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1 Introduction 
Nanotechnologies in the past decade allowed many advances and improvements in all fields of 
technology, including electronics, energy management, structural materials, functional surfaces, 
construction, and information technology, and also in pharmaceutical and medical fields. 
According to one of the many definitions given, “nano” is the prefix used when referring to 
objects of which one dimension is smaller 100 nanometres. Nanosized particles and fibres used 
as reinforcement in composite materials provide surprising properties, such as enhanced 
mechanical performances, strength and flexibility, and surface interactions, due to their 
amazingly high specific surface area and lack of defects. The use of nanotechnologies is a key 
topic nowadays for researches creating new materials (1).  Tissue engineering is an emerging 
multi-disciplinary field, which consists of repairing or replacing the damaged tissues or organs, it 
merges the aspects of two important fields, i.e. engineering and biology. Nanotechnologies are a 
key to a better understanding of material-cell interaction, hence to a better biocompatibility and 
functionality of the engineered biomaterials.  
One of the most important axes of research in tissue engineering aims to reconstruct human 
articular cartilage (1). The articular cartilage is a soft tissue composed mostly of extracellular 
matrix (ECM) with a sparse population of chondrocytes distributed throughout the tissue. Due to 
its poor cell density and its avascular nature, cartilage has a very low remodelling rate and thus 
is not able to repair defects that are due to aging or traumas. Furthermore, cartilage is not 
innervated; hence, the patient cannot feel pathological cartilage before an advanced state, when 
bone is reached.  One of the current solutions is the transplant of allo- or autologous 
chondrocytes. Although this procedure is less invasive than the previous one, the donor site is 
damaged and subject to morbidity, so as a result, this solution is not ideal. 
The main research direction for cartilage tissue engineering goes towards three dimensional 
porous scaffolds (2-8). These scaffolds can be obtained by many different processes, such as 
freeze-drying, CO2 foaming, electrospinning, or cryogelation, using different kinds of polymers 
(9-12). The research initially oriented towards synthetic polymers such as polylactic acid, 
polyglycolic acid, Teflon, Dacron, etc. showed immune and inflammatory reactions. Therefore, 
laboratories use natural polymers, such as polysaccharides, more often due to their abundance 
in nature, their unique structures and characteristics, and the fact that they are remarkably 
biocompatible and biodegradable (2,3,13). Different types of reinforcement obtained from natural 
materials have been used recently, not only for cartilage repair but also for repair of ligaments, 
blood vessels, bone, and many other soft tissues; the most important examples being 
derivatives of cellulose, chitin, alginates, gelatine, etc.(2,4,5).  
In this work, we will process and characterize a freeze-dried porous scaffold using chitosan and 
either gelatine or alginate as matrix, and cellulose nanofibres as reinforcement. Genipin and 
calcium chloride were chosen as crosslinking agents. The main goals are to get an optimal 
chondrocyte attachment and proliferation, suitable mechanical properties and stability in 
simulated body conditions. This is a pilot study of the use of cellulose nanofibers extracted from 
wood in cartilage tissue engineering.  
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2 Context and reviews 

2.1 Cartilage – structure and properties (6,14-16) 
Cartilage can be found in many parts of the body, such as in the complex shapes of certain 
organs like the ears or the nose, as well as joining bones in articulations. A layer of articular 
cartilage can be found coating the tip of every bone in articulations (Figure 2.1).  
 

 

Figure 2.1: Articular cartilage coating two bones (5) 

Articular cartilage is composed of sparsely spaced chondrocytes in a large extracellular matrix 
(ECM), and around 70 to 80% of its weight is water. When a stress is applied, part of this water 
is squeezed out and brings elements of trash, and brings nutrients when coming back; the rest 
of the water, which stays in the cartilage is compressed, assumes a part of the mechanical 
resistance. Cartilage is an avascular tissue, and since chondrocytes live in hypoxic conditions 
(less than 5% O2) and are non-innervated, a patient does not feel pathology through the 
cartilage, but through the bone once the cartilage is completely gone. For all these reasons, 
especially because of the few chondrocytes it contains, the little division potential of 
chondrocytes, and the avascularity, cartilage cannot regenerate spontaneously. 
The extracellular matrix is mostly composed of collagen and proteoglycans, whose details are 
shown in Figure 2.2. Near the articular surface, proteoglycan concentration is relatively low, and 
the water content is the highest in the tissue. In the deeper regions of the cartilage, near 
subchondral bone, the proteoglycan concentration is the greatest, and the water content is the 
lowest. Cartilage is often qualitatively divided into four zones along its depth: the surface or 
superficial tangential zone, the intermediate or middle zone, the deep or radiate zone, and the 
calcified zone, as shown in Figure 2.3.  
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Figure 2.2: A proteoglycan aggregate showing a collection of proteoglycans bound to a hyaluronic backbone. 
Proteoglycans are the bottlebrush-like structures consisting of a protein core with side chains of chondroitin 

sulphate and keratan sulphate. Negatively charged sites on the chondroitin and keratan sulphate chains 
cause this aggregate to spread out and occupy a large domain when placed in an aqueous solution. (16) 

 

Figure 2.3: Microscope view cut of articular cartilage. (KU Medical Center) 

Regarding the anisotropic structure of cartilage and the specificities due to every patient, such 
as age and gender, there are no single, precise mechanical properties to be given, but a range 
of values, according to all those specificities, can be given. Therefore, the values found in the 
literature vary according to age and conditions of testing, which is dry or containing water, in-situ 
or ex-vivo. It has been seen that the Young’s modulus of cartilage is between 0.3 to 1.5 MPa 
(14) when another source stipulates that it is only between 0.45 and 0.8 MPa (16).  The same 
sources give a tensile stress at failure between 1.3 and 1.8Mpa or between 10 and 35Mpa 
(Figure 2.4). However, in vivo peak stresses have been measured up to 18MPa (14). This 
apparent mismatch is due to the fact that in vivo conditions, water cannot be completely 
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squeezed out and, therefore, gets pressured, assuming a big part of the stress and giving a 
visco-elastic behaviour to the system, as shown in Figure 2.6 (14). Finally, reported values for 
aggregate modulus are between 0.5 and 0.9 MPa and a Poisson’s ratio close to 0. In SI units, 
the permeability of cartilage is typically in the range of 10-15 to 10-16 m4/Ns. Figure 2.5 shows the 
permeability, as well as the aggregate modulus as functions of the water content.  
  

 

Figure 2.4: Tensile failure stress as a function of the age. (16) 

 

Figure 2.5: permeability as well as the aggregate modulus as functions of the water content. (16) 
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Figure 2.6: Qualitative Strain/Time curve at a constant stress curve for a cartilage sample, showing its 
viscoelastic behaviour. (16) 

2.2 Most frequently used polysaccharides 
A wide variety of polysaccharides can be used in tissue engineering by taking advantage of their 
properties such as renewability, biocompatibility, and biodegradability. The following part will 
focus on cellulose, chitin, chitosan and alginate, and on the nanoparticles isolated from these. 

2.2.1 Cellulose (10,17-21) 

Cellulose is the most abundant and renewable biopolymer on the planet. It is present in plants 
cells walls and produced by some bacteria, amoebae, and fungi. It is widely used in 
environmental friendly and biocompatible materials.  

 Cellulose polymorphs 

Cellulose, as found in nature, is only one of the six polymorphs possible, and is denominated 
cellulose I, or native cellulose. All the polymorphs (I, II, IIII, IIIII, IVI, and IVII) exist due to the many 
variations possible in the hydrogen-bonding network and the molecular orientations. Cellulose II 
is the second most extensively studied form. It can be obtained from cellulose I either by 
regeneration (dissolution in a solvent followed by precipitation in water) or mercerization (using a 
swelling agent). Celluloses IIII and IIIII are formed from celluloses I and II, respectively, by 
treatment with liquid ammonia or some amines, and the subsequent evaporation of excess 
ammonia. Polymorphs IVI and IVII may be prepared by heating celluloses IIII and IIIII 
respectively, at approximately 200°C in glycerol. (10) 

 Hierarchical structure 

A cellulose fibre is composed of self-assembled nanosized fibrils with a diameter ranging 
between 5nm when bacteria produce it, and 35nm for some plants, the size depending on its 
source. In solid state, the cellulose fibres consist of highly ordered microcrystalline structures 
called ‘‘crystalline regions’’ that alternate with much less ordered structures known as 
‘‘amorphous regions” (17,19-21). The structure decomposition is schematically presented in  
Figure 2.7. Cellulose consists of a linear homopolysaccharide composed of β-D-glucopyranose 
units linked together by β-1-4-linkage, shown in Figure 2.8. 
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Figure 2.7: Scheme of the plant cell wall and cellulose organisation and subdivision (10) 

 

Figure 2.8: Basic chemical structure of cellulose(10) 

 Nano Cellulose  

Two types of nano cellulose particles can be isolated from cellulose sources: cellulose 
nanocrystals (CNC) and cellulose nanofibres (CNF). 
CNC: 
Many different terms have been used in literature to designate these rod-like nanoparticles, such 
as whiskers or cellulose nanocrystals. The terms microfibrils, microcrystals, or microcrystallites 
are sometimes used despite their nanoscale dimensions. The extraction of crystalline cellulosic 
regions is a simple process based on acid hydrolysis. Disordered or paracrystalline regions of 
cellulose are preferentially hydrolysed, whereas crystalline regions that have a higher resistance 
to acid attack remain intact (18). The obtained nanocrystals have a morphology and crystallinity 
similar to those of the original cellulose fibres, as shown in Figure 2.9, and their dimensions vary 
widely with a length between 100-1000nm and width in the range 10-50nm.(18) 
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Figure 2.9: TEM images of dried dispersion of cellulose nanocrystals derived from  (a)tunicate,  (b) bacterial,  
(c) ramie, and (d) sisal (18) 

CNF: 
These nanofibres are obtained by mechanical grinding of high purity cellulose. They are 
separated from the cellulose bundles when submitted to a shear stress in the grinding process. 
Their width is below 100nm and their length is not known yet, since it is very difficult to observe a 
single particle from one end to the other (22). Their structure is shown in Figure 2.10. 
This study will focus on cellulose nanofibres. 
 

