
kinetic model, both in dynamic and static conditions (R2 ≥ 0.9).

1.4.4.2.4 Hixson-Crowell model
The Hixson-Crowell model is based on two assumptions; drug release is limited only by 
drug dissolution rate, and the matrix erosion happens by decreasing the dimension of 
the matrix while keeping the initial shape constant [295].

√M0 −  √Mt = kHCt 			   Equation (1.8)

Dε
τ

3 3
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 1where M0 is the initial amount of the drug in the system. The remaining drug in the 

system at time t is Mt , and kHC is the constant of incorporation, which connects the 
surface and the volume of the drug.

The Equation (1.8) could be simplifi ed by dividing it by √M0 :

( √1−Q(t))=1− kβ.t   Equation (1.9)

where (1-Q(t)) is the remaining fraction of drug within the polymer matrix, and kβ is a 
release constant (Figure 1.9B-IV).

Hixson-Crowell model could satisfactorily represent the release kinetics of curcumin 
(CUR) loaded in zein (zein-CUR) electrospun fi bers, where the morphology and the 
size of fi bers were strongly dependent on CUR loading dosage. This was mainly due 
to the hydrogen bonding between CUR and the fi bers and a slight increase in the Tg 
of the zein matrix. In the case of 20% w/w CUR loading, around 70% of the drug was 
released in 180 minutes. Furthermore, a higher dosage loading caused a faster release 
rate due to the diffusion-controlled release behavior of the system which was derived 
from CUR dosage change.

By investigating several models for three different CUR loading dosages, the fi rst-
order model exhibited the highest value of R2 (0.9940-0.9969), indicating that the 
CUR diffusion in fi bers might be a rate-limiting step. Furthermore, the release profi le 
was explained by Hixson–Crowell model with a relatively high R2 (0.9638-0.9896), 
which additionally clarifi ed that the CUR release from the fi bers was mainly based on 
diffusion rather than the matrix erosion mechanism. Finally, the system was evaluated 
for antibacterial activities using Escherichia coli and Staphylococcus aureus bacteria. The 
outcomes showed good antibacterial activity towards the targeted bacteria where the 
bacterial inhibition capability improved with the increased CUR contents [296].

1.4.4.2.5 Korsmeyer–Peppas model
The Korsenmeyer-Peppas, as a semi-empirical model, explains the exponential 
relationship between the release and the time. It is mainly used to inspect the release of 
the drug from a hydrophilic polymer-based system [297,298]. The model is expressed by:

Q(t)=     =KKPtn     Equation (1.10)
Mt

M∞

3

3
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Where Kkp is the constant accounting for the dimensional properties of the system, also 
assessed as the release rate constant, and n is the exponent of release related to the 
drug release mechanism as shown in Figure 1.9B-V. This model can be used when the 
release mechanism is unknown or when more than a known mechanism is involved. 
The dominant physical mechanism of drug release is recognized by obtaining the value 
of the exponent n based on the optimal fit with experimental data (for (t)< 60%) and 
the system dimension.

Fickian diffusion or non-Fickian mechanisms alter with the rate of solvent diffusion. 
In the case of n = 0.45 or fickian diffusion, the typical molecular diffusion of the drug 
occurs due to a chemical potential gradient. In other words, the rate of solvent diffusion 
is much slower than polymer relaxation (swelling or/and erosion of matrix) time. This 
case is similar to the model described by Higuchi for fickian diffusion. However, in 
non-Fickian mechanisms, when 0.45 < n < 0.89, the release is controlled by both 
diffusion and macromolecule relaxation (swelling or erosion) since solvent diffusion 
and polymer relaxation occur at comparable time rates. When n= 0.89, the mechanism 
is governed by polymer relaxation, which is similar to zero-order kinetics. Finally, in the 
case of n > 0.89, an extreme form of transport, called non-Fickian diffusion, driven by 
the acceleration of solvent penetration occurs.

Generally, these models have been used to study drug delivery from sources such as 
tablets, hydrogels, membranes, and fibers. The water molecules in the majority of the 
studied systems are the initiators of the drug release process through swelling of the 
loaded polymer matrix [299,300]. Furthermore, the rate-restricting phenomena for a 
hydrophilic drug loaded in water-insoluble and non-erodible fibrous structure, such as 
CA nanofibers, is diffusion through typically a hydrophobic hindrance [301].

For instance, gallic acid (GA) was microencapsulated in PCL by solvent vaporization, and 
the homogenous PCL–microspheres were applied onto textile substrates of cotton and 
polyamide. GA has shown biological activities, including antioxidant, antityrosinase, 
antimicrobial, anti-inflammatory, and anticancer properties [300]. The apparent 
diffusivity, D, was obtained using the Fick’s second law, Higuchi model (Equation 
1.7). The kinetic studies done using Korsenmeyer-Peppas equation proved that the 
hydrophobicity and affinity of the textiles and GA affected the eluting mechanism. 
The apparent diffusion coefficients were predicated on plane surfaces. For cotton, an 
explicit Fickian diffusion was obtained (n ≈ 046, n ≤ 0.5); however, for polyamide, the 
diffusion was anomalous (n ≈ 0.63, 0.5 < n < 1).
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 1Moreover, no differences were found in the Kkp (Equation 1.10), which is the constant 

comprising the dimensional properties of the system.

1.4.4.2.6 Peppas-Sahlin
Peppas-Sahlin is a power-law model originated from Korsenmeyer-Peppas (Equation 
1.10) which take into account the role of two physical mechanisms: diffusion and 
macromolecule relaxation [302]. This model is expressed by:

Q(t)=       = KFtm+KRt2m=F+R   Equation (1.11)

where KF is the diffusion constant, KR is the relaxation constant, and m is the Fickian 
diffusion exponent of a matrix of any dimensional shape (cylinders, tablets, and fi lms).

The model assumes that drug is eluted from any matrix, disregarding of its dimensional 
structure shape, consisting of a Fickian and a relaxation term. If the Fickian character 
can be stated as a function of tm, the polymer relaxation role can be indicated as a 
function of t2m. The Fickian diffusional exponent, m, differs with the ratio between the 
width and height of the matrix in which Peppas and Sahlin defi ned it as 2a/l, where 
2a is the width (diameter) and l is the height (thickness) (Figure 1.9B-VI). The drug 
release by the Fickian mechanism, F, is obtained by:

F=   Equation (1.12)

And the ratio of relaxation over Fickian is:

   Equation (1.13)

PLA/polyvinyl alcohol (PVA) core-shell nanofi ber scaffolds loaded with BMP-2 proteins 
to enhance the recovery of alveolar bone tissue were used in a study. Albumin was 
utilized as a model drug to optimize fi ber production and loading parameters. 
Fabricated core-shell nanofi bers released 30% of the loaded albumin while PVA 
monolithic fi bers released 92% of the encapsulated albumin in 1 h. Peppas-Sahlin could 
suffi ciently explain the release of albumin (R2> 0.98, m=0.45), suggesting that the 
albumin release occurred through the Fickian diffusion process. Based on the in vitro 
results, cell viability, adhesion, and proliferation were observed [303].

Mt

1

KR R

M∞

1+KR / KFtm

KFF = tm
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Other models such as Hopfenberg [304], Gallagher–Corrigan [305], Weibull [306], have 
been also utilized in different research studies to predict the drug release from various 
drug-loaded materials. In summary, these models are valuable tools to discover the 
exact mass transport and quantitative estimation of drug release. Using these models, 
scientists are able to design a controlled and tunable release from drug-eluting systems 
in various applications. Examples of the applications that have used the drug-eluting 
systems are reviewed in the next section.

FIGURE 1.9. 
Representation of the release kinetics models. A) Evaluation process of experimental drug release data 

with empirical models. B) linearized plots of most common release model drugs, I) Zero-order model, II) 

First-order model, III) Higuchi simplified model, IV) Hixon-Crowell model, V) Korsmeyer-Peppas (power-law 

model), and VI) Peppas-Sahlin, variation of the Fickian diffusional exponent, m, with the aspect ratio, 2a/l, 

where 2a is the diameter (width) and I is the thickness (height) of the matrix. Reproduced with permission 

[87]. Copyright, 2015, Elsevier; originally from [302] copyright 1989, Elsevier.
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A wide spectrum of drug-loaded textiles has been designed to deliver various bioactive 
agents in various manners. Numerous manufacturing processes alongside the loading 
methods of various pharmaceutical agents have made the drug eluting fi brous system 
an interesting candidate for three main application areas of wound care, tissue 
engineering, and transdermal drug delivery system (Figure 1.10A). 

1.4.5.1 Wound care
An ideal wound dressing has characteristics such as oxygen and water vapor permeability, 
resistance to the penetration of microorganisms, and antimicrobial activity to prevent 
infection. Furthermore, it should be easy and comfortable to apply to the wound, 
minimize the pain, and inhibit bleeding [44,174]. The delivery of bioactive agents has a 
signifi cant role in the wound-healing process. This includes a wide range of compounds 
and measures including antimicrobials to avoid or heal infection, growth factors to help 
cellular proliferation, cleansing or debriding agents for eliminating necrotic tissue [49]. 
The biomaterials used for wound dressing should also be biocompatible and assist the 
growth of skin cells. Woven and nonwoven textiles that have small pore sizes to permit 
controlled fl uid transport and resist the infi ltration of infectious microorganisms can 
be sued for this application. Moreover, both degradable and non-degradable materials 
have been used for the production of wound dressings [49,174].

Degradable polymers are suitable candidates to be used as skin scaffolds, whereas 
non-degradable polymers can be employed as temporary wound dressings [307]. As an 
example, polyurethane (PU), as a non-degradable polymer, has been used for wound 
dressing applications due to its elastic properties [308]. However, it is also possible to 
synthesize PU in a degradable form, such as poly(ester-urethane) urea (PEUU), which 
could be used as a scaffold for skin tissue engineering [309]. If an individual material 
cannot satisfy the requirements of the application, a combination of various materials, 
such as degradable and non-degradable, can enhance the fi rmness, spinnability, 
strength, wettability and bioactivity of the fi brous system.

Medical device-related infections and antibiotic-resistant issues require anti-infective 
materials to preserve wounds and medical devices [310]. In this direction, the utilization 
of chitosan as a base material for antimicrobial wound dressings was explored. 
A tri-component antimicrobial nanofi ber composite from chitosan/polyvinyl alcohol/
silver nanoparticles was developed via electrospinning [311], where green chemistry 
principles were applied. Chitosan was employed as a capping agent and glucose as 
a reducing agent for silver nanoparticles (25 nm diameter). Nanofi bers with 150 nm 
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average diameter of regular cylindrical shape morphology were obtained upon blending 
chitosan/silver nanoparticles with PVA and cross-linking with glutaraldehyde. The 
release profile of silver ions from nanofiber mats was assessed by atomic absorption. 
The nanofiber mats attained sustainable release behavior over 7 days and exhibited 
high antibacterial activity against E. coli at low silver nanoparticle loads. In another 
study, the chemical modification of chitosan using iodoacetic acid was evaluated, where 
1-ethyl-3(3-dimethylamminopropyl) carbondiimide hydrochloride with hydrochloric 
acid (EDAC·HCl) and N-hydroxysuccinimide (NHS) coupling was employed [312]. 
The chitosan iodoacetamide derivative exhibited bactericidal properties when tested 
against E. coli. It is thought that the incorporation of iodine active terminal into a 
chitosan backbone resulted in an increase in the antibacterial effectiveness by disulfide 
bond development with the proteins of the bacterial outer membrane.

Electrospun mats were made out of gelatin and incorporated with polyhydroxy 
antibiotics. These antibacterial drugs have a various number of hydroxyl groups in 
order to make strong interfacial bonds to gelatin with the aid of in-situ crosslinking with 
polydopamine (pDA). Vancomycin (Van) loaded fibers showed to have high mechanical 
properties and modulate cytokine production essential in stopping sepsis after burn 
injury [313]. The direct electrospinning of Van-loaded gelatin on cotton gauze bandages 
eliminated structural irregularity and provided an easy to wrap wound dressing. The 
mesh was crosslinked, and its efficacy was investigated in white pig models with similar 
pathophysiology of burn wounds to humans. The result was compared to untreated 
wound, non-loaded mats of Gel_pDA, and silver-based wound dressings called Aquacel 
Ag. It was observed that encapsulation of Van enhanced the wound closure and led 
to faster re-epithelialization, decreased inflammation, and higher keratinization  
(Figure 1.10B-I, II, III). Moreover, pDA crosslinking did not influence the wound 
healing process. Van_Gel_pDA (Figure 1.10B-IV-z) showed less number of 
inflammatory cells compared to the untreated (Figure 1.10B-IV-x) and non-loaded mat  
(Figure 1.10B-IV-y), and exhibited signs of connective tissue remodeling. However, 
silver loaded dressing proved to have fewer inflammatory cells and a confluent 
epithelial layer compared to untreated, non-loaded and loaded wound dressings 
(Figure 1.10B-IV-w) [314].

Microfibers have also been utilized to fabricate wound care products. Melt spun fibers 
from acrylonitrile-co-1-vinylimidazole (AN/VIM) copolymer to release nitric oxide (NO) 
were fabricated to enhance the wound healing process. NO plays an important role in  the 
stimulation of collagen deposition and angiogenesis during the wound healing process. 
A 12-24 h delay in the NO release showed to be ideal in the wound healing process as 
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 1this factor could accelerate the transition of the infl ammatory phase to the proliferative 

phase. To produce the NO donating group, the diazeniumdiolate (NONOate), melt-
spun AN/VIM fi bers were reacted with NO at a constant pressure of 4 atm for 1 hour. As 
a result, the NONOate formed on acrylonitrile segments of fi bers, where each NONOate 
released two molar equivalents of NO upon reaction with a proton source. In addition, 
to extend the release time of NO-loaded AN/VIM fi bers, they were dip-coated in a 
solution of PCL and chloroform (2 w w-1%). The coating created an evenly distributed 
porous layer along the entire surface of the fi bers. After 3 days, the PCL coated 
melt-spun AN/VIM copolymer fi bers released a total of 84 μmol NO g-1, while uncoated 
fi bers released 91 μmol NO g-1 in 3 h [315].

Eventually, modifi cation of the experimental set-up in terms of the fi ber production 
methods, the type of materials and drugs, and the employed release mechanisms leads 
to well-structured nano- or micro- fi brous textiles with a high surface-to-volume ratio 
and interconnected pore structures to support tissue regeneration and remodeling, and 
to assist gas exchange and bioactive agents supply. A review of studies in which drug-
eluting constructs are used for wound care application is summarized in Table 1.2.

1.4.5.2 Tissue engineering
Tissue engineering requires the generation of biological alternatives to restore and 
regenerate damaged tissues [316,317]. Tissue engineering involves the utilization of 
a biodegradable matrix, so-called scaffold, sometimes loaded with pharmaceutical 
agents and/or cells in order to assist the three-dimensional tissue development [318-321]. 
Drug eluting scaffolds have been fabricated based on non-woven and woven structures. 
Electrospun non-wovens have been well studied for regenerative medicine and tissue 
engineering applications since an ultrafi ne fi brous network with a high surface-to-
volume ratio resembles the natural extracellular matrix [174,322-324]. Nonwoven fabrics 
with the capability to deliver bioactive components, such as antibiotics, growth factors, 
and chemotherapeutic agents, have proven to accelerate or inhibit certain activities 
during tissue regeneration and remodeling [49].

Release of encapsulated bone morphogenetic proteins growth factor from electrospun 
composite scaffolds made of silk fi broin/PEO or poly(D,L-lactide-co-glycolide)/
hydroxylapatite (PLGA/HAp) accelerated osteogenesis and nerve regeneration 
processes [325,326]. In another study conducted by Bide and coworkers, 
endothelialization was promoted to reduce thrombus formation by immobilizing 
vascular endothelial growth factor and an anticoagulant agent on the surface of the 
knitted polyester grafts [327]. Although electrospun constructs have been vastly used for 
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tissue engineering applications, cell infiltration through the nanofiber is still the major 
limitation of this method due to their small pore sizes. Particle leaching and sacrificial 
nanofibers are the two proposed solutions to overcome this issue [328]. Removing long 
molecular polymer chains of sacrificial fibers might be more difficult compared to the 
leaching particles but leads to better inter-connected pores between the fibers [329].

Nonwoven wet-spun fibers from natural-based polymers, such as chitosan [330,331], 
starch-based [332], and PLLA [333], have also been used for the fabrication of scaffolds. 
In a study, wet-spinning and electrospinning were used for preparing fibrous bioactive 
scaffolds to stimulate bone regeneration. The fibrous scaffold was made of a solution 
of biodegradable three-arm branched-star PCL, hydroxyapatite nanoparticles (HNPs), 
and clodronate (CDE), a bisphosphonate anti-inflammatory drug that has revealed 
effectiveness in the healing of different bone diseases, including osteoporosis and 
hyperparathyrosis. To introduce physical binding between CDE and HNP, CDe–HNP 
complex particles were developed to obtain better control over drug release and 
enhance osteoconductivity due to the presence of the inorganic phase.

In both wetspun and electrospun nonwoven structures, the addition of HNPs, CDE, or 
CDE-HNPs changed the morphology and caused aggregation of the particles that were 
not loaded into the fibers. In addition, in contrast to the unloaded fibers, the surface 
porosity of wet spun CDE-HNP loaded fibers were decreased, and the fibers did not 
exhibit binding at the bonding points. The formation of the defects induced by loading 
was minimized by optimizing the spinning conditions, mainly increasing the solution 
feed rate. Finally, it was suggested to study a system composed of a combination of 
the electrospun and wet-spun fibers in a modulated ratio into a multi-scale fibrous 
structure to keep a balance between the material binding sites to the cell membrane 
receptors and the release kinetics [334].

Melt spinning can be a helpful method to produce scaffolds in a scalable, rapid, and 
solvent-free process. For instance, melt-spun aligned PLLA fibers glued by 5% PLLA 
tetrahydrofuran solution were fabricated to obtain fiber-aligned scaffolds to imitate 
the morphology of collagen fibrils. The fibers were coated with collagen and chitosan 
to achieve the biochemical and surface-aligned topography cues. In the case of coated 
fibers, viability, adherence, length, and migration functioning of osteoblasts were 
enhanced in vitro. The aligned fibrous scaffold coated with collagen had the most 
significant cell length and migration rate, and the osteoblasts favorably relocated and 
adhered across the parallel fiber direction (Figure 1.10C-II).
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showed no signifi cant difference (Figure 1.10C-IV). The cell viability on the coated 
fi bers was higher than pure PLLA fi bers after the fi rst and seven days of measurement 
(Figure 1.10C-V). Confocal laser scanning microscopy proved that osteoblasts cells 
were adhered and grew on the fi bers, while the untreated fi bers had weaker interaction 
with the cells due to the presence of a random and irregular distribution of actin fi bers. 
Coated fi bers displayed more robust cell-substrate interaction, and stressed actin fi bers 
were established in the cells, specifi cally in the fi bers coated with collagen (Figure 
1.10C-VI). This indicates the potential of the coated fi brous constructs as a suitable 
biomimetic microenvironment for osteoblast growth and bone regeneration [335].

As a result, surface topography and morphology of the fi ber scaffolds, such as diameter, 
pattern, and pore size, have an essential role in regulating cell behaviors [319,336,337]. 
In general, the larger specifi c surface area of the fi bers will make a higher ratio of the 
functional groups of the polymer chains exposed to the tissue. Consequently, more 
accessible binding sites to cell membrane receptors are present to enhance cell adhesion 
and growth [338]. The aforementioned features also infl uence the solute transport 
mechanism, which will facilitate drug release and the rate of material degradation [339].

Although the electrospun meshes mimic the ECM structure and stimulate tissue 
growth and remodeling, the pore sizes are usually in the nanometer scale and can 
hinder cell infi ltration through the fi brous system, which leads to an undesired 
tissue growth besides the burst effect of the drugs due to the high surface-to-volume 
ratio [123]. This emphasizes the necessity of micro-fabrication processes, including 
wet- or melt- spinning. Ultimately, combining the advantages of micro and nanofi ber 
production helps to obtain a fi brous construct with better properties required for tissue 
engineering applications. Table 1.2 provides examples of drug-loaded fi brous systems 
for tissue engineering applications.

1.4.5.3 Transdermal drug delivery
Transdermal fi brous systems can deliver bioactive materials across the skin in a 
sustained manner [340]. However, not many commercial transdermal drug eluting 
systems have been introduced. The reason is mainly due to the impermeability of the 
stratum corneum, the external layer of skin. Therefore, drug molecule size cannot 
exceed more than 400–500 Da, and should have a balance of lipophilicity, log octanol-
water partition coeffi cient around 2 to 3 ideally, to be incorporated into the bloodstream 
[340,341]. In the case of larger molecules, microneedles are mounted into transdermal 
systems so that the drugs can bypass the skin layers mechanically [342,343].
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To treat various diseases, including superficial nociceptive pains, such as myalgia and 
muscular pain, transdermal drug delivery methods have been developed based on 
fibrous structures. These fibrous drug delivery systems take advantage of the minimum 
required drug dosage and avoid nonspecific site toxicity. A wide range of release profiles 
for this application can be governed by varying different parameters such as bioactive 
agent/polymer ratio, fiber shape, diameter, morphology, and combination of micro and 
nanofibers [49,344].

Nonwoven electrospun fibers have been loaded with bioactive agents using various 
loading procedures, such as encapsulation [345,346], coaxial electrospinning [347], and 
chemical or physical surface modifications [348]. Transdermal electrospun mats have 
been fabricated from natural-based polymers, such as CA, PLA, and PCL. The fibrous 
constructs for treatment of local muscular pain and inflammation were loaded with 
various bioactive agents including nonsteroidal anti-inflammatory drugs (NSAID), 
such as naproxen, indomethacin, ibuprofen, and sulindac [349], vitamins, such as 
vitamin A and E [348], topical disinfectants, such as chlorhexidine [350], and antibiotics 
and antimicrobial agents, such as amoxicillin [351], tetracycline hydrochloride [352], 
ornidazole [210,353] and N-halamin [354].

Cellulose micro-/nano-fiber meshes with 2 and 3 w v-1% were fabricated by 
electrospinning of the pulp in an ionic liquid, 1-butyl-3-methylimidazolium chloride, 
and subsequently washed in water for 72 hours. Ibuprofen (IBU), with an efficiency 
of 6%, was deposited on the fiber surface or trapped in the web porous areas by 
immersing the meshes in the IBU solution. During the fabrication process of the low 
concentration mesh (2 w v-1%), the ionic liquid could not be washed off rapidly, and the 
fibers collected on the water surface were adhered together and created fusing areas. 
However, in the meshes with higher concertation of cellulose (3 w v-1%), most fusing 
areas were disappeared. Furthermore, the higher concentration led to nano-scale fibers 
with a diameter of 1 μm or less, and the micro-scale fibers with a diameter of around 
20 μm.

The IBU loading process did not influence the morphology of the cellulose fibers 
significantly. The frictional roughness, as an indication of skin irritation, was not 
significantly different between loaded and non-loaded nonwovens. Cell cytotoxicity 
assay performed on the nonwoven textiles showed that the normalized cells viability 
was more than 80%. The in vitro release studies revealed that 80% of IBU was released 
within 250 min from both 2% and 3% cellulose concentration meshes. In both meshes, 
the initial fast release within 100 mins was attributed to the adsorbed surface of 
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performed, and loaded nonwovens of the 2% and 3% showed typical Fickian diffusion 
mechanism (Q2% = 8.35t0.42 (R2 = 0.9388) and Q3% = 18.53t0.26 (R2 = 0.9908)) [355].

Adepu et al. produced a mesh for transdermal drug release to prevent undesirable toxic 
burst release of diclofenac sodium from encapsulated micropatterned CA electrospun 
nanofi bers. The micropatterning via nylon meshes with 50 and 100 μm size openings 
produced a hydrophobic surface which assisted in controlling the initial burst release 
of the hydrophilic NSAID drug. The zero-order release profi le changed from 30 min for 
the non-patterned mat to 12 hours for the micropatterned mat [301]. This study suggests 
that the fabrication of multi-layered hydrophobic mats using different spinning methods 
would provide the opportunity to obtain a zero-order profi le for an extended period.

In another example for the treatment of obesity, PVA fi bers were fabricated and 
impregnated with curcumin encapsulated gelatin/albumin nanoparticles. The 
curcumin-loaded fi bers form a fi brous transdermal drug delivery system for reducing 
the volume of subcutaneous adipose tissue. The fi bers were optimized in terms of fi ber 
dimension and porosity to achieve minimal drug diffusion time from the nanofi ber 
matrix to the surface and to reach the maximum uniformity of the structure to increase 
the reproducibility of the drug release (Figure 1.10D-I).

Curcumin release profi le was investigated in phosphate-buffered saline (PBS) and NaCl 
solution to simulate skin sweating in the existence of a transdermal mesh, where a 
burst release profi le was observed in both solutions. NaCl solution reached a higher 
maximum release percent, more than 80% in less than 150 minutes, due to higher 
solubility of PVA and gelatin in water (Figure 1.10D-II). Whereas ex vivo transdermal 
test in a diffusion cell system using rat abdomen skin sample displayed a different 
profi le with a delay in release rate in which the drug release reached 50% after 20 
hours.

