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Abstract

The objective of this work was to develop nanochitin and nanocellulose-based 
crosslinked porous nanostructured materials for wound dressing and cartilage repair
with suitable porosity and mechanical properties to facilitate cell growth. 

In the first part of the work (papers I-III), chitosan-based nanocomposites loaded 
with a high concentration (50 wt%) of chitin nanocrystals (ChNC) and cellulose 
nanocrystals (CNC) were prepared via electrospinning for use as wound dressing 
materials. The electrospinning process resulted in highly interconnected porous mats 
and improved mechanical properties with the addition of nanocrystals and subsequent 
crosslinking using genipin, a bio-based crosslinking agent. The electrospinning 
solutions containing chitin nanocrystals showed the best spinnability, and the resultant 
fibers were continuous and homogeneous, with the highest strength and modulus due 
to better compatibility with the matrix. The effects of the surface chemistry of the 
nanocrystals on the electrospinning solution’s properties and the processability and 
properties of the resulting fibers were studied in detail. Poor spinnability of the 
cellulose nanocrystal system having sulfate surface groups was attributed to the 
coagulation between negatively charged cellulose nanocrystals and positively charged 
chitosan as well as the high surface tension. Furthermore, the functional properties of 
the mats, including the water vapor transmission rate, O2/CO2 permeability and
cytocompatibility toward adipose-derived stem cells (ASCs), were favorable for 
wound dressing applications.

The second part of the work (papers IV and V) focused on the development of 
nanocellulose-based porous scaffolds for cartilage application. The first approach was 
to develop 3-dimensional (3D) porous scaffolds based on cellulose nanofibers (CNF), 
70-90 wt%, in a matrix of gelatin/chitosan and in situ crosslinking using genipin. The 
compression modulus of the scaffolds was found to be in the range of natural 
cartilage. Although the modulus decreased significantly in phosphate buffered saline 
(PBS) at 37°C, the mechanical properties were suitable for chondrogenesis. In the 
second approach, oven drying prior to the freeze-drying step was employed to achieve 
improved mechanical stability in wet conditions. Cellulose nanocrystals from a
bioethanol process plant (CNCBE), 50 wt%, with carboxyl surface groups were used as 
reinforcement in a sodium alginate/gelatin (SA/G) hydrogel stabilized using CaCl2

and genipin. The mechanical performance of the hydrogels in moist conditions was
comparable to that of natural cartilage. In both studies, the scaffolds showed 
interconnected pores and nanoscaled pore wall roughness favorable for chondrocyte 
attachment. Furthermore, the scaffolds’ high porosity and good cytocompatibility 
toward chondrocytes and mesenchymal stem cells (MSCs) were considered beneficial 
for cell growth and extracellular matrix (ECM) production.

This work demonstrated that fully bio-based porous nanocomposites can be 
successfully tailored for biomedical applications.
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1. Introduction

1.1. Background 

Bio-based nanomaterials derived from natural sources, such as cellulose and chitin,
have attracted much interest in medical applications due to their cytocompatibility, 
good moisture stability, good mechanical properties, hydrophilic surfaces and ability to 
form porous structures. 1-3 In medical products and tissue engineering scaffolds, where 
cell growth and proliferation are the main requirements, nanostructured materials with 
controlled pore size and pore interconnectivity are considered advantageous. Porous 
nanocomposites based on nanocellulose and nanochitin for wound dressing materials
and cartilage repair are the focus of this work.

By definition, wound dressing is a therapy to repair the skin damaged by burning 
or injury. 4 The role of an ideal dressing material is to provide the optimum conditions 
for wound healing while protecting the wound from further trauma and bacterial 
invasion. Moreover, it is important that dressing materials can be removed without
causing further damage to the surface of the wound during dressing changes. It is also 
important to provide a moist environment that is favorable for fibroblast proliferation 
and an accelerated healing process while avoiding the accumulation of wound exudate 
which would result in bacterial colonization of the wound. 5-7 Furthermore, the dressing
material should allow gas (oxygen, carbon dioxide and water vapor) exchange.4,8

Currently, different types of wound dressing materials with the essential characteristic 
of keeping a moist environment around the wound, such as hydrocolloids, hydrogels, 
foams, and thin films, are being developed to accelerate the healing process.4,6,7 4,9

Articular cartilage is a smooth fibrous connective tissue within a joint such as the 
knee, and consists of chondrocytes surrounded by an extracellular matrix (ECM) and 
70-85 wt% of water.10 Owing to its poor cell density and its avascular nature, cartilage 
has a very low capacity to repair itself and manage defects resulting from aging and 
trauma.11,12 Global statistics reveal that more than 100 million people around the world 
are affected by cartilage-related disorders.13 Thus, there is a need to design and develop 
new materials to repair cartilage defects and restore cartilage function. In this regard, 
tissue engineering is considered one of the most promising approaches for cartilage-
related therapy. The aim of tissue engineering is to facilitate the construction of new 
tissue similar to the ECM in in vitro conditions.11,12,14,15 In soft tissue engineering, the 
compressive strength and stiffness of the scaffolds play a key role in providing a
simulated environment similar to the ECM for cell growth and proliferation.16

Furthermore, an interconnected porous network with a suitable pore size, typically 
100-300 μm for cartilages, is considered beneficial for achieving sufficient nutrient 
transport and cell growth.17,18 Additionally, the degradability of the scaffold at a rate 
comparable with new tissue growth is desirable. Fig. 1-1 shows the optimal 
scaffold/tissue response for the biodegradation of a scaffold.15,19
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Fig. 1-1 Mechanical performance of a scaffold for the regeneration of new tissue.

(Adapted from reference15)

Different types of scaffolds have been developed from naturally derived or 
biodegradable synthetic polymers.18,20-26 Among them, biopolymers, such as chitosan, 
gelatin and alginate, are of special interest due to them being natural components of 
living structures and their biological and chemical similarities to natural 
tissues.18,20,22,23,25-29 Chitin and chitosan have been studied and used in a wide variety of 
biomedical applications, such as drug delivery, tissue engineering scaffolds, 
antibacterial coatings, and especially wound dressing. Chitosan possesses the 
hemostatic features and has the ability to promote rapid dermal regeneration, thus 
accelerating the healing process. Moreover, the non-toxicity, biodegradability, 
biocompatibility and antibacterial properties of chitin and chitosan are found to be
favorable for wound dressing applications.8,30,31 Chitosan has shown antibacterial 
activity against a wide range of bacteria due to the interaction between positively 
charged chitosan and negatively charged bacterial cell walls, resulting in the leakage of 
their intracellular constituents.32

Gelatin is a naturally occurring anionic polymer obtained by thermal denaturation or 
physical and chemical degradation of collagen, and it is the most extensive protein in 
most connective tissues, such as skin, tendon and bone. Due to its good
biocompatibility, high water adsorption capacity and biodegradability, gelatin has been 
widely used in medical applications.20,22,25,28,33 Furthermore, the hydrophilic nature of 
gelatin due to its amino and carboxyl groups could aid water retention and 
oxygen/nutrient transport throughout the scaffold.34,35 However, the dissolubility of 
gelatin in aqueous media is found to be the main drawback. To overcome this 
limitation, chemical and physical crosslinking techniques have been used to improve 
the stability of materials in aqueous media.18,22,36

Alginate is a naturally occurring anionic polysaccharide derived from brown algae 
and has been studied for a wide range of biomedical applications.37 The interest in 
alginate materials is due to their biocompatibility and fast ionic gelation behavior with 
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divalent cations under mild conditions favorable for living cells. However, their low 
cell adhesion and poor support of cell proliferation are found to be the main 
drawbacks. These drawbacks can be overcome by blending gelatin with alginate to 
enhance the cell adhesion of the final product.19,38,39 Alginate hydrogels prepared by 
different crosslinking techniques have been used in wound healing, drug delivery, and 
scaffolds in tissue engineering as well as cell encapsulation, due to their structural 
similarity to the ECM of living tissues.28,40

It has been reported that the development of biopolymers using nanoparticles and 
the formation of nanocomposites effectively improves the mechanical properties and 
other functional performance properties.41,42 Nanopolysaccharides have an added 
advantage in this context owing to their reinforceability, bio-based origins and 
cytocompatibility and they are expected to lead to the next generation of bio-based 
implants and wound care products.

1.2. Nanopolysaccharide structure 

Cellulose is the most abundant biopolymer in the biosphere and consists of linear 
chains of β (1-4) D-glucopyranose units bound together with glycosidic bonds. It can 
be found in all plant cell walls and can also be produced by some bacteria, fungi, and 
animals.43,44

Fig. 1-2 Hierarchical structure of cellulose. (Redrawn from reference 45)

After cellulose, chitin is the second most abundant natural polysaccharide, and it is
found in the exoskeletons of arthropods, such as crabs and shrimp, and in the cell walls
of fungi and yeast. The chemical structure of chitin is very similar to that of cellulose 
composed of N-acetyl-2-amino-2-deoxy-D-glucose units linked together by β (1-4)
glycosidic bonds.46
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Due to the hierarchical structure of cellulose (Fig. 1-2) and chitin (Fig. 1-3),
nanochitin and nanocellulose can be isolated from their natural sources following a 
top-down method. 

Fig. 1-3 Hierarchical structure of chitin. (Redrawn from reference 47,48)

1.3. Isolation of nanopolysaccharides

Cellulose nanocrystals (CNC), defined as rod-shape (typically whisker-like) 
crystalline entities, can be isolated from bleached plant materials by acid hydrolysis.
49,50 Cellulose nanocrystals isolated from wood are 3-7 nm in width and 100-200 nm in 
length. The geometrical dimensions of these crystals vary with the initial cellulose 
source, the hydrolysis reaction conditions (such as concentration of acid, hydrolysis 
time, and type of acid), and the acid/raw material ratio.50 Using cellulose nanocrystals 
as reinforcement in nanocomposites is beneficial owing to their outstanding properties 
such as high mechanical properties, high surface-area-to-volume ratio and high aspect 
ratio. The theoretical evaluation of the elastic modulus for native cellulose gave a value 
of 167.5 GPa and experimental measurements for cellulose nanocrystals from tunicate 
gave an elastic modulus of 143 GPa.51,52

In nature, cellulose nanocrystals are bundled together and linked by amorphous 
cellulose to form longer and thicker cellulose nanofibers (CNF). These nanofibers have 
diameters of less than 100 nm and a length on the micro-scale depending on the source. 
Cellulose nanofibers have been successfully used as reinforcement.53-56 They may have 
a lower stiffness and strength than CNC but they have a higher aspect ratio and form 
entangled networks. Cellulose nanofibers can be isolated using mechanical treatment 
such as ultrafine grinding, homogenization, and ultrasonication. Depending on the 
structure of the cell wall and the chemical compositions of the raw material, some 
pretreatments, such as chemical, enzymatic or mechanical ones, are needed before the 
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fibrillation process to break the cell wall and reduce the size of fibers, resulting in
increased ease of the fibrillation process and less energy consumption.57,58

Chitin can be isolated from shell waste after three main isolation steps: 
deproteinization (using alkali treatment), demineralization (using acid treatment) and 
bleaching. Chitin nanoparticles are separated from purified chitin using hydrochloric 
acid hydrolysis,59,60 whereas chitin nanofibers can be processed by mechanical
fibrillation of purified chitin.61 Chitin nanocrystals (ChNC) are rod-shape crystals with
diameters and lengths in the range of 10-30 nm and 200-400 nm, respectively.62

Theoretical calculations of the longitudinal and transversal modulus of chitin 
nanocrystals yielded values of 150 and 15 GPa, respectively.63 Several studies have 
been reported regarding the use of chitin nanocrystals as reinforcements in both natural 
and synthetic polymer matrices.60,63

1.4. Fabrication of porous materials

Many different techniques such as electrospinning, freeze-drying, cryogelation, and 
CO2 foaming, have been developed to produce porous materials.2,64-66

1.4.1. Electrospinning

Electrospinning, a well-established processing technique patented by Formhals in 
1934, generates continuous polymeric fibers with diameters ranging from tens of 
nanometers to a few micrometers. This process is based on using a high-voltage 
supplier to create an electrically charged jet of polymer solution or polymer melt.
Before reaching the collector, the solvent of the solution evaporates or the melt 
polymer solidifies, and it is collected as a fibrous network on the collector.67-69

Fig. 1-4 shows a schematic setup for electrospinning. The solution is held at the tip 
of a spinneret in a hemispherical surface due to its surface tension. The electrical 
potential applied to the polymer solution induces free charges. Mutual charge repulsion 
in the polymer solution results in forces that oppose the surface tension of the polymer 
solution. Increasing the intensity of electrical potential results in the elongation of the 
hemispherical surface of the solution at the tip of the spinneret to form a conical shape 
called a Taylor cone. As the intensity of the electric field reaches a critical value, it is 
sufficient to overcome the surface tension and results in the formation of a jet from the 
tip of the Taylor cone. The charged jet is initially unstable and gradually becomes 
thinner, mainly due to elongation and evaporation of the solvent. Finally, the charged 
jet forms randomly oriented fibers that can be collected on a collector.68-70
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Fig. 1-4 Basic setup for electrospinning.

The parameters affecting the electrospinning process and the morphology of fibers 
can be classified into three main groups, i.e., solution properties, processing parameters
and ambient parameters.

• Solution properties include viscosity, molecular weight, conductivity, and surface 
tension.

• Processing parameters comprise of the applied voltage, the distance between the tip 
of the spinneret and the collector, the type of collector and the flow rate of the 
solution. 

• Ambient parameters include the humidity and temperature.68

For each system, these parameters need to be optimized to achieve defect-free fibers
with the desired morphology and diameters. The formation of beads, pores and 
inhomogeneity in the diameters of fibers are the most likely defects in electrospun
fibers, which can be avoided by adjusting the processing parameters. The
inhomogeneity in fiber diameters can be due to the splitting of the primary jet into 
multiple jets as the solution travels from the spinneret toward the collector.70,71 Fig. 1-5
shows the effect of the molecular weight of chitosan on the morphology and diameter 
of the electrospun fibers.
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Fig. 1-5 The effect of the molecular weight of chitosan on the morphology and diameter of the 
electrospun fibers; a) low molecular weight; b) medium molecular weight; c) high molecular 

weight. (Adapted from reference72)

A wide range of natural or synthetic polymers has been electrospun to produce 
nanofibers. Nanofiber-based materials offer some advantages that make their 
properties unique, such as high surface area, tunable porosity and the ability to control 
the nanofiber composition to achieve the desired properties and functionality when 
used in applications.68,69 Nanofibers have been used in various applications, such as 
filtration, electronics, and biomedical applications, including tissue engineering, 
wound dressings, and drug delivery systems.73,74 Electrospun nanofiber mats have been 
of potential interest in the development of wound dressing materials. Nanofibers with a
high surface-area-to-volume ratio and a porous structure with pore size distribution and 
morphology similar to a natural extracellular matrix (ECM) could start a signaling 
pathway to repair damaged tissue and are also important for cell attachment and 
proliferation in wound healing.31,75,76

However, electrospun nanofibers are not strong enough for many applications due 
to their low molecular chain orientation of individual fibers and their non-woven and 
highly porous structure.77 A large number of studies have been conducted to enhance 
the mechanical properties of electrospun nanofibers. The incorporation of
nanoparticles into polymer matrices has been used as one of the most effective 
methods to reinforce electrospun nanofibers.78,79 Nanofiber mats containing strong 
antibacterial agents such as silver nanoparticles have been used in wound dressing.78

However, the toxicity of these nanoparticles at high concentration is found to be the 
main drawback. Thus, the interest in the use of bio-based nanoparticles as highly 
effective reinforcement is mainly due to their high mechanical properties and
cytocompatibility.80-88

1.4.2. Freeze-drying 

Freeze-drying is another processing technique that has been used to produce porous
structures for tissue engineering and biological applications. In this process, the 
solution is frozen in a cold bath, and then, the frozen solvent is removed from the 
mixture by sublimation under vacuum, resulting in the formation of a porous structure. 
This technique provides several advantages that are beneficial for biomedical 
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applications compared to other processes. Water can be used as the solvent, which is 
environmentally friendly, does not introduce any impurities and is thus favorable for
medical applications.89 Furthermore, pore properties, including pore size, pore volume 
and morphology, can be controlled by varying the parameters, such as the temperature, 
solution concentration, type of solvent, and control of the freeze direction. Therefore,
this process can be used to produce novel porous materials with controlled porosity and 
pore sizes and can thus be tailored for cell growth and proliferation.89,90

The freeze-drying process comprises three steps: freezing, primary drying, and 
secondary drying. The freezing step is performed by contacting or placing the liquid 
sample in a cold bath. The frozen sample is then placed in a freeze-dryer to remove the 
solvent by sublimation. The porous structures are the voids left after the removal of the 
frozen solvent, which acts as a porogen. Freezing is the key step in producing a
desirable porous structure. The freezing conditions, comprising the freezing
temperature, solute concentration, type of solvent, and direction of freezing,
significantly affect the resulting pore structure of the material. When freezing occurs at
very low temperatures (e.g., in liquid nitrogen at −196°C), this results in the fast 
formation of ice nuclei and small crystals and, subsequently, the formation of small
pores. However, when slow freezing occurs at a higher temperature (e.g., −20°C), the 
nucleation is slow, and larger ice crystals are obtained, which results in large and 
random pores in the final structure.89 The morphology of pores can be tuned by varying 
the direction of freezing. By controlling the direction of freezing by applying a high
temperature gradient across the sample, the growth of ice crystals can be oriented in 
one direction, which is called directional freezing. Then, aligned structures 
(unidirectional pores) can be obtained by the removal of oriented ice crystals (Fig. 1-
6).89,91

Fig. 1-6 Schematic representation of the directional freezing process. (Redrawn from 
reference91)
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The drying process is usually performed in a freeze-dryer with temperature-
controlled shelves. Primary drying occurs when the frozen solvent sublimes based on
the reduction of the pressure to a value below the triple point. This is the most time-
consuming step in the process, which is related to the ice sublimation rate and is 
determined by factors such as the level of vacuum, shelf temperature, sample volume 
and exposed surface area, as well as the product resistance. Secondary drying is 
performed to desorb the unfrozen solvent bound to the polymer. For this process, a
lower vacuum level compared to primary drying is needed to remove the bound 
water.89,92

The freeze-drying technique has been used as one of the processing techniques to 
produce hydrogels. Hydrogels composed of 3D crosslinked networks have the ability 
to entrap considerable amounts of water which simulates the ECM environment with 
regard to supporting the transport of nutrients and wastes.93,94 Moreover, due to their 
high content of water, hydrogels have been used in a wide range of applications; 
however, their low mechanical properties are found to be the main drawback for tissue 
engineering applications.95 Cellulose nanocrystals (CNC) have been incorporated into 
the polymer matrices in the preparation of hydrogels to improve the gelation, structural 
stability and mechanical performance. Furthermore, freeze-drying is a well-established
technique to develop porous structures from nanocellulose as the dispersion medium 
acts as a porogen and will be beneficial in the current work.96,97

1.5. Crosslinking of biopolymers

The crosslinking of biopolymers is highly beneficial for achieving dimensional and 
mechanical stability in moist conditions while using biodegradable polymers for the 
production of tissue implants. In general, there are two crosslinking techniques that 
have been used: physical and chemical crosslinking. Physical crosslinking methods do 
not cause harm, but the difficulty of achieving the desired degree of crosslinking is the
main limitation. Hence, chemical crosslinking agents have been used to crosslink 
biopolymers. However, the risk associated with the toxicity of the by-products is the
main drawback.18,34,98-100

Hydrogels have been covalently crosslinked using different chemical crosslinking 
agents, such as glutaraldehyde, epoxy compounds and cyclodextrin, resulting in 
toxicity of the resultant materials. Thus, the use of naturally occurring crosslinkers has 
garnered much interest, attributed to their very low toxicity and higher 
biocompatibility.22,34,101,102 Genipin, a naturally occurring crosslinker obtained from 
geniposide, has shown lower cytotoxicity compared to the other crosslinkers.
Furthermore, it has been reported that genipin-crosslinked tissues exhibit a comparable 
mechanical performance and resistance against enzymatic degradation compared to the 
systems crosslinked with the other commonly used crosslinkers.103,104 It has been 
reported that genipin is a promising crosslinker for chitosan and special proteins, such
as gelatin, containing primary amino groups, as genipin can react with the free amino 
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groups even at low concentrations. Moreover, genipin can form inter- and intra-
molecular crosslinking networks.101,104 Fig. 1-7a-b shows the covalent crosslinking 
reaction mechanisms of genipin with chitosan and gelatin.

Alginate is composed of 1-4 linked -D mannuronic acid (M-block) and -L-

guluronic acid (G-block) residues which determine the physico-chemical properties of 
alginate. The gelling behavior of alginate in an aqueous medium due to the ionic 
interaction between the carboxylic group and divalent cations, such as calcium, 
magnesium and copper, is related to the M/G ratio. G-blocks are found to be 
responsible for the formation of the egg-box structure, resulting in the fast formation of 
a gel with potential use for many industrial and biomedical applications.39,53 Fig. 1-7c 
shows the ionic crosslinking mechanism of sodium alginate in the presence of Ca+2

ions.

Fig. 1-7 Covalent crosslinking mechanism; a) genipin-chitosan, b) genipin-gelatin. Ionic 
crosslinking mechanism; c) sodium alginate/CaCl2.
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1.6. Objective of this work

The aim of this work was to develop porous structures based on bionanomaterials
with controlled porosity and pore sizes, moisture stability and suitable mechanical 
performance, as well as cytocompatibility, with the potential use in wound dressing 
and cartilage repair. 

In the first part of this work, the aim was to develop nanocomposite mats based on 
chitin/cellulose nanocrystals and identify the processing routes for reinforced wound 
care products.

In the second part, the aim was to develop porous scaffolds based on nanocellulose 
for cartilage applications. Tailoring of the processing routes to achieve hierarchically 
porous 3D structures with high interconnectivity for cell attachment and cell growth 
was the main focus.
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2. Experimental procedures

2.1. Materials 

Chitosan (Mw ~ 190,000-310,000 and DD = 75-85%) and polyethylene oxide (Mw 
~1,000,000 and inhibited with 200-500 ppm BHT) supplied by Sigma-Aldrich GmbH 
(Germany) in the form of powder were used as the matrix phase for the preparation of 
electrospun mats and nanocomposite scaffolds. Sodium alginate (alginic acid sodium 
salt from brown algae) and gelatin (Bloom 250, Type B) were purchased from Sigma-
Aldrich (Germany) and used as the matrix in the preparation of hydrogels. 

Crab shell chitin in the form of flakes was used as the raw material for the isolation 
of chitin nanocrystals and was purchased from Sigma-Aldrich GmbH (Germany). 

Microcrystalline cellulose (MCC) with a particle size of 25 μm was supplied by 
Vivapur® (JRS Pharma, Germany) and was used as the raw material for the isolation 
of cellulose nanocrystals (CNC).

High-purity cellulose from softwood fibers (Norwegian spruce) with high cellulose 
content (95% cellulose, 4.5% hemicellulose and 0.1% lignin content as provided by 
Domsjö Fabriker AB (Sweden) was used as the raw material for the isolation of 
cellulose nanofibers (CNF).

Cellulose with a dry matter content of 50-55 wt%, extracted via a hydrolysis process 
of unbarked Norway spruce wood chips (Picea abies) using the bioethanol processing 
plant at SEKAB (Örnsköldsvik, Sweden) was used as the raw material for the 
processing of CNCBE with carboxyl functional groups on the surface.

Acetic acid with 96% concentration, used as the solvent, hydrochloric acid (37%)
and sulfuric acid (98%) were supplied by Merck KGaA (Germany). Genipin (> 98%),
used as the crosslinking agent, phosphate buffered saline (PBS) and glycerol (99.5%)
were purchased from Sigma-Aldrich GmbH (Germany). Calcium chloride (CaCl2 .
2H2O) and sodium chloride (NaCl, 25% aqueous solution) were supplied from Merck 
KGaA (Germany). The list of raw materials used in all studies is shown in Table 2-1.
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Table 2-1 The raw materials used in each study.

Matrix phase Nanoreinforcing 
phase

Solvent Crosslinker Involved 
paper

Chitosan/PEO ChNC from crab 
shells

Acetic 
acid

Genipin I

Chitosan/PEO CNCH2SO4 /CNCHCl

from MCC
Acetic 
acid

Genipin II

Chitosan/PEO ChNC/CNCH2SO4 Acetic 
acid

- III

Gelatin/Chitosan CNF from 
dissolving cellulose 
(Domsjö)

Acetic 
acid

Genipin IV

Sodium 
alginate/Gelatin

CNCBE from 
bioethanol pilot
scale hydrolysis

Water CaCl2/Genipin V

The chemical structures of the raw materials used in all studies are given in Fig. 1-7.

2.2. Methods

2.2.1. Isolation process of nanopolysaccharides

Chitin nanocrystals (ChNC) were isolated from crab shells using hydrochloric acid 
hydrolysis according to the procedure reported by Nair and Dufrense.60 Fig. 2-1 shows 
the procedure for the isolation of chitin nanocrystals from crab shells (papers I and III).
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Fig. 2-1 Process for the isolation of chitin nanocrystals (ChNC) from crab shells and AFM 
height image of ChNC.

Cellulose nanocrystals (CNCH2SO4) were isolated from MCC using H2SO4 hydrolysis
(papers II and III) based on the procedure optimized by Bondeson et al.105

Alternatively, the cellulose nanocrystals (CNCHCl) were isolated using HCl hydrolysis 
based on the process described by Araki et al. (paper II).106 Fig. 2-2a-b shows a
schematic illustration for the preparations of CNC and atomic force microscopy (AFM)
height images showing the morphologies of both types of CNC.

Fig. 2-2 a) Schematic illustration of the isolation of cellulose nanocrystals (CNC), and b) AFM 
height images showing cellulose nanocrystals (CNCH2SO4, CNCHCl)
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Cellulose fibers (CNF) were isolated using a mechanical blender, a Silverson L4RT 
(England), at 6000 rpm for 15 min. Then, the suspension was ground using an ultra-
fine grinder, an MKCA 6-3 from Masuko (Japan), to obtain nanofibers (CNF) 
following the procedure reported by Mathew et al. (paper IV).55 The isolation process 
for the preparation of CNF from Domsjö (dissolving) cellulose raw material is shown 
in Fig. 2-3.

Fig. 2-3 Mechanical isolation of nanofibers (CNF) from Domsjö (dissolving) cellulose and
AFM height image of CNF.

Cellulose nanocrystals (CNCBE) from a wood bioethanol processing plant (paper V)
were isolated according to the procedure reported by Mathew et al.107 Suspensions with 
2 wt% of the purified cellulose were made, mixed well with a shear mixture and passed 
through the APV 2000 high-pressure homogenizer (Denmark) at a pressure of 500 
bars. Afterward, the suspension with a batch size of 2 L was passed through the 
homogenizer 10 times to obtain a thick gel of nanocrystalline cellulose (CNCBE), and 
the processing time was 40 min per batch. The schematic representation of the 
isolation process of CNCBE is summarized in Fig. 2-4.

Fig. 2-4 Schematic representation of the isolation process of CNCBE.
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2.3. Processing techniques

Electrospinning (papers I-III) and freeze-drying (papers IV and V) were used as 
processing techniques to produce porous nanostructured composites.

The electrospinning solutions were composed of a continuous phase of chitosan 
blended with PEO in a 1:1 mass ratio and chitin (papers I and III) and cellulose 
nanocrystals (papers II and III) as a reinforcing phase. The concentration of solutions 
was 3 wt%, and the electrospinning solvent used was aqueous acetic acid (50 wt%).
Chitosan blended with PEO was electrospun and used as a control. In Table 2-2, the 
material concentrations and the processing parameters, which were optimized, are 
shown.

Table 2-2 The material compositions and the processing parameters used.

Sample code M MChNC MCNCHCl MCNCH2SO4

Voltage (kV) 25 16 20 20

Tip to collector distance (mm) 155 130 150 80

Flow rate (mL/h) 13 10 10 10
M: Chitosan 50/PEO 50
For nanocomposites: Chitosan 25/PEO 25, ChNC/CNC 50

An overview of the process for the preparation of the electrospinning solutions 
(ES), the experimental setup for the electrospinning process and the visual appearance 
of the mats are shown in Fig. 2-5a-c.

Fig. 2-5 a) Procedure for the preparation of the ES solutions containing ChNC/CNC; b) the
experimental setup for the electrospinning; c) the visual appearance of the mats (M: Chitosan 

50/PEO 50; MChNC: Chitosan 25/PEO 25, ChNC 50).
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The electrospun mats (papers I and II) were crosslinked using genipin, a crosslinker
derived from natural sources. The mats were immersed in a 0.05 mmol/L genipin
solution for 16 h under ambient conditions. Thereafter, they were rinsed with distilled 
water and phosphate buffered saline (PBS) and finally dried at room temperature.

3D porous scaffolds (papers IV and V) were processed via the freeze-drying
technique. The matrix (gelatin/chitosan), the cellulose nanofibers (CNF) and genipin 
were mixed in one step and crosslinked in situ (paper IV). In all samples, the 
gelatin/chitosan mixture with a ratio of (9:1) was dissolved in a 0.01% acetic acid 
medium containing the genipin solution (0.004 M). Gelatin/chitosan is referred to as 
the matrix (M). The cellulose nanofiber suspensions with different concentrations were 
mixed with this solution to obtain final nanocomposites with different compositions. 
All samples were placed in plastic petri dishes, frozen at −30°C in a freezer and freeze-
dried using a Christ Alpha freeze-dryer at −70°C in a vacuum (0.0026 mbar). An 
overview of the process with a photograph of the resultant scaffold is shown in Fig. 2-
6.

Fig. 2-6 An overview of the processing route for the preparation of the crosslinked (X) porous 
scaffold.

IPN-based hydrogels (paper V) based on sodium alginate (SA), gelatin (G) and 
cellulose nanocrystals from a bioethanol process plant (CNCBE) were prepared and
stabilized using CaCl2 (1 wt%) and genipin (0.05 wt%). After the crosslinking process, 
the samples were rinsed several times with distilled water to remove unbounded 
crosslinking agents and freeze-dried at −75°C for 24 h to obtain crosslinked sponges. 
The entire process for the preparation of IPN nanocomposite hydrogels is shown in 
Fig. 2-7.

Fig. 2-7 An overview of the process for the preparation of IPN hydrogels.
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2.4. Characterization techniques

In this study, the aim was to develop nanostructured composites using 
nanopolysaccharides. The effect of the addition of these nanomaterials and 
crosslinking on the properties of the produced nanocomposites was studied.
Characterization of nanomaterials, electrospinning solutions and nanostructured 
composites was performed. The characterization techniques used in this work are listed 
in Table 2-3.

Table 2-3. Summary of characterization techniques used in this study.

Technique Characterization Involved paper

Flow birefringence Dispersion study of nanocrystals I, III

AFM To study the morphology of 
nanomaterials, as-spun fibers and 
electrospinning solutions

I-V

Optical microscopy (OM) To obtain an overview of the
dispersion/morphology of fibers

I-III

SEM Microstructure study I-V

XHR-SEM Nanostructure study III-V

Viscometer Viscosity of spinning solutions I-III

Zeta sizer Zeta potential of nanocrystal
suspensions and spinning solutions

II, III

Conductivity meter Electrical conductivity of spinning 
solutions

II, III

Wilhelmy plate using 
tensiometer

Surface tension of the spinning 
solutions

III

Dynamic absorption tester Contact angle (wettability) III

UV/Vis spectroscopy Light transmittance measurement to 
study the dispersion 

III

TGA Thermal analysis of electrospun mats I

Water vapor permeability 
tester

Water vapor transmission rate
(WVTR)

I

Moisture uptake PBS uptake IV, V

Gas permeability O2/CO2 permeability II

BET 

(Brunauer-Emmett-Teller)

Specific surface area, nanoscaled
pores

I, IV

X-ray tomography To study the 3D structure of pores IV
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XRD Crystallinity study IV

FTIR To study the efficiency of crosslinking V

Universal Tensile 
Machine

Mechanical properties of hydrogels V

DMA • Tensile test in dry and 98% RH
conditions

• Compression test in dry and PBS
conditions

• Compression as a function of
frequency

I, II

IV

V

In vitro biodegradation 
test

Degradation behavior in a PBS 
medium 

IV

Cytocompatibility test Cytocompatibility of nanomaterials 
and their nanocomposite counterparts

I, II, IV, V

2.4.1. Solution properties

Fundamental studies on the nanocrystal suspensions and the electrospinning 
solutions containing nanocrystals were performed to investigate the effect of the
addition of nanocrystals with different surface characteristics on the properties of the 
electrospinning solution.

Flow birefringence (papers I and III) was used to study the dispersion of 
nanocrystals in the electrospinning solutions prior to spinning. The setup consisted of a 
light source, a magnetic stirrer and two cross-polarized filters. The flow birefringence 
of nanocrystals in a water medium was used for comparison of the dispersion.

The shear viscosity (paper I) of the electrospinning solutions was measured using a 
rotating viscometer (Brookfield DV-I Prime) with a SC4-21 spindle. The temperature 
of the solutions was maintained at 20°C by a water jacket and a thermostatically 
controlled water bath. The measurements were performed at multiple spindle rotational 
speeds to determine the rheological behavior of the solutions. For each applied 
rotational speed, viscosity (cP), shear rate (s−1) and torque (%) values were recorded.

