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Abstract 
Taking inspiration from nature, where composite materials made of a polymer matrix 

and inorganic fillers are often found, e.g. bone, shell of crustaceans, shell of eggs, etc., the 

feasibility on making composite materials containing chitosan and nanosized hydroxyapatite 

were investigated.  

A new preparation approach based on a co-precipitation method has been developed. 

The developed method is flexible allowing that different types of composites to be obtained. 

The formation of hydroxyapatite in the chitosan matrix was carried out from soluble salts as 

precursors at moderate pH of 10-11 for 24h. In its earlier stage of formation, the composite 

occurs as hydrogel as suspended in aqueous alkaline solution and it can be collected either by 

filtration or centrifugation techniques. Since the composite hydrogel exhibits a strong alkaline 

reaction, several washing steps were required to reach the neutral pH. In order to get solid 

composites various drying procedures including freeze-drying technique, air-drying at room 

temperature and at moderate temperatures, between 50oC and 100oC were used. 

Physicochemical studies showed that the composites exhibit different properties with respect 

to their structure and composition. IR and Raman spectroscopy probed the presence of both 

chitosan and hydroxyapatite in the composites. Hydroxyapatite as dispersed in the chitosan 

matrix was found to be in the nanosize range (15-50 nm) and occurs in a bimodal distribution 

with respect to its crystallite length. Two types of distribution domains of hydroxyapatite 

crystallites in the composite matrix such as cluster-like (200-400 nm) and scattered-like 

domains were identified  by the transmission electron microscopy (TEM) and by confocal 

scanning laser microscopy (CSLM) measurements. Relaxation NMR experiments on 

composite hydrogels showed the presence of two types of water sites in their gel networks, 

such as free and bound water. Mechanical tests, such as three points bending and compressive 

tests showed that the mechanical properties of composites are one order of magnitude less 

than those of compact bone but comparable to those of porous bone. The enzymatic 

degradation rates of composites showed slow degradation processes. The yields of 

degradation were estimated to be less than 10% by loss of mass, after incubation with 

lysozyme (100,000 U/mg), for a period of 50 days. Since the composite materials were found 

biocompatible by the ‘in vivo’ tests, the simple mode of their fabrication and their properties 

recommend them as potential candidates for the non-load bearing bone substitute materials.   
 
Keywords:  chitosan, hydroxyapatite, hydrogels, composite biomaterials, nanoparticles, bimodal 

distribution, bone substitute materials;  
 



 
 



Zusammenfassung  
 

Inspiriert von Natur, bei der Kompositmaterialien aus Polymermatrices und 

anorganischen Füllstoffen z.B. in Knochen, Krustentieren und Eierschalen vorzufinden sind, 

wurde die Herstellungsmöglichkeit von Kompositmaterial aus Chitosan und 

Hydroxyapatitdispersionen untersucht.  

Basierend auf einem Kopräzipitationsverfahren wurde eine neue Herstellungsmethode 

entwickelt, die als flexibler Zugang zu einem Spektrum von Komposittypen führt. Die 

Herstellung von Hydroxyapatit in einer Chitosanmatrix erfolgt über die löslichen 

Komponenten CaCl2 und NaH2PO4 und Einstellung des pH auf 10-11 über 24 h. In den frühen 

Phasen der Kompositbildung entsteht  ein in der wässrigen alkalischen Lösung suspendiertes 

Hydrogel, das durch Filtration und Zentrifugation isoliert werden kann. Über mehrere 

Waschschritte wird das alkalische Hydrogel neutralisiert. Um feste Kompositmaterialien zu 

erhalten, werden Gefriertrocknung, Lufttrocknung bei Raumtemperatur oder Lufttrocknung 

bei höheren Temperaturen bis 50-100°C eingesetzt, was einen weiteren Einfluss auf die 

Struktur und die physikochemischen Eigenschaften hat. IR und Ramanspektroskopie klären 

das Vorhandensein von Chitosan und Hydroxyapatit im Kompositmaterial. Hydroxyapatit ist 

als Nanopartikel der Größe von 15-50 nm in bimodaler Verteilung in der Chitosanmatrix 

dispergiert, und in durch Transmissionselektronenmikroskopie (TEM) und Konfokaler 

Laserscanmikroskopie (CSLM) nachweisbaren 200-400 nm großen Clustern assembliert. 

NMR-Relaxationsmessungen an Hydrogelkompositmaterial decken die Existenz zweier 

Klassen vorkommenden Wassers im Netzwerk auf, gebundenes und freies Wasser. 

Mechanische Tests wie die Dreipunktbiegung und Kompressionstests zeigen, dass die 

mechanische Festigkeit etwa eine Größenordnung unter der von massivem Knochen liegt, der 

Festigkeit von porösem Knochen aber gleichkommt. Enzymatische Abbauraten des 

Kompostimaterials sind als langsam einzuschätzen. Eine 50-tägige Einwirkzeit von Lysozym 

führte zu einem Abbau von 10 % der Kompositmasse.  

Die sich durch in vivo Tests herausstellende Biokompatibilität, die einfachen 

Herstellungsmöglichkeiten und die physikochemischen Eigenschaften empfehlen dieses 

Material als vielversprechenden Kandidaten für Knochenersatzmaterial in mäßig belasteten 

Bereichen.   

 

Stichworte: Chitosan, Hydroxyapatit, Nanopartikel, Hydrogel, Kompositmaterial, bimodale 

Verteilung, Biomaterial,  Knochenersatz 
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’’Self-assembled materials in the 21st
century   may represent building blocks
comparable to those of alloys, plastics,
and semiconductors in the 20th century’’ 
 
W. M. Tolles 
Materials challenges for the next century  
(MRS Bulletin October 2000) 
 

’’Any intelligent fool can make things
bigger, more complex, and more violent.
It takes a touch of genius and a lot of
courage to move in opposite direction’’  
 
Albert Einstein (1879-1955) 
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1 Introduction  

The development of new biomaterials for different engineering applications has been 

focused recently on the design of the so called bio-inspired or biomimetic materials. 

Substantial research is being carried out at present in this field, due to its large application 

area. Examples of highly ordered, structured materials that are made from different 

constituents are ubiquitous in nature. Wood, shells of marine molluscs, exoskeleton of insects, 

dentine and bone are few examples of highly complex materials produced in nature. A 

common facet of natural materials is that they contain different components in a very well 

organized defined structure over several length scale levels1. Thus, both the composition and 

the structure are responsible for the micro- and macroscopic properties. The fabrication of 

new biomaterials using biomimetic approaches gives the possibility to control the architecture 

(the structure) and the chemistry (the composition) of developed biomaterials. These types of 

biomaterials actually, should give very specific cellular responses that lead to the formation of 

new tissue mediated by biomolecular recognition signals. For example, the composites used 

as bone replacement materials should permit the attachment of osteoblast cells due to some 

apatite or/ and carbonate apatite layers but do not allow the attachment of blood cells2, 3. The 

notion of bio-inspiration, is using biological concepts, solutions, mechanisms, functions and 

design features which are abstracted as starting points for the new approaches of producing 

synthetic materials with high ordered structures and very specific properties4. The aim is not 

to try reproducing a particular biological function or structure, but to use such knowledge as a 

source of guiding principles and ideas. The tissue-engineering application is a research area 

that deals with the design, development and production of biomaterials that can be implanted 

inside of the body as artificial organs or/and to help in healing processes of a wounded organ. 

Many of these tissue-engineering applications use polymer composite materials. In order to 

fabricate artificial biomaterials, the main idea5 in biomimetic and/or biologically inspired 

approaches is to produce nanocrystallites of inorganic biological compounds dispersed in the 

polymer matrices.  

The natural polymers6, 7, 8 or their derivatives, are increasingly used as an alternative to 

synthetic polymers because of their biodegradability and biological activity. Based on the 

above considerations, this project proposes the development, production and characterization 

of new composite materials, containing chitosan as the polymer matrix. Chitosan is the main 

derivative of chitin, a natural abundant biopolymer being a biodegradable and 

environmentally friendly material. The decreasing costs of chitosan, associated with its 

properties, make it very attractive for various applications. 
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2 Aim of the Project 
 
2.1 Statement of Hypotheses 

Biomaterials containing calcium phosphates, CPs, ceramics and particularly those 

based on hydroxyapatite, HAp, exhibit excellent biological activities9. Unfortunately, beside 

this excellent bioactivity some problems are raised in using the CPs bioceramics for 

biomedical purposes. They present a slower resorption rate in vivo compared to the rate of 

new bone formation. The crystalline features9 of CPs bioceramics are the cause of the slow 

rate of resorption. The brittleness due to their crystallinity is an additional problem. One 

solution to increase the resorption rate ‘in vivo’ of CPs bioceramics is to decrease their 

particle size and hence their degree of crystallinity. The use of only nanoparticles of CPs to 

fabricate biomaterials raises mechanical problems; these materials become very brittle10. The 

solution might be the incorporation of CPs nanoparticles in polymer matrices as composite 

biomaterials. It is expected that the mechanical properties of the composite to combine the 

stiffness of polymers with the hardness of CPs fillers.   

Composite materials composed of a polymer matrix and inorganic fillers such as bone, 

dentine (collagen and apatite), shell of crustaceans (chitin, proteins and calcium carbonate), 

shell of eggs (glycoproteins and calcium carbonate) having either role of protection, 

mechanical support or cutting are just some examples from nature. Taking inspiration from 

natural materials, we try to mimic such composite biomaterials using chitosan as the 

polymeric matrix and HAp as the inorganic phase. The idea to use chitosan is supported by 

several factors such as it is biocompatible, biodegradable, bioactive by its biodegradation 

oligomers. Moreover, it can be easy obtained from chitin. Chitosan in solid form shows strong 

polymeric chain interactions through the hydrogen bonds while in acidic solution abundant 

positive charges along the chain are formed. In solution, chitosan exhibits different 

conformations11 with respect to solution parameters (pH, ionic strength, temperature, etc). 