  
Figure 2.10: AFM of CNFs, and photograph of the obtained gel 

2.2.2 Chitin and Chitosan (4,9,23,24) 

Chitin is a natural polysaccharide, the second most abundant after cellulose. It can be found in 
an enormous number of living organisms, especially as structural components in the shell of 
arthropods (4) and in the cell walls of some types of fungi and yeast. Most of the time, it is 
involved in functions necessitating strength and resistance. Chitin occurs in the form of ordered 
crystalline microfibrils and its formulation is poly (β-(1-4)-N-acetyl-d-glucosamine) (23). 
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Chitosan is the most important derivative of chitin. It is obtained by (partial) deacetylation of 
chitin in the solid state under alkaline conditions (concentrated NaOH) or by enzymatic 
hydrolysis in the presence of chitin deacetylase. The structures of chitin and chitosan are shown 
in Figure 2.11. Because of their properties of biodegradability, biocompatibility, and non-toxicity, 
chitin and chitosan are frequently used in biomedical applications for tissue engineering, wound 
healing, and drug delivery.   

 

Figure 2.11: Structure of chitin and chitosan (23) 

 Isolation of Chitin 

The main source of chitin for industrial use is in the waste shells of crustaceans (mostly crabs 
and shrimps), and, therefore, needs to be isolated from the other components. The shells are 
mainly made of chitin (20−30%), proteins (30−40%), calcium carbonate (30−50%), and lipids 
and astaxanthin (<1%). The hierarchical organisation of a shell containing chitin is shown in 
Figure 2.12. Chitin molecules form chitin nanofibers with an extended crystalline structure, which 
is wrapped in protein layers. The next level in the scale consists of the bundle of chitin 
nanofibers with thicker diameter. The next level is the planar woven and branched network of 
bundled nanofibers. The network is embedded in a variety of proteins and calcium carbonate. 
These woven network planes form a twisted plywood pattern with helicoidal stacking sequences, 
or a so called ‘‘Bouligand structure.’’ To isolate chitin from this structure, it has to go through a 
series of chemical treatments. The matrix components, proteins and minerals are removed from 
the crab shell by aqueous NaOH and HCl treatments (24). The latter keeps its shape but 
contains only chitin. It is then grinded in an adapted device and mixed in water at a ratio of 1wt% 
until it is completely disintegrated. The final chitin nanofibers are between 10-20nm wide with a 
high aspect-ratio.(25) 
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Figure 2.12: Hierarchical structure of an exoskeleton containing chitin (24) 

 Chitin and its polymorphs 

Depending on its source, chitin occurs as two allomorphs, namely the alphaIUJ and β forms 
(Figure 2.13). A third allomorph exists, named γ-chitin, but it has been proven that this allomorph 
is actually a derivate from the α family. 

 

Figure 2.13:  On the left: Structure of α-chitin: (a) ac projection; (b) bc projection; (c) ab projection. The 
structure contains a statistical mixture of 2 conformations of the –CH2OH groups. On the right: Structure of 

anhydrous β-chitin: (a) ac projection; (b) bc projection; (c) ab projection. to draw the molecular structure of b-
chitin.(9) 

2.2.3 Alginate (26) 

Alginate, or alginic acid, is a linear polysaccharide in which β-D-mannuronate and its epimer, α-
L-guluronate, are covalently (1-4)-linked in different sequences. Alginate is mainly used as a 
food additive to modify food texture due to its high viscosity and gelling property. Alginates are a 
quite abundant in nature. In brown algae, they are produced as a structural component, 
representing up to 40% of their dry weight. Some bacteria can also synthesize alginates. 
Alginates are mainly used in the industry as food additives to modify the texture. It can absorb 



15 
 
 

water and form gel quickly in the presence of calcium ion. It is used to increase viscosity of ice 
cream and cosmetics as a thickener. It can be used as a weight loss functional food ingredient 
because alginate is not digested in human gastric-intestinal tract and cannot be used as an 
energy source. They are also used as the media for cell and tissue immobilisations, due to their 
ability to form a gel regardless of the temperature and their biocompatibility. Commercial 
alginates are produced by extraction from biomass of marine macro algae. The alginate 
structure is shown in Figure 2.14. The mechanical rigidity and flexibility of alginate is controlled 
by the content of guluronic acid monomer. As the content of guluronic acid in alginate increases, 
gel strength increases. A low content of guluronic acid gives a more flexible texture of alginate. 

 

Figure 2.14: Chemical structure of alginates (26) 

2.2.4 Gelatine (27) 

Gelatine is a soluble protein compound obtained by partial hydrolysis of collagen. With regard to 
molecular weight distribution, gelatine consists of a mixture of polypeptides frequently presenting 
a band pattern distribution typical of type I collagen, with a characteristic a1/a2 chain ratio of 
around 2, the presence of b- and g-components (covalently linked a-chain dimers and trimmers, 
respectively), together with higher molecular weight forms as well as low-molecular weight 
protein degradation fragments. The most abundant sources of gelatine are pig skin (46%), 
bovine hide (29.4%) and pork and cattle bones (23.1%). Gelatine is known to have gelling and 
water affinity properties, and is highly soluble in water. When crosslinked, gelatine is capable of 
swelling. 

2.3 Processes for porous scaffolds preparation 
In this part, a brief functional explanation of the processes, which allow obtaining porous 
scaffolds for tissue engineering, is given.  

2.3.1 Electrospinning  

Electrospinning is a process used to generate fibres with diameters that range between 100nm 
to 10μm. It is based on the application of a high voltage electric field on a droplet of a polymer 
solution, to eject it and collect it on a grounded target (12). The fibre thickness depends on the 
polymer type, concentration, electrospinning conditions, and the orientation of the obtained 
mesh depends on the position of the target which can be fixed or rotating. (11) 

The setup used for electrospinning is schematised Figure 2.15, and an example of a mesh 
obtained by electrospinning is shown Figure 2.16. 
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Figure 2.15: Schematic of an electrospinning setup(12)

 

 
Figure 2.16: SEM image of electrospun PLA fibres (1) 

2.3.2 Gas foaming 

Gas foaming consists in injecting a gas-phase fluid (e.g.CO2 or nitrogen) in polymer granules 
with a high amorphous fraction at high pressure in order to obtain porous foams with various 
porosities. The major asset of this technique is that it does not involve potentially toxic solvents 
or extremely high temperatures.(1) 

2.3.3 Solvent Casting - Salt Leaching 

This technique involves casting a salt/polymer suspension with a particular solvent. Solidification 
happens by evaporation of the solvent, and salt can be dissolved out of the scaffold, leaving 
pores. 

This technique can only be used for small templates because of the limited amount of pores 
from which the salt can leach out; some of it could stay trapped in non-connected pores in a too 
big sample. Another difficulty is to remove all toxic components used in the process for the final 
product.(1) 

2.3.4 The freeze drying process  

Freeze drying, also called lyophilisation, is a process widely used to create highly porous 
materials, with adjustable pore size and orientation. In this process, a solution is prepared using 
a solvent and is frozen at sub-zero temperature. The solvent is removed from the mix by 
sublimation, which lets only the suspensions containing pores where the frozen solvent crystals 
used to be. Different types of porous materials, such as aligned porous materials and hybrid 
porous materials, have been successfully prepared by freeze drying (28). The freeze drying 
process provides several assets over other processes, especially for biomedical applications. 
First of all, it allows the use of water as solvent, which is environmental friendly and does not 
bring any toxic elements or impurities. The pore properties such as size, orientation, density can 
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be tuned by varying the temperatures, pressures, solution concentration, solvent type, and the 
freeze direction, and can, therefore, be used as a process to make scaffolds for various 
applications, especially porous scaffolds for cell growth and differentiation.(28,29) 

2.3.4.1 The basics of Freeze Drying 

The freeze drying process consists of three steps: freezing, primary drying, and secondary 
drying. The freezing step is done by contacting or bathing the sample in a cold bath. The sample 
is then put in a freeze dryer to remove the solvent by sublimation under a vacuum. The pores of 
the structure are the voids left after the removal of the frozen solvents. 

 Controlled freezing 

Control of the freezing process is very important for different conditions of freezing including the 
freezing temperature, solute concentration, solvent type, and direction of freezing. They all can 
have a great impact on the resulting pore structure of the materials. 
When a fast freezing occurs, i.e. at low temperature (e.g. in liquid nitrogen at -196°C), the 
formation of ice nuclei is very fast and results in small crystals. On the other hand, a slow 
freezing process at a higher temperature, (e.g. -20°C), the nucleation is slow and bigger crystals 
are obtained, resulting in bigger and more random pores in the final material.  
The direction of freezing can also affect the pore morphology. The control of the direction is 

obtained by applying a strong temperature gradient across the sample, making the crystal grow 

from the low to the high temperature end.(28) 

 Drying process 

The drying process is usually carried out in a freeze drier with temperature-controlled shelves. 
Primary drying occurs as the frozen solvent sublimes on reduction of the pressure to a value 
below the triple point. This is usually the most time-consuming step in the process directly 
related to the ice sublimation rate and is determined by factors such as level of vacuum, shelf 
temperature, sample volume and exposed surface area, and product resistance. Secondary 
drying is carried out to desorb the unfrozen solvent bound to the polymer. For this process a 
lower vacuum level than for primary drying is used to remove the bound water.  