A viscosity (papers II and III) test was carried out for the electrospinning solutions
using an SV-10 Vibro Viscometer, A&D Company (Japan) at a vibration frequency of 
30 Hz.

The electrical conductivity (papers II and III) of solutions containing only 
nanocrystals and electrospinning solutions was measured using a SevenEasyTM 
conductivity meter, METTLER TOLEDO AG (Schwerzenbach, Switzerland). The 
measurements were performed at 25°C.
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The zeta potential ( ) of nanocrystals and the electrospinning solutions (papers II 

and III) with a concentration of 0.05 wt% at different pH was measured using a Zeta
sizer nano ZS (Malvern, UK) at 25°C.

The surface tension of the spinning solutions (paper III) was measured at room 
temperature with a Wilhelmy plate method using a K100 processor tensiometer from 
Krüss (Hamburg, Germany). The clear platinum plate (Krüss Standard Plate, PL 01) 
was used. 

The light transmittance (paper III) through nanocrystal suspensions and the spinning 
solutions was investigated using a Perkin Elmer UV/Vis spectrometer, the Lambda 2S 
(Überlingen, Germany). The wavelength (λ) parameter varied between 700 and 300 
nm, with a scan rate of 120 nm/min.

2.4.2. Morphology studies

Optical light microscopy (OM) observations of diluted electrospinning solutions 
(paper III) and electrospun fibers (papers I-III) were collected using a Leitz Dialux 
optical microscope, the Leica DFC 290 (Wetzlar, Germany), to obtain an overview of
the dispersion and morphology of fibers. Fibers were placed on glass slides after 1 min
of spinning and then observed under OM. 

An Atomic Force Microscope (AFM) was used to study the morphology of the 
nanomaterials (papers I-V) and the electrospinning solutions (papers II and III), as well 
as the as-spun fibers (papers II, III) and electrospun mats (paper I), in more detail using 
a Nanoscope V (Veeco, USA) at a resonance frequency of 70 kHz and a spring 
constant of 1-5 N/m. The nanomaterial suspensions with 0.01 wt% and electrospinning 
solutions with 0.1 wt% were dried on a freshly cleaved mica plate prior to AFM 
analysis in tapping mode. The diameters of the fibers were measured from the height 
images (paper I). Furthermore, the surface roughness (Rq ) was measured from the 
AFM height images scanned over a 1.5 × 1.5 μm2 area of the fibers (paper III). 

The structural morphology of the as-spun mats (papers I-III), crosslinked mats
(papers I and II) and the nanocomposite scaffolds (papers IV and V) was studied using
a JEOL JSM-6460LV Scanning Electron Microscope at an acceleration rate of 15 kV. 
The samples were sputter-coated with Au for 50 s at 50 mA to reduce the charging
effect. The pore diameters and porosity of the electrospun mats were determined using 
Pore Image Processor in MATLAB (paper II). The diameters of the fibers (paper II) 
and pore sizes of the scaffolds were measured from the SEM images using SemAfore 
software (papers IV and V).

Moreover, an Extreme High-Resolution Scanning Electron Microscope, the
MAGELLAN 400 XHR-SEM (Eindhoven, the Netherlands), was used to observe the 
structure of the fibers in more detail (paper III) and the hierarchical structure of the 
pores with micro-nanoscaled pores and nanoscaled pore wall roughness (papers IV and 
V).
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2.4.3. Mechanical testing

Mechanical properties of electrospun mats (papers I and II) were determined using a 
TA Instruments DMA Q-800 (New Castle, DE, USA). All samples were tested in 
tensile mode with a 0.001-N preload at a displacement rate of 100 μm min_1 and an 
isothermal temperature of 23°C.

The tensile properties of the nanocomposite hydrogels (paper V) were measured 
using a universal testing machine, the Shimadzu Autograph AG-X (Kyoto, Japan). The 
test was performed at a constant speed of 2 mm min−1 with a load cell of 1 kN. 

The compression properties of the scaffolds (paper IV) were measured at 37°C 
using a TA Instruments DMA Q-800 (New Castle, DE, USA) according to an adapted 
version of the D11621-94 standard test method. The samples were tested at the 
displacement rate was 100 μm min_1 with a contact force of 0.05 N. To study the 
viscoelasticity of the scaffolds, compression tests were also performed in PBS at 
different strain rates, ranging from 100 μm min_1 to 400 μm min_1.

The compression moduli of hydrogels (paper V) were tested in compression mode 
using DMA at an isothermal temperature of 37°C. To study the viscoelastic behavior 
of hydrogels, a frequency sweep in the range of 0.9 to 16 Hz was chosen as it 
represents the frequencies encountered by natural articular cartilage.26,108,109

2.4.4. Thermal analysis

Thermal stability of the mats (paper I) was studied using a TA Instruments TGA Q-
500 (New Castle, DE, USA). Specimens with weight in the range of 8-10 mg were 
heated under nitrogen gas in a platinum pan from 30 to 600°C at a heating rate of 
10°C/min. All samples were dried over night in the vacuum oven at 50°C to remove
the moisture.

2.4.5. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopic measurements (paper V) were performed on a Varian 670-IR
spectrometer (Specac, UK). Infrared spectra were recorded at room temperature in the 
spectral range of 4000-390 cm-1, with a 4 cm-1 resolution and an accumulation of 50 
scans. Dried films were used to record attenuated total reflectance Fourier transform 
infrared (ATR-FTIR) spectra. 

2.4.6. Crystallinity and X-ray tomography

The crystallinity of CNCH2SO4, and ChNC and their corresponding nanocomposite 
mats (paper III) was studied using a PANalytical Empyrean diffractometer (Almelo, 
the Netherlands). A CuKα radiation source (λ= 0.15405 nm) in the range of 2θ = 4-40°
was used with a step interval of 0.0263° and a scanning rate of 2.6°/min. The 
measurements were performed at an acceleration voltage of 45 kV and a current of 40 
mA. The crystallinity index (CI) of CNCH2SO4 was calculated using Segal's empirical 
method and the following equation.110
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CI (%) =[(Imax – Iam) ⁄ Imax]×100% (1)

Imax (200) is the intensity value for crystalline cellulose (2θ = 22.7°), and Iam is the 
intensity value for amorphous cellulose (2θ = 18°). The crystallinity index of ChNC 
was estimated using the empirical equation with the same format applied to 
chitosan.111-113 Imax (110) is attributed to the intensity value for crystalline chitin at 2θ =
19°, and Iam is the peak diffraction intensity for amorphous chitin at 2θ = 16°.

The 3D structure of pores (paper IV) was reconstructed using a Zeiss XRadia XRM 
520 X-ray tomograph. For these images, an X-ray tube voltage of 40 keV was used, 
which resulted in a broad spectrum of X-ray energies, with a maximum of 
approximately 40 keV. A total of 1601 radiographs were acquired over 360° with 
exposure times of 2 s and 12 s per projection for the 4x and 20x images, respectively.

2.4.7. Density and porosity

The density was calculated by dividing the weight of sample by the volume. The 
porosity of the scaffolds was evaluated based on the weight and density of the 
scaffolds (papers IV and V). The porosity was defined as the volume fraction of the 
voids (Vv) and was calculated using the following equation.114,115

�� � ��� �
���

��
(2)

where��� is the experimental density of the scaffold and �� is the theoretical density 
of a non-porous scaffold.

2.4.8. Functional properties

The specific surface areas of the electrospun mats (paper I) were determined 
through CO2 adsorption/desorption isotherms using a Micromeritics ASAP 2020 
Surface Area and Porosity Analyzer. The adsorption analysis was performed at 273 K. 
The samples were degassed at 40°C for one week prior to the measurement to remove 
adsorbed impurities and moisture.

In addition, nanoscaled pores (paper IV) were measured using a Micromeritics 
ASAP 2000 instrument, and the average pore diameters were determined from nitrogen 
adsorption measurements at 77 K using the BET method. The measurements were 
performed after degassing the samples at 100°C for 48 h in a dry N2 flow.

The water vapor transmission rate (WVTR) of electrospun mats (papers I and II) 
was determined using a Water Vapor Permeability Tester LYSSY L80-4000 from PBI
Dansensor (Switzerland) according to the ASTM E398-03 standard. Samples were 
fixed on self-adhesive test cards and then inserted into the tester. The test cycle was 
automatically controlled, and the system monitored the time required for the humidity 
to increase from 9.9 to 10.1%. The resultant value was then converted to g m−2day−1.
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The O2/CO2 permeability of the mats (paper II) was measured by applying a
constant gas flow rate with a pressure of 0.3 bar (22.5 cmHg) to the mats. The exit 
flow rate was recorded with an Agilent Technologies ADM2000 universal gas flow
meter 2850 (Wilmington, USA). Then, the permeability coefficient, P, was calculated 
using the variable pressure model assuming that p1 >>p2 (p1: inlet gas pressure, p2:
outlet gas pressure).116,117

�� � �
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(3)

where, Jst is the gas exit flow rate in a specific exposed area of the mats, d is the 
thickness of the mats, and p1 is the inlet gas pressure.

The contact angle measurements (paper III) were made using a dynamic absorption 
tester, the Fibro DAT 112 from FIBRO System AB (New Castle, USA), at room 
temperature. Deionized water (4 μL) was dropped onto the flat surface of the films. 
The contact angle was calculated after stabilization at three different times of the drop 
life (0.1 s, 1 s, and 10 s), while only the contact angle at 1 s was considered. 

The moisture uptake measurements (papers IV and V) were performed in a PBS 
medium. The samples were dried in a vacuum oven, immediately weighed (Wd) and 
thereafter immersed in PBS. Weights were measured at different time intervals (t), i.e.,
30 s after immersion and 3 days later (Wt). The moisture uptake was calculated 
according to the following equation.

Moisture uptake (%) = [(Wt−Wd)/Wd] ×100 (4)

In vitro biodegradation (paper IV) of the scaffolds was performed using 
conventional technique. In this method, the dried specimens were immersed in PBS at
a pH of 7.4 and stored in a thermostatically shaking water bath at 37°C for up to 28 
days. The weight loss was calculated using the following equation.

Weight loss (%)= [(W0−Wt)/W0]×100 (5)

W0 is the sample's original weight, and Wt is the weight of the specimen at time (t).

A cytocompatibility test (papers I, II, IV and V) was conducted in a direct contact
test system, where the cells comprising adipose-derived (ASCs) stem cells, the L929 
cell line, chondrocytes and mesenchymal stem cells (MSCs) were seeded through the 
cell culture dish. The biomaterials with cells were incubated at 37°C and 5% CO2 for 7 
days and the effects of the materials on cell growth and morphology were investigated
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3. Results and discussion

3.1. Electrospinning process (papers I-III)

In the first part of this work (papers I-III), three different nanopolysaccharides, viz 
chitin nanocrystals (ChNC) and cellulose nanocrystals (CNC) with different surface 
characteristics, were used to produce nanocomposite mats for wound dressing 
applications. This section summarizes how the surface characteristics of the 
nanocrystals affect the properties of electrospinning solutions, as-spun fibers and the 
resultant mats.

3.1.1. Solution properties

3.1.1.1. Dispersion and morphology

Fig. 3-1 shows the flow birefringence images of ChNC, CNCH2SO4 and CNCHCl in 
deionized water. It is obvious that the birefringence pattern for CNCH2SO4 was stronger 
compared to those for ChNC and CNCHCl due to the presence of highly negatively 
charged sulfate surface groups, which can form liquid crystalline phases and stable 
colloidal system.49,118 Thus, all nanocrystals show a flow birefringence pattern in 
aqueous media confirming the presence of non-aggregated and well-separated 
nanocrystals. 

Fig. 3-1 AFM height images and flow birefringence images of a) ChNC, b) CNCH2SO4 , and 
c) CNCHCl.

AFM height images (Fig. 3-1a-c) of the nanocrystals showed a typical rod-like 
shape, as reported earlier.49,50 The AFM image for CNCH2SO4 (Fig. 3-1b) showed more 
separated crystals compared to ChNC (Fig. 3-1a) and CNCHCl (Fig. 3-1c) due to their 
highly negative surface charge, while ChNC and CNCHCl were coarser and more 
agglomerated than CNCH2SO4 during the drying on the mica sheet. The diameters of 
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nanocrystals were measured from the height to compensate for the tip broadening 
effect, and the values obtained for ChNC, CNCH2SO4, and CNCHCl, were in the ranges of 
8-23 nm, 2-9 nm, and 10-20 nm, respectively.

AFM phase images of the spinning solutions are given in Fig. 3-2a-d. The phase 
image of the matrix (M) shows a two-phase system consisting of chitosan and PEO
regions (Fig. 3-2a). For the chitin-reinforced and cellulose-reinforced systems, no
aggregation of nanocrystals was observed at this scale. However, for the MChNC (Fig. 
3-2b) and MCNCHCl (Fig. 3-2c) systems, the nanocrystals were integrated within the 
matrix. In the MChNC system, homogeneous integration of ChNC within the
chitosan/PEO blend indicated good chemical compatibility between ChNC and the 
matrix, whereas the MCNCH2SO4 system (Fig. 3-2d) showed nanocrystals mainly 
assembled on the surface. It is clear that CNCH2SO4 with strong acidic groups, such as
HSO3

- (introduced during H2SO4 hydrolysis), interacts differently with the matrix than
HCl-hydrolyzed ChNC and CNCHCl.

Fig. 3-2 AFM phase images of the spinning solutions; a) M, b) MChNC, c) MCNCHCl, and d) 
MCNCH2SO4; the inset images show the phase images of their corresponding fibers with surface 

roughness values.

3.1.1.2. Zeta potential, electrical conductivity, viscosity and surface tension

Fig. 3-3 shows the zeta potential (ζ) of the nanocrystal suspensions and the spinning 
solutions as a function of pH. ChNC showed a positive ζ-potential of 41.2 mV in the 
acidic condition (pH ≈ 2.04) and a low positive ζ-potential (9.05 mV) at the neutral pH 
(pH ≈ 7.04). However, in alkaline conditions (pH ≈ 10.08), ChNC showed a negative 
value of −35.9 mV, which is in the range reported in earlier studies.119 This 
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heteropolyelectrolyte feature is attributed to amino groups, which are positively 
charged in the acidic pH due to saponification of acetyl and carboxyl groups and are 
negatively charged at the alkaline pH.118 Furthermore, MChNC showed a positive ζ-
potential in the range of 33.5 to 66.8 mV depending on the pH. 

CNC H2SO4 showed a negative value ranging from −27.8 to −40.3 mV in the entire
range of pH, which could be attributed to the negatively charged sulfate groups on the 
surface. CNCHCl showed a relatively low ζ-potential of 3.67 or negative ζ-potential of 
−21.6 mV depending on the pH. The spinning solution containing the matrix phase of 
chitosan/PEO had a positive ζ-potential in the range of 24.5 to 62.6 mV depending on 
the pH. All the used spinning solutions had a pH of approximately 2 and, at this pH,
showed positive ζ-potential values of 24.5 to 41.2 mV due to the positively charged 
chitosan as the matrix phase in the system. It has been reported that colloidal 
suspensions with a ζ-potential higher than +25 mV or less than −25 mV have good 
electrical stability.120 Hence, the ζ-potential values obtained showed that all of the
spinning solutions are electrically stable for spinning. 

Fig. 3-3 Zeta potential of nanocrystals and the spinning solutions as a function of pH.

The electrical conductivity, viscosity and surface tension data of the spinning 
solutions are given in Table 3-1. The electrical conductivity values showed that ChNC 
(795 μS/cm) and CNCHCl (298 μS/cm) have relatively low conductivity compared to 
CNCH2SO4 (2161 μS/cm) due to the negatively charged sulfate ester groups obtained 
from the sulfuric acid hydrolysis and carboxyl groups on the surface. The solution 
containing the matrix phase of chitosan/PEO has a conductivity of 1451 μS/cm due to 
the presence of positively charged chitosan in the blend. The addition of the matrix 
phase to ChNC increased the conductivity to 1191 μS/cm due to the increase in charge 
density with the addition of positively charged chitosan to the system. However, the 
incorporation of the positively charged matrix to the negatively charged CNCH2SO4

decreased the conductivity to 1173 μS/cm, which is a result of the neutralization of the 
charges. The conductivity of CNCHCl increased from 298 to 1092 μS/cm with the 
addition of the matrix attributed to the addition of positively charged chitosan. The 
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conductivities of M, MChNC, MCNCH2SO4 and MCNCHCl were, however, comparable 
and suitable for electrospinning. It has been reported that defect-free fibers have been 
prepared using solutions with higher conductivity.121

Table 3-1 Conductivity, viscosity and surface tension of spinning solutions.

Sample code Conductivity
(μS/cm)

Viscosity
(mPas)

Surface tension
(mN/m)

ChNC 795 - -

CNCHCl 298 - -

CNCH2SO4 2161 - -
M 1451 1104 34.9

MChNC 1191 416 36.5

MCNCHCl 1092 332 -

MCNCH2SO4 1173 107 43.2
M: Chitosan 50/PEO 50
For nanocomposites: Chitosan 25/PEO 25, ChNC/CNC 50

The viscosity results (Table 3-1) showed that the solution containing the matrix 
phase (M) had the highest viscosity (1104 mPas); however, the incorporation of 50 
wt% nanocrystals significantly decreased the viscosity of the solution to 416 mPas for 
MChNC, to 332 mPas for MCNCHCl and to 107 mPas for MCNCH2SO4, respectively.
The values showed that the addition of 50 wt% nanocrystals within the matrix 
decreased the solution viscosity in all cases. This reduction could be due to the 
combined effect of the decreased concentration (25 wt%) of highly viscous chitosan in 
the solution and the addition of the low-viscosity nanocrystal suspension to the 
spinning solution.

The surface tension data (given in Table 3-1) show that the M and MChNC systems
have comparable surface tensions, whereas the MCNCH2SO4 system has a higher surface 
tension which might affect its spinnability. The initiation of the electrospinning process 
needs the charged solution (Coulomb force) to overcome the surface tension. However, 
the low viscosity of the solution increases the tendency for the solvent molecules to 
accumulate under the effect of surface tension, resulting in a low interaction between 
the solvent and polymer molecules when the solution is stretched and thus in
discontinuity of the fibers.69 In the case of MCNCH2SO4, the low viscosity and higher 
surface tension resulted in difficulties in the spinning and thus branching and 
discontinuity of the fibers (see XHR-SEM given in Fig. 3-4f).
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3.1.2. As-spun fibers and mat properties

3.1.2.1. Morphology

SEM micrographs of the mats (given in Fig. 3-4a-d) show a randomly oriented 
network of fibers with a porous and very loose structure for all compositions. Based on 
the SEM images, as-spun mats showed a porosity in the range of 38-44% with the 
average pore size in the range of (1.6-2.8 μm) depending on the composition. The pore 
structure obtained is considered favorable for wound dressing because the pores are 
small enough to protect the wound from bacterial penetration.70

For the MChNC based system (Fig. 3-4b), the compatibility of chitin and chitosan 
resulted in the formation of uniform fibers confirming the successful production of 
defect-free fibers (see XHR-SEM given in Fig. 3-4e). It was obvious that the 
incorporation of nanocrystals decreased the diameter of fibers compared to the matrix 
phase-based system (Fig. 3-4a) attributed to the reduction of solution viscosity, which 
resulted in stretching of the fibers. The fiber diameters were measured using SemAfore 
software. The diameters of fibers were in the range of 301-1240 nm for M, 223-966 nm 
for MChNC, 227-721 nm for MCNCH2SO4 and 227-468 nm for MCNCHCl.

Fig. 3-4 The SEM micrographs of the mats (a-d); before (on the left) and after crosslinking 
(on the right). e) XHR-SEM images of showing the uniformity of fibers in the MChNC system 

and f) showing the branching defects in MCNCH2SO4.

Fig. 3-4a-d (the images on the right side) shows that crosslinking (X) with genipin
had a significant influence on the structural morphology of the mats. The fiber network 
for X M and X MCNCH2SO4 lost the structure, and the porosity resulted in a more 
compact film-like structure, which was further confirmed by the measurement of the 
thickness of the mat before and after crosslinking (showing a reduction of 54.5%). It 
was found that the nanocomposite fiber mats reinforced with ChNC and CNCHCl were 
less affected. In the case of X MChNC, this could be explained by the good dispersion 
of nanocrystals due to the chemical compatibility of ChNC with chitosan, which resists
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the dissolution of matrix polymers during crosslinking. These differences in the 
morphology of the mats show that ChNC provide better moisture stability for the mats.

The nanostructured morphology and dispersion of nanoparticles in the fibers were 
studied using AFM, and the phase images are shown in Fig. 3-2a-d (the inset images). 
A multi-phased structure for M, Fig. 3-2a (the inset image), was observed, indicating a
homogeneous distribution of PEO and chitosan phases along the fiber. In the case of 
the MChNC fiber, Fig. 3-2b (the inset image), the nanoparticles are embedded within 
the matrix and covered by a polymer phase due to the compatibility of chitin and 
chitosan. MCNCHCl, Fig. 3-2c (the inset image), also shows a multi-phased structure,
and it was also possible to see nanosized dots embedded on the fibers, which are 
considered to be CNCHCl dispersed within the matrix phase. However, it was not 
possible to see any orientation of nanoparticles in the fiber direction. In the case of the 
MCNCH2SO4 fiber, Fig. 3-2d (the inset image), the surface seems to be covered with a
high-stiffness phase, which is probably CNCH2SO4 assembled on the surface, confirming 
the higher surface roughness value obtained for this system (Rq ≈ 42.2 ± 11.5 nm)
compared to MChNC (Rq ≈ 11.7 ± 1.0 nm). Some alignment in the direction of the 
fiber was also visible.

3.1.2.2. Mechanical properties

The effects of the incorporation of nanocrystals and crosslinking on the tensile 
properties of the mats were studied, and the results are summarized in Table 3-2.
According to the results obtained, the tensile strength of the matrix was found to be 
very low compared to that of natural human skin (21.5 MPa).122 The incorporation of 
all of the nanocrystals increased the tensile strength and modulus, which were the 
highest for the MChNC system. The tensile strength of the mats increased from 4.6 to 
34.9 MPa after the inclusion of ChNC, and further increased to 64.9 MPa after 
crosslinking (X MChNC). The same trend was observed for the modulus, which 
increased from 0.4 to 4.3 GPa with the incorporation of ChNC and further increased to 
10.2 GPa after crosslinking. However, the addition of ChNC decreased the strain
properties from 1.3 to 0.9%.
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Table 3-2 Tensile properties of the prepared mats.

Samples Young’s Modulus
(GPa)

Tensile Strength
(MPa)

Max. Strain
(%)

M 0.4 ± 0.1 4.6 ± 0.7 1.3 ± 0.4

MChNC 4.3 ± 0.9 34.9 ± 9.4 0.9 ± 0.2

MCNCHCl 1.5 ± 0.6 30.2 ± 5.9 2.5 ± 0.4

MCNCH2SO4 3.3 ± 0.5 24.3 ± 2.2 1.0 ± 0.1

X MChNC 10.2 ± 2.7 64.9 ± 12.6 0.9 ± 0.1

X MCNCHCl 3.1 ± 0.3 58.0 ± 10.7 2.2 ± 0.7

X MCNCHCl (98% RH) 3.6 ± 0.2 34.9 ± 9.4 0.9 ± 0.4

*M: Matrix composed of chitosan/PEO (1:1); X: genipin crosslinked.

The mechanical properties of X MCNCHCl in 98% RH resulted in increases in the 
tensile strength and modulus and a decrease in the strain properties. It was considered 
that the coarse CNCHCl with low residual acid groups, strong interaction, and the
possibility of hydrogen bonding, allowed better stress transfer, thus improving the 
mechanical properties.123 The elongation at break of X MCNCHCl in 45% RH was very 
similar to that of uncrosslinked reinforced ones (MCNCHCl), whereas it decreased to 0.9 
when tested in 98% RH. This behavior could be explained by the swelling of the mats 
under moist conditions, which would increase the contact points and thus increase the 
adhesion between the contact points, resulting in a stiffer network with lower strain 
and strength. The high standard deviation in the results makes it difficult to conclude 
that the materials are in the form of randomly oriented fiber mats and that the 
mechanical properties depend on the direction of the fibers and the physical properties 
of the mat. In general, film dressings are tailored to be soft and flexible to address the
stress caused by different parts of the body.4 The results in the current study show high 
stiffness mats with low elongation; however the ratio of nanocrystals could always be 
controlled to obtain a more flexible material to optimize it further for wound dressing.
The representative stress-strain curves for all nanocomposite mats and the photograph 
showing the flexibility of the X MChNC mat are shown in Fig. 3-5.
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Fig. 3-5 The representative stress-strain curves for all prepared mats and the photograph 
showing the flexibility of the X MChNC mat.

3.1.2.3. Functional properties

Functional characteristics of the prepared mats with respect to wound dressing were 
investigated by studying the water vapor permeability, surface area, O2/CO2

permeability, pore structure and cytocompatibility. This part focuses on the functional 
properties of the best (chitin-reinforced) system compared to the matrix phase.

The water vapor transmission rates (WVTR) of the matrix and chitin-reinforced 
mats are presented in Table 3-3. It was observed that all the prepared mats had a 
comparable permeability, which was expected because every mat had a porous 
network of entangled fibers. An ideal wound dressing material must control not only 
the evaporative water loss from a wound at an optimal rate to avoid excessive 
dehydration but also the accumulation of wound exudates and, therefore, excess 
moisture. The WVTR for normal skin is 204 g m−2day−1, while WVTR for injured skin 
can range from 279 to 5138 g m−2day−1, depending on the type of wound.124,125 The 
same reports indicated the recommended value of water evaporation for a wound 
dressing to be approximately 2500 g m−2day−1. This value is actually the mid-range of
moisture loss rates from injured skin and therefore is not representative of the wound 
dressing requirements. The WVTR values obtained are lower than this recommended 
value, but our spun mats are absolutely not limited for this application. As several 
types of wounds can be found, several types of wound dressings must be used, 
considering the amount of exudates coming from the wound and the desired moisture 
content in contact with the wound.
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Table 3-3 BET surface area and WVTR of the prepared mats.

Mat BET surface area
(m2g-1)

WVTR
(gm 2day-1)

M* 55 1353

MChNC 59 1290

X M 36 1548

X MChNC 35 1443

*M: Matrix composed of chitosan/PEO (1:1); X: genipin
crosslinked.

The BET surface areas of the mats were measured and the values obtained (Table 3-
3) are in the range of 35-59 m2g−1. The surface area of the as-spun mats is comparable
and the same conclusion can be made for the crosslinked ones. Hence, the 
incorporation of ChNC did not have a substantial influence on the surface area of the 
mats. This parameter is mainly affected by the network morphology, as is shown by 
the decrease in the surface area after crosslinking. According to the BET values for as-
spun and crosslinked mats, it can be concluded that chemical crosslinking resulted in a
decrease of the surface area. This could be due to the genipin bonding to the chitosan 
and thus leading to compacted fibrous networks with low porosity and lower surface 
area supporting the results obtained with the SEM study. Electrospun fiber mats with 
high surface area and a microporous structure can stimulate the fibroblast action and 
proliferation in order to repair injured tissues.75 According to Huang et al.,70 a high 
surface area of 5-100 m2g−1 is found to be very efficient for fluid absorption and dermal 
delivery. Because the surface area of our materials is in that range, they are considered 
potential candidates for cell attachment and proliferation in wound healing.

The cytocompatibility of the mats before and after crosslinking was studied in a 
direct contact system. The biomaterials with cells were incubated at 37°C and 5% CO2

for 7 days with adipose-derived stem cells (ASCs); afterward, the biomaterials were 
stained with MTT ((3-(4,5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) and
investigated for the presence of live cells. According to the cytocompatibility results, 
which are indicated in Fig. 3-6, a non-cytotoxic impact on the cell growth and no zone 
of inhibition were observed compared to the controls. The morphology and cell density 
of the materials were similar to those of the cells in the negative control (−k).
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Fig. 3-6 Cytocompatibility of chitin-reinforced mats toward adipose-derived stem cells (ASCs) 
before (MChNC) and after crosslinking (X MChNC).

3.2. Freeze-drying process (papers IV and V)

In the second part of this work (papers IV and V), two different types of 
nanocellulose (CNF and CNCBE) were used as reinforcements or functional additives to 
prepare a nanocomposite scaffold for potential use in cartilage repair. The pore 
structure developed in this part is expected to affect the moisture uptake and 
mechanical properties of the resultant scaffolds. The pore structure and porosity of the 
scaffold were tailored by varying different parameters, such as the concentration, 
fiber/matrix ratio and crosslinking routes, with the aim of obtaining an optimal pore 
size and sufficient mechanical properties that are favorable for chondrocyte attachment 
and ECM production. This section summarizes the effects of the addition of 
nanocellulose and crosslinking on the pore structure, moisture uptake and mechanical 
performance of the scaffolds.

3.2.1. Gelatin/Chitosan/CNF scaffolds (Paper IV)

3.2.1.1. Morphology and pore structure 

The AFM height image (Fig. 3-7a) of the cellulose nanofibers (CNF) used in this 
study showed nanosized fibers with diameters in the range of 19-38 nm. The diameters
of the fibers were measured from the height using Nanoscope V software (Fig. 3-7b).
The photograph of the CNF gel obtained after grinding is also shown in Fig. 3-7c.
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Fig. 3-7 a) AFM height image of CNF from high-purity cellulose; b) diameter determination 
based on the height; c) photograph of the CNF gel.

The effects of crosslinking and matrix content on the structural morphology of the 
scaffolds were studied, and the SEM micrographs of the resultant scaffolds are shown 
in Fig. 3-8a-e. The scaffolds showed pores in the micrometer range. CNF4-M0.4 had a 
wide distribution of pore sizes (Fig. 3-8a) while crosslinking, resulting in homogeneity 
in the structure and decreases in the pore sizes (Fig. 3-8b). Fig. 3-8c-e shows the 
overview morphology of the scaffolds with different matrix contents. X-CNF4-M0.4

(Fig. 3-8c) shows the CNF bound by the matrix forming an interconnected pore 
structure. However, X-CNF4-M1.1 and X-CNF4-M2.2 exhibit a flat and layered structure
(Fig. 3-8d-e). Hence, increasing the matrix content resulted in a smoother and thicker 
wall structure with fewer and smaller pores, which were not considered to be beneficial 
for cartilage applications. The sizes of the pores measured from SEM images showed 
the highest average pore sizes (100-200 μm) for the uncrosslinked system which 
decreased with crosslinking (20-120 μm), increased matrix content (20-75 μm) and 
increased suspension concentration (40-115 μm). All of the materials were highly 
porous (> 93%) with low density. The crosslinking and the increase in matrix content 
had a limited impact on the porosity. However, the increase in suspension 
concentration resulted in an increase in the density attributed to denser packing of the 
network, and as expected, this led to a decrease in porosity. The composition, density, 
porosity and average pore sizes for all developed scaffolds are summarized in Table 3-
4.

Based on the pore structure, the homogeneity of the pores and the average pore 
sizes, X-CNF4-M0.4 was considered to be favorable for cartilage applications. A high-
resolution SEM image of this system (Fig. 3-8f) showed a highly entangled CNF 
network on the pore walls. This fibrous structure with nanoscaled pore wall roughness
is expected to support cell attachment and ECM development after implantation.
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Fig. 3-8 SEM images comparing the effect of crosslinking on the morphology of the scaffolds;
a) CNF4-M0.4, b) X-CNF4-M0.4. Overview SEM images showing microscaled pores; c) X-

CNF4-M0.4, d) X-CNF4-M1.1 and e) X-CNF4-M2.2. f) Detailed overview of X-CNF4-M0.4

showing nanoscaled pore walls roughness. (Adapted from reference126)

Table 3-4 The composition, density, porosity and average pore size of the processed samples.

Sample code CNF (g) M*(g) Density 
(g/cc)

Porosity 
(%)

Average pore size 
(μm)

CNF4 4 0 0.069 95.5 -

CNF4-M0.4 4 0.4 0.062 95.6 153 ± 53

X-CNF4-M0.4 4 0.4 0.066 95.3 68 ± 49

X-CNF4-M1.1 4 1.1 0.061 95.1 58 ± 35

X-CNF4-M2.2 4 2.2 0.065 94.2 59 ± 18

X-CNF5-M0.5 5 0.5 0.076 94.6 90 ± 71

X-CNF6-M0.6 6 0.6 0.093 93.4 65 ± 51

*M: Matrix composed of gelatin/chitosan (9:1); X: genipin crosslinked.

3.2.1.2. Moisture uptake

Fig. 3-9 shows the PBS uptake by the scaffolds, and the values obtained for the 
submerged scaffolds were in the range of 1000-1677% depending on the composition. 



36

The initial moisture uptake was instantaneous (30 s) and remained constant after 3 days 
showing hydrogel behavior. The open pore structure of the materials plays a key role in 
the fast and high moisture uptake by the scaffold. It was found that the amount of 
matrix does not significantly impact the PBS uptake, as X-CNF4-M0.4, X-CNF4-M1.1 and
X-CNF4-M2.2 had comparable uptakes, indicating that a significant proportion of the 
water uptake is because of the structure of the scaffolds. A higher CNF concentration 
resulted in a tighter and denser network with smaller pores and a decrease in the 
uptake. However, CNF4 absorbed PBS quickly and disaggregated easily because there 
is no matrix to bind the fibers together. The uncrosslinked samples were unstable after 
3 days in PBS, whereas crosslinked ones remained stable in the PBS medium.