The fast drug release was explained by the fact that the targeted tissue was below the 
skin and that the hydrophobic nature of the drug avoided quick evacuation of adipose 
tissue into the bloodstream. In vivo animal tests were conducted on the rats with high-
calorie diets, and the results were analyzed by magnetic resonance imaging scans 
(MRI) and blood tests of leptin, triglyceride, and cholesterol. The results indicated that 
the volume percentage of adipose tissue in the treated group decreased signifi cantly 
(4-7%), compared to the obese animals (Figure 1.10D-III) [356].
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FIGURE 1.10. 
Applications of drug-loaded fibrous structures. A) Wound care, tissue engineering, and transdermal drug 

delivery applications using drug-loaded fibers. B) In vivo wound healing efficacy of antibacterial wound 

dressing made of Van_Gel_pDA in a pig model, (I) Relative wound closure of different groups at 46 days 

post-injury. The obvious impact of Vanco_Gel_pDA on wound closure rate in comparison with nonloaded 

nanofibers of Gel_pDA and untreated wounds. (II) Images indicating the condition of the wounds before 

the debridement at different days (0, 4, 7, 46). The wound surface showed moderately dry and decreased 

pus creation in Van_Gel_pDA mats and Aquacel Ag cured wounds, (III) Average wound closing (cm2) for 

Gel_pDA (red bars) and Van_Gel_pDA (blue bars) medicated wounds proved that loading the antibiotics 

enhanced the wound healing and re-epithelialization, (IV) Histological changes during wound healing after 

burn injury, (x) Untreated control; Injuries treated with (y) Gel_pDA, (z) Van_Gel_pDA, and (w) Aquacel 

Ag. Epidermis (E), dermis (D), inflammatory cells (M), and the blood vessels (arrows) are indicated in the 

figure. Scale bar = 100 μm. Reproduced with permission [314]. Copyright 2017, Elsevier. C) (I) Schematic 

representation of the cell size, (II) cell size on various categories of scaffolds (N = 10), (III) schematic 

illustration of the cell promotion angle between the cell growth direction and the fiber parallel direction (x 

axis), (IV) cell proliferation angle on various scaffolds (N = 10), and V) Cell viability (N = 3). * and ** exhibited 

remarkable difference at p < 0.05 and p < 0.01, respectively, (VI) CLSM images of osteoblasts on (a) PLLA, 

(b) PLLA-collagen, and (c) PLLA-chitosan aligned scaffolds, respectively. Cell nuclei are shown in blue and 

actin fibers in red. Reproduced with permission [335]. Copyright 2013, the royal society of chemistry. D) (I) 

PVA nanofibers fabricated utilizing optimum point parameters and processed SEM in similar conditions, (II) 
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Curcumin loaded release into PBS buffer (dashed curve) and NaCl solution (solid curve), (III) Adipose tissue 

imaging using MRI in (x) untreated rats versus (y) treated rats by the transdermal patch. Reproduced with 

permission [356]. Copyright 2018, Elsevier.

Among all the techniques used for fabrication of the drug-eluting transdermal textiles, 
electrospinning is the most studied one since it is a simple and cost-effective method. 
Moreover, unique characteristics including a large surface area to volume ratio, 
ultrafi ne fi brous structure, and high porosity with pore sizes ranging from sub-micron 
to nanometer make the electrospun nonwoven a suitable carrier for delivering various 
bioactive agents. An overview of drug eluting medical textiles with their corresponding 
fi ber spinning methods, drug impregnation techniques, release profi les, and kinetics 
are provided in Table 1.2.
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G
elatin

Levonorgestrel 
(LN

G
), 

ethinylestradiol 
(EE)

Electrospinning
Encapsulation

Extended 
(w

ith first day 
burst effect)

Fickian diffusion
Both individual and dual 
loading of LN

G
 zero-order 

and first -order m
odel 

(R
2=

0.99), individual loading 
of EE first-order m

odel 
(R

2=
0.93-0.97), dual loading 

of EE H
iguchi m

odel 
( R

2 ≥
 0.97)

A high encapsulation efficiency (~90–100%
) 

and drug loading (>
90%

) w
ere obtained. 

The fibrous construct show
ed to be biocom

patible 
and both drugs w

ere perm
eable through 

the filter m
em

brane [214].

Cellulose
Ibuprofen

Electrospinning
Coating 
(im

m
ersing)

Im
m

ediate
Fickian diffusion

Korsm
eyer-Peppas 

(2%
 w

/v, n=
 0.42 and 

R
2=

0.93; 3%
 w

/v, 
n=

0.26 and R
2=

0.99)

A m
icro-/nano-fibrous nonw

oven m
ade out 

non-derivative cellulose show
ed the potential to be 

used for transderm
al applications as a biocom

patible 
construct [355].

Polycaprolactone
Vitam

in B12
Electrospinning

Encapsulation 
and plasm

a 
treatm

ent

Extended
Polym

er sw
elling

H
iguchi

The drug release rate of hydrophobic nanofiber 
im

pregnated w
ith the hydrophilic drug w

as 
controllable by plasm

a treatm
ent tim

e w
hich 

increased the hydrophilicity of the surface [360].

Poly
(lactic-co-glycolic 
acid)

D
aidzein

Electrospinning
Encapsulation

Extended
N

on-Fickian 
diffusion

Korsm
eyer-Peppas

(n=
0.52, R

2=
0.99)

Core shell nanofibers of poly(lactic-co-
glycolic acid) w

ere loaded w
ith daidzein 

nanostructured lipid carriers azone proved 
to have a sustained drug delivery. In vivo 
tests show

ed an increase in skin perm
eation 

of daidzein efficiently w
ithout skin irritation [361].

psyllium
 husk 

m
ucilage

Paclitaxel
Electrospinning

Encapsulation
Extended

-
-

Paclitaxel loaded poly (bis (carboxyphenoxy) 
phosphazene)-cholic acid m

icelles w
ere 

loaded in the psyllium
 husk m

ucilage to 
form

 the novel stim
uli-responsive core–shell 

nanofibers. The m
eshes can actively inhibit 

the grow
th of M

CF-7 cancer cells and provide 
a safe cancer therapy [362].
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In the previous sections, fi ber fabrication processes, drug loading methods, release 
mechanisms, and kinetics were reviewed. Drug eluting fi bers obtained from various 
raw materials vary extensively in terms of their chemistry and therefore performance 
characteristics. Moreover, various fabrication methods, such as melt- or wet-spinning, 
can be used both in the laboratory or industrial scales. The fabrication method depends 
on not only the raw material and the fi nal application, but also the dimension and 
shape of the fi bers, the biocompatibility of the solvent, and the processing parameters 
[363,364]. Woven and nonwoven structures from a broad range of natural to synthetic 
polymers or a combination of them have been used in various biomedical applications, 
such as wound care, tissue engineering, and regenerative medicine, due to features 
such as a high surface area to volume ratio, porous structure, and surface modifi cation 
and functionalization.

Bioactive agents could also be loaded into fi bers both in pre-and post-fabrication 
stages. However, loading methods should be selected based on the parameters such 
as bioactive agent chemistry, optimal release profi le, the technical complexity of the 
spinning process, and the fi nal application to avoid undesired results including low 
drug effi ciency, degradation of the bioactive agents, poor mechanical properties, drug 
burst effect, and toxicity [141]. Mathematical models proposed to describe, quantify, and 
predict the kinetics of drug release can help to portray a better picture of the drug release 
profi les; however, it should be realized that most models have been investigated based 
on laboratory-driven data with limitations compared to real conditions. Therefore, there 
is a demand to overcome the simplifi cations of these models by verifying and improving 
them with drug release data obtained from fi brous constructs in real applications [87].

Recently, scientists have produced functional fi brous structures with the possibility of 
sensing the physiological data of the tissue and the ability to control drug delivery 
profi les [365,366]. Nanoscale sensors can be embedded into medical textiles to enable 
a programmable responsive drug delivery system to tune the release profi le of the 
bioactive agent [174]. The drug release can be triggered by environmental stimuli, such 
as pH [367,368], temperature [369], and chemical reactions or external stimuli, such as 
the magnetic fi eld [370], electric fi eld [371], and light [372]. For example, various metals 
including gold, silver, magnesium, and zinc can be patterned with low-temperature 
radiofrequency sputtering on the nanofi brous meshes to apply thermal stimulation to 
elute antibiotics when needed.
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The stimulation can be manipulated via wires or wireless devices, such as smartphones. 
The use of smart textiles has been mainly investigated for wound dressing applications 
where integrated sensors could provide information on the healing status and the wound 
environment concerning its pH, bacterial level, tissue oxygenation, and inflammation 
[373]. The need for devices that can provide diagnostic information on the wound status 
and combat the infection is growing. However, improving sensor incorporation onto 
the fibrous network, stable sensors, and reliable networks for data management are 
required [373].

The majority of studies reviewed in this article involve in vitro investigations of the 
drug-loaded fibers using different kinds of kinetic models. However, drug release and 
kinetics studies in vivo and in a ‘physiologically relevant’ environment are very essential 
to move forward toward clinical studies and commercialization of the fibrous drug 
delivery systems.

Designing proper methods to fabricate drug-eluting textiles requires not only a sound 
understanding of the fabrication and loading techniques but also the theoretical 
perception of human physiological systems and their biological mechanisms. Engineering 
databases and the mathematical stimulations could be evolved for advanced computer-
aided textile design by considering different physiological processes and the physico-
chemical functions of the textiles [374]. This can lead to achieving technical solutions 
with timely and cost effective designs.

Finally, it should be noted that despite all the progress in the field of drug eluting fibrous 
systems, there are still some limitations that should be addressed. For example, initial 
burst release of the drugs from fibers or aggregation of drug molecules on the surface 
of fibers can lead to undesired results. Using smart medical textiles and triggered drug-
release systems could be applied to overcome some of the shortcomings of the current 
fibrous drug delivery systems. Lastly, due to the interdisciplinary nature of this field, 
fabrication of a functional drug eluting fibrous system with the desired release profile 
requires the joint efforts of experts from different disciplines such as chemistry, biology, 
and engineering.

1.5 Aim and scope
The design and fabrication of novel wound dressing materials with enhanced 
performance is a continuous clinical demand. Cellulose aerogels are promising 
candidates for the biomedical applications of drug delivery and wound dressing, thanks 
to their outstanding characteristics including high porosity, low density, large specific 
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 1surface area, high water and moisture uptake, biocompatibility, biodegradability, and 

the possibility to load and locally release drug and bioactive agents at the wound site.

The portfolio of aerogel processing possibilities is poor and few methods allow the 
production of various bioaerogels mainly in the form of fi lms, monoliths, cylinders, 
and micro- and nanoparticle systems. Furthermore, despite the signifi cance of cellulose 
aerogel, very little is known about the impact of cellulose type and the fi ber processing 
and fabrication parameters on the properties of cellulose aerogels. Current production 
of cellulose aerogels is typically time consuming and expensive and their potential 
for scaling up is unclear. The possibility of cellulose aerogel fi bers for blending with 
other natural polymers such as chitosan has not been studied. Moreover, the physico-
chemical properties and in vitro characteristics of cellulose aerogel fi bers such as drug 
loading capacity, drug release behavior, and cytotoxicity are not thoroughly studied. 
Therefore, the following objectives were investigated in this thesis: 

I. Evaluating the effect of the cellulose properties and the preparation conditions on 
the internal structure of the aerogel and its physicochemical properties. 

II. Optimizing and designing the fi ber processing conditions and textile fabrication 
techniques for cellulose aerogel microfi bers (CAFs) production. 

III. Investigating the feasibility of using cellulose aerogels as advanced biomaterials for 
the two different applications of drug delivery and wound dressing. 

To address these goals, the current thesis covers the novel technologies for the synthesis 
and processing of drug loaded cellulose-based aerogels in the form of fi bers and textiles 
for wound treatment and drug delivery applications. Cellulose was also blended with 
other natural polymers such as chitosan to obtain added value functionality such as 
antibacterial properties. Moreover, in this work, drug-loaded cellulose based aerogel 
microfi bers having different dimensions and textile structures, including knitted, 
braided, and nonwoven, were fabricated, and their potential applications as drug 
delivery and wound dressing systems were explored. Finally, the manuscript is divided 
into 5 chapters and the outline has been described in the next section.

1.6 Outline
It is well known that the internal structure and physical properties of aerogels 
govern their fi nal application features. Despite the signifi cance of designing aerogels’ 
morphology for the specifi c applications, few studies provide the correlations between 
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the type of polysaccharide, processing conditions, the bio-aerogel structure, and the final 
application properties. In chapter 2, the impact of cellulose intrinsic characteristics, 
such as crystallinity and molecular weight and distribution, on the fabricated aerogel 
microfibers as well as their potential for biomedical applications have been evaluated. 
It was demonstrated that by selecting the right source of cellulose, it is possible to tune 
the structure and properties of the cellulose aerogel fibers. The fibers produced in this 
study showed promising potential for biomedical applications.

Cellulose-based aerogels are favorable drug delivery systems due to their low 
cytotoxicity profile, biodegradability, open porosity, and high inner surface area. In 
chapter 3, scCO2 impregnation of drug models within two different diameters of 
aerogel fibers and their possibility to form different textile structures were investigated. 
It was proven that the solvent exchange scCO2 impregnation was an effective single-
step technique for drug loading and aerogel formation. Humidity and water uptake 
assessments indicated that the fibrous structures were highly moisture absorbable and 
non-toxic with immediate drug release profiles due to the highly open interconnected 
porous structure of the fibers. Although the results of this study showed that these 
fibers are suitable candidates for wound dressing applications, it is important to note 
that cellulose by itself does not possess antibacterial properties to prevent wound 
infection. Therefore, it was decided to overcome this issue by fabricating a hybrid 
cellulose-chitosan aerogel in the following study.

Chitosan has a potential to be blended with other polysaccharides such as cellulose 
and it displays a broad antibacterial spectrum against the growth of bacteria, yeast, 
and fungi and promotes wound healing by accelerating the infiltration of inflammatory 
cells. Chapter 4 explores the potential of ibuprofen loaded chitosan-cellulose hybrid 
aerogel microfibers which are fabricated through wet spinning and scCO2 processes 
for wound dressing application. Highly porous hybrid fibers proved to have a higher 
specific surface area and pore volume than cellulose aerogel fibers. Chitosan-cellulose 
aerogel fibers were bactericide against E. coli and S. aureus (in pH < 6.5) and showed 
a more sustained drug release profile in comparison to cellulose aerogel fibers. These 
novel aerogel fibers are demonstrated to have a great potential to be used for wound 
dressing applications. However, an additional fabrication step is required to produce 
the wound dressing from the wet spun fibers.

In contrast to the previous chapters which wet spinning was used to fabricate microfibers, 
solution blowing spinning was investigated for fabrication of nonwoven aerogels in 
chapter 5. Solution blowing spinning as an innovative technique for spinning micro-/
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 1nano-fi bers from polymer solution has been combined with scCO2 drying to develop 

highly porous cellulose aerogel nonwovens. In order to tune the hydrophobicity and 
drug release profi le of the cellulose aerogel nonwovens, the meshes were surface treated 
through gas-phase esterifi cation with palmitoyl chloride. The treated and untreated 
nonwovens were loaded by thymol as a natural antibacterial, antioxidant, and anti-
infl ammatory drug through the post-treatment scCO2 technique. The palmitoyl chloride 
gas-phase reaction enhanced the contact angle drastically (from 0 to ~ 130°) for the 
surface modifi ed samples and resulted in a more sustained thymol release profi le in 
comparison to the non-modifi ed samples. The cellulose aerogel nonwovens exhibited 
cell viability, and the thymol loaded samples were bactericides against E. coli and 
S. aureus, indicating their potential as suitable material for wound dressing applications.
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EFFECT OF CELLULOSE CHARACTERISTICS ON THE 
PROPERTIES OF THE WET-SPUN AEROGEL FIBERS

This chapter is based on the following publication:
Rostamitabar, M.; Seide, G.; Jockenhoevel, S.; Ghazanfari, S. Effect of Cellulose 
Characteristics on the Properties of the Wet-Spun Aerogel Fibers. Applied Sciences 
2021, 11, 1525.

Abstract: Cellulose aerogels (CAs) from plant or bacterial-derived cellulose have 
advantages such as low density, high porosity, and high specifi c surface area and have 
been used in various applications including biomedical fi elds. One limiting factor in 
developing CAs is their demanding shaping process since it involves several steps of 
dissolution/dispersion of cellulose, geometry confi gurations using molds or nozzles, 
coagulation and washing of the gel body, and drying techniques. CA fi bers can be 
converted into textiles and enhance the design ability, stiffness, and fl exibility of the 
CAs. This study aims to understand the correlations between the initial cellulose 
characteristics, aerogel’s internal structure, and its prospective biomedical application. 
Wet-spun CA fi bers were obtained by supercritical CO2 drying from low and high 
molecular weight microcrystalline cellulose in calcium thiocyanate tetrahydrate 
solution. Fiber spinning, thermal behavior, textural properties, and biological 
assessments of the CA fi bers were inspected. The CA microfi bers from high molecular 
weight cellulose proved to have a higher surface area (~197 m2/g), denser structure, 
and fi ner nanofi brils (~20 nm) with better thermal stability in comparison with the 
fi bers produced from low molecular weight cellulose. The fi bers were nontoxic, and cell 
proliferation was observed over time. CA fi bers showed promising results to be used for 
biomedical applications such as tissue engineering and wound care.
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2.1 Introduction
Aerogels are open pores nanostructured solid networks with high porosity, high 
specific surface area, and low density [1]. In particular, aerogels are versatile porous 
materials with tunable textural and morphological characteristics for various fields 
such as adsorption and separation of materials, thermal insulation, and biomedical 
application [2-4]. Aerogels' morphological characteristics are controllable with various 
processing parameters such as gelation, shaping, drying, and functionalization [3,5]. 
Typically, inorganic silica aerogels with very high surface areas (400–1000 m2/g) 
are the most well studied and commercially prosperous ones; however, there is 
an increasing attentiveness to produce aerogels from natural polymers such as 
cellulose as a sustainable, biodegradable and often biocompatible resource [6,7]. 

The drying process of precursor gel aims plays an important role in aerogel fabrication 
in order to retain 3D porous structure with minimal shrinkage and deformation. 
Freeze drying and supercritical CO2 (scCO2) drying have been widely used in cellulose 
aerogels (CAs) production; recently ambient pressure drying methods that require 
physical and chemical modification of the gels have been also studied [8,9]. However, 
typically scCO2 dried CAs show better textural and minimal shrinkage in contrast to 
other drying methods. Furthermore, scCO2 processes are mild temperature techniques 
and favorable for sterilization and bioactive agent loading in biomedical fields [10,11]. 

Drying in supercritical conditions goes back to 1932 [12]. In the past, supercritical 
drying was mainly performed in the direct route, which utilized high temperature and 
pressure supercritical drying of the solvent in the wet matrix. However, these solvents 
are typically flammable and enhance safety risks. In another method, liquid CO2 was 
replaced by the solvent, so-called solvent exchange, and then drying at low supercritical 
temperature was performed [13].

Since 1994, Bommel et al.’s novel study became a turning point in the scCO2 drying 
process [14]. In order to fabricate crack-free silica aerogels, they used this theory that 
in the case of certain binary mixtures such as ethanol-CO2, for each temperature, there 
is a pressure (critical pressure) above which the system is always in a single phase 
regardless of the composition. Therefore, it provided the chance to use scCO2 drying 
to produce aerogels in milder operation conditions and reduced drying time. Then, 
the next generation of biomass- and polysaccharide-based aerogels, emerged at the 
beginning of the twenty-first century which contrary to silica aerogels were less fragile 
under compression forces [3]. Benefiting from scCO2 drying, the morphology of the  
bio gel remains reasonably intact or with minimal shrinkage after drying [3,15].
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Cellulose, an amphiphilic polysaccharide consisting of linear polymer chains of 
β-1,4-linked d-glucopyranose molecules, is one of the most abundant natural 
polymers from renewable resources. Cellulose and its derivatives have widely been 
used in areas such as conductive materials, energy storage, paper industry, textiles, 
and pharmaceuticals [16-20]. Furthermore, it is one of the most aged materials that has 
been used to produce fi bers and yarns [21]. Several processes have been described in 
the literature for the fabrication of cellulose aerogels (CAs) in various geometries of 
monoliths [22,23], cylinders [24], and beads [25,26] based on different types of cellulose and 
their derivatives. Fiber and textile production can overcome this designability limitation 
and enhance the fl exibility and mechanical properties of aerogels by fabricating woven 
or nonwoven textiles from CA fi bers and fi laments. Furthermore, the fi ne structure of 
fi bers can decrease the scCO2 drying processing time from few hours to a couple of 
minutes since the drying procedure is dependent on the thickness and geometries of 
the samples.

Various inorganic salt hydrates such as LiClO4·3H2O, NaSCN/KSCN/LiSCN·2H2O, 
Ca(SCN)2.6H2O and LiCl/ZnCl2/H2O have been used as effi cient agents for dissolving 
cellulose in a wide range of degrees of polymerization [27]. For the fi rst time, Jin et 
al. investigated producing CAs monoliths from salt melt hydrate of cellulose and 
Ca(SCN)2.6H2O by freeze drying [28]. Hoepfner et al. [21] produced CA fi bers based 
on Jin et.al’s work by spinning a similar solution using a thermally insulated injection 
device where the fi bers were regenerated in an ethanol bath and later dried in scCO2 

as the fi rst fabricated open porous aerogel microfi bers using cellulose. Karadagli et 
al. investigated the spinning dope preparation, extrusion, and characteristics of 
porous cellulose aerogels fi bers from a similar solution and regeneration bath using a 
micro-extruder and scCO2 drying [29]. CA fi bers have been also fabricated from ZnCl2 

salt melt hydrate in similar processing methods in order to investigate their insulation 
properties in aerospace [30] and automobile applications [31].

Although CAs in other geometrical shapes have been used in multiple biomedical 
applications such as drug delivery [32,33], tissue engineering scaffolds [34,35], antibacterial 
and wound dressing [36,37], the potential of CA microfi bers for biomedical application 
has not been determined. Therefore, the processing, cytotoxicity, and biological 
assessment of these nano-biomaterials produced by assisting inorganic salts remain 
essential. This study aims to understand the correlations between initial polysaccharide 
characteristics, dissolution, and processing of the cellulose using Ca(SCN)2.6H2O on the 
fi nal aerogel’s internal structure and biological properties. In particular, this research 
inspects the effect of two different molecular weights of microcrystalline cellulose on 
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the physicochemical and cytotoxicity of the wet spun microfiber CAs that originated 
from them.

The microcrystalline cellulose and CA fiber are characterized in terms of crystallinity, 
morphology, physical and textural properties, thermal stability, and cytotoxicity. The 
CA microfibers produced from high molecular weight powder proved to have a higher 
surface area and lower crystallinity with a smaller average fibrillar diameter compared 
to the fibers with lower molecular weight. In comparison to powders, both CA fibers 
went through cellulose I to cellulose II transformation and were mainly in an amorphous 
form with lower thermal stability. Fibers were nontoxic and showed cell viability and 
proliferation as promising indications for using these fibers in biomedical applications 
where porous fibers are required.

2.2 Materials and Methods

2.2.1 Materials
Two different types of microcrystalline cellulose powder with product number 
C6288 (referred to as Cc) and S6790 (highly purified, referred to as Cs) and calcium 
thiocyanate tetrahydrate (Ca(SCN)2·4H2O) salt with a purity of 95%, all from Sigma–
Aldrich (Darmstadt, Germany), were used in this study. The cellulose powders were 
dried at 100 °C in a vacuumed oven to remove the moisture. For regeneration and 
washing of the spun fibers, the absolute isopropanol (iPrOH) (≥99,8 %, 2-Propanol 
CP) from Biosolve was used. Carbon-dioxide (CO2) cylinders (2.7 grade, 50 liters) with 
a purity of 99.7 % from Linde Gas Benelux were consumed in the scCO2 drying process. 
Cell proliferation kit II (XTT) was purchased from Sigma–Aldrich. Finally, all materials 
were used without further purification.

2.2.2 Solution preparation, wet spinning, and washing
The salt melt hydrate system of Ca(SCN)2·xH2O (x≦4)+yH2O (y≦6) [38] was used to 
dissolve Cc and Cs. The addition of 2 mol of water to the salt (Ca(SCN)2·4H2O) is 
necessary to dissolve the cellulose. Homogenous clear solutions were obtained by 
dissolving Cc and Cs (6% wt.) at 110 °C using a mechanical stirrer (200 rpm) after 
approximately 25 and 35 min, respectively.

Fiber spinning was done by a customized wet-spinning “LabLineCompact” unit (DIENES 
Apparatebau GmbH, Germany). The solution needed to be wet spun at temperatures 
above 80 °C which is the gelation temperature of the solution. Therefore, three heaters 
with a controller were added to the tank, the pump, and the nozzle pipe. The alcogel 
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fi bers (wet alcohol gel bodies) with a diameter of 330 μm were produced using a 
Dispenstec metal dispensing needle (23AWG, internal diameter 330 μm, 12,7 mm 
length). Temperature ranges between (110–115 °C), air pressure (2-3 bar), pump rate 
(1.5 mL/min), winding rate (25-30 rpm) and the iPrOH bath was used to achieve a 
continuous process for fi ber production. The solution solidifi cation in an alcohol bath 
happened when the temperature of the spun gel decreased from the melting point 
of the salt to room temperature. Finally, to remove the residual salt from fi bers, they 
were solvent exchanged in 1 liter of fresh absolute iPrOH for 5 times. The presence 
of salt leftover was checked by a conductivity meter and spot test. The spot test was 
performed with iron (III) nitrate (1% wt/v ) since thiocyanate ions react with iron (III) 
ions in the solution and form an intense red-colored complex ion.

2.2.3 Supercritical CO2 drying
The drying procedure was performed using supercritical CO2 dryer HPE 300 
(EUROTECHNICA, Bargteheide, Germany). The fabricated alcogel fi bers were wrapped 
in the fi lter papers and placed in the vessel (V=400 ml) with a defi ned excess amount of 
iPrOH. Samples were dried at 120 bar and 50 °C over 60 min. During the drying process, 
the extraction valve of the vessel was manually opened to vent the alcohol-rich mixture 
of CO2 into a plastic fl ask while the pressure and temperature of the vessel remained 
constant. The extraction cycle of the alcohol rich stream was repeated 5 times for a 
duration of 3 min. In the end, the vessel was depressurized by a backpressure regulator 
over 30 min, and the vessel was opened when it cooled down to room temperature. 
The fi bers were instantly placed in a tightly sealed sample holder under a dry N2 purge 
to prevent the samples from absorbing the moisture.

2.2.4 Size exclusion chromatography (SEC)
Size Exclusion Chromatography (SEC) was carried out on cellulose powders with an 
Agilent 1200 Series LC Equipment (SEC pump G1310A, RI detector G1362A, columns: 
PSS Gram30 and PSS Gram1000 in series, fl ow rate: 1 mL min-1; eluent for cellulose 
samples: DMAc/LiCl). The calibration was done with pullulan standards. Cellulose 
dissolution in DMAc/LiCl is reported to remain stable over a long time and avoids the 
degradation of cellulose during the dissolution process; therefore, it is a reasonable 
solvent for SEC measurement [39].

2.2.5 Fourier transform infrared spectroscopy (FTIR)
The Fourier transform infrared spectroscopy technique is one of the useful methods 
to study the structure of cellulose and regenerated fi bers. Fourier Transform Infrared 
(FTIR) spectroscopy was performed on the powders and fi bers with an FT-IR/NIR unit 
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(Perkin Elmer, Waltham, MA, USA).The spectrum was averaged over 32 spectra with a 
resolution of 2 cm-1 from a range of 4000 till 500 cm-1 in the reflectance mode.