Both chitosan and HAp are soluble in acidic media, but insoluble in neutral and alkaline 

media. Based on these considerations, the possibility to co-precipitate a composite material 

either in neutral or basic media is feasible. Due to the high charge density of chitosan in 

solution, a strong interaction with the precursory salts of HAp is expected to take place. Our 

interest is to see how stepwise co-precipitation method can be established in order to control 

the entire precipitation process. At present, only a few approaches to obtain chitosan/CPs 

composite materials are described in literature, being based either on mixing, co-precipitation 

methods or employing the mineralization of chitosan in solid forms (especially as membranes 

or scaffolds) in simulated body fluids12, SBF. Yamaguchi et al.13 have developed one step co-
 2



2 Aim of the Project 
precipitation method that lead to chitosan/HAp composites. In this approach the pH of the 

system jumps from 1÷2 instantaneously to 13÷14 (pH of calcium hydroxide aqueous 

suspension). Consequently, the formed composite has probably a heterogeneous structure. 

The mixing approaches14, 15 are based on the mixing of a chitosan solution with different CPs 

fillers followed by their co-precipitation as composite. Our belief is that a stepwise co-

precipitation method might achieve a higher degree of structural organization in the 

composite compared to the methods discussed above. The possibility to produce different 

types of composites, such as chitosan/brushite and/or chitosan/ACPs can be reached via this 

approach. Also, of interest is the production of chitosan/HAp composites containing several 

bioactive cations at trace levels (µg/g composite). The idea is supported that some cations are 

frequently involved in biological enzymatic processes, particularly in bone formation, and 

therefore might improve the bioactivity of the composite materials. Cations such as Zn2+, Cu2+ 

and Mn2+ are considered to be complexed to chitosan before the co-precipitation of 

composites. Mn2+ is the cofactor16 for a group of glucosyl-transpherases enzymes involved in 

mucopolysaccharide synthesis and implicitly in the new bone formation. A diminished level 

of Zn2+ in body from the normal limits affects the growth rate of young organisms, inducing a 

decreased bone mineralization17 processes. In many studies about the role of mineral traces in 

osteoporosis, Saltman et al. 18 have showed that Cu2+, Mn2+ and Zn2+ have an important role in 

mineralization processes of bone. Strause et al.19 have proposed treatments with CPs and 

minerals for remineralization of bone accompanied with some other biologically active 

substances, in principal hormones and bone morphogenic proteins, BMPs. 

  

2.2 Targets of the project 

The goals of the project consist of two main points as presented below. 

♦  The development of a stepwise co-precipitation method in order to obtain composite 
materials containing chitosan or/and chitosan derivatives and bioactive calcium 
phosphate compounds, CPs, (mainly HAp) for bone repair purposes. 

 
♦ Physicochemical characterizations of composites with respect to their composition, 

structure, and properties will be achieved. Various analytical methods and techniques 
such as thermo-gravimetric analysis, TGA, FT-IR spectroscopy, Raman spectroscopy, 
NMR spectroscopy, optical microscopy, OM, scanning electron microscopy, SEM, 
transmission electron microscopy, TEM, confocal scanning laser microscopy, CSLM, 
XRD, partial enzymatic degradation tests, mechanical tests, will be involved. A wide 
range of analytical methods must be employed to investigate the composite samples since 
each of these methods has its own limitations and therefore it is necessary to combine all 
results to obtain a comprehensive view.  

 3



3 Literature Review 
 
 
In this section , the practical and theoretical aspects of the following points are discussed. 

  i)     chitin and chitosan production, properties and some application area; 
  ii)    biologically relevant CPs compounds; 

           iii)  bone structure and properties as a reference for providing the qualitative and         
quantitative prameters for the fabrication of bone replacement materials; 

  iv)   economical aspects about the ortopaedic market; 
  v)    bone grafts and composite materials as bone substitute materials, present status; 
 

 

3.1 Chitin and Chitosan 

Polysaccharides20 are natural polymers consisting of a large number of 

monosaccharide residues linked together. In the case of polysaccharides that contain a 

substantial proportion of amino sugar residues, the term glycosaminoglycans or aminoglycans 

is often used. It is not possible to attribute one distinct molecular weight for polysaccharides, 

since they are polydisperse. Therefore, they are characterized by an average molecular weight. 

The number of monosaccharide units (residues) in a polysaccharide is termed the degree of 

polymerization, DP. Polysaccharides occur in an enormous structural diversity21 as they are 

produced by a great variety of species, including microbes, algae, fungi, plants and animals. 

The most well known polysaccharides are cellulose, chitin, chitosan, starch and glycogen. 

 

3.1.1 Occurrence, structure and properties 

Chitin is an abundant22 biopolymer on earth and like cellulose, is a renewable material. 

Chitin occurs most abundantly in the shells of crustaceans, which are the main source of 

production, but also in insect exoskeletons, in fungi, in yeasts, etc. However, on industrial 

scale, chitosan is primarily produced from the processing of chitin. Neither chitin nor 

chitosan23 are homopolymers since both of them are composed of the same monomers, N-

acetyl-2-amino-2-deoxy-D-glucopyranose and 2-amino-2-deoxy-D-glucopyranose units, 

which are linked through β-D (1 4) glycosidic bonds. In chitin, the predominant units are N-

acetyl-2-amino-2-deoxy-D-glucopyranose while chitosan has a greater content of 2-amino-2-

deoxy-D-glucopyranose units. Both chitin and chitosan are linear co-polymers. The criterion 

proposed to distinguish between chitin and chitosan refers to their solubility in acidic aqueous 

solutions. Chitosan is soluble in dilute acidic aqueous solution (except aqueous sulphuric acid 

solutions), while chitin is not24. The chemical structure of chitin and chitosan compared to 

some natural related polysaccharides are shown in Figure 3.1.1. These polysaccharides 
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contain β-D (1 4) glycosidic bonds, except hyaluronic acid, which contains β-D (1 3) and 

β-D (1 4) glycosidic bond.  
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polycation in aqueous acidic solutions and it forms polyelectrolyte complexes with 

polyanions32. Chitosan derivatives are easily obtained. A few types of derivatives are 

exemplified. Hydroxyalkyl chitosans33 are obtained in reactions of chitosan with epoxides. As 

a function of reaction conditions, the functionalization might take place either at the amino 

groups or at hydroxyl groups, giving N-hydroxyalkyl- or O-hydroxyalkyl chitosan 

derivatives, respectively. Quaternary chitosan ammonium salts34 can be produced following 

either the substitution or the addition reaction routes. Chitosan permits the typical reactions of 

amines, of which N-acylation and the Schiff reaction are the most important ones35.  

 

3.1.2 Methods of preparation of chitin and chitosan 

Recently, different procedures for the preparation of chitin and chitosan have been 

proposed and developed36. Each of them is adapted to the raw materials source that is used. In 

natural form, chitin occurs as a complex composite material (with CaCO3 and associated with 

proteins, carotenoids, etc). One attractive approach to produce chitin from crustacean shells is 

a biotechnological method using lactic acidic fermentation37. The classical procedure to 

manufacture chitin38 requires three main steps as deproteinization, demineralization and 

decoloration. Chitosan is obtained from chitin through N-deacetylation reaction39. The amide 

bond from acetylated amine residues along the chitin chain is difficult to hydrolyze by 

comparison with other carbonyl-containing groups (e.g. esters). Consequently, this process is 

carried out at temperatures higher than 70°C (in many approaches the temperature is about 

100°C) using concentrated aqueous alkali solutions (NaOH or KOH) at concentrations of 40-

50% (wt/wt). Chitosan properties depend on a number of process parameters36, such as 

concentration of alkali, mass ratio between the solid base and chitin, deacetylation reaction 

time, type of chitin used as a raw material, particle size of chitin, method of deacetylation and 

reaction atmosphere.  

 

3.1.3 Physicochemical characterization of chitosan  

Since chitin and chitosan are not monodisperse, an average of molecular weight as 

well as of the degree of deacetylation, DD, are measured40, 41, 42. It should be mentioned that, 

besides DD, there are other ways to express the ratio between GlcN and GlcNAc residues 

from the polymer structure such as the degree of acetylation, DA, and the mol fraction of N-

acetylglucosamine units, FA. The structural parameter expressed either as DD, DA or FA has a 

strong effect on chitosan properties; therefore its determination is imperative. In order to 
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determine the DD, multiple approaches, including UV-VIS spectroscopy, first derivative of 

UV spectrometry43, 1H-NMR spectroscopy44, 13C solid state NMR45, IR spectroscopy46 

methods, have been utilized and reported in the literature. 

In the case of the molecular weight of chitosan the number-average, the weight-

average or the viscosity- average molecular weight (Mn, Mw and Mv, respectively) are used. 

For random polymer distributions, the average molecular weight increases in the following 

order Mn < Mv< Mw.  The polydispersity index is given by the ratio Mw/Mn
47.  The average 

molecular weight of chitosan using viscometry, a simple and a rapid method, can be easily 

determined. Unfortunately, this method does not provide the absolute values of molecular 

weight. In order to obtain the molecular weight distribution, gel permeation 

chromatography42, GPC, coupled with a multiple-angle light scattering detector, MALSD, 

must be performed. 

 

3.1.4 Applications of chitosan and chitosan derivatives 

Chitosan and its derivatives are applied in fields like cosmetics48, in wastewater 

treatment49, to produce fibers50 and films51, for different purposes in surgery52, or in the food 

industry53.  A number of degradable polymers including chitosan as a natural polymer are 

used for drug-delivery purposes54-57. In order to fabricate biomaterials for bone tissue repair 

purposes, Muzzarelli et al.  have studied chitosan derivatives such as imidasolchitosan58,      

N, N –dicarboxymethylchitosan59 and 6-oxychitin60. The in vivo and in vitro studies have 

demonstrated the osteoinductive and osteogenetic capacity of chitosan derivatives. 

Klokkevold et al.61 have evaluated in vitro effect of chitosan on osteoblast differentiation as 

well as on bone formation. The results of these experiments suggested that chitosan promotes 

the differentiation of osteoprogenitor cells and facilitates the formation of new bone. 