Fig. 3-9 Effect of the fiber/matrix ratio, initial suspension concentration and crosslinking on 
the PBS uptake and water uptake by the scaffolds.

Additionally, the water uptake by the scaffolds in 95% RH (without immersion) 
showed a maximum uptake of 30%, even after 15 days (Fig. 3-9, the inset image). This 
means that the adsorption due to the swelling behavior is negligible. Additionally, the 
crosslinking did not show any impact on the swelling behavior of the scaffolds. 
However, as the initial concentration increased, the total uptake showed a tendency to 
decrease, which correlates with the density of the material.

3.2.1.3. Mechanical properties

Mechanical properties of the scaffolds were tested in compression mode, which is 
the preferred mode of testing for cartilage materials. In dry conditions and at 37°C, the 
compression modulus was in the range of 1-3 MPa and was found to be comparable to 
that of natural cartilage. The performance scaffolds in PBS conditions and at 37°C 
were studied to understand the effects of the compression rate, crosslinking, 
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fiber/matrix ratio and initial suspension concentration, and the results are shown in Fig. 
3-10a-d. As the compression rate increased from 100 to 400 μm min−1, the 
compression modulus increased indicating the viscoelasticity of the scaffolds (Fig. 3-
10a). The viscoelastic behavior of the scaffold because of the swelling of the matrix 
and the fluid flow through the pores during compression was considered to be
beneficial for cartilage applications.

Fig. 3-10 a) Effect of the compression rate, b) effect of the crosslinking, c) effect of the 
fiber/matrix, and e) effect of the suspension concentration on the compression modulus of the 

scaffolds when tested in PBS.

Fig. 3-10b shows the effect of crosslinking on the compression modulus of the 
scaffold (CNF4-M0.4 and X-CNF4-M0.4) when tested in PBS at 400 μm min−1 in the 
strain region of 0-5% and 10-15%. The results showed that the effect of crosslinking 

on the compression modulus was negligible (≈ 30 kPa) because the low amount of 
matrix available for crosslinking and the comparable density and porosity observed for
these scaffolds explain this trend.  

The effect of the fiber/matrix ratio on the compression modulus of the scaffolds 
(CNF4, X-CNF4-M0.4, X-CNF4-M1.1 and X-CNF4-M2.2) is shown in Fig. 3-10c. The 
results showed that the compression modulus decreased from 62 kPa (for CNF4) to 10 
kPa for the system with the highest matrix content (X-CNF4-M2.2). This means that, in 
moist environments, the scaffolds become weaker as the matrix content increases 
because the gelatin and chitosan are mechanically weaker in moist conditions 
compared to CNF. Moreover, CNF4 completely collapsed after 15% strain, and thus, a 
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minimum matrix content is required to bind the fibers and for the stability of the 
scaffold in moist conditions.

Fig. 3-10d shows the effect of the initial suspension concentration with the same 
fiber/matrix ratio on the compression moduli of scaffolds (X-CNF4-M0.4, X-CNF5-M0.5 

and X-CNF6-M0.6). The results showed that as the concentration increased from 2.2 to 
5.5, the compression modulus increased from 18 to 60 kPa and stabilized afterward.
The increase in density did not impact the mechanical properties, especially under PBS 
conditions.

The lower compression modulus of the scaffolds in the PBS medium (10-60 kPa) 
compared to dry conditions (1-3 MPa) is attributed to the swelling and plasticization of 
the scaffold pore walls in the water medium. Furthermore, the hydrophilic nature of 
CNF, gelatin and chitosan and the high water-binding capacity of gelatin had a 
significant impact on the mechanical performance of the scaffold in water. However, in 
earlier reports, it was demonstrated that in in vivo conditions, the mechanical properties 
of the substrate and soft scaffolds (4 kPa) facilitate chondrogenesis whereas stiffer 
scaffolds (≥ 40 kPa are shown to be beneficial for bone regeneration.127,128 In this study, 
the X-CNF4-M0.4 system has shown suitable mechanical properties (18-32 kPa) that are 
beneficial for chondrogenesis, stability in wet conditions, and favorable pore sizes and 
pore wall roughness for cell attachment; thus, it is expected to develop ECM after 
implantation.

3.2.1.4. Cytocompatibility

The cytocompatiblity of the scaffolds toward chondrocytes before and after 
crosslinking (CNF4-M0.4 and X-CNF4-M0.4) was investigated using a direct contact
testing system, and the results are shown in Fig. 3-11. The scaffolds with cells were 
incubated at 37°C in 5% CO2 for 7 days. The results showed that the cells were 
attached to the scaffold while retaining the circular morphology up to day 6. However, 
no sign of a zone of inhibition or reduced growth was observed. At day 7, the samples
were stained with MTT to highlight the live cells, as the enzymes in the live cells 
catalyze the reaction, resulting in a purple-colored product. All seeded scaffolds were 
compared with samples without cells as a negative control. The morphology of the 
cells was round, indicating that the cells are being encapsulated in the scaffold, as seen
in various other hydrogels used in medical applications.129 As shown in Fig. 3-11, the 
chondrocytes in the scaffolds remained viable after 7 days. Hence, the scaffold is 
regarded as non-cytotoxic.
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Fig. 3-11 Cytocompatibility of the scaffolds toward chondrocytes before (CNF4-M0.4) and after 
crosslinking (X-CNF4-M0.4).

In the second part of this strategy, we aimed to enhance the mechanical properties 
of the scaffolds via oven drying prior to the freeze-drying step to provide improved 
mechanical stability in wet conditions. In this study, cellulose nanocrystals from a
bioethanol process plant (CNCBE) with a higher aspect ratio compared to the other 
CNC and thus the ability to form entangled networks as CNF and with functional 
groups, such as carboxyl surface groups, were used as a reinforcement or functional 
additive in a sodium alginate/gelatin matrix and stabilized using CaCl2 and genipin.

3.2.2. Sodium alginate/Gelatin/CNCBE hydrogels (Paper V)

3.2.2.1. Morphology and pore structure

An atomic force microscopy study (Fig. 3-12) showed the nanoscaled structure of 
CNCBE with typical nanocrystal morphology and diameters in the range of 4-8 nm but
with a longer nanofibril structure. A photograph of CNCBE gel is shown in the inset.

Fig. 3-12 AFM height image showing the diameters of nanocrystals and a photograph of 
CNCBE gel.
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Fig. 3-13a-d shows the SEM micrographs of the cross-section morphologies of the 
hydrogels to study the effects of the addition of CNCBE and crosslinking routes on the 
homogeneity, interconnectivity and size of pores.

Effect of the incorporation of CNCBE. The SEM image of SA/G (Fig. 3-13a) showed 
a highly porous structure with the microsized pores in the range of 35-213 μm, a very
thick wall and apparently low surface area. However, the incorporation of CNCBE in the
matrix (SA/G/CNCBE) resulted in many more pores with smaller pore sizes in the range 
of 16-113 μm and higher surface area (Fig. 3-13b). The pores become more 
homogeneous with high interconnectivity, resulting in the formation of a more rigid 
hydrogel structure with a rough surface. 

Fig. 3-13 SEM micrographs of the cross-section of the hydrogels showing the effects of the 
addition of CNCBE and crosslinking routes (a-d).

Effect of crosslinking. Structural morphologies of the crosslinked scaffolds are 
shown in Fig. 3-13c-d. X SA/G/CNCBE had smaller pore sizes in the range of 10-35 μm 
with a narrow size distribution, indicating homogeneity in the pore structure and the
formation of nanoscaled pore wall roughness (Fig. 3-13c). However, XX SA/G/CNCBE
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showed a collapse in the pore structure (Fig. 3-13d). SA/G/CNCBE showed real bulk 
porosity with microsized pores, which might explain the higher moisture uptake for 
this system compared to X SA/G/CNCBE and XX SA/G/CNCBE. CNCBE is bound to the 
matrix and acts as a template for the crosslinking on the surface, resulting in a
nanoscaled roughness that is favorable for cell adhesion and ECM production (Fig. 3-
13c, XHR-SEM image). However, XX SA/G/CNCBE had a tighter network between the
CNCBE and matrix, resulting in the collapse of pores on the surface. Moreover, the 
porosity was not affected, whereas the walls being tight together led to the formation of 
a layered structure with a wide distribution of pore sizes (in the range of 12-192 μm) 
and less interconnectivity compared to X SA/G/CNCBE. In this system, the network of 
CNCBE is destroyed, and CNCBE could not act as a template as seen for X 
SA/G/CNCBE.

The composition, density, porosity and average pore sizes of the prepared hydrogels 
are given in Table 3-5. All hydrogels were highly porous (> 93%) and had low 
densities typical of freeze-dried materials. High porosity of the hydrogels is considered 
favorable for chondrocytes and ECM production. The effect of crosslinking on the 
porosity was not significant, as shown in Table 3-5. SA/G had a porosity of 97.97%,
which decreased to 93.03% after the first crosslinking. However, the second 
crosslinking step XX SA/G (93.20%) did not impact the porosity. The same trend was 
observed for their corresponding nanocomposites. Moreover, crosslinking increased
the density, while there was no significant difference in density after the second 
crosslinking. Because the density for SA was taken to be the same as that for alginic
acid (1.64 g/cc), which is higher than the density for cellulose (1.54 g/cc), the density 
values for X SA/G and XX SA/G are higher compared to those of their corresponding 
nanocomposites.

Table 3-5 The composition, density, porosity and average pore size of the processed hydrogels.

Sample code CNCBE

(g)
M*

(g)
Density 
(g/cc)

Porosity 
(%)

Average pore 
size (μm)

SA/G (1:1) - 4 0.026 97.87 121 ± 57

X SA/G - 4 0.085 93.03 -

XX SA/G - 4 0.083 93.20 -

SA/G/CNCBE (1:1) 2 2 0.029 97.87 56 ± 29

X SA/G/CNCBE 2 2 0.049 96.40 23 ± 7.0

XX SA/G/CNCBE 2 2 0.047 96.54 53 ± 48

X SA/CNC BE (1:1) 2 2 0.060 96.20 -

X G/CNC BE (1:1) 2 2 0.043 96.41 -
*M: Matrix composed of sodium alginate (SA)/gelatin (G) (1:1); X: single crosslinked; XX: 
double crosslinked.
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3.2.2.2. Moisture uptake

Because 70-85% of the weight of natural cartilage is water, 10 it is important to 
evaluate the moisture capacity of the hydrogels. In this study, the effects of different 
parameters, such as the effect of the addition of CNCBE and the effect of crosslinking 
on the PBS uptake by the hydrogels, were studied, and the results are shown in Fig. 3-
14.

Fig. 3-14 The effects of the incorporation of CNCBE and crosslinking on the PBS uptake by the 
produced hydrogels.

Effect of the incorporation of CNCBE. The PBS uptake by the hydrogels as a 
function of time (Fig. 3-14) showed that the incorporation of CNCBE decreased the 
moisture uptake by 69%. X SA/G had a moisture uptake of 526%, and the addition of 
CNCBE (X SA/G/CNCBE) decreased the moisture uptake to 311%. A similar trend was 
observed for XX SA/G (362%), SA/G (590%) and their nanocomposite counterparts. It 
can be concluded that the addition of CNCBE resulted in a tighter, denser network with 
smaller pore sizes and thus less space within the scaffold to trap the liquid. 

Effect of crosslinking. Crosslinking also affects the moisture uptake because of the 
decrease in porosity and the sizes of the pores (Fig. 3-14). According to the results,  
SA/G has a moisture uptake of 590%, while after crosslinking (X SA/G), the uptake is
decreased to 526%. The respective nanocomposite, SA/G/CNCBE (554%) showed a
decrease of 78% after crosslinking for X SA/G/CNCBE (311%) and decrease of 67%
for XX SA/G/CNCBE (332%). It can be concluded that all crosslinked hydrogels 
reached a constant PBS uptake between 6 and 24 h, which means that after 6 h, the 
hydrogels reached the maximum swelling ratio. 

3.2.2.3. Mechanical properties

The tensile properties of the nanocomposite hydrogels in dry conditions (22°C, 55% 



43

RH) and in high humidity similar to simulated body conditions (37°C, 98% RH) were 
studied and the results are shown in Fig. 3-15a-c

The values obtained for the modulus and tensile strength in dry conditions are much 
higher than those for cartilage. According to the results obtained, the mechanical 
properties increased after crosslinking. In dry conditions (22°C, 55% RH), all the 
developed nanocomposite hydrogels had higher modulus and strength but lower strain 
than natural cartilage (modulus of 5-20 MPa, strength of 7-15 MPa and strain to failure 
of 20%).130,131 After crosslinking using CaCl2, the modulus and the strength increased
from 2.3 GPa and 52.9 MPa (SA/G/CNCBE) to 2.8 GPa and 77.7 MPa (X 
SA/G/CNCBE); the same trend was observed for the strain, which increased from 4.2
(SA/G/CNCBE) to 9.1% (X SA/G/CNC). The occurrence of more connections between 
CNCBE and the matrix, compatibility of CNCBE with the matrix, good interaction 
between crosslinking agents and the nanocomposite components, and the formation of 
strong bonds resulting in an increase in the resistance of the network to failure can be a 
possible explanations for this behavior. However, after the second crosslinking step 
(XX SA/G/CNCBE), no significant improvements were achieved for the tensile strength 
and modulus. CNCBE with carboxylic functional groups on the surface, not only can act 
as nanoreinforcement but also participate in the crosslinking reaction (confirmed by the 
FTIR studies). An increase in the strain was noted after both crosslinking steps and 
needs to be studied further.

Fig. 3-15 a) Modulus, b) strength and c) strain properties of the processed nanocomposite
hydrogels showing the effect of crosslinking routes on the mechanical performance. d-e) The 

representative stress-strain curves of the hydrogels in dry and high humidity conditions.

Additionally, the tensile properties of the hydrogel materials were tested at 37°C 
and in 98% RH to evaluate the performance of these materials as potential implants for 
cartilage. The results showed (Fig. 3-15a-c) that the strength and modulus decreased
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significantly, whereas the strain increased compared to the respective dried 
nanocomposites. The decrease in mechanical performance in high humidity could be 
explained by the swelling and plasticization of the scaffold pore walls in aqueous 
media. Furthermore, the hydrophilicity of CNCBE, sodium alginate and gelatin and the
high water-binding capacity of gelatin considerably affect the performance of the 
material in water. It was, however, noted that the strength and strain values obtained 
for the prepared hydrogels are in the required range for cartilage, indicating that all the 
developed hydrogels have the potential for use as a cartilage substitute. The 
representative stress-strain curves of the hydrogels in both dry and high humidity 
conditions are shown in Fig. 3-15d-e.

Mechanical properties of the hydrogels were also tested in compression at 37°C 
within the frequency sweep of 0.9 to 15 Hz to investigate the viscoelasticity of the 
hydrogels. The compression values obtained for the resultant nanocomposite hydrogels
(0.02-0.11 MPa) are found to be beneficial for cartilage repair.

3.2.2.4. Cytocompatibility

The cytocompatibility studies (Fig. 3-16) showed that both crosslinked IPN
hydrogels (X SA/G/CNCBE and XX SA/G/CNCBE) affected the cell attachment, as 
fewer cells attached in the vicinity of the biomaterials. However, the ones that attached
remained viable after 7 days, as confirmed by the MTT staining for the detection of 
viable cells. However, no clear sign of a zone of inhibition was observed; thus, the 
materials are not considered as cytotoxic. Furthermore, cellulosic materials have 
shown good biocompatibility on a bulk basis, and in our earlier studies, we also 
reported the non-cytotoxicity of CNC and CNF from different sources.81,107 However, 
some studies have recently reported a cytotoxic effect of CNC at high concentrations,
but those effects are still significantly lower than those of other nanofibers, such as 
multiwalled carbon nanotubes and crocidolite asbestos.132 Hence, these materials have 
the potential to be considered for further evaluation.
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Fig. 3-16) Cytotoxicity: − contol reffers to the non-toxic control / + control refers to the toxic
control; b) cytotoxicity of nanocomposite hydrogels.
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4. Summary of the appended papers

Paper I: Electrospun chitosan-based nanocomposite mats reinforced with chitin 
nanocrystals for wound dressing

This study was an attempt to produce nanocomposite fiber mats with a relatively 
high content of nanocrystals (50 wt%) via electrospinning with chitosan blended with 
polyethylene oxide (PEO) in a ratio of (1:1) as a matrix phase. PEO was added to 
improve the spinnability of chitosan. Chitin nanocrystals (ChNC) were used as a
reinforcement or functional additive to improve the mechanical properties of chitosan. 
SEM images showed porous structures with randomly oriented fibers. Homogenous 
dispersion of ChNC within the matrix due to good chemical compatibility between 
ChNC and chitosan resulted in homogeneous and continuous fibers for the MChNC
mat. The fiber diameters were in the range of 223-966 nm for the matrix phase (M)
which decreased to 223-448 nm after the incorporation of nanocrystals (MChNC). The 
electrospun mats were crosslinked using genipin to enhance the mechanical 
performance and moisture stability. The addition of ChNC and crosslinking had a 
positive impact on the mechanical properties of the mats. The genipin crosslinked 
nanocomposite fiber mats (X MChNC) had a tensile strength of 64.9 MPa and modulus 
of 10.2 GPa and were also flexible, which is considered beneficial for wound dressing. 
Having a high surface area (35 m2g−1), a water vapor transmission rate (WVTR) in the 
range of 1290-1548 g m−2 day−1 and cytocompatibility toward adipose-derived stem 
cells (ASCs) further confirms the potential use of the electrospun mats in wound 
dressing.
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Paper II: Porous electrospun nanocomposite mats based on chitosan-cellulose 
nanocrystals for wound dressing: Effect of surface characteristics of nanocrystals

In this paper, we aimed to develop electrospun mats based on chitosan/polyethylene 
oxide (PEO) as the matrix phase and cellulose nanocrystals (CNC) with different 
surface charges as the reinforcing phase and investigate the effect of surface 
characteristics of nanocrystals on the electrospinning solutions, spinnability and
properties of the resultant fibers. The CNC (50 wt%) used were isolated using 
hydrochloric acid (CNCHCl) or sulfuric acid (CNCH2SO4) hydrolysis. The surface 
chemistry of the nanocrystals was found to affect the dispersion, zeta potential, 
conductivity and viscosity of the respective spinning solutions. The CNCHCl-based 
system resulted in better stability during spinning, homogeneity and crosslinking 
compared to the CNCH2SO4-system. Furthermore, according to the results obtained, 
crosslinking of the mats not only improved the mechanical properties but also 
increased the stability of the mats in moist conditions. The crosslinked nanocomposite 
mats (X MCNCHCl) had a tensile strength of 58 MPa and a modulus of 3.1 GPa due to 
the good integration of CNCHCl into the matrix. The mechanical stability, moisture 
stability and functional properties of the mats, such as the O2/CO2 permeability, water 
vapor transmission rate (WVTR) in the range of 1202-1879 g m−2 day−1 and
compatibility toward adipose-derived stem cells (ASCs), were found to be favorable
for wound dressing.
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Paper III: Electrospinnability of bionanocomposites with high nanocrystal 
loadings: The effect of nanocrystal surface characteristics

In this paper, we aimed to study the effect of solution properties and nanoparticle 
surface chemistry on the spinnability of a chitosan/polyethylene oxide (PEO) with a
high amount of chitin (ChNC) and cellulose nanocrystals (CNC) with different surface 
groups and the properties of the produced nanocomposites. Electrospinning dispersions 
with cellulose nanocrystals having sulfate surface groups (MCNCH2SO4) showed poor 
spinnability compared to chitin nanocrystals with amide and amino groups (MChNC).
Chitin nanocrystal dispersions (MChNC) showed good spinnability, resulting in 
continuous fiber formation, while low viscosity and high surface tension of the 
cellulose nanocrystal system (MCNCH2SO4) were shown to impact the processability 
resulting in discontinuous fibers and branching. Poor spinnability for this system was
due to the coagulation of negatively charged cellulose nanocrystals with sulfate surface 
groups and positively charged chitosan. The study showed that the nanocrystal surface 
chemistry and interactions with the matrix have a significant influence on the 
spinnability of bionanocomposites.
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Paper IV: 3-Dimensional porous nanocomposite scaffolds based on cellulose 
nanofibers for cartilage tissue engineering: Tailoring of porosity and mechanical 
performance

In this study, nanofibrous porous scaffolds for cartilage regeneration were 
successfully prepared via freeze-drying and in situ crosslinking using genipin. Gelatin 
and chitosan with a ratio of (9:1) were used as the matrix phase, and cellulose
nanofibers (70-90 wt%) were used as the reinforcing phase. In this study, the aim was 
to develop nanocomposite scaffolds based on gelatin and chitosan with a porosity and 
high interconnectivity favorable for cell growth, good mechanical and moisture 
stability and cytocompatibility. Morphology studies showed highly porous scaffolds 
(≈ 95%) with interconnected pores up to 200 μm in diameter, which is considered 
advantageous for cell growth. The compression modulus of the scaffolds was in the 
range of 1-3 MPa and was comparable to that of natural cartilage, though this 
decreased significantly (10-60 kPa) in phosphate buffered saline (PBS) at 37°C. The 
high PBS uptake of the scaffold (<3000 wt%) was due to the liquid trapped in the 
pores. The significance of the work lies in the fact that the mechanical properties in 
moist conditions were suitable for chondrogenesis. The high porosity, good mechanical 
performances favorable for cell attachment and extracellular matrix (ECM) production 
and cytocompatibility of the scaffolds toward chondrocytes further confirmed the 
potential use of the scaffolds for cartilage repair.
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Paper V: Nanocellulose based Interpenetrating Polymer Network (IPN) hydrogels 
for cartilage application

In this work, Interpenetrating Polymer Network (IPN) hydrogels based on sodium 
alginate and gelatin (SA/G) reinforced with cellulose nanocrystals from a bioethanol 
process plant (CNCBE) were prepared via a freeze-drying technique and stabilized using 
CaCl2 and genipin. CNCBE with carboxyl groups on the surface participated as part of the 
network and was found to be crucial for the structural integrity and mechanical stability 
of the hydrogel. The morphology studies showed a 3-dimensional (3D) network of 
interconnected pores with diameters in the range of 10-192 μm and hierarchical pores 
with a nanostructured pore wall roughness favorable for cell adhesion and growth. The 
incorporation of CNCBE (SA/G/CNCBE) and crosslinking resulted in the enhacement of 
the mechanical properties of the hydrogels. Compression results showed viscoelasticity 
of semi-IPN nanocomposite hydrogels (X SA/G/CNCBE), which is considered beneficial 
for load-bearing applications. Significant improvements were achieved in the tensile 
strength and strain properties of the hydrogels in 98% RH at 37°C with CNCBE addition 
and crosslinking. X SA/G/CNCBE had a modulus of 0.5 GPa which is higher than that of 
natural cartilage, but the strength and strain of 14.4 MPa and 15.2% were comparable to 
those of natural cartilage. However, second crosslinking (XX SA/G/CNCBE) did not 
have a significant impact on the mechanical properties. The high porosity of the IPN 
hydrogels (> 96%), high PBS uptake, and cytocompatibility toward mesenchymal stem 
cells (MSCs) are considered favorable for use as a substitute for cartilage.
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5. Conclusions 

Fully bio-based porous nanocomposites were prepared using nanosized 
polysaccharides as reinforcement or as functional additives in biopolymer matrices. It 
was demonstrated that nanopolysaccharide-based materials have excellent potential in 
i) wound dressing materials and ii) cartilage repair/replacement. Electrospinning or 
freeze-drying followed by crosslinking was used to tailor the porosity and pore 
dimensions of the bionanocomposites without compromising their mechanical 
properties, cytocompatibility, moisture stability or other functional properties.

High nanocrystal content in electrospun nanocomposite fibers is a challenge from a
processing point of view, and we have successfully developed, for the first time, 
electrospun fibers with 50 wt% cellulose (CNCH2SO4/CNCHCl) or chitin (ChNC) 
nanocrystals in a chitosan/PEO matrix. It was also clear from the study that the surface 
charges of the nanocrystals have a significant impact on the fiber spinning process, 
with the nanocrystals with low or neutral charges being more suitable for spinning. In 
spite of the good dispersibility of negatively charged CNCH2SO4 in water, the dispersion 
within the matrix was poor, showing a tendency for coagulation. Electrospinning 
resulted in reinforced mats with good mechanical strength while still being flexible and 
breathable, which is the best for chitin nanocrystal-based mats. Good mechanical 
stability, high surface area, a water vapor transmission rate in the range of 1202-1879
g m−2 day−1, O2/CO2 permeability and cytocompatibility toward adipose-derived stem 
cells (ASCs) confirmed the potential use of the electrospun mats in wound dressing.

Porous scaffolds of chitosan/alginate (SA)/gelatin (G) and their combinations with 
cellulose nanofibers (CNF) or cellulose nanocrystals (CNCBE) as reinforcements were 
successfully developed for cartilage repair and/or cartilage replacement. We have 
developed processing routes to tailor the pore structure of the bionanocomposites and 
evaluated the effect of porosity on the mechanical performance. The freeze-drying 
process resulted in 3D scaffolds with highly porous (> 95% porosity) hierarchical 
structures with interconnected pores up to 200 μm in diameter and a nanoscaled pore 
wall roughness favorable for cell interactions. The mechanical stability under PBS 
conditions, though lower than that of natural cartilage, was found to be in the range 
favorable for chondrogenesis and therefore useful for cartilage regeneration. In the last 
study, IPN nanocomposites were developed via co-crosslinking of cellulose 
nanocrystals with the matrix to develop materials with the enhanced mechanical 
properties required for cartilage replacement. The single crosslinked (X SA/G/CNC) 
system showed the best balance of pore structure and mechanical properties. High PBS 
uptake and cytocompatibility toward chondrocytes/mesenchymal stem cells (MSCs)
were shown by both the scaffolds, further confirming their potential use in cartilage 
applications.
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6. Future outlook

The wound dressing materials developed in the current work showed very high 
strength and modulus due to the high concentrations (50 wt%) of bio-based 
nanocrystals used. It will be interesting in future studies to tailor the mechanical
properties to match various wound care requirements (more flexible and less stiff) by 
adjusting the composition. 

IPN-based scaffolds developed for cartilage applications showed great potential 
from the application point of view. However, the mechanism of crosslinking/co-
crosslinking between alginate, gelatin and cellulose nanocrystals is found to be highly 
complex. A detailed study of this system using NMR and AFM tools will be attempted 
in the future.

The used matrices and nanopolysaccharides are expected to have antibacterial 
properties but were not evaluated in the current work. Understanding the response to 
bacterial growth, biofilm formation, etc. will be useful for demonstrating the potential 
of these materials as antibacterial materials for wound care materials and medical 
scaffolds.

Another improvement in the wound care and scaffold products is the incorporation 
of active molecules, such as drugs and growth factors, during processing. The 
evaluation of the release rate of the active molecules and its effect on the healing 
process will be of interest for future studies.
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Appendix

Cover illustration comprises the 3D AFM image of the crosslinked chitin reinforced 
mat showing randomly oriented network of fibers and the visual appearance of the 
respective mat showing the flexibility (on the left). The visual appearance of 3D 
nanocomposite scaffold and X-ray tomography showing 3D reconstruction of the pore 
structure and the homogeneity of the pores (on the right).
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a  b  s  t  r a  c t

The aim of this  study  was  to develop electrospun chitosan/polyethylene  oxide-based  randomly oriented
fiber  mats  reinforced with  chitin  nanocrystals  (ChNC)  for  wound dressing. Microscopy studies showed
porous  mats  of  smooth  and beadless  fibers  with diameters between 223  and  966 nm. The addition of
chitin  nanocrystals  as well as  crosslinking  had a positive  impact on the mechanical  properties of the mats,
and  the crosslinked  nanocomposite  mats  with a  tensile strength of 64.9 MPa and  modulus  of  10.2  GPa
were  considered the  best candidate for  wound dressing application.  The  high  surface  area  of the  mats
(35  m2 g−1) was also  considered beneficial  for wound healing. The water vapor transmission rate  of the
prepared  mats  was  between 1290 and 1548 g  m−2 day−1, and  was  in the range  for  injured skin or  wounds.
The  electrospun fiber mats  showed compatibility  toward adipose derived stem  cells, further confirming
their  potential use as  wound dressing materials.

© 2014  Elsevier  Ltd. All  rights reserved.

1. Introduction

Dressing materials are used for skin injuries in order to  pre-
vent bleeding, keep the wound moist, protect the wound from
environmental infections, remove excess exudates and acceler-
ate the healing process. Furthermore, they should be non-toxic
and antibacterial because of the direct contact with the wound
(Ulubayram, Cakar, Korkusuz, Ertan, & Hasirci, 2001). A  porous
structure, good barrier properties and oxygen permeability are
other desired properties, which need to  be  taken into account in
the manufacturing of dressing materials (Khil, Cha, Kim, Kim, &
Bhattarai, 2003).

A large number of biomaterials have been used in wound dress-
ing/healing application (Eich & Stadler, 1999). The use of polymeric
nanofibers has attracted considerable interest as an  alternative
to conventional wound therapy (Turner, 1997)  due to  high sur-
face area to volume ratio, high porosity, pore size distribution and
morphology. These characteristics, which are similar to natural
extracellular matrix (ECM), make nanofibers suitable substrates
for cell adhesion and proliferation (Li, Laurencin, Caterson, Tuan,
& Ko, 2002). Nanofibers prepared from biopolymers activate the

∗ Corresponding author. Tel.: +46 920 49 3336; fax: +46 920 49 1399.
E-mail address: aji.mathew@ltu.se (A.P. Mathew).

fibroblasts that migrate to  the dermal layer, which excretes the
main constituents of extracellular matrix to  heal the injured tissue
(Chen, Chang, & Chen, 2008).

One of the methods of producing non-woven nanofiber
networks with diameters in the range of several micrometers to
tens of nanometers is electrospinning (Herrera, Mathew, Wang,
& Oksman, 2011; Jayakumar, Prabaharan, Nair, & Tamura, 2010;
Ramakrishna & Fujihara, 2005). The polymer properties, con-
centration of polymer solution, applied voltage and spinneret
diameter can have an impact on, i.e. the morphology and diam-
eter of the produced fibers (Huang, Zhang, Kotaki, &  Ramakrishna,
2003; Katti, Robinson, Ko, &  Laurencin, 2004). Fibers produced
by electrospinning can absorb wound exudates, prevent excessive
dehydration and bacterial infection from the wound and facilitate
gas permeability; therefore, they have potential for use in wound
dressing (Khil et al., 2003; Muzzarelli, 2011).

Different types of chitin- and chitosan-based wound dress-
ing materials are  commercially available. Chitin and chitosan in
the form of composites, gels, nanofibers, films, non-wovens and
scaffolds have been used in  order to regenerate wounded tis-
sues (Jayakumar et al., 2011; Muzzarelli et al., 2007; Muzzarelli,
2012)  due to  their excellent biological and physicochemical prop-
erties such as biodegradability, biocompatibility, non-toxicity,
antimicrobial and hydrating features. Chen et al. (2008) reported
that electrospun chitosan/collagen/PEO nanofibrous membrane

http://dx.doi.org/10.1016/j.carbpol.2014.03.031
0144-8617/© 2014 Elsevier Ltd. All  rights reserved.
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crosslinked by glutaraldehyde vapor is beneficial in wound healing
application. They indicated non-cytotoxicity for these nanofibers
regarding 3T3 fibroblast growth and in  vitro biocompatibility. Since
skin is really important in  homeostasis and inhibition of microor-
ganisms, chitosan can activate fibroblast proliferation and will aid
collagen deposition by  releasing N-acetyl-�-d-glucosamine and
inducing the high level of hyaluronic acid at the wound location
in order to accelerate healing process and scarless wound healing
(Jayakumar et al., 2011; Paul & Sharma, 2004).

Nanofibers containing strong antimicrobial agents such as sil-
ver nanoparticles (AgNPs) have also been used in  wound healing
application (Jin, Lee, Jeong, Park, & Youk, 2005). However, the tox-
icity potential of these nanoparticles in  higher concentration has
attracted health and ecological concerns (Prabhu & Poulose, 2012).
Chitin in the form of highly crystalline nanowhiskers is  a bio-
based functional additive that has been successfully produced by
Marchessault, Morehead, and Walter (1959).  It  has been used as
reinforcement in biopolymers and is a suitable nanoentity for this
application (Mathew, Laborie, & Oksman, 2009; Muzzarelli et al.,
2007; Paillet & Dufresne, 2001).