2.2.6 X-ray diffraction (XRD)
Two-dimensional (2D) wide-angle X-ray diffraction (WAXD) analysis was performed 
on the samples using a SAXSLAB Ganesha diffractometer (SAXSLAB, Denmark), with a 
sample-to-detector distance of 116.536 mm using Cu Kα radiation (λ = 1.5406 Å) and 
silver behenate (d001 = 58.380 Å), and calibration standard measured for 600 s.

The crystallinity index percentage (CrI (%)) was calculated for all samples by the 
empirical approximation method of Segal et. al [40] as expressed by the following 
equation:

	  		  Equation (2.1)

where for cellulose I, I002 is the maximum intensity of the (002) lattice diffraction at 2θ 
≈ 22.6°, representing the crystalline aspect of the cellulose and Iamorphous is the intensity 
at 2θ ≈ 18.7° representing the amorphous part in the cellulose fibers. For cellulose II, 
Icrystallinity and Iamorphous the intensity is at 2θ ≈ 20° and 13°, respectively.

2.2.7 Thermal stability test
The thermal behavior of cellulose powders and produced fibers was investigated by 
a thermo-gravimetric instrument TA Q500 (TA Instruments, New Castle, DE, USA). 
Samples were heated from 20 °C to 500 °C with a rate of 10 °C/min under a nitrogen 
purge.

2.2.8 Imaging, scanning electron microscope and X-ray microtomography
To observe the morphology and microstructure of the cross-section of CA fibers, the 
aerogel fibers were broken in liquid nitrogen and coated with a 3 nm thick layer 
of iridium. Micrograph images of the fibers’ cross-sections were acquired by Teneo 
scanning electron (FEI, Thermo Fisher Scientific, Waltham, MA, USA). All images were 
obtained using 5 kV voltage at a working distance of 10 mm. The pore size distribution 
and the average diameter of microfibers and internal nanofibrils were measured by 
analyzing SEM images using Image J (version 1.8.0_172, NIH, Bethesda, MD, USA). 
In particular, the cross-section images were binarized using a similar thresholding 
procedure for all samples after calibrating the precise scale of the pixels in the software. 
The pore size distribution was calculated in the particle analyses tool with a minimum 
size of 1 nm and circularity of 25%.

CrI(%)= I002−Iamorphous

I002
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X-ray microtomography (μ-CT) images were obtained using Skyscann 127211MP 
(Bruker, Billerica, MA, USA)at the source voltage and current of 40 kV and 200 μA 
with an exposure time of 1.5 s and image pixel size of 0.8 μm. A CTAn analyzer (version 
1.18.8.0+, Bruker) was utilized to calculate the parameters from 2D aerogel structures 
within three different regions of interest for each sample. In order to visualize 3D 
images of the samples, CTvox software (version 3.3.0 r1403, Bruker) was used.

2.2.9 N2 adsorption-desorption
Surface area and porosimetry measurements of aerogel fi bers were performed by ASAP™ 
2020 (micrometrics, Norcross (Atlanta), GA, USA). The samples were degassed at 
80 °C over 24 h and the Brunauer–Emmet–Teller (BET) method was utilized to 
determine the surface area. The pore size distribution and average pore size were 
obtained by Barrett-Joyner-Halenda (BJH).

2.2.10 Cytotoxicity test
XTT cell proliferation assay was performed on Cc and Cs powders and two CA fi bers 
produced from them [26]. The negative control was a piece of polyethylene tube, and 
the positive control was dimethyl sulfoxide (DMSO). The skin fi broblast cell viability 
was measured on the fi rst and third day of culture using absorbance reading. The 
absorbance was measured in a multimode microplate reader M200 (Tecan, Männedorf, 
Switzerland). The assessment was performed in three replicates.

2.2.11 Statistical analysis
Experimental data are expressed as means ± standard errors (SD). The statistical 
analysis was done by Originlab (2019 b) using a signifi cance level of p < 0.05. Student 
t-test was performed to determine the differences between different time points.

2.3 Results

2.3.1 Properties of microcrystalline cellulose powder and fabricated fi bers
The molecular weight of microcrystalline powders was obtained by SEC. The number 
average molecular weight (Mn), weight average molecular weight (Mw), z-average 
molecular weight, and dispersity (Đ) results from cellulose powder samples are shown 
in Figure 2.1 and Table 2.1. As shown in Figure 2.1, cellulose type S (Cs) has a higher 
number and weight average molecular weight and a broader range of molecular weight 
distribution. The higher molecular weight of Cs led to a 10 min longer dissolution time 
in the salt melt hydrate compared to the Cc.
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FIGURE 2.1. 
The weight distribution (W(logM)) versus molar mass graphs of microcrystalline cellulose powders were 

obtained from SEC; cellulose type C (Cc, (a), black) has a narrow distribution of molecular weight while 

cellulose type S (Cs, (b), red)) has a broader distribution of molecular weight.

TABLE 2.1. 
The result of size exclusion chromatography of cellulose powders Cc and Cs. Cs has a higher molecular 

weight and dispersity (Đ).

The alcogel fibers (6% wt.) were spun, regenerated, and winded in the regeneration 
bath around a porous stainless steel bobbin. No salt leftover was observed because the 
conductivity for all samples was less than 1 μS/cm and spot tests from all samples were 
negative and did not show any precipitation of salt. Yellowish-white opaque aerogel 
fibers were obtained after scCO2 drying. The fibers obtained from cellulose type C and 
S are called Fc and Fs, respectively, in the following sections.

SAMPLE

CC

CS

Mn (g.mol-1)

61,760

78,700

Mw (g.mol-1)

163,500

565,630

Mz (g.mol-1)

404,220

1,942,200

Đ

2.647

7.187
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2.3.2 Fourier transform infrared spectroscopy (FTIR)
Figure 2.2 shows the FTIR spectra characteristic of the cellulose powders and 
fabricated CA fi bers in the region of 4000-500 cm-1. The cellulose spectra show 
peaks at 3650-3000 cm-1 (O-H hydroxyl group stretching vibration), 2900-2800 cm-1 

(–CH2– alkyl stretching vibration), 1645 cm-1 (C=O stretching), and 1020 (C–O 
stretching). Furthermore, the crystalline structural alteration of cellulose from cellulose 
I to cellulose II were studied with the investigation of the peaks of 897, 1107, 1161, 
and 1430 cm-1 absorption bands, which were assigned to group C1 frequency, ring 
asymmetric stretching, C-O-C asymmetric stretching, and CH2 symmetric bending 
vibration mainly in cellulose I, respectively [41].

Moreover, the 893 cm-1 absorption band (β-glucosidic linkages between the sugar units) 
also confi rms that the crystalline cellulose I can be almost negligible in the regenerated 
cellulose fi bers since the 893 cm-1 is assigned to group C1 frequency in cellulose II 
[42,43]. Besides, the typical vibrations in amorphous cellulose at 1260 and 1460 cm−1 are 
similar to those in cellulose in the hydrated melts.

FIGURE 2.2.
The Fourier transform infrared spectra of cellulose powders (Cs, (a), red and Cc, (b), black) and wet-spun 

CA fibers (Fc, (c), blue and Fs, (d) green).
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2.3.3 Wide-angle X-ray diffraction (WAXD)
The XRD diffractogram of Cc and Cs with CA fibers generated from them, along with 
the detector image of the relative microcrystalline cellulose are displayed in Figure 
2.3. Five major diffraction peaks at 2θ = 14.9° (101), 15.9° (101), 21° (021), 22.4° 
(002) and 34.5° (004) are observed for the microcrystalline cellulose which is in line 
with values known in the literature for cellulose [41]. However, the CA fibers show 
a diffractogram with the absence or significant reduction of all peaks corresponding 
to planes (101), and (002), the values of the Bragg angle characteristic of cellulose 
I, specifying an amorphous structure. Furthermore, the aerocellulose patterns display 
peaks at 2θ =13° and 20° which is the corresponding characteristic of cellulose II [27,44]. 
It is also explicit that Cc had sharper peaks at (002) as well as more intense regions of 
radiation absorbance in the detector image and therefore higher crystallinity (Figure 
2.3a) in contrast to Cs (Figure 2.3b) [45]. The crystallite index for the Cc, Fc, Cs and 
Fs was 81.15, 27.58, 42.13 and 12.78 (%), respectively. Therefore, it demonstrates 
that the degree of crystallinity of the Fc and Fs was extremely lower than the original 
cellulose powder, but Fc had higher crystallinity than Fs.
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FIGURE 2.3. 
(a) The XRD spectra of microcrystalline type C (Cc, (a), black) and originated fiber (Fc, (b), blue) with 

the detector image of the Cc. (b) The XRD pattern of microcrystalline type s (Cs, (c), red) and fabricated 

fiber (Fs, (d), green) with the detector image of the Cs. Cc had a higher crystallinity index than Cs and fi-

bers regenerated from both cellulose went through cellulose I to cellulose II transformation and formed an 

amorphous structure.

2.3.4 Thermal stability
The thermal behavior and initial decomposition temperature of the cellulose powders 
and fi bers are shown in Figure 2.4a. The weight loss between 40-110 °C was due to the 
evaporation of the water molecules. Water molecules could have been absorbed on the 
hydroxyl group of the powder and CA fi bers; besides, it is clear that a higher number of 
water molecules in CA fi bers was absorbed in the porous framework [46,47]. From 120 
°C to 260 °C, the weight loss was almost unaltered. The weight rapidly decreased from 
255 °C to 360 °C because of dehydration and decomposition of the cellulose chains. In 
derivative thermogravimetry curves (DTG), as shown in Figure 2.4b, it was indicated 
that the starting decomposing temperature shifts toward a lower temperature and the 
maximal weight loss peak was broadened in CA fi bers comparing to their initial powder.
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FIGURE 2.4. 
(a) TGA graphs of the cellulose powder C (Cc, (a), black), cellulose powders type S (Cs, (b), red) and aerogel 

fibers type S (Fs, (c), blue) and type C (Fc, (d), green). The first step from 40 to 110 °C in the mass loss 

was due to the evaporation of water molecules and the second step at elevated temperatures (from 255 

to 360°C) happened due to the relatively fast decomposition of cellulose chains. (b) DTG curves show that 

the decomposing temperature of CA fibers compared to powders shifted toward a lower temperature and 

the maximal weight peak was broadened.

2.3.5 Morphology and textural properties of the aerogel fibers

2.3.5.1 Imaging by scanning electron microscope
SEM images of the aerogel fibers showed porous meshes of randomly oriented 
cellulose nano-fibrils (Figure 2.5a,f); the morphology of the fibers is similar to the 
typical fibrillar cellulose aerogels reported in the literature [21,29]. The image analysis 
showed more than 60% of the pore sizes are under 5 nm for both fibers (Figure 2.5 
g&h) however, few macropores (> 50 nm) existed for both fibers. Table 2.2 provides 
detailed information on the average pore size, minimum pore size of the CA fibers 
obtained from SEM image processing.

Furthermore, by measuring the diameter of the microfibers, it was proven that Fc 

diameter was 275.66 ± 1.24 μm while Fs diameter was 281 ± 2.16 μm. Based on the 
measured diameters the calculated volume shrinkage of CA fibers after regeneration, 
washing, and scCO2 drying was 16.47% and 14.85%, respectively. The diameter of 
nanofibers in Fs was 22.28 ± 7.61 nm while Fc had thicker nanofibrils with a diameter 
of 38.11 ± 7.26 nm.
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TABLE 2.2.
The pore size diameter analysis of Fc and Fs obtained from SEM image processing using Image J software

FIGURE 2.5. 
Scanning electron micrographs of the cross-section of cellulose aerogel fibers after regeneration in 

isopropanol and scCO
2
 drying (6 wt. % cellulose content). (a) cross-section of Fc (scale bar 150 μm), (b) 

randomly oriented nanofibrils in Fc (scale bar 5 μm), (c) cellulose fibrils of Fc (scale bar 500 nm), (d) 

cross-section of Fs (scale bar 150 μm), (e) dense and randomly arranged nanofibril in Fs (scale bar 5 μm), 

(f) cellulose fibrils of Fs (scale bar 500 nm). The pore size distribution of Fc (g) and Fs (h) was acquired 

by image analysis using Image J software; the analyses showed that more than 60% of the pore sizes were 

under 5 nm for both fibers.

2.3.5.2 X-ray microtomography
μ-CT images showed that fi bers from both cellulose types were highly porous and 
consisted of inter-connected open pores structure (Figure 2.6). The color bar shows 
the intensity of the X-ray absorbed by the fi ber matrix. It was shown by the high 

SAMPLE

FC

FS

AVERAGE PORE SIZE (nm)

3.398 ± 6.346

3.657 ± 9.165

MINIMUM SIZE (nm)

2.142

2.139



104

CHAPTER 2

intensity (blue-white color) regions that Fs had more condensed regions of nanofibrils. 
The computed amount of open and closed pores calculated from the image stacks 
are shown in (Table 2.3). The Fc has a slightly higher total amount of porosity and 
open pores compared to the Fs. However, the number of closed pores in both fibers is 
negligible (< 0.01%).

FIGURE 2.6.
μ-CT images of cellulose aerogel Fc (a) and Fs (b) in 3 different planes (X-Z, X-Y, Z-Y) with their 3D computed 

structure. The color bar shows the intensity of the X-ray absorbed by the fiber matrix (min: black and max: 

white). Scale bar length is 150 μm in all images.

TABLE 2.3. 
The porosity analysis of Fc and Fs obtained by μ-CT assessment using 3D analysis in CTAn software.

2.3.5.3 N2 adsorption-desorption
The specific surface area, pore volume, and pore size distribution of the CA fibers 
was obtained by BET adsorption and BJH desorption. The fibers isotherm curves over 
relative pressure are shown in Figure 2.7a and b, and incremental pore volume versus 
pore size width are displayed in Figure 2.7c and d. The Fs has a higher N2 quantity 
adsorbed. The isotherms curves are similar to IUPAC type IV with a hysteresis loop in 

SAMPLE

FC

FS

TOTAL POROSITY (%)

77.3 ± 2.33

71.6 ± 3.12

CLOSED POROSITY (%)

<0.01

<0.01

OPEN POROSITY (%)

77.32

71.65
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the range of 0.7–1.0, representing the presence of meso and macro-porous structure 
[48,49]. The multipoint BET specifi c surface area (SABET) results showed that Fs had 
a SABET of 197 m2 /g while low molecular weight Fc with the same concentration 
(6 wt.%) proved to have SABET of 85 m2/g. The average nanofi bril diameter 
(Daverage) can be calculated from skeletal density (ρskeletal) and SABET by the formula 
Daverage = 4/(ρskeletal × SABET), where ρskeletal is 1.501 g/cm3 for cellulose [29,48].

The BJH method discovered that majority of pores are distributed under 50 nm in both 
samples. The dissimilarity was observed over the highest peak of pore size distribution 
as it was narrower in the Fs and located in the range of 20-30 nm, while the Fc had 
a broader distribution of pores with a shorter peak height in the range of 20-40 nm 
(Figure 2.7d). BJH method clarifi ed that the pore volume of Fs and Fc was 1.03 cm³/g 
and 0.36 cm³/g, respectively; moreover, the BJH desorption average pore width was 
19.34 and 17.47 nm for Fs and Fc, respectively.

FIGURE 2.7. 
Nitrogen adsorption-desorption isotherms curve and representation of pore size distribution by incremental 

pore volume versus pore size width of Fs (a and b) and Fc (c and d). In contrast to Fc, the Fs had a higher N
2 

quantity adsorbed. The majority of pores were distributed under 50 nm in both samples and Fs had a higher 

pore volume. The specific surface area of Fs and Fc was 197 m2/g and 85 m2/g, respectively.

2.3.6 Cytotoxicity
The cell viability observed in all samples on the fi rst and third days of cell culture 
proved that the samples were nontoxic. The proliferation of fi broblast cells from day 1 
to day 3 was observed in all samples with the exemption of Cc powder (Figure 2.8). It 
was also noted that the viability of Fs is slightly lower than Fc.
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FIGURE 2.8. 
XTT assay of cellulose powders (Cc and Cs) and fabricated alcogel fibers (Fc and Fs). The cell viability 

was observed in all samples; (***, P<0.001; **, P<0.01; *, P<0.05). Negative samples were polyethylene and 

positive samples were DMSO. All test samples showed proliferation from day 1 to 3 except Cc.

2.4 Discussion
The aerogel fibers were fabricated using a semi-pilot scale wet spinning line and utilizing 
scCO2 drying unit. ScCO2 processes are gaining more attention in the biomedical 
field since they are being used as a mild temperature processing method to produce 
porous materials, such as aerogels, besides being used as a sterilization technique for 
biomedical products [10]. The significant difference in the type of polysaccharide used 
for fabricating the aerogels, especially in the structure and length of chains, might 
have an impact on the morphological properties of fibers because the properties of 
the cellulosic products rely on the biomacromolecule assembly and its degree of 
polymerization [50,51]. Two fabricated CA microfibers (ϕ≈270 μm) from low and high 
molecular weight cellulose exhibited different physical and textural properties in the 
structural, morphological, thermal, and biological assessment.

The FTIR results proved that the dissolution of the initial biomacromolecule in salt melt 
hydrate altered the crystalline structure of the material from cellulose I to cellulose II, 
but no presence of salt leftover was observed. The NCS groups (N bonded) can appear 
around 2060-2100 cm-1, and SCN groups (S bonded) can appear above 2100 cm-1. As 
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there is no clear peak in the mentioned range of FTIR patterns (Figure 2.2), it implies 
that NCS groups are not present in the structure of the fi ber after washing steps [52].

Furthermore, XRD showed that the regenerated CA fi bers were in the amorphous 
state and mainly in the form of cellulose II, and Fc had higher crystallinity than Fs 

as it was originated from high crystalline initial cellulose (Cc). From XRD and FTIR 
measurements, it can be concluded that the dissolution and the spinning of cellulose in 
Ca(SCN)2 molten salt hydrate did not change the cellulose chemical structure during 
the dissolution and regeneration but weakened or broke the inter- and intra-cellulose 
hydrogen bonding, and inevitably deranged the fi nal CA fi ber crystalline arrangement 
[27,44].

The thermogravimetric measurements disclosed that the CA fi bers were slightly less 
thermally stable than their original cellulose powder due to the decrease of initial 
degradation temperature. This lower thermal stability was based on several elements 
such as the conversion of cellulose I to cellulose II, degradation of cellulose chains 
known for cellulose during dissolution in inorganic salts, and higher specifi c surface 
area of the CA fi bers compared to the powders, which made the internal surface of 
fi bers more prone to thermal degradation [27,38,53].

To reveal structural and textural properties of the CA fi bers SEM, μ-CT, and BET/
BJH results needed to be integrated as different compartment length scales from 
nanometer to micrometer existed in the fi ber matrix [54]. The SEM and μ-CT outcomes 
showed that CA fi bers consist of randomly ordered nanofi brils with interconnected 
pore structure. The BET calculated average nanofi bril diameters were 13.5 and 31 
nm for Fs and Fc, respectively, which were close to the diameter range of the results 
obtained via SEM image analysis (~20-38 nm). The larger fi bril diameter of Fc might 
trigger some small pores to get closer and agglomerate, leading to lower pore volume 
[34]. The SEM analysis showed that the average pore width quantities in both samples 
(~3-4 nm) were lower than the obtained results in BJH desorption method 
(~17-20 nm), but both methods proved that Fs had a higher pore size diameter than 
Fc. The low percentage of closed pores in both fi bers achieved by μ-CT (< 0.01%) was 
in line with the SEM and N2 adsorption-desorption results. Alongside scCO2 drying 
processes, the regeneration solvent is also essential in achieving a low amount of closed 
pores. Isopropanol was used as the main regeneration and washing solvents since its 
low surface tension (0.023 N/m), tends to decrease the number of closed pores during 
scCO2 drying; besides, in previous studies, it has been proven the CAs regenerated in 
iProH have higher mechanical properties than other forms of alcohols (e.g., EtOH) 
[3,30].
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BJH desorption results also showed that Fs had significantly higher pore volume  
(1.03 cm³/g) than Fc (0.36 cm³/g ). The obtained value for Fc was lower compared to 
the porosity acquired by μ-CT because of the resolution limitation of the μ-CT technique 
which will be discussed further. Overall, both fibers have mainly mesoporous structure 
with few macro scale pores. Based on the results of the aforementioned methods, Fs 

originated from the high molecular weight with lower crystallinity cellulose (Cs) led to 
thinner nanofirbillar formation (SEM, BET/BJH), interconnected pore structure (μ-CT) 
and higher surface area and pore volume (BET/BJH).

The difference in the results needs to be explained by understanding the sample 
preparation and measurement basis of each technique. SEM image analysis is limited 
to 2D and is highly dependent on the settings used during binary image production. 
Inaccuracy might also arise from the fibers cross-section preparation since even cutting 
in liquid N2 can deform the nanofibrillars. Additionally, fibrils are highly sensitive to 
the electron beam and throughout the imaging process, they can form clusters upon 
applying high voltages (2-5 kV) [55]. In addition, although the μ-CT analyses provide 
a more in-depth and accurate overview of 3D structures with insight into the closed 
pores, the resolution of this technique is limited (in this study, 0.8 μm); this can cause 
errors, such as neglecting nanofibrils, or considering the agglomeration in the fiber 
matrix, therefore it might fail to obtain a precise internal computed construction.

On the other hand, N2 adsorption and desorption data based on BET and BJH theory 
report the pores which are accessible for gas; miscalculations might arise due to 
nanofibrillar structural changes in the N2 pressure variation during the measurements 
causing some errors in pore diameter values [48,54]. In the case of microfiber shapes, 
this error can be even higher due to brittleness, high electrostatic charges, and the 
very lightweight nature of samples. After all, to add enough mass of the fibers in the 
bulb of the test tube, the aerogel fibers might have been compressed by transferring 
the samples into the bottom of the tube. It is challenging to control the applied 
compression when the ultralight aerogel microfibers samples were filled in the test 
tube. More advanced characterization methods, such as nano-CT as a super high-
resolution imaging techniques, are required to obtain a better understanding of the 
textural properties of CA fibers [56].

The difference in the cell proliferation of the powders might arise from their purity. 
Regarding the CA fibers, the slower cell proliferation in the Fs can be due to minor 
trapped salt molecules, which can be thoroughly investigated by elemental analysis 
methods. The non-toxicity and cell proliferation of samples in addition to their open 
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and accessible interconnected porous network are in favor of tissue integration and 
vascularization and it shows the potential of CA fi bers for scaffold or drug delivery 
applications [51,57]. The textile production from CA fi bers will lead to unique constructs 
with a macro/micro-porous structure emerging from the space between microfi bers and 
mesoporous structure originating from porosity of each aerogel fi ber; this also enhances 
the surface to volume ratio of the end product which is favorable for transdermal, 
wound care and tissue engineering applications [2,58].

In the prospective studies, the processing route could be more optimized to decrease 
the destruction of initial polysaccharide chain length and crystallinity as it led to a 
reduction in the physical and mechanical properties of the end products; for instance, 
ionic liquids with lower melting temperatures can be used as a dissolving agent [3,59]. 
Furthermore, the development of greener isolation methods to obtain cellulose from 
plant resources can minimize the toxicity of the powders. Bacterial cellulose can be a 
promising candidate to replace plant-derived cellulose since it is produced by enzymes 
leading to a higher molecular weight and more crystalline assembly of cellulose [4].

In general, tunable macro and micro designability, biomimetic structure, non-toxicity 
and biodegradability introduce these CA fi bers and possible out come textile as 
promising candidates for several biomedical application including tissues engineering, 
wound care and drug delivery. However, in future studies some of their limitation 
requires to be improved. For instance, CA fi bers are not wet stable and in case of cyclic 
evaporation of solvent molecules (e.g. changes in humidity) or immersion in liquids 
and subsequent ambient drying, their internal structure will collapse over time [60,61]. 
Additionally, the CA microfi bers brittleness remains a challenge for further industrial 
textile production. These are the two main challenges for many biomedical application 
which needs to be overcome using physical or chemical modifi cations such as plasma 
treatment, layer by layer assembly, crosslinking, etc.

2.5 Conclusions
Herein, we successfully fabricated two different cellulose aerogel fi bers (6 wt.%) from 
plant-derived microcrystalline cellulose powders. Fibers were prepared by dissolving 
the cellulose in calcium thiocyanate melt hydrate combined with wet spinning and 
scCO2 drying methods. The aerogel fi bers showed lower crystallinity and thermal 
stability in comparison to their original polysaccharides. The result showed that highly 
porous constructs were fabricated and proved that the properties of the fi bers were 
affected by using different molecular weights of the polysaccharide. The microfi ber 
originated from a high molecular weight with low crystallinity cellulose powder 
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showed thinner fibril diameter (~20 nm), higher surface area (~197m2/g) and pore 
volume (~ 1.03 cc/g) than the microfiber obtained from the low molecular weight with 
high crystallinity cellulose. Finally, it was confirmed that the cellulose aerogel fibers 
produced in this study is non-toxic and thus can be used in biomedical application such 
as tissue engineering and regenerative medicine applications.
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CHAPTER 3

  

CELLULOSE AEROGEL MICROFIBERS 
FOR DRUG DELIVERY APPLICATIONS

This chapter is based on the following publication:
Rostamitabar, M.; Subrahmanyam, R.; Gurikov, P.; Seide, G.; Jockenhoevel, 
S.; Ghazanfari, S. Cellulose aerogel micro fi bers for drug delivery applications. 
Materials Science and Engineering: C 2021, 127, 112196

Abstract: Textile engineering can offer a multi-scale toolbox via various fi ber or textile 
fabrication methods to obtain woven or nonwoven aerogels with different structural 
and mechanical properties to overcome the current limitations of polysaccharide-based 
aerogels, such as poor mechanical properties and undeveloped shaping techniques. 
Hereby, a high viscous solution of microcrystalline cellulose and zinc chloride hydrate 
was wet spun to produce mono and multi-fi lament alcogel microfi bers. Subsequently, 
cellulose aerogel fi bers (CAF) were produced and impregnated with model drugs using 
supercritical CO2 processes. Fibers were characterized in terms of morphology and 
textural properties, thermal stability, mechanical properties, and in vitro biological and 
drug release assessments. Loaded and non-loaded CAFs proved to have a macro-porous 
outer shell and a nano-porous inner core with interconnected pore structure and a 
specifi c area in the range of 100-180 m2/g. The CAFs with larger diameter (d~ 235 μm) 
were able to form knitted mesh while lower diameter fi bers (d~70 μm) formed needle 
punched nonwoven textiles. Humidity and water uptake assessments indicated that the 
fi brous structures were highly moisture absorbable and non-toxic with immediate drug 
release profi les due to the highly open interconnected porous structure of the fi bers. 
Finally, CAFs are propitious to be further developed for biomedical applications such as 
drug delivery and wound care.
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3.1 Introduction
There is a growing demand for nonwoven and woven materials that are mainly 
fabricated from petroleum-based resources; however, numerous research studies are 
trying to fabricate new value-added, sustainable, and competitive products originating 
from renewable materials such as cellulose [1-3]. Textile engineering is offering a 
multi-scale toolbox via various fabrication methods of fibers and fabrics for versatile 
biomedical applications. The current biomedical fibrous structures having a wide range 
of morphology, composition, and functionality are used in different applications, such 
as personal protective textiles, skin grafts, tissue engineering scaffolds, and wound 
dressings [3,4]. The high sensitivity of biomaterial and pharmaceutical agents to the 
processing condition requires the development of innovative technologies for processing 
and treatments. Mild temperature supercritical carbon dioxide (scCO2) processes are 
currently utilized to produce highly porous and low-density material so-called aerogels 
[1,5]. Cellulose aerogels (CAs), due to their biocompatibility and biodegradability as 
ultra-lightweight material with 3D interconnected porous network structure, have 
been used in drug delivery [6,7], tissue engineering [8,9], and wound healing [10,11] 

applications.