2.3.4.2 Types of porous scaffolds obtained by freeze-drying 

By controlling all the parameters quoted before, it is possible to obtain different pore 
morphologies for different types of structures. 

 Unidirectional oriented pores 

By controlling the freezing direction, it is possible to obtain well-oriented pores, as the ice 
crystals will grow as pillars, leaving near-cylindrical shaped pores in the remaining material. 
Figure 2.17 shows the schematic process, and Figure 2.18 shows an example of the obtained 
structure. 
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Figure 2.17: Schematic representation of ice growth in a directional freezing process (28) 

 

Figure 2.18: SEM images of honeycomb monolith structures prepared from PLLA/PEG6000 blend (90/10) and 
1,4-dioxane solution. (A) Cross-sectioned surface perpendicular to freezing direction. (B, C) Cross-sectioned 

area parallel to freezing direction, and (D) the structure of pore wall after leaching with ethanol. (28) 

 Fibrous structures 

Under certain conditions, using a low concentration solution under a slow freezing process, it is 
possible to obtain a network of micro or nanofibers using lyophilisation (28-30). Figure 2.19  
shows chitosan/PVA nanofibers obtained this way. Such structures are particularly interesting for 
cell harvesting.  
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Figure 2.19: Chitosan/PVA blend nanofibers prepared by freeze-drying the   
mixture of 0.1 wt.% chitosan (MMw) and 0.1 wt.% PVA aqueous solutions, volume ratio 7:3 (30) 

 Particles 

Spray-freezing into liquid (SFL) is a particle engineering technology where the feed solution is 
atomized beneath the surface of a cryogenic liquid (e.g. liquid nitrogen) at a high constant 
pressure (e.g. 5000 psi), as illustrated in Figure 2.20. Spraying the solute in the cryogenic liquid 
gives an intense atomization of the feed into microdroplets, which instantly freeze in the 
cryogen. The frozen microparticles are then separated and subjected to a freeze drying process 
to produce dry microparticles. Of course, the particles properties, size, and density are function 
of the feed solution’s concentration, feeding rate, temperature, etc. 

 

Figure 2.20: Schematic of the spray freezing technique (28) 

2.4 State of the Art: Three dimensional scaffolds for cartilage 
engineering 

2.4.1 Fibrous cellulose nanocomposite scaffolds prepared by partial dissolution for 

potential use as ligament or tendon substitutes (21) 

In this study, Mathew et al. investigated the possibility of using a fibrous nanocomposite scaffold 
of cellulose for ligament and tendon tissue engineering. The fibrous nanocomposites were 
prepared in two steps. First a low concentration aqueous nanofibers suspension (0.5 wt.%) was 
used to prepare nanofibers networks. These networks were prepared and coated with ionic 
liquid and tests were made at different times of dissolution in the ionic liquid (0, 90 and 120min).  
Dissolution was stopped by rinsing with water. Figure 2.21 shows the obtained nanofibers 
networks and the final films at different partial dissolution states. The mechanical properties of 
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the nanofiber networks and the fibrous nanocomposites before and after sterilization were 
studied in dry and wet conditions. The sterilized samples showed strength in the range of 25–30 
MPa and strain of 20–28%, which is in the required range for tendon or ligament application.  
Furthermore, the samples showed no cytotoxicity and were able to support both HLC and HEC 
adhesion and growth together with good cell phenotype expression. 
 

 

Figure 2.21: (A) Atomic force microscopy images of the used cellulose nanofibers; height, amplitude and 
phase images. (B) Scanning electron microscopy of the (a) undissolved nanofiber network and the 

nanocomposites with (b) 90, and (c) 120 min of dissolution.  

2.4.2 Crosslinked fibrous composites based on cellulose nanofibers and collagen 

(19,20) 

Studies have been made to obtain materials for similar applications, this time putting the 
cellulose fibres in a collagen matrix, using a cross linking agent to improve the mechanical 
properties. The material obtained shows fibrillar collagen linked to cellulose nanofibrils 
embedded in a collagen matrix, as shown in Figure 2.22. Tensile strength and modulus of 
collagen increased remarkably with the addition of nanofibers and the crosslinking of collagen 
phase, with a strength of 132–150 MPa and a modulus of 5–6 MPa, which is significantly higher 
than that of the collagen matrix. Nevertheless, the collagen/cellulose ratio and the level of 
crosslinking seemed to improve to be closer to the mechanical properties of real ligaments. The 
cytocompatibility studies indicated non-cytotoxicity for collagen-cellulose, but the glutaraldehyde 
crosslinker showed cytotoxicity and, therefore, glutaraldehyde is to be replaced by other 
crosslinking agents. 
Another publication shows the same tests made on bio-based fibrous nanocomposites of 
cellulose nanofibers and non-crosslinked/crosslinked collagen, sterilized by gamma rays, and 
crosslinked using genipin, a bio-based crosslinking agent providing flexible crosslinks. In 
simulated body conditions the strength and elongation of the sterilized composites were 37–57 
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MPa and 15–17%, which is in the range of natural ligaments and tendons. The cytotoxicity 
demonstrated good cell adhesion, growth, and phenotype expression for both cell culture 
models (human ligament and endothelial cells) on the test material, which shows that the 
problem of the toxic cross linker was solved. 
The goal of this project is to make similar crosslinked bionanocomposite material aiming as a 
three dimensional porous scaffold for cartilage reconstruction.   
 

 

Figure 2.22: AFM images of crosslinked collagen and the nanocomposites showing the amplitude image and 
the 3-dimensional height image 

2.4.3 Chitosan–gelatine/nanohydroxyapatite composite (31) 

Peter et al. developed a chitosan-gelatine (CG)/nanohydroxyapatite (nHA) composite scaffold 
and compared its physical structure and cell interaction with those of a chitosan-gelatine 
scaffold. Chitosan 2% was dissolved in a 1% acetic acid solution. Gelatine and nHA were added 
while stirring and the solution was then submitted to ultrasonication to disperse and reduce the 
particle size. 0.25% glutaraldehyde was added for cross linking. Then the solution was freeze 
dried (freezing temperature -20°C). Different concentrations of chitosan-gelatine (0.5, 1, 2 
w/w%) were tested with 1% nHA. Although the pore size of CG/nHA scaffolds decreased with 
the addition of nHA compared with CG scaffold the results was not statistically significant, 
always between 150 and 350µm. With increasing concentration of chitosan, however, the pore 
size decreased and the presence of nHA increased the density and decreased the 
biodegradability of the scaffold. nHA also enhanced the cell attachment on the internal scaffold 
surfaces. A remarkable point in this paper is that there was no report of cytotoxicity due to the 
use of glutaraldehyde as a crosslinking agent. 

2.4.4 Supermacroprous chitosan–agarose–gelatine cryogels (13) 

Bhat et al. synthesised a porous scaffold of crosslinked chitosan-agarose-gelatine (CAG) by 
cryogelation. Gelatine was used as a substrate and was cross-linked with chitosan using 
glutaraldehyde while agarose has the property of self-gelation at low temperature. Two different 
configurations were tested with 0.1 and 1% w/v.  Chitosan was dissolved in an acetic acid 
solution (pH 2.4) and then gelatine (final concentration 1% w/v) was added. The solution was 
added to an aqueous agarose solution (final concentration 3% w/v), followed by addition of 
glutaraldehyde. The mix was incubated at -12°C in a liquid cooling bath and then thawed and 
dried at room temperature. Tensile tests as well as fatigue tests showed that the scaffold has 
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good mechanical properties, and in vitro tests showed the cytocompatibility. Furthermore, in vivo 
experiments confirmed that these scaffolds are suitable for the implantation in osteoarthritic 
sites. Again, no cytotoxicity due to the use of glutaraldehyde was reported.  

2.4.5 The chondrograft consortium (32) 

Chondrograft is a consortium resulting of the association of INSERM (Institut national de la santé 
et de la recherche médicale – National institute for health and medical research), UFR 
odonthology (Nantes University), Nantes Teaching Hospital, and ONIRIS (Nantes vet school), 
aiming cartilage reconstruction by injection of a designed hydrogel. Portron et al. reported the 
successful use of a biopolymer hydrogel seeded with mesenchymal stem cells for in vivo 
cartilage reconstruction.  
The hydrogel used has been synthesized by Bourges et al.(3) It consists in grafting silane on 
hydro soluble cellulose ether (HPMC). With a decrease of the pH, a self-hardening occurs due to 
the silanol condensation. The samples were sterilized by steam in an Autoclave and the effects 
of this sterilization were studied, as well as the self-hardening behaviour as a function of pH. The 
results showed that the product must be neutralized at pH 7 to allow an easy use without 
untimely condensation at room temperature. This pH generated some good conditions for 
cellular interaction. The authors affirm that this type of hydrogel can be a substitute for gelatine 
applications because it is a moulding material at ambient temperature and it is from cellulosic 
origin without pathogen agent. 
As said before, the cytocompatibility of this product was confirmed by Portron et al. (32). Stem 
cells extracted from adipose tissue were seeded in the hydrogel, and their differentiation to 
chondrocytes was studied in a three dimensional culture, using TGF-β1 growth factor, insulin, 
and hypoxia conditions (0-2% oxygen).  Such cells seeded in the Si-HPMC hydrogel showed 
synthesis of cartilaginous ECM 5 weeks after implantation in nude mice. Studies also showed 
that the Si-HPMC was biodegradable in vivo.  