The purpose of this study was to  develop chitosan-based elec-
trospun mats reinforced with chitin for use in  wound dressing
application. Spinnability of pure chitosan is challenging due to
the polycationic nature and high viscosity of  chitosan in solution,
and specific intra- and inter-molecular interactions. Indeed, forma-
tion of three-dimensional strong hydrogen bonds prevents the free
movement of the polymeric chain segments exposed to the electri-
cal field, making the formation of a stable jet problematic (Geng,
Kwon, & Jang, 2005; Ohkawa, Cha,  Kim, Nishida, & Yamamoto,
2004). In order to overcome this difficulty, synthetic polymers such
as polyethylene oxide (PEO) (Duan, Dong, Yuan, & Yao, 2004) and
polyvinyl alcohol (PVA) (Zhang et  al., 2007) are generally used in  the
ultrafine fiber production. Zhou et al. (2008) produced carboxyethyl
chitosan (CECS)/PVA nanofibers using electrospinning technique.
The produced nanofibrous mats showed suitable cell attachment,
proliferation and potential for wound dressing application. The cur-
rent study therefore utilized chitosan/PEO blend as  matrix phase
and chitin nanocrystals as  reinforcing phase. Randomly oriented
fiber mats were prepared by electrospinning and the effect of
ChNC as reinforcement/functional additive as  well as genipin as
crosslinking reagent was evaluated. Genipin, a naturally occurring
crosslinking reagent obtained from geniposide (extracted from the
fruits of Gardenia Jasminoides Ellis), has shown lower cytotoxicity
compared to glutaraldehyde in  wound dressing materials (Liu, Yao,
& Fang, 2008; Sung, Huang, Huang, Tsai, & Chiu, 1998). Mi,  Sung,
and Shyu (2000) reported that genipin is a promising crosslinking
reagent for chitosan, since it can react with the free amino groups
even at low concentration. Also, they found that genipin can form
intra- and inter-molecular crosslinking networks.

The structural morphology, mechanical properties, thermal sta-
bility, water vapor permeability, porosity and cytocompatibility of
the electrospun fiber mats were characterized.

2. Experimental

2.1. Materials

Chitosan (Mw  =  190,000–310,000 and DD = 75–85%) and
polyethylene oxide (Mw  ∼ 1,000,000 and inhibited with
200–500 ppm BHT) were used as matrix and both polymers
were purchased from Sigma–Aldrich GmbH (Germany) in  the form
of powder.

Crab shell chitin in the form of flakes was purchased from
Sigma–Aldrich GmbH (Germany) and was used for isolation of
chitin nanocrystals.

Table 1
Compositions of electrospinning solution and spinning parameters.

Sample code M100 M50ChNC50

Matrix (chitosan/PEO 1:1) 100 wt% 50 wt%
Chitin  nanocrystals – 50 wt%
Acetic  acid concentration 50 wt% 50 wt%
Solution concentration 3 wt% 3 wt%
Voltage 25 kV 16 kV
Tip  to  collector distance 155 mm  130 mm
Flow  rate 13  mL/h 10 mL/h

PEO, polyethylene oxide.

Hydrochloric acid with 37% concentration was purchased from
Merck KGaA (Germany). Acetic acid 96% for analysis EMSURE® was
obtained from Merck KGaA (Germany) and was  used as solvent.
Genipin and phosphate buffered saline (PBS) were purchased from
Sigma–Aldrich GmbH (Germany).

2.2. Methods

2.2.1. Isolation of chitin nanocrystals
Chitin nanocrystals isolated from crab shells using hydrochloric

acid hydrolysis were used as reinforcing additive. The procedure
for isolation of chitin nanocrystals has been reported by Gopalan
Nair and Dufresne (2003).  The raw material was boiled and stirred
in 5 wt%  KOH solution for 6 h in order to remove proteins. The sus-
pension was washed with distilled water and thereafter bleached
with chlorite at 80 ◦C for 6 h. Then, the bleached suspension was
washed several times with distilled water followed by bleaching
and overnight treatment in  5 wt%  KOH, and thereafter concen-
trated by  centrifugation. The purified chitin was hydrolysed using
3 N hydrochloric acid at 80 ◦C for 90 min  under stirring. After the
hydrolysis process, the suspension was  first centrifuged to remove
the excess acid and thereafter the turbid supernatant containing
the nanocrystals was collected. The nanocrystal suspension was
neutralized by  dialysis against deionized water and sonified to  indi-
vidualize the crystals prior to the storage.

2.2.2. Electrospinning of randomly oriented fibrous mats
The electrospinning solutions were composed of  chitosan

blended with PEO in a  1:1 mass ratio as  matrix phase and chitin
nanocrystals as reinforcing phase. The final concentration of
solutions was  3 wt% and the electrospinning solvent used was
50 wt% aqueous acetic acid. In total, two  different materials were
produced: (i) unreinforced mats used as control and (ii) chitin-
reinforced mats. The material concentrations are shown in Table 1.

The spinning was  performed using a Single 150 mm  Laboratory
Electrospinning Platform (Electrospinz-ES1a), which consisted of
a high-voltage supplier, a  plastic syringe (10 mL Plastipak Syringe
from BD, USA) wherein solution was hosted, linked up to a 200 �L
plastic needle (Plastibrand, Germany) by a silicone rubber tube.
The solution flow rate was controlled by a  syringe pump (Aladdin-
1000 from World Precision Instrument, USA) and the capillary was
connected to a  high-voltage power supply, which was able to pro-
duce positive DC  voltages up to 30 kV. The electrospinning process
was performed at ambient conditions and under the processing
parameters shown in Table 1.

2.2.3. Crosslinking of nanocomposite mats
Electrospun mats were crosslinked to  enhance the mechanical

properties and pH stability. The electrospun mats with and without
chitin nanocrystals were treated with a genipin solution to per-
form crosslinking through the reactive groups. Water-conditioned
nanocomposite mats were immersed in a 0.05 mmol/L genipin
solution for 16 h at ambient conditions. The mats were rinsed first
with distilled water, and then with phosphate buffer saline (PBS)
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and finally dried in air at room temperature. The material combi-
nations are shown in  Table 1.

2.3. Characterization

2.3.1. Flow birefringence
Flow birefringence was used to study the dispersion of

nanocrystals in the electrospinning solutions prior to spinning.
The setup consisted of a light source, a magnetic stirrer and two
cross-polarized filters. The electrospinning solutions were placed
between two cross-polarized filters under stirring and the flow
birefringence was captured using a  digital camera. The flow bire-
fringence of chitin nanocrystals in  water medium was  used for
comparison of the dispersion.

2.3.2. Viscosity
The shear viscosity of the electrospinning solutions was  mea-

sured by using a  rotating viscometer (Brookfield DV-I Prime) with
SC4-21 spindle. The temperature of the solutions was kept at 20 ◦C
by a water jacket and a  thermostatically controlled water bath. The
measurements were made at multiple spindle rotational speeds in
order to determine the rheological behavior of the solutions. Every
reading was recorded after 10 spindle rotations to reach equilib-
rium. For each applied rotational speed, viscosity (cP), shear rate
(s−1) and torque (%) values were recorded.

2.3.3. Microscopy
To get an overview of the fiber morphology in  order to determine

the optimum process parameters, the fibers were collected on glass
slides after 1 min  electrospinning, and then were observed under a
Leica DFC 290 Optical Microscope (OM).

The morphology of as-spun fibers was studied using an
Atomic Force Microscope (AFM) Nanoscope V from Veeco, USA,
at a resonance frequency of 70 kHz and a  spring constant of
1–5 N/m. Electrospun fibers were collected on freshly cleaved mica
substrates after 90 s electrospinning. The fiber diameters were
determined from the height of fibers.

The structural morphologies of as-spun mats and crosslinked
mats were studied with a  JEOL JSM-6460LV, USA Scanning Electron
Microscope at an acceleration rate of 15 kV. All samples were sput-
ter coated with Au for 50 s at 50 mA  to  reduce electron charging
effects.

2.3.4. Mechanical properties
Mechanical properties of electrospun mats were determined

using a Dynamic Mechanical Analyser (DMA) QA 800 from TA
Instrument, USA, through uniaxial tensile testing. All samples were
tested in tensile mode with a 0.001 N preload at a  displacement rate
of 100 �m/min  at isothermal temperature of 23 ◦C. Samples were
cut in rectangular form and the tested samples were about 30 mm
in length, 5 mm  in  width and 7–20 �m thickness, depending on the
composition of  electrospun mats. The thicknesses of the fibrous
mats were determined using SEM  imaging of the cross-section of
cryo-fractured films sputter coated with Au. The samples were con-
ditioned in a desiccator with 45% RH for 7 days prior to testing. The
results are an average based on at least five measurements for each
material.

2.3.5. Thermogravimetric analysis
Thermal stability of fibrous mats was performed using Thermo

Gravimetric Analyser (TGA) Q500 from TA Instrument, New Cas-
tle, DE, USA. Specimens with weight in  the range of 8–10 mg  were
heated under nitrogen gas in a platinum pan from 30 to  600 ◦C at
a heating rate of 10 ◦C/min. All  samples were dried in the vacuum
oven at 50 ◦C, over night in  order to get rid of the moisture.

2.3.6. Water vapor permeability
The moisture permeability of electrospun mats was determined

using a  Water Vapor Permeability Tester LYSSY L80-4000 from PBI
Dansensor, Switzerland, according to the standard ASTM E398-03.

Samples were fixed on self-adhesive test cards and then inserted
into the tester. These sample cards were used for measuring water
vapor permeability of high permeable materials, since they per-
mit  decrease of the surface area of the sample and thus prevent
the system from getting saturated. The test cycle was automati-
cally controlled and the system monitored the time taken for the
humidity to  increase from 9.9 to 10.1%. The resultant value was then
converted to  g m−2 day−1.  The test cycle was repeated 3–5  times
in the humidity range 9.9–10.1% and the resulting water vapor
transmission (WVTR) was reported in  g m−2 day−1.

2.3.7. Surface area measurement by  gas adsorption (BET)
The specific surface areas of the electrospun mats were deter-

mined through CO2 adsorption/desorption isotherms using a
Micromeritics ASAP 2020 Surface Area and Porosity Analyzer. The
adsorption analysis was performed at 273 K.  The specific surface
area was  calculated using the Brunauer–Emmet–Teller (BET) equa-
tion. The samples were degassed at 40 ◦C for one week prior to the
measurement in order to remove adsorbed impurities and mois-
ture.

2.3.8. Cytocompatibility test
In vitro cytocompatibility testing was done in a direct contact

test system, where the cells comprising adipose derived (ASCs)
stem cells and L929 cell line were seeded through the cell culture
dish. The effect of the materials on cell growth and morphology was
investigated.

3. Results and discussion

3.1. AFM and flow birefringence

Fig. 1a shows the AFM image of the chitin nanocrystals used
for this study. The nanocrystals showed typical rod-shaped mor-
phology with diameters in the range of 10–30 nm,  as measured by
Nanoscope V software. The lengths were in  the range of 400 nm and
these results correlate with earlier reports on chitin nanocrystal
dimensions found in literature (Gopalan Nair & Dufresne, 2003).

Well-dispersed chitin nanocrystals show flow birefringence in
aqueous medium (Fig. 1b). Flow birefringence of chitin nanocrys-
tals in chitosan/PEO solution was  observed and compared to flow
birefringence of ChNC in water in  order to evaluate the dispersion.
The flow birefringence pattern of electrospinning solution is visible
in Fig. 1c and is not  significantly different from the pattern of ChNC
in water (Fig. 1b), confirming a  well-dispersed system that is  stable
for electrospinning.

3.2. Viscosity of electrospinning solutions

The rheological properties of the electrospinning solutions were
investigated and the results of steady-shear flow are shown in
Fig. 2.  The shear rate range was slightly different for the two
spinning solutions because of the equipment limitation. Accurate
measurements were obtained only when the torque reading ranged
between 10% and 100%. Out of this range, the spindle rotational
speed needed to be reduced or  the use of a smaller spindle was
required. However, to have comparable results, the same spindle
was used for every solution.

It is  apparent in Fig. 2 that the viscosity of both electrospinning
solutions decreases, while the shear rate increases, suggesting a
pseudoplastic non-Newtonian behavior, as it is usually observed
for most polymer solutions. The viscosimetric study indicates that
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Fig. 1. (a)  AFM image of ChNC, (b) flow birefringence of ChNC in deionized water and (c) in diluted electrospinning solution.

the inclusion of chitin nanocrystals within the chitosan/PEO solu-
tion significantly decreased the solution viscosity. For instance, at
a constant shear rate of 0.465 s−1 the viscosity decreased from
21,700 cP to 16,900 cP, i.e. a  decrease of 22% after addition of ChNC.
This diminution can be explained by the lower concentration of
the high-viscosity chitosan content in  the solution with chitin
nanocrystals (25 wt% of total solute) than in  M100 solution (50 wt%)
as well as the low viscosity of chitin nanocrystal suspension. The
effects of chitin nanocrystals on the chitosan molecular chains
are, however, not clear. It was also noticed that as the shear rate
increased, the shear-thinning behavior of M50ChNC50 was  more
pronounced in comparison with M100. The viscosity decreased
from 15,033 cP to 8283 cP at shear rate 2.79 s−1, i.e. a  reduction
of 45%.

3.3. Cytocompatibility of chitin nanocrystals

The short-term cytocompatibility of chitin nanocrystals was
studied and the results are shown in Fig. 3.  Adipose derived (ASCs)
stem cells and L929 cell lines were used for the study, and cell adhe-
sion and growth were tracked for 8 days. Control samples with
non-cytotoxic behavior (−K) and samples with cytotoxic behav-
ior (++K) were used for comparison of both types of cells. Chitin
nanocrystals isolated from crab shells showed non-toxic impact
on adipose derived stem cells and L929 cell line; the cells were
growing normally and exhibited normal morphology, as  shown in
Fig. 3.

Fig. 2. Viscosity of the electrospinning solutions as a  function of shear rate in loga-
rithmic scale.

3.4. Morphology of the nanocomposite fibrous mats

Fig. 4A (a and b)  shows electrospun fibers of the reference mate-
rial (M100) and the composite fibers (M50ChNC50). It can be seen
that both fibers have uniform size (diam.) and no beads or other
irregularities are  visible.

Atomic force microscopy was used to  study more detailed
structures and sizes of  the fibers (Images not shown). The fiber
diameters were measured from the height and were in the range
of 776–966 nm for the matrix, while in case of chitosan reinforced
with chitin nanocrystals the diameters decreased to 223–448 nm.
A broad distribution of  fiber diameters was  noted in  both stud-
ied materials, probably due to the instability of the whipping jet
during the electrospinning process that caused formation of ran-
domly sized fibers. In general, the addition of ChNC shows a  trend
toward a decrease in fiber diameters, as  was also observed in ear-
lier studies (Herrera et al.,  2011; Ramakrishna & Fujihara, 2005).
This trend may  be  explained by the decrease in  viscosity of the
electrospinning solution with the addition of  nanoparticles, which
encourages stretching of the polymer solution as it travels toward
the collector during the electrospinning process, thereby reducing
the fiber diameters.

Stable random mats of chitosan/PEO and chitosan/PEO/ChNC
were obtained after spinning for about 30  min. Photographs of as-
spun mats are  presented in Fig. 4B (a and b). Macroscopic defects
were visible on the mat  made of  only matrix (Fig. 4B (a)) due to
solvent spraying on the dried deposited fibers. The electrospinning
process was quite unstable for M100 mats and uncontrolled whip-
ping of the spinning jet was common during the process. This
instability accelerated the travel of the electrospinning solution
toward the collecting device, thus preventing complete evapora-
tion of the solvent. Consequently, “wet  fibers” and solution droplets
spurted onto the collector and destroyed the fibrous structure by
re-dissolution of the polymers that constitute the bulk of the freshly
dried deposited fibers (i.e. chitosan and PEO).

Electrospinning of  M50ChNC50 was more stable and the
obtained mat  showed homogenous structures (Fig. 4B (b)).
The XM100 mat showed large defects (Fig. 4B (c)), whereas
crosslinked chitin-reinforced mats showed stable behavior even
after crosslinking (Fig. 4B (d)). This indicates that ChNC probably
play a role  in stabilizing the mats in aqueous medium.

Scanning electron microscopy images of chitosan/PEO fibers and
fibers reinforced with chitin nanocrystals are shown in Fig. 5A (a
and b), respectively. In both cases a  randomly oriented network
of electrospun fibers is  confirmed. The networks are very loose
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Fig. 3. Cytocompatibility of ChNC toward adipose derived (ASCs) stem cells and L929 cell line. Day 1: (a) non-cytotoxic (−K) control with ASCs, (b)  cytotoxic (++K) control with
ASCs,  (c) non-cytotoxic (−K) control with L929, (d) cytotoxic (++K) control with L929, (e) ChNC with ASCs and (f) ChNC with L929 control with ASCs. Day 8: (g) non-cytotoxic
(−K)  control with ASCs, (h) cytotoxic (++K) control with ASCs, (i) non-cytotoxic (−K)  control with L929, (j) cytotoxic (++K) control with L929, (k) ChNC with ASCs and (l) ChNC
with  L929 control with ASCs

and have a highly porous structure. No beads were observed for
mats containing chitin nanocrystals, supporting the information
obtained from OM.  It  was  also possible to see that the nanocompos-
ite fibers with ChNC had lower diameters compared to the matrix
fibers, supporting the observation by AFM. Furthermore, both AFM
and SEM studies show that chitin-reinforced fibers have surfaces as
smooth as fibers made of only the matrix, which indicates a  good
dispersion of chitin nanocrystals. Fig. 5A (c) shows that crosslink-
ing had a significant impact on the fiber-mat morphology and pore
structure. The XM100 mats lost the fiber structure and porosity
after crosslinking, probably due to  dissolution of PEO in deion-
ized water during crosslinking. The XM50ChNC50 mats (Fig. 5A (d))
were also affected by crosslinking because of the partial dissolution
of PEO during crosslinking as well. However, the pore structure was

still retained to  a large extent in  comparison to XM100, possibly due
to two reasons: (i) the PEO content is significantly lower (25 wt%)
than in  the mats without ChNC (50 wt%) and (ii) the presence of
50 wt%  of chitin nanocrystals which do not take up water and swell.
These differences in the morphology of the mats indicate that chitin
nanocrystals provide better moisture stability for the electrospun
mats.

Atomic force microscopy was used to observe the as-spun
mats and the crosslinked chitin-reinforced mats. XM100 was not
studied, as the material lost its fiber structure during crosslink-
ing. Fig. 5B shows the 3D images of the as-spun mats and the
crosslinked nanocomposite mat. The images show similar struc-
tures as those observed in the SEM study. The as-spun mats showed
more rounded fibers and a relatively free porous structure, whereas

Fig. 4. (A) Optical microscopy images of as-spun fibrous mats: (a)  M100 and (b) M50ChNC50. (B) Visual appearance of electrospun mats: (a)  M100, (b) M50ChNC50, (c)
XM100  and (d) XM50ChNC50
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Fig. 5. (A) SEM micrographs showing the surface of randomly oriented fibrous mats: (a)  M100, (b) M50ChNC50, (c) XM100 and (d) XM50ChNC50. (B) 3 dimensional AFM
images  showing the randomly oriented network of (a) M100, (b) M50ChNC50 and (c) XM50ChNC50.

after the crosslinking, the XM50ChNC50 network showed flatter
fibers with lower porosity. This shows that the fibrous networks are
compacted during crosslinking. This observation was confirmed by
the measurement of the mat  thickness before and after crosslink-
ing using SEM (images not shown): a  decrease of 67% was noticed
after crosslinking of as-spun M50ChNC50 mat; however, the fiber
structures are retained.

It is important to consider the fact that the current study
shows that 50% nanocrystals can be successfully incorporated into
chitosan/PEO-based fibers produced by  electrospinning. Most of
the reported studies on electrospun nanocomposite fibers show
lower amounts of nanoparticles in  the matrix. Here, the aim was
to have a higher amount of chitin nanocrystals, which is expected
to provide higher mechanical strength and moisture stability with-
out compromising the non-toxicity and antibacterial properties of
chitosan/chitin system.

3.5. Thermal stability

The TGA results of the prepared materials are shown in  Fig. 6.
Decomposition of chitosan in  the nanocomposite mats occurred
between 198 and 253 ◦C, which is in  the range of the results
reported by Nieto, Peniche-Covas, and Padrón (1991) and Tirkistani
(1998). PEO decomposed between 310 and 341 ◦C, which is  also in
the range reported by  Desai, Kit, Li, and Zivanovic (2008). By com-
paring the TGA results of pure chitosan and pure PEO reported in the

Fig. 6. TGA curves of the fibrous mats.

literature (Neto et al.,  2005), the presence of both polymers in the
blend fibers is confirmed. Thermal analysis of �-chitin nanocrys-
tals, reported by Sriupayo, Supaphol, Blackwell, and Rujiravanit
(2005),  indicated only one weight loss around 350 ◦C after the
loss of water. In  the current study, the initial decrease in weight
of about 10% is  observed around 100 ◦C, due to  moisture loss for
all studied materials, and thereafter the materials showed stable
behavior up till 180 ◦C. This indicates that all the studied mats have
the required thermal stability to  be used in  wound dressing in
contact with the body or for steam sterilization (San Juan et al.,
2012). It  has been observed that inclusion of chitin nanocrystals
resulted in a  delayed onset temperature of degradation in  the case
of both uncrosslinked and crosslinked mats. The increased ther-
mal stability in  the presence of ChNC may  also be related to a
well-dispersed nanocomposite material, which benefits from good
interaction between chitosan and chitin nanocrystals (Sriupayo
et al., 2005). Moreover, for both M100 and M50ChNC50 fibers,
crosslinking provided a positive shift for the onset degradation
temperature. This indicates the restriction of molecular mobility
in the matrix phase in  the presence of  chitin nanocrystals as  well
as crosslinking. Furthermore, crosslinking had an impact on the for-
mation of solid phase as char residue, which provides a  thermally
insulating layer to reduce heat transmission and acts as a diffusion
barrier to flammable gases, which explains the high char residue in
the crosslinked mats compared to the corresponding uncrosslinked
ones (Beyler &  Hirschler, 2002).

3.6. Mechanical properties

The tensile properties of the randomly oriented fiber mats were
tested and the results are summarized in Fig. 7 and Table 2. Fig. 7

Table 2
Young modulus, Maximum stress and elongation at break of electrospun mats.

Material Young modulus
(GPa)

Tensile
strength (MPa)

Max. Strain
(%)

M100 0.4 ± 0.1 4.6 ± 0.7 1.3 ± 0.4
M50ChNC50 4.3 ± 0.9 34.9 ± 9.4 0.9 ± 0.2
XM50ChNC50 10.2 ± 2.7 64.9 ± 12.6 0.9 ± 0.1
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Fig. 7. Stress–strain curves of the electrospun mats.

shows that the ultimate tensile strength and Young’s modulus of
the mats comprised matrix only were very low and the addition of
ChNC in the electrospun fibers increased the Young’s modulus and
the ultimate tensile strength (Table 2). The tensile strength of  the
mats increased from 4.6 to  34.9 MPa  after inclusion of 50% ChNC,
and further increased to  64.9 MPa  after crosslinking. The same trend
was observed for the Young’s modulus, which increased from 0.4 to
4.3 GPa after the addition of ChNC and further increased to 10.2 GPa
after crosslinking. However, addition of nanocrystals as well as the
crosslinking decreased the strain from 1.3 to 0.9%. The results show
that addition of the nanocrystals as well as crosslinking has a  pos-
itive impact on the mechanical stability of the electrospun mats.

In the current study, the improvement of the mechanical prop-
erties is exceptional. The ultimate tensile strength of crosslinked
reinforced fibrous mats increases by 1311% and by 2450% for
Young’s modulus in comparison to  as-spun unreinforced mats.
The addition of 50  wt% chitin nanocrystals into the electrospun
matrix was successful and enhanced the mechanical performance.
According to the results reported in Table 2,  chitin nanocrystals had
considerably greater impact on the mechanical properties com-
pared to crosslinking. The favorable interaction between chitin
and chitosan and the possibility to  spin the fibers from aqueous
medium are also expected to impact the good dispersion of ChNC.
Strong interactions between the matrix phase and the nanocrystals
through hydrogen bonding might also have led  to an improvement

Table 3
Specific surface area and water vapor transmission rates of electrospun mats.

Sample code BET surface area
(m2 g−1)

WVTR (g m−2 day−1)

M100 55  1353
M50ChNC50 59  1290
XM100 36  1548
XM50ChNC50 35  1434

in  the structural morphology and mechanical properties (Jacobs
et al., 2010). The possibility of crosslinking between matrix and
chitin nanocrystals cannot be  ruled out. In addition, consider-
able improvement in  mechanical strength and modulus with a
decrease in  strain at break has been noticed after crosslinking. This
is an expected behavior and some earlier reports have shown that
crosslinking of a chitosan film using genipin improved the tensile
strength but reduced the strain at break considerably (Muzzarelli,
2009). It was also noticed that the mats were flexible despite the
decreased strain, probably due to the network structure.

3.7. Functional properties of electrospun mats

Functional characteristics of the prepared mats with respect to
the wound dressing were investigated by studying the water vapor
permeability, surface area, pore structure and cytocompatibility.

The water vapor transmission rates (WVTR) of different mem-
branes are shown in  Table 3.  It  was observed that all the prepared
fibrous mats had a comparable permeability. This was expected,
since every mat  showed a  porous network of entangled electrospun
fibers.

An ideal wound dressing must control not  only the evaporative
water loss from a wound at an optimal rate to avoid excessive dehy-
dration, but also accumulation of wound exudates and, therefore,
excess moisture. The water vapor permeation rate for normal skin
is 204 g m−2 day−1,  while WVTR for injured skin can range from 279
to 5138 g m−2 day−1, depending on the type of wound (Gu, Wang,
Ren, & Zhang, 2009; Mi  et al., 2001). The same reports indicate the
recommended value of water evaporation for a wound dressing to
be around 2500 g m−2 day−1.  This value is actually the mid-range of
moisture loss rates from injured skin and thus is  not representative

Fig. 8. Cytocompatibility of the mats. (A) Day 1: (a) non-cytotoxic (−K) control, (b) cytotoxic (++K) control, (c)  uncrosslinked mats and (d) crosslinked mats with ASCs. Day
7:  (e) von-cytotoxic (−K) control, (f) cytotoxic (++K) control, (g) uncrosslinked mats and (h) crosslinked mats with ASCs. (B) MTT stained mats after 7 days: (a)  non-cytotoxic
(−K)  control, (b) cytotoxic (++K) control, (c) uncrosslinked mats and (d) crosslinked mats with ASCs.
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of the wound dressing requirements. The WVTR values indicated in
Table 3 are lower than this recommended value, but our spun mats
are absolutely not limited for wound dressing application. As  sev-
eral types of wound can be found, several types of wound dressing
must be used, taking into account the amount of exudates emanat-
ing from the wound and the desired moisture content in contact
with the wound.

BET surface areas of the electrospun mats are presented in
Table 3 and are in the range of 35–59 m2 g−1.  The differences in
the surface area of as-spun mats are not  significant and the same
conclusion can be made for the crosslinked mats as  well. Therefore,
the inclusion of chitin nanocrystals does not have a  real impact
on the surface area of the fibrous mats. This parameter is mostly
affected by the network morphology, as  is shown by the decrease
in the surface area for both reinforced and unreinforced electro-
spun mats after crosslinking. From the data collected on the BET
surface area of as-spun and crosslinked electrospun fibers, it can
be concluded that chemical crosslinking reduces the surface area.
This, however, is most likely due to the genipin bonding to the chi-
tosan and thus leading to the compacted fibrous networks with
low porosity and lower surface area. The percentage that the BET
surface area indicated after crosslinking was a  decrease of 34% for
chitosan/PEO electrospun fibers and 41% for chitin-reinforced chi-
tosan/PEO fibers. These results correspond with the SEM study,
indicating the morphology of spun fibers with loose and porous
networks, which decreased after crosslinking. Electrospun fiber
membranes with high surface area and microporous structure can
stimulate the fibroblast action and proliferation in  order to repair
injured tissues (Chen et al., 2008). According to Huang et al. (2003),
high surface area of 5–100 m2 g−1 is extremely efficient for fluid
absorption and dermal delivery. Since the surface area of our mate-
rials is in that range, they have potential for cell attachment and
proliferation in wound healing.

Cytocompatibility of the mats before and after crosslinking was
studied in a direct contact system. The biomaterials with cells were
incubated on 37 ◦C, 5% CO2 for 7 days with adipose derived (ASCs)
stem cells; thereafter, the biomaterials were stained with MTT  and
investigated for the presence of live cells. According to the cytocom-
patibility results, which are shown in  Fig. 8A  and B,  non-cytotoxic
impact on cell growth and no zone of inhibition were observed com-
pared to the controls. Morphology and cell density of materials are
similar to the cells in negative control.

4. Conclusions

Electrospun chitosan-based randomly oriented fibrous mats
containing 50 wt% of chitin nanocrystals as reinforcement were
successfully prepared and crosslinked using genipin. The results
showed that the electrospun porous random mats comprising
ChNC were free of any  defects because of homogeneous dispersion
of ChNC in chitosan matrix, indicating good chemical compatibility
between the matrix and the chitin. The addition of chitin nanocrys-
tals improved the moisture stability of the as-spun mats and
facilitated water-mediated crosslinking processes. The crosslinked
nanocomposite fiber mats with 50  wt% chitin nanocrystals had a
high tensile strength of 64.9 MPa  and modulus of 10.2 GPa and were
at the same time flexible. The mats were also compatible toward
adipose derived stem cells after 7 days and can be considered as a
potential candidate for wound dressing application.
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Abstract Randomly oriented fiber mats of chitosan–

polyethylene oxide matrix reinforced with cellulose

nanocrystals (CNCs) were prepared by electrospin-

ning technique. The cellulose nanocrystals used were

isolated using hydrochloric acid (CNCHCl) or sulphu-

ric acid (CNCH2SO4
) and the concentration of CNCs

was 50 wt% in the electrospun mats. The surface

characteristics of the nanocrystals were found to affect

the dispersion, viscosity, conductivity and zeta-

potential of the respective spinning solutions and

resulted in better spinnability, homogeneity as well as

crosslinking of CNCHCl based nanocomposite fiber

mats compared to CNCH2SO4
ones. The microscopy

studies showed that the diameter of the electrospun

fibers decreased with the inclusion of both types of

nanocrystals and that crosslinking decreased the

porosity of the mats. The tensile strength and tensile

modulus of the mats increased with the addition of

nanocrystals and increased further for the CNCHCl

based mats (58 MPa, 3.1 GPa) after crosslinking. The

as-spun CNCHCl based mats had average pore

diameters of 1.6 lm and porosity of 38 %. The water

vapor permeability and the O2/CO2 transmission

increased with the addition of CNCHCl. The used

nanocrystals as well as electrospun mats showed non-

cytotoxic impact on adipose derived stem cells

(ASCs), which was considered favorable for wound

dressing.

Keywords Electrospinning � Cellulose
nanocrystals � Surface charge �Mechanical properties �
Cytocompatibility � Wound dressing

Introduction

Electrospinning is a useful processing technique for

fabrication of non-woven fiber mats with diameters in

the range of several micrometers to tens of nanometers

and is a promising method for tissue engineering

applications. The morphology, fiber diameter, poros-

ity and pore size can be controlled by adjusting the

processing conditions (applied voltage, distance

between the needle tip and the collector and the shape

of the collector) and solution properties (molecular

weight of the polymer, viscosity and conductivity)

(Ramakrishna and Fujihara 2005; Vasita and Katti

2006). Owing to the high surface area and micropo-

rous structure of electrospun fiber mats, they can

absorb wound exudates, prevent excess dehydration

and microbial infection as well as facilitate gas
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permeability. These characteristics make them suit-

able for cell attachment and proliferation and, thereby,

in wound dressing (Li et al. 2002; Khil et al. 2003;

Chen et al. 2008; Jayakumar et al. 2010; Naseri et al.

2014).

Non-toxicity, haemostaticity and the ability to

maintain a moist wound environment are the other

desired properties of an ideal dressing material.

Chitosan has attracted attention in this context due to

its favorable wound dressing properties. Chitosan is a

hydrophilic cationic polysaccharide, which is obtained

by partial deacetylation of chitin. It is a linear

copolymer made of b (1–4) linked N-acetyl glucosa-

mine and glucosamine units (Li et al. 1992; Jayakumar

et al. 2010). The spinnability of pure chitosan is,

however, a drawback due to the polycationic nature,

high viscosity in the solution and specific intra- and

inter-molecular hydrogen bond interactions. Due to

free amino and hydroxyl groups in the molecular

structure of chitosan, it can easily be modified and

made spinnable by blending with other polymers or

nanoparticles (Duan et al. 2004; Naseri et al. 2014).

Chitosan-based fiber mats reinforced with chitin

nanocrystals and their crosslinking using genipin

was developed by Naseri et al. (2014). The results

showed a 14-fold increase in the tensile strength and a

25.5-fold increase in the Young’s modulus by inclu-

sion of 50 % chitin nanocrystals compared to as-spun

unreinforced mats.

The aim of this study was to develop electrospun

chitosan fiber mats reinforced with cellulose nano-

crystals as wound dressing materials. Cellulose

nanocrystals may be defined as the rod-shaped

entities obtained after removal of amorphous regions

in cellulose nanofibers. Various studies have been

reported on the isolation of cellulose nanocrystals

from different resources (Ranby 1952; Marchessault

et al. 1961; Bondeson et al. 2006; Oksman et al.

2011; Mathew et al. 2014). Cellulose nanocrystals

are well known for their high Young’s modulus in

the range of 143–167.5 GPa (Tashiro and Kobayashi

1991; Šturcová et al. 2005), high surface area to

volume ratio as well as specific surface interactions

and cytocompatibility and have been exploited to

improve the mechanical properties of polymer

matrices as well as to obtain specific functionalities

(Azizi Samir et al. 2005; Dong et al. 2012; Herrera

et al. 2014; Liu et al. 2014; Mathew et al. 2014). The

hydrolysis conditions and the source of cellulose can

affect the dimensions of cellulose nanocrystals, the

surface characteristics and geometries. The presence

of specific functional groups on the surface of

nanocrystals is expected to affect the interaction of

nanocrystals with various polymer matrices and other

entities (Herrera et al. 2014; Liu et al. 2014).