CAs are typically fabricated in three steps: dissolving or dispersing cellulose, gel 
formation and aging followed by drying, which can be freeze-drying or scCO2 drying. 
In the latter case, the 3D structure of the gel is merely retained [12,13]. The CAs are 
also suitable candidates to be loaded with various bioactive agents. Three aerogel 
impregnation processes have been evolved for loading drugs and bioactive agents, 
which are the incorporation of the drug to the dissolving mixture before the gelation 
(gel formation), the addition of the drug through the aging step (solvent exchange), 
and the inclusion of drug during adsorption/precipitation in the dried aerogels (post-
treatment) [11, 29]. The solubility of the drug in the gel solvent and scCO2 plays an 
important role in selecting the right impregnation technique.

Despite CAs outstanding properties, these bioaerogels typically suffer from poor 
mechanical properties as well as undeveloped fiber processing methods which have 
limited their shape mainly to monoliths [14,15], cylinders [16,17], and beads/microparticles 
[9,18,19]. The main limiting factor to produce fibers from most of the bio-based 
polymers, such as cellulose, is that they do not melt due to the existence of strong 
hydrogen bonding between macromolecule chains. These hydrogen bondings increase 
the melting point over the degradation temperature; therefore, processing these 
raw materials into fiber and finally textile requires dissolution, extrusion, gelation/
solidification, and drawing.
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Wet spinning is a method for the effi cient fabrication of solid/gel fi bers from cellulose 
solutions. Wet spun cellulose fi bers often lead to microfi bers with better mechanical 
properties than nanofi bers fabricated by electrospinning [20]. In wet spinning, cellulose 
solution is pumped through a spinneret. Solid/gel fi bers are formed when the stream 
reaches the coagulation bath and are subsequently drawn and collected on a bobbin. 
Inorganic salt melt hydrates, such as Zncl2 aqueous solution, are proved to be low-cost, 
non-derivatizing, and direct solvents for spinning cellulose [21-23]. Therefore, shaping 
CAs into fi bers or fi laments is appealing since utilizing textile fabrication methods can 
transform the fi bers into woven, knitted, braided, or nonwoven fi brous structures that 
hold various structural and mechanical properties.

In literature, there are few studies on wet spun aerogel microfi bers production from 
cellulose [23-27], silk fi broin [28,29], Kevlar [30], polyacrylonitrile [31], silica [32], and 
graphene [33,34] for versatile fi elds including thermal insulation, sensors, and fl exible 
batteries and cells. In addition, recently Batista et.al fabricated alginate-chitosan aerogel 
fi bers via emulsion gelation for wound healing applications [35]. Nevertheless, to the 
best of our knowledge, the usage and potential of wet spinning and textile formation of 
aerogel fi bers for biomedical applications specifi cally from biobased materials, such as 
cellulose, have not been investigated. Furthermore, different drug loading techniques, 
drug-eluting behavior, release kinetics, and biological properties of the CAFs have not 
been studied.

In this study, the CAFs production with two different diameters from high viscose 
salt melt hydrate of ZnCl2 (8.3 wt. %), fabricated by knitting and nonwoven textile 
formation, and impregnated with drug models has been investigated. Moreover, the 
effect of physio-chemical structure of microcrystalline cellulose (MCC) and CAFs, 
processing parameters such as the effect of scCO2 depressurization rate, and the type of 
alcohol used for the regeneration of the fi bers on the textural properties of the aerogels 
were studied. Solvent exchange and post-treatment impregnation processes using 
scCO2 were investigated for loading of the drug models, methyl blue (MB), rhodamin 
B (RB), and fl uorescein (FL).

MB is a triphenylmethane acid dye with antiseptic properties which can be utilized 
as a fl uorescent probe, biological staining agent, and pH indicator [36]. RB and FL are 
well-known fl uorophores which have been used as tracer diagnostic tools and labeling 
agent in the biomedical fi eld [37-39]. Also, the difference between the polarity, molecular 
weight, water solubility, and chemical structure of the drug models could provide a 
closer description of appropriate solute/solvent systems and loading techniques to load 
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other bioactive agents within CAFs. After the solvent exchange, drug loading, drug 
release from the CAFs was measured over 24 h. The release data were rationalized 
with the kinetics models such as first-order and Peppas-Sahlin in order to define the 
mass transport mechanism of the drug release. In the end, in vitro assessments were 
performed to explore cytotoxicity, biocompatibility, and the interaction of the cellulose 
aerogel fibrous structures with the fibroblast cells.

3.2 Material and Methods

3.2.1 Materials
MCC with product number C6288 (degree of polymerization of 159), MB, cell 
proliferation kit II (XTT assay), and propidium iodide, as fluorescent cell staining, were 
obtained from Sigma-Aldrich. Calcein, a fluorescent probe for staining viable cells, was 
purchased from Biomol. Gibco™ Dulbecco's modified Eagle's medium (DMEM) with 
10% Gibco™ fetal calf serum (FCS) were bought from Thermo Fisher Scientific. ZnCl2 

(97%), RB and FL were purchased from Alfa Aesar. For regeneration and washing the 
fiber samples, absolute isopropanol (iPrOH) (≥99,7 %, 2-Propanol CP) and ethanol 
(EtOH) from Biosolve were used. Carbon-dioxide (CO2) cylinders (2.7 grade, 50 L) 
with a purity of 99.7 % from Linde Gas Benelux was used in the drying process. Finally, 
all materials were used without further purification.

3.2.2 Solution preparation
The MCC was dried at 100 °C in a vacuumed oven overnight to remove the moisture 
and achieve a constant weight. Spin dopes were prepared using 60 % zinc chloride 
(36 g), 31.66 % deionized water (19 mL), and 8.33 % microcrystalline cellulose (5 
g). First, half of the deionized water was added to swell the cellulose chains and avoid 
agglomeration during mixing with the salt; subsequently, ZnCl2 salt and the rest of 
the deionized water were added to the wet powder. Homogenous clear solutions were 
obtained by dissolving the cellulose at 70 °C and using a mechanical stirrer (100 rpm) 
after an approximate time of 45 min. Furthermore, two additional lower cellulose 
concentration solutions (3 and 6 wt%) were similarly prepared to inspect the effect of 
concentration increment on the cross-sectional morphology of the fibers by scanning 
electron microscopy.

3.2.3 Fiber spinning, gel washing, and textile fabrication
The spinning was carried out by a customized wet-spinning “LabLineCompact” unit 
(DIENES Apparatebau GmbH, Germany) (Figure 3.1A-I). To reduce the viscosity, the 
spinning dope required to be spun at an elevated temperature around 70 °C; therefore, 
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three heaters with suitable controllers were added to the tank, pump, and nozzle 
pipe. The air pressure (2-3 bar) and pump rate (1.5 mL/min) were applied during the 
spinning of the multifi lament alcogel fi bers (spinneret capillary diameter = 100 μm, 
100 holes) (Figure 3.1A-II) and the monofi lament alcogel fi bers (spinneret capillary 
diameter = 330 μm) (Figure 3.1A-III). The spinning dope (50 mL) was added to 
the tank, and the fi bers were spun in the iPrOH bath (30 L) without passing through 
an air gap between the nozzle and the regeneration bath. A customized winder was 
designed and placed directly in the regeneration bath to prevent alcogel fi bers from 
drying (Figure 3.1A-IV).

Alcogel fi bers were pulled and winded in the bath at the rate of 20-25 rpm. The wet 
spun fi bers were transferred into a beaker containing fresh iProH. Moreover, to remove 
the residual salt from fi bers and avoid excessive solvent consumption, fi bers with their 
bobbins were placed in cellulose thimbles and washed in a customized soxhlet extractor 
system (NS 100) (Figure 3.1B-I). The extractor pipe (siphon return line) was designed 
3 cm above the lowest part of the extraction chamber to keep a reasonable amount 
of solvent in the chamber and avoid gel drying during the periodical emptiness of the 
thimble. The presence of salt left-overs was checked by conductivity meter and spot 
test (Figure 3.1B-II). The spot test was performed with silver nitrate (1% wt/v) since 
acidifi ed Ag+ gives a white curdy precipitate with Cl-.

The textiles were formed manually; knitted meshes were created by using a knitting 
loom and monofi lament fi bers, and needle punched nonwoven was produced by 3 
felting needles purchased from Panduro (coarse, medium, and fi ne needles, each 7.5 
cm long) with a needle base (8×10×1.8 cm, L×W×H) to punch the multifi lament 
fi bers.

3.2.4 Supercritical CO2 drying and drug loading
Supercritical CO2 drying: The drying procedure was performed using scCO2 dryer HPE 
300 (EUROTECHNICA GmbH, Germany). The fabricated alcogel fi bers were wrapped 
in the fi lter papers and placed in the drying vessel (V=400 ml) with a defi ned excess 
amount of iPrOH. Samples were dried at 120 bar and 50 °C over 60 min. During the 
drying process, the extraction valve of the vessel was manually opened to vent the 
alcohol-rich mixture of CO2 into a plastic fl ask while the pressure and temperature 
of the vessel remained constant. The extraction cycle of the alcohol-rich stream was 
repeated 5 times for a duration of 3 min each. In the end, the vessel was depressurized 
in 10 min using a backpressure regulator, and the vessel was opened when it cooled 
down to room temperature. The CAFs were instantly placed in a tightly sealed sample 
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holder under dry N2 purge to prevent the samples from absorbing the moisture of the 
environment.

Drug loading: For the impregnation of MB, RB and FL (Figure Appendix 3.1.A) by the 
solvent exchange step, salt-free alcogels in iPrOH were washed with absolute EtOH in 
a 1 L beaker two times since the aforementioned model drugs had very low solubility 
in iPrOH. 50 mg of each model drug was dissolved in 1 L of EtOH, and the solution was 
stirred at 50 °C with a rate of 200 rpm for 24 h. Around 500 mg of each alcogel fiber 
was immersed in 2 L of the drug solution and stirred at 50 rpm for 24 h so that the drug 
could diffuse into all gel bodies (Figure 3.1C). In the next step, drug-loaded alcogel 
fibers were wrapped in the filter paper and transferred to the vessel (V=100 mL) of the 
scCO2 dryer. A defined excess amount of the same drug solution for each sample was 
added to the vessel to prevent ambient drying of the alcogels and scCO2 drying was 
performed similarly to the unloaded CAFs.

For the post-treatment impregnation of dried aerogels with the model drugs, 25 mg 
of each drug was placed at the bottom of the high-pressure vessel (V=100 ml) with a 
magnetic bar. Then, 100±10 mg of the dried aerogel fibers wrapped in filter papers were 
placed inside a porous cylinder that had a gap with the bottom of the vessel to avoid 
any contact between the fibers and the drug powders containing a rotating magnetic 
bar. A magnetic stirrer was placed under the vessel, and the pressure and temperature 
of CO2 were set at 200 bar and 50 °C. After 24 h, the vessel was depressurized  
over 60 min.
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FIGURE 3.1.
Schematic representation of wet spinning and fabrication of the salt-free alcogel fibers. (A) Wet spinning 

and designed components, (I) customized wet spinning line with heating elements, (II) multifilament nozzle 

with the filter and the spinneret containing 100 holes of 100 μm, (III) monofilament nozzle with an internal 

diameter of 330 μm. (IV) A custom made winder to collect the alcogel fibers within the bath to avoid drying 

of the alcogel fibers. (B) Washing process of the alcogel fibers using fresh iPrOH, (I) a customized soxhlet 

extraction (NS 100) loaded with cellulose thimbles containing alcogel fiber bobbins, (II) evaluation of the 

salt leftover in alcogel fibers using spot test and conductivity test. (C) Solvent exchange impregnation 

process of alcogel fiber by immersing them in 50 mg/L drug solutions.

3.2.5 FTIR
Fourier Transform Infrared (FTIR) spectroscopy was performed on the MCC and the 
fi bers with a frontier FT-IR/NIR (Perkin Elmer, USA), and the spectrum was averaged 
over 32 spectra with a resolution of 2 cm-1 from a range of 4000 till 500 cm-1 in the 
refl ectance mode.
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3.2.6 XRD
Two-dimensional (2D) wide-angle X-ray diffraction (WAXD) analysis on samples was 
performed using a Ganesha diffractometer (SAXSLAB, Denmark) with a sample-to-
detector distance of 116.536 mm. Cu Kα radiation (λ = 1.5406 Å) and silver behenate 
(d001 = 58.380 Å) used for calibration were measured for 600 s. The diffraction 
spectrum was shown by the θ-2θ geometry.

The crystallinity index percentage (CrI (%)) was determined by the empirical 
estimation method of Segal et al. [40] as the percentage of crystalline material in the 
sample expressed by the following equation:

CrI(%)=	   ×100 		 Equation (3.1)

where for cellulose I, I002 is the maximum intensity of the (0 0 2) lattice diffraction at 
2θ ≈ 22.6° and Iam is the intensity at 2θ ≈ 18.7° representing the amorphous part in 
the cellulose fibers. For cellulose II, I002 and Iam is the intensity at 2θ ≈ 20° and 16°, 
respectively.

3.2.7 Thermal gravimetric analysis
The thermal stability and degradation of the MCC and loaded and non-loaded fibers 
were studied by a TA Q500 thermo-gravimetric instrument (TA Instruments, USA). 
Samples were heated from 20 °C to 500 °C with a rate of 10 °C min-1 under N2 purge.

3.2.8 Scanning electron microscopy and Micro-computed tomography
Scanning Electron Microscopy (SEM): Micrograph images of the CAFs’ cross-sections 
and surface were acquired by Teneo scanning electron microscope (Thermo Fisher 
Scientific, USA). All fibers were broken in liquid nitrogen and coated with a 3 nm thick 
layer of iridium. Images were obtained using 5 kV voltage at a working distance of 10 
mm. SEM images were analyzed using Image J (version 1.8.0_172, NIH, USA).

Linear shrinkage ΔL of samples were determined from the SEM images by measuring the 
diameter of the samples after spinning (Di) and after drying (Df) using equation (2):

ΔL (%)=	      ×100 		  Equation (3.2)

X-ray microtomography (μ-CT): Stack images were obtained using Skyscann 127211MP 
(Bruker, USA) at the source voltage and current of 40 kV and 200 μA, respectively, with an 
exposure time of 1.5 s and the image pixel size of 0.8 μm. A CTAn analyzer (version 

I002−Iam

I002

Di−Df

Di
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1.18.8.0+) was utilized to calculate the macroporosity from 2D aerogel structures 
within three different regions of interest for each sample. In order to visualize 3D 
images of the samples, CTvox software (version 3.3.0 r1403) was used.

3.2.9 Textural properties (porosity, surface area, and pore volume)
Porosity: The porosity (∅) was estimated from the bulk density and skeletal density as follows:

∅(%)=    =1−   ×100  Equation (3.3) 

Where the skeletal density (ρskeletal
) of cellulose is 1.501 g.cm-3 [41], and the bulk density 

(ρdensity
) was estimated as the mass to volume ratio of the three small cylindrical samples. 

The samples' diameters and lengths were in the range of 1.8-2 mm and 2.3-2.7 mm, 
respectively. The dimension of the samples was measured by a digital vernier calipers.

Surface area and pore volume: The specifi c surface area of the CAFs were measured 
by using the Nova 4200e Surface Area Analyzer (Quantachrome GmbH and Co. KG, 
Germany). The samples were degassed at 80 °C over 24 h, and the Brunauer–Emmett–
Teller (BET) method was utilized to determine the specifi c surface area (SABET). 
Moreover, the pore size distribution and average pore size were obtained from the 
Barrett-Joyner-Halenda (BJH) model.

3.2.10 Mechanical properties
The linear density, tensile strength, and elongation measurements of the CAFs were 
performed using Textechno Favimat+ single fi ber testing machine (Herbert Stein 
GmbH & Co., KG, Germany). The device was equipped with a load cell of 210 cN, and 
the linear density and tensile measurements were carried out at the rate of 10 mm/
min. To address the coarse structure of the fi bers and the resulting stiffness, high gauge 
lengths (20 mm) and high pretensions (1cN/tex) were used.

3.2.11 Humidity absorbance and water uptake
Humidity absorbance: Three replicates of CAFs (each 100 ± 10 mg) with two different 
diameters were dried in a vacuum oven at 90 °C around 24 h to reach a constant 
weight. Subsequently, they were placed for 24 h in a humidity chamber at 25 °C with 
relative humidity (RH) of 50% and 80%. The weight of the samples was instantly 
measured before (Woven) and after keeping it in the humidity chamber (Wchamber). 

ρbulk

ρskeletal

Vpores

Vmaterial
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Humidity absorbance weight ratio (WRH%) was measured by:

WRHX%=		    	 ×100 		  Equation (3.4)

WRHX% is the weight ratio of the absorbed humidity at the relative humidity of (X), 
(Woven) is the weight after drying the CAFs in the vacuum oven and Wchamber is the 
weight of the fibers after removing from the humidity chamber.

Water uptake: The water uptake was measured after 1, 8, and 24 h and performed on 
the knitted mesh and nonwoven patch in the PBS solution (pH 7.4, 37 °C) to avoid 
single fibers breakage and agglomeration. The weight of the swollen samples (Wwet) 
was measured after removing excess water with filter paper for each time point utilizing 
three replicates. The water uptake weight ratio (WU) (%) was calculated as follows:

WU(%)=	         ×100 		  Equation (3.5)

3.2.12 In vitro drug loading efficiency, release, and kinetics
Drug loading efficiency: In order to calculate the drug loading efficiency of the solvent 
exchange impregnation, several assumptions were taken into account. It was assumed 
that fibers had perfect cylindrical shapes, and the alcogel fiber volume was mainly 
equal to the ethanol volume since ethanol filled up the majority of the gel matrix. 
Furthermore, it was assumed that the diffusion of the drugs into the alcogel fibers was 
complete, meaning that the concentration of the drug in the solution was equal to that 
in the alcogel fiber (Calcogel=Cethanol) and the drug mass loss during scCO2 drying was 
negligible. The theoretical drug dose (Mtheo) can be then expressed as:

Mtheo(mg)=Valcogel(cm3)× Cethanol				    Equation (3.6)

Experimental drug doses (Mexp) were obtained after washing 100 ± 10 mg of the fibers 
using 1 L of ethanol in a soxhlet extraction system for 72 h and subsequently measuring 
the concentration of the drug in the final solution. Drug loading efficiency (%), aerogel 
loading capacity (wt.%), and aerogel specific loading (mg/m2) can be defined as:

Drug loading efficiency (%) =	       ×100	 Equation (3.7)

Drug loading capacity (wt.%) =               ×100	 Equation (3.8)

Wchamber - Woven

Woven

Wwet - Woven

Wwet

Mexp (g)

Mexp (g)

Mtheo (g)

Maerogl (g)

(   )mg
cm3
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Aerogel specifi c loading         =                      ×1000 Equation (3.9)

The drug loading effi ciency of the post-treatment method (in scCO2) was obtained by 
measuring the weight of the aerogel fi bers before (Mi) and after (Mf) the impregnation 
as expressed by:

Drug loading effi ciency (%) =    ×100    Equation (3.10)

Nevertheless, the drug loading effi ciency of the post-treatment method was very low 
(0.01 %) and the drugs were slightly adsorbed only on the surface of the fi bers. Thus, 
the post-treatment loaded fi bers were not investigated in further characterization steps.

In the result and discussion part, the CAF samples were named as 
(Fdiameter-solvent or drug ) in which the subscript refers to the wet spun initial diameter of 
the nozzle, the fi nal solvent before drying, and the type of the drug that the fi ber was 
loaded with. Table 3.1 summarizes the fabricated samples and their corresponding 
abbreviation and characteristics.

TABLE 3.1. 
Fabricated samples and their lables.

Drug release: 100 ± 10 mg of drug-loaded CAFs were immersed in 100 ml PBS solution 
(pH = 7.4) at 37 °C and stirred at a rate of 50 rpm. 16 samples over 24 h at various 
time intervals were measured as follows: 2 ml from the PBS and sample solution was 

Aerogel loading capacity (wt%)
Specifi c surface area m2

g(   )(   )mg
m2

Mi (g)
Mf (g)

SAMPLE NAME

F330iPrOH

F330EtOH

F100iPrOH

F100EtOH

F330RB

F100RB

F330FL

F100FL

F330MB

F100MB

SPINNING NOZZLE 

DIAMETER (μm)

330

330

100

100

330

100

330

100

330

100

SOLVENT PRIOR TO 

THE scCO
2
 DRYING

Isopropanol 

Ethanol

Isopropanol

Ethanol

Ethanol

Ethanol

Ethanol

Ethanol

Ethanol

Ethanol

TYPE OF THE 

LOADED DRUG

-

-

-

-

Rhodamine B

Rhodamine B

Fluorescein

Fluorescein

Methyl blue

Methyl blue
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transferred into a vial and subsequently, 2 ml of fresh PBS was added to the solution to 
maintain a constant medium volume. The measurements were performed in triplicate. 
Using a UV-visible UV3600 spectrophotometer (Shimadzu, Japan), the maximum 
absorption peaks for MB, RB, and FL in PBS solution were at the wavelengths of 306, 
554, and 490 nm, respectively.

The blank, calibration material, and all the collected samples over time were placed 
in 96 well plates, and Synergy™ HTX multi-mode microplate reader (BioTek, USA) 
was used to obtain the intensities. The Beer-Lambert law was utilized to obtain the 
concentration of the drug, and cumulative drug release was calculated by:

Q(%)=		     ×100 		 Equation (3.11)

Q (%) is the percentage of the cumulative released drug, and V (mL) was the total 
volume of the samples. Cn (mg/mL) and Vi (mL) were the concentration and the 
volume of the samples taken at n and i time points. Mexp (mg) was the actual weight 
of the drug in the fibers, and the number of times that the drug release media was 
replaced is shown as n.

Kinetics of release: First-order and Korsmeyer-Peppas were selected as the mathematical 
models to fit the experimental data obtained from the drug release measurements from 
the CAFs since previous drug release studies showed CAs were stable (no erosion) 
in aqueous media [42]. The correlation coefficient (R2) was calculated to define the 
accuracy of each model.

First-order: The first-order release kinetics is corresponding to the amount of the loaded 
drug in the fiber matrix. This model results in a constant release over time, and the rate 
is only reliant on the initial drug concentration [43,44]. The cumulative released fraction 
(Q(t)) can be described by:

Q(t)=1−exp(−k1t) 		  Equation (3.12)

where (1 – Q(t)) represents the remaining fraction of the drug at the time t in the 
system, and k1 is the first-order constant.

Korsmeyer–Peppas: The Korsmeyer-Peppas, known as the power-law model, explains 
the exponential relationship between the release and the time [44,45]. The model is 
expressed by:

Q(t)=	    = KKPtn	 		   Equation (3.13)

CnV+Vi  Σ

Mexp

n-i
Ci

Mt

Mtot

i=0
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Where Mt is the amount of the drug at the time t, Mtot is the total amount of the loaded 
drug, Kkp is the constant accounting for the structural and geometrical characteristics of 
the system, and m is the exponent of the release related to the drug release mechanism. 
This model is limited to the fi rst 60% of cumulative release or Q(%) < 60%. In case of 
n < 0.45, Fickian diffusion takes place by the typical molecular diffusion of the drug 
due to a chemical potential gradient. When 0.45 < n < 0.89, the release is controlled 
by the effect of both diffusion and polymer relaxation (swelling or erosion).

3.2.13 In Vitro cell viability and proliferation studies
Human dermal fi broblasts were isolated from the adult skin biopsies as previously 
described by Kreimendahl et al. [46]. Cells were cultured at 37 °C and 5% CO2 in DMEM 
with 10% fetal calf serum (FCS). Cells at passage 4 were used for the viability and 
proliferation experiments using XTT and live dead staining. The CAFs samples were 
sterilized in 70% ethanol and washed in PBS prior to the tests.

XTT assay was performed according to the ISO 10993-12. In short, samples, positive 
control, and negative control were incubated in a culture medium for 72 h. The 
negative control was a piece of polyethylene tube, and the positive control was a 
piece of a latex glove. Cells were seeded in 96-well plates (1x104 cells per well) and 
were allowed to adhere to the wells for 24 h. After 24 h, cell medium was exchanged 
with sample medium, positive control, and negative control or blank. After different 
incubation periods of 1, 3, and 7 days, the XTT assay was performed according to the 
manufacturer's protocol. The absorbance was measured in a multimode microplate 
reader M200 (Tecan, Switzerland) at 450 nm with a reference wavelength of 630 nm. 
The assessment was performed in three replicates.

For the live-dead assay, nonwoven textiles were punched using a biopsy punch and 
were placed in 96-well plates. Cells were seeded on the textile with a concentration of 
5x104 cells per well. Live-dead assay on days 1 and 7 was performed according to the 
manufacturer's protocol as described previously [47]. Images were obtained using an 
inverted confocal microscope (Leica SP8, Germany).