 

3.2 Calcium Phosphates (CPs), biologically relevant compounds 

3.2.1 Occurrence, types and properties 

Calcium phosphates, CPs, are the most important inorganic constituents of biological 

hard tissues62. They are present in bone, teeth, dentine and cartilage mainly as hydroxyapatite, 

HAp. Besides HAp, other CPs like carbonated apatite, CHAp, octacalcium phosphate, OCP 

amorphous calcium phosphate, ACPs, and dicalcium phosphate dihydrate, DCPD, have been 

identified in biological tissues. These compounds have shown to support osteoblastic 

adhesion and proliferation9. CPs based biomaterials made of the combination and processing 

 7



3 Literature Review 
of these materials are brittle. For this reason, these materials are used primarily as fillers 

and/or as coating materials. The proposed mechanism of CPs integration into bone tissue is 

through an initial process of dissolution and resorption, followed by a subsequent 

precipitation of a carbonate-substituted calcium deficient biological apatite63. 

Table 3.2.1 Summary of the natural occurrence of CPs compounds in living tissues63. 
 
MINERAL  FORMULA   ORGANISM   LOCATION  FUNCTION 
Hydroxyapatite  Ca10(PO4)6(OH)2   Vertebrates   Bone    Endoskeleton 

Mammals     Teeth    Cutting/grinding 
Fish     Scales    Protection 

Octacalcium 
 phosphate  Ca8H2(PO4)6   Vertebrates    Bone/teeth   Precursor phase 
 
Amorphous     Chitons     Teeth    Precursor phase 
Calcium phosphate; variable   Gastropods    Gizzard plates   Crushing 

Bivalves     Gills   Ion store 
Mammals     Mitochondria   Ion store 
Mammals     Milk   Ion store 

 
 

The occurrence of CPs biominerals in living tissues is shown in Table 3.2.1. CPs 

compounds can be broadly classified into two categories according to the fabrication 

method64. The first group contains CPs obtained by sintering method in the CaO-P2O5-H2O 

system at temperatures ranging from 500°C up to 1500°C. The second category can be 

obtained through precipitation from saturated solution at room temperature.  

CPs family includes the following compounds64. 

♦  Monocalcium phosphate anhydrous, MCPA, Ca (H2PO4)2, is a highly soluble and acidic 
CPs. Due to its strongly acidic properties, it is incompatible with and nonexistent in an ‘in 
vivo’ environment (pH 7-7.4).  

♦ Dicalcium phosphate anhydrous, CaHPO4, and dicalcium phosphate dihydrate, 
(brushite), CaHPO4·2H2O, (DCPA, DCPD). Both are biocompatible, biodegradable, and 
osteoconductive materials. DCPD is a metastable compound found in fracture calculus 
and considered a precursor of HAp in bone formation.  

♦ α- and β-Tricalcium phosphate, α-TCP, β-TCP, Ca3(PO4)2, the two types have the same 
formula, but different crystallographic structures, with α-TCP more degradable than β-
TCP. Both are widely used as bone substitutes as powders, granules, or blocks. 

♦ Octacalcium phosphate, OCP, Ca8H2(PO4)6·5H2O, is a metastable precursor of HAp in 
teeth and bones. 

♦ Hydroxyapatite, HAp, Ca10(PO4)6 (OH)2, is an osteoconductive material, which is the 
most stable CPs at moderately acidic, neutral and basic pH. It is found in bone, dentine 
and teeth. 

♦ Biphasic calcium phosphate, BCPs, is a mixture of HAp and β-TCP, which makes it 
more soluble compared to the pure HAp.  

♦ Tetracalcium phosphate, TTCP, Ca4(PO4)2O, is the most basic and soluble CPs below  
pH 5. TTCP is biocompatible, but poorly biodegradable.  

♦   Oxyapatite, OxHAp, Ca10(PO4)6O, is a decomposition product of HAp.  
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with a Ca/P ratio varying between 1.5 and 1.67; it is the main product of many CPs based 
cements.  

♦ Amorphous calcium phosphate, ACP, has various compositions, being especially ‘in 
vivo’ involved in the biochemical transformations of CPs phases towards HAp.  

 

Some relevant properties of CPs compounds are comprises in Table A-I-1 from Appendix A-I. 

 

3.2.2 Solubility diagrams of CPs. Thermodynamic driving force  

The precipitation of a mineral from its aqueous solution occurs when the solution 

becomes supersaturated with that compound at a particular pH. Dissolution of a compound 

takes place when the surrounding aqueous environment is unsaturated with respect to that 

compound65. The driving forces that control the dissolution and precipitation reactions are 

related to the levels of super- or sub-saturation defined with regard to the thermodynamic 

solubility constants66. The equilibrium reaction for a simple system, AX, can be represented 

by  

   AX (s)↔An+ +Xn- (aq),     (3.2.2-1) 

where (s) indicates solid and (aq) aqueous states, respectively.  A variation in Gibbs free 

enthalpy, ∆G, in the system described in Equation 3.2.2-1 is given by  

   AX
P

sAXaqXaqA I
RTRT

G ln,
0

,
0

, +
−+

=
∆ µµµ

,    (3.2.2-2) 

where µ0 is the standard molar Gibbs free enthalpy (so called standard chemical potential), 

µAX,s is the Gibbs free enthalpy of the solid compound AX, R is the ideal gas constant, T is the 

absolute temperature, and Ip
AX is the ionic activity product of compound AX. 

The ionic activity product is calculated by 

   ( )( )−+= nnAX
p XAI ,      (3.2.2-3) 

where (An+) and (Xn-) are molar concentrations of cation and anion, respectively. 

In the state of equilibrium ∆G=0; Equation 3.2.2-2 becomes 

  AX
sp

AX
P

sAXaqXaq KI
RT

lnln,
0

,
0

, =−=
−+ µµµ A .   (3.2.2-4) 

The last term of the above relationship contains the solubility product, Ksp
AX, of the compound 

AX. Based on this consideration, Equation 3.2.2-2 can be rewritten as follows, 

  S
K
I

RT
G

AX
sp

AX
p lnln ==

∆ ,      (3.2.2-5) 
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where S is the thermodynamic saturation level. With respect to the parameter S, the evolution 

of the system can be discussed. When S is less than unity, the solution is sub-saturated and 

∆G is negative. The result is that the driving forces favor the product on the right side of the 

Equation 3.2.2-1, and the solid is dissolved. If S exceeds unity, the solution will be super-

saturated and ∆G is positive. The driving force will move to the left (according to Equation 

3.2.2-1) and the solid compound, AX, is precipitated67. These basic concepts are useful in 

understanding the solubility properties of CPs compounds in aqueous systems as a function of 

pH. The solubility diagrams in a ternary system of Ca(OH)2-H3PO4-H2O at 37oC, in a 

graphical representation of log [Ca2+] against pH are presented in Figure 3.2.1. The 

concentration of [Ca2+] is expressed in mol/L. A common feature of these isotherms is that 

they show a negative slope in acidic, neutral and moderately basic (up to 10) pH ranges. 

Above pH 10, all compounds exhibit positive slopes. At a given pH value, a CPs salt, whose 

isotherm lies below the others is relatively less soluble68 (thermodynamically more stable). 

Based on these considerations some useful conclusions can be deduced. HAp is the least 

soluble over a wide range of pH69. When the pH is decreased below 4.2, DCP becomes the 

least soluble CPs compound. At physiological pH of 7.04, the solubility of various CPs is in 

the following order TTCP>α-TCP>DCPD>DCP>OCP>β-TCP>HAp70 . 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2.1 Solubility isotherms
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3.3 Bone as natural biocomposite 

As natural composite, bone exhibits a complex organization71 with an anisotropic 

structure. Of a particular interest, is continuous remodeling. Being permanently colonized by 

both osteoblasts and osteoclast cells, bone should be considered and treated as a living tissue. 

The design and fabrication of bone substitute materials requires knowledge of physical, 

chemical, biochemical and mechanical properties of bone tissues, because they provide 

quantitative parameters necessary for the fabrication of bone replacement implants. 

 

3.3.1 Structure of bone 

The term ’’bone’’ refers to a family of materials, which are built up of mineralized 

collagen fibrils. Bone as a material is difficult to analyze due to its high level of organization 

(over several length scales). Chemically speaking, the main constituents of bone are collagen 

(about 20%), calcium phosphates phases, mainly HAp 70% and water 10%. The remaining 

1% consists of other organic materials such as proteins, polysaccharides and lipids72. The 

organic matrix not only gives bone its toughness but also contains the osteoinductive and 

growth factors necessary for continual bone growth and repair. When the mineral component 

of bone is removed, the organic matrix and osteoinductive factors can be isolated73. From 

demineralised bone, bone morphogenic proteins, BMP, can also be isolated. The structure of 

bone can be seen in Figure 3.3.1.  
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position with respect to the previous row. Normally, HAp crystallites are 20-40 nm long, 20 

nm wide, and 1.5-5 nm thick74.  

 

3.3.2 Natural formation of bone 

Bone is the habitat of four different cell types73; osteoprogenitor cells, osteoblasts, 

osteocytes, and osteoclasts. Osteoprogenitor cells are the mesenchymal stem cells for bone. 

They remain in small numbers in fully formed bone and differentiate to form osteoblasts. 

Osteoblasts are the cells responsible for the production of new bone matrix during 

osteogenesis. Osteocytes are mature bone cells that make up the majority of cells in bone. 

Osteoclasts are responsible for bone resorption, the process of breaking down old bone 

matrix. Osteoblasts and osteoclasts work in balance, resorbing and forming bone 

simultaneously, to maintain healthy bone tissue. Bone tissue is continuously remodeled. 

Osteogenesis is the process by which new bone matrix is formed.  

Mature bone occurs in two forms: compact or cortical (dense) and cancellous 

(spongy). Compact bone is highly vascularized and so, housed within every central canal is at 

least one blood vessel. Osteons adapt to the mechanical functions of bone by elongating along 

lines of stress and increasing the strength of bone along these lines. Spongy bone, found in the 

interior of compact bone, contains neither osteons nor blood vessels. It shows low density and 

an open and interconnected porous structure. It is developed in regions of low stress. 