Potential use of these nanocrystals as reinforcing

agent in fiber spinning (Herrera et al. 2011; Hoosh-

mand et al. 2014), medical applications (Dugan et al.

2013; Jia et al. 2013; Naseri et al. 2014) as well as

adsorption for water purification (Liu et al. 2014)

have also been reported.

In the current study polyethylene oxide (PEO)

blended with chitosan was used as matrix phase to

improve the spinnability and cellulose nanocrystals

were used as the reinforcing phase. Randomly oriented

fiber nanocomposite mats were produced using elec-

trospinning. The effect of cellulose nanocrystals with

different surface characteristics, genipin as crosslinker

and processing parameters were investigated. Herrera

et al. (2014) reported that the extraction process has an

impact on the surface charge and dispersion of the

nanocrystals in the suspension. Depending on the type

of mineral acid used in the isolation process, surface

functionalities of cellulose nanocrystals can be tai-

lored. Sulphuric acid hydrolysis resulted in more

stable dispersion of nanocrystals due to electrostatic

repulsion caused by highly negative charged sulphate

groups on the surface (Elazzouzi-Hafraoui et al.

2008). However, cellulose nanocrystals prepared by

hydrochloric acid hydrolysis have weak acidic groups

and have lower colloidal stability (Araki et al. 1998).

The solution properties such as zeta potential, con-

ductivity and viscosity, and electrospun fiber mat’s

properties including mechanical properties, structural

morphology, water vapor permeability, oxygen and

carbon dioxide permeability, porosity and cytocom-

patibility were studied.

Experimental

Materials

Chitosan (Mw * 190,000–310,000 and DD = 75–85)

and polyethylene oxide (Mw * 1,000,000 and inhib-

ited with 200–500 ppm BHT) were purchased from

Sigma-Aldrich GmbH (Germany) in the form of

powder.
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Microcrystalline cellulose (MCC) with a particle

size of 25 lmwas used as raw material for isolation of

nanocrystals and was supplied by Vivapur� (JRS

Pharma, Germany).

Acetic acid with 96 % concentration for analysis

EMSURE�, used as solvent, hydrochloric acid 37 %

and sulphuric acid 98 % for analysis EMSURE� were

supplied by Merck KGaA (Germany).

Genipin, used as crosslinker and phosphate buf-

fered saline (PBS) were purchased from Sigma-

Aldrich GmbH (Germany).

Methods

Isolation of cellulose nanocrystals

Cellulose nanocrystals isolated from MCC using

H2SO4/HCl hydrolysis were used as reinforcing agent.

The isolation process of cellulose nanocrystals using

HCl/H2SO4 hydrolysis was based on earlier reports by

Araki et al. (1998) and Bondeson et al. (2006),

respectively.

HCl hydrolysis According to the method reported by

Araki et al. (1998), the hydrolysis process was done by

heating of 26 g of microcrystalline cellulose into

900 ml 4 N HCl at 80 �C under stirring for 225 min.

Thereafter, the suspension was centrifuged repeatedly

at 12,000 rpm for 10 min until the turbid supernatant

containing cellulose nanocrystals was obtained. The

suspension containing cellulose nanocrystals was

neutralized by dialysis against deionized water

followed by sonication in order to disperse the

nanocrystals.

H2SO4 hydrolysis CNCH2SO4
were prepared

according to the method optimized by Bondeson

et al. (2006) by mixing of 120 g of microcrystalline

cellulose with 1,200 ml sulphuric acid (63.5 wt%)

under stirring in an ice bath. Hydrolysis was

performed while the suspension was heated at 44 �C
under stirring for 130 min. Thereafter, the suspension

was centrifuged repeatedly at 12,000 rpm for 10 min

until the supernatant became turbid. The isolation

process was completed by neutralization against

deionized water through dialysis. Then, the

suspension was sonified in an ice bath to separate the

nanocrystals without desulfation of the sulphate

groups from the cellulose.

Electrospinning process

Chitosan blended with PEO, in 1:1 mass ratio and two

different kinds of cellulose nanocrystals were used for

preparation of electrospinning solution with total

concentration of 3 wt%. Aqueous acetic acid in 50

wt% concentration was used as solvent and the matrix

containing chitosan blended with PEO was electro-

spun and used as control.

Electrospinning was performed using a horizontal

set-up containing a single 150 mm Laboratory Elec-

trospinning Platform (Electrospinz-ES1a) with a high-

voltage supplier and a plastic syringe (10 mL Plasti-

pak Syringe from BD, USA) connected to a 200 lL
plastic needle (PLASTIBRAND, Germany) by a hose

in silicone rubber. The solution flow rate was

controlled by a syringe pump (Aladdin-1000 from

World Precision Instrument, USA), and the capillary

was connected to a high-voltage supplier. The process

was done under the optimized parameters, which are

shown in Table 1 at ambient conditions. The mats

were obtained after spinning for about 2 h and had a

thickness in the range of 11–20 lm and a weight to

area ratio of 10–24 g/m2, depending on composition.

Crosslinking of the mats

The mats were crosslinked using a natural crosslinker,

genipin through the functional groups in order to

improve the mechanical properties and moisture

stability. The nanocomposite mats were immersed in

a 0.05 mmol/l genipin solution for 16 h under ambient

conditions. Thereafter, the mats were rinsed with

Table 1 Compositions of electrospinning solutions and spin-

ning parameters

Sample code M MCNCHCl MCNCH2SO4

Matrix: Chitosan/PEO;

1:1 (wt%)

50/50 25/25 25/25

Cellulose nanocrystals

(wt%)

– 50 50

Acetic acid (wt%) 50 50 50

Final solution

concentration (wt%)

3 3 3

Voltage (kV) 25 20 20

Tip to collector distance

(mm)

155 150 80

Flow rate (ml/h) 13 10 10
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distilled water and phosphate buffered saline (PBS)

and finally dried at room temperature.

Characterization

Electrospinning solutions

Atomic force microscopy

The morphology of the cellulose nanocrystals and the

electrospinning solutions was studied using an Atomic

ForceMicroscope (AFM) Nanoscope V (Veeco, USA)

at a resonance frequency of 70 kHz and a spring

constant of 1–5 N/m. The nanocrystal suspensions at

0.01 wt% were dried on a freshly cleaved mica plate

prior to AFM analysis, in tapping mode. The solutions

containing only matrix phase M, 50 % of matrix and

50 % of nanoreinforcement phase: MCNCHCl,

MCNCH2SO4
were studied. The suspension was diluted

with distilled water to about 0.1 wt%. Then, the

sample was sonified for several seconds to achieve

good homogenization. Finally, the solution was dried

on a freshly cleaved mica plate and scanned in tapping

mode.

Zeta potential

The zeta potential (f) of CNCs and the electrospinning
solutions with the concentration of 0.05 wt% at

different pH were measured using a Zeta sizer nano

ZS, Malvern (UK) at 25 �C.

Conductivity

Electrical conductivity of solutions containing only

CNCs and electrospinning solutions comprising only

matrix and matrix with CNCs was measured using

SevenEasyTM conductivity meter, METTLER

TOLEDO AG, Schwerzenbach, Switzerland. The

measurements were performed at 25 �C and reported

after three repetitions.

Viscosity

Viscosity test was carried out for the electrospinning

solutions using SV-10 Vibro Viscometer (A&D

Company, Japan) at a vibration frequency of 30 Hz.

For each solution, average values of viscosity from

three measurements are reported.

Electrospun mats

Microscopy

An optical microscopy Leica DFC 290 (OM) was used

to get an overview of the fiber morphology in order to

determine the optimum processing parameters. The

fibers were electrospun for 1 min on glass slides fixed

to the collector by double-side tape and were then

observed under the optical microscope.

The structural morphology of as-spun mats as well

as crosslinked mats was investigated with a JEOL

JSM-6460LV, Japan Scanning ElectronMicroscope at

an acceleration rate of 15 kV. In order to measure the

thickness of the mats, the samples were cryogenically

fractured using liquid nitrogen and sputter-coated with

Au for 50 s at 50 mA to reduce electron charging

effects. The diameter of the fibers was measured from

the SEM images using SemAfore software. The

diameter range is reported for each sample based on

at least 30 measurements.

The morphology of as-spun fibers was studied in

more detail using an Atomic Force Microscope

(AFM). The fibers were electrospun on freshly cleaved

mica substrates for 90 s. All images were captured in

tapping mode.

Pore size and porosity

The pore diameters and porosity of the electrospun

mats were determined using Pore Image Processor in

MATLAB (supporting information, available for

download at urmc.rochester.edu/labs/Nanomembrane-

Research-Group/software/).

Mechanical properties

Mechanical properties of the electrospun nanocom-

posite fiber mats in 45 and 98 % relative humidity

(RH) were tested using a Dynamic Mechanical

Analyser (DMA) QA 800 (TA Instrument, USA)

through uniaxial tensile testing. All samples were

tested in tensile mode with a 0.001 N preload at a

displacement rate of 100 lm/min, at an isothermal

temperature of 23 �C. Samples were cut in rectangular

form and the tested samples were about 30 mm in
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length, 5 mm in width and 5–20 lm thickness,

depending on the composition of mats. The thickness

of the mats was determined using SEM imaging of the

cross-section of cryo-fractured films, sputter-coated

with Au. The samples were conditioned in a desiccator

for 7 days in 45 % RH, and for 1 h in 98 % RH before

testing. The results are the average based on at least

five measurements for each composition.

Water vapor permeability

The water vapor permeability of the electrospun fiber

mats was determined using a Water Vapor Permeabil-

ity Tester LYSSY L80-4000 (PBI-Dansensor, Swit-

zerland) according to the standard ASTM E398-03.

This equipment consisted of two chambers, which

were separated by the tested membrane. The lower

chamber was drenched with water, while the upper

chamber was dry and comprised a sensor that

measured the relative humidity of the medium. The

transmission of water vapor from the lower to the

upper chamber through the membrane is expressed as

permeability rate and usually is in g/m2 day.

Samples were mounted on the test cards in order to

decrease the surface area of the samples, preventing

the system from getting saturated. The test cycle was

automatically controlled and the system monitored the

time taken until the humidity increased from 9.9 to

10.1 %, and then the transmission rate was calculated

directly into g/m2 day. The test cycle was repeated 3–5

times at the humidity range of 9.9–10.1 %.

O2 and CO2 permeability

O2 and CO2 permeability were measured separately for

the electrospun fibermats. A constant gas flow rate with

a pressure of 0.3 bar (22.5 cmHg) was applied to the

mats. The exit flow rate was recorded with an Agilent

TechnologiesADM2000universal gas flowmeter 2850,

Wilmington,USA.Then the permeability coefficient,P,

was calculated using the variable pressure model (Joly

et al. 1999; Herrera et al. 2014) assuming p1 � p2 (p1:

inlet gas pressure, p2: outlet gas pressure).

P ¼ Jst � d

p1
ð1Þ

where, Jst is the gas exit flow rate in a specific exposed

area of the mats; d is the thickness of the mats; p1 is the

inlet gas pressure.

Cytocompatibility

In vitro cytocompatibility of cellulose nanocrystals

and electrospunmats was performed in a direct contact

test system, where adipose derived stem cells (ASCs)

and L929 cell line were seeded evenly on and around

the materials in the cell culture dish. The biomaterials

with cells were incubated at 37 �C, in 5 % CO2 for

7 days. The cells in the vicinity of biomaterial were

monitored for potential changes in morphology and

cell growth. Viable cells were visualized by MTT

((3-(4,5-dimethylthiazolyl-2)-2, 5-diphenyltetrazoli-

um bromide) staining: briefly, 1/10 of MTT reagent

(Sigma) was added to the cell cultures and they were

incubated over night until purple precipitate was

visible.

Results and discussion

Electrospinning solutions

Atomic force microscopy of cellulose nanocrystals in

aqueous medium and the electrospinning solutions are

shown in Fig. 1. AFM image of the cellulose nano-

crystals (Fig. 1a, b) shows a typical whisker-like

structure with diameters in the range of 5–6 nm for

CNCH2SO4
and 10–20 nm for CNCHCl. The diameters

reported are based on the height to compensate the tip

broadening effect and were measured using Nano-

scope V software, as shown in the Fig. 1a, b. Accurate

determination of the length was not possible from the

AFM using this method and is therefore not presented

here. It was noted that CNCHCl are coarser and less

separated compared to CNCH2SO4
. This is probably

due to the tendency of CNCHCl to aggregate more

readily than CNCH2SO4
during drying on the mica

sheet, which could be explained by the lack of surface

charges leading to strong interactions between nano-

crystals owing to hydrogen bonding between hydroxyl

groups on the surface (Jiang et al. 2010; Rusli et al.

2011).

In Fig. 1c the height, amplitude and phase images

of the matrix phase (chitosan/PEO 1:1) are given. The

height image shows a two-phase system composed of

chitosan and PEO and has a typical morphology of a

phase separated blend. It was, however, difficult to

distinguish between chitosan and PEO, though PEO

was expected to be the soft phase and probably be
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Fig. 1 AFM height images

showing a CNCH2SO4
and b

CNCHCl. AFM (height,

amplitude and phase)

images of c M, d MCNCHCl

and e MCNCH2SO4
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represented by the brown areas in the phase image. In

Fig. 1d, e, height, amplitude and phase images of the

matrix with 50 % CNCs are given. In both cases, no

aggregates of CNCs in the matrix phase were observed

in the AFM images. This indicates that the nanocrys-

tals are well dispersed into the electrospinning solu-

tions, which is important for obtaining defect-free

fibers during electrospinning. For the CNCHCl, the

nanoparticles are more homogeneously embedded in

the matrix (Fig. 1d) than in the case of CNCH2SO4
. A

better dispersion of CNCHCl within the bacterial

polyester matrix compared to CNCH2SO4
has also been

reported by Yu et al. (2013). The CNCH2SO4
based

system showed a network of nanocrystals bound by

polymer phase and nanocrystals were predominantly

present on the surface (Fig. 1e). It is also noted that the

spinning solution with CNCH2SO4
showed a tendency

to coagulate, which was not observed for the matrix

solution or the ones with CNCHCl. It was expected that

positively charged chitosan polymer chains would be

coated preferentially on the negatively charged

CNCH2SO4
nanocrystals, resulting in a phase-separated

system.

Zeta potential (f) of both CNCs as well as

electrospinning solutions were measured as a function

of pH and the results are shown in Fig. 2. The matrix

solution has a positive f-potential (24.5–62.6 mV,

depending on pH), whereas CNCHCl has relatively low

positive (3.67 mV) or negative f-potential (-15 mV)

based on pH conditions. On the other hand, CNCH2SO4

has negative f-potential (–27.8 to –25 mV) in the

whole range of pH conditions. In general, the spinning

solution with 50 % nanocrystals showed positive

f-potential values, which were attributed to the

presence of positively charged chitosan as matrix. At

the pH conditions used for spinning (pH * 2), the

solutions had a f-potential in the range of 25–41 mV

and were in the order CNCH2SO4
[CNCHCl[M.

Colloidal suspensions with f-potential higher than

?25 mV or less than –25 mV were reported to show a

good electrical stability (Luque et al. 2012). There-

fore, it was inferred that these electrospinning solu-

tions are electrically stable for spinning.

Electrical conductivity data of the nanocrystal

suspensions and the electrospinning solutions are

shown in Fig. 3. CNCHCl has a relatively low

conductivity (298.5 lS/cm), whereas CNCH2SO4
has

the highest conductivity (2,161 lS/cm) due to nega-

tively charged surface groups like sulphate groups and

carboxyl groups. Matrix has a conductivity of

1,451 lS/cm, attributed to the positive charge of

chitosan polymer. It can be seen that electrical

conductivity increases with the addition of matrix to

CNCHCl, which is probably due to increase in charge

with addition of positively charged chitosan to

CNCHCl with low conductivity (298.5 lS/cm). On

the other hand, the addition of matrix resulted in a

decrease in conductivity in the case of CNCH2SO4
,

which is due to the neutralization of charges when

positively charged matrix is combined with negatively

charged CNCH2SO4
. It has been verified that electros-

pinning solutions with a higher conductivity resulted

in defect-free fibers without beads with high unifor-

mity (Jarusuwannapoom et al. 2005). However, if the

conductivity is too high, it is not possible to form a

Taylor cone, due to minimal tangential electric field

along the surface of the fluid. Moreover, it has been

observed that it is not possible to produce fibers with

Fig. 2 Zeta potential of CNCs, and the electrospinning

solutions as a function of pH

Fig. 3 Electrical conductivity of CNCs and the electrospinning

solutions
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the solution that has zero conductivity, due to lack of

charges in the solution to move onto the surface of the

fluid droplet; consequently, the electrostatic force is

not good enough to form a Taylor cone (Angammana

and Jayaram 2011).

According to the results obtained, it is clear that

with 50 %matrix content, the electrical conductivity is

similar for both spinning solutions; 1,091.6 lS/cm and

1,173 lS/cm for CNCHCl and CNCH2SO4
, respectively.

The viscosity value obtained for the solution

containing only matrix phase was 1.27 Pas and, after

the addition of CNCHCl and CNCH2SO4
, the values

were 332.3 and 546.6 mPas, respectively. The visco-

metric studies showed that incorporation of 50 %

CNCs within the matrix phase solution significantly

decreased the solution viscosity by 74 % for CNCHCl

and 57 % for CNCH2SO4
. A similar trend was also

reported in earlier studies (Herrera et al. 2011; Naseri

et al. 2014). This decrease in viscosity after the

addition of CNCs is expected to have a direct impact

on the fiber morphology.

Nanocomposite fiber mats

Electrospinning process

Even though all the solutions were sufficiently con-

ductive to form a spinning jet, in the case of

MCNCH2SO4
, instability of whipping jet was observed

during the process. Figure 4a–c shows the optical

microscopy images of randomly oriented fiber struc-

ture for all the studied materials under the optimized

conditions. M and MCNCHCl suspensions produced

fibers which were continuous and more homogenous

with low level of defects. The formation of the jet was

highly stable for the solution containing 50 %

CNCHCl, which resulted in stretching of the jet of

solution under the electrical field and facilitated the

process as well as improving the quality of the

produced fibers (Fig. 4a, b). MCNCH2SO4
, showed

fibers with lots of beads and non-uniformity (Fig. 4c).

It was expected that the instability during spinning

hastened the travel of the jet of polymer solution

towards the metallic collector, preventing the solvent

from evaporating completely. The M solution showed

intermediate stability during spinning.

Fiber morphology

The electrospun mats were observed using a scanning

electron microscope and the results are shown in

Fig. 5a–c. SEM images of the mats comprising matrix

fibers and the fibers reinforced with CNCs showed a

highly porous, randomly oriented network with very

loose structure. It is obvious from the SEM images that

nanocomposite fibers had lower diameters compared to

the matrix fibers. The diameters of as-spun fibers were

measured from the SEM images using SemAfore

software and were in the range of 301–1,240 nm for

the matrix fibers, while the addition of nanocrystals

decreased the diameter of fibers to 227–468 nm for

MCNCHCl and 227–721 nm for MCNCH2SO4
. This

reduction in diameter with the addition of nanoparti-

cles was attributed to the diminution of solution

viscosity with inclusion of nanocrystals that resulted

in stretching of fibers (Herrera et al. 2011; Naseri et al.

2014). All the spinning solutions were conductive (see

Fig. 3), but a direct correlation between fiber mor-

phology and conductivity cannot be drawn. Fig-

ure 5d–f shows that crosslinking had a significant

impact on the structural morphology of the mats. The

fiber network for M and MCNCH2SO4
lost the structure

Fig. 4 Optical microscopy images of as-spun fibrous mats: a M, b MCNCHCl and c MCNCH2SO4
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and porosity and resulted in more compact film-like

structure, which was further confirmed by the measure-

ment of the mat thickness before and after crosslinking

(reduction of 54.5 %). It was found that the nanocom-

posite fiber mats reinforced with CNCHCl were less

affected. This may be explained by the good dispersion

of nanocrystals in MCNCHCl fibers, which resist

dissolution of matrix polymers during crosslinking.

Atomic force microscopy of the fibers was per-

formed to understand the nanostructured morphology

and dispersion of nanoparticles, shown in Fig. 6. It was

also possible to see a multi-phased structure for M,

which probably indicates a homogeneous distribution of

PEOand chitosan phases along the fiber. TheMCNCHCl

also shows a multi-phased structure and it was also

possible to see nanosized dots embedded (shown with

arrows in Fig. 6b) on the fibers, which are considered as

CNCHCl dispersed in the matrix phase. However, it was

not possible to see any orientation on nanoparticles in

the fiber direction. In the case of CNCH2SO4
based fiber

(Fig. 6c), the surface seems to be covered with the

high stiffness phase, which is probably CNCH2SO4

accumulated on the surface. Some alignment in the

direction of fiber was visible (see arrows).

Fig. 5 SEM images showing the surface of electrospun nanocomposite mats: aM, bMCNCHCl, cMCNCH2SO4
, d XM, e XMCNCHCl

and f XMCNCH2SO4

Fig. 6 AFM phase images of electrospun fibers of a M, b MCNCHCl and c MCNCH2SO4
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Based on the SEM images, electrospun mats

showed porosity in the range of 38–44 % with the

average pore diameter of (1.6–2.8 lm) depending on

composition (see Table 2). The porosity was similar

for M and MCNCH2SO4
and was lower for MCNCHCl;

this is attributable to the smaller fiber diameters and

homogeneity of the mats. The porosity of MCNCH2SO4

was found to be higher than MCNCHCl in spite of

similar fiber diameters, probably due to the inhomo-

geneity in the MCNCH2SO4
network (Eichhorn and

Sampson 2005). The pore structure obtained is con-

sidered favorable for wound dressing, since the pores

are small enough to protect the wound from bacterial

penetration (Huang et al. 2003).

Mechanical properties

Mechanical properties of both crosslinked and un-

crosslinked reinforced nanocomposite fiber mats were

tested and the effects of crosslinking as well as

incorporation of cellulose nanocrystals were investi-

gated. The results are summarized in Fig. 7 and

Table 2. In the case of uncrosslinkedmaterials at 45 %

RH, the mechanical properties of the matrix fiber mats

(M) were low while the mechanical properties

improved with inclusion of both types of nanocrystals

(Table 2). The tensile strength of the mats increased

from 4.6 to 30.2 MPa with inclusion of CNCHCl and to

24.3 MPa with addition of CNCH2SO4
. A similar trend

was observed for the Young’s modulus, which

increased from 0.4 to 1.5 GPa for CNCHCl and to 3.3

GPa for CNCH2SO4
. The strain properties of the mats

increased to 2.5 with the addition of CNCHCl, which

could be due to the better dispersion of CNCHCl in the

electrospun fibers, already noted when studying the

electrospinning solutions (Fig. 1d) as well as electro-

spun fibers (Fig. 6b). However, the strain decreased

with incorporation of CNCH2SO4
. It was considered

that with the coarser CNCHCl with low residual acid

groups, strong interaction, possibility through hydro-

gen bonding, allowed better stress transfer (Yu et al.

2013), thereby improving the mechanical properties.

The lower porosity of MCNCHCl mats also favored

mechanical performance. Furthermore, the tensile

strength and Young’s modulus of the crosslinked mats

comprising CNCHCl are reported. The mechanical

properties of the crosslinked mats containing only

matrix fibers (M) and MCNCH2SO4
could not be tested

due to lack of stability of the mats in moist condition,

probably due to dissolution of PEO in deionized water.

According to the results obtained (Table 2), after

crosslinking, the fiber mats with CNCHCl showed

tensile strength of 58.0 MPa (with Young’s modulus

of 3.1 GPa) in 45 % RH and 34.9 MPa (with Young’s

modulus of 3.6 GPa) in 98 % RH. The tensile strength

of crosslinked reinforced fiber mats increased 13-fold

and 8-fold for the Young’s modulus in 45 % RH

compared to as-spun unreinforced mats. In addition,

they showed a 8-fold increase for the tensile strength

and a 9-fold increase for the Young’s modulus in 98 %

RH. The elongation at break of XMCNCHCl in 45 %

Table 2 Pore size, porosity

and mechanical properties

of the electrospun mats

Material Pore diameter

(lm)

Porosity

(%)

Young’s

Modulus (GPa)

Tensile strength

(MPa)

Max.

Strain (%)

M 2.8 44 0.4 ± 0.1 4.6 ± 0.7 1.3 ± 0.4

MCNCHCl 1.6 38 1.5 ± 0.6 30.2 ± 5.9 2.5 ± 0.4

MCNCH2SO4
1.9 44 3.3 ± 0.5 24.3 ± 2.2 1.0 ± 0.1

XMCNCHCl – – 3.1 ± 0.3 58.0 ± 10.7 2.2 ± 0.7

XMCNCHCl—

98 % RH

– – 3.6 ± 0.2 34.9 ± 9.4 0.9 ± 0.4

Fig. 7 Stress–strain curves of the electrospun mats
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RH was very similar to the uncrosslinked reinforced

ones (MCNCHCl), whereas they decreased to 0.9 when

tested in 98 % RH. This behavior could be explained

by the swelling of the mats in moist condition, which

increases the contact points and consequently

increases the adhesion between the contact points,

resulting in a stiffer network with lower strain and

strength. The high standard deviation in the results

makes it difficult to draw a conclusion because the

materials are in the form of randomly oriented fiber

mats and the mechanical properties depend on the

direction of the fibers in the mat as well as the physical

properties of the mat. It may be pointed out that in

general, film dressings are tailored to be soft and

flexible to deal with the stress caused by different parts

of the body (Boateng et al. 2008). The results in the

current study show high stiffness mats with low

elongation; however the ratio of nanocrystals could be

always controlled to get more flexible material to

optimize it further for wound dressing.

Functional properties of nanocomposite fiber mats

O2 and CO2 permeability The O2 and CO2

permeability of the electrospun mats were tested and

the results are shown in Table 3. The highest

permeability values were obtained for the uncross-

linked mats comprising CNCHCl and showed a 22-fold

increase for the oxygen and a 20-fold increase for the

carbon dioxide permeability compared to thematrix fiber

mat. This is probably due to favorable interaction of

nanocrystals with gas molecules, which stimulates the

movement of O2 and CO2 molecules as well as

transmission through the porous membrane. Moreover,

the permeability coefficient of the electrospunmats to O2

and CO2 showed similar values. According to Gindl and

Keckes (2005), permeability coefficient of films

decreases, while the molecular diameter of gas

molecules increases. Thus, regarding this theory and

the molecular diameter of O2 = 0.35 nm and

CO2 = 0.33 nm, both gases have almost equal

permeability (PO2
& PCO2

) (Joly et al. 1999). After

crosslinking the permeability for both O2 and CO2

decreased by 70 % compared to uncrosslinked

reinforced ones, due to loss of porous network.

The gas permeation through a wound dressing is

very critical, since high CO2 pressure reduces the

healing process, while a low level of oxygen concen-

tration decreases the tissue renewal or supports the

proliferation of anaerobic bacteria (Kaessmann and

Hark 1997). Therefore, the increase in the permeabil-

ity to O2 and CO2 obtained with the addition of CNCs

was considered favorable to accelerate tissue regen-

eration and prevent anaerobic bacterial activities.

Water vapor permeability The water vapor

transmission rates (WVTR) of the electrospun mats are

shown in Table 3. All the compositions of electrospun

mats showed comparable water vapor permeability due

to the porous structure. The addition of CNCHCl

increased WVTR to 1,879 g/m2 day, while after

crosslinking the WVTR decreased (1,202 g/m2 day)

due to loss of the porous structure, and showed values

similar to those of the matrix networks.

Water loss control is a very important feature for a

wound dressing material, since it keeps the wound

comfortable and aids the healing process (Gu et al.

2009; Zahedi et al. 2010). An ideal wound dressing

should control the evaporative water loss from a

wound at an optimal rate to prevent excessive

dehydration as well as buildup of exudates around

the wound. A dry wound environment leading the

collagen in the extracellular matrix (ECM) becomes

dehydrated and the cells die and form a hard layer.

Thus, the keratinocytes have to dig under this layer in

order to reach the viable tissue, resulting in energy and

time consumption, and postponing the healing process

(Gu et al. 2009).

The WVTR of the electrospun mats displayed in

Table 3 is considered suitable for use as a wound

dressing material. The WVTR for normal skin is

204 g/m2 day, while for injured skin it may range

from 279 g/m2 day for a first-degree burn to

5,138 g/m2 day for a granulating wound. It has been

noted that a WVTR of 2,500 g/m2 day, which is in the

mid-range of water loss from injured skin, would

Table 3 Permeability coefficient (P) of O2 and CO2 and the

water vapor transmission rates for the electrospun mats

Material PO2

(Barrer)

PCO2

(Barrer)

WVTR

(g/m2 day)

M 9 9 106 1 9 107 1,353

MCNCHCl 2 9 108 2 9 108 1,879

XMCNCHCl 6 9 107 6 9 107 1,202

1 barrer = 10-10 cm3 (STP) cm/(cm2 s cmHg)

The standard temperature and pressure (STP) = 273.15 K,

1 bar
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provide a sufficient level of moisture around the

wound (Gu et al. 2009; Mi et al. 2001).

Cytocompatibility Figure 8a–c shows the cytocompati

bility of the CNCHCl as well as electrospun

nanocomposite fiber mats towards ASCs and L929 cell

line in direct contact system.The results,which are shown

in Fig. 8, exhibited non-cytotoxic impact on cell growth

and no zone of inhibition, as compared to negative (non-

cytotoxic) control as opposed to positive (cytotoxic)

control, where zone of inhibition is clearly visible.

Morphology and cell density in the presence of

biomaterials are similar to those in negative control.

However, the morphology and cell density of cell culture

in the presence of CNCHCl indicates a low level of stress

(shining parts in Fig. 8a).

Moreover, the biomaterials were stained with MTT

(detection of viable cells) with the sole purpose being

Fig. 8 Cytocompatibility studies towards ASCs and L929 cell

line in direct contact system a cytocompatibility of CNCHCl

towards ASCs, b cytocompatibility of CNCHCl towards L929

cell line and c cytocompatibility of electrospun mats (MCNCHCl

and XMCNCHCl). The cells in contact with all materials have

morphology close to negative (non-cytotoxic) control
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better visualization of possible zone of inhibition. No

zone of inhibition of cell growth was observed, so the

biomaterials are regarded as non-cytotoxic. Some

earlier studies reported non-cytotoxicity of nanocel-

lulose and nanochitin as well (Dong et al. 2012;

Rodrı́guez et al. 2012;Mathew et al. 2014; Naseri et al.

2014).

Conclusions

Flexible porous nanocomposite fiber mats based on

chitosan–polyethyleneoxide-cellulose nanocrystals

were successfully produced using electrospinning

technique and characterized for use as wound dressing

material. The surface characteristics of the nanocrys-

tals were studied and the results showed the effect of

surface charges on the dispersion, conductivity, vis-

cosity and zeta-potential of the spinning solutions as

well as spinnability and properties of the electrospun

fibers. CNCHCl based system showed more stability

during spinning and the associated fibers and mats

were continuous and more homogenous with low level

of defects. Furthermore, the results obtained for the

mechanical properties, showed that using genipin as

crosslinker not only improved the mechanical proper-

ties of the electrospun MCNCHCl but also increased

the moisture stability of the mats. The crosslinked

mats, reinforced with 50 wt% CNCHCl had a high

tensile strength of 58 MPa and modulus of 3.1 GPa

due to good integration of CNCHCl into the matrix.

Moreover, the mats showed permeability to O2 and

CO2 as well as compatibility towards adipose derived

stem cells after 7 days; thus, they are a potential

candidate for use as wound dressing material.
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a  b  s  t  r a  c t

This  paper deals with  the  effect of solution properties  and  nanoparticle  surface  chemistry on the
spinnability  of a chitosan/polyethylene oxide (PEO)  with  high  concentration (50  wt%)  of chitin  and  cel-
lulose  nanocrystals and the properties  of the resultant  nanocomposite fibers/fiber  mats.  Electrospinning
dispersions  with  cellulose  nanocrystals  having  sulphate surface  groups  showed poor  spinnability  com-
pared  to chitin  nanocrystals  with  amide and  amino groups. Chitin nanocrystal based dispersions  showed
good  spinnability and  continuous  fiber formation whereas  cellulose  nanocrystal  system showed discon-
tinuous  fibers  and  branching. The viscosity  and  surface tension  are  shown to impact  this  behavior, but
conductivity  did not.  Poor spinnability observed  for  cellulose  nanocrystal based  fibers was  attributed
to  the coagulation of  negatively  charged  cellulose  nanocrystals and positively charged  chitosan. The
study  showed that  the nanocrystal  surface charge  and interactions with  the chitosan/PEO matrix have  a
significant  impact on the  spinnability  of bionanocomposites.

© 2016 Elsevier  Ltd.  All rights reserved.