3.2.14 Statistical analysis
All the experimental data are expressed as means ± standard errors (SD). The statistical 
analysis was done by Originlab (2019 b) using a signifi cance level of p < 0.05. Student 
t-test and one-way ANOVA based on the Tukey test was performed to determine the 
differences between different data groups.
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3.3 Results and Discussion

3.3.1 Estimation of cellulose aerogel fibers density and porosity
The salt-free alcogel fibers and cylinders were successfully prepared. After scCO2 

drying, white opaque mono and multifilament CAFs (8.3 wt.%) were obtained (Figure 
3.2A-I and II). The bulk density and porosity of the fibers were estimated from the 
small fabricated cylinders (8.3 wt.%) (Figure 3.2A-III) as 0.188 ± 0.025 g/cm3 and 
87.5 ± 1.7 (%), respectively. By considering the higher cellulose concentration of the 
fabricated CA cylinders and comparing them to the reported values for the density of 
the lower concentration CAs (e.g., 0.14 g/cm3 for 6 wt.%) produced from similar salt 
melt hydrates, it can be concluded that the obtained density and porosity data are in 
agreements with previous studies [25,48].

3.3.2 Structural properties and crystallinity by FTIR and WAXS
Fourier transform infrared spectroscopy: FTIR spectra of the cellulose powders and 
fabricated CAFs in the wave number region of 4000-500 cm-1 are exhibited in (Figure 
3.2B). The cellulose spectra showed bands at 3650-3000 cm-1 (O-H hydroxyl group 
stretching vibration), 2900-2800 cm-1 (–CH2– alkyl stretching vibration), 1645 cm-1 

(C=O stretching), and 1020 (C–O stretching). The presence of numerous intra- and 
inter-molecular hydrogen bonds between hydroxyl groups organize cellulose chains in 
a semi-crystalline structure with a low ordered amorphous region in two polymorphy of 
cellulose I and cellulose II (Figure 3.2C-I) [49]. The crystalline structural transformation 
of cellulose from cellulose I to cellulose II were studied with the investigation of 
absorption bands at 897, 1107, 1161 and 1430 cm-1, which are attributed to group 
C1 frequency, ring asymmetric stretching, C-O-C asymmetric stretching, and CH2 
symmetric bending vibration mainly in cellulose I, respectively.

In addition, the 893 cm-1 absorption band (β-glucosidic linkages between the sugar 
units) confirmed that the crystalline cellulose I can be almost insignificant in the 
regenerated cellulose fibers since the 893 cm-1 is allocated to group C1 frequency in 
cellulose II [30,31]. In comparison with the MCC, the CAFs retained the most original FTIR 
peaks in a broader form, except for the cellulose I peaks, which were mainly vanished 
or decreased significantly. Besides, to ensure that the salt-free CAFs were produced, 
no chlorinated compound peaks were observed [50,51]. The peaks from CAFEtOH and 
CAFiPrOH were similar. Furthermore, the FTIR spectra of the drug-loaded CAFs showed 
a similar pattern to the CAFEtOH (Figure Appendix 3.1. B, C and D). However, the 
main bands of the drug models, such as -OH, C=O, and phenolic C-O stretching’s, 
could not be observed in the FTIR spectrum of the loaded CAFs due to the overlapping  
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with cellulose bands. The low intensifi ed shoulders in the wavelength range of 
700-1000 cm-1 can prove the presence of drug models in the aerogels.

Wide-angle X-ray scattering: The spectral detector image (Figure 3.2C-I) and XRD 
diffractogram (Figure 3.2C-II) of microcrystalline cellulose exhibited fi ve major 
diffraction peaks at 2θ = 14.9 (1 0 1), 15.9 (1 0 ī), 21 (0 2 1), 22.5 (0 0 2), and 34.6 
(0 0 4), which are in agreement with values reported in the literature for cellulose 
[52,53]. The CAFs samples gave a diffractogram which clearly represented an amorphous 
structure. This character is validated by the absence or notable reduction of all peaks 
standing for planes (1 0 1) and (0 0 2) as the characteristic peaks of cellulose I. 
Moreover, the cellulose aerogels diffractogram shows peaks at 2θ =13° and 20°, which 
are the corresponding properties of cellulose II [54]. The crystallite index for the MCC, 
F330, and F100 was 81.15, 27.58, and 28.78 (%), respectively. It is important to mention 
that no effect of the subsequent solvent change from iPrOH to EtOH was observed on 
the XRD patterns.

The FTIR and XRD indicated a clear conversion of MCC from cellulose I to cellulose II 
structure with forming aerogel fi bers in the amorphous phase. This notable reduction 
in crystallinity can be interpreted in the modifi ed hydrogen bonding and antiparallel 
orientation of cellulose chains, which occurred during dissolving the MCC in the salt 
melt hydrate and led to the continuous transformation of cellulose I into an amorphous 
state [22].
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FIGURE 3.2. 
(A) The macroscopic images of the produced aerogel; (I) CAF

330,
 (II) CAF

100
, and (III) on the left three small 

cylinders produced for bulk density measurement and CAF
330

 and CAF
100

 on the right. (B) FTIR spectra 

of MCC and CAFs exhibiting transformation of cellulose I to cellulose II. (C) Crystalline properties of the 

MCC and the produced fibers; (I) schematic representation of a semicrystalline polymer, (II) the detector 

image of the MCC exhibiting high crystalline regions (the color bar indicates the intensity of the adsorbed 

radiation, low is blue and high is red). (D) XRD pattern of the MCC and the CAFs proving amorphous 

structure of the CAFs and the highly crystalline structure of the MCC.

3.3.3 Thermal analysis utilizing TGA and DTA
Thermogravimetric analysis (TGA) curves depicted in (Figure 3.3A) showed a first 
decomposition stage in the range of 30–105 °C for the MCC and the CAFs regenerated 
in iPrOH due to the loss of moisture and other volatile solvents. A second decomposition 
stage was found in the range of 220–350 °C for the CAFs and 265–350 °C for the MCC, 
indicating lower thermal stabilities of the fibers. The differential thermal analysis (DTA) 
curves shown in (Figure 3.3B) implies that the CAFs exhibited a slower degradation 
rate compared to the MCC. No difference between CAFEtOH and CAFiPrOH was observed.

In the TGA profiles, the fibers exhibited greater weight loss in the first absorbance 
stage, mainly due to interconnected highly porous structure and higher accessibility 
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of hydroxyl groups of the cellulose chains to the water molecules. However, the fi bers 
had slightly lower thermal stability in comparison to the MCC because of the lower 
crystallinity and degradation of the cellulose chains which occurs during the cellulose 
dissolving process in salt melt hydrates [22].

FIGURE 3.3. 
A) TGA graphs of the MCC and the CAFs regenerated in iPrOH. The first step (from 30 to 105 °C) in the mass 

loss was due to the evaporation of water molecules, and the second step at 220-350 °C was the relatively 

rapid decomposition of the cellulose chains. (B) DTA of the regenerated fibers and the MCC showed that 

the decomposition range was broader and the rate was slower in the fibers compared to the MCC.

3.3.4 Morphology and structural studies using SEM and μ-CT
Scanning electron microscope: Cellulose aerogels produced in lower concentration (3 
wt.%) had a randomly oriented nanofi brillar structure (Figure 3.4A-I) while increasing 
the concentration showed nanofi brils agglomeration in the form of “strands” (6 wt.%) 
(Figure 3.4A-II). With further increase of the cellulose concentration (8.3 wt%), the 
strands were condensed and the fi bers exhibited lower pore size dimensions (Figure 
3.4A-III) [17,55]. The knotability of the fi bers without fi brillation or breakage of the fi ber 
surface is displayed in Figure 3.4B-I.

Open porous surface morphologies of the CAFs with the direction of the fi bers are 
shown in Figure 3.4B-II and III. Since there was no air gap between the nozzle and 
the bath, no fi lm formation occurred on the surface of the CAFs; however, F330iPrOH and 
F100iPrOH exhibited different surface structures. F100iPrOH displayed a porous surface with 
elongated pores perpendicular to the fi ber axis, while F330iPrOH had more elongated pores 
in the direction of the fi ber axis besides more irregular distribution of the pores on the 
surface. This dissimilarity in the surface morphology and pores elongation alignment 
can originate from the spinning nozzle compartments. Monofi lament spinneret 
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(F100iPrOH) benefited from a more complex spinning pack with conical shape spinneret 
holes. In particular, the spinning dope passed through the multifilament spinning pack 
in which filter plates caused fluid breakage and better achievement of gel uniformity 
before being extruded in the coagulation bath.

The textile structure investigated under the microscope showed that the knitted mesh 
formed by several loops and knots alongside the fiber axis had no sign of breakage or 
deformation of the fibers (Figure 3.4C-I), and the needle punched nonwoven formed 
a highly condensed patch (Figure 3.4C-II).

FIGURE 3.4. 
(A) SEM images of various concentrations of cellulose showed (I) a random nanofirbrillated morphology 

in 3 wt.%, (II) strand-like morphology in 6 wt.%, and (III) highly condensed structure in 8.3 wt% CAFs with 

porous structure. (B) The SEM images of the knot made from the F
330iPrOH

 (scale bar 1 mm) (I), (II) porous 

surface of the F
330iPrOH

 (scale bar 10 μm) alongside the fiber direction, and (III) open surface pores of 
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the F
330iPrOH

 with perpendicular alignment to the fiber axis (scale bar 10 μm). (C) Microscope images of 

(I) a knitted mesh with several loops and knots of the CAF
300

 (scale bar 1 mm) and (II) a needle punched 

nonwoven patch (scale bar 1 mm).

The CAFs cross-sections consisted of a macro-porous outer shell and a nano-porous 
inner core (Figure 3.5A-I, II, III, and IV). The CAFs (8.3 wt%) regenerated in iPrOH 
and ethanol exhibited no specifi c morphological distinction, and fi bers’ morphologies 
were similar to those reported in the CAFs studies [24,25,48]. It is likely that the core-shell 
structural difference was formed when the hot spinning dope entered the regeneration 
bath and the alcohol began to vaporize. The alcohol vapor then diffused through the 
gel matrix and generated macropores in the shell region and accessible pores on the 
surface of the fi ber. With cooling down the fi ber in ethanol, this process terminated 
and was limited to the outer shell of the fi ber. In the fi bers with a larger diameter, a 
slightly larger macropore shell is formed as the cooling time is proportional to the fi ber 
diameter. Similar cross-sectional morphology was observed in the fi bers impregnated 
with MB, RB, and FL (Figure Appendix 3.2). Also, it can be concluded that the solvent 
exchange impregnation of the drug models did not lead to the signifi cant collapse 
of the pores and thus its infl uence on the morphological properties of the fi bers is 
negligible. The total linear shrinkage of the CAFs after gelation, washing, and scCO2 

drying steps were 25.1 ± 1.5% and 28.7 ± 1.1% for CAF100 and CAF330, respectively.
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FIGURE 3.5. 
(A) Cross-sectional morphology of the cellulose fibers exhibiting a macro-porous outer shell with a nano-

porous inner core of (I) F330iPrOH and (II) F330EtOH (magnification and scale bars in the left column (100 μm) 

and right column images (5 μm)) and (III) F100iPrOH and (IV) F100EtOH (magnification and scale bars in the 

left side (25 μm) and the right side images (5 μm)). (B) μ-CT computed tomography 3D reconstructions 

of the CAFs with cut prism shape of the volume indicating interconnected porous structure within the 

whole volume of the fibers; (I-c) F330iPrOH, (II-e) F330EtOH, (III-g) F100iPrOH, and (IV-i) F100EtOH. Defect volume 

analysis for estimation of the porosity where the macrospores have been divided into RGB colors as an 

indication of the size distribution of the macropores for (I-d) F330iPrOH, (II-f) F330EtOH, (III-h) F100iPrOH, and 

(IV-k) F100EtOH.

X-ray microtomography: μ-CT was used to investigate the 3D microporous architecture 
of the CAFs (8.3 wt%) regenerated in iPrOH (Figure 3.5B-I-c and III-g) and those 
subsequently solvent exchanged to ethanol (Figure 3.5B-III-e and IV-i). The 
reconstructed images of the CAFs volumes indicated that the pores were distributed 
throughout the fiber matrix. Similarly, defect volume analyses were performed for 
the CAFiPrOH (Figure 3.5B-V-d and VI-h) and CAFEtOH (Figure 3.5B-VII-f and VIII-k) 
estimation of porosity where the macrospores have been divided into three regions 
of red, green, and blue as an indication of the macrospores size distribution. Detailed 
information on the percentage of the open and closed pores, the average structural 
thickness (cellulosic walls between macropores) within the CAFs volume, and the 
average macrospores diameter calculated from μ-CT image stacks are provided in 
Table 3.2.
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TABLE 3.2. 
The percentage of the open and closed pores, the average structural thickness (cellulosic walls between 

macropores) within the CAFs volume, and the average macrospores diameter calculated by CTAn software 

from μ-CT image stacks in different regions of interests.

Overall, the CAF330 samples had higher porosity and lower average pore diameter 
with higher structure thickness than the CAF100, and no signifi cant difference between 
two regeneration alcohols for the same CAF diameter was observed. However, one 
might notice the resolution of the μ-CT detector is limited to 0.8 μm, and therefore 
the pores less than this resolution are not considered in the image stacks calculation. 
The porosity of the fi bers is closer to the porosity obtained from the bulk density in 
section 3.3.1. However, μ-CT is still a very useful tool to investigate the interconnectivity 
of the pores and the macrospore size distribution within the matrix. For instance, 
macroporosity is essential for the diffusion of nutrients and gases and the proliferation 
of cells in biomedical applications such as tissue engineering scaffolds [52]. It is worthy 
to mention that since aerogels have a broad range (from nm to μm) of morphological 
characteristics, such as pore lengths and diameters, multiple characterization methods 
are required to quantify both nanoscale and macroscale parameters and provide a 
consistent overall view of the aerogels textural properties. In the next section, for a 
better understanding of porosity, N2 adsorption was performed as an additional tool to 
cover the mesoporosity.

3.3.5 Textural properties by N2 adsorption-desorption
The N2 adsorption-desorption isotherms of the CAFs regenerated in iPrOH and those 
subsequently solvent exchanged with EtOH are shown in Figure 3.6A and B. The CAFEtOH

and fi bers with thicker diameters absorbed higher quantities of N2. Nevertheless, the 
isotherms curves in all samples are similar to IUPAC type IV with a hysteresis loop in 
the range of 0.7– 1.0, representing the presence of meso- and macro-porous structure, 
which is pursuant to the SEM and μ-CT results [56].

SAMPLE 
NAME

F330iPrOH

F330ETOH

F100iPrOH

F100ETOH

OPEN 
POROSITY (%)

59.0±1.0

56.29±0.99

38.87±0.94

37.201±0.055

CLOSED POROSITY 
(%)

0.020±0.001

0.021±0.003

0.024±0.004

0.031±0.0043

STRUCTURE 
THICKNESS (μm)

7.90±0.31

8.51±0.20

13.05±0.44

12.87±0.38

AVERAGE DIAMETER OF 

MACROPORES (μm)

9.51±0.97

10.0±1.4

7.8±1.4

6.3±1.9
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The multi-point BET of CAFs specified that the successive solvent exchange to EtOH 
enhanced the SABET in the CAF100 and CAF300 (Figure 3.6C). The CAF330EtOH (177 ± 16 
m2/g) had significantly higher SABET than the CAF100EtOH (103 ± 5 m2/g). The solvent 
exchange drug loading of the fibers did not have a significant impact on the SABET of 
the drug-loaded CAF330 samples but the results were rather different in the drug-loaded 
CAF100 (Figure 3.6D). Lower diameter fibers impregnated by FL and MB showed 
significantly lower SABET in comparison to the CAF330 and RB loaded CAF100. The relative 
SABET data of the CAFs and the loaded CAFs are shown in Table 3.3.

FIGURE 3.6.
The N

2
 adsorption-desorption isotherm curves of the CAFs regenerated in iPrOH (A) and solvent exchanged 

to EtOH (B). (C) The surface area of CAF
100

 and CAF
300

 regenerated in iPrOH and solvent exchanged to 

EtOH. (D) The surface area of rhodamine B (RB), fluorescein (FL), and methyl blue (MB) loaded CAFs by 

solvent exchange impregnation. In all diagrams (* data statistically significant p < 0.05).

The BJH revealed that the size of nanopores was mainly distributed between 5-20 nm  
in all samples (Figure 3.7A). The pore volume of the CAF330EtOH (1.055 ± 0.142 cc/g) 
was not significantly different from the CAF330iPrOH (0.765 ± 0.15 cc/g). However, 
the higher fiber diameter exhibited higher pore volume than lower diameter fibers, 
indicating the effect of the fiber thickness on the pore volume (Figure 3.7B). All 
average pore diameter and pore volume data of the pure and drug-loaded CAFs are 
shown in Table 3.3.
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FIGURE 3.7. 
(A) Representative curves of the pore-size distribution determined by N

2
 adsorption-desorption for the CAFs 

regenerated in iPrOH and those subsequently exchanged to EtOH. Most of the pores were within the range of 

5-20 nm. (B) The pore volume of the CAFs, higher diameter fibers exhibited higher pore volume. (* p < 0.05).

TABLE 3.3. 
The surface area (m2/g), pore volume (cc/g), and average pore diameter (nm) of the non-loaded and 

loaded CAFs.

The subsequent solvent exchange from iPrOH (relative polarity of 0.546) to more 
polar alcohol EtOH (0.654) increased the SABET of the fi bers. The observed increase in 
the SABET could be attributed to EtOH higher polarity causing fi brils linking zones to 
disintegrate and release loosely packed fi brils from the alcogel body [48,57]. Moreover, 
the pore volume difference in the CAF330 samples with the CAF100 can be explained 
based on the fact that the CAF330 nano-porosity (core) to macro-porosity (shell) ratio 

SAMPLE NAME

F330iPrOH

F330EtOH

F100iPrOH

F100EtOH

F330RB

F100RB

F330FL

F100FL

F330MB

F100MB

BET SURFACE 
AREA (m2/g)

127±19

177±16

103±5

119±8

141±9

135±17

140±8

85±13

157±4

90±15

PORE VOLUME 
(cc/g)

0.77±0.15

1.06±0.14

0.522±0.012

0.544±0.074

0.927±0.051

0.472±0.060

0.871±0.035

0.371±0.047

0.939±0.032

0.412±0.057

AVERAGE PORE 
DIAMETER (nm)

9.285±0.037

11.625±0.055

7.157±0.066

7.099±0.042

11.6±2.3

7.106±0.012

7.5±5.2

13.75±0.17

10.9±1.3

8.6±1.3
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was higher than that of the CAF100 due to the higher diameter of the fibers during fiber 
regeneration and alcohol evaporation as discussed in section 3.3.4.

In the end, the effect of depressurization time over 10, 20 and 60 min on the fabricated 
samples were explored and no significant effect on the textural properties of the CAFs 
was observed; though, depressurization time of less than 10 min could cause freezing 
of the samples and further collapsing of the pores due to the fast expansion of CO2 

within the vessel.

It should be noted that due to the variation in the BET and BJH data, these data 
must be interpreted with caution since there are some challenges within the sample 
preparation and measurements. For instance, aerogel fibers were very lightweight with 
high electrostatic charges. In order to add enough weight of the aerogel fibers to the 
measurement tube, the aerogel fibers had to be densely filled in the test tube. Since 
controlling this process was hard, there might be some extent of compression when 
samples were filled in the test tube.

3.3.6 Mechanical properties
Figure 3.8A represents the amount of forces that the CAFs with two different diameters 
could withstand. The CAF330 fibers could withstand greater forces (159 ± 14 cN) than 
the CAF100 samples (6.9 ± 1.6 cN) due to their larger diameter. Figure 3.8B shows 
the representative curves of tenacity versus elongation (%) with an indication of data 
spread for the maximum tenacity (cN/dtex) and maximum elongation (%) of the 
CAF330 and CAF100 samples. The aerogel fibers had similar behavior to the previously 
reported studies on cellulose aerogel fibers in which a linear regime was followed 
by an irreversible plastic deformation until the fracture happened [25]. Both fibers 
showed a wide range of mechanical data, but their maximum tenacity was in close 
range to each other, 0.34±0.17 and 0.36±0.18 (cN/dtex) for the CAF330 and CAF100 
samples, respectively. The maximum elongation of the CAF100 (16.3 ± 4.5 %) was 
significantly higher than the CAF300 (9.2 ± 4.5 %). It seems likely that the difference 
in the maximum elongation results arose due to the difference in the stiffness of the 
samples. One possible explanation could be that the thinner fibers are denser and/or 
have more strongly connected nanofibrils than thick fibers, as it was also perceived 
by BJH analysis that the CAF100 had lower pore volume than CAF300. Furthermore, the 
data outspread in both samples could be attributed to several reasons including highly 
open non-homogeneous distribution of the pores, coarse nature of the fibers, slight 
diameter variation along the fiber axis, slight residual stiffness during the measurement, 
misalignment and kinking in the fiber matrix.
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3.3.7 Humidity absorbance and water uptake properties
The CAF330 fi bers showed a superior moisture weight ratio than the CAF100 because of 
their higher SABET and pore volume which provided more accessible hydroxyl groups for 
the water molecules (Figure 3.8C). Furthermore, with increasing the relative humidity 
from 50 to 80% in both samples, the weight ratio of the adsorbed humidity increased 
from 5.54 ± 0.53 and 7.9 ± 1.1 to 13.54 ± 0.13 and 15.9 ± 1.3 for CAF100 and CAF330, 
respectively.

The water uptake tests (Figure 3.8D) indicated superabsorbent property for the 
nonwoven textile made of the CAF100 since 1 g of the cellulose aerogel could absorb 
around 100 g of water; whereas the water uptake weight ratio of the knitted mesh of 
CAF330 was almost three times lower. This phenomenon was presumably because of the 
macrostructure of the nonwoven patch rather than textural properties of the fi bers as 
the higher surface to volume ratio of the CAF100 within the condensed framework of the 
needle punched nonwoven can entrap more water molecules compared to the loosely 
packed structure of the knitted mesh.
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FIGURE 3.8. 

(A) The CAF330iPrOH holding 200 gr and the CAF100iPrOH carrying 10 g weight, fibers with higher diameter 

withstood higher forces. (B) Representative curves of tenacity-elongation for CAF330iPrOH and CAF100iPrOH 
with tenacity and the maximum elongation over 20 tensile measurements of the CAFs. CAF330iPrOH and 

CAF100iPrOH showed very close maximum tenacity (~0.36 cN); however, the CAFs with the lower diameter 

had higher elongation (~16%). (C) Humidity absorbance of the CAFs within 50 and 80 RH%, the relative 

humidity in the CAF330 was higher and would increase by enhancing the RH%. (D) Water uptake of the 

knitted and needle punched samples made from CAF330iPrOH and CAF100iPrOH at 1, 8, 24 h. Needle punched 

samples had superior water uptake capacity up to 1000 wt.%.

3.3.8 Drug loading, release, and kinetic models
The fi bers were loaded during the solvent exchange step and the post-treatment process 
in scCO2. The theoretical amount of the solvent exchange impregnation using Equation 
3.6 was estimated to be 5.11 ± 0.19 mg/cm3 for all samples. The experimental amount 
of the loaded drug (Mexp) , calculated drug loading effi ciency, aerogel loading capacity, 
and specifi c loading of the solvent exchange impregnation for RB, MB, and FL are shown 
in Table 3.4. The CAF330 samples indicated slightly higher drug loading effi ciency than 
the CAF100 samples in all drug models. Aerogel loading capacity and specifi c loading 
were in the sequence of RB > MB > FL.
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TABLE 3.4.
The experimental amount of loaded drug, drug loading efficiency (%), aerogel loading capacity (wt. 

%), and specific loading (mg/m2) of the solvent exchange impregnation process for the loaded CAFs.

It seems possible that these differences in the drug loading effi ciency are due to the 
interaction and solubility of these molecular probes with the alcohol and the affi nity 
of the drug models with cellulose macromolecules since they can bind to the cellulose 
chains by electrostatic interactions and hydrogen bonding [58,59]. Furthermore, at a 
low concentration of the drug (50 mg/L), sorption plays an important role since every 
hydroglucose unit within cellulose chain have three hydroxyl groups that give active 
binding sites to the dyes. For instance, in this case, FL is slightly soluble in hot ethanol 
while RB and MB are both soluble in alcohol at room temperature and have better 
access to the hydrogen bonding sites, and cellulose is known for being an effective 
sorbent of RB [60].

In this research, gel formation impregnation was not inspected purposely since the 
solubility of the model drugs in the alcohol can wash away most of the drug in the 
fi ber production steps, namely regeneration and washing steps. Furthermore, a likely 
explanation for the inadequate drug loading effi ciency of the post-treatment process 
as mentioned in section 3.2.12 can be due to the low solubility of the compounds in 
the scCO2 because of the presence of the polar groups in the drugs chemical structure. 
Therefore, solvent exchange loading is the best method for loading the aforementioned 
drug models or bioactive compounds with similar chemical structures. Using the solvent 
exchange process, both fabrication and loading of the aerogels can be conducted in one 
single preparation step.

Drug release data of the loaded CAF300 and CAF100 (Figure 3.9A and B) exhibited 
an immediate release since most of the drug incorporated within the aerogel body 
was released in 300 min (Q(%) ≥ 70%). When evaluating the drug release from 

SAMPLE 
NAME

F330RB

F100RB

F330FL

F100FL

F330MB

F100MB

M
exp

 (mg)

1.860 ±0.069

1.666 ±0.069

0.751 ±0.0082

0.651±0.0216

0.973±0.057

0.84±0.077

DRUG LOADING 
EFFICIENCY (%)

36.4±1.4

34.6±1.4

14.69±0.16

13.32±0.42

17.8±1.1

14.7±1.5

AEROGEL LOADING 
CAPACITY (wt.%)

1.898±0.071

1.701±0.070

0.7653±0.0083

0.663±0.022

0.993±0.059

0.857±0.079

SPECIFIC LOADING 

(mg/m2)

13.5

12.6

5.47

30.1

6.32

9.51
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aerogels, the specific surface area is one of the most important variables governing 
both the dissolution rate of the drug and its absorption in the aerogel body [61]. Other 
major factors are the diffusion path length and the solubility of the drug models in the 
release media as the chosen compounds have different solubility in water (in this study 
MB>RB>>FL) [62]. The CAF330 drug-loaded samples have a similar range of surface 
area and diffusion path length, the drug model water solubility will have a more 
significant role in the drug release. For instance, the slower release rate of the F330FL 

arose from a more hydrophobic nature of FL and lowest water solubility in comparison 
to F330MB and F330RB. F330MB higher drug released amount above 300 min can be also 
attributed to the highest solubility of MB in water. However, the CAF100 samples had a 
faster release rate in comparison to the CAF330 presumably due to the smaller diffusion 
path length and lower surface area and pore volume. The F100RB had the highest surface 
area and pore volume between the CAF100 samples and displayed a slower release rate 
than the F100MB. Nevertheless, the F100FL exhibited the slowest release pace due to the 
significantly lower solubility of FL.