 

3.3.3 Mechanical properties of bone 

The anisotropic structure means directionality. This directionality results from the fact 

that bone has evolved to be both tough and stiff.  There are two opposing properties which are 

optimized in bone structure. Bone is both viscoelastic and semi -brittle. The load region 

profiles are a function of the strain rate as shown in Figure 3.3.2. At high strain rate, the 

compact bone behaves like a brittle ceramic. Conversely, at low strain rate, the response of 

bone shows great toughness (the area below the load curve), mostly due to its hierarchical 

structure that stops cracks deflection after a minimal propagation75, 76. The main toughening 

mechanism seems to be the formation of micro-cracks, which appear in the plastic region of 

the stress-strain curve. The mechanical properties of bone depend on a lot of parameters76, 77, 

78, such as the type of bone, compact or cancellous, density, moisture, mode of applied load, 

direction of applied load, type of bone. 
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Figure 3.3.2 Load deflection curves for human compact bone according to Park77.  
 

The mechanical performance of human bone is summarized in Table 3.3.1.  

 

Table 3.3.1 Summary of mechanical properties of human bone. 
Compact bone 

Test direction related to bone axis (to the long axis) 
                                       Parallel                                Normal      

                                                                                  (perpendicular) 

 
 

Cancellous bone 

 
 
Reference 

Compressive strength 
(MPa) 

 
130-224 

 
133 

 
5-10 

 
[76, 77] 

Tensile Strength 
(MPa) 

 
124-174 

 
50 

 
- 

 
[76,77] 

Young’s modulus 
(GPa) 

 
17-20 

 
11.5 

 
0.05-0.1 

 
[75-79] 

 

3.4 Bone grafting materials 

Due to a variety of diseases and injuries or a lack of stress, loading response in bones 

can be skewed. Bone can regenerate by repairing defects up to a certain size and can form 

new tissue. If the defect is too large, a surgeon has to intervene and fill up the defect with 

suitable materials80. The mechanical stability of bone is thereby affected, potentially leading 

to subsequent fracture. There are several possibilities of correcting bone defects by grafting81. 

The biochemistry of bone grafts and bone substitutes is treated from an understanding of bone 

formation processes of osteogenesis, osteoinduction and osteoconduction. 
i)  Graft Osteogenesis- The cellular elements within a donor graft survive transplantation and 

synthesize new bone at the recipient site. 
ii)  Graft Osteoinduction- New bone is realized through the active recruitment of host 

mesenchymal stem cells from the surrounding tissue, which differentiate into bone-forming 
osteoblasts. This process is facilitated by the presence of growth factors within the graft; 
principally bone morphogenetic proteins82 (BMPs). 

iii) Graft Osteoconduction- Both blood vessel incursion and new bone formation into a defined 
structure is facilitated. 

All bone grafting (as bone based materials) and as well as the artificial bone-graft-substitute 

materials are so far characterized through these processes. Besides them, there are some 
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others, for example the biodegradation rate of the graft. The materials used in bone grafting 

can be broadly divided into autografts, allografts, xenografts, synthetic bone substitutes and 

combinations of these. 

 

3.4.1 Autograft 

Autogenous bone83, which is taken preferably from the iliac crest of the patient, has 

the best biological properties to fill up the defects of bone. However, the additional operation 

at the iliac crest causes, in up to 20% of the cases, undesirable side effects like pain, 

haematomas and infections at the operation site. Unfortunately, the amount of autograft is 

limited and, consequently, some other sources of bone grafts must be involved.  

 

3.4.2 Allograft 

Allograft is a bone piece from a human donor84, available from the bone bank of the 

hospital or bought from a commercial supplier. Allografts can be processed in various ways 

for long-term preservation. Freezing and freeze-drying reduce the immunoresponse. 

Unfortunately, after these operations the mechanical strength is decreased. Allogenic bone 

does not possess the desirable biological properties of autogenous bone and additionally, it 

introduces the risk of transmission of diseases. Autogenous grafting has been shown to be 

superior to allografting in many cases with respect to the remodeling and bone healing time. 

 

3.4.3 Animal bone/Xenograft  

The use of xenogenic transplants85, 86 (mostly untreated animal bone) has the main 

disadvantage of strong immunological reactions of the human recipient towards the transplant 

due to its foreign proteins, besides the risk of the transmission of pathogens. 

 

3.4.4 Orthopedic market  

The declaration of the next 10 years as the international Bone and Joint Decade87, 

2000-2010, has as impact a strong investment in orthopedic materials research area. Thus, in 

the near future new competitive biomaterials are expected to come onto the market.  
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Figure 3.4.1 Evolution in time for the US Bone graft substitute Market since 1998, with some 
previsions until 2005.  
 

European bone-graft procedures are currently dominated by autografts and allografts. 

Synthetic bone-graft substitutes currently account for only 10% of such procedures, but their 

market share may rise dramatically, according to a report published by Datamonitor -London. 

According to Datamonitor's87, synthetic bone-graft substitutes could attain an average annual 

growth rate of 42% and capture US$ 73.8 M value in the European market by 2003.  

In US and Japan, the situation is different from the European Union. The US bone 

graft substitutes market88 grew by 23.5% in 2001, reaching a market value of $194 M. The 

market is forecasted to attain a value of $342 M in 2005 presenting an increase of 76.4% since 

2001, as shown in Figure 3.4.1. The allografts are not more than one-third from the total sales 

volume during recent years89, (Figure 3.4.2). A sketch of the global orthopaedic market sector 

since 1999 is shown, alongside predictions (Figure 3.4.3). The proportions between different 

types of required implants are also represented. The top three places are occupied by knee, 

hip, and spinal implants. Trauma devices occupy the fourth place. Consequently, many 

companies develop new bone graft substitute products and improve the existing products. 
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Figure 3.4.2 US sales for different orthopaedic materials during a period of five years, 
starting from 1997. 
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♦ To have a positive influence on the amount and quality of newly formed bone.  
♦ To shorten the period of bone formation and healing process. 
♦ To develop an implant with improved mechanical load bearing properties. 
 
The ideal bone substitute must be biocompatible, bioresorbable, osteoconductive, 

osteoinductive, structurally similar to bone, easy to use and cheap. Substitutes are variable in 

their composition, their mechanisms of action and their claims of action. 

 

3.5.1 Bioactive ceramics 

The use of synthetic compounds that are similar to bone apatite90 is advantageous for 

replacing the hard tissue. Hence, there has been a sustained interest over the last 20 years in 

hydroxyapatite (HAp, Ca10(PO4)6(OH)2), which resembles bone apatite and is a bioactive 

bioceramic. HAp possesses excellent biocompatibility and is osteoconductive. Another 

attractive member of the calcium phosphate family, for medical applications, is TCP, 

Ca3(PO4)2, which plays an important role as a bioresorbable bioceramic. TCP has been used 

for bone repair in the form of ceramic blocks, granules or calcium phosphate cements. Both 

HAp and TCP are brittle and thus, cannot be used as load-bearing implants in the human 

body.  

 

3.5.2 Composite materials  

A composite material consists of two or more mechanically distinct phases (metallic, 

ceramic, or polymeric) which are separated by interface(s)91. Due to their unique features, 

composite materials consisting of ceramic/polymer, ceramic/ceramic and glass/ceramic are 

considered most desirable. A composite is designed to have a combination of the best 

characteristics of each of the component materials. The classification of engineering 

composite materials is based on the matrix materials (metals, ceramics, and polymers) or on 

the reinforcement dimensions/shapes (particles, whiskers/short fibers, and continuous fibers). 

Classification:  

i) Using the material matrix as the basis for their classification91, 92, there are three types of 
composites; 

• Polymer matrix composites, e.g., PE/HAp, chitosan/HAp, collagen/HAp, etc. 
• Metal matrix composites, e.g., Ti / HAp, Ti–6Al–4V / HAp; 
• Ceramic and glass matrix composites, e.g., ceramic or glass based materials. 

ii) Using the bioactivity of composites as the basis for their classification93, 94, there are also   
three types of composites that can be denominated as follows. 

• Bioinert composites, e.g., carbon/carbon fibers. 
• Bioactive composites, e.g., stainless steel/Bioglasss, HAp/HDPE, etc. 
• Bioresorbable composites, e.g., TCP/PLA. 
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3.5.2.1 Ceramic/ceramic and ceramic/glass composites 

In order to improve their mechanical properties, such as hardness and fracture 

toughness, ceramic/ceramic composite materials have been designed and synthesized. HAp-

reinforced zirconia composites have been studied95 for their biocompatibility and mechanical 

properties. Coated porous HAp with β-TCP has also been reported in the literature70. The 

presence of TCP in a HAp material increases its biodegradability. Glass-reinforced HAp 

composites96 with improved flexural bending strength compared to the unmodified HAp have 

been obtained by sintering using P2O5 glasses as sintering aid97.  

 

3.5.2.2 Ceramic/metal composites 

The rationale of ceramic/metal biocomposites for implant applications was to combine 

the excellent mechanical properties of metals with the good biological properties of CPs 

coatings98. Ti, Ti-alloys, stainless steel and cobalt chromium alloys are used as metallic 

substrates. Two methods of coating are currently implemented: plasma spraying and 

precipitation from saturated solutions. The coating from supersaturated solutions of calcium 

phosphates does not achieve a strong interfaces between metal and ceramic but allows coating 

of internal surfaces that are difficult to reach with plasma spraying methods. The thickness of 

the HAp coatings is on the range of 40-200 µm. The coatings must be thick enough to counter 

the resorbability of HAp, which is about 15-30 µm per year99.  