1. Introduction

Electrospinning, is  a well-established technique patented by
Formhals in 1934. This technique generates polymeric fibers with
diameters ranging from 2 nm to  several micrometers driven by
an  external high electric potential applied to  polymer solution
or  melt (Bhardwaj & Kundu, 2010; Formhals, 1934; Ramakrishna,
Fujihara, Teo, Lim, &  Ma,  2005). Moreover, this technique is  able
to  produce continuous fibers and mats with control over pore
structure. More recently, this technology has been re-looked at by
researchers because of the huge interests in nanoscience and owing
to  its potential to generate nanofibers (Bhardwaj & Kundu, 2010;
Chattopadhyay, Hatton, & Rutledge, 2016; Herrera, Mathew, Wang,
&  Oksman, 2011; Huan, Bai, Liu, Cheng, & Han, 2015; Wang et al.,
2016). Development of nanofibers has attracted much interest due
to  their fascinating properties such as very high surface area to vol-
ume  ratio, flexibility in  surface functionalities and wide range of
polymers (about 50 polymer reported) have been used in  electro-
spinning to form nanofibers resulting in their possible use in  a  wide
range of applications such as medical, pharmaceutical, food pack-
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aging and filtration (Chattopadhyay et al., 2016; Ramakrishna et al.,
2005; Torres-Giner, Gimenez, & Lagarón, 2008; Wang et al., 2016).

Electrospun nanofiber mats are not strong enough for many
applications due to  their low molecular chain orientation of indi-
vidual  fibers, non-woven and highly porous structure and weak
fiber–fiber connection via physical entanglement (Ayutsede et al.,
2006). Therefore, a  large number of studies have been performed
to  enhance the mechanical properties of electrospun nanofibers.
Incorporation of robust nanoparticles into polymer matrices has
been  developed as one of the most effective techniques to
strengthen electrospun nanofibers (Jin, Lee, Jeong, Park, & Youk,
2005; Sambudi, Sathyamurthy, Lee, & Park, 2015). Recently, the
research  effort has been focused on the use of bio-based nanopar-
ticles  such as cellulose nanocrystals and chitin nanocrystals as
highly  effective reinforcements for improving the mechanical prop-
erties  of  various electrospun polymer matrices due to their high
strength and stiffness among other natural biopolymers (He et al.,
2014; Herrera et al., 2011;  Jacobs, Anandjiwala, John, Mathew,
& Oksman, 2010; Naseri et al., 2014; Naseri, Mathew, Girandon,
Fröhlich, & Oksman, 2015; Zhu, Liang, & Ji, 2015). Another poten-
tial method to increase the strength and stiffness of electrospun
nanofibers is to align individual fibers along the fiber length direc-
tion  (He et al., 2014; Herrera et al., 2011). He et al. (2014) reported
well-dispersed CNC (20 wt%) with high degree of orientation along
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the fiber alignment direction increased the elastic modulus and
the  tensile strength by 172% and 102%, respectively. If the two
methods were merged, the electrospinning could become an appro-
priate technique for production of high performance nanofibers
(He et al., 2014; Herrera et al., 2011). Although electrospinning
has  been verified to be a simple and versatile technique, a  num-
ber  of processing parameters can greatly affect the resultant fiber
morphology and diameter. Solution properties include viscosity,
molecular weight, conductivity, and surface tension. Processing
parameters include the applied voltage, the distance between the
tip  of spinneret and the collector, the type of collector and the flow
rate  of the solution. Ambient temperature and humidity also play
an  important role on the properties of generated fibers (Bhardwaj &
Kundu, 2010; Ramakrishna et al., 2005). Naturally, high molecular
weights and electrical charges of some polysaccharides like chi-
tosan  result in high viscosity and therefore poor spinnability which
makes understanding of spinning solution properties highly rele-
vant (Homayoni, Ravandi, & Valizadeh, 2009; Mazoochi & Jabbari,
2011; Ohkawa, Cha, Kim, Nishida, & Yamamoto, 2004).

The  spinning solution properties can be even more complex
when  nanocomposite fibers are targeted (Naseri et al., 2014; Naseri
et  al., 2015). Moreover, CNC has shown difficulty to disperse in a
continuous phase because of its large specific surface area and the
presence of free hydroxyl groups on the surface resulting in a great
tendency for self-aggregation due to  the formation of strong hydro-
gen bonds (Habibi, Lucia, & Rojas, 2010; Hooshmand, Aitomäki,
Skrifvars, Mathew, & Oksman, 2014; Hooshmand, Cho, Skrifvars,
Mathew, & Oksman, 2014; John, Anandjiwala, Oksman, & Mathew,
2013). Our earlier studies indicated that the presence of specific
functional groups on the surface of nanocrystals affects the inter-
action  of nanocrystals with various polymer matrices and other
entities (Naseri et al., 2015). The isolation conditions and the source
of  nanoparticles can affect the dimensions of  nanocrystals, the
surface characteristics and geometries. Depending on the type of
mineral acid used in the isolation process, surface functionalities
of  nanocrystals can be tailored (Araki, Wada, Kuga, & Okano, 1998;
Elazzouzi-Hafraoui et al., 2008,  Liu et al., 2014; Mathew et al., 2014;
Naseri et al., 2015). Sulfuric acid hydrolysis resulted in more stable
colloidal dispersion of nanocrystals due to  electrostatic repulsion
caused by highly negatively charged sulphate groups on the sur-
face (Elazzouzi-Hafraoui et al., 2008). Liu et al. (2014) reported that
chitin  nanocrystals isolated by hydrochloric acid hydrolysis have
either  positive or negative charges depending on the pH.

It  was considered that the fundamental understanding on the
correlation between surface characteristics of these nanocrystals
on  the spinning solutions and the properties of resulting fibers
are highly important. Also it is  worth mentioning that the high
concentration of the nanocrystals used in  this study makes the pro-
cessing extremely challenging. In the current study, the dispersion,
morphology, zeta potential, electrical conductivity, as well as  vis-
cosity, surface tension, contact angle and crystallinity are studied
and  reported.

2. Experimental

2.1. Materials

Medium Mw chitosan (Mw  ∼ 190,000–310,000 and
DD  = 75–85%) and polyethylene oxide (Mw  ∼ 1,000,000 and
inhibited with 200–500 ppm BHT) were supplied by Sigma-Aldrich
GmbH (Germany) in the form of powder.

Crab shell chitin in the form of  flakes was purchased from Sigma-
Aldrich GmbH (Germany) and was used as raw material for isolation
of  chitin nanocrystals.

Table 1
Materials composition and processing parameters.

Sample code M MChNC MCNC

Chitosan/PEO; 1:1 (wt%) 50/50 25/25 25/25
ChNC  (wt%) – 50 –
CNC  (wt%) – – 50

Acetic  acid (wt%) 50 50 50
Final  solution concentration (wt%) 3 3 3

Voltage  (kV) 25 16  20
Tip  to  collector distance (mm) 155 130 80
Flow  rate (mL/h) 13 10 10

Microcrystalline cellulose (MCC) was supplied by Vivapur® (JRS
Pharma, Germany) and was  used as raw material for isolation of
cellulose nanocrystals.

Acetic acid 96%, used as solvent and hydrochloric acid 37%
and  sulfuric acid 98% for analysis were supplied by Merck KGaA
(Germany).

2.2.  Methods

2.2.1. Isolation of nanomaterials
Chitin nanocrystals (ChNC) were isolated from crab shells using

hydrochloric acid hydrolysis according to  the procedure reported
by  Nair and Dufresne (2003).  The raw material was  boiled in  5 wt%
KOH  solution for 6 h under stirring in order to remove proteins.
Afterwards, the suspension was  washed with distilled water and
then bleached with chlorite at 80 ◦C for 6 h. Thereafter, the bleached
suspension was  washed followed by bleaching during overnight
treatment using 5 wt%  KOH and then concentrated using centrifuge.
After that, the purified chitin was hydrolyzed using HCl 3 N for
90  min  at 80 ◦C under stirring. After hydrolysis, the excess acid
was  removed by centrifugation until the turbid supernatant was
achieved. The isolation process was completed by neutralization
against deionized water. Then, the suspension was sonified to  indi-
vidualize the nanocrystals.

Cellulose nanocrystals (CNC) were isolated from MCC  using
H2SO4 hydrolysis based on the procedure described by Bondeson,
Mathew, & Oksman (2006). 120 g MCC  was added to  1200 mL  sul-
furic acid (63.5%) in an ice bath under stirring. The suspension was
heated up to 44 ◦C for 130 min  under stirring. Then, the suspen-
sion was  centrifuged for 10 min  at 12,000 rpm until the supernatant
became turbid. The nanocrystal suspension was neutralized against
deionized water through dialysis. Thereafter, the suspension was
sonified in an ice bath in order to separate the nanocrystals.

2.2.2. Preparation of electrospinning solutions and fiber mats
The  electrospinning solutions were composed of chitosan and

PEO  mixture with (1:1) mass ratio as  the matrix phase and ChNC or
CNC  as the reinforcing phase. The final concentration of solutions
was  3 wt%  and aqueous acetic acid 50 wt% was used as solvent. Chi-
tosan blended with PEO was electrospun and used as control. In
Fig. 1,  the general procedure for preparation of the electrospinning
solutions (ES) is shown. The materials composition as well as  the
optimized processing parameters are summarized in  Table 1.

2.3.  Characterization

Flow birefringence study was  used to evaluate the dispersion
of  nanocrystals in the electrospinning solutions (Heux, Chauve, &
Bonini,  2000). The solution comprising nanocrystals was placed
between two cross-polarized filters. The solutions were diluted to
0.01  wt% concentration before testing. This test is also performed
for all the spinning solutions with 1 wt% concentration.
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Fig. 1. Procedure for preparation of electrospinning solutions.

Optical light microscopy (OM) observations of diluted electro-
spinning solutions and electrospun fibers were done using Leitz
Dialux  optical microscope (Leica DFC 290, Wetzlar, Germany) to
get  an overview about the dispersion and the morphology of fibers.
Fibers were placed on glass slides after 1 min  spinning and then
observed under OM.

In order to study the nanocrystals structure and the elec-
trospinning solutions as well as nanostructured morphology of
electrospun fibers in  more detail, atomic force microscope (AFM)
Nanoscope V (Veeco, USA) at a  resonance frequency of 70 kHz and
spring constant of 1–5 N/m was used. Surface roughness (Rq) was
measured from the AFM height images scanned over 1.5 × 1.5 �m2

of the fibers. The reported values are the mean values of five mea-
surements.

Light  transmittance through nanocrystal suspensions as well as
the  spinning solutions was  investigated using a  Perkin Elmer UV/Vis
spectrometer Lambda 2S (Überlingen, Germany). The wavelength
(�)  parameter varied between 700 and 300 nm with a scan rate of
120  nm/min.

Zeta potential (�) was performed to study the surface charac-
teristics of nanocrystals and the electrospinning solutions (with
concentration of 0.05 wt%) at different pH using a zeta sizer nano
ZS  (Malvern, UK) at 25 ◦C.

Electrical conductivity of nanocrystals and the electrospinning
solutions were measured using SevenEasyTM conductivity meter,
METTLER TOLEDO AG (Schwerzenbach, Switzerland). This test was
done  at 25 ◦C and the reported values are the mean values of three
measurements.

Viscosity of nanocrystals and electrospinning solutions were
measured using SV-10 vibro viscometer, A & D Company Ltd (Tokyo,
Japan) at a vibration frequency of 30 Hz. The viscosity values were
reported after three repetitions.

Surface tension of the spinning solutions was measured at room
temperature with a Wilhelmy plate method using a processor ten-
siometer K100, Krüss (Hamburg, Germany). The clear platinum
plate  (Krüss Standard Plate, PL 01) was used. For each solution,
average values from three measurements are reported.

The  structural morphology of the electrospun mats was studied
using JEOL JSM-6460LV scanning electron microscope (SEM) at an
acceleration voltage of  15 kV. The mats were sputter-coated with
gold  for 50 s at 50 mA  to avoid electron charging.

Extreme high-resolution scanning electron microscope, MAG-
ELLAN 400 XHR-SEM, FEI Company (Eindhoven, The Netherlands)
was  used for the high-resolution images. The mats were sputter-
coated with gold and observed under SEM at an acceleration voltage
of  3 kV. The diameter of fibers was measured from SEM overview
images using SemAfore software and the size distribution his-
togram is given for each sample based on at least 50 measurements.

The  crystallinity of  both nanocrystals and the nanocomposites
were studied using a  PANalytical Empyrean diffractomer (Almelo,
The  Netherlands). CuK�  radiation source (� = 0.15405 nm) in the
range  of 2� = 4–40◦ was used with a  step intervals of 0.0263◦ and

a  scanning rate of 2.6◦/min. The measurements were performed at
an  acceleration voltage of 45 kV and a  current of 40 mA.  The crys-
tallinity index (CI) of CNC was  calculated using Segal’s empirical
method (Segal, Creely, Martin, & Conrad, 1959), and Eq. 1.

CI(%)  = [(Imax −  Iam)/Imax]  × 100%  (1)

Imax (200) being the intensity value for the crystalline cellulose
(2�  = 22.7◦), and Iam the intensity value for the amorphous cellulose
(2�  = 18◦).

The crystallinity index of ChNC was  estimated using the empir-
ical  equation with the same format applied to  chitosan (Focher,
Beltrame, Naggi, & Torri, 1990; Struszczyk, 1987; Zhang, Xue, Xue,
Gao, & Zhang, 2005).

Imax (110) attributed to  the intensity value for the crystalline
chitin at 2� =  19◦ and Iam is the peak diffraction intensity for the
amorphous chitin at 2� = 16◦.

The  contact angle measurements were done using a dynamic
absorption tester Fibro DAT 112 from FIBRO System AB (New Castle,
USA) at room temperature. Deionized water (4 �L) was dropped
onto the flat surface of the films. The contact angle was  calculated
after stabilization at three different times of the drop life (0.1 s,  1 s,
and 10 s), while only the contact angle at 1 s was considered. The
reported values are the average values of three measurements.

3.  Results and discussion

3.1.  Solution properties

3.1.1. Dispersion
The flow birefringence was  performed prior to  spinning to

understand the dispersion of nanocrystals within the electrospin-
ning solutions. The flow birefringence of nanocrystals in deionized
water was  also studied, as reference. Fig. 2 shows the flow bire-
fringence images of chitin and cellulose nanocrystals in  deionized
water  as well as all the corresponding electrospinning solutions in
chitosan/PEO matrix. It is  obvious that the birefringence pattern for
CNC  was stronger compared to ChNC due to the presence of highly
negatively charged sulphate surface groups, which can form liquid
crystalline phases and stable colloidal system (Favier, Chanzy, &
Cavaille, 1995; Marchessault, Morehead, & Walter, 1959). Further-
more, the birefringence pattern of diluted electrospinning solutions
for  both types of nanocrystals is  similar to  the birefringence pattern
of  nanocrystals in  deionized water confirming non-aggregated and
well-separated nanocrystals in  the electrospinning solutions. So,
it  was concluded that the spinning solutions have well-dispersed
nanocrystals and are suitable for electrospining.

Optical microscopy was  used to ensure the absence of bigger
aggregates of nanocrystals in  the respective spinning solutions and
the  images are shown in  Fig. 2.  According to the images, no visible
aggregates were observed indicating well-dispersed nanocrystals
in  deionized water, which confirmed the results obtained from
flow birefringence. Few aggregates were visible in the ChNC based
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Fig. 2. Flow birefringence and optical microscopy images of nanocrystals and corresponding electrospinning solutions.

spinning solution and the transparency is retained indicating good
dispersion and chemical compatibility between the matrix and
chitin.  However, for the MCNC system, the solution turned opaque
and  some coagulated regions were visible. It  was difficult to  identify
visible aggregates in this system.

Atomic force microscopy (AFM) was used to  study the
nanoscaled dispersion of the crystals within the solutions in more
detail.  Fig. 3 shows the AFM images of  diluted suspension of
nanocrystals (used as reference) and the spinning solutions. Both
nanocrystals (Fig. 3a  and b) showed typical rod-like shape as
reported earlier (Favier et al., 1995; Habibi et al., 2010). The AFM
image  for CNC showed more separated crystals compared to the
ChNC due to their highly negatively surface charge while ChNC
(Fig. 3a) were coarser and more agglomerated than CNC (Fig. 3b).
The  diameters of nanocrystals were measured from the height to
compensate for the tip broadening effect and the values obtained
for  ChNC were in the range of 8–23 nm and for CNC were in  the
range of 2–9 nm.  It  is obvious that the length of ChNC are higher
than CNC, however, it was not possible to measure the accurate
length of the crystals using AFM.

AFM phase images of the spinning solutions are given in
Fig. 3(c–e). The phase image of  the matrix (M)  shows a two-phased
system  consisting of chitosan and PEO regions (Fig. 3c)  and was
reported earlier (Naseri et al., 2015). For the chitin reinforced
(MChNC) and cellulose reinforced system (MCNC) no aggregation
of  nanocrystals was observed at this scale. However, for MChNC
system  (Fig. 3d), the chitin nanocrystals are more homogeneously
integrated within the matrix indicating good chemical compatibil-
ity  between ChNC and the matrix, whereas MCNC system (Fig. 3e)
showed CNC mostly assembled on the surface. It is clear that
CNC  nanocrystals with strong acidic groups as HSO3

− (introduced
while H2SO4 hydrolysis) interacts differently with the chitosan/PEO
matrix compared to HCl hydrolyzed chitin nanocrystals. A similar
behavior was observed in  our earlier report, when comparing cellu-

lose nanocrystals prepared via  HCl hydrolysis and H2SO4 hydrolysis
(Naseri et al., 2015).

UV/Vis spectroscopy was  used to measure the light trans-
mittance through the nanocrystals suspension and the spinning
solutions and the results are shown in Fig. 4a. CNC dispersions had
higher  transmittance compared to ChNC which could be attributed
to their smaller size and lack of aggregations. ChNC, on the other
hand,  can block the light and decrease the light transmittance. In the
case  of spinning solutions, the visual observation (see photographs)
shows that the matrix phase (M)  is  very transparent whereas
the  nanocomposites are translucent. The UV/Vis data showed that
MChNC system had similar transparency as ChNC dispersion indi-
cating that no further aggregation for ChNC occurs in the spinning
solution. On the other hand, mixing of CNC with the matrix resulted
in  a  considerable decrease in light transmittance, which was unex-
pected. This phenomenon could be explained by the effect of
surface  charges of nanocrystals and strong electrostatic interac-
tions  between negatively charged CNC with the positively charged
matrix  resulting in  coagulation of crystals within the matrix, which
was also visually observable. The agglomeration of nanoparticles as
well as the presence of coarse nanoparticles can increase the light
scattering while the light transmittance decreases.

3.1.2. Zeta potential
Zeta potential (�) has been used as an indication of the surface

charge of colloidal particles in the aqueous medium, which means
that  positive zeta potential, is referred to as positively charged
surface (Liu et al., 2014; Naseri et al., 2015). Zeta potential (�)  of
the  nanocrystals suspension and spinning solutions as  a function
of  pH were measured and the results are shown in Fig. 4b.  ChNC
showed positive zeta potential of 41.2 mV  in the acidic condition
(pH  ≈  2.04), which means that ChNC has a  positive surface charge
in  the acidic medium. Furthermore, it showed very low positive
zeta  potential 9.05 mV  at the neutral pH (pH ≈ 7.04). However, in
alkaline conditions (pH ≈ 10.08) ChNC showed a  negative value of
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Fig. 3. AFM height images (5 �m scale bar) of nanocrystals: (a) ChNC and (b) CNC; AFM phase images (5 �m scale bar) of the spinning solutions: (c) M, 9d) MChNC and (e)
MCNC.

−35.9 mV,  which is  in the range reported in  earlier studies (Liu
et  al., 2014). This hetropolyelectrolyte feature is  attributed to  amino
groups, which are positively charged in the acidic pH due to saponi-
fication of acetyl and carboxyl groups, and are negatively charged
at  the alkaline pH (Marchessault et al., 1959). Furthermore, MChNC
showed a positive zeta potential in the range of 33.5–66.8 mV
depending on the pH.

CNC showed a negative value ranging from −27.8 to −40.3 mV  in
the  acidic, neutral and alkaline pH. So, CNC in the whole range of pH
showed a negative zeta potential, which could be attributed to the
negatively charged sulphate groups on the surface. In our earlier
study, we have reported that the spinning solution containing the
matrix phase of chitosan/PEO had a positive zeta potential in  the
range  of 24.5–62.6 mV,  depending on pH (Naseri et al., 2015).

All  the used spinning solutions had a pH of around 2 (due to
acetic  acid medium) and at this pH showed positive zeta potential
values of 24.5–41.2 mV  due to  the positively charged chitosan as
the  matrix phase in the system. The zeta potential values obtained
showed that all of spinning solutions are electrically stable for spin-
ning  (Luque, Varma, Clark, & Kraus, 2012).

3.1.3. Conductivity
Table 2 shows the conductivity data of the spinning solutions.

The  standard deviations are not shown since there were no signifi-
cant  differences after three measurements. Electrical conductivity
values show that ChNC has the lowest conductivity (795 �S/cm)
while CNC has the highest conductivity (2161 �S/cm) due to the
negatively charged sulphate ester groups obtained from the sulfu-
ric  acid hydrolysis and carboxyl groups on the surface. The solution
containing matrix phase of chitosan/PEO has a  conductivity of
1451 �S/cm due to the presence of positively charged chitosan

Table 2
Conductivity, viscosity and surface tension of spinning solutions.

Sample code Conductivity
(�S/cm)

Viscosity
(mPas)

Surface tension
(mN/m)

ChNC 795 – –
CNC  2161 – –
M  1451 1104 34.9
MChNC  1191 416 36.5
MCNC  1173 107 43.2

in the blend. The conductivity significantly increased with the
addition of the matrix phase to  ChNC (1191 �S/cm) due to  the
increase in charge density with the addition of positively charged
chitosan to the system. However, the addition of positively charged
matrix to the negatively charged CNC decreased the conductivity
(1173  �S/cm); which is as a result of the neutralization of charges.
The  conductivity of M,  MCNC as well as MChNC was, however, com-
parable and suitable for electrospinning. It has been reported that
defect free fibers have been prepared using solutions with higher
conductivity (Jarusuwannapoom et al., 2005). In highly conductive
solutions, the electrostatic interactions between the electric field
and the surface charges cause instability of the whipping jet and
difficulties in the formation of Taylor cone. On the other hand, it
was  not possible to produce fibers with solution with zero conduc-
tivity, due to the lack of charges to  overcome the surface tension
and  therefore to form a Taylor cone (Angammana & Jayaram, 2011).

3.1.4. Viscosity
According to  the viscosity results (Table 2), the solution contain-

ing  matrix phase (M)  had the highest viscosity (1104 mPas) and the
incorporation of 50 wt% nanocrystals significantly decreased the



N. Naseri et al. / Carbohydrate Polymers 147 (2016) 464–472 469

Fig. 4. UV/Vis spectroscopy spectra and the visual appearance of spinning solutions
(a);  zeta potential (�) of nanocrystals and the spinning solutions as a  function of pH
(b).

viscosity of the solution to 416 mPas for MChNC and to 107 mPas
for  MCNC system. The values showed that the addition of  50 wt%
nanocrystals within the matrix decreased the solution viscosity in
both cases (62% for ChNC and 90% for CNC). This reduction was
due  to the combined effect of decreased concentration (25 wt%)
of  highly viscous chitosan in the solution and the addition of low
viscosity nanocrystal suspension to  the spinning solution.

3.1.5. Surface tension
The surface tension data given in Table 2  shows that M and

MChNC system have comparable surface tensions whereas MCNC
system has a higher surface tension which might influence its
spinnability. The initiation of the electrospinning process needs
the  charged solution (Coulomb force) to  overcome the cohesive
force of droplet manifested in the surface tension. However, the
low  viscosity of the solution increases the tendency for the solvent
molecules to accumulate under the effect of  surface tension result-
ing  in a low interaction between the solvent and polymer molecules
when the solution is  stretched and thus discontinuity of the fibers
(Ramakrishna et al., 2005).

3.2. As-spun fibers and mat properties

3.2.1. Fiber morphology
Fig. 5 (a–c) shows the optical microscopy of the randomly ori-

ented fibers after 1 min  spinning under the optimized processing
parameters. The solutions containing M and MChNC produced con-
tinuous  fibers, which were more homogeneous with lower defects
(Fig. 5a  and b) compared to MCNC (Fig. 5c).

Furthermore, during spinning the formation of the jet was very
stable for MChNC system (Fig. 5b) probably due to  the stretching of
the  jet of the solution under the electrical field and therefore forma-
tion  of continuous fibers. Fig. 5c shows MCNC non-continuous and
inhomogeneous fibers, probably due to the fact that the instability
of  the whipping jet accelerated the movement of the jet towards the
collector,  preventing complete evaporation of the solvent before
reaching the collector. Fig. 5(d–f) shows the SEM images of the
mats. Randomly oriented network of fibers with porous and very
loose structure was  observed for all of the compositions support-
ing  the information obtained by optical microscopy studies. For the
MChNC based system (Fig. 5e), compatibility of chitin and chitosan
resulted in the formation of uniform fibers verifying successful pro-
duction of defect free fibers. The fiber diameters were measured
using SemAfore software and the size distribution histograms are
given (inset images). It was  obvious that the incorporation of crys-
tals decreased the diameter of fibers compared to the matrix phase
based  system attributed to the reduction of  solution viscosity,
which  resulted in stretching of the fibers (301–1240 nm fiber diam-
eters  for M, 223–966 nm for MChNC, and 227–721 nm for MCNC).
This  is also reflected in  the BET surface area, which increased for the
nanocomposite fiber mats (55–59 m2/g) compared to the matrix
phase fiber mats (54 m2/g).

High-resolution images of the mats (Fig. 5g–i) showed branch-
ing in MCNC based system (Fig. 5i) which was not observed for
M  and MChNC mats (Fig. 5g and h); could be due to  high surface
tension and very low viscosity of the spinning solution. Further-
more,  some indication of higher surface roughness for MCNC mats
compared to M and MChNC mats was observed possibly due to  the
presence of CNC on the surface. To understand this better, the elec-
trospun fibers were observed under the atomic force microscope
(AFM) to study nanostructured surface morphology and also the
dispersion of nanocrystals in more detail and the results are shown
in  Fig. 5(j–l). A multi-phased structure was observed for M system
indicating a phase-separated blend of chitosan and PEO (Fig. 5j). For
MChNC  system, the nanoparticles are embedded within the matrix
and  covered by the polymer phase due to  compatibility of chitin and
chitosan (Fig. 5k). However, for MCNC based system, the nanopar-
ticles are present on the surface probably due to the formation of a
layer of CNC on the matrix phase (Fig. 5l). Roughness values given
in  the images also show the higher surface roughness for MCNC
system  (42.2 ± 11.5 nm)  compared to  M (7.5 ± 2.3 nm)  and MChNC
(11.7 ± 1.0 nm)  indicating the presence of  CNC on the surface of the
fiber.

In general, the poor spinnability and discontinuity of MCNC sys-
tem  could be explained based on the solution properties; viz. the
coagulation of the MCNC system, lower viscosity and high surface
tension.  As the conductivity values are comparable for all of the
spinning solutions, the influence of conductivity on fiber forma-
tion may  be negligible. Also it may  be noted that, to obtain fibers
from  MCNC system, the gap distance was  drastically reduced com-
pared to M and MChNC, to compensate for the low viscosity and
poor  stretchability of the jet.

In  the case of M  and MChNC, the high viscosity and relatively low
surface  tension favors good fiber formation. When the viscosity is
too  high, it will cause difficulties for the jet to stretch. On the other
hand,  solutions with very low viscosity as in the case of MCNC can
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Fig. 5. Optical microscopy images of the fibers (a–c); SEM images (10 �m  scale bar)  of  the mats and the size distribution histograms (d–f); XHR-SEM images (1 �m  scale bar)
of  the mats (g–i); AFM phase images (1.5 �m scale bar) of the fibers after 90 s spinning (j–l).

lead to fewer chain entanglements and splitting of the jet up into
smaller jets and formation of branches. When the polymer chain
entanglements in the solution (measured as viscosity), is optimal
(as  in the case of M and MChNC) the charges on the jet will be able to

entirely stretch the solution and therefore produce homogeneous
and  continuous fibers (Klossner, Queen, Coughlin, &  Krause, 2008;
Ramakrishna et al., 2005).
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Fig. 6. XRD patterns of the nanocrystals and the nanocomposites.

3.2.2. Crystallinity
Fig. 6a shows the X-ray diffraction results obtained for the

nanocrystal films. CNC shows two diffraction peaks at 2� ≈ 15.5◦,
16.2◦, which are merged since they are very close and one peak
at  22.7◦, indicating the typical XRD pattern of cellulose I  (Segal
et  al., 1959). ChNC present the typical �-chitin structure with
two  strong peaks at 2� ≈ 9.1◦ and 19◦ and three weak scatter-
ing peaks at 2� ≈ 20◦, 22.9◦ and 26◦ which are similar to earlier
reports  (Focher et al., 1990; Struszczyk, 1987; Zhang et al., 2005).
The  crystallinity index (CI)  of nanocrystals was calculated and the
results showed ChNC had higher crystallinity (92%) compared to
CNC  (72%), probably due to the more uniform hierarchical structure
of  chitin (Rinaudo, 2006).

The chitosan/PEO matrix mats (Fig. 6b) showed peaks at
2�  ≈ 19.1◦ and 23.2◦ and one broad peak at 2� ≈ 9.3◦ which are
similar to earlier reports (Zivanovic, Li, Davidson, & Kit, 2007,
Pakravan, Heuzey, & Ajji, 2012). The peak at 2� ≈ 23.2◦ is  attributed
to  the crystalline phase of PEO and 2� ≈ 9.3◦ is due to chitosan (see
Supporting information, S). Due to  overlapping of  the two  peaks
corresponding to  chitosan and PEO at 2� ≈ 19.1◦ it is  difficult to
resolve them. The peak intensities were similar in the case of all
the  spun mats indicating that orientation effects due to nanocrys-
tals  are not significant. XRD patterns of the mats also indicated that
crystallinity of the matrix and the nanocrystals are retained after
spinning. In the nanocomposite mats, the crystalline peak due to
CNC  was observed at 2� ≈ 22.2◦.  In the case of ChNC, the peaks over-
lapped with matrix, but the peak intensities at 2� ≈ 9.1◦ and 19.1
increased indicating the presence of crystalline chitin. It is  however
not  possible to obtain any information on nanocrystal orientation
from this study.

Table 3
Contact angle of nanocrystals cast films and the electrospun mats.

Sample type Sample code Contact angle (◦)

Films ChNC 18.4  ± 1.4

CNC 46.1  ± 2.7

Mats M 45.3  ± 0.2
[64.2 ± 3.9]

MChNC 18.9  ± 0.9
[42.3 ± 1.7]

MCNC 32.15 ± 1.2
[44.1 ± 0.7]

3.2.3. Wettability
Water contact angle measurement was used to evaluate the

wettability of electrospun mats and the results are shown in Table 3.
Corresponding cast films were used for comparison. ChNC and CNC
film  surfaces showed hydrophilic nature with contact angles lower
than 90◦; ChNC being more hydrophilic than CNC. The compacting
of  CNC during film formation and resultant low porosity may  be the
reason  for low wettability compared to ChNC.

All  mats showed hydrophilic nature as expected due to  the
hydrophilic nature of the matrix phase as well as the nanocrystals
used  (Herrera, Mathew, & Oksman, 2014; Wenling et al., 2005).
The  matrix phase has a higher contact angle (lower wettability)
compared to the nanocomposite indicating that the addition of the
nanocrystals favors the wetting of the nanocomposite. The high
wettability of the electrospun mats compared to the corresponding
films (data shown in brackets) is  a  direct outcome of the porosity
of  the mats. The low contact angle of MChNC mats (18◦) is  inter-
esting  and shows significantly higher hydrophilicity of these mats
compared to M system as well as  MCNC ones. The higher contact
angles  of  MCNC mats may  also be attributed to the presence of CNC
on the surface, as shown by  the AFM images.

4.  Conclusion

Surface characteristics of cellulose and chitin nanocrystals were
found  to  affect the dispersion and the properties of the spinning
solutions as well as the spinnability and final properties of the pro-
duced fibers. According to the results obtained, chitin reinforced
system (MChNC) showed better spinnability and the respective
mats were more homogeneous and showed continuous fibers.
This was explained by  the better dispersion of ChNC within the
chitosan/PEO matrix, indicating good compatibility between the
matrix  (M)  and ChNC as well as the optimal viscosity and low
surface tension. Optical transparency study showed a consider-
able  decrease in light transmittance for cellulose reinforced system
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(MCNC), probably due to highly negatively surface charge of CNC
and  strong electrostatic interactions resulting in coagulation of
crystals within the matrix. Furthermore, the combination of low
viscosity and high surface tension of MCNC system resulted in the
formation of discontinuous fibers, inhomogeneity in diameters, for-
mation of branched fibers, and also higher surface roughness of the
produced fibers.