2.4.6 Nanofibers coated microfibers (12) 

Thorvaldsson et al. showed a method to coat a single microfiber with nanofibers by a novel 
electrospinning display. They collected these nanofiber coated microfibers and pushed them into 
a vacuum in order to shape them into a three dimensional scaffold with enhanced cell 
interaction. Figure 2.23 shows a single microfiber coated with nanofibers. They compared the 
cell interaction properties of these scaffolds with those of pure non-coated microfibers and pure 
nanofibers. The size range of the electrospun nanofibers was 400–500nm in diameter whereas 
the diameter of the microfiber was about 30 μm. Results showed that the diameter of the fibre 
directly affects the pore size of the scaffold. SEM characterisations showed that scaffolds 
containing microfibers had a pore size of over 100µm, against 1nm nanofibers scaffolds. The 
tests of cytocompatibility were made by seeding cells on the faces of the scaffold. Results 
showed that non coated microfibers allowed cells to grow within the material, when pure 
nanofibers scaffolds, although promoting cell adhesion and proliferation, only allowed them to 
grow on the surface. This is due to the fact that the pores are too small to allow cell growth. 
Furthermore, pores with a diameter over a certain range do not allow the cells to grow either, for 
they cannot bridge over the gaps. Nanofiber coated microfiber scaffolds showed an improved 
cell adhesion and proliferation, for the microfibers provided the ideal pore size for the cells to 
migrate, and the nanofibers coating provided a better ECM-like interaction with the cells.   
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Figure 2.23: PLA microfiber coated with PCL fibres 

2.4.7 Chitosan nanofibers obtained by freeze drying (33) 

Qian and Zhang made Chitosan nanofibers with diameters ranging from 100 to 700 nm obtained 
from aqueous chitosan solutions with concentrations equal to or below 0.1 wt. %.Chitosan/poly 
(vinyl alcohol) blend nanofibers with different mass ratios were produced by freeze-drying the 
mixture solutions. Chitosan was first diluted in an aqueous solution containing acetic acid at a 
pH around 4 and then freeze dried at different temperatures. The effects of solution 
concentration, chitosan molecular weight, and freezing temperature were examined, as well as 
morphology and thermal stability of the nanofibers. The morphology of the materials was 
changed from a macroporous structure to nanofiber structures when the concentration of 
chitosan solutions was decreased from 1.0 wt.% to 0.02 wt.% as shown in Figure 2.24.  When 
freezing a 0.1wt% chitosan solution at a temperature of -20°C, a random macroporous structure 
was obtained; when freezing the same solution in liquid nitrogen, a nanofiber structure was 
given. 

 

Figure 2.24: SEM images of chitosan structures from freeze-drying chitosan (MMw) solutions with different 
concentrations. (a) 1 wt.%, scale bar 50 mm; (b) 0.1 wt.%; (c) 0.05 wt.%; (d) 0.02 wt.%. In (b)–(d), all scale bars 

5 mm, inset scale bars 500 nm 
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2.4.8 Cellulose nanoparticles self-assembling behaviour during freeze drying (1) 

Han et al. studied the behaviour of cellulose (type I and II) nanowires and nanocrystals at 
different concentrations during freeze drying. The solutions were frozen at -75°C and then 
lyophilized at -88°C. They noticed that at 0.5-1wt% concentration, cellulose self-organizes into 
lamellar structured foam composed of aligned membrane layers between 0.5-3µm widths. At 
0.05wt%, it assembled into oriented ultra-fine fibres with diameter between 0.57-1.5µm. The 
influence of temperature was not studied in this report, but it seems fair to assume that it would 
have an influence similar to the one observed in the work of Qian and Zhang[33] and it would be 
interesting to have it confirmed.  
 

2.4.9 Genipin crosslinked gelatine/chitosan complex scaffolds (34) 

Sarem et. al obtained freeze dried porous scaffolds of gelatine and chitosan for cartilage 
application. Different ratios of gelatine/chitosan were studied, from 0/1 to 1/0. The scaffolds were 
crosslinked by two different methods; before forming the scaffold by adding genipin in the 
solution, or after forming the scaffolds by bathing them in a genipin solution. The chemical bonds 
were studied by FTIR and the compression moduli were assessed as a function of the 
percentage of genipin, the crosslinking time, and genipin concentration.  
It was shown that the compressive modulus of gelatine is much greater than chitosan, and that 
the more gelatine that is present in the scaffolds, the higher the modulus. It was also shown that 
the most efficient crosslinking technique was solution bathing after scaffold formation. The 
results also confirm that there exists an optimum concentration of the genipin solution over 
which the crosslinking weakens the scaffold.  
The FTIR study showed that chitosan reacts more easily with genipin than gelatine, as it creates 
more chemical bonds with it. 
The obtained compressive moduli were in the range 50-350kPa depending on all the parameters 
above. 

2.4.10 Implantation of gelatine/chitosan scaffolds in vivo (35) 

Whu et. al processed a crosslinked gelatine/chitosan (1:1) scaffold with 2% final concentration, 
which showed a compressive modulus in the range 0.008-0.01MPa before cell seeding. It 
reached the value of 0.5MPa after cell growth and proliferation implanted in rabbits' articulations, 
which is a value close to that of natural rabbit cartilage (0.7MPa). The produced extracellular 
matrix contained an amount of glycosaminoglycan equal to 14wt% of that in natural hyaline 
cartilage, while type II collagen was equally present.  
This study shows the importance of the amount and quality of the ECM in such scaffolds after 
their implantation. 

2.5 Other remarkable techniques 

2.5.1 Hypoxia induced crosslinking (15) 

As explained before, the environment of cells plays a great role in their behaviour, and we have 
seen that presence of several growth factors and hypoxic conditions can for example make stem 
cells differentiate to chondrocytes and produce a cartilage external cellular matrix. Makris et al. 
studied the possibility of a hypoxic-induced cross-linking of a collagen network. This is based on 
the chondrocyte expression of lysyl oxidase (LOX), an enzyme responsible for the formation of 
collagen pyridinoline (PYR) crosslinks, was first assessed pre- and post- hypoxia application. 
The chondrocytes were isolated from the donor site and then embedded in a gelled agarose 
mould, and their production of collagen and glycosaminoglycan was verified. Then, the 
mechanical properties of self-assembled neocartilage constructs were measured, after 4 weeks 



25 
 
 

of culture, for groups exposed to 4% O2 at different initiation times and durations, i.e., during the 
1st and 3rd weeks, 3rd and 4th weeks, 4th week only, continuously after cell seeding, or never. 
Results showed that LOX gene expression was upregulated about 20-fold in chondrocytes in 
response to hypoxia. Hypoxia applied during the 3rd and 4th weeks significantly increased PYR 
crosslinks without affecting collagen content. Excitingly, neocartilage tensile properties were 
increased about 2-fold.  
This study puts forward the interesting point that the use of such a technique could lower or 
even eliminate the need of a crosslinking agent in future collagen based scaffolds. 

2.5.2 In vitro growth factor-induced maturation of engineered articular cartilage (36) 

Khan et al. explained how important maturation is for cartilaginous tissues and how it can be 
induced during the cell culture. Articular cartilage maturation is the postnatal development 
process that adapts joint surfaces to their site-specific biomechanical demands. Maturation 
involves gross morphological changes that occur through a process of synchronised growth and 
resorption of cartilage and generally ends at sexual maturity. The inability to induce saturation in 
biomaterial constructs designed for cartilage repair has been cited as a major cause for their 
failure in producing persistent cell-based repair of joint lesions. Using native immature and 
mature cartilage as reference, it was confirmed that the combination of growth factors FGF2 and 
TGFb1 induces accelerated articular cartilage maturation in vitro so that many molecular and 
morphological characteristics of tissue maturation are observable. The main observed 
phenotypes characteristic of mature cartilage are increased nano-compressive stiffness, 
decreased surface adhesion, decreased water content, increased collagen content, and 
smoother surfaces. Such a technique is another example of parameter which can be taken to 
account when doing tests for cell adhesion and multiplication on a porous scaffold.  
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3 Goal of the project 
The goal of this project was to obtain a cytocompatible biocomposite by freeze drying, with 
suitable mechanical properties using a crosslinked matrix of alginate or gelatine together with 
chitosan, to bond together cellulose nanofibers. 

Specific goals 

 Study the behaviour of the different materials under several freeze-drying parameters. 
 Study the mechanical properties and characteristics of the samples by: 

 Scanning Electron Microscopy (SEM) 
 Compression tests (atmospheric and immersed in PBS) 
 Density calculations 
 Fourier Transform Infra-Red spectroscopy (FT-IR) 

 Choose the most optimized process and material combination 
 Obtain suitable pore size and surface for cell proliferation 
 Study the cytocompatibility of the material  

4 Materials 

4.1 Cellulose Nanofibres 
Isolation of the fibres 
The CNFs used in this project are produced at the laboratory in the form of a 2% homogeneous 
aqueous suspension. The process is detailed below: 
Suspensions of high purity cellulose were provided by Domsjö Fabriker AB, Sweden. The fibres, 
with 2% concentration, were dispersed in the water by using the mechanical blender Silverson 
L4RT (England), at 6000 rpm for 30 min and thereafter ground using an ultra-fine grinder, MKCA 
6–3 from Masuko (Japan) to obtain nanofibers.  The grinding was performed in contact mode 
with a rotation speed of 1500 rpm, for 20 min. The product was then homogenized by 6 passes 
in a high pressure homogenizer from APV (Denmark).  

4.2 Other materials 
Medium molecular weight chitosan, acetic acid, sodium alginate, gelatine, and genipin were 
bought from Sigma Aldrich, Germany. Calcium chloride was bought from MERCK, Germany.  
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5 Experimental phase 

5.1 Fabrications of the scaffolds 

5.1.1 Freeze drying of chitosan  

An aqueous chitosan solution has been prepared dissolving 0.05g of chitosan in 100ml of 
distilled water and 600µL of acetic acid, and magnetically stirred for 4-7 hours. The solution 
contained in plastic bottles was frozen at either -20°C or -196°C by dipping the bottles in liquid 
nitrogen until the boiling stops. They were then lyophilized at -10°C using Alpha Christ Freeze 
Dryer. The structure was analysed by observing the cross section of the obtained foam in a 
SEM. 