 

3.5.2.3 Ceramic (HAp, TCP, ACPs)/polymer composites 

The blending of a polymer with a mineral to give a "composite" material100, which 

combines the toughness and flexibility of the polymer with the strength and hardness of the 

mineral filler, has its beginnings in nature. The advantage of such composites was believed to 

be the enhancement of the osteogenic potential, given by the calcium phosphate compounds 

and by the binder characteristic of the polymer matrix in inhibiting the migration of calcium 

compounds101. 

a) HAp/Polyethylene composites, PE,  

 Since 1980, Bonfield et al.102, 103 have developed HAp/PE such composites for bone 

replacement purposes. In order to obtain HAp/PE composites, three main technologies were 

developed. 

 i)  Hydrostatic extrusion 
  ii)  Fiber drawing 
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iii)  Fiber compaction 
With increasing the HAp content, both Young’s modulus and bioactivity of 

composites increase while the ductility decreases. HAp/PE composites exhibit brittle/ductile 

transition when the HAp volume content exceeds 40-45%. Their Young’s modulus is in the 

range of 1-8 GPa. Unfortunately, they are bioactive only through the apatite phase and are not 

biodegradable. Moreover, the presence of the hydrophobic polyethylene decreases the ability 

to bind to bone surfaces. 

b) HAp/Poly-α-hydroxyesters, PHE, 

•Polylactide, PLLA, reinforced ceramic composites 

A ceramic/polymer composite with polylactide104, 105, PLLA, as polymer phase has 

been obtained. PLLA polymer matrix was found to be biodegradable. The method of 

production is based on the mixing of HAp powder with the monomer (lactic acid) before poly-

condensation. Another approach106, 107 employs solvent casting in which the PLA is dissolved 

prior mixing with HAp particles. The aim of this approach is to improve the adhesion forces 

between polymer matrix and fillers. These composites range between 5 and 12 GPa for the 

Young’s modulus and between 10 and 30 MPa for the tensile strength. Unfortunately, there 

are several reports concerning the toxicity of the biodegradation products of these composite 

materials. The developed acidic products change the local pH value into the implant site 

leading to inflammation processes. 

•Polyglycolide (polyhydroxyacetic acid) reinforced ceramic composites 

  Schwarz et al.108 have produced a composite material that mimics the porous structure 

of bone, as displayed in Figure 3.5.1. Sodium chloride was used as porogenous agent. 

c) HAp/Polysulfone, PSU, 

PSU as biomedical polymer can be used to produce bone substitute materials109, 110. 

PSU is an amorphous polymer that is biodegradable, which possesses high specific strength 

and modulus.  

Monomer CompositeMonomer Composite 

 

 

 

 

Figure 3.5.1 Sketch o
Schwartz108 approach. 
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To develop bioactive composites for load bearing prostheses, PSU may be a better choice for 

the composite matrix than PE. PSU can provide a higher level of mechanical properties for 

composites. Another advantage is that these composites are biodegradable compared to those 

based on PE, which are bioactive but not biodegradable.  

d) HAp/Collagen composites 

HAp/collagen composite materials are promising candidates for bone replacement 

purposes because of their resemblance to bone from bioactivity and biodegradability point of 

view. These composites are similar to natural bone with respect to chemical composition, but 

they do not show such a complex hierarchical organization as bone. Actually, the key is to 

produce materials having different organization levels, which can induce specific properties. 

There are several approaches reported in the literature concerning the Hap/collagen 

production. One method is by mixing HAp powder with a collagen solution and hardened by 

UV irradiation111 or high pressure of about 200 MPa for several days112. Another approach 

deals with the precipitation of HAp as nanocrystallites onto collagen fibers113. Du et al.114 

have reported a simple method to produce CPs/collagen composites. By adjusting the reaction 

conditions and the ratio of components, they prepared several types of CPs/collagen 

composites, such as noncrystalline calcium phosphates, NCCPs/collagen, poor crystalline 

calcium phosphates, PCCPs/collagen and TTCP/collagen composites. The mechanical 

properties115 of these types of composites are still very poor and ranged from 2 to 6.5 MPa for 

compressive strength and up to 2 GPa for the Young’s modulus. HAp/collagen nanocomposite 

was produced by Kikuchi et al.116, using a co-precipitation method, as shown in Figure 3.5.2. 

In spite of their poor mechanical properties, these composites show high osteoconduction and 

therefore are very promising materials for bone tissue engineering.  
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Figure 3.5.2 Sketch of the preparation of a HAp/collagen composite using a co-precipitation 
method, according to Kikuchi116. In the left part, a composite fibre is shown. 

  20 
 



3 Literature Review 
The research of this variety of composites is still in an early stage of development.  

e) CPs/Gelatine composites 

Yaylaoglu et al.117 have developed a CPs/gelatine composite implant that mimic the 

structure and function of bone for filling voids in bone while releasing bioactive compounds 

like drugs and growth hormone into the implant site to assist in healing. This approach is 

shown in Figure 3.5.3.  

 

 

 
 
 
Figure 3.5.3 Sketch of the preparation of a composite containing CPs and gelatine according 
to Yaylaoglu117approach.  
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f) HAp/Chitin composites 

Gea et al.118 have prepared HAp/chitin composite materials having HAp in a range of 

25%, 50% and 75% wt% fractions.  
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by introducing the chitosan solution into the pores of bioceramic, followed by freeze-drying 

when porous chitosan scaffolds inside the large pores were obtained.  
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solution 8.5 wt%. The ratio of chitosan to H3PO4 was adjusted for the final chitosan/HAp 

composition to range from 20/80 wt% to 80/20 wt%. The obtained chitosan/H3PO4 solution 

was added (drop-wise) to a Ca (OH)2 suspension of 0.5 molar with vigorous stirring. The 

composite was formed in an alkaline media in time.  

Ito et al.125 have prepared chitosan/HAp membranes; their physical properties and 

effects ‘in vivo’ have been evaluated. A chitosan/HAp weight ratio of 11:4 was found to give 

the most appropriate optimal performance of the membrane with respect to shrinkage, tensile 

properties, hardness, calcium ion release, morphology and adequate in vivo performance.  

Sunny et al.126 have reported the preparation of chitosan/HAp microspheres as 

potential bone and periodontal filling materials. The HAp powder was mixed with a chitosan 

solution followed by paraffin oil, hexane and a surfactant and the microsphere production 

process commenced. Subsequently, glutaraldehyde was added to crosslink chitosan, yielding 

spherical particles ranging from 125 to 1000 µm.  

Lee et al.127 have proposed chitosan/TCP sponges as tissue engineering scaffolds for 

bone formation by three- dimensional osteoblast culture.  

Viala et al.128, 129 have studied the effect of chitosan on OCP crystal growth. Chitosan 

has a strong effect on CPs crystallization. The crystal growth mechanism in the absence and 

the presence of ions as well as in the presence of organic molecules was studied. They have 

prepared a chitosan/HAp composite by mixing the HAp powder with a chitosan solution, 

followed by their precipitation.  

A focused review was published by C. Muzzarelli and R.A.A. Muzarelli130 in which 

an overview on natural and artificial chitin and chitosan based composite materials is 

presented.  

 

 

Summary 

The information reviewed in the section of Literature Review is giving the state of the 

art in chitosan, CPs, bone and bone substitute materials. The state of knowlege was used on 

one side to develop a preparation approach of nanocomposites made of chitosan and HAp and 

on the other side to characterize them, in order to be tested as candidates for bone substitute 

materials.  
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4 Materials and Methods 
  
4.1 Materials 

4.1.1 Chitin and chitosan samples  

a) Krill chitin flakes from Polymar GmbH; Bremerhaven, a demineralized and 
deproteinized chitin sample.  

Mv = 1,000,000; DD = 51.47%, Ash content =1.9% 
 

b) Krill chitosan samples; were prepared in our laboratory through the 
deacetylation of Krill chitin flakes (a). 

i) Two times deacetylated chitosan; Mv=320,000±5%   
(by viscosimetry); DD = 75±3% (by 1H-NMR) 

ii) Three times deacetylated chitosan; Mv = 270,000±5%  
(by viscosimetry); DD = 95±3% (by 1H-NMR) 

 
c) Crab chitosan samples purchased from Sigma Company 

i) Lot no.91K1265;  Mv = 550,000 ±5% (by viscosimetry) 
   DD = 80±3% (by 1H-NMR) 

ii) Lot no. 114F-014;  Mv = 510,000 ±5% (by viscosimetry) 
   DD = 84±3% (by 1H-NMR) 

 
d) Insect chitosan 

Prepared by Marcin Struszcyk (August 2000), Mv = 396,000 (by 
viscosimetry); DD = 66.2% (by potentiometric titration) 

 
  e) Shrimp chitosan (north Atlantic shrimp, Pandalus borealis) 

delivered by Primex, Iceland.  
Batch # TM1238, Mv = 305,000 ± 5%  
DD = 87% (by colloidal titration); DD = 91% (by 1H-NMR) 
Ash content = 0.3% 

 
4.1.2 Chemicals 

i) Acetic acid glacial (Acros Organics), purity >99% 
ii) Sodium hydroxide (Merck), purity 98% 
iii) CuSO4 anhydrous (Sigma), purity 99% 
iv) MnCl2•4H2O (Fluka), purity 99% 
v) Zn(NO3)2 •2 H2O (Sigma), purity 99% 
vi) CaCl2 dried and CaCl2 •2H2O (Riedel-deHaën), purity 99% 
vii) NaH2PO4 (Merck), purity 99% 
viii) NaCl (Merck), purity 99% 
ix) MgSO4 (Riedel- deHaën), purity 99.5% 
x) MgCl2 (Merck), purity 99% 
xi) NaHCO3 (Roth), purity 99% 
xii) D2O, DCl, D3CCOOD (Merck), purity 99.8% 
xiii) Lysozyme from egg white (Merck), 100,000 U/mg  
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4.2 Analytical methods 

4.2.1 FT-IR spectroscopy 

A brief description of the principle of FT-IR spectroscopy 131 is given in Appendix A-II. 

Sample preparation  

The chitosan and composite samples were dispersed in KBr pellet and analysed. The 

concentration of samples was in the range of 0.5-2 wt%. Due to the strong IR adsorption of 

water, which can cover the interesting bands of the sample, the samples must not contain 

water over a certain limit. Consequently, the chitosan and the composite samples were dried 

in the oven at temperatures between 60o and 80o C for 12-24 h. 

Data analysis 

All IR spectra of samples, were corrected with respect to the KBr background spectrum.   

 Determination of DD by IR spectroscopy  

In order to determine the DD or the DA (which can also be expressed as FA) of chitosan 

samples, several combinations of bands have been tried132. The DD can be determined taking 

into consideration either the amide I band (1655 cm-1) or the amide II band (1575-1590 cm-1) 

compared to various reference bands. Very often, the bands in the range of 2870-2877 cm-1 

and 3440 cm-1 are taken as reference bands. An important issue of IR spectroscopic method is 

to draw the baseline in order to calculate its absorbance. 
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considering the baseline drawn as (1-a). The band from 3450 cm-1, with the baseline drawn as 

(3-c) as reference band (Figure 4.2.1-1), was used. 