All of the electrospun mats showed hydrophilic nature and wet-
tability  attributable to  their porous nature and hydrophilicity of
the  component phases; the low contact angle of MChNC mats (18◦)
indicates significantly higher hydrophillicity of these mats com-
pared  to M as well as  MCNC system.
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3-Dimensional porous nanocomposite scaffolds
based on cellulose nanofibers for cartilage tissue
engineering: tailoring of porosity and mechanical
performance†
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Fully bio-based 3-dimensional porous scaffolds based on freeze-dried cellulose nanofibers (70–90 wt%)

stabilized using a genipin crosslinked matrix of gelatin and chitosan were prepared. Morphology studies

using scanning electron microscopy showed that the scaffolds have interconnected pores with average

pore diameters of 75–200 mm and nanoscaled pore wall roughness, both favorable for cell interactions

with cartilage repair. X-ray tomography confirmed the 3-dimensional homogeneity and interconnectivity

of the pores as well as the fibrillar structure of the scaffolds. The compression modulus of the scaffolds

(1–3 MPa) at room conditions was higher than natural cartilage (z1 MPa). The lowered compression

modulus of 10–60 kPa in phosphate buffered saline (PBS) at 37 �C was considered favorable for

chondrogenesis. The current study therefore successfully addressed the challenge of tailoring the pore

structure and mechanical properties simultaneously for cartilage regeneration. Furthermore, the

scaffolds' high porosity (z95%), high PBS uptake and good cytocompatibility towards chondrocytes are

considered beneficial for cell attachment and extracellular matrix (ECM) production.

1 Introduction

Articular cartilage is an avascular, non-innervated tissue
composed mostly of extracellular matrix (ECM) with a sparse
population of chondrocytes distributed throughout the tissue
and 70–85 wt% of water.1 Due to its poor cell density and lack of
blood vessels, cartilage has a very limited capacity to repair itself
from defects caused by trauma or aging. In this respect, devel-
oping new tissue engineering approaches to repair cartilage
defects and to restore cartilage function are of great interest.2,3

Due to good biocompatibility, natural biomaterials such as
chitosan, gelatin, alginate and collagen have been used as raw
materials for scaffolds in so tissue engineering.3–9 These
natural polymers support the cell growth and regeneration.
However, their use is limited because of their lower mechanical
properties when compared to synthetic polymers, especially
load behaviour requirements necessary to allow proper cell
proliferation.10–12

In cartilage tissue engineering, scaffolds are expected to
imitate the functions of damaged cartilage and provide a 3-
dimensional (3D) environment for cell growth and ECM
production.3,4 Typically, the tailoring of scaffold porosity with
pore sizes in the range of 200–300 mm is considered a bench-
mark for cartilage regeneration.4,13 Such porous scaffolds can be
prepared using many different processes, such as freeze-drying,
CO2 foaming, electrospinning or cryogelation, with a wide
variety of polymers as found in literature.5,14–16

Chitosan and gelatin based scaffolds have been reported to
be benecial for so load bearing tissues. Positive charges on
the surface of chitosan can promote chondrocyte growth thus
benecial for cartilage repair.3,4 Gelatin is partially derived from
collagen, which is the main protein component of connective
tissues as cartilage, skin and bone. Furthermore, a blend of
these polymers absorbs water and forms a hydrogel whereby
allowing uid to be retained in the scaffold structure leading to
a higher compression modulus similar to natural so
tissue.4,13,17,18 A recent study on chitosan/gelatin blends with
random and aligned pore structures prepared with a freeze-
drying process showed a compression modulus in the range
of 5 kPa (for randomly aligned scaffolds) to 30 kPa (in the
vertical direction of the aligned scaffold), when tested at 37 �C
aer conditioning in PBS medium.18

To enhance the mechanical performance of biopolymers and
their blends, different types of reinforcements obtained from
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natural materials have been used; the most important examples
being derivatives of cellulose and chitin.8,9,14,15 Our earlier studies
have also demonstrated that solution cast brous nanocomposite
structures with high cellulose nanobers concentrations (75 wt%)
and collagen provide mechanical performance suitable for liga-
ments.8,9 Also, our previous studies have demonstrated the non-
cytotoxicity of nanocellulose from different sources and their
potential in medical applications.15,19,20

In the current study, 3D nanocomposite scaffolds for carti-
lage regeneration were processed via freeze-drying technique,
where porous cellulose nanober structures were bound
together and mechanically/dimensionally stabilized using low
amounts of crosslinked chitosan/gelatin blend system. The pore
structure developed during the processing is expected to impact
the moisture uptake and mechanical performance of the resul-
tant scaffolds. Moreover, the pore structure and sizes, which
favor the movement of uids through the scaffold, creating drag
forces,21 as well as the development of ECM, is known to
contribute to the load bearing under in vivo conditions. Though
tailoring of mechanical properties using nanocellulose have
received some attention in tissue engineering,8,9,22 limited
studies are available on tailoring the pore structure in biona-
nocomposites and understanding the effect of porosity on the
mechanical performance. It is highly challenging to tailor the
pore structure and mechanical properties required for tissue
regeneration, simultaneously, as increase in porosity generally
decreases the mechanical properties and vice versa. The pore
structure and porosity of the scaffold was tailored in the current
study by varying the suspension concentrations, bers/matrix
ratio and crosslinking with the aim to obtain optimal mechan-
ical properties and chondrocyte attachment and proliferation to
obtain extracellular matrix of optimal quality. It was expected
that these 3D porous structures could act as templates for the
formation of new tissue and act as guidance for cell growth while
facilitating nutrient and oxygen transport.

The structural morphology of the produced scaffolds was
observed by scanning electron microscopy (SEM) and X-ray
tomography. Mechanical properties in room condition and in
PBS medium, moisture uptake, density and porosity, as well as
in vitro biodegradation and cytocompatibility towards chon-
drocytes were also investigated.

2 Experimental
2.1 Materials

High-purity cellulose from sowood bers (Norwegian spruce)
with high cellulose content (95% cellulose, 4.5% hemicellulose
and 0.1% lignin content as provided by Domsjö Fabriker AB,
Sweden) was used as starting material for the production of
cellulose nanobers. Medium Mw chitosan (DD z 75–85%),
acetic acid, gelatin, as well as phosphate buffered saline (PBS)
and genipin were purchased from Sigma-Aldrich, Germany.

2.2 Methods

Processing of cellulose nanobers. Cellulose bers were
dispersed in distilled water at a concentration of 2 wt% using

a mechanical blender, Silverson L4RT (England), at 6000 rpm
for 15min. Then, the suspension was ground using an ultra-ne
grinder, MKCA 6-3 from Masuko (Tokyo, Japan) to obtain
nanobers (CNF), following the procedure reported by Mathew
et al.9 As the pore structure required for the cartilage application
is in micron scale range,4,13,23,24 the brillation process was
aimed towards obtaining relatively coarser brils as they are
expected to give larger pore sizes for the scaffold compared to
their ner counterparts.

The atomic force microscopy of the prepared nanobers
(Fig. 1a) showed nanosized bers with diameters in the range of
19–38 nm (Fig. 1b), based on the measurements using the
Nanoscope V soware (Santa Barbara, CA, USA). The diameter
of nanobers was measured from the height to compensate the
tip broadening effect. The photograph of the gels of CNF ob-
tained aer grinding is also shown (Fig. 1c).

The suspension was centrifuged for 30 min and the rotor
speed was 1500 rpm to remove water and obtain highly
concentrated gel, typically between 7 and 10 wt%, which was
used for scaffold processing.

Processing of the nanocomposite scaffolds. The matrix
(gelatin/chitosan), the nanobers and the genipin were mixed
in a one step process and crosslinked in situ. The gelatin

Fig. 1 (a) Atomic force microscopy height image of cellulose nano-
fibers from high purity cellulose; (b) diameter determination based on
the height; (c) the photograph of CNF gel; (d) the whole processing
route for the preparation of porous scaffold, and (e) the photograph of
the produced scaffold.
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(G)/chitosan (Ch) mixture in a ratio of (9 : 1) was dissolved in
0.01% acetic acid medium containing 0.004 M genipin solution.
Gelatin/chitosan mixture in the ratio of 9 : 1 is referred to as the
matrix (M) throughout the manuscript. The nanober suspen-
sions were mixed with this solution in appropriate amounts to
obtain nal nanocomposites with different compositions. All
samples were placed in plastic Petri dishes, frozen at �30 �C
and freeze-dried at �70 �C in a vacuum (0.0026 mbar). The
complete process with a photograph of the produced scaffold is
shown in Fig. 1d and e, respectively. All scaffolds prepared in
this work and their compositions are listed in Table 1.

2.3 Characterization

Scanning electron microscopy (SEM). The samples were
cryogenically fractured to preserve the structure and SEM
micrographs were acquired with a SEM JEOL JSM-6460LV at
voltages of 5 and 15 kV. All samples were sputter-coated with
gold for 50 s at 50 mA to avoid electron charging. The pore sizes
were measured from the SEM images using SemAfore.

For high-resolution images, MAGELLAN 400 XHR-SEM (FEI
Company, Eindhoven, The Netherlands) was used. The samples
were placed on carbon tape, coated with tungsten, and observed
under the SEM at an acceleration voltage of 3 kV.

X-ray tomography. 3D structure of pores was reconstructed
using a Zeiss XRadia XRM 520 X-ray tomograph. For these
images, an X-ray tube voltage of 40 keV was used, which results
in a broad spectrum of X-ray energies, with amaximum of about
40 keV. No lter was used on the source. The beam produced by
the source is a cone-beam, which provides a geometrical
magnication of the image depending on the source–detector
distance and the position of the sample between the two. In this
case the sample was placed at 9 mm from the source and 9 mm
from the detector. 1601 radiographs were acquired over 360�

with an exposure time of 2 s and 12 s per projection, respectively
for the 4� and 20� images. The tomographic reconstruction
was performed using the Zeiss reconstructor soware with
a correction for the center of rotation.

Density and porosity. The density was calculated by cutting
approximately cubic samples, measuring all dimensions,
weighing them and dividing the weight by the volume. Each
measurement was taken three times and the results reported

are based on the average values. Porosity of the scaffolds was
evaluated based on the weight and density of the scaffolds. The
porosity was dened as the volume fraction of the voids (Vv) and
was calculated using the following equation.22,23

v ¼ 1� re

rt

1where re is the experimental density of the scaffold and rt is
the theoretical density of a non-porous scaffold. The densities of
CNF, gelatin and chitosan were taken as 1.54, 0.98 and 0.235 g
cm�3, respectively.

Nanoscaled pores were measured using a Micromeritics
ASAP 2000 instrument and the average pore diameters were
determined from nitrogen adsorption measurements at 77 K
using the BET method. The measurements were performed
aer degassing the samples at 100 �C for 48 h in dry N2 ow.

Moisture uptake. The moisture uptake measurements were
performed in PBS medium. The samples were dried overnight
in a vacuum oven at 80 �C, immediately weighed (Wd) and
thereaer immersed in PBS. Weights were taken at different
time intervals (t), i.e. 30 s aer immersion and another one 3
days later (Wt). Every time the excess water was removed by
gently tapping the samples on a dry so tissue paper. The
moisture uptake was calculated according to the following
equation.

Moisture uptake (%) ¼ [(Wt � Wd)/Wd] � 100 (2)

In order to assess the swelling of the matrix phase, samples
were dried in the vacuum oven and weighed as described above
and placed in a 95% moisture desiccator. The samples were
weighed every two days for two weeks in order to follow the
weight gain until equilibrium. The moisture uptake was calcu-
lated using the same equation as above.

Compression tests. All compression tests were performed at
37 �C using a TA Instruments DMA Q-800 (New Castle, DE, USA),
according to an adapted version of the D11621-94 standard test
method. The samples were cut into square pieces with sides
between 5 and 10 mm. The thickness was about 10 mm for dry
tests and the displacement rate was 100 mm min�1 with the
contact force of 0.05 N. The compression moduli were calcu-
lated as the slope of the stress–strain curve in the linear region,
below 15% strain.

For tests in PBS, the sample thickness was about 5 mm and
the cut samples were immersed in PBS for 24 h before testing.
The displacement rate for moduli calculation was 400 mm
min�1 and the initial contact force was 0.02 N, slightly adapted
according to the specic rigidity of each type of sample (up to
0.05 N). Compression tests were also performed in PBS at
varying strain rates ranging from 100 mm min�1 to 400 mm
min�1 to evaluate viscoelasticity. Each test was performed at
least ve times and the average values were reported.

In vitro biodegradation. The biodegradation of scaffolds was
investigated using conventional technique. In this method, the
dried specimens were immersed in PBS under pH 7.4 and
stored in a thermostatically shaking water bath at 37 �C for up
to 28 days. The samples were removed at different times. The

Table 1 Composition, density, porosity and average pore size of the
processed samplesa

Sample CNF (g) M (g) Sample code
Density
(g cm�3)

Porosity
(%)

Average pore
size (mm)

1 4 0.0 CNF4 0.069 95.5 —
2 4 0.4 CNF4-M0.4 0.062 95.6 153 � 53
3 4 0.4 X-CNF4-M0.4 0.066 95.3 68 � 49
4 4 1.1 X-CNF4-M1.1 0.061 95.1 58 � 35
5 4 2.2 X-CNF4-M2.2 0.065 94.2 59 � 18
6 5 0.5 X-CNF5-M0.5 0.076 94.6 90 � 71
7 6 0.6 X-CNF6-M0.6 0.093 93.4 65 � 51

a M: matrix composed of gelatin/chitosan (9 : 1), X: crosslinked.
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pH of the PBS solution was measured by pH meter and then
replaced with fresh PBS each time. Aer removal of samples, the
surface of the specimens was gently blotted by so tissue paper
in order to remove water. The specimens were then completely
dried in a vacuum oven at 50 �C until a constant weight was
achieved, and then they were weighed. The weight loss was
calculated using the following equation.

Weight loss (%) ¼ [(W0 � Wt)/W0] � 100 (3)

W0 is the sample's original weight, and Wt is the weight of the
specimen at time (t).

Cytocompatibility studies
Cytocompatibility of the CNF. CNF lms were xed to cell

culture dishes and the cells (adipose derived stem cells (ASCs)
and L929 cell line) were seeded evenly throughout the cell
culture dish. The impact of the biomaterial on cell growth and
morphology was monitored and documented with
photographs.

Cytocompatibility of the scaffolds. Cytocompatibility of the
scaffolds was monitored in a direct contact testing system
according to ISO 10993. The biomaterials were xed in cell
culture vessels and cells, namely chondrocytes, were seeded on
the biomaterial, (0.5 � 106 cells per ml) in cell culture media
supplemented with 10% FBS (Fetal Bovine Serum). The scaf-
folds with cells were incubated at 37 �C in 5% CO2 for 7 days.
Aer 7 days the biomaterials were stained with MTT (3-(4,5-
dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) and
inspected for the presence of live cells on the upper surface of
the scaffolds. Biomaterial with no seeded cells was regarded as
a negative control.

3 Results and discussion
3.1 Morphology and pore structure of scaffolds

The SEM images were evaluated to understand the effect of
crosslinking and suspension composition on scaffold
morphology. CNF4-M0.4 and X-CNF4-M0.4 (Fig. 2a and b) showed
the pore sizes in the micrometer range in both cases. Uncros-
slinked scaffolds had a wide distribution in pore size (Fig. 2a)
while crosslinking slightly enhanced the overall homogeneity of
the structure and decreased the pore size (Fig. 2b).

The morphologies of X-CNF4-M0.4, X-CNF4-M1.1, and X-CNF4-
M2.2 with varying the matrix content are compared in Fig. 2c–e.
Fig. 2c shows CNF bound by the matrix forming an inter-
connected pore structure with single and bundled bers
emerging from and embedded in the matrix. X-CNF4-M1.1 and
X-CNF4-M2.2 (Fig. 2d and e) show at and layered structures and
resemble self-assembly behaviour similar to that of pure
gelatin, as previously found in literature.13,25 As the matrix
content increased, smoother and thicker wall structures and
fewer pores were observed, which was not considered favorable
for the pore sizes required for cartilage applications.

When comparing the scaffolds with different initial
suspension concentrations, X-CNF4-M0.4 showed a pore struc-
ture which is relatively homogeneous and interconnected,
whereas X-CNF5-M0.5 and X-CNF6-M0.6 showedmore of a layered

structure than a brillar structure and formed denser structures
with fewer pores and cellulose nanobers coated with matrix
compared to X-CNF4-M0.4 (images given in ESI, S1†). Earlier
studies also have demonstrated the controlling the cell size and
foam density by changing the suspension concentration.26,27

The pore sizes measured from SEM for all developed scaf-
folds are summarized in Table 1. In all cases the standard
deviations are high and pore sizes in the range of 20 mm to 200
mm were observed. The highest average pore size (100–200 mm)
was with the uncrosslinked system and the pore size decreased
with crosslinking (20–120 mm), increased matrix content (20–75
mm) and increased suspension concentration (40–115 mm).

The X-CNF4-M0.4 system was considered optimal for the
cartilage tissue engineering based on pore structure, homoge-
neity of pores and average pore sizes. When examined using
high-resolution microscopy (Fig. 2f), X-CNF4-M0.4 showed
a highly entangled network of CNF on the pore walls. These
brous nanostructures and the pore wall roughness is expected
to aid cell xation and extracellular matrix (ECM) development
aer implantation because the rougher surface improves
vascularization, diffusion rates to and from the scaffold for
oxygen/nutrients supply and removal of waste.23,28 (For this
system, the nanoscaled pores measured from micromeritics
porosity analyser were in the range of 12–14 nm).

All of the materials were highly porous (>93%) and had low
densities, shown in Table 1, and which agree with literature
values.27 The crosslinking as well as the increase in matrix
content had limited inuence on porosity. These samples had
a similar density irrespective of the matrix content (samples 1–
5), most likely due to the higher bulk density of cellulose (1.54 g
cm�3) as cellulose is the main component in all of the samples.
When the concentration of the freeze-drying suspension
increased (samples 3, 6 and 7) while keeping the bers to matrix
ratio constant (10 : 1), the density increased from 0.066 to 0.093
g cm�3 due to denser packing of ber network and as expected
led to a decrease in porosity.26,27

Fig. 3a–c shows cross-sectional images of the porous scaffold
for the X-CNF4-M0.4 system obtained using X-ray tomography. It
can be observed that the scaffold has high porosity (conrming
the porosity data in Table 1) as well as pores are uniformly
distributed in the horizontal as well as vertical sections of the
scans. Furthermore, X-ray tomography conrmed the inter-
connectivity of the pores as well as the brillar structure of the
scaffolds.

The 3D interconnectivity of pores (Fig. 3d) throughout the
scaffold, the high degree of porosity, the hierarchical pore
structure with micron sized pores in the bulk and the nano-
scaled pores on the walls of scaffolds were considered optimal
for the cartilage tissue engineering.26

3.2 Moisture uptake

As 70–85% of the weight of natural cartilaginous tissues is
water,1 it is important to understand the water uptake by the
scaffolds. The PBS uptake values of the submerged samples
were in the range of 1000–1677%, depending on the composi-
tion. The results of the moisture uptake measurements are
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shown in Fig. 4. The initial moisture uptake was instantaneous
(30 s) and remained constant aer 3 days in PBS and the
materials showed hydrogel behaviour.

It can be inferred that the open pore structure of the mate-
rials (shown in SEM) plays a role in the fast and high moisture
uptake andmoisture susceptibility in the scaffolds. It was found
that the amount of matrix does not signicantly affect the
uptake, as X-CNF4-M0.4, X-CNF4-M1.1 and X-CNF4-M2.2 showed
similar water uptake. This indicates that a signicant propor-
tion of the water uptake is due to the porous structure of the
scaffolds. A higher CNF concentration in the suspension
resulted in a decrease in the uptake of the resultant scaffolds

due to a tighter, denser network with smaller pores, as expected.
However, it was noted that porous CNF scaffolds without matrix
(CNF4) absorbed PBS quickly and disaggregated easily when
manipulated since there is nomatrix to bind the bers together.
The uncrosslinked samples also proved to be unstable aer 3
days in PBS, while the crosslinked samples remained stable in
moist conditions during the whole duration of the experiment.

The water uptake by the same scaffolds was monitored in
95% RH conditions (without immersion) and the maximum
uptake was 30% of its original weight, even aer 15 days (shown
by Fig. 4 in the inset). This shows that the adsorption due to the
scaffold swelling is negligible. No difference has been observed

Fig. 2 SEM images comparing the effect of crosslinking on the morphology of scaffolds: (a) CNF4-M0.4 and (b) X-CNF4-M0.4; overview SEM
images showing microscaled pores: (c) X-CNF4-M0.4, (d) X-CNF4-M1.1, and (e) X-CNF4-M2.2; (f) detailed view of X-CNF4-M0.4 showing nano-
scaled structures on pore walls.

Fig. 3 X-ray tomography showing cross-sectional images for X-CNF4-M0.4 scaffold at different angles: (a) XY, (b) YZ and (c) XZ; (d) 3D
reconstruction of the pore structure of the nanocomposite scaffold showing homogeneity of the pores; (e) the schematic representation of the
cross-sectioning for imaging.

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 5999–6007 | 6003
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regardless of whether the samples are crosslinked or not, and
the total uptake showed a tendency to decrease as the initial
concentration increased, which is in correlation with the
density of the material.

3.3 Mechanical properties

Compression is the preferred mode of mechanical testing for
cartilage materials because the role of natural cartilage is to
bear loads in compression1,13 (see ESI for the representative load
displacement curves, S2†). In dry conditions and at 37 �C
(Fig. 5a), the compression modulus was in the range 1–3 MPa
which agree with earlier reports of anisotropic CNF based
foams.26,27 No clear trend can be observed when varying the total
concentration or the CNF/matrix ratio and the values do not
follow the density as reported in some earlier literature,26 most
likely due to the crosslinking effect which is not considered in
density calculation. Nonetheless, the presence of the matrix
enhanced the mechanical properties in dry conditions when
compared to CNF alone. However, high standard deviations
were observed and may be due to the wide distribution of the
pore sizes.

The aggregate compression modulus of articular cartilage is
reported to be around 0.9 MPa by Martin et al.29 and 0.5–0.1
MPa by Guilak et al.30 Also, a wide range of values varying
between 0.1 MPa and 2 MPa are reported as compression
moduli for healthy cartilage31–34 depending on the source and
testing conditions. The values of compression moduli of the
current scaffolds are slightly higher than that of natural carti-
lage, but it may be noted that the moisture content in natural
cartilage is greater.

The performance of the scaffolds was evaluated in simulated
body conditions (PBS medium and 37 �C) to understand the
effect of compression rate, crosslinking, bers/matrix ratio and
initial suspension concentration; (see Fig. 5b–e). The
compression modulus showed a clear tendency to increase as
the compression rate increased from 100 to 400 mm min�1

(Fig. 5b), a sign of the viscoelasticity of the scaffolds. In dry
conditions, the scaffolds exhibited an elastoplastic behaviour,
but when submerged in PBS, viscoelastic behaviour was evident.
The viscoelastic behaviour in PBS medium is partly due to the
swelling of the matrix phase as well as uid ow through the
pores of the scaffolds during compression. This tendency was
reported for natural cartilage tissues when tested in compres-
sion mode and therefore considered favorable for load bearing
by the scaffolds.21

The inuence of crosslinking on compression modulus was
evaluated for CNF4-M0.4 and X-CNF4-M0.4, tested in PBS at 400
mmmin�1 (Fig. 5c) in the strain region of 0–5% and 10–15%. No
signicant improvement on the mechanical properties was
achieved by crosslinking and the compression modulus was
around 30 kPa. The low amount of matrix material available for
crosslinking as well as the similar density and porosity observed
for these scaffolds explains this trend.

The compression moduli of CNF4, X-CNF4-M0.4, X-CNF4-M1.1

and X-CNF4-M2.2 in the strain region of 0–5% and 10–15% are
given in Fig. 5d. The values decreased from 62 kPa for pure CNF
to 10 kPa for nanocomposites with the highest matrix concen-
tration (X-CNF4-M2.2). The results show that the scaffolds
become weaker in wet conditions when the matrix content
increases. One possible reason is that gelatin and chitosan are
mechanically weaker in wet conditions than the CNF network.
Nevertheless, a minimum concentration of matrix phase was
necessary to bind the bers together and ensure the stability of
the scaffold in wet medium. Furthermore, CNF4 collapsed
completely during compression tests in submersion mode aer
15% strain, while scaffolds with matrix phase showed better

Fig. 4 Effect of fibers/matrix ratio, initial concentration and cross-
linking on the PBS and water uptake by the scaffolds.

Fig. 5 (a) Average compression moduli of scaffolds in room condi-
tions; graphs showing the (b) effect of compression rate, (c) effect of
crosslinking, (d) effect of fibers/matrix ratio and (e) effect of suspension
concentration on the compression modulus of the scaffolds tested in
simulated body conditions.
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mechanical and dimensional stability in spite of the lower
compression moduli. Fig. 5e shows scaffolds prepared by
increasing suspension concentrations (X-CNF4-M0.4, X-CNF5-
M0.5 and X-CNF6-M0.6) but the same ratio of bers/matrix
(10 : 1). The compression modulus increased from 18 to 60
kPa as the concentration increased from 2.2 to 5.5 but stabilized
thereaer. The increase in density of the scaffolds did not affect
the mechanical properties signicantly, especially in PBS
medium.

In general, it can be seen that the compression modulus in
wet conditions is lower (10–60 kPa) than in dry conditions (1–3
MPa). The decreased mechanical properties in wet conditions
were expected due to the swelling and plasticisation of the
scaffold pore walls with water. The hydrophilicity of the nano-
cellulose, gelatin and chitosan as well as the high water-binding
capability of gelatin signicantly impacts the performance in
aqueous medium. The compression moduli of the scaffolds
with CNF as reinforcement in the chitosan/gelatin matrix is
however signicantly higher than those reported for the
chitosan/gelatin blend,18 indicating that CNF acts as reinforce-
ments in the porous scaffold.

The values presented here are lower than reported for natural
cartilage tested in wet conditions. It may be noted that the
current compression studies are performed submerged in PBS
and at 37 �C which can weaken the scaffold in comparison to
conditioned natural cartilage tested at 37 �C.More importantly, it
was demonstrated earlier that in in vivo conditions, chondrocytes
sense the mechanical properties of the substrate and so scaf-
folds (4 kPa) facilitate chondrogenesis where as stiffer scaffolds
($40 kPa) are shown to favor bone regeneration.35,36

In the current study, X-CNF4-M0.4 scaffolds have shown
favorable mechanical properties (18–32 kPa) for chondro-
genesis, stability in moist conditions and favorable pore sizes
and pore wall morphology for cell adhesion. Therefore, these
scaffolds are expected to develop extracellular matrix (ECM) and
regenerate cartilage with the right mechanical properties aer
implantation. The evaluation of the scaffold aer ECM devel-
opment will be required to understand the performance of the
scaffold in in vivo conditions and may be addressed in future.

3.4 Biodegradability

In vitro degradation tests of the scaffolds were investigated up to
28 days and the results are shown in Fig. 6. The scaffold, which
contained only CNF4 (used as control), displayed signicant
morphological changes during the degradation time. In agree-
ment with the observations during water uptake studies, these
scaffolds did not have dimensional stability in order to bind the
bers together due to lack of matrix content. The scaffold
comprising X-CNF4-M2.2 showed around 27% decrease in
weight, while the scaffold comprising X-CNF4-M0.4 and X-CNF6-
M0.6 demonstrated 1.5% weight loss aer up to 4 weeks.
Therefore, the greatest weight loss was obtained for the scaffold
containing the higher amount of matrix.

An optimal rate of degradation crucial for cartilage regen-
eration is one which balances stable 3D structures that provide
support with gradual development of ECM.37

The short-term biodegradation studies showed that the rate
of degradation of nanobrous scaffolds could be controlled by
the bers/matrix ratio. The slow biodegradation tendency of
biologically stable scaffolds in the current study, which provides
an enduring support for the patient while also favoring ECM
formation, can be considered benecial. However, further long-
term investigation needs to be done to evaluate ECM develop-
ment in correlation with biodegradation of the scaffold to
ensure the potential of the produced scaffold.

3.5 Cytocompatibility studies

Cellulose nanobers. The cytocompatibility of CNF was
evaluated using a direct contact testing system and the results
are shown in Fig. 7a and b. The L929 cell line was chosen due to

Fig. 6 Biodegradation of scaffolds in PBS medium at 37 �C.

Fig. 7 Cytocompatibility of the cellulose nanofibers towards adipose
derived stem cells (ASCs) and L929 cell line, (a) at day 1 and (b) day 8;
cytocompatibility results for CNF4-M0.4 towards chondrocytes before
and after crosslinking (c).
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ISO 10993 recommendations and (ASCs) were chosen due to
their broblast morphology, sensibility and their role as
a chondrocyte precursor. In addition to CNF lms, non-
cytotoxic (�K) and cytotoxic (++K) controls were also used to
measure cytotoxicity effects. The cells in the presence of nega-
tive control (�K) exhibited efficient proliferation between day 1
and 8, whereas positive control (++K) showed no cell attachment
or growth. This short-term cytocompatibility test results indi-
cate that CNF support cell growth and can have potential in
biomedical scaffold fabrication. We have also recently reported
these CNF are cytocompatible according to current ISO criteria,
with non-inammatory and non-immunogenic properties.20

Higher concentrations were found to be tolerogenic to the
immune system, a characteristic very desirable for implantable
biomaterials, which justies the use of wood-based CNF in the
current application.

3D porous scaffold. When cells seeded on biomaterial
surface, they attached to the scaffold. However, the cells
retained the circular morphology up to day 6, but showed no
sign of zone of inhibition or reduced growth, as shown in
Fig. 7c. At day 7, the samples were stained with MTT in order to
highlight the live cells, as the enzymes in live cells catalyze the
reaction, resulting in a purple colored product. All seeded
samples were compared with samples without cells, as a nega-
tive control. The morphology of the cells was round, which
indicates that the cells are being encapsulated in the scaffold, as
also seen in some other hydrogels which are routinely and
effectively used in clinical practice.38 As shown in Fig. 7c, the
chondrocytes in the scaffolds remained viable aer 7 days.
Therefore, the material is regarded as non-cytotoxic and is
suitable for further evaluation.

4 Conclusions

Nanocomposites of cellulose nanobers bound in a gelatin and
chitosan matrix were prepared via freeze-drying and crosslinked
using genipin to obtain highly porous (z95% porosity) 3D
scaffolds with optimal pore size, porosity, pore interconnectivity
as well as mechanical performance, moisture stability and cell
interactions. The freeze-drying route resulted in isotropic scaf-
folds and the pore structure was most homogenous for nano-
composites with a low amount of crosslinkedmatrix that acted as
binding phase and dimensional stabilizer in moist conditions.
The compression moduli of the optimal scaffolds (X-CNF4-M0.4)
in dry conditions, at 37 �C, were around 1 MPa and considered
comparable to natural cartilaginous tissue. These scaffolds
showed viscoelasticity when immersed in PBS, similar to that of
natural cartilage, but lower compression modulus (18–32 kPa)
which was considered favorable for so tissue regeneration. We
have successfully tailored fully bio-based scaffolds with a high
degree of bulk porosity, hierarchical pore structure, nanoscaled
roughness and brillar structure of the pore walls combined with
good mechanical properties and cytocompatibility with high
potential for cartilage regeneration. Furthermore, the possibility
to develop ECM and trap moisture in the interconnected pore
structure is expected to bring the mechanical properties closer to
those of natural cartilage aer implantation.
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ABSTRACT: Double crosslinked interpenetrating polymer network (IPN) hydrogels of 

sodium alginate and gelatin (SA/G) reinforced with 50 wt% cellulose nanocrystals (CNC)

have been prepared via freeze-drying process. The IPNs were designed to incorporate CNC

with carboxyl surface groups as a part of the network contribute to the structural integrity and 

mechanical stability of the hydrogel. Structural morphology studies of the hydrogels showed 

a 3-dimensional (3D) network of interconnected pores with diameters in the range of 10-192

μm and hierarchical pores with a nanostructured pore wall roughness, which has potential 

benefits for cell adhesion. Significant improvements in the tensile strength and strain were 

achieved in 98% RH at 37°C, for CNC-crosslinked IPNs. The high porosity of the scaffolds 

(> 93%), high phosphate 

buffered saline (PBS) uptake, 

and cytocompatibility toward 

mesenchymal stem cells

(MSCs) are considered 

beneficial for use as a

substitute for cartilage. 

KEYWORDS: cellulose nanocrystals; alginate/gelatin IPN hydrogel; mechanical properties; 

PBS uptake; cytocompatibility; cartilage substitute
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1. INTRODUCTION

Hydrogels, which  are typically 3D polymeric networks, have the ability to absorb high 

content of water and swell without losing their structural integrity.1-3 They have been used in 

many applications such as pharmaceutics,4 agriculture,5 drug delivery systems,6,7 cell

encapsulation and as scaffolds in tissue engineering.2,7 Hydrogels are considered as highly 

attractive materials for tissue engineering applications because their high water content as in 

natural tissues, simulates the body conditions, which results in efficient transport of nutrients 

and waste.8 They are usually based on biodegradable materials and can be prepared under 

mild conditions.2,3 For tissue regeneration purposes where high stress is highly required,

hydrogels have some drawbacks as low mechanical performances and heterogeneous

structures cause stress concentration resulting in failure under loading.7 Multicomponent 

hydrogels based on semi-Interpenetrating Polymer Networks (semi-IPNs) or Interpenetrating 

Polymer Networks (IPNs) have shown large enhancement in the mechanical performance for 

load-bearing soft tissues, such as artificial cartilage.7, 9, 10 Interpenetrating polymeric network 

(IPN) is a 3D network composed of two or more networks, which are partially or fully 

interlaced on a molecular scale but not covalently bonded to each other and cannot be 

separated unless chemical bonds are broken. 6

It has also been reported that development of hydrogels using nanoparticles and formation 

of nanocomposite hydrogels effectively improves the mechanical properties.11-15

Polysaccharides have been used for the preparation of interpenetrating hydrogel networks 

since they are abundant, available from renewable resources and can be chemically modified 

due to the functional groups in their structures,7 and also are expected to provide an 

environment similar to the natural tissue and thus support cell growth, proliferation and 

extracellular matrix (ECM) production.16 Recently, cellulose nanocrystals (CNC) have 

garnered much interest in biomedical applications due to their outstanding properties, such as 

high surface area, high mechanical performance, hydrophilic nature, and 

cytocompatibility.11,17 Furthermore, CNC are shown to positively affect the gelation

mechanism in hydrogels, improve the dimensional stability, enhance the mechanical strength 

of the materials, and facilitate the release of drugs.12-14, 18, 19

Nakayama et al.20 prepared double network hydrogels using bacterial cellulose (BC) in a 

matrix of gelatin as a potential candidate for articular cartilage and the respective composite 

gels had a compression modulus of 3.9 MPa and a tensile modulus of 23 MPa at room 

temperature. Recently, hybrid hydrogels based on alginate/gelatin loaded with CNC (20 wt%)
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have been prepared by Wang et al.21 and shown the desired compression modulus of 92 kPa 

in room conditions with potential use for healing of bone defects.