Therefore, the CAFs high specific surface area and the porous structure can lead to 
a rapid drug release for poorly water-soluble drugs such as FL. Such fast release of 
poorly water-soluble drugs has been investigated in other drug-eluting textiles such 
as nanofibers produced by the electrospinning technique [63,64]. This type of medical 
textiles with immediate drug release have been utilized for oral delivery or some 
circumstances where an instant reaction is required. For example, a fast release rate 
of antibiotics in the first hours following the biomaterial implantation is essential to 
prevent implant-related infection [20].

First-order kinetic model was not able to explain the drug release mechanism due to 
poor fitting of experimental data with the model and R2 lower than 0.7 for all sample. 
Korsmeyer-Peppas could justify the release behavior better since R2 was higher than 0.9 
for all samples. The data of m and rate constant are shown in Table 3.5. The samples 
mainly exhibited Fickian diffusion, which occurs by the typical molecular diffusion of 
the drug due to a chemical potential gradient.
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TABLE 3.5. 
The power value of n and K

kP
 (constant of release rate) as parameters of Korsmeyer-Peppas for the 

drug-loaded fibers. The value of m determines the mechanism of release.

Modifi cation of the cellulose aerogel fi bers is necessary for tuning and extending the 
drug release since the storage and shipping of immediate drug-eluting textiles might 
be diffi cult. Furthermore, their inherent hydrophilicity and lack of cyclic wet stability 
can lower the long-term steadiness or limit the range of their application. Therefore, 
several chemical modifi cations, such as grafting with various hydrophobic groups 
and esterifi cation, or physical treatments, such as plasma and polymeric coating, are 
possible strategies to achieve hydrophobized cellulose and overcome these issues.

SAMPLE NAME

F330RB

F100RB

F330FL

F100FL

F330MB

F100MB

m

0.12

0.15

0.84

0.33

0.35

0.31

R2

0.98

0.93

0.93

0.94

0.98

0.93

MECHANISM OF RELEASE

Fickian

Fickian

non-Fickian

Fickian

Fickian

Fickian
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FIGURE 3.9. 
Immediate drug release behavior of three model drugs of RB, FL, MB from (A) CAF

300
 and (B) CAF

100
. (C) 

XTT assay of the cellulose aerogel fibers; cell viability was observed in the samples in day 1, 3 and 7 of the 

experiment. Cell proliferation was detected from day 1 to day 3. The negative sample was polyethylene and 

the positive sample was a piece of a latex glove. (D) A representative confocal microscope image displaying 

live but poorly attached cells to the fibers. (* p < 0.05)

3.3.9 Cytotoxicity and cell viability analysis
The cell viability was observed in the CAFs after 1, 3 and 7 days of cell culture 
demonstrating that the fibrous meshes provided excellent conditions for cell viability 
and proliferation (Figure 3.9C). The proliferation of fibroblast cells in the fibrous 
structure took place only from day 1 to day 3. This could be due to the fact that the 
cells reached a confluent layer after 3 days and thus there was no room for further 
proliferation of the cells. Moreover, 3D projection of the confocal microscopy images of 
the cells stained with live-dead staining with an imaging depth of 200 μm displayed no 
dead cells (in red) within the meshes after 7 days of culture (Figure 3.9D).

The open porous structure of the CAFs allowed cell infiltration within the meshes. 
However, cell attachment was poor and therefore cells showed round morphology 
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and did not proliferate inside the mesh. Fibroblast cells show elongated morphology 
both on adherent fi lms and fi bers [46][65]. For applications such as tissue engineering 
in which cell attachment is crucial, further physio-chemical surface modifi cation 
is required. However, non-adherent meshes can be favorable products for some 
biomedical applications, such as wound dressing, to avoid damaging the newly formed 
tissue during the dressing removal [11,66].

3.4 Conclusion
In this study, wet spinning and scCO2 drying were used to produce highly porous 
cellulose aerogel microfi bers with large surface area (~100-180 m2/g), high humidity 
absorption (~10-18 wt.%), high water uptake capacity (300-1000 wt.%), low bulk 
density (~ 0.188 g/cm3), and interconnected pores structures. The microfi bers with 
different diameter were able to be transformed into knitted and needle punched 
textiles. Impregnation during the solvent exchange step was employed to load the three 
model drugs. The drug-loaded fi bers exhibited an immediate release while more than 
70% of the loaded drugs were released within 300 min. The drug release mechanism 
was mainly Fickian based on the Korsmeyer-Peppas kinetic models. Cell studies 
demonstrated that the fi brous meshes have a great potential to be used for biomedical 
applications.
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DRUG LOADED CELLULOSE-CHITOSAN AEROGEL 
MICROFIBERS FOR WOUND DRESSING APPLICATIONS

This chapter is based on the following publication:
Rostamitabar, M.; Gharamani A.; Seide, G.; Jockenhoevel, S.; Ghazanfari, S. Drug 
Loaded Cellulose-Chitosan Aerogel Microfi bers for Wound Dressing Applications. 
Cellulose, 2022, 29, 6261–6281.

Abstract: Cellulose and chitosan have been studied for wound dressing due to their 
biocompatibility, biodegradability, lower antigenicity, and renewability. The functional 
and structural characteristics of such biopolymers can be dramatically improved by 
their transformation into fi brous bioaerogels due to their outstanding characteristics 
such as low density, high porosity, and large specifi c surface area. Producing aerogels 
in the form of fi bers and textiles not only can enhance mechanical properties, stiffness, 
and shapeability of aerogels but also lead to short drying times and scalable production 
processes. Hereby, wet spun chitosan-cellulose aerogel microfi bers (CHCLAF) in two 
ratios of 1:5 and 1:10 have been produced by supercritical CO2 (scCO2) drying for 
wound dressing application. The fi bers were also loaded with ibuprofen (IBU) through 
post-treatment scCO2 impregnation. CHCLAF characteristics in terms of morphology, 
textural properties, thermal stability, mechanical properties, and in vitro assessment such 
as drug release, antibacterial properties, cytotoxicity, and wound exudate uptake were 
analyzed and compared to pure cellulose aerogel microfi bers (CLF). Blended CHCLAF 
showed a low density (~0.18 g/cm3), high porosity (~85%), and large specifi c surface 
area (~300 m2/g) with a macro-porous outer shell and a nano-porous inner core. The 
fi bers were transformed into braided meshes that were highly water absorbable (~400 
wt.%) and bactericidal against escherichia coli and staphylococcus aureus. Furthermore, 
the fi brous structures showed no cytotoxicity using fi broblast cells, and the hybrid 
fi bers were able to release IBU over 48 hours in a sustained manner. The results showed 
that the CHCLAF could be used as a promising candidate for wound dressing materials.
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4.1 Introduction
It has been forecast that the global wound dressing market can exceed $15 billion by 
2022. Moreover, the advanced wound care market aiming for surgical wounds and 
chronic ulcers is expected to exceed $22 billion by 2024 [1]. Medical textile plays an 
important role in wound dressings, and such a continuing rise in the need for wounds 
products requires the fabrication of sustainable added-value products originating from 
renewable materials such as cellulose and chitosan [2,3].Cellulose the most abundant 
biopolymer present in plant cell walls is made of β-D-glucose held by β-1, 4-glycosidic 
linkages [4]. Cellulose has been widely used in wound dressing products due to its 
high flexibility, excellent physical barrier for microbial pathogens, and especially its 
moisture-retaining properties thanks to presence of numerous hydroxyl functional 
groups [5,6]. Wounds are well known to heal more quickly in a moist environment 
since a sufficient supply of growth factors and other molecules to the healing tissues is 
more likely to happen [7]. Furthermore, cellulose can assist in the absorption of wound 
exudates evolving in the uptake of cell debris [7,8].However, cellulose by itself does 
not possess any antibacterial and antifungal properties, which can be a drawback for 
infectious wound sites.

Chitosan is the active form and deacetylated substance of chitin biomacromolecules 
made up of n-acetyl glucosamine residues held by β-1, 4 linkages. Chitin is a natural 
biopolymer that typically occurs in fungi, crustaceans, mollusks, and insects. Chitosan 
has been widely investigated as an antimicrobial agent to prevent bacterial and fungal 
infections of the wound site [9,10]. Chitosan has also exhibited fibroblast proliferative 
characteristics necessary to accelerate wound healing [11] and can lead to activation 
of polymorphonuclear leukocytes and macrophages for phagocytosis and expression 
of interleukin-1 (IL-1), transforming growth factor beta (TGF-β), and platelet-derived 
growth factor (PDGF) [9,12].

The functional and structural characteristics of such biopolymers can be dramatically 
enhanced by producing fibrous aerogels due to their outstanding characteristics such 
as low density, high porosity, and large specific surface area. Aerogels are produced 
from wet gels in delicate drying processes such as freeze-drying or supercritical CO2 
(scCO2) so that the gel structure is merely conserved. In contrast to other drying 
techniques, scCO2 is a mild temperature process that leads to better textural properties 
as well as sterilization [13] and drug loading possibilities of fabricated aerogels [3]. Drug 
impregnation in the aerogel fibers can be performed either during gel preparation or 
during the network formation (solvent exchange) or after drying the aerogel through 
the post-treatment method which utilizes scCO2 as a medium to dissolve and impregnate 
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the drug [14]. In addition, producing microfi ber aerogels not only can enhance the 
mechanical properties, stiffness, and shapeability of aerogels but also lead to short 
scCO2 drying times and scalable production processes [15].

The design and fabrication of new biomaterials from renewable resources to promote 
the wound healing process are a constant demand from the health sector. To the best of 
our knowledge, no cellulose-chitosan hybrid aerogel in the geometry of microfi ber or 
textile has been fabricated or studied for wound dressing application. Such bioaerogel 
microfi bers have the combination of unique characteristics of biopolymers, microfi bers, 
and aerogels in one single product. Moreover, these products have a great potential 
to be further functionalized and tuned for not only different types of wounds but also 
other biomedical applications.

In this study, cellulose-chitosan aerogel microfi bers (CHCLAFs) were produced by 
blending microcrystalline cellulose (MCC) with low molecular weight chitosan powder 
(CHP) using ZnCl2·3H2O as a dissolving agent. This low-cost hydrated salt is able to 
simultaneously dissolve cellulose and chitosan and has the potential to be extended 
to industrial processes [16]. Hybrid aerogel fi bers in two different ratios of 1:10 and 
1:5 (CHP:MCC), referred to as CH1CL10 and CH1CL5 respectively, were fabricated. 
Moreover, cellulose aerogel fi bers (CLF) were created through a similar processing route 
to be compared with hybrid aerogel fi bers. Ibuprofen (IBU) is an anti-infl ammatory, 
non-steroidal analgesic, and antipyretic drug which can promote wound healing by 
preventing excessive infl ammation. Fibers were loaded with IBU through scCO2 post-
treatment impregnation since the solubility of ibuprofen in scCO2 is satisfactory as 
reported to be 0.98% (w/w) at 40 ± 1 °C and 180 ± 2 bar [17].

CLF and CHCLAF characteristics were investigated in terms of morphology, physio-
chemical structure, textural properties, thermal stability, mechanical properties, and in 
vitro assessments including humidity and water uptake, wound exudate uptake, drug 
release, cytotoxicity, and antibacterial properties.

4.2 Materials and Methods

4.2.1 Materials
Microcrystalline cellulose (MCC) with the product number C6288 (degree of 
polymerization of 159) [15], CHP (50–190 kDa, 75–85% deacetylated), dialysis tubing 
cellulose membrane (typical molecular weight cut-off = 14,000), dimethyl sulfoxide 
(DMSO) and cell proliferation kit II (XTT) all from Sigma–Aldrich (Germany) were 
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purchased. ZnCl2 (97%) and 4-Isobutyl-alpha-methylphenylacetic acid (IBU) were 
obtained from Alfa Aesar (Germany). For regeneration and washing of the samples, 
the absolute isopropanol (iPrOH) (≥99,8 %, 2-Propanol CP) from Biosolve BV( The 
Netherlands) were used. Carbon-dioxide (CO2) cylinders (2.7, 50 liter) with a purity 
of 99.5 % from Linde Gas Benelux (The Netherlands) was used in the scCO2 drying 
process. Gibco™ Dulbecco's modified Eagle's medium (DMEM) with 10% Gibco™ fetal 
calf serum (FCS) were purchased from Thermo Fisher Scientific (USA). For antibacterial 
studies, ampicillin and lysogeny broth (LB) medium which was created by a mixture of 
trypton (10 g/L), yeast extract (5 g/L), NaCl (5 g/L) and agar-agar (12 g/L) were all 
purchased from Carl Roth (Germany). E. coli from New England Biolabs (Germany) and 
S. aureus from DSMZ (German Collection of Microorganisms and Cell Cultures GmbH, 
Germany) were obtained. Finally, all materials were used without further purification.

4.2.2 Fabrication of the aerogel fibers, textiles, and cylinders

4.2.2.1 Spinning dope
MCC and CHP were dried at 100 °C in a vacuum oven overnight to remove the moisture 
and achieve a constant weight. Two various spinning dopes of 10:1 and 5:1 of MCC:CHP 
were prepared using 60 % zinc chloride (36 g), 31.66 % of deionized water (19 mL), 
and 8.33 % of polymer powders of MCC and CHP (5 g). Pure CLFs were fabricated by 
using 8.33% (5 g) of MCC. Homogenous clear solutions were achieved by dissolving 
the polymers at 75 °C and using a mechanical stirrer (100 rpm) after approximately 
90 min. 

4.2.2.2 Wet spinning and washing
The spinning was done by a customized wet-spinning “DIENES LabLineCompact” unit 
as thoroughly explained previously [18]. In brief, monofilament alcogel fibers (fibers 
regenerated in alcohol) were obtained by spinning the dope through a spinneret with 
a capillary diameter of 330 μm in the iPrOH bath (30 L) without passing through an 
air gap between the nozzle and the regeneration bath. The pump rate of 1 mL/min and 
pressure of 2-3 bar were used. The fibers were collected in the coagulation bath on a 
porous stainless steel bobbin with a winding rate of 50 rpm. Fibers were washed in a 
customized soxhlet extractor system (NS 100) and the presence of salt leftovers was 
checked by conductivity meter and spot test as explained elsewhere [15].
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4.2.2.3 ScCO2 drying
The drying procedure was performed using scCO2 dryer HPE 300 (EUROTECHNICA 
GmbH, Germany) at 130 bar and 50 °C over 45 min as described more completely 
elsewhere [18].

4.2.2.4 Braided textiles
The dried fi bers were manually turned into a braided construct containing at least 27 
monofi laments in each mesh. 

4.2.2.5 Aerogel cylinders
Cellulose and cellulose-chitosan cylinders were prepared in two different ratios of 
10:1 and 5:1 (MCC:CHP) for density assessment and antibacterial assay. To obtain 
such cylinders, the warm solution was poured into cylindrical molds with an inner 
diameter of 14.5 mm and was centrifuged to remove air bubbles. Subsequently, they 
were regenerated in iPrOH and placed on a shaker (50 rpm) to increase the rate of 
solvent diffusion into the gel body. After 3 days and 6 cycles of solvent exchange, they 
were supercritically dried over 8 hours in a similar condition to the fi bers.

4.2.3 Post-treatment scCO2 drug impregnation and drug loading effi ciency 

4.2.3.1 Post-treatment scCO2 drug impregnation
30 ± 5 mg of IBU was placed at the bottom of the high-pressure vessel (V = 100 
mL) with a magnetic bar. Then, 100 ± 10 mg of the dried aerogel fi bers wrapped in 
fi lter papers were placed inside a porous cylinder that had a gap with the bottom of 
the vessel to avoid any contact between the fi bers and the drug powders containing a 
rotating magnetic bar. A magnetic stirrer was placed under the vessel, and the pressure 
and temperature of CO2 were set at 200 bar and 50 °C. After 24 h, the vessel was 
depressurized over 60 min. Table 4.1 summarizes the abbreviation for the samples 
fabricated in the current study.
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TABLE 4.1. 
The label of fiber samples was produced by using a spinning nozzle diameter of 330 (μm) and iPrOH as 

regeneration and washing solvent.

4.2.3.2 Drug loading efficiency
The drug loading efficiency (entrapment) of the post-treatment method (in scCO2) was 
obtained by measuring the weight of the aerogel fibers before (Mi) and after (Mf) the 
impregnation as expressed by:

Drug loading efficiency (%) = 	  ×100 		  Equation (4.1)

4.2.4 Material and structural characterizations 

4.2.4.1 Density and porosity
The porosity (∅) was estimated from the bulk density and skeletal density as follows:

∅(%)=		 =1−				     ×100 		  Equation (4.2)

Where the skeletal density of cellulose (ρskeletalMCC) is 1.501 g.cm-3 [19], and the skeletal 
density of chitosan (ρskeletalCHP) is 1.42 g.cm-1 [20] and R is the ratio of CHP:MCC in the 
samples. The bulk density (ρdensity) was estimated as the mass to volume ratio of the 
three small cylindrical samples. The samples' diameters and lengths were in the range 
of 0.75-1 cm and 2-2.2 cm, respectively. The dimension of the samples was measured 
by a digital vernier caliper. 

4.2.4.2 Electron microscopy
The surface and cross-sectional morphologies of the aerogels were observed by using 
a Teneo scanning electron microscope (Thermo Fisher Scientific, USA). All fibers were 
broken in liquid nitrogen and coated with a 3 nm thick layer of iridium. Images were 

SAMPLE NAME

CLF

CH1CL10

CH1CL5

CLFIBU

CH1CL10IBU

CH1CL5IBU

CELLULOSE RATIO

1

10

5

1

10

5

CHITOSAN RATIO

0

1

1

0

1

1

LOADED DRUG

-

-

-

ibuprofen

ibuprofen

ibuprofen

Vpores

Vmaterial

ρbulk

R×ρskeletalCHP+(1−R)×ρskeletalMCC

Mi

Mf
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obtained using 5 kV voltage at a working distance of 10 mm. To obtain the average 
diameter of fi bers SEM images were analyzed using Image J (version 1.8.0_172, 
NIH, USA). The diameter measurement was repeated 10 times at different points for 
each fi ber.

Linear shrinkage ΔL of samples was determined from the SEM images by measuring the 
diameter of the samples after spinning (Di) and after drying (Df) using the following 
equation:

ΔL (%)=          ×100   Equation (4.3)

4.2.4.3 Elemental analysis
The nitrogen percentage in the CHCLAF was quantifi ed by elemental analysis using 
an Elemental Analyzer vario MICRO cube (Elementar, Germany). Sulfanilamide and 
helium were used as the calibration standard and carrier gas, respectively. The weight 
of the samples was 2–3 mg, and the total time of analysis was 10 min. The nitrogen 
content was converted to chitosan content (on a weight percentage basis, wt.%) as 
described in the literature [21,22], and calculated as follows:

Chitosan (wt. %) =    Equation (4.4)

Where PN (wt.%) is the weight percentage of nitrogen in the fi bers, C (g/mol) is the 
relative molecular weight of the chitosan repeating unit considering the deacetylation 
degree; N (g/mol) is the molecular weight of elemental nitrogen.

4.2.4.4 FTIR
Fourier transform infrared spectroscopy (FTIR) (Perkin Elmer, USA) was used to study 
inter/intra chemical interactions between the macromolecules. The spectrum was 
averaged over 32 spectra with a resolution of 2 cm−1 from a range of 4000 till 500 cm−1

in the refl ectance mode.

4.2.4.5 X-ray diffraction
Wide-angle X-ray diffraction (WAXD) analysis on samples including microcrystalline 
cellulose powder and aerogel fi bers were performed using a Ganesha diffractometer 
(SAXSLAB, Denmark) with a sample-to-detector distance of 116.536 mm. 
Cu Kα radiation (λ = 1.5406 Å) and silver behenate (d001 = 58.380 Å) used for 
calibration and samples were measured for 600 s. The diffraction spectrums were 
analyzed in transmission mode by saxsgui v2.23.23 software and environmental 

Di - Df

Di

PN × C
N
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background were removed from spectrums. The graphs were shown in the  
θ-2θ geometry.

4.2.4.6 TGA
The thermal properties of the aerogels were studied using a TA Q500 thermo-gravimetric 
instrument (TA Instruments, USA). Samples were heated from 20 °C to 500 °C with a 
rate of 10 °C min−1 under N2 purge.

4.2.4.7 Nitrogen adsorption-desorption
Surface area and porosimetry measurements of the aerogel fibers were performed by 
ASAP™ 2020 (micrometrics, Norcross (Atlanta), GA, USA). Samples were degassed 
at 80 °C over 24 h and the Brunauer–Emmet–Teller (BET) method was utilized to 
determine the specific surface area. The pore volume and average pore size were 
obtained by Barrett-Joyner-Halenda (BJH).

4.2.4.8 Mechanical properties
The linear density, tensile strength, and elongation measurements of the fibers were 
analyzed using Textechno Favimat+ single fiber testing machine (Herbert Stein GmbH 
& Co., KG, Germany). The device was equipped with a load cell of 210 cN, and the 
linear density and tensile measurements were carried out at the rate of 10 mm/min. To 
address the coarse structure of the fibers and the resulting stiffness, high gauge lengths 
(20 mm) and high pretensions (0.1cN/dtex) using 20 samples per group were used.

4.2.5 In vitro characterization

4.2.5.1 Humidity absorbance and water uptake
Three replicates of braided fibers were dried in a vacuum oven at 90 °C for around 24 
h to reach a constant weight. Subsequently, they were placed for 24 h in a humidity 
chamber at 25 °C with relative humidity (RH) of 50% and 80%. The weight of the 
samples was instantly measured before (Wdry) and after (Whumid) keeping it in the 
humidity chamber. Humidity absorbance weight ratio (WRH% ) was measured by:

WRHX%=		       ×100	  Equation (4.5)

Similarly, the dried braided fiber samples were placed in PBS solution (pH 7.4, 37 °C) 
and their weights were measured after removing the excess amount of water by filter 
papers. The wet weight (Wwet) was measured after 1, 8 and 24 hours, and the water 
uptake (WU(%)) was calculated as below:

Whumid - Wdry

Wdry
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WU(%) =         ×100  Equation (4.6)

To investigate the water droplet sorption time on single aerogel fi bers, three droplets 
with an approximate volume of 3 μL were placed on each fi ber. Photographs were 
captured by FLIR chameleon®3 monochrome camera (1.3 megapixels) at four different 
time points of 5 s, 3 min, 5 min, and 10 min.

4.2.5.2 Wound exudate uptake
In order to investigate the capability of the braided structures to absorb wound 
exudate, the skin mimicking layers were created as explained in previous studies [23,24]. 
In summary, the artifi cial skin consisted of a dermis mimicking layer and an underneath 
hypodermis mimicking layer to avoid excessive drying over time was used as a skin 
model. The hypodermis was created by mixing gelatin (2 wt. %) and agar (0.4 wt. %) 
in deionized water on a heating stirrer at 50 °C and 100 rpm to achieve a homogeneous 
solution. The hot solution was poured into a cylindrical mold with an inner diameter of 
75 mm to reach the height of 15 mm and left for 30 min to solidify. Similarly, the dermis 
layer was made of gelatin (24 wt. %) and agar (2 wt. %) and it was subsequently 
poured on top of the hypodermis layer to reach a thickness of 5 mm and left to solidify. 
The braided structures were placed on the surface of the top layer and covered with 
parafi lm tape. The weight of samples was measured at 8 different time points up to 
48 hours. The uptake weight percentage was reported based on equation 6 and the 
experiment was performed in triplicates.

4.2.5.3 Drug release
In vitro IBU release studies were performed in phosphate-buffered media of pH 7.4 
using the dialysis bag technique similar to previously reported studies for wound 
dressing materials [25,26]. Dialysis bags were equilibrated with dissolution medium 
for 2 hours prior to experiments. 100 ± 10 mg of CLFIBU, CH1CL10IBU and CH1CL5IBU 

were suspended in dialysis bags containing 5 mL of release medium. Dialysis bags 
were dipped into the separate beakers containing 100 mL of PBS solution at 37 °C 
and stirred at a rate of 50 rpm. 12 samples over 72h at various time intervals were 
measured as follows: 2 mL from the PBS and sample solution was transferred into 
a vial and subsequently, 2 mL of fresh PBS was added to the solution to maintain a 
constant medium volume. The measurements were performed in triplicate. Using a 
UV-visible UV3600 spectrophotometer (Shimadzu, Japan), the maximum absorption 
peaks (264 nm) for IBU in PBS solution and samples at different time intervals were 
measured. The Beer-Lambert law was utilized to obtain the concentration of the drug, 
and cumulative drug release was calculated by:

Wwet - Wdry

Wdry
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Q(%)=		      ×100 		  Equation (4.7)

Q (%) is the percentage of the cumulative released drug, and V (mL) was the total 
volume of the samples. Cn (mg/mL) and Vi (mL) were the concentration and the volume 
of the samples taken at n and i time points. Mf (mg) was the weight of the loaded drug 
in the fibers, and the number of times that the drug release media was replaced is 
shown as n.

4.2.5.4 Cytotoxicity
Human dermal fibroblasts were isolated from the adult skin biopsies as previously 
described by Kreimendahl et al. [27]. Cells were cultured at 37 °C and 5% CO2 in DMEM 
with 10% FCS. Cells at passage 4 were used for the viability experiment using XTT 
assay. The CLF and CHCLAF samples were sterilized in 70% ethanol and washed in PBS 
prior to the tests.

XTT assay was performed according to the ISO 10993-12. In short, aerogel fiber samples 
and negative control were incubated in a culture medium for 72 h. The negative control 
was a piece of polyethylene tube, and the positive control was DMSO. Cells were seeded 
in 96-well plates (1 × 104 cells per well) and were allowed to adhere to the wells 
for 24 h. After 24 h, cell medium was exchanged with the samples medium, positive 
control, and negative control or blank. After 1 day of incubation, the XTT assay was 
performed according to the manufacturer's protocol. The absorbance was measured in 
a multimode microplate reader M200 (Tecan, Switzerland) at 450 nm with a reference 
wavelength of 630 nm after 4 hours of adding the salts to the cells. The assessment was 
performed in five replicates.

4.2.6 Antibacterial activity

4.2.6.1 Disk diffusion method
In order to keep a constant contact area of samples with agar diffusion disks, cylindrical 
geometries of cellulose and cellulose-chitosan aerogels were utilized. Diffusion disks 
were used for determining the antibacterial properties of the CHP and cylindrical 
aerogel samples.