5.1.2 Freeze drying of CNF based scaffolds 

The freeze drying of materials with CNF was performed following two different routes. Two 
different matrix phases were also tried out i) gelatine and ii) alginate.  
 

 Process 1. An aqueous solution containing 2% of CNFs suspension, with 0.2% of matrix 
phase (gelatine or alginate) as well as 0.05% of chitosan and 0.6% of acetic acid is 
frozen at -20°C and then lyophilised at -70°C. A more concentrated version of this 
process has been tested, with 4% CNF, 0.4% gelatine and 0.1% chitosan. If neglecting 
the acid which is washed, the final composition of the dry product is CNF/Gel/Chit 
88%/8.8%/2.2%. This process is later on referred to as one step process. 
 

 Process 2. The second process contains two steps of freeze-drying. 0.2% of matrix 
phase is dissolved in a 2% concentration CNF aqueous suspension and frozen at -20°C 
and lyophilised at -70°C. The samples were then impregnated by a chitosan 0.05% 
aqueous solution, frozen either in liquid nitrogen or at -20°C, and lyophilised again at -
10°C, in order to obtain chitosan self-assembled structures in the material while keeping 
it outside the matrix as chitosan is said to have weak mechanical properties. The final 
composition of the dry product is CNF/Gel 90%/10%. The proportion of chitosan is 
unknown since it is not possible to evaluate the amount that stays in the scaffold after the 
chitosan bath. 

 
The processes flow charts are shown schematically in Figure 5-1. 
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Figure 5.1: Schematic representation of the processes. 

All the liquid solutions were placed in plastic petri dishes before freezing and then on the shelves 
of a Christ Freeze Dryer, as show in Figure 5.2. The structures of the obtained scaffolds were 
inspected in the SEM both for alginate and gelatine. The choice of the best optimized process 
was done using the results of further SEM analysis and compression tests. The list of tested 
combinations is summed up Table 5.1. 

 

 
Figure 5.2: Samples in the freeze dryer. 

Note: During the fabrication of some series of samples, it has been noticed that they showed an 
extremely bad homogeneity in the form of a brittle sheet structure, observable when the samples 
were frozen, even before freeze drying. This has been explained by the fact that the cellulose 
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nanofibers used for these series came from a different batch of 2% CNFs solution that had been 
grinded finer resulting in shorter fibres. This seems to have an important influence on the 
freezing behaviour of the material, as shown Figure 5.3.  
 

 
Figure 5.3: Example of a brittle non-homogeneous sample 

5.1.3 Cross linking 

Two cross linking methods have been studied. Both involved dipping the scaffolds in a cross 
linking agent solution, as Sarem et Al. showed it was the most efficient way (34). The methods 
are as follows: 

 The scaffold is bathed for 30 minutes in a 5% CaCl2 solution and then rinsed until a 
neutral pH is obtained, and then freeze dried again.  

 The scaffold is bathed for 8hours in a 0.004M genipin solution buffered with PBS, then 
rinsed and freeze dried as above.  

 

Table 5.1: List of the studied samples 

Process 
Matrix 

composition 
CNF 

Concentration 
Freezing 

temperature 
Sample 

denomination 
Crosslinking 

agent 

1 step 

Gelatine (0.2%) 
Chitosan (0.02%) 

2% -20°C 
CNF-GCh-2 

- 

Gelatine (0.2%) 
Chitosan (0.02%) 

2% -20°C 
XCNF-GCh-2 

CaCl2 

Gelatine (0.4%) 
Chitosan (0.04%) 

4% -20°C 
CNF-GCh-4 

- 

Gelatine (0.4%) 
Chitosan (0.04%) 

4% -20°C 
XCNF-GCh-4 

Genipin 

2 step 
 

Alginate (0.2%) 2% -20°C -196°C CNF-ACh-196 - 

Alginate (0.2%) 2% -20°C -20°C CNF-ACh-20 - 

Gelatine (0.2%) 2% -20°C -196°C CNF-GCh-196 - 

Gelatine (0.2%) 2% -20°C -20°C CNF-GCh-20 - 

Gelatine (0.2%) 2% -20°C -20°C XCNF-GCh-20 CaCl2 
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5.2 Scanning Electron Microscopy 
The samples were cryogenically fractured with a surgical blade to preserve the cross section’s 
structure. SEM micrographs were acquired with a SEM Jeol JSM-6460LV at a voltage of 5 and 
15 kV. SEM samples were sputter-coated with gold for 50 s at 50 mA. 
For high resolution images, the samples were coated with tungsten and held on a carbon tape. 
The micrographs were obtained with a Ultra High Resolution SEM FEI Magellan 400. 

5.3 Density 
The density was calculated by cutting approximately cubic samples, measuring each side and 
weighing them, then dividing the weigh by the volume. Each measurement was made three 
times for each type of sample, and the average value was calculated. 

5.4 Moisture uptake and retention 
The moisture uptake measurements were made using PBS. The samples were dried overnight 
in a vacuum oven at 80°C, then weighed right after being taken out. They were then immersed 
in PBS. A first weight measurement was made immediately after immersion (Wu) and another 
one 3 days later. Both times the excess water was removed by gently tapping the samples on a 
dry surface to make it drop until a negligible amount of water was deposited.  
The samples were then placed in centrifugation bottles along with absorbing paper and 
centrifuged at 600rpm for 15 minutes. The weight was taken immediately after (Wr). 
The uptake and retention were calculated according to equations 1 and 2. 
 

           
     

  
     (1) 

 

              
     

  
     (2) 

 
In order to assess the swelling of the matrix phase, samples were dried in the vacuum oven and 
weighed as explained before, and put in a 95% moisture desiccator. Then they were weighed 
every two days in order to follow the weight evolution. 

5.5 Compression tests 
All compression tests were made at 37°C in a TA Instruments Q-800 DMA machine, according 
to an adapted version of the D11621 – 94 standard test method. The samples were cut in 
square plates with a side length between 5 and 10mm, and a thickness between 6 and 7mm for 
dry compression, and under 5mm for immersed compression. An example of a typical sample is 
shown in Figure 5.4. The displacement rate for moduli calculation was 100µm/min and the initial 
contact force was 0.02N, and slightly adapted to the specific rigidity of each type of sample (up 
to 0.035N). The compression moduli were calculated as the slope of the stiffest part of the curve, 
in the linear part if there is one, as suggested by the standard, or in the region of 5-10% if no 
linear part is observed before 15% strain. Each test was made at least five times and the 
average value was calculated.  
A study of the influence of the displacement rate on the elastic modulus has also been carried 
out to evaluate the relative visco-elasticity of the samples according to the medium. 
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Figure 5.4: Submersion compression clamp  

and Cube of 4.4% 1step process for compression 

Note: Due to partial non-homogeneity through some samples’ thicknesses, the upper/lower 
edges being sometimes less dense than the centre, and a few air bubbles getting trapped before 
freezing, some tests showed outlying week results and were therefore not taken into account. 

5.6 Cytocompatibility of the scaffolds 
The tests were carried out by the company EDUCELL, Estonia. 
Human chondrocytes were seeded on (X-)CNF-GCh-4 scaffolds (0.5x106 cells per ml) in cell 
culture media supplemented with 10 % PBS. The scaffolds with cells were incubated on 37 °C, 5 
% CO2 for 7 days. The cells in the vicinity of the scaffolds were monitored for their morphology 
and after 7 days the biomaterials were stained with MTT and inspected for the presence of live 
cells on the upper surface of the scaffolds (violet). Biomaterial with no seeded cells was 
regarded as a negative control.  
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6 Results and discussions 

6.1 Cellulose nanofibres 
 The nanofibres obtained after homogenization were in the form of a thick gel. (See Figure 6.1 a) 
AFM images of the nanofibers used in the study are shown in Figure 6.1. The AFM image 
showed network like structures with diameters in the range of 10-20 nm. 
 

 
Figure 6.1: Cellulose nanofibers image obtained by AFM 

Cytocompatibility of the fibres 
The cellulose nanofibers were tested for cytocompatibility to justify their use in biomedical 
application. CNFs were fixed to cell culture dishes and the cells (adipose derived stem cells and 
cell line L929) were seeded evenly throughout the cell culture dish. The impact of the biomaterial 
on cell growth and morphology was monitored and documented with photographs. Non cytotoxic 
(-K), moderately cytotoxic (+K), cytotoxic (++K) and severely cytotoxic (+++K) controls were 
used. 
The results of the tests are shown in Figure 6.2. The CNFs exhibit non-cytotoxic effect on 
adipose derived stem cells (ASC) and L929 cell line – the cells were growing normally and 
exhibited normal morphologies. 
It may be noted that a chemical component can be non-cytotoxic in a micro or macro form, but 
can become toxic when in a nanosized form, as it can penetrate the different membranes 
present in the body. No data was collected in the current study to evaluate this, or to observe 
their effect when present in the synovial fluid of an articulation. 
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Figure 6.2: Cellulose Nanofibres cytocompatibility tests 

6.2 SEM observation 
The self-assembly behaviour of the different materials was studied using SEM micrographs in 
order to select the best optimised process according to the freezing and drying temperatures.  