 Identification of components in composite samples by IR spectroscopy 

Since the IR spectra encrypt structural information about the components, the 

composite samples with different combination ratios between chitosan and HAp were 

analyzed. The task is to identify the characteristic group frequencies of chitosan and HAp and 

to emphasize the band shift.  

 

4.2.2 Raman spectroscopy 

A description of Raman spectroscopy principles133, 134 is given in Appendix A-III. 

Sample preparation 

Since the solid samples of chitosan and composites do not require any additional 

preparation steps, they were directly analysed by Raman spectroscopy.  

Data analysis 

The samples were analysed by Raman spectroscopy as complementary to the IR 

spectroscopy, with respect to their characteristic group frequencies135, 136, 137 given by the 

sample components. In order to identify the composite components, the chemical band shifts 

were studied and on the other side, the structural changes resulted during drying processes of 

composites were probed. The bands shifts according to the literature data138, were assigned. 

The results are discussed in Section 5.7. 

 
4.2.3 Microscopic techniques  

Some constructive details and the general considerations about the microscope techniques139 

are treated in Appendix A-IV. 

Sample preparation 

OM- The composite samples were analyzed as soft hydrogel on a microscopic glass slide   
without any additional preparation. 

SEM - Electrically conductive samples are required. In order to make the samples electrically 
conductive, the solid composites, either as freeze-dried and or air-dried samples were 
covered by a thin layer of gold.  

TEM- The samples such as air-dried compact composites and soft composite hydrogel as 
formed after the co-precipitation were prepared as follows.  
i) From solid compact composite, the TEM samples as thin sections using an 

ultramicrotome apparatus were prepared. The samples slides were then fixed 
on a microscopic grid.  

ii)  The composite hydrogels were analyzed as sample replicas. The procedure 
consists of freeze-drying the hydrogel with liquid nitrogen, followed by 
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covering the frozen sample with a paraffin layer. The sample replica was 
obtained by releasing the hydrogel in acidic media.  

CSLM-The composite samples as thin sections of with the thickness 0.5 –1 mm were 
analyzed in water environment.  

 

Evaluation of particle size distribution 

The analysing procedure140 requires taking an area domain from a microscopic image, 

and counting the total number of particles by using Equation 4.2.3-1, 

∑=
i

it NN       (4.2.3-1) 

where Nt expresses the total number of particles while Ni is the number of fraction ‘i’, with the 

same features, either for the particle length or for the width. The percentage of each 

population with the same characteristics was calculated according to Equation 4.2.3-2. 
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FN represents the fraction number, expressed as percentage (%). The particle size141, 142 can 

be measured using the scale bar. The calculation of crystallite size (length and the width) was 

performed according to Equation 4.2.3-3. 
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where: [Si]l,w     is the size of fraction, i,  either the length, l, or the width,  w, given in nm;  
<i>l,w     is the length of crystallite measured by a ruler, given in mm;  
<SB>   is the scale bar, given in nm; 
  LSB     is the length of scale bar, as measured in mm; 

 

4.2.4 NMR spectroscopy 

A brief description of NMR spectroscopy 143,  144  is given in Appendix A-V. 

a) Determination of the DD by 1H-NMR 

Work up procedure 

The method is based on the procedure developed by Varum et al44. Briefly, a chitosan 
sample of about 100 mg was suspended in 10 mL of 0.07 M HCl at room temperature with 
stirring overnight. A small amount of NaNO2 in solid form, between 9-10 mg, was added to 
the stirring solution and left to react for 4 hours. Chitosan was hydrolysed under conditions 
described above. The solution was dried by lyophilisation. Water was exchanged three times 
with D2O, each time lyophilising the sample between exchanging operations. At the end, for 
the NMR measurements, the samples were dissolved in 1.5 mL of D2O with DCl, at pD of 5-
5.5 and in order to get a clear solution the samples were filtered using filter papers. The 
proton spectra of samples were recorded on a Bruker system; 300 MHz NMR spectrometer, at 
room temperature with 32 scans with a pulse interval of 3 s.  

Ia-Ie  are the integral intensities of different types of protons (Figure 4.2.4-1). 
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DA was calculated according to Equation 4.2.4-1.  

   DA = 7 (Ib + Ie) / [ 4 (Ia + Ic + Id) + Ib + Ie] · 100,   (4.2.4-1) 
 

c d eba

 

 

 

 

Figure 4.2.4-1 1H-NMR spectra of a chitosan sample. The signals of the proton are labeled as 
are shown in the figure. The assignments of proton signals are the following, 

a - amino protons 
b - anomeric protons 
c-d  - protons from the sugar ring 
e - protons of CH3 group from  the N-acetyl  residues. 

 

b) NMR relaxation experiments  

One of the methods to investigate the amount of bound water and its dynamics 

consists of a treatment of the magnetization decay of protons or deuterons given by the 

CPMG (Carr-Purcell-Meiboom-Gill) pulse sequence by a bi-exponential analysis145. From 

NMR relaxation experiments, two relaxation times T1 and T2 can be measured. T1, (spin-lattice 

relaxation time) is mostly characteristic for the fast dynamics, while the T2, ( spin-spin 

relaxation time) characterizes the slow dynamics. The NMR solvent relaxation behavior can 

be understood as a rapid exchange between the constrained solvent molecules, bound at an 

interface (with a short relaxation time, T2b) and free solvent molecules from the bulk (with a 

long relaxation time, T2f). It is more convenient to express the results in terms of relaxation 

rate, R, which is defined as, 

  
R=1/T       (4.2.4-2) 

where:  R   is relaxation rate in 1/s (Hz) 
 T   is relaxation time in seconds (s). 

When two exchange sites146 A and B are considered in the fast exchange regime, the 

relaxation rates of molecules in these sites are averaged and measured by the fractions fA and 

fB with respect to the corresponding site A and B, respectively, 

      
R2obs= fa R2a+ fb R2b      (4.2.4-3) 

where:  R2obs                    is the transverse relaxation rate  
 R2a and R2b   are the fast and slow relaxation rates corresponding to these two sites 
 fa and  fb        are the fractions of solvent molecules referred to A and B sites. 
 
   fa + fb=1      (4.2.4-4) 
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To facilitate the evaluation of the relaxation rate in a complex system, the specific 

relaxation rate, R2sp, normalised on free solvent (free water or other composed system; i.e. 

D2O in water, etc) was introduced, being defined as147, 

    R2sp=R2/ R°
2 –1     (4.2.4-5) 

The R2sp monitors the relative change of the relaxation rate due either to the increase of the 

fraction of water molecules or to the water system interactions.  

Sample preparation 

Materials 

A powdered sample of a composite hydrogel (50:50 wt%) was obtained by freeze-

drying. The composite was prepared using a crab chitosan (Lot no. 114F-014, Sigma). 

D2O (Merck), concentration in D2O of 99.9%; 

CaCl2•2H2O (Riedel de Haën), purity of 99%; 

H2O-ultrapure, was prepared in a Purlab Plus UV/UF System, which ensures a water 

conductivity of 0.055µS/cm. The specific resistance was higher than 18MΩ/cm.   

Work up procedure 

A stock solution of 10% D2O in ultrapure water as solvent for the NMR experiments 
was used. 1.93 g of freeze-dried composite sample with initial moisture content of 17 wt% 
was dispersed in 20 mL of NMR solvent. The final concentration was 80 mg/mL. In order to 
reach a complete re-hydration of composite, the sample was allowed to uptake water for 96 h 
at room temperature (ca. 22oC) A series of six samples containing dispersed composites 
(concentration of 80 mg/mL) with different CaCl2 amounts were prepared. A series of CaCl2 
solutions in the NMR solvent with different concentrations such 0.4, 2, 5, 12, 22, 55 wt% as a 
NMR reference samples were used.  
  

 4.2.5 Electrophoretic mobility measurements 

Some theoretical and practical considerations about electrokinetic phenomena148-152 are 

discussed in Appendix A-VI. 

Data analysis 

By applying the Photon Correlation Spectroscopy, the velocity of charged particles in 

the electrical field is measured. An interference pattern arises due to the intersection of two 

laser fascicles. The movement of particles within this pattern leads to a correlation time of the 

dispersed light. Since the particles’ transport rates were evaluated, the zeta potential values 

and the particle size distributions can be determined using Equation A-4.2.5-3, as discussed in 

Appendix A-VI. The zeta potential values and the average particle size were obtained using 

Malvern dedicated Software. The main parts of a Zeta-Sizer apparatus such as laser system, 

optics, measuring cell, and data block analysis are shown in Figure 4.2.5-1.  
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ii) The apatite particles were released from the composite hydrogel by combustion of the 

chitosan matrix in a furnace at 800oC. Then, by sonication for 10 min the apatite 
particles were dispersed. The particle concentrations ranged between 5 and 10 mg/mL 
(in bidistilled water).  

iii) The apatite particles were released from the composite hydrogel by dissolution of the 
chitosan matrix in acidic media. The first method used HCl (1M) and the second one 
acetic acid (1M). After the acidic treatments, the samples were sonicated then, filtered 
and finally, the particle size distribution was determined. A Malvern system was used. 

 

4.2.6 Determination of the average molecular weight by viscometry  

a) Mark- Houwink-Sakurada equation 

A sketch of the most commonly used instrument for measuring the viscosity 153 of 

polymer solutions is shown in Figure 4.2.6-1. As illustrated in the sketch regarding the 

solution behaviour that is passing through the measuring capillary, some regions must be 

considered. Viscosity measurements on dilute polymer solutions are used to estimate rapidly 

the average molecular weight of polymers. The viscosity of the polymer solution, η, at 

polymer concentration, c, and the solvent viscosity, η0, are related to the relative viscosity, 

ηrel, the reduced viscosity, ηred, the inherent viscosity, ηinh, and the intrinsic viscosity, [η], 

through the following equations, given as 4.2.6-1- 4.2.6-4.  