Escherichia coli DH5α and Staphylococcus aureus were grown on the nutrient agar slant 
and kept at 4 °C. Liquid cultures of both bacteria were inoculated from previously 
established cultures on lysogeny broth (LB) agar plates using 200 mL sterile LB medium 

CnV+Vi  Σ

Mf

n-i
Ci

i=0
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with two different pHs of 5.8 and 6.3. The pH of the media was adjusted using a 1 M 
HCL solution before autoclavation. Cultures were incubated at 180 rpm and 37° C for 
16 h in a shaking incubator, and the agar plates were seeded with 0.1 mL of saturated 
bacteria suspension. Subsequently, a triplicate of cylindrical samples was placed on the 
agar plates with two different pHs. Ampicillin (100 μg/mL) was used as the positive 
control and non-treated plates as a negative control. Results were reported as the radius 
of the bacterial inhibition zone from the contact area with aerogel cylinders.

4.2.6.2 Determination of optical density of bacterial liquid cultures
This method was adopted from elsewhere [28] to assess the antibacterial activity of the 
CHP and aerogel fi ber samples. One colony from E. coli and S. aureus was scratched 
from their agar plate using a sterile pipette tip, and the pipette tip was ejected in a 
culture tube containing 5 mL of sterile LB medium with two different pHs of 5.8 and 
6.3. Then, 20 mg of all samples were incubated in contact with the bacterial suspensions 
under orbital shaking (180 rpm) for 16 h at 37° C. Ampicillin and sample-free bacterial 
tubes were used as the positive and negative control. The optical density (OD600) of 
the samples was measured in 96 well plates at a wavelength of 600 nm using Synergy™ 
HTX multi-mode microplate reader (BioTek, USA).

4.2.7 Statistical analysis
All the experimental data are expressed as means ± standard errors (SD). The statistical 
analysis was done by Originlab (2019 b) using a signifi cance level of p < 0.05. Student 
t-test and one-way ANOVA based on the Tukey post hoc test were performed to 
determine the differences between different experimental groups.

4.3 Results and Discussions

4.3.1 Fabrication and morphological characterization
After wet spinning, regeneration, washing, and scCO2 drying processes, the aerogel 
fi bers preserved their white and round cross-sectional shape. Figure 4.1A-I shows 
the schematic of the fabrication process of the CHCLAF prepared from 8.3 wt. % of 
chitosan and cellulose. A representative example of manually braided textile produced 
from CHCLAF consisting a minimum of 27 monofi laments is shown in Figure 4.1A-
II. It also shows the fl exibility and strength of the aerogel fi bers which could be 
easily transformed into different textiles for practical applications. Figure 4.1A-III 
is a representative photograph of light yellow cylindrical chitosan-cellulose aerogel 
fabricated for evaluation of density and antibacterial assessment. The density and 
porosity of cylindrical aerogel samples were estimated based on equation 4.2 and are 



164

CHAPTER 4

shown in Table 4.2. No significant difference was observed between different samples.

The porous cross-section and surface morphologies of CH1CL10 and CH1CL5 aerogel 
fibers were revealed by SEM as shown in Figure 4.1B-I, II and III and Figure 4.1C-
I, II and III, respectively. Cross-sectional pores consist of mesopores (2–50 nm) and 
macropores (>50 nm) according to the IUPAC classification. The fabricated aerogel 
fibers present good integrity and a wrinkled open porous surface. Both CHCLAF cross-
sections consisted of a macro-porous outer shell and a nano-porous inner core similar 
to reported CLFs [18,19]. No significant difference between CHCLAF morphology is 
observable.

The CH1CL5 and CH1CL10 had a close linear shrinkage range of 20.4 ± 4.9 % and 22.1 
± 2.1 %, respectively, based on the SEM images. This shrinkage could be attributed to 
the flexibility of the macromolecules chains of cellulose and chitosan that are slightly 
compacted during the regeneration process and also the removal of loosely packed 
fibrils of the gel matrix during washing of the fibers [29]. The hybrid fibers showed 
lower shrinkage in comparison to the reported value for the pure CLF (28.7 ± 1.1 %). 
This can arise from the chitosan interaction with the cellulose nano/microfibrils, which 
may affect the final physicochemical properties and network structure [12,30].
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FIGURE 4.1. 
(A) Fabrication process of chitosan-cellulose aerogel microfibers (I), a representative image of the 

chitosan-cellulose aerogel microfibers transformed into a braided textile (II) and examples of produced 

chitosan-cellulose cylindrical aerogel samples for density and porosity measurements (III). Cross-sectional 

morphology of the chitosan-cellulose fibers exhibiting a macro-porous outer shell (B-I, C-I) with a nano-

porous inner core (B-II, C-II) of CH1CL10 and CH1CL5, respectively. Open porous surface of aerogel CH1CL10 

fibers (B-III) and CH1CL5 fibers (C-III). Graphical elements were created using “BioRender.com”.

4.3.2 Structural and thermal properties
The elemental analysis proved the presence of nitrogen and chitosan in the structure of 
CHCLAF. The CH1CL10 and CH1CL5 showed average nitrogen content of 0.59 ± 0.01 
wt.% and 1.08 ± 0.01 wt.%, respectively. The calculated chitosan content was 7.23 ± 
0.1 wt.% and 13.24 ± 0.1 wt.% for CH1CL10 and CH1CL5, respectively, indicating that 
both fi bers had signifi cantly different chitosan content.

Figure 4.2A describes the FTIR spectra of polysaccharides and aerogel fi bers. For all 
fi ve samples, the broad bands at 3500–3100 cm−1 and 2800-2900 cm−1 were attributed 
to the –OH stretching and –CH stretching vibrations, respectively [30]. In the case of 
chitosan powder and fi bers, NH2 groups have overlapped at the same range with –OH 
bands [16]. Similarly, in all samples, C=O stretching and C-O stretching emerged at 
1645-1650 cm−1 and 1014-1020 cm-1. In the CHP, the characteristic amide groups of 
chitosan appeared at 1615 cm−1 (amide I), 1554 cm−1 (amide II), and 1380 cm−1 (amide 
III). Such peaks intensity decreased noticeably in the CHCLAF. In the case of MCC and 
CHP in the range from 3000 to 3600 cm−1, the band at 3300 cm−1 disappeared and the 
3359 cm−1 band shifted to higher wavenumbers (3367 cm−1). It has been reported that 
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such phenomena can occur due to the intermolecular interaction between the OH and 
NH groups of cellulose and chitosan during the process of dissolution and regeneration 
[12,31]. Overall, the FTIR spectra aided to confirm the presence of chitosan molecules 
in the CHCLAF.

The XRD measurements were performed in order to investigate the microstructural 
changes in the CHCLAF caused during processing. XRD patterns of MCC, CHP, CLF and 
blended aerogel microfibers are shown in Figure 4.2B. MCC exhibited the peaks at  
2θ =  14.8°, 16.4°, 20.4°, 22.7°, and 34.5° which were indexed as the cellulose crystalline 
plane (1–10), (110), (102)/(012), (200), and (004) [32]. The diffraction pattern of 
the CHP showed a prominent peak at 20.3° and was assigned to (1 1 0) as has been 
reported for chitosan [33]. In the CLF, CH1CL10 and CH1CL5, remarkable changes 
were observed in their diffraction pattern of aerogels samples as the aforementioned 
peaks were transformed into a broad low-intensity peak between 15-20°. The results 
demonstrate that the crystal structure of the MCC and CHP was disrupted during the 
processes of dissolving in ZnCl2 and regeneration in iPrOH. This is in accordance with 
some previous studies which showed that the dissolution in salt melt hydrate and 
blending MCC and CHP usually resulted in decreased crystallinity [30,31]. The broad 
peaks of blended samples could be also attributed to the reformation of hydrogen 
bonds between cellulose and chitosan and support the FTIR results [16].

TGA graphs of initial materials and fabricated aerogel fibers are shown in Figure 4.2C. 
The graphs exhibited the weight decline in two main steps. The initial weight loss below 
100 °C arose from the vaporization of unbound and capillary water and the second 
step at 220–350 °C was the relatively rapid decomposition of the cellulose and chitosan 
chains. The results indicated that the thermal stabilities and onset thermal degradation 
of the MCC and CLF were inferior to those of the CHP and CHCLAF.

The derivative thermogravimetry (DTG) curves are shown in Figure 4.2D. In the 
first region (I), the increase of peak intensity and area demonstrated higher moisture 
uptake of the aerogel fiber samples apparently due to their porous nature providing a 
more accessible hydroxyl group for water molecules. The peaks in the second step (II) 
have shifted toward lower temperature and the peak area has decreased, which implies 
that the CHCLAF exhibited a slower degradation rate compared to the MCC and CLF. 
These thermal stability data at high temperatures could be used to avoid degradation in 
aerogel samples involved in high temperature processes for instance heat sterilization 
or some characterization measurements such as high temperature degassing of samples 
before N2 adsorption-desorption.
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Therefore, it can be justifi ed that the disrupted crystalline structure, addition of 
chitosan, and interactions between cellulose and chitosan chains after dissolving and 
processing in the ZnCl2 solution affected the thermal decomposition properties of the 
fi bers in comparison to macromolecular powders. Moreover, it was observed that the 
residual amount of the CHCLAF blend fi bers escalated with the increase of the chitosan 
contents. This could be possibly explained by the greater interaction between amino 
groups of the chitosan and the hydroxyl groups of the cellulose as found in FTIR and 
XRD results [16].

FIGURE 4.2.
(A) FTIR spectra of the MCC, CHP and aerogel microfiber samples indicating the presence of amide groups 

(-NH) in the blended aerogel fiber samples as well as the disruption of the crystalline structure of powders 

after dissolution and wet spinning. (B) XRD pattern of the MCC, CHP, and the aerogel fibers proving the 

amorphous structure (cross-hatched region) of the fabricated samples and the highly crystalline structure 

of the initial powders. (C) TGA graphs of the powders and aerogel fibers. The initial weight loss below 100 

°C (I, cross-hatched region) arose from the vaporization of unbound and capillary water and the second 

step at 220–350 °C (II , cross-hatched region) was the relatively rapid decomposition of the cellulose and 

chitosan chains. Addition of chitosan to cellulose fibers decreased the thermal stability of fibers. (D) DTG of 

the powders and fibers showed that the decomposition range was broader and the rate was slower in the 

fibers; the chitosan addition increased the degradation rate in comparison to pure cellulose fibers.
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4.3.3 Textural properties of aerogel fibers
The N2 adsorption-desorption isotherms of the aerogel fibers are displayed in Figure 
4.3A. The higher quantities of N2 were absorbed in CHCLAF compared to the CLFs. 
Nevertheless, the isotherms graphs for samples are comparable to IUPAC type IV with a 
hysteresis loop in the range of 0.7–1.0, representing the presence of meso- and macro-
porous structure, which is pursuant to the SEM results [18,34].

The textural properties including BET specific surface area (Figure 4.3B), BJH 
desorption pore volume (Figure 4.3C), and BJH desorption average pore width 
diameter of the aerogel fibers were analyzed by nitrogen adsorption-desorption. In 
general, the analyzed CHCLAF possess surface area in the range of 288-305 m2/g and 
pore volume in the range of 1.14–1.31 cm3/g, comparable with the corresponding 
values for polysaccharide-based aerogels reported in the literature [35,36]. On the other 
hand, the reported value for CLFs surface area (127 ± 19 m2/g) and pore volume (288-
305 m2/g ) was noticeably lower than CHCLAFs. The average pore width diameter 
of the aerogel fibers is in the range of 9-12 nm. These results imply “no convection” 
effect since aerogel fibers’ pore sizes are typically smaller than the mean free path 
of gas molecules (69 nm), making them interesting thermal insulation material [37]. 
Finally, the values of textural properties of aerogel microfiber samples is presented in  
Table 4.2.

The relatively higher specific surface area and pore volume of CHCLAFs in comparison 
to CLF could possibly be attributed to different macromolecule phases of the blend in 
the gelation and during the regeneration procedure [37]. However, such conclusions 
need further assessment of the current system by other techniques such as SAXS. In 
addition, in the majority of bioaerogel studies, the structure establishment is presumed 
to happen during solution gelation and/or solvent-exchange steps, and the subsequent 
scCO2 drying leads to slight alterations. However, this has not been proven thoroughly 
and experimentally in most biopolymer systems and some recent studies challenge 
the common perception [38]. Overall, the formation of porous structures is more 
complicated for hybrid aerogels from biomacromolecules and requires further research 
and it is not within the focus of the current study.
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TABLE 4.2.
Linear diameter shrinkage (%) and textural properties of aerogel microfiber samples including estimated 

density (g/cm3) and porosity (%) as well as BET surface area (m2/g), BJH desorption pore volume (cm3/g), 

and BJH desorption average pore diameter (nm).

*Estimated for cylindrical geometries

4.3.4 Mechanical properties
The CLF, CH1CL10, and CH1CL5 fi bers showed maximum forces of 159 ± 14 cN, 123 
± 15 cN, and 56 ± 9 cN, respectively. Figure 4.3D shows the representative curves of 
tenacity versus elongation (%) with an indication of standard deviation for the maximum 
tenacity (cN/dtex) and maximum elongation (%) of all fi bers. The CHCLAF exhibited 
a similar tensile profi le in comparison to the previously disclosed assessments on CLFs 
in which an elastic region was followed by a plastic deformation until failure happened 
[18,19]. CLF, CH1CL10, and CH1CL5 exhibited maximum tenacity of 0.43 ± 0.052, 0.28 
± 0.021, and 0.24 ± 0.024 cN/dtex, respectively. The maximum elongation was 16.2 
± 5.33, 4.2 ± 2.06, and 2.1 ± 1.02 % for CLF, CH1CL10 and CH1CL5, respectively.

In the CLFs, it has been observed that by increasing the initial cellulose concentration, 
the ultimate tenacity was enhanced which could be attributed to the increased amount 
of cellulose in the skeleton structure [18,39]. Furthermore, cellulose is well-known for its 
outstanding intrinsic mechanical properties with a theoretical modulus of about 100–
200 GPa (∼ 63–125 GPa g/cm3) and tensile strength of about 4.9–7.5 GPa (∼ 3.0–4.7 
GPa g/cm3) in its crystalline form. It has been reported that the addition of chitosan can 
lower the tensile strength of the blend due to the lower bonding strength of chitosan 
[40]. In the case of CH1CL10 and CH1CL5, the cellulose amount was decreased and 
replaced by chitosan which consequently lowered the mechanical properties. This 
indicates that the blending ratio of hybrid aerogel fi bers should be optimized based on 
the required textural and antibacterial properties without lowering their mechanical 
properties signifi cantly.

The results also indicated that the maximum tenacity and elongation values had large 
standard deviations. One possible explanation could be the presence of the pores and 
wrinkles on the surface of fi bers, minor diameter changes along the fi ber axis, slight 

SAMPLE 
NAME

CLF

CH1CL10

CH1CL5

LINEAR 
SHRINKAGE (%)

28.7 ± 1.1

20.4 ± 4.9

22.1 ± 2.1

DENSITY* 
(g/cm3)

0.18 ± 0.025

0.17 ± 0.012

0.19 ± 0.033

POROSITY *
(%)

87.5 ± 1.7

88.4 ± 0.8

86.8 ± 2.2

SURFACE 
AREA (m2/g)

127 ± 19

288 ± 10

305 ± 13

PORE VOLUME
(cc/g)

0.77 ± 0.15

1.14 ± 0.07

1.31 ± 0.04

AVERAGE PORE 
WIDTH DIAMETER (nm)

9.28 ± 0.037

11.1 ± 1.053

11.06 ± .048
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residual stiffness during the measurement, and variations in the structure of fibers. 
To enhance the mechanical properties of the fibers, chemical crosslinking between 
hydroxyl groups of cellulose and chitosan could be performed utilizing solvent-free 
and non-invasive techniques to prevent the structural collapse of the fibers and prevent 
loss of amino groups, responsible for antibacterial activities.

FIGURE 4.3. 
(A) The N

2
 adsorption-desorption isotherm curves of the aerogel fibers. (B) The BET specific surface area; 

the CHCLAFs showed a higher quantity than the CLFs. (C) BJH pore volume of aerogel fibers; fibers with 

higher chitosan quantity showed higher pore volume. (D) Representative curves of tenacity-elongation 

for the CLF, CH1CL10, and CH1CL5 with the maximum tenacity and the maximum elongation including the 

standard deviations. Addition of chitosan decreased the mechanical properties of the fibers. In all diagrams 

(* p < 0.05).

4.3.5 Humidity, water and wound exudate uptake
The CHCLAF fibers exhibited a high moisture absorbance weight ratio due to the 
presence of accessible hydroxyl groups in their porous structure (Figure 4.4A). 
Moreover, with increasing the relative humidity from 50 to 80% in all samples, the 
weight ratio of the adsorbed humidity increased; however, the absorbed amount of 
humidity by CLFs (15.8 ± 1.32 wt.%) was significantly lower than CH1CL10 (19.5 ± 
1.57 wt.%) and CH1CL5 (19.3±1.52 wt.%) at 80% RH. The lower pore volume of CLFs 
could be the main reason for the lower humidity absorption.
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The water uptake capacity of the aerogel braided meshes was studied in PBS and 
results are shown in Figure 4.4B. The PBS solution is utilized to simulate the human 
body fl uid environment in terms of ion concentration and osmolarity. The water uptake 
for each braided CHCLAF samples after 24 hours of immersion (∼ 400 wt.%) is slightly 
higher than the fi rst hour. Although no striking difference is observed between various 
samples at similar time points.

Although crystalline domains of cellulose are inaccessible to water, non-crystalline 
domains are easily accessible to water. As shown in XRD results, the regenerated fi bers 
were mainly in amorphous form, making them more susceptible to water absorption 
[41]. Furthermore, despite differences in textural properties of aerogel fi bers, their 
water uptake behavior was similar. This could be possibly because of the differences in 
the macrostructure of the braided patches rather than the microstructural properties of 
individual fi bers as the water can be entrapped in between the fi laments and thus have 
a huge impact on the fi nal total weight.

Furthermore, fi bers did not show any disintegration or matrix deterioration in PBS after 
1 week (Figure 4.4C). Droplet sorption by single aerogel fi ber samples was observed 
by a macroscopic camera and all the samples absorbed the droplets completely after 
10 mins (Figure 4.4D). These photographs also confi rm that the measured time points 
in water uptake and humidity absorbance were long enough for fi bers to get saturated 
with water molecules.
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FIGURE 4.4. 
(A) The humidity absorbance weight ratio of the aerogel fibers at 50 and 80 RH% after 24 h. (B) Water 

uptake of the braided aerogel fiber samples at 1, 8, and 24 h. (C) An exemplary image showing the wet 

stability of the CHCLAF, CH1CL5 in this picture, after a week of being immersed in PBS. (D) Representative 

images of droplet sorption by aerogel fiber samples (here CH1CL5) at 5 s, 3, 5 and 10 min. In all diagrams 

(* p < 0.05).

By using skin-mimicking layers, wound exudate uptake assessment on braided samples 
was conducted to simulate the in vivo conditions. A gel made of agar-gelatin with a 
hypodermis and a dermis mimicking layer was created as illustrated in Figure 4.5A 
and B. In the first 3 hours, a rapid exudate uptake up to 49.6 ± 2.71 and 51.7 ±2.83 
wt.% is observed for CHCL10 and CH1CL5 braided patches, respectively (Figure 4.5C). 
Overall the uptake values were found to be lower for CLF mesh and it was 43.1 ± 5.36 
wt.% after three hours. Following a rapid uptake of water in the structure, the rate 
declined and stabilized after 48 hours. The maximum uptake of braided meshes was 
73.4 ± 3.51, 94.8 ± 4.95, and 93.95 ± 7.01 for CLF, CHCL10 and CH1CL5 braided 
samples, respectively.

The exudate uptake values in comparison to water uptake ones were significantly lower 
due to the lower water accessibility and restricted diffusion of water molecules which 
occurs only through the surface that was in contact with the gelatin-agar layers. The 
CLFs presumably due to it is lower specific surface area and pore volume absorbed lower 
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quantities of water in the wound exudate uptake test. Overall, it can be concluded that 
the CHCLAF are better candidates than CLFs as wound dressing products since they can 
provide a moister environment at the wound site and absorb large amounts of exudate.

FIGURE 4.5 
(A) The graphical representation of the 3 skin layers. (B) Skin mimicking fabrication process and a 

photograph of the hypodermis and dermis layers in the dish including the braided meshes on the surface. 

(C) The exudate uptake graph for the aerogel braided samples exhibits better exudate uptake capability of 

the CHCL10 and CH1CL5 braided meshes compared to the CLF samples. Graphical elements were created 

with “BioRender.com”.

4.3.6 Drug loading effi ciency and drug release profi les
Figure 4.6A displays the drug loading effi ciency of aerogel fi bers impregnated by the 
post-treatment technique. The highest entrapment values up to 13.54 ± 0.825 % were 
achieved for CH1CL5. It is clear that IBU loading effi ciency improved with the increase 
of aerogel fi bers' specifi c surface area and pore volume. Such higher loading yield 
occurs based on a direct correlation between the impregnation effi ciency and specifi c 
surface area, which is due to the amount of internal pores' surface available for drug 
deposition [42,43].

The drug release profi les for CLFIBU, CH1CL10IBU, and CH1CL5IBU are shown in Figure 
4.6B. CH1CL10IBU and CH1CL5IBU exhibited a similar and more sustained release 
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profile in comparison to the CLFIBU. In the first hour, only 15.5 ± 1.97 and 21.4 ± 5.18 
% of IBU from CH1CL10IBU and CH1CL5IBU, respectively, were released while CLFIBU 

exhibited burst effect since 49.8 ± 5.89 % was released. The drug eluted fractions for 
CH1CL10IBU and CH1CL5IBU were in the same range over the 600 min; however, after 24 
h, the CH1CL10IBU drug release was slightly higher possibly due to a lower pore volume 
in comparison to CH1CL5IBU. Also, CLFIBU possessed significantly lower specific surface 
area and pore volume in comparison to CH1CL10IBU and CH1CL5IBU which could be the 
main reason for the observed burst effect.

As previously reported in the literature, loading of the IBU using post-treatment scCO2 

is mainly adsorbed on a molecular level. In comparison to other loading techniques, 
using the scCO2 impregnation technique can be considered favorable to obtain targeted 
application products and sustained release [17,44,45]. In the case of CLFs and CHCLAF 
aerogels loaded by post-treatment scCO2, no chemical interactions between the 
macromolecules and the drug can be noticed which have been confirmed by two main 
findings. First, the IBU release from the aerogels is complete, and the residual drug in 
the polymer matrix is negligible. Second, the IBU can be washed out from the aerogel 
networks by scCO2 extraction [42].

The release rate from polysaccharide aerogels also depends on the stability of the 
aerogel matrix in the release medium. Since CHCLAF exhibited very well dimensional 
stability in the wet environment even after a week, it makes them more suitable for 
drug delivery purposes compared to some polysaccharides reported from cellulose 
nanofibers [24], and alginate and starch aerogel [17]. Moreover, the final aerogel wound 
dressing can be composed of CLFs and CHCLAF fibers with two different drug release 
profiles. For instance, fast local administration of the antibiotic at the wound site to 
prevent infections shortly after wound debridement can be obtained by antibiotic 
eluting from CLFs while longer sustained anti-inflammatory substances can be released 
via CHCLAF.
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FIGURE 4.6. 
(A) Post-treatment scCO

2
 IBU loading of the aerogel fibers. The chitosan-cellulose fibers showed higher 

loading efficiency than pure cellulose aerogel fibers. (B) IBU release from CLF, CH1CL10, and CH1CL5. An 

improved sustained release profile was observed in CH1CL10 and CH1CL5 samples in comparison to the CLF 

samples. (* p < 0.05). Graphical elements were created using “BioRender.com”.

4.3.7 Cytotoxicity
The human fi broblast cell viability was observed in the CLF, CH1CL5, and CH1CL10 
samples after 1 day of cell culture demonstrating that the fi brous meshes provided 
suitable conditions for cell growth (Figure 4.7). The increase of chitosan content in 
the CH1CL5 decreased the cell viability compared to the negative control, CLF, and 
CH1CL10 but was still signifi cantly higher than the positive control. Even though 
these hybrid aerogel fi bers have been produced for the fi rst time, previously reported 
studies already proved the non-toxic nature of other types of chitosan-cellulose hybrid 
materials too [10,46].



176

CHAPTER 4

In future studies, the cells viability dependency on chitosan concentration can be 
investigated comprehensively. In addition, in vitro and in vivo assays to analyze the 
effect of aerogel fibers on healing progression and rate in acute and chronic conditions 
could also be performed to obtain a broader perspective about their wound dressing 
application.

FIGURE 4.7. 
XTT assay of the aerogel fibers; cell viability was observed in the samples on day 1 of the experiment. 

The negative sample was a piece of polyethylene and the positive sample was DMSO. (* data statistically 

significantly different, p < 0.05). Graphical elements were created with “BioRender.com”.

4.3.8 Antimicrobial characteristics
Based on a disc diffusion method, the antibacterial activity of the powders and aerogel 
cylinders were tested by E. coli (Figure 4.8A-I) and S. aureus (Figure 4.8A-II) in 
two different pHs of 5.8 and 6.3. An inhibition zone up to approximately 10 mm was 
observed around the CHP and two chitosan-cellulose cylinders while no inhibition zone 
was spotted for the pure cellulose cylinder and therefore not shown in the diagram. No 
significant difference in inhibition radius zones of the CHP and chitosan and cellulose 
cylinders between pH 5.8 and 6.3 for both bacteria were detected.

Aerogel fibers and CHP antibacterial properties were also investigated in the bacterial 
suspension of E. coli (Figure 4.8B-I) and S. aureus (Figure 4.8B-II) at two different 
acidic pHs of 5.8 and 6.3. The Bacterial growth monitored by OD600 revealed that 
the CLFs in both pHs did not affect the E. Coli and S. aureus growth and had similar 
performance to the negative control. However, the bacteria proliferation significantly 
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decreased in CH1CL10, and CH1CL5 and CHP (except in E. coli and pH 6.3), in 
comparison to negative control in both pHs and bacteria. Although the CHP prevented 
the E. Coli growth signifi cantly at the lower pH, S. aureus growth in the CHP suspension 
medium was not pH dependent. Moreover, CH1CL5 had higher E. Coli inhibition activity 
than CH1CL10 apparently due to the higher content of chitosan in the aerogel fi ber 
matrix, but their activity did not seem to be different in various pHs. In the case of S. 
aureus, the antibacterial growth of CHP was lower in comparison to other aerogel fi ber 
samples. Also at lower pH of 5.8, the CHCLAF showed better antibacterial performance 
in comparison to pH 6.3. However, both CH1CL10 and CH1CL5 had a similar range of 
the S. aureus inhibition activity in both pHs.