6.2.1 Behaviour of chitosan in the freeze drying process 

The behaviour of chitosan in the freeze-drying process has been studied varying different 
parameters. The reason for this study is that Thorvaldsson et. al showed that the cells attached 
more readily on the microfibres of their scaffold when they were coated with nanofibres; 
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nanosized structures favour cell attachment (12). Therefore the possibility to obtain self-
assembled chitosan nanowires inside the scaffolds by freeze-drying has been studied. It has 
been shown that chitosan self assembles into nano structures, such as nano capsules or 
nanowires when the concentration of the freeze-dried solution is low enough (28,30). It was 
decided to carry out a series of experiments to assess this behaviour with specific parameters, 
and see if such structures could be obtained within the scaffolds. 
SEM images of the freeze-dried structures are given in Figure 6.3. We can see that the 
structures obtained after freezing at different temperatures are completely different. The samples 
frozen in liquid nitrogen showed a nanowire structure as expected (28), whereas the ones frozen 
at -20°C self-assembled in bundles of “nano belts” shape or open capsules (Figure 6.3). 
Such structures present on the pore walls of a scaffold would definitely help the cell attachment 
and proliferation, with either of the behaviours shown in Figure 6.3. 
 

 
Figure 6.3: SEM pictures of freeze dried chitosan. Freezing temperature: -20°C on the left, in liquid nitrogen 

on the right. Nb: The presence of the “belt” shaped structures on the fast frozen sampled can be explained by 
the fact that some part of the sample might have not been frozen as fast because of the sample’s 

size/thickness or the thermal insulation of the plastic bottle used to contain it.  

6.2.2 Structure of the scaffolds 

A first series of SEM imaging was made to study the self-assembling behaviour in freeze drying 
of alginate and gelatine alone, and of alginate and gelatine with CNFs, i.e. the scaffolds obtained 
after the first step of the 2 steps process. The pictures are shown in Figure 6.4 and Figure 6.. 
Alginate tended to form a smooth sheet-like structure with a varying pore size of several 
hundreds of micrometres (Figure 6.4 a and b), while gelatine showed a much smaller pore size 
mostly under 100µm in a structure of thin walls linked by tangled wires ( Figure 6. a and b). 
When CNFs were added, the alginate matrix showed much smaller and tighter pores with sizes 
of 50-100µm in the same sheet like form linking the CNFs together in tight bundles ( Figure 6.4 c 
and d), whereas the gelatine was more aerated with bigger pores and a seemingly more 
homogenous CNF distribution ( Figure 6. c and d).  
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Figure 6.4: Alginate networks. a) and b): Alginate alone. C) and d): CNFs and Alginate (ratio 10/1) 

  
Figure 6.5: Gelatine networks. a) and b): Gelatine alone. C) and d): CNFs and Gelatine (ratio 10/1) 
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The microstructure of the CNF-GCh scaffolds was quite changed after bathing in the 
acidic/aqueous chitosan solution and second freeze drying. A first noticeable thing is the fact 
that the structure macroscopically shrank in the second freeze drying, which led to think of a 
denser material (Figure 6.). This was probably due to the fact that gelatine is easily soluble in 
water; therefore the scaffolds might have partially been dissolved during a slow freezing at -
20°C. On the other hand, we can consider that this is negligible in the case of a fast freezing in 
nitrogen.  
 

 
Figure 6.6: Gelatine based scaffolds. On the left: before the chitosan solution bath, on the right, CNF-GCh-20, 

after second freeze drying. 

 

 
Figure 6.7: SEM images of the two steps scaffolds. a) CNF-ACh-20, b) CNF-ACh-196, c) CNF-GCh-20, d) CNF-

GCh-196 

The structure was quite reorganized after the second freeze drying as seen on the SEM (Figure 
6.7). CNF-GCh shows smaller non homogeneous pores. We can see the pore size on the right 
of the picture (Figure 6.7 c) ) is smaller than on the left, with wider interconnecting walls. When 
frozen at -196°C on the other hand, the pore size was still over 100µm and the structure was 
more similar to the one observed before the second step. The structure of CNF-ACh samples 
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did not show a difference whether the second freezing was slow or fast, which can be explained 
by the fact that alginate is much less soluble in water than gelatine.  
In both cases we could observe the nanostructures characteristically formed by chitosan 
roughening the surfaces of the walls; an example is shown Figure (see the circled region). It was 
expected that the smooth surfaces in the scaffolds of CNF-ACh samples and of CNF-GCh-20 
can make it difficult for the cells attachment, as they attach preferably on rough surfaces and 
nanosized parts (12).  
 

 
Figure 6.8: SEM micrograph of CNF-GCh-196. 

The CNF-GCh-2 samples, with proportions CNFs/Gelatine/chitosan (88%/8.8%/2.2%), showed a 
structure very similar to the one of the CNF-GCh-196, as shown in Figure 6., but without the 
shrinkage problem encountered in the second lyophilisation step shown in Figure 6.. Also, the 
structure did not show any significant difference whether it was lyophilized at -20 or -70°C. The 
observation of CaCl2 crosslinked samples showed a strong densification and loss of porosity in 
some regions (Figure 6. d). 
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Figure 6.9: SEM images of CNF-GCh-2: a)FD at -70°C, uncrosslinked b)FD at -20°C, uncrosslinked c)FD at -

70°C, CaCl2 d)FD at -20°C, CaCl2 

This same process has been carried out with a doubled concentration of material, keeping the 
same proportions, but going from 2,2% in water to 4,4%, and crosslinked with genipin. Figure 6. 
shows that the CNF-GCh-4 samples were, indeed, denser than the CNF-GCh-2, showing fewer 
pores with a smaller average size. After crosslinking with genipin, the material apparently 
reorganised and the pore size increased, as observed by Sarem et. al (34). We can see a highly 
homogeneous pore repartition with a size of around 50 to 200µm.  
 

 
Figure 6.10: SEM pictures of the 1step 4.4% gelatine scaffolds. a) and b): CNF-GCh-4; b) and c): X-CNF-GCh-4. 
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Gelatine has been chosen as a preferential matrix for the rest of the experiments because the 
SEM analysis showed slightly better structures and homogeneity, most likely because gelatine is 
more easily solvable in water than alginate, and for practical reasons. This choice does not imply 
that alginate would not be suitable, but it has to be made because of the important amount of 
other parameters to study; another formulation optimised for alginate can eventually be made in 
further studies. Since the CNF-GCh-2 and CNF-GCh-196 showed such similar properties, it has 
been decided to keep the CNF-GCh-2 option, which is much less time consuming. The CNF-
GCh-20 was kept as well since it also showed a structure that could be suitable despite the 
shrinking problem. These two processes along with the CNF-GCh-4 showed a good pore size 
and homogeneity, with rough surfaces interconnected by embedded CNFs and other self-
arranged micro and nanowires.  

6.3 Density 
The density results are given in Table 6.1. We can see that the CaCl2 cross linking did not have 
any effect on the density of the 2 steps process samples. It is also confirmed that the 2 steps 
process makes a denser material than the 1 step process, as it was also noticeable by a 
macroscopic observation. The crosslinking of the one step process produced on the other hand 
a slight increase in the density, showing that a reorganisation of the structure does occur. In all 
cases, the density is low enough and provides enough space to allow cell growth, ECM 
production, and transport of growth factors within the scaffolds. 
 
 

Table 6.1: Density of the scaffolds 

Scaffold Type 
Density 

(mg/mm3) 

X-CNF-GCh-4 0,068 

CNF-GCh-4 0,062 

X-CNF-GCh-2 0,037 

CNF-GCh-2 0,029 

X-CNF-GCh-20 0,046 

CNF-GCh-20 0,046 

6.4 Moisture uptake 
Since 70 to 85% of the weight of natural cartilaginous tissues is water (16), it is important to 
know the water uptake properties of the material. 
The averages of 3 measurements for each sample type are shown in Figure 6.5. As can be 
seen, the results for CNF-GCh-4 samples showed the same order of magnitude as observed by 
Sarem et al. (34), all moisture uptake results are in the range 1500-3000%. The crosslinking of 
the samples did not seem to have a significant effect on the uptake or retention.  As expected, 
the uptake of CNF-GCh-2 samples was significantly higher than that of CNF-GCh-4, probably 
because of the lower density, although the retention values were quite similar. This can be 
explained by the fact that CNFs, which are the main component of the scaffold, do not absorb 
water. Therefore while the moisture uptake was due to the porosity of the scaffold -water got 
trapped in the pores. It is supposed that the water retention was mostly due to the absorption of 
moisture by the matrix phase, especially the swelling properties of gelatine, which is a minor 
percentage of the structure. The higher value of retention for CNF-GCh-2 was most likely due to 
the fact that the samples happened to be crushed in the centrifugation process due to their weak 
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mechanical properties, which made them lose their porosity and probably trap more water 
inside. 
The samples, therefore, have been put in a 95% desiccator and weighed every 3 days in order 
to assess the role of the matrix alone in the moisture uptake. As can be seen Figure 6.5, the 
uptake of the matrix reached its maximum after 3days and the values stayed below 50% for all 
samples which is negligible to the overall uptake. Therefore we can conclude that the 
centrifugation procedure to test retention left water in the pores, and almost all the water uptake 
of the samples is due to water trapped in the pores. Furthermore, since almost all the moisture 
uptake is due to trapped water in the pores, the scaffolds cannot be subject to a change of 
volume due to swelling. 
 

 
Figure 6.5: Moisture uptake and water retention results. Des: Desiccator, Dip: dipped in PBS, Ret: retention 

after centrifugation. 

6.5 Compression tests of the scaffolds 

6.5.1 Atmospheric moisture conditions at 37°C 

The dry compression tests have been carried out on the following samples: 

 CNF-GCh-20 and X- CNF-GCh-20 

 CNF-GCh-2 and X-CNF-GCh-2 

 CNF-GCh-4 and X-CNF-GCh-4 
The obtained curves were typically those of a compression test for an elasto-plastic material (an 
example is given Figure 6.6). The reported moduli are those obtained with the speed of 
100µm/min as mentioned before. The average values of all the measurements for the 
compression moduli are reported in Figure 6.7.  
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Figure 6.6: Stress-Strain curve of a X-CNF-GCh-4 sample. The slope is calculated on the red linear area. 