   
ηrel = η/η0 = t/t0      (4.2.6-1) 

ηred =( ηrel-1)/c       (4.2.6-2) 

ηinh = (ln ηrel)/c      (4.2.6-3) 

[η] = limc→0 ηred =  limc→0 ηinh    (4.2.6-4) 

 
Practically, the flow time of the polymer solutions (t) is compared to the flow time of 

the solvent (t0). The relative viscosity is obtained according to Equation 4.2.6-1. The power 

law relation between intrinsic viscosity and the average molecular weights of polymers is 

expressed according to Equation 4.2.6-5, 

 
   [ ] aKM=η        (4.2.6-5) 

 
which is known as Mark-Houwink-Sakurada equation. The constants, K and a, are tabulated 

for many natural and synthetic polymers. The averages of the molecular weight are 

determined by summing the weight fraction wi of species Mi over all values. 
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Figure 4.2.6-1 Sketch of a capillary viscometer. The flowing regions are illustrated.  
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In regard to the number-, weight-, z-averages and viscosity molecular weight averages, they 

are calculated as follows, 

         (4.2.6-6)
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The ratio between the weight and the number averages, Mw/Mn, is known as the polydispersity 

index.  

b) Determination of the average molecular weight of chitosan by viscometry 

This viscometric method was used to determine the average molecular weight of 

chitosan samples due to its rapidity and simplicity.  

Work up procedure 

A chitosan stock solution with a concentration of 0.1-0.2 % wt/v (dissolved in the 
solvents used for viscometric measurements) was prepared. The stock solution was allowed to 
dissolve at room temperature under a slow stirring. The dissolution time must not be 
prolonged too much due to the depolymerisation of chitosan. Depolymerization takes place 
during dissolution, affecting the viscosity average molecular weight results. After its 
dissolution, usually 3-4 h, the chitosan stock solution was filtered under vacuum, by using 
either 0.45 µm cellulose membrane or a sintered glass funnel. The chitosan insoluble fractions 
were evaluated by weighing the filter membrane or the sintered glass funnel before and after 
filtration of the chitosan solution. Later, the filter membrane or the sintered glass funnel was 
dried in the oven at 100o-105oC until constant weight. By difference, the insoluble fractions 
together with the impurities were determined. Then, the chitosan concentration must be 
corrected with respect to the moisture content as well as to its insoluble fraction. A series of at 
least five chitosan solutions were prepared from a chitosan stock solution with concentrations 
ranging from 0.01 to 0.1 g/dL. 
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The determination of the sample viscosity was carried out by comparing the flow times 
through a capillary tube, ti, for a set of sample solutions to the corresponding flowing time, t0, 
of the system of solvents. From the graphical representation of the reduced viscosity against 
the concentration of chitosan solutions, the limiting value of the reduced viscosity (by 
extrapolation of η for polymer concentration zero, [η]c=0), was determined. In order to 
determine the viscosity average molecular weight of chitosan samples, two systems of 
solvents as described below were used.  
 
i) 0.2 M acetic acid, 0.1 M sodium chloride and 4 M urea; (MV in the range from 

113,000 to 500,000) using literature values for K=8.93x10-4(dLg-1) and a=0.71154. 
ii) 0.1M acetic acid and 0.2 M sodium chloride (Mv in the range from 90,000 to 

1,140,000) using literature values for K=1.81x10-5(dLg-1) and a=0.9322. 
 
Since over a defined range of molecular weights K and a are constants independent of 

polymer molecular weight, the viscosity average molecular weight of chitosan samples, was 

calculated using Equation 4.2.6-5. 

 

4.2.7 Thermogravimetric analysis (TGA) 

A short description of this technique155 is given in Appendix A-VII. 

Sample preparation 

Certain amounts (between 46,20 mg and 90,20 mg) of chitosan/HAp 50:50 wt% 

composite samples, prepared from krill chitosan (2K2X) were analyzed. 

 

4.2.8 X-ray analysis  

A description of this technique156 in given in Appendix A-VIII. 

a) Determination of crystallites size 

XRD is sensitive to the crystallite size157 and the relationship, which gives the 

crystallite size, L, is the Scherrer law (Equation 4.2.8-1). 

θβ
λ

cosm

KL =      (4.2.8-1) 

 
where: L       is the crystallite size  
 λ       is the wavelength of X-ray radiation 

βm     is the band width at the half of the maximum intensity  
K       is a constant referred to the crystallite shape and is approximately equal to unity. 

 θ       is the diffraction angle (degree)  

 
However, the data obtained by X-ray diffraction needs refinement since not only the 

crystal shape and size but also the lattice strain influences peak broadening158, 159. The lattice 

strain is measured as a change in the 3d-spacing for a strained sample compared to the same 
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lattice, unstrained. For more details, see Appendix A-VIII. The broadening of (002) reflection 

peak, β, fitted by a Gaussian function, which is experimentally measured in its squared form 

as a squared sum function of two main contributions is expressed, according to Equation 

4.2.8-2, 
222 * instβββ +=      (4.2.8-2) 

where β* represents the crystallite size contribution to the peak broadening while the βinst is 

the instrumental broadening contribution. Consequently, the average crystallite size 

contribution is obtained using the Equation 4.2.8-3. 

    22* instβββ −=      (4.2.8-3) 

Besides these two contributions, there is an additional quantum induced by the lattice strain 

which comes with its own contribution to the global effect of peak broadening.  As compared 

to the size broadening effect which depends on 1/cosθ, the lattice strain contribution follows a 

tanθ function. For the purposes of this project, the strain lattice contribution was neglected. 

The instrumental broadening contribution on a muscovite monocrystal was determined by 

using different detector slits with a Ni filter at 2θ =26.8o and using a measuring step of 0.01o. 

Its contribution was evaluated at βinst=0.062 (degree-2θ ). 

All measured line widths were then corrected with respect to the instrumental broadening 

contribution by using the Equation 4.2.8-3.  

b) Evaluation of crystalinity degree 

The crystallinity degree noted with Xc, was introduced160 in order to make distinction between 

different apatite samples, see Appendix A-VIII. This was defined as the corresponding fraction 

of crystalline apatite phase in the volume of powdered sample. For low crystallinity samples, 

the peaks between (112) and (300) reflections are strongly affected. Since Xc is sensitive to 

the average crystallite size, an empirical relation between Xc and the  β002 was deduced 

(Equation 4.2.8-4),  

Ac KX =× 3
002β      (4.2.8-4) 

where:   Xc          is the crystallinity degree 
 β002     is the width of peak at the half high, of (002)  reflection peak expressed in (°) 
 KA       is a constant set at 0.24. 

 

The conversion of β002 (rad) in β002  (°) using Equation 4.2.8- 5 is obtained. 

180/)()(
002002

πββ ×°=rad     (4.2.8-5) 
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The crystallinity of composite samples was determined using the Equation 4.2.8-4. 

Sample preparation 

i) Composites with different proportions of chitosan and HAp as follows 80:20 wt%, 
50:50 wt%, 30:70 wt%, 15:85 wt%, 0:100 wt%, were analyzed. 
They were prepared using shrimp chitosan (TM 1238, Primex). The samples were 
powdered by freeze-drying.  

ii) The formation of HAp in the chitosan matrix was monitored during its formation for a 
composite sample with the ratio between chitosan and HAp of 30:70 wt%. 

 
4.2.9 Applied mechanics  

Strength and deformation 

Strength and deformation measurements161, 162 yield important parameters such as 

Young’s modulus, yield point, ultimate strain, elastic strain, plastic strain, and stress to 

failure. 

As shown in Figure 4.2.9-1, different materials behave differently under deformation. The 

stress-strain curves are a function of material composition and structure.  
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where Fmax is the maximum load (N), L is the support (sample holder) span (mm), A is the 

transverse section of the specimen (mm2), 
l
F

∆
∆ is the gradient of the linear domain of load-

displacement curve (N/mm). 

Three points bending test 

This test and is very convenient and easy to perform. The sketch of the machine is 

shown in Figure 4.2.9-2. The load cell is moved until the tip touches the specimen. Then, it 

loads the sample by pressing it in the middle. Since the ends of the sample are fixed in two 

points, the specimen begins bending. The response to deformation is recorded as load 

deformation curve.  
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Figure 4.2.9-2 Sketch of a mechanical test apparatus. 
 

Sample preparation 

Rectangular specimens with different compositions were analysed both dry and wet, 

by three point bending tests as well as in compression mode. The descriptions of samples are 

given in Section 5.9. The samples were rectangular ca. 3-5 mm x 3-5 mm x 20-25 mm.  

 

4.2.10 Drying and swelling of composites under controlled conditions  

Many models have been proposed to explain the formation of association gel 

networks163 by independent interactions between the chain segments. Some models are 

important for theoretical and practical approaches164. Brief descriptions of some important gel 

models are presented in Appendix A-IX. 
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a) Determination of shrinking coefficients of disk shaped composite samples 

The composite hydrogel samples were disk shaped. They were left to dry under 

controlled conditions (humidity of about 45-50 % and temperature of 23-250C). The shrinking 

coefficients, as the ratio between the final volumes (Vf) to the initial ones (Vi) were calculated, 

according to Equation 4.2.10-1. 

    
i

f
c V

V
S =       (4.2.10-1) 

 

b) Determination of the swelling capacity of composites  

The samples were kept in a flask containing bidistilled water at pH 7 and left to swell 

until equilibrium. The process can be followed by various parameters such as mass, volume or 

sample diameter. The process is time dependent being described by Equation 4.2.10-2, 

    
0

0

t

tt
t cp

cpcp
SC

−
=      (4.2.10-2) 

where: SCt             is the swelling capacity at a certain swelling time t, 
cpt, cpto  are control parameters measured in the swelling experiments at  different 

times as compared to its initial value, measured at to. 
 