Though the exact antibacterial mechanism of chitosan is still debatable, many studies 
have suggested that the negatively charged cell wall of a bacterium can be disrupted by 
the chitosan protonated amino groups due to the interaction between opposite charges 
[47]. It is known that the chitosan’s antimicrobial activity is infl uenced by several factors 
including the type of microorganism, the source of chitosan, temperature, molecular 
weight, degree of deacetylation and pH [48]. It has been proposed that the glucosamine 
monomer of chitosan obtains a positive charge (NH3+) at the pH lower than 6.3-6.5 and 
that the antibacterial activity of chitosan increases as the pH decrease which can justify 
the higher S. aureus inhibition of the CHCLAF in the lower pH media [49]. Regarding 
E. Coli, CLCHAF bacterial inhibition did not seem to be pH dependent possibly due to 
the porous nature of the fi bers which allows the amino groups to get protonated easier. 
Similarly, it can be the probable explanation for better performance of CHCLAFs in 
S. aureus in comparison to CHP in both pHs.

Traditional wound dressings mainly suffer from the lack of stability and the risk of 
infection. For instance, gram-positive bacteria, such as S.aureus, are mainly found in 
the initial stage of wound infection and are responsible for over 90% of infectious 
wound ulcers; however, gram-negative bacteria, such as E.coli, can be found when the 
wound is already developed [50,51]. Therefore, due to favorable antibacterial properties 
of CHCLAFs, they can be considered as promising materials for wound dressing 
applications especially with the pathological acidic environment (pH< 6.3-6.5) of the 
infected chronic wounds. Future works can be devoted to loading of the fi bers with 
various antibiotics to increase the bactericidal activity and obtain pH nondependent 
patches.
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FIGURE 4.8. 
(A) Disk diffusion antibacterial assessment of the CHP, CH1CL10 and CH1CL5 cylindrical aerogels against E. 
coli (I) and S. aureus (II). Chitosan containing cylindrical aerogel samples showed inhibition zone, and their 

performance was not different at two pHs of 5.8 and 6.3; however, cellulose cylinders did not show any 

antibacterial activity. (B) Liquid culture and the optical density (600 nm) of the CLF, CHP, CH1CL10, and 

CH1CL5 samples in the bacterial suspension of E. coli (I) and S. aureus (II). In both measurements, ampicillin 

was used as a positive control. Aerogel fibers containing chitosan showed inhibition activity while CLF did 

not show any antibacterial properties. In all diagrams (* data statistically significantly different, p < 0.05). 

Graphical elements were created with “BioRender.com”.

4.4 Conclusion
Chitosan-cellulose aerogel microfibers have been prepared successfully by wet spinning 
of salt melt hydrate of ZnCl2 and consequent scCO2 drying. The CHCLAF showed a low 
density (~ 0.18 g/cm3), high porosity (~ 85%), and large specific surface area (~ 300 
m2/g) with a macro-porous outer shell and a nano-porous inner core. Better-sustained 
release of ibuprofen was observed in the CHCLAF in comparison to the CLFs. Also, the 
CHCLAF were non-toxic and bactericidal against E. Coli and S. aureus. In conclusion, 
addition of chitosan to cellulose in order to form hybrid aerogel microfibers led to a new 
class of wound dressing materials with significantly improved textural characteristics, 
antibacterial properties, and more sustained drug release behavior.
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General discussion 

Innovative material design and nano-structural engineering have been utilized by 
researchers to address the challenges of the chronic wound healing process [1]. In the 
past decade, aerogels have been signifi cantly used as wound dressing materials due 
to their outstanding structures such as high porosity, low density, and large specifi c 
surface area [2]. Aerogels based on hydrophilic materials are favorable as wound 
dressings since providing a moist wound environment and absorbing wound exudates 
is an essential part of the wound healing process. Therefore, the fabrication of aerogels 
from natural hydrophilic polymers especially from polysaccharides would be suitable 
for producing biocompatible, biodegradable, and drug-loaded bioaerogels for wound 
dressing applications [3]. 

Cellulose is the most abundant natural polymer and can be found in the plant cell 
wall, biofi lms secreted from bacteria, and in some species such as tunicates and 
algae as a primary structural component [4]. The presence of strong intra- and inter-
molecular hydrogen bonds in cellulose structures leads to the formation of a cross-
linking network which makes cellulose favorable material for preparation of aerogel 
materials. The production of cellulose aerogels in form of the monolith, cylinder, and 
fi lm is a steadily developing direction in the biomedical fi eld including wound healing, 
tissue engineering and drug delivery [5]. However, such aerogels typically suffer from 
poor mechanical properties such as brittleness, low fl exibility, and time-consuming 
drying processes. 

By transforming cellulose aerogels into the shape of fi bers, using various fi ber 
spinning and textile fabrication methods, it is possible to achieve enhanced mechanical 
performance and high fl exibility [6]. Furthermore, it is possible to load the aerogel fi bers 
by different supercritical CO2 methods. To the best of our knowledge, comprehensive studies 
on cellulose based aerogel microfi bers fabrication and their potential for 
biomedical applications such as wound dressing and drug delivery have not been 
conducted. Therefore, in this PhD project, cellulose was used to fabricate aerogel 
microfi bers for biomedical applications of drug delivery and wound dressing. Three 
main objectives were achieved: 

I. Evaluating the effect of the cellulose properties and the preparation conditions 
on the internal structure of the aerogel and its physicochemical properties. 

II. Optimizing and designing the fi ber processing conditions and textile fabrication 
techniques for cellulose aerogel microfi bers (CAFs) production.
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III. Investigating the feasibility of using cellulose aerogels as advanced biomaterials for 
drug delivery and wound dressing applications. 

During this thesis work, it was proven that due to the presence of various fiber 
spinning and textile formation techniques, cellulose based aerogels fibers have a high 
shapeability and flexibility which enables them to adapt to wound site and topography. 
Moreover, their high porosity and large specific surface area favor a quick absorption 
of the wound exudate and control the moisture balance at the wound location. Thanks 
to their interconnected highly open porosity, it is possible to achieve a balanced 
transpiration-evaporation equilibrium at the wound site and prevent hypoxia situations 
[7]. Such outstanding textural properties also enable cellulose aerogel fibers to have a 
high loading capacity of bioactive agents through supercritical CO2 techniques. Also, 
depending on the nature and chemistry of the drugs, the mesoporosity of aerogels (2–
50 nm) limits the growth of drug crystals within the aerogel matrix and maintains the 
drug in the amorphous status [8]. In the drug delivery application, most of the bioactive 
agents are low water-soluble compounds and such amorphous loading phenomena 
increase their solubility rate and access to the targeted site [9]. Using hybrid materials, 
further functionalities can be introduced into the fibrous aerogel structure. For instance, 
cellulose-chitosan aerogel fibers exhibited antibacterial properties and showed more 
sustained drug-release profile than pure cellulose aerogel fibers.

Although proof-of-concept and the potential of cellulose aerogel microfibers for wound 
dressing application have been demonstrated, there is still a long challenging way in 
their transition from laboratory to clinical application and market. As proven in chapter 
2, the type of cellulose and its feedstock have a major impact on the performance 
and manufacturing of cellulose aerogel fibers. Further studies can be devoted to 
investigating the type of biomass (wood, non-wood, softwood, or hardwood) and 
pulping technology to identify more parameters that can directly impact the fiber 
spinning and characteristic of cellulose aerogel microfibers [4]. For instance, nanofibers 
obtained from bacterial cellulose or tunicate cellulose due to higher purity and 
crystallinity can be highly relevant for biomedical applications; however, industrial 
production and the final cost are their current limiting factor [10,11]. 

Further development and standardization of the analysis methods for aerogels and 
aerogel fibers (e.g. measurements of pore size distribution, and mechanical properties) 
could enhance the comparison of the results from various studies. For instance, several 
characterization methods such as scanning electron microscopy, X-ray microtomography, 
and N2 adsorption-desorption were required to achieve a better understanding of the 
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pore size distribution within the cellulose aerogel fi bers as discussed in chapters 2 and 
3. Therefore, standards and guidelines for such characterizations should be developed 
by scientists, institutes, and companies active in the fi eld of aerogels [12].

As shown in chapter 4, the hybridization of cellulose aerogel fi bers provides a wide 
choice of materials and potential for further development and research as well as 
obtaining further functionalities including antibacterial properties, and enhanced 
textural properties. However, understanding and tailoring of hybrid aerogel fi bers based 
on experimental studies and molecular modeling are required to tackle the knowledge 
gap in this area. Such studies lead to a better comprehension of the structure-functional 
properties relations between the properties of the individual precursors and the 
characteristic of the fi nal aerogel. Therefore, hybrid fi brous aerogel materials can be 
designed and fabricated for specifi c biomedical applications. 

The durability and biodegradability of cellulose based aerogel fi bers are other 
important aspects that should be further discussed. Similar to other biobased and 
biodegradable products, it is always challenging to balance between product durability 
and biodegradability. Strong water absorption of cellulose aerogel microfi bers is an 
inherent characteristic of cellulosic material and can facilitate its biodegradability since 
most organisms and enzymes require moisture to be effective in biodegradation. Such 
enzymatic reaction and their impact on the performance of the aerogel fi bers require 
further investigation. A signifi cant outlook for research in the fi eld of bioaerogel should 
be also considered for the preservation of their characteristics during their use [3,5].

A limited number of bioaerogels have entered the clinical phase, and most of them are 
still in the developmental and laboratory experimental phases [7]. The in vitro results 
of the cellulose aerogel microfi bers in chapters 2, 3, 4, and 5 showed promising 
biocompatibility of cellulose aerogel fi bers. Depending on current clinical needs for 
wound dressing material, an evaluative discussion on the benefi ts of bioaerogels 
for overlapping wound healing stages (hemostasis, infl ammation, cell proliferation, 
and tissue maturation/remodeling) and the principal characteristics of each phase is 
necessary to be carried out. Apart from the biocompatibility of cellulose aerogel fi bers, 
the correlation between physical properties (density, pore volume, and specifi c surface 
area) and bioactivity of aerogels could be also analyzed. 

Bioaerogel production on an industrial scale and commercialization remains limited 
and have not achieved signifi cant market penetration; most commercially available 
aerogels are based on silica for thermal insulation applications [13]. To enhance the 



CHAPTER 6

214

aerogel fabrication process, ambient pressure drying has been widely studied as a 
possible solution. However, such an approach is based on chemical modifications of 
aerogels and is typically restricted to silica aerogels [14]. In contrast, supercritical CO2 

drying is a more versatile method for the fabrication of aerogels from a wide variety 
of precursor materials such as biopolymers. One limiting factor of the supercritical 
drying of aerogels is that they are processed in batch operations. Therefore, continuous 
drying of aerogels with supercritical CO2 is highly favorable for industrial applications. 
In the case of cellulose aerogel fiber processing, continuous fiber spinning methods 
are already performed on an industrial scale. Moreover, solvent exchange and drying 
of fibers are significantly shorter than other geometrical shapes such as monoliths, 
cylinders, and films due to the micron-size diameter of the fibers. However, further 
research and investigation on the custom-made supercritical CO2 drying techniques are 
required to achieve a fully continuous drying process of the aerogel fibrous structures 
[12].

Chapter 5 of the thesis, aimed to achieve a more continuous process by dissolving 
cellulose in ionic liquids and using the novel method of solution blowing spinning. 
Fabricating nonwoven aerogel fibers by solution blowing spinning eliminates the 
processing of microfibers into textiles and makes their industrial production more 
favorable. However, cellulose solvent cost and its sustainability are still limiting 
demanding factors to scale up such processes. Although the work in developing new 
solvents for cellulose has been notably empirical, the new directions for identifying 
sustainable and affordable industrial solutions to dissolve cellulose are vital [15]. In 
general, it is more challenging to find appropriate inexpensive solvents that can be easily 
removed from the final product prior to its use for biomedical purposes. Moreover, a 
product is only truly sustainable when its processing is also sustainable. The assessment 
of cellulose aerogel microfibers' sustainability requires consideration of both technical 
economic and life-cycle analyses based on pilot and industrial-scale data. 

In the end, it is forecasted that the aerogel field will keep up its rapid evolution in 
the upcoming years and that the aerogel based products find their way into clinical 
applications. The important element is the concurrent development of the (bio)material 
aspects and relevant production process to reduce final aerogel prices and enable 
practical applications. On other hand, the fabrication of new aerogel types should be 
based on the target product properties, and regulatory restrictions should be known 
from the beginning. This goal can be achieved by close collaboration between academic 
groups, clinicians, and industrial partners, which should be further encouraged.
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Impact paragraph
The prevalence of different kind of wounds especially chronic ones has grown 
considerably over the past decades. This is mainly due to the rising number of surgeries, 
escalating worldwide geriatric population, soaring traumatic wounds, and the epidemic 
of obesity and diabetes as risk factors for the development of chronic wounds [1,2]. 
Due to the limitations of the existing wound dressing products, a novel biobased 
wound dressing was developed attempting to address those limitations. As a result, 
the produced wound dressing from renewable, biocompatible, and biodegradable 
materials in this work can be applied to and is tunable for a wide range of wound types 
in order to accelerate and promote the wound healing process.

Aerogels originating from natural polymers, such as cellulose, provide low density, high 
porosity, large specifi c surface area, biocompatibility, biodegradability, and the ability to 
load and locally release bioactive agents [3]. The aforementioned characteristics make 
bioaerogels promising candidates for biomedical applications such as wound dressing 
products. Nevertheless, aerogel applications have been widely restricted due to the 
lack of fl exibility, extensibility, and fragile network structures, which are mainly due to 
the possible confi gurations of the aerogels such as monoliths, cylinders, and beads [4]. 
Moreover, commercialization of the aerogels are limited due to the time consuming, 
expensive, and batchwise processing techniques.

In the current study, however, by producing aerogels in the geometry of microfi bers, 
their mechanical performance, fl exibility, and extensibility were improved remarkably. 
Moreover, benefi ting from versatile fi ber and textile engineering techniques, bioaerogels 
can be transformed into micro/nanofi bers with different structures including woven, 
nonwoven, knitted, and braided through shorter and more reproducible processes.

In this study, cellulose-based aerogel microfi bers as an emerging class of aerogel 
materials were explored particularly for biomedical applications of drug delivery and 
wound dressing. Drug-loaded and non-loaded aerogel microfi bers were produced 
through fi ber spinning methods including wet spinning and solution blowing spinning 
accompanied by supercritical CO2 drying as a solvent free and green process. Different 
cellulose-based aerogel microfi bers in the form of knitted and nonwoven structures 
were created for the optimal wound healing and the absorbance of wound exudate. 
The feasibility of loading various model and actual drugs, such as anti-infl ammatory 
or anti-microbial agents, into the porous structure of the fi bers to accelerate wound 
healing was also positively evaluated.
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It should be borne in mind that all the research conducted during this PhD project 
on cellulose based aerogel microfibers is not providing a “ready-made solution” for 
biomedical application of drug delivery and wound dressing since this topic is quite 
“juvenile’’. The obtained results present useful instruction and guidelines for future 
studies.

The result of this study has significant contribution to the scientific and social community. 
Regarding the scientific aspect, to best to our knowledge, the first indication of aerogel 
fibers’ existence can be traced back to 2012; however, their potential for wound 
dressing applications was not investigated prior to the current study. This study can 
pave the way for other new biomedical applications, such as tissue engineering, where 
the existence of a highly porous scaffold network in producing human size tissues is 
essential. Intensive in vitro and in vivo analysis are required in order to have an in-depth 
understanding of the cellulose-based aerogel microfibers performance when interacting 
with living organisms. For example, in the case of wound dressing application, a critical 
investigation on the advantages of bio-based aerogels for each wound healing stage as 
well as the exudate control need to be performed.

The current research is also highly beneficial for the social community regarding 
two main aspects. First, this study is addressing the expanding demand and growing 
global market of advanced wound dressing products. There is a wide variety of wound 
dressings commercially available for wound treatment; however, many still lack the 
ideal characteristics of a wound dressing product. Cellulose-based aerogels microfibers 
have shown closer behavior to an ideal wound dressing, and this study can be utilized 
as a road map to enhance a patient’s quality of life. Second, there is an increasing 
awareness by the public that the impacts of synthetic plastic waste on the environment 
and our health are global and can be drastic. The development of new, versatile, and 
multi-functional polymeric materials from renewable resources, such as cellulose, has 
become a key research focus to meet tomorrow’s engineering applications. Therefore, 
the integration of environmental sustainability in the fabrication of bio-based materials 
produced by “greener” processes such as supercritical CO2 ones is vital in modern 
technologies to reduce environmental footprints and harmonize polymeric products 
with our living environment for a better future.

The outcome of the current thesis are relevant and interesting not only for biomedical 
researchers, clinicians, and patients but also for biomedical corporations. Cellulose-
based aerogel fibers can be highly intriguing for biomedical companies that target 
to expand their biomaterials portfolio for new nanostructured biomaterials. Such 
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companies can aim for early investment and further investigation in the current 
research in order to integrate bioaerogel fi bers in their health care business. In general, 
hospitals, clinics, home care facilities, and patients are potential customers of a wound 
dressing product.

Moreover, the results can be fascinating for not only the researchers in the biomedical 
fi eld but also those focusing on various technical applications of aerogels such as 
thermal insulation. Aerogel fi bers can be extensively used in technical sectors where 
the load-bearing and different structure formation in conjunction with the superior 
thermal insulation performance is vital.

The results of this thesis were published in open access peer reviewed articles making 
them accessible for researchers and public audience. Through participating in different 
international conferences, the results were presented to the academic and non-academic 
attendees. Moreover, promotional contents, such as a video and blog, were created 
and published on the FibreNet project website. The cellulose-based solution blown 
aerogel microfi bers as fully illustrated in the last section of this thesis was introduced 
into the public and industrial partners by the doctoral candidate under the name of 
WoundAeroFiber, which was awarded the Maastricht University Challenge Award.

The current scientifi c journey that began with the fundamental understanding of the 
fabrication process of a wound dressing product has been long-lasting and complex. 
It started with material selection, design, processing as well as multiple improvement 
actions for better and optimized performance, and ended with a prototype. The 
cellulose-based aerogel microfi bers might face many other challenges before possibly 
reaching society at the commercial level. However, the contributions made to this fi eld 
of science through this study are highly self-standing and valuable even if the fi nal goal 
of advancing society with a new wound dressing product remains elusive.
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Appendix
The following fi gures are the supplementary data related to chapter 3.

FIGURE APPENDIX 3.1. 
(A) Chemical structures of the drug models, methyl blue (MB), rhodamin B (RB), fluorescein (FL). (B) FTIR 

spectra of the MB powder and the MB solvent exchange loaded CAFs. (C) FTIR spectra of the RB powder 

and the RB solvent exchange impregnated CAFs. (D) FTIR spectra of the FL powder and the FL solvent 

exchange impregnated CAFs. Though most of the drugs’ bands had overlap with CAFs peaks, moderate 

loading of fibers with drug models can be observed in the low intensified shoulders; for instance in the 

wavelength range of 700-1000 cm-1.
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FIGURE APPENDIX 3.2. 
Cross-sectional morphology of the mono and multifilament wet spun drug-loaded cellulose fibers exhibiting 

a macro-porous outer shell with a nano-porous inner core. Loaded fibers with methyl blue, (A) F
330MB 

and 

(B) F
100MB

. Impregnated fibers with rhodamine B, (C) F
330RB

 and (D) F
100RB

. Loaded fibers with Fluorescein, 

(E) F
330FL

 and (F) F
100FL

.
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Summary
The treatment of wounds, in particular chronic types, is an unresolved challenge due to 
its complicated healing process, which can adversely impact the patient’s quality of life. 
The design and fabrication of new wound dressing materials with enhanced performance 
from renewable biobased resources such as cellulose is a continuous demand from 
healthcare services. Bioaerogels fabricated from biopolymers can simultaneously 
provide high porosity, low density, large specific surface area, biocompatibility, 
biodegradability, and the possibility to load and locally release single or multiple drugs 
and bioactive agents at the wound site. Therefore, they are considered as promising 
materials to address the limitations of currently existing wound dressings.

In this PhD project, cellulose was used to fabricate aerogel microfibers for biomedical 
applications of drug delivery and wound dressing. Three main objectives were achieved:

I. Evaluating the effect of the cellulose properties and the preparation conditions on the 
internal structure of the aerogel and its physicochemical properties.

II. Optimizing and designing the fiber processing conditions and textile fabrication 
techniques for cellulose aerogel microfibers (CAFs) production.

III. Investigating the feasibility of using cellulose aerogels as advanced biomaterials for 
the two different applications of drug delivery and wound dressing.

Various cellulose types, dissolving agents, precursor concentration, and the nature of 
regeneration solvent were indicated to play a vital role in aerogel morphology and 
properties. Solvent exchange and post-treatment supercritical CO2 (scCO2) impregnation 
were investigated for CAFs drug impregnation. When used as drug delivery matrices, 
the profile and kinetics of drug release were correlated with the textural properties of 
cellulose aerogels such as specific surface area and pore volume. CAFs were proven to 
be a promising material for wound dressing application since they were able to uptake 
large amounts of moist, water, and wound exudate due to their nanoporous texture. 
Drug-loaded CAFs can be used to control the release of the encapsulated drug to the 
wound site while enhancing the healing process. Upon cellulose blending with chitosan, 
the wound dressing also showed bactericidal properties. Overall, a high potential of 
CAFs to be used as biomaterials with highly tunable properties and functionalities was 
demonstrated, which is briefly explained in the following summary of the chapters.
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In chapter 1 an introduction on wound healing, wound dressing, and aerogel fabrication 
with an emphasis on the bioaerogels and the importance of the production of aerogels in 
the fi brous format has been provided. Furthermore, the chapter has reviewed advances 
in drug-eluting medical textiles including different fi ber production methods, such as 
melt-, wet-, and electro-spinning, and textile fabrication techniques, such as knitting 
and weaving. Various loading processes of bioactive agents to obtain drug-loaded 
fi brous structures with required physicochemical and morphological properties, drug 
delivery mechanisms, and drug release kinetics were also discussed. Finally, the current 
applications of drug-eluting textiles in wound care, tissue engineering, and transdermal 
drug delivery were highlighted. From this chapter, the technical requirements for fi ber 
production and the ultimate biomedical application were fi nally derived and further 
developed into the overall concept of the thesis.

Chapter 2 aimed at evaluating the correlations between the initial cellulose 
characteristics, aerogel’s internal structure, and its prospective biomedical application. 
Wet-spun cellulose aerogel fi bers were obtained by scCO2 drying from low and high 
molecular weight microcrystalline cellulose. The CAFs from high molecular weight 
cellulose (Mw ~ 565 kg/mol) proved to have a higher surface area (~197 m2/g), 
denser structure, and fi ner nanofi brils (~20 nm) with better thermal stability in 
comparison with the fi bers produced from low molecular weight cellulose (Mw ~ 163 
kg/mol). The fi bers were nontoxic, and cell proliferation was observed over time. Both 
low and high molecular weight CAFs showed promising results to be developed further 
for biomedical applications such as drug delivery and wound care.

In chapter 3, CAFs were explored and evaluated as drug delivery systems using three 
different drug models of methyl blue, rhodamine B, and fl uorescein. It was proven 
that the solvent exchange scCO2 impregnation was an effective single-step techniques 
for drug loading and aerogel formation. Loaded and non-loaded CAFs proved to have 
a macro-porous outer shell and a nano-porous inner core with interconnected pore 
structure and a specifi c area in the range of 100–180 m2/g. The CAFs were able to 
form knitted mesh and needle punched nonwoven textiles. Humidity and water uptake 
assessments indicated that the fi brous structures were highly moisture absorbable and 
non-toxic with immediate drug release profi les due to the highly open interconnected 
porous structure of the fi bers. In conclusion, CAFs are propitious to be further developed 
for biomedical textile applications such as wound care; however, some drawbacks such 
as immediate drug release profi le and not possessing antibacterial properties require 
additional modifi cations of the fi bers.
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Chapter 4 addresses the potential of chitosan-cellulose aerogel fibers (CHCLAF) for 
the development of antibacterial wound dressings. Wet spun CHCLAF in two ratios 
of 1:5 and 1:10 have been produced by scCO2 drying for wound dressing application.  
The fibers were also loaded with ibuprofen through post-treatment scCO2 impregnation. 
CHCLAF characteristics in terms of morphology, textural properties, thermal stability, 
mechanical properties, and in vitro assessment such as drug release, antibacterial 
properties, cytotoxicity, and wound exudate uptake were analyzed and compared 
to pure CAFs. Blended CHCLAF showed a low density (~ 0.2 g/cm3), high porosity  
(~ 85%), and large specific surface area (~ 300 m2/g) with a macro-porous outer shell 
and a nano-porous inner core. The fibers could be fabricated to braided meshes that 
were highly water absorbable (~ 400 wt. %) and bactericidal against escherichia coli 
and staphylococcus aureus. Furthermore, the fibrous structure was biocompatible with 
fibroblast cells and was able to release ibuprofen over 48 hours in a sustained manner. 
The results showed that the CHCLAF have better functionalities compared to the  
CAFs and thus could be used as a promising antibacterial candidate for wound  
dressing applications.

In chapter 5, solution blowing spinning, an innovative technique for spinning  
micro-/nano-fibers from polymer solutions, has been combined with scCO2 drying 
to develop highly porous cellulose aerogel nonwovens (CANs). In order to tune the 
hydrophobicity and drug release profile of the CANs , the meshes were surface treated 
through gas-phase esterification with palmitoyl chloride. The nonwoven aerogels 
benefited from both inter- and intra-fiber porosity, and the majority of the fiber 
diameters were between 3-9 μm. The CANs possessed a large specific surface area (~ 
450 m2/g), pore volume (~ 3.37 cm3/g), and high humidity absorption (~ 15 wt. %). 
The palmitoyl chloride gas-phase reaction enhanced the contact angle drastically (from 
0 to ~ 130°) for the surface modified samples and resulted in a more sustained thymol 
release profile in comparison to the non-modified samples. All samples exhibited cell 
viability, and the thymol loaded CANs were bactericides against E. coli and S. aureus. In 
conclusion, the surface treated CANs loaded with thymol are highly promising materials 
for wound dressing applications.
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