 
Figure 6.7: Average moduli in 50% air moisture. 

The moduli measured for the (X-)CNF-GCh-20 samples was around 0.31 and did not show any 
improvement after CaCl2 cross linking, but, rather, a significant decrease. The mean value for 
(X-)CNF-GCh-2 was slightly higher and did not show any change after CaCl2 crosslinking. The 
CNF-GCh-4 samples had a compression modulus of 1.96MPa and X-CNF-GCh-4 had almost 
the same values with 1.97MPa, some samples reaching 2.9MPa. This might be due to several 
reasons. The first possibility for CaCl2 is that the crosslinking solution was too concentrated, so 
that the crosslinking degree was too high (34). Another reason is that despite the important 
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rinsing previously to the last freeze drying step, some calcium stayed trapped in the scaffold and 
caused a slight moisture uptake, which softened the material. This would be the reason why the 
2 steps samples showed a decrease in their stiffness. If this is true, this moisture problem should 
disappear when testing in PBS medium.  
For the genipin crosslinking, the absence of mechanical improvement might be due to the low 
concentration of the genipin solution. For both crosslinking agents, the reason can also be the 
low amount of matrix in the material. In this case, the crosslinking stabilised the system but the 
chemical bonds were not sufficient to have a mechanical influence. Also, genipin reacts more 
with chitosan than with gelatine due to their chemical composition (34) and therefore the small 
amount of chitosan present did not allow crosslinking bringing a significant mechanical 
improvement. We can conclude that crosslinking with genipin enhanced the macro and 
microscopic structures by homogenising and increasing the porosity, but none of the studied 
crosslinking agents seemed to increase the mechanical properties as it was expected in our 
case with these proportions of materials.  

6.5.2 Immersion in phosphate buffer serum (PBS) at 37°C 

The tests in simulated body conditions were carried out on CNF-GCh-2, CNF-GCh-4, 
crosslinked and uncrosslinked. 
At low compression speed, the general shapes of the curves were much different from the ones 
in dry conditions. The system was then a multiphasic one with a non-Newtonian liquid phase 
and a porous solid phase. It could then be expected that the material had a viscoelastic 
behaviour. 
In such a system, the liquid contained in the pores of the samples shows some resistance in 
being squeezed out and carries a part of the load by hydrostatic pressure. This results in moduli 
that decrease as the strains go up, a long linear part until the sample is completely compressed, 
and the stress increasing again, as shown in Figure 6.8 c). In these cases, the shape of the 
curves sometimes did not allow a clear linear area under 15% strain to be found as before. Then 
the compression moduli were only taken as the slope of the linear part if this one was below 
15% strain. This was the limit, as after the 15% mark, the material would supposedly start 
collapsing. If not, it was taken as the slope between 5 and 10% strain. The obtained results are 
shown in Figure 6.9. As can be seen, the cross linking here still did not show a mechanical 
difference, the averages showing a difference of only 5.10-3MPa. 
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Figure 6.8: Examples of curves obtained in PBS. The displayed slopes in MPa correspond to the red 

selections 

6.5.3 Effect of the compression rate 

In order to understand the viscoelastic behaviour of the system, the compression rate has been 
varied. A first series of tests were made in dry conditions at a faster rate of 400µm/min, and 
compared with the results at 100µm/min. 
The dry tests showed that both the crosslinked and non-crosslinked samples showed no 
viscoelasticity; the average values of the moduli for both speeds showed only a slight decrease 
of about 0,2MPa, as shown Table 6.2. 
 

Table 6.2: Average values for CNF-GCh-4 in dry conditions 

Moduli (in MPa) at rate: 100µm/min 400µm/min 

Non crosslinked 1,96 1,64 

Crosslinked 1,97 1,67 

 
In PBS, the samples showed moduli that increased as the compression rate increased which is 
characteristic of a liquid-solid multi-phase system. This is explained by different complementary 
phenomena also witnessed in real cartilage (16):  

- It is shown that PBS is non-Newtonian (25), which means its viscosity decreases as the 
strain speed increases. The liquid present in the porous scaffold shows more resistance 
at increased rates. It is also shown that actual synovial fluid is non-Newtonian (25). 
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- The liquid trapped in the pores of the scaffold is not ejected instantly; therefore if the 
scaffold is compressed at a faster speed, more of the liquid is present inside the pores 
and carries a part of the load by hydrostatic pressure. 

 
Also, the different behaviour observed at slow speed tended to disappear at fast speed and turn 
back into the behaviour observed in dry conditions, with again a regular linear part (Figure 6.8). 
Nevertheless this was only a tendency and the main factor of the shape of the curve was still 
thought to be the quality and homogeneity of the samples. The compression moduli obtained for 
(X-)CNF-GCh-4 at different compression rates are shown Figure 6.9. 
 
The tests were also run on (X-)CNF-GCh-2, and also put forward a viscoelastic behaviour, 
although the difference observed between 100 and 400µm/min was not as big as for CNF-GCh-
4. This can be due to the bigger size of the pores, which allows liquid being squeezed out more 
easily. The results are shown Figure 6.10. 

 
Figure 6.9: Compression moduli of (X-)CNF-GCh-4 in PBS medium at different compression rates. The error 

bars represent the differences between the average and max/min value. 
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Figure 6.10: Moduli of (X-)CNF-GCh-2 in PBS at 100 and 400µm/min. 

The obtained values showed that the stiffness of the material depends strongly on the 
proportions of its components, and on the final concentration. The crosslinking could have a 
stronger effect on the stiffness in cases with a bigger proportion of the matrix phase. 
 
Sarem et. al (34) showed that scaffolds containing 80%/20% gelatine/chitosan scaffolds with 3% 
final concentration can have a compression modulus of 0.25MPa at the compression rate of 
1mm/min. Regarding the viscoelasticity of such systems it is difficult to directly compare our 
values to theirs. What can be said is that assuming that the CNF-GCh-X scaffolds can reach the 
same value or higher at the same compression rate, the main use of CNFs is to lower the 
amount of expensive crosslinking agent used by decreasing the amount of matrix needed to 
obtain similar properties. 
 
As showed by Whu et. Al (35), gelatine/chitosan scaffolds with a compressive modulus around 
0.006-0.010MPa have been successfully implanted in rabbit articulations, the ECM production 
after 6.5 months raising their modulus up to 0.5MPa, much closer to natural cartilage. Thus, the 
influence of the ECM is of primary importance in the mid-long term behaviour of the scaffold. 
Nonetheless, the load bearing abilities of such scaffolds in the early days after implantation is 
discussable and a lack of stiffness can slow down the ECM secretion because of the principles 
of mechanotransduction (37). The phenotype of these chondrocytes can also be questioned – 
and, therefore, the quality of the ECM they produce- regarding the difference of properties 
between the natural tissue and these scaffolds; chondrocytes are sensitive to their substrate and 
will not replicate normally if the substrate’s stiffness is different of that of cartilage.  
 
Therefore, it is legitimate to assume that using a scaffold with a stiffness much closer to that of 
natural cartilage from the beginning, without a delay due to the rate of ECM production, would 
bring better and faster results.  
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6.6 Cytocompatibility 
The cells were close to circular at day 2, and became completely circular at day 6, but showed 
no sign of zone of inhibition or reduced growth, as shown Figure 6.11. 
 

 
Figure 6.11: Scaffolds seeded with human chondrocytes, days 2 and 6 

At day 7, the samples were stained with MTT in order to put forward the live cells as they make it 
turn from yellow to purple. All seeded samples were compared with samples without cells, as a 
negative control. As shown in Figure 6.12, the chondrocytes in the scaffolds were still viable 
after 7 days; the scaffolds can therefore be considered non-cytotoxic. However, the morphology 
of the cells was more round than usual, which could be due to overpopulated surface of the cell 
culture vessel. The high number of cells is usual for seeding in 3D environment (seeding on 
biomaterial), but are too high for 2D environment (rest of the tissue culture plate) thus resulting 
in altered morphology of the cells. 
 

 
Figure 6.12: Scaffolds seeded with human chondrocytes, day 7, stained with MTT (magnification x4). 
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7 Conclusion 
In this study, porous nanocomposite scaffolds of cellulose nanofibres bound in a chitosan and 
gelatine matrix were prepared by different processes involving freeze drying, crosslinked using 
genipin and CaCl2, and analysed. Scanning electron microscopy was used to observe the 
structure, and compression tests were carried out to assess the compressive modulus and the 
elastoplastic and viscoelastic behaviour of the scaffolds in room moisture conditions and in 
simulated body conditions, at 37°C. The density, porosity, moisture uptake, and water retention 
of the scaffolds were measured.  
SEM observations showed a macroporous structure with pore sizes that vary according to the 
initial material concentration and crosslinking. SEM analysis along with practical reasons led to 
further tests with gelatine rather than alginate. Although crosslinking did not show a significant 
effect on the mechanical properties, the scaffolds showed compression moduli in the range of 
those of natural cartilaginous tissues and crosslinking is believed to enhance the stability. The 
behaviour of the scaffolds in room moisture conditions was elastoplastic and became 
viscoelastic when immersed in PBS, with a behaviour close to that of natural cartilage. 
Cytocompatibility studies showed that the material was non-cytotoxic for human chondrocytes, 
which showed good attachment and proliferation.  
Furthermore, the presence of chondrocytes and secretion of ECM is expected to bring the 
mechanical properties even closer to natural cartilage.  It can be concluded that this scaffold is a 
good candidate for further applications in tissue engineered cartilage and confirms the potential 
use of cellulose nanofibres in tissue engineering. 

8 Future work and Suggestions 
The present stage of the project raises many questions and leads to further studies: 
 

 Thorough study of the matrix/CNFs optimum ratio for adjustable stiffness. 