The objective of this work was to develop double crosslinked IPN hydrogels of alginate 

and gelatin based on nanocellulose and investigate the effect of IPN processing routes on

physico-chemical properties of the produced hydrogels and their potential as a substitute for

articular cartilage. The novelty of this work is derived from the use of unmodified 

cytocompatible CNC isolated via steam explosion and dilute acid hydrolysis of wood 

biomass22 as reinforcement or functional additive and the properties that can be created when 

using IPN approach. It was expected that this CNC with a higher aspect ratio compared to 

other unmodified CNC and with functional groups, such as carboxylic group on the surface,

not only can act as nanoreinforcement but also participate in the crosslinking reaction and

join to the structural construction, thus form a network. In our earlier study,23 cellulose 

nanofibers (CNF) were used in a matrix of gelatin/chitosan using freeze-drying process. The 

mechanical values in dried conditions (1-3 MPa) were higher than that of natural cartilage 

while when tested in PBS, the mechanical properties drastically decreased to 10-60 kPa. In

this study we aimed to achieve improved mechanical stability in simulated body conditions

by using oven drying prior to freeze-drying and co-crosslinking to the system.

Gelatin crosslinked using a naturally occurring crosslinking agent, genipin, and alginate 

crosslinked in the presence of divalent calcium ions (Ca+2) were attempted to achieve the  

polymeric network structures. It was expected that similarity in the chemical structure 

between alginate and CNC provide good compatibility. The correlation between the chemical 

composition, the construction mechanism and the physico-chemical properties including 

morphology, moisture uptake, porosity and density, mechanical behavior, and the success of 

crosslinking and cytocompatibility were discussed.

2. EXPERIMENTAL SECTION

2.1. Materials

Cellulose with a dry matter content of 50-55 wt%, extracted via a hydrolysis process of 

unbarked Norway spruce wood chips (Picea abies) using the bioethanol processing plant at 

SEKAB (Örnsköldsvik, Sweden) was used as the raw material for the processing of CNC 

with carboxyl functional groups on the surface. Sodium alginate (alginic acid sodium salt 

from brown algae) and gelatin (Bloom 250, Type B) used as the matrix were purchased from 

Sigma-Aldrich (Germany). Calcium chloride (CaCl2 . 2H2O), sodium chloride (NaCl, 25% 
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aqueous solution) and phosphate buffered saline (PBS) were supplied from Merck KGaA 

(Germany). Genipin (> 98%) and glycerol (99.5%) were purchased from Sigma-Aldrich

(Germany).

2.2. Methods

Isolation of cellulose nanocrystals. Cellulose nanocrystals were isolated from a wood 

bioethanol processing plant according to the procedure reported by Mathew et al.22

Suspensions with 2 wt% from the purified cellulose were made, and sonified using ultra 

sonication, and then passed through the APV 2000 high-pressure homogenizer (Denmark) at 

a pressure of 500 bars. Afterward, the suspension with a batch size of 2 L was passed 

through the homogenizer 10 times untill a thick gel of cellulose nanocrystals (CNC) was 

obtained. This process takes 40 min per batch. 

Preparation of IPN hydrogels. IPN hydrogels based on gelatin (G), sodium alginate (SA),

and cellulose nanocrystals (CNC) were prepared through three step procedure. First,

homogeneous solution of gelatin (1 wt%) was prepared by adding gelatin to distilled water at 

35°C under slow stirring. The solution was heated up to 60°C under continuous stirring until 

a homogeneous solution was obtained. Meanwhile, sodium alginate was dissolved in distilled 

water (1 wt%) and mildly stirred at 60°C for 2 h to obtain a homogeneous solution. 

Afterward, the relevant portions of gelatin, glycerol (30 wt%), NaCl (0.2 g) were added to the 

as-prepared sodium alginate solution under stirring to form a viscous hydrogel. Finally, 

nanocrystalline cellulose suspension (2 wt%) was heated to 40°C under strirring and carefully 

added to the as-prepared mixture under constant stirring for 2 h until homogeneous dispersion 

was obtained. The SA/G/CNC mixture was cast in petri dish and dried in the oven at 40°C for 

3 days. Thereafter, the dried mixture was immersed in CaCl2 aqueous solution (1 wt%) for 1 

h to allow the crosslinking of sodium alginate with Ca+2 ions through ionic crosslinking 

process. Afterward, the samples were washed out with distilled water then immersed in 0.05 

wt% genipin solution for 8 h to allow crosslinking of gelatin. After the crosslinking 

processes, the samples were rinsed several times with distilled water to remove unbounded

crosslinking agents and finally freeze-dried at −75°C for 24 h to obtain crosslinked sponges. 

Pure SA/G (1:1), SA/CNC (1:1), and G/CNC (1:1) were prepared as control samples using 

the same procedure. The overview of the process for the preparaion of IPN hydrogels is

shown in Figure 1 and the exhaustive list of samples is summerized in Table 1.
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Figure1 The overview of the processing routes for the preparation of IPN hydrogels and the schematic 
representation of IPN hydrogels.

Table 1 Composition, density, porosity and the average pore sizes of the produced hydrogels 

Sample code CNC (g) SA/G 
(g)

Density
(g/cc)

Porosity 
(%)

Average pore size 
(μm)

SA/G (1:1) - 4 0.026 97.87 121 ± 57

X SA/G - 4 0.085 93.03 -

XX SA/G - 4 0.083 93.20 -

SA/G/CNC (1:1) 2 2 0.029 97.87 56 ± 29

X SA/G/CNC 2 2 0.049 96.40 23 ± 7

XX SA/G/CNC 2 2 0.047 96.54 53 ± 48

X SA/CNC (1:1) 2 2 0.060 96.20 -

X G/CNC (1:1) 2 2 0.043 96.41 -

2.3. Characterization and Analyses

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopic measurements were carried out on a Varian 670-IR

spectrometer (Specac, UK) to study changes in the functional groups of sodium alginate (SA) 

and gelatin (G) after reinforcement with CNC and after crosslinking. Infrared spectra were 

recorded at room temperature in the spectral range of 4000-390 cm−1, with a 4 cm−1 resolution 
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and an accumulation of 50 scans. Dried films were used to record attenuated total reflectance

Fourier transform infrared (ATR-FTIR) spectra. 

Morphology studies

Atomic Force Microscope (AFM). In order to study the structure of nanocrystals in more

detail, Atomic Force Microscope (AFM) Nanoscope V (Veeco, USA) at a resonance 

frequency of 70 kHz and spring constant of 1-5 N/m was used. The nanocrystal suspension 

was diluted with distilled water to 0.1 wt%. Afterward, the suspension was sonfied for few

seconds in order to obtain a good dispersion. Subsequently, the suspension was dried on a 

freshly mica sheet, and scanned using tapping mode.

Scanning Electron Microscopy (SEM). The structural morphology of the hydrogels were 

observed under JEOL JSM-6460LV Scanning Electron Microscope (SEM) at an acceleration 

voltage of 15 kV. The scaffolds were sputter-coated with gold for 50 s at 50 mA to avoid the 

charging effect.

Extreme High-Resolution Scanning Electron Microscopy (XHR-SEM). High-resolution 

SEM images were obtained using MAGELLAN 400 XHR-SEM, FEI Company (Eindhoven, 

the Netherlands). The samples were sputter-coated with gold and observed under XHR-SEM

at an acceleration voltage of 3 kV.

Density and porosity

The density was calculated by dividing the weight of sample over its volume. The samples 

were cut in circular shape and conditioned in a desiccator with 5% RH for 3 days. Each 

measurement was taken three times for each sample and the average values are reported. The 

porosity was evaluated based on the weight and density of the scaffold. The porosity was 

defined as the volume fraction of voids (Vv) and calculated using the following equation.23-25

�� � ��� �
���

��
(1)

where �� is the experimental density of the scaffold and �� is the theoretical density of a 

non-porous scaffold. The densities of CNC and G were taken as 1.54 and 0.98 g/cc and that 

for SA was taken the same as alginic acid (1.64 g/cc). 
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Moisture uptake

This test was performed in PBS medium and at room temperature to study how much the 

hydrogels uptake the moisture and swell over time. Prior to testing, the samples were cut into 

circle shape and dried in a 5% RH desiccator for 48 h and immediately weighed (Wd)

thereafter immersed in PBS. The wet weight of the samples was recorded at different time 

intervals (t), i.e., 3, 5, 15, 30, 60, 120, 180, 240 min up to 72 h by first blotting the scaffold 

surface with a soft tissue paper to remove excess water, then weighed immediately. The 

moisture uptake was calculated according to the following equation, where Wt = weight at 

time t, and Wd = initial weight after drying.

Moisture uptake (%) = [(Wt −Wd)/Wd] ×100 (2)

Mechanical performance

Tensile test. In order to study the tensile properties of the nanocomposite hydrogels, a 

universal testing machine, Shimadzu Autograph AG-X (Kyoto, Japan) with a load cell of 1 

kN was used. The test was performed at a constant speed of 2 mm min−1 with a gauge length 

of 20 mm. The samples were in the form of strips about 6 mm in width and 40 mm in length

and were tested in dry (at 22°C and 55% RH) and moist (at 37°C and 98% RH) conditions.

The samples were conditioned in 98% RH and immediately tranfered to the testing chamber 

maintained at 37°C and 98% RH. In order to reach to the equilibrium, each sample was kept 

in the chamber for 5-10 min prior to testing. The data reported is based on at least six 

measurements.

Compression test. The compression test of hydrogels was conducted using TA instruments 

DMA Q-800 (New Castle, DE, USA) at an isothermal temperature of 37°C. To study the 

viscoelastic behavior of hydrogels, frequency sweep in the range of 0.9 to 16 Hz was chosen 

as it represents the frequencies encountered by natural articular cartilage.26-28 Prior to testing,

all samples were immersed in PBS for 2 h. Each run took 1.5 h and the samples were still 

moist and not brittle. The values reported are the average after five measurements. 

Cytocompatibility studies

In vitro cytocompatibility testing was performed in a direct contact test system. The  

nanocomposite hydrogels were fixed on the bottom of cell culture vessel and primary human 

mesenchymal stem cells (MSCs) were seeded evenly throughout the cell culture vessel in cell 
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culture media. The biomaterials with cells were incubated at 37°C, 5% CO2 for 7 days. The 

cells in the vicinity of the biomaterial were monitored for their morphology and after 7 days 

the biomaterials were stained with MTT ((3-(4,5-dimethylthiazolyl-2)-2,5-

diphenyltetrazolium bromide) and inspected for the presence of live cells (violet). The 

negative control (−) shows no cytotoxic effect and normal cell growth even in close 

proximity to the (−) control. On the contrary, cells seeded in the vicinity of positive control 

(+) show cytotoxic effect as no cells are attached in the close proximity of the biomaterials 

and there is obvious zone of inhibition.

3. RESULTS AND DISCUSSION

3.1. Mechanism of crosslinking reactions

Alginate is a linear polysaccharide produced by bacteria or algae.10 It is composed of 1-4

linked β-D mannuronic acid (M-block) and α-L-guluronic acid (G-block) residues and the 

M/G ratio strongly determines the physico-chemical properties of alginate. Alginate has 

capacity to absorb water and form a stable gel in the presence of divalent cations as Ca+2,

Mg+2 and Cu+2. This binding due to the ionic interaction between the cation and functional 

groups, such as carboxylic group and the formation of the egg-box structure is useful to 

crosslink bulk alginates for a wide range of applications, mostly in tissue engineering where 

high stress is needed.14,29,30 Proteins, such as gelatin are usually included in alginate-based 

hydrogels to improve the adhesion of cells onto gels.31 Gelatin, a natural polymer obtained by 

partial deacetylation of collagen has been used as scaffolds in tissue engineering. Schematic 

reprentation of the crosslinking reactions between SA and calcium ions  (Ca+2) and CNC as 

well as gelatin with genipin are shown in Figure 2 (a-d).

Cellulose and sodium alginate (SA) are polysaccharides with similar chemical structure

which provide good chemical compatibility in the resultant composite. SA in the presence of 

divalent cations as Ca+2 can crosslink through ionic interaction between Ca+2 and the carboxyl 

groups of the G-block residues of two adjucent alginate chains resulting in the formation of 

3D network (Figure 2a).32 CNC with COO− and CHO− functionality can involve in the

reaction with calcium crosslinked alginate and cooperate in the construction of the structure,

resulting in the formation of semi-IPN structure (Figure 2b) in the resultant hydrogel (X 

SA/G/CNC).14 In the second crosslinking step, genipin reacts with the free non-protonated ε-

amino groups (-NH2) of lysine or hydroxylysine of gelatin through a nucleophilic addition 
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reaction, resulting in the formation of fully IPN structure (Figure 2c) in the resultant hydrogel 

(XX SA/G/CNC).33, 34

Figure 2 The mechanisms of crosslinking reactions of a) sodium alginate/CaCl2; b) CNC/sodium 
alginate, H-bonds between CNC; c) genipin/gelatin; d) sodium alginate/gelatin.

3.2. Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR analysis was used to study the changes in the functional groups on the structure 

after the CNC and crosslinking reagents were added in to the system and to confirm the 
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occurrence of the crosslinking reactions. The FTIR spectra of SA/G, SA/G/CNC and their

corresponding crosslinked nanocomposites (X SA/G/CNC and XX SA/G/CNC) are shown in 

Figure 3 (a-d). The FTIR spectra confirmed the presence of functional groups related to all of 

the components in the resulting hydrogels. The FTIR spectrum of SA/G (Figure 3a)

demonstrates typical characteristic peaks of SA and G as reported by earlier studies.35-38 For 

SA, the characteristic peaks at 3600-3200 cm−1 are assigned to O-H streching vibrations and 

around 2930 cm−1 are due to overlapping symmetric and asymmetric C-H streching of 

aliphatic chains.38 The absorption bands around 1590 and 1414 cm−1 are attributed to 

asymmetric and symmetric stretching peaks of carboxylate salt groups of alginate. The peaks 

around 1318, 1126, 1021, and 947 cm−1, correspond to C-O, C-C, C-O-C and C-O streching 

due to the absorption bands of its polysaccharide structure.37

Figure 3 FTIR spectra of a) SA/G; b) SA/G/CNC; c) X SA/G/CNC; d) XX SA/G/CNC hydrogels.

Gelatin exhibits characteristic absorption bands at 3290 cm−1 (due to O-H streching 

vibration of water molecules and N-H streching), 3073 cm−1 (N-H steching), and 2943 cm−1

(C-H streching).35 The main absorption bands for gelatin correspond to peptide bond 

presented at 1653 cm−1 assigned to amide I (C=O and C-N stretching), 1546 cm−1 due to 

amide II (mainly N-H bending) and 1238 cm−1 attributed to amide III (C-N streching).36

The presence of CNC in the composite is confirmed in Figure 3b. The characteristic 

absorption bands for CNC from a bioethanol process plant has been reported by Liu et al.39

ATR-FTIR spectrum of these CNC demonstrated absorption bands between 3650 and 3000 
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cm−1 assigned to O-H streching, peaks at 2900 cm−1 belongs to C-H streching and peaks 

around 1650 cm−1 attributed to the deformation vibration of water molecules. The 

characteristic absorption bands between 800-1500 cm−1 correspond to the C-H, O-H, C-O and 

C-O-C vibration on the glucosidic ring. 

The FTIR analysis of crosslinked hydrogels showed that after the first crosslinking step

using CaCl2 (as shown in Figure 3c), which results in the formation of semi-IPN 

nanocomposite hydrogels (X SA/G/CNC), the shoulder at 974 cm−1 assigned to the stretching

of C-O disappeared showing that SA is involved in the crosslinking. Furthermore, the 

intensity at 1020 cm−1 due to the C-O-C stretching decreased. There is a kind of shifting 

toward a higher wavenumber from 1401 to 1420 cm−1 which could be ascribed to the 

intermolecular interactions between the SA and carboxyl groups on CNC to form the 

crosslinked network as reported by Lin et al.14 The increase of intensity at 1595 cm−1

attributed to involvement of COO− in the reaction and around 3600-3200 cm−1 suggesting an 

increase of hydrogen bonds between SA and CNC.

Furthermore, FTIR analysis of double crosslinked nanocomposite hydrogels, XX 

SA/G/CNC (Figure 3d ) confirmed that crosslinking reaction between genipin and amino 

groups (-NH2) of gelatin occured. The spectrum of  XX SA/G/CNC indicated that the peak at 

1637 cm−1 is disappeared which means that NH2 of gelatin is used up during reaction with 

genipin. The intensity at 1542 cm−1 which belongs to C=O and C-N stretching vibration 

(assigned to amino group I ) decreased and kind of upshifting happened. This could be due to 

C=O is involving in the reaction with CNC. The decreased in the intensity at 1235 cm−1

associated to the cooperation of N-H from amino group II in the reaction. The increase in the 

intensitiy of the peak at 1025 and 1052 cm−1 after the second crosslinking could be related to 

the presence of genipin functional groups as found in earlier reports.40

3.3. Structural morphologies of CNC and hydrogels

Nanoscaled structure of the CNC was studied using atomic force microscope. Figure 4

shows the AFM height image of CNC with diameters in the range of 4-8 nm based on the 

measurements using Nanoscope V software (Santa Barbara, CA, USA). This measurements 

was performed from height images to compensate for the tip broadening effect. The CNC 

showed typical nanocrstals morphology but longer nanofibril structure. However, it was not 

possible to measure the length of the crystals using AFM image. 
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Figure 4 AFM height image of the used CNC and the visual appearance of homogenized 
CNC  (2 wt%) gel.

The cross-section morphologies of the freeze-dried hydrogels were observed using 

scanning electron microscope (SEM) and high-resolution SEM. The main aspects of interest 

were to study the effects of addition of CNC and crosslinking routes on the homogeneity, 

interconnectivity and the size of pores. Representative SEM micrographs are shown in Figure

5 (a-d).

Figure 5 (a-d) SEM micrographs showing the effect of the incorporation of CNC and the crosslinking
routes on the porosity, interconnectivity and homogeneity of the pores; e) XHR-SEM of X 

SA/G/CNC hydrogel.
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The SEM analysis of SA/G (Figure 5a) showed a highly porous structure with microsized 

pores in the range of 35-213 μm, a very thick wall and apparently low surface area. However, 

SA/G/CNC (Figure 5b) showed that the incorporation of CNC in the SA/G network resulted 

in many more pores with smaller pore sizes in the range of 16-113 μm and higher surface 

area. The pores in the matrix network were filled by CNC and become more homogeneous 

and more regular in shape with high interconnectivity, resulting in the formation of a more 

rigid hydrogel structure. CNC with high aspect ratio is bound to the matrix and formed a

highly entangled network on the pore walls, resulting in nanoscaled roughness on the walls 

which is considered favorable for cell adhesion and extracellular matrix (ECM) production. It 

has been reported that rougher surface improves diffusion rates for the nutrients supply and 

removal of waste.23 Moreover, the nanocomposites did not exhibit visible agglomerates at this 

scale, indicating a uniform dispersion of CNC within the SA/G matrix.

Figure 5c and d show the SEM images to understand the effects of crosslinking routes on

the structural morphology of the hydrogels. Calcium crosslinked nanocomposite (semi-IPN) 

hydrogels, X SA/G/CNC (Figure 5c) had smaller pore sizes in the range of 10-35 μm with a

narrow size distribution, indicationg more homogeneity in pore structure and the formation of 

nanoscaled pore wall roughness. However, fully IPN hydrogels which crosslinked with both 

CaCl2 and genipin (XX SA/G/CNC) showed a collapse in the pore structure (Figure 5d).

SA/G/CNC showed real bulk porosity with microsized pores, which might explain the higher 

moisture uptake for this system compared to X SA/G/CNC and XX SA/G/CNC. High-

resolution SEM image of X SA/G/CNC (Figure 5e) showed how CNC is bound to the matrix 

phase and acts as a template for the crosslinking on the surface, resulting in a nanosized pore 

wall roughness that is beneficial for cell adhesion and ECM production. However, XX 

SA/G/CNC had a tighter network between the CNC and matrix phase, resulting in the 

collapse of pores on the surface. Second crosslinking did not significantly impact the porosity 

whereas the pore walls being tight together resulted in the formation of a layered structure 

with a wide distribution of pore sizes (in the range of 12-192 μm) and less interconnectivity 

compared to the semi-IPN hydrogels (X SA/G/CNC). In this system (XX SA/G/CNC), the 

network of CNC is destroyed, and CNC are not able to control the structure, thus do not act

as a template as seen for X SA/G/CNC. 
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3.4. Porosity and density

All of the produced hydrogels were highly porous (> 93%) and had low densities (given in 

Table 1), typical of freeze-dried materials.41 High porosity of the hydrogels is considered 

beneficial for chondrocytes and ECM production. The crosslinking had a limited impact on 

the porosity as shown in Table 1. SA/G had a porosity of 97.97%, which decreased to 

93.03% after the first crosslinking. However, the porosity was not affected after the second 

crosslinking step, XX SA/G (93.20%). The same trend was observed for the nanocomposite 

counterparts.

Density increased by the addition of crosslinking reagent but there was no significant 

difference in density after second crosslinking step. Since the density for SA was taken to be

the same as alginic acid (1.64 g/cc), which is higher than the density for cellulose (1.54 g/cc), 

the density values for X SA/G and XX SA/G are higher compared to those of their 

nanocomposite counterparts.

3.5. Moisture analysis

Water uptake is one of the important features of hydrogel materials which depends on the 

inherent pore structure, morphology and also the water-bindig capacity of the component 

phases. Because 70-85% of the weight of natural cartilage is water,42 it is important to 

evaluate the moisture capacity of the hydrogels by monitoring the PBS uptake at different 

time intervals to verify how well the hydrogels act in simulated body conditions and how the 

porosity affects the moisture uptake by the hydrogels. It can be seen that all samples 

excluding uncrosslinked hydrogels reached a constant PBS uptake between 6 and 24 h, 

indicating that 6 h is the optimal time for the hydrogels to reach the equilibrium swelling. 

Figure 6a shows the PBS uptake by the hydrogels as a function of time. The results 

showed that the addition of CNC decreased the moisture uptake by 69%. X SA/G had a

moisture uptake of 526%, which decreased to 311% after the incorporation of CNC (X

SA/G/CNC). A similar trend was observed for XX SA/G (362%) and SA/G (590%) and their 

corresponding nanocomposites (332% for XX SA/G/CNCBE, and 554% for SA/G/CNCBE).. It 

can be concluded that the incorporation of CNC resulted in a tighter, denser network with 

smaller pore sizes and thus less space to trap the liquid. Furthermore, addition of rigid CNC 

means less total percentage of polymeric matix in the system, resulting in less molecular 

chain mobility and diffusivity and trap of water inside the pores and bulk of the scaffold.
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Figure 6 a) The effects of the incorporation of CNC and crosslinking; b) the effects of the polymer 
matrices on the PBS uptake by the hydrogels.

As shown in Figure 6a, crosslinking also affects the moisture uptake due to the decreases

in porosity and the sizes of the pores, and the decresed flexibility of the polymers chains.

According to the results obtained, SA/G had a moisture uptake of 590%, which decreased to 

526% after the first crosslinking (X SA/G) and decreased further after the second 

crosslinking, XX SA/G (362%). The same trend was observed for the nanocomposite 

counterpart, SA/G/CNC which decreased after crosslinking (X SA/G/CNC or XX 

SA/G/CNC).

Figure 6b shows the effect of polymer matrices on the PBS uptake by the hydrogels. 

According to the results obtained, gelatin was found to have higher PBS uptake compared to 

sodium alginate attributed to the fact that gelatin has more hydrophilic nature than sodium 

alginate. Thus, it has more chain mobility that allows liquid to diffuse more compared to 
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alginate network. In adddition, X SA/CNC and X G/CNC had the lowest PBS uptake 

compared to the other samples.

3.6. Mechanical performances

3.6.1. Tensile properties

Mechanical properties of the scaffolds in tensile mode were investigated in dry (22°C, 

55% RH) and high humidity (37°C, 98% RH) conditions similar to simulated body 

conditions and the data is given in Table 2. The values for the modulus and tensile strength 

are much higher than the requirement for cartilage. The mechanical properties showed a 

tendency to increase after crosslinking. According to the results obtained, in dry conditions 

(22°C, 55% RH), all the developed nanocomposite hydogels had higher modulus and strength 

but lower strain compared to that of natural cartilage (modulus of 5-20 MPa , strength of 7-15

MPa and elongation to failure of 20%).43,44 The modulus, strength and strain of the 

SA/G/CNC hydrogel were 2.3 GPa, 52.9 MPa and 4.2%, respectively. However, after the 

first crosslinking step (X SA/G/CNC), the modulus increased by 21.7% to 2.8 GPa and 

considerable improvemets were achieved for the strength and the strain which increased by 

46.9% to 77 MPa, and by 116.7% to 9.1%. The occurrence of more connections between 

CNC and the matrix, compatibility of CNC with the matrix, good interaction between 

crosslinking agents and the nanocomposite components, and the formation of strong bonds 

resulting in an increase in the resistance of the network to failure can be possible explanations

for this behavior. Furthermore, the formation of flexible crosskinks involving CNC were 

expected which can lead to the high strain at break. The second crosslinking step (XX 

SA/G/CNC) provided limited improvement in the mechanical properties, compared to the 

first crosslinking step. CNC with high aspect ratio and ability to form a highly entangled 

physical network and with functional groups, such as carboxylic groups on the surface, not 

only can act as nanoreinforcement but also participate in the crosslinking reaction (confirmed 

by the FTIR studies) due to good interaction and compatibility with the matrix and involved 

well in the structure and formation of the network. An increase in the strain was noted after 

the both crosslinking steps and needs to be studied further.
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Table 2 Tensile properties of nanocomposite hydrogels in dry and wet condition.α

Sample code Modulus (GPa) Strength (MPa) Strain (%)

SA/G/CNC* 2.3a ± 0.3 52.9a ± 7.8 4.2a ± 0.6

X SA/G/CNC* 2.8a ± 0.6 77.7b ± 5.4 9.1b ± 2.2

XX SA/G/CNC* 2.6a ± 0.4 78.5b ± 10.8 9.8b ± 1.2

SA/G/CNC** 0.3A ± 0 8.6A ± 1.6 10.2A ± 2.4

X SA/G/CNC** 0.5B ± 0.1 14.4B ± 1.8 15.2B ± 2.0

XX SA/G/CNC** 0.8C ± 0 17.2C ± 1.8 14.2B ± 3.2

*22°C, 55% RH; **37°C, 98% RH
α Average values with same superscript letter in the same column are not 
significantly different at 5% significant level based on ANOVA and Tukey 
HSD comparison test. In this comparison, the values for each condition 
(22°C, 55% RH; 37°C, 98% RH) were compared with one another in the 
same condition.

The materials were also tested in high humidity (37°C, 98% RH) to assess the 

performance of these materials as potential implants for cartilage. In this case, the strength 

and modulus decreased drastically, whereas the strain increased compared to the 

corresponding dried nanocomposites. The decrease in mechanical properties in high humidity 

conditions could be explained by the swelling and plasticization of the pore walls in aqueous 

media. Additionally, the hydrophilicity of CNC, sodium alginate and gelatin and the high 

water-binding capacity of gelatin considerably influence the performance of the hydrogel in 

water. It was, however, noted that the strength and strain values obtained for the studied 

materials are in the required range for cartilage, indicating that all the developed materials 

have the potential for use as a cartilage substitute. The representative stress-strain curves of 

nanocomposite hydrogels in dry and high humidity conditions are presented in Figure 7.

It is worth mentioning that the mechanical performance in both relative humidities showed 

an increase in the strength, modulus and strain. This kind of synergistic mechanical properties 

is uncommon for the reinforced and crosslinked composites. A possible explanation is that 

the initial flexible network of involving CNC is being stabilized by a less flexible network 

formed during the second crosslinking.  
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Figure 7 Representative stress–strain curves; a) at 22°C, 55% RH; b) at 37°C, 98% RH.

3.6.2. Compressive properties

Further investigations on the mechanical performances of the developed materials were 

performed using compression test. In order to study the viscoelastic behavior of the 

hydrogels, DMA test was performed under compression mode at 37°C whitin the frequency 

sweep of 0.9 to 15 Hz.

The mechanical tesing of the hydrogels under compression indicated that the addition of 

CNC increased the compression modulus. Compression data can correlate with the moisture 

uptake results at 120 min. A higher moisture uptake represents a more porous structure

resulting in lower mechanical properties. Figure 8a shows the compression modulus as a 

function of frequency for XX SA/G and its corresponding nanocomposite counterpart. XX

SA/G had a moisture uptake of 383% at 120 min and lower compression modulus (0.02

MPa), whereas XX SA/G/CNC had a moisture uptake of 236% at 120 min and higher 

compression modulus (0.11 MPa). Martin et al.45 reported that the aggregate compression 
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modulus of articular cartilage to be around 0.9 MPa and Guilak et al.43 reported to be around 

0.5-0.1 MPa. Also, a wide range of values between 0.1 MPa and 2 MPa has been reported as 

the compression modulus of healthy cartilage depending on the source and testing 

conditions.46-49 The compression values of the current nanocomposite hydrogels are within the 

values reported for healthy cartilage and thus these materials are considered suitable for 

cartilage applications.

Figure 8 a) The effects of the incorporation of CNC; b) crosslinking on the compressive modulus.

Figure 8b shows that the first crosslinking did not have any impact on the compression 

modulus (0.09 MPa) in moist conditions while after the second crosslinking, the compression 

modulus increased to 0.11 MPa at the maximum frequency of 15 Hz. Hence, the second 

crosslinking resulted in  a higher stability in the moist conditions. The drastic change between 

SA/G/CNC (moisture uptake of 598%) and XX SA/G/CNC (moisture uptake of 236%) was

attributed to the moisture uptake by the hydrogels at 120 min.
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3.7. Cytocompatibility studies

Figure 9 (a-b) shows the cytocompatibility results for the semi-IPN and fully IPN 

nanocomposite hydrogels. According to the results obtained, both tested materials (X

SA/G/CNC and XX SA/G/CNC) affected the cell adhesion, as fewer cells adhered in the 

vicinity of the biomaterials. However, the ones that successfully adhered remained viable 

after 7 days, as confirmed by the staining with MTT for the detection of viable cells (violet 

crystals). Thus, the biomaterials exhibited moderate cytotoxicity, since the primary human 

MSCs cell culture shows the reduction of cell growth. However, there is no clear zone of 

inhibition; thus the materials are not classified as cytotoxic. From a toxicological point of 

view, cellulose-based materials have been mostly showing admirable biocompatibility on a 

bulk basis. In our earlier studies, we also reported the non-cytotoxicity of CNC and CNF

from different sources and cellulose-based composites.17,22,23,50 Although some studies have 

recently reported the cytotoxic effect of CNC at high concentrations, but those effects are still

considerably lower than those of other nanofibers, such as multiwalled carbon nanotubes and 

crocidolite asbestos, providing motivation for their use in biomedical applications.18

Figure 9 a) Cytotoxicity: − Contol reffers to the non-toxic control / + Control refers to the toxic
control; b) cytotoxicity of nanocomposite hydrogels.
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CONCLUSIONS

IPN hydrogels based on cellulose nanocrystals (CNC) in a matrix of sodium 

alginate/gelatin (SA/G) were prepared via freeze-drying and stabilized using CaCl2 and 

genipin. The produced single crosslinked nanocomposite hydrogel (X SA/G/CNC) had high 

porosity (> 96%) with homogenous distribution of pores and high interconnectivity.

Incorporation of CNC and crosslinking resulted in the enhacement of mechanical 

performance of the hydrogels. Semi-IPN hydrogels (X SA/G/CNC) showed viscoelasticity 

when tested in compression mode as the compression modulus changed with the applied 

frequency. Significant improvements in room and high humidity conditions were achieved 

for the tensile properties of the hydrogels after crosslinking. X SA/G/CNC had a modulus of

0.5 GPa which is higher than that of natural cartilage but the strength and strain of 14.4 MPa 

and 15.2 % were found to be comparable to natural cartilage. We have successfully 

developed IPN hydrogels with high porosity, good moisture stability, good mechanical 

performance, and cytocompatibility. Considering the properties of the produced hydrogels, it 

was considered that these hydogels have the potential for use in load-bearing biomedical 

applications such as cartilage replacement.
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