 Study of the matrix’s gelatine/chitosan proportion. Since chitosan is known to react more 
sensibly with genipin and only dissolves in acidic media, an increased amount of 
chitosan could lead to an enhanced stiffness in PBS medium as well as a lower 
degradation rate. 

 Degradation studies in simulated body conditions, with varying parameters such as the 
crosslinking, matrix composition or the matrix/CNFs ratio. 

 More specific mechanical tests such as creep of fatigue tests.  

 A longer chondrocyte culture in samples of a bigger volume would allow carrying a study 
of the ECM produced inside, and re-doing some of the mechanical tests in order to 
assess the influence of this ECM on the system. 

 A study of the interactions between ECM and CNFs to assess the possibility for the 
CNFs to be integrated in the neo-formed cartilage, and the risks of release of nanosized 
particles. 

 In the long term, it can be considered doing in-vivo tests, and observe the ECM 
production, eventual immune response, load bearing, etc.   



48 
 
 

9 Bibliography  

(1) Raghunath J, Rollo J, Sales KM, Butler PE, Seifalian AM. Biomaterials and scaffold design: 

Key to tissue-engineering cartilage. Biotechnol Appl Biochem 2007;46(2):73-84. 

(2) Bhat S, Kumar A. Cell proliferation on three-dimensional chitosan–agarose–gelatin cryogel 

scaffolds for tissue engineering applications. Journal of Bioscience and Bioengineering 2012 

12;114(6):663-670. 

(3) Bourges X, Weiss P, Daculsi G, Legeay G. Synthesis and general properties of silated-

hydroxypropyl methylcellulose in prospect of biomedical use. Adv Colloid Interface Sci 2002 

2002-12-02;99(3):215-28. 

(4) Cheng L, Thomas A, Glancey JL, Karlsson AM. Mechanical behavior of bio-inspired 

laminated composites. Composites Part A 2011;42(2):211-220. 

(5) Cheung H, Lau K, Lu T, Hui D. A critical review on polymer-based bio-engineered materials 

for scaffold development. Composites Part B: Engineering 2007 4;38(3):291-300. 

(6) Hutmacher DW. Scaffolds in tissue engineering bone and cartilage. Biomaterials 

2000;21(24):2529-2543. 

(7) Jančář J, Slovíková A, Amler E, Krupa P, Kecová H, Plánka L, et al. Mechanical response of 

porous scaffolds for cartilage engineering. Physiological Research 2007;56(SUPPL. 1):S17-S25. 

(8) Karaaslan MA, Tshabalala MA, Yelle DJ, Buschle-Diller G. Nanoreinforced biocompatible 

hydrogels from wood hemicelluloses and cellulose whiskers. Carbohydr Polym 2011 

8/1;86(1):192-201. 

(9) Rinaudo M. Chitin and chitosan: Properties and applications. Progress in Polymer Science 

2006 7;31(7):603-632. 

(10) Siqueira G, Bras J, Dufresne A. Cellulosic Bionanocomposites: A Review of Preparation, 

Properties and Applications,, 728-765. Polymers .2010;2:728-765. 

(11) Stylianopoulos T, Kokonou M, Michael S, Tryfonos A, Rebholz C, Odysseos AD, et al. 

Tensile mechanical properties and hydraulic permeabilities of electrospun cellulose acetate fiber 

meshes. Journal of Biomedical Materials Research - Part B Applied Biomaterials 

2012;100B(8):2222-2230. 

(12) Thorvaldsson A, Stenhamre H, Gatenholm P, Walkenström P. Electrospinning of highly 

porous scaffolds for cartilage regeneration. Biomacromolecules 2008;9(3):1044-1049. 

(13) Bhat S, Tripathi A, Kumar A. Supermacroprous chitosan-agarose-gelatin cryogels: In vitro 

characterization and in vivo assessment for cartilage tissue engineering. Journal of the Royal 

Society Interface 2011;8(57):540-554. 



49 
 
 

(14) Laasanen MS, Töyräs J, Korhonen RK, Rieppo J, Saarakkala S, Nieminen MT, et al. 

Biomechanical properties of knee articular cartilage. Biorheology 2002;40(1-3):133-140. 

(15) Makris EA, Hu JC, Athanasiou KA. Hypoxia-induced collagen crosslinking as a mechanism 

for enhancing mechanical properties of engineered articular cartilage. Osteoarthritis and Cartilage 

2013;21(4):634-641. 

(16) Mansour JM. Biomechanics of cartilage. Kinesiology: the Mechanics and Pathomechanics 

of Human Movement 2003(Ch 5):66-79. 

(17) Karageorgiou V, Kaplan D. Porosity of 3D biomaterial scaffolds and osteogenesis. 

Biomaterials 2005 9;26(27):5474-5491. 

(18) Habibi Y, Lucia LA, Rojas OJ. Cellulose nanocrystals: Chemistry, self-assembly, and 

applications. Chem Rev 2010;110(6):3479-3500. 

(19) Mathew A, Oksman K, Pierron D, Harmad M. Crosslinked fibrous composites based on 

cellulose nanofibers and collagen with in situ pH induced fibrillation. Cellulose 2012 

02/01;19(1):139-150. 

(20) Mathew AP, Oksman K, Pierron D, Harmand M. Biocompatible Fibrous Networks of 

Cellulose Nanofibres and Collagen Crosslinked Using Genipin: Potential as Artificial 

Ligament/Tendons. Macromolecular Bioscience 2012;13(3):289-298. 

(21) Mathew AP, Oksman K, Pierron D, Harmand M. Fibrous cellulose nanocomposite scaffolds 

prepared by partial dissolution for potential use as ligament or tendon substitutes. Carbohydr 

Polym 2012 2/14;87(3):2291-2298. 

(22) Gong G, P. Mathew A, Oksman K. Strong aqueous gels of cellulose nanofbers and 

nanowhiskers isolated from softwood flour. TAPPI Journal 2011:7-14. 

(23) Jayakumar R, Menon D, Manzoor K, Nair SV, Tamura H. Biomedical applications of chitin 

and chitosan based nanomaterials—A short review. Carbohydr Polym 2010 9/5;82(2):227-232. 

(24) Ifuku S, Saimoto H. Chitin nanofibers: Preparations, modifications, and applications. 

Nanoscale 2012;4(11):3308-3318. 

(25) Stark N, S. Streckenbach M, Gilchrist S, Schwenke T, Thomas B. Synthetic synovial fluid 

compositions and methods for making the same. US Patent Application No: 2012/0186,356 2012. 

(26) Kim H, Lee C, Lee E. Alginate lyase: Structure, property, and application. Biotechnology 

and Bioprocess Engineering 2011 10/01;16(5):843-851. 

(27) Gómez-Guillén MC, Giménez B, López-Caballero ME, Montero MP. Functional and 

bioactive properties of collagen and gelatin from alternative sources: A review. Food Hydrocoll 

2011 12;25(8):1813-1827. 



50 
 
 

(28) Qian L, Zhang H. Controlled freezing and freeze drying: a versatile route for porous and 

micro-/nano-structured materials. Journal of Chemical Technology & Biotechnology 

2011;86(2):172-184. 

(29) Han J., Zhou C., Yiqiang W., Wu Q. Self-assembling behavior of cellulose nanoparticles 

during freeze drying: effects of suspension concentration, particle size and crystal structure. 

Biomacromolecules 2013;14(5):1529-1540. 

(30) Qian L, Zhang H. Green synthesis of chitosan-based nanofibers and their applications. Green 

Chem 2010;12(7):1207-1214. 

(31) Peter M, Ganesh N, Selvamurugan N, Nair SV, Furuike T, Tamura H, et al. Preparation and 

characterization of chitosan–gelatin/nanohydroxyapatite composite scaffolds for tissue 

engineering applications. Carbohydr Polym 2010 5/5;80(3):687-694. 

(32) Portron S, Merceron C, Maillard N, Weiss P, Grimandi G, Vinatier C, et al. Cellules souches 

et biomatériaux injectables pour la médecine régénératrice du cartilage : le consortium 

« chondrograft ». IRBM 2012 4;33(2):92-97. 

(33) Tığlı RS, Gümüšderelioğlu M. Evaluation of alginate-chitosan semi IPNs as cartilage 

scaffolds. J Mater Sci Mater Med 2009 03/01;20(3):699-709. 

(34) Sarem M, Moztarzadeh F, Mozafari M. How can genipin assist gelatin/carbohydrate 

chitosan scaffolds to act as replacements of load-bearing soft tissues? Carbohydr Polym 2013 

4/2;93(2):635-643. 

(35) Whu SW, Hung K, Hsieh K, Chen C, Tsai C, Hsu S. In vitro and in vivo evaluation of 

chitosan–gelatin scaffolds for cartilage tissue engineering. Materials Science and Engineering: C 

2013 7/1;33(5):2855-2863. 

(36) Khan IM, Francis L, Theobald PS, Perni S, Young RD, Prokopovich P, et al. In vitro growth 

factor-induced bio engineering of mature articular cartilage. Biomaterials 2013;34(5):1478-1487. 

(37) Behrens F, Kraft EL, Oegema TR. Biochemical changes in articular cartilage after joint 

immobilization by casting or external fixation. Journal of Orthopaedic Research 1989;7(3):335-

343. 

  
  



51 
 
 

10 Appendix #1: Fourier Transform Infra-Red Spectroscopy 
A FTIR analysis was meant to study the chemical bonds occurring in the cross linking process. 
The measurements were done, but the complexity of the system and the fact that all the needed 
information about the gelatine-chitosan-genipin system was explained by Sarem et. al (34) led to 
put the analysis of the results aside. The data is shown  

 
Figure 10.1: FTIR Data of CNF-GCh samples with different crosslinking methods. 