 

c) Determination of swelling cooperative diffusion coefficients of composites  

The swelling kinetics of composites in bidistilled water as disk shaped samples can be 

followed as a function of time. By measuring the sample diameter using an electronic digital 

calliper and a magnifying glass (10X Bima), the increase of sample diameter, ∆d (as a result 

of swelling) was determined. From swelling experiments, using Li-Tanaka’s approach165, the 

swelling diffusion coefficients of composite samples were evaluated. Samples with different 

compositions in bidistilled water at pH 7 were swollen. The diameters, di, were measured at 

different times. The maximum diameter, d∞, defines the equilibrium swelling state. By 

plotting the increase of sample diameter normalised to initial diameter, ∆d/d0, against the 

swelling time, swelling kinetics curves were obtained. In order to evaluate the swelling 

diffusion coefficients, according to Equation A-4.2.10-7 (Appendix A-IX), the term 

″ 







−
−

∞

∞

0

ln
dd
dd t ″ as a function of swelling time was plotted. The slopes and the intercepts (to 

OY axis) of the graphs give the structural parameters of the hydrogel network. Since all the 
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structural parameters were determined, the swelling diffusion coefficients, Dc, can be 

calculated165, 166, using Equation 4.2.10-3, 

ατ1
2

1

23aDc
∞=

      (4.2.10-3) 

where: a∞        is half of the thickness of the disk at the maximum swelling capacity 
α1      is a function of R and implicitly of B1 and can be evaluated as was described        

by Tanaka’s gel model for the disk shaped samples. 
τ1 is the relaxation time, as discussed in Appendix A-IX. 

 

4.2.11 Partial enzymatic degradation of composites  

Enzymatic degradation167, 168 experiments were performed on solid composite samples. 

They were previously swollen in SBF at pH 7.04 for 48 h in order to reach swelling 

equilibrium. The initial weight of the solid composites ranged from 0.2000 g to ca. 0.40000 g. 

They were  weighed to an accuracy of ±0.0002 g using a Sartorius analytical balance. The 

composite samples were incubated in Eppendorph tubes of 2 mL with 1.5 mL of lysozyme 

solution (1.0 mg/mL in SBF corresponding to 100,000 U activity/mg). Enzymatic degradation 

was carried out at 37o C in a thermostated water bath for 50 days. In order to measure the 

yield of degradation, the weight loss of samples was monitored. At different intervals, 

between 1 and 5 days, the samples were weighed. The sample was left on filter paper for 

about 2 minutes. Then the sample was weighed. Since a fluctuation of mass of ±0.0004 g was 

observed, the mean value was considered. The yield of degradation, YD, was calculated by the 

weight decay of sample normalized on its initial weight using Equation 4.2.11-1, 

i

it

i

ti

m
m

m
mm

YD
∆

=
−

=      (4.2.11-1) 

where mi and mt are the sample masses at initial time  and at time t, respectively. As a control 

sample (blank), a composite sample 50:50 wt% was incubated in SBF at 37oC without 

enzyme. No degradation phenomena were observed after 50 days. The YD plotted against 

time gives the degradation curve. From the curve slope the degradation rate can be 

determined. The pH during the degradation period was monitored with a sensitive pH paper 

(Macharey-Nagel). In order to determine the degradation products (chitosan oligomers), at the 

end of the degradation experiments the supernatant solutions were freeze-dried. The amount 

of freeze-dried samples between 2 and 5 mg was dispersed in 50 µL of a mixture of water and 

methanol 1:1 (v/v). The samples were analyzed by MALDI-TOF mass spectroscopy.  
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4.2.12 Determination of moisture content (Wcont ) 

Different amounts of chitosan, between 0.10-0.30 g were weighed with an accuracy of 

± 0.0002, in dry vials of known mass. The samples were placed in the oven at ~110ºC and 

allowed to dry for 24-48 h (until constant weight). The water content was calculated 

according to following equation, 

    100(%). x
m
m

i
contW ∆

=      (4.2.12-1) 

 

where: ∆m       is the difference between the initial mass and the final one 
mi         represents the initial mass of the sample. 

 

4.2.13 Determination of ash content (Ac) 

The ash content of chitosan sample was gravimetrically determined. A chitosan 

sample of about 25-30 mg was pyrolyzed in furnace at 800oC for 12 h. The ash content Ac was 

calculated according to the following equation, 

(%)100
0

x
m
m

A i
c =      (4.2.13-1) 

where: m1        is the weight of pyrolyzed sample residue 
m0        is the weight of initial chitosan sample 

            

4.3 Preparative methods 

4.3.1 Preparation of chitosan by heterogeneous deacetylation of chitin 

Work up procedure 

In a three necks round flask of 5L volume, 78-80 g of chitin (krill chitin), and 2.5 L of 

50 % wt/wt aqueous sodium hydroxide solution were added. Under an argon atmosphere and 

using a mechanical stirring, the temperature was brought between 97 and 105oC (controlled 

by a temperature controller with an inner thermometer). The reaction was allowed to proceed 

between 1 and 2 h. The chitosan suspension was filtered through a cotton filter using a 

Büchner funnel and washed with bidistilled water until the neutral pH (free of alkali). The 

colourless chitosan material was washed three times with 200 mL MeOH and one time with 

200 mL ethylic ether.  Then, the chitosan sample was left to dry in the oven at 60oC. The 

recovered amount was between 64 and 66 g, which corresponds to a yield of 80-82 %. In 

order to obtain chitosan with a high DD, the reaction must be repeated several times. 
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4.3.2 Procedure of regeneration of chitosan  

Depending on the source, chitosan requires purification before using it as raw material 

in the composite preparation. In order to isolate exclusively the soluble chitosan fractions it 

was precipitated from solution by adding an alkaline solution. The procedure consists of 

preparation of a chitosan solution in 1% aqueous acetic acid. In order to avoid problems in the 

filtration task, the chitosan concentration must not exceed 0.5 wt%. The dissolution of citosan 

was achieved by simple shaking or under a gentle stirring (at low stirring rate) for a few hours 

(3-4h). The prolongation of dissolution time is not recommended because of depolymerization 

of the chitosan. The solution was filtered to remove the particulate impurities and the 

insoluble polymer fractions. The filtration was performed under vacuum, first using a filter 

paper and then using a cellulose membrane (0.45µm). After filtration, a clear solution was 

obtained. In the next step, chitosan was precipitated with an aqueous dilute solution of sodium 

hydroxide or ammonia. Chitosan sample in hydrogel form, semi-solid was washed with 

distilled water until free of alkali (neutral pH), then lyophilised. The recovery yield was 

between 80 % and 95 %, depending on the type of chitosan. 

 
4.3.3 Preparation of composites containing chitosan and HAp  

The preparation of composite was achieved by a co-precipitation method developed in 

our working group. This method entails the generation of a dilute solution of chitosan (0.1- 

0.5 wt%) in 1 v% acetic acid, followed by the addition of aqueous solutions of calcium 

chloride and sodium dihydrogen phosphate. A dilute solution of sodium hydroxide was 

slowly added to the stirring solution, bringing the pH to a value above 10 and initiating the 

formation of HAp. Then, the suspension was stirred for 24 hours to allow the complete 

formation of the composite constituents. By varying the initial concentrations of chitosan and 

of inorganic salts, composites with various combination ratios were obtained. The composite 

in a hydrogel form was collected by filtration and washed until free of alkali (neutral pH). By 

drying the composite hydrogel, either at room temperature or at elevated temperature (below 

100oC), a solid ceramic-like composite was obtained. By freeze-drying the composite 

hydrogel, solid powdered composite was obtained. 
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5.1 Preparation and characterization of chitosan samples 

5.1.1 Preparation of chitosan samples 

In this project, several types of chitosan samples used. Their physicochemical 

parameters are presented in Table 5.1.1. The chitosan samples prepared in our laboratory by 

deacetylation of krill chitin are labelled 2K2X, 2K3X and 2K2XH. Deacetylation of chitin 

samples was performed according to the method described in Section 4.3.1. The sample 

2K2XH was prepared from 2K2X using hydrolyses with concentrated HCl (37%), according 

to a method developed by Varum et al.169  

 
Table 5.1.1 Physicochemical parameters of chitosan samples.  

 
 

Sample 

Deacetylation 
parameters; 

time (h), 
temperature (°C), 
with NaOH, 50% 

(wt/wt) 

Average 
molecular 

weight MV 
by 

viscosimetry 
(Lee’s 

Method) 

Average 
molecular 

weight MV 
by 

viscosimetry 
(Robert’s 
Method) 

 
DD by IR 
method 

(%) 
 

 
DD by 

1H-
NMR 
(%) 

 
Moisture 
Content 
(wt%) 

 
Ash 

content 
(wt%) 

2K2X* 1.5h, 1.5h/100oC 270,000 - 80.1 75.2 12.5 1.5 
2K3X* 1.5h, 1.5h, 

1.5h/1000C 
150,000 - 96.2 98.1 10.5 1.1 

2K2XH* Hydrolysed with 
conc. HCl (37%) 

for 1h under reflux 

150,000 - 78.2 - 9.8 0.1 

Chitosan from 
Crab shells 

(Sigma) 
Lot no. 91K1265  

No deacetylation  
The sample was 

purified by 
regeneration from 

NaOH 

535,000 
 

890,000 78.8 80.6 13.2 1.2 

Chitosan from 
Crab shells 

(Sigma) 
Lot no. 114F014  

No deacetylation  
The sample was 

purified by 
regeneration from 

NaOH solution  

515,000 
 

837,000 - 84.2 10.4 1.8 

Chitosan** from 
Insect cuticles  
(prepared by 

Marcin 
Struszczyk 

08.2000) 

No deacetylation 
The sample was 

purified by 
regeneration from 

NaOH solution 

396,000 
 

790,000 66.2 68.8 11.8 0.2 

Chitosan from 
Atlantic shrimp 

(Primex, Iceland) 
Lot no. TM 1238 

No deacetylation  
The sample was 
used as received 

300,000 
 

815,000 - 92 9.1 0.3 

*The samples labeled as 2K2X, 2K3X, 2K2XH were prepared from krill chitin flakes delivered by Polymar 
GmbH Bremerhaven. 
Where: nX- number of deacetylation steps 
            H-denominate the hydrolysed sample 
**This sample was only partially soluble 
 

 The insect chitosan prepared in our laboratory and crab chitosan (Sigma) were used 

after a purification step in which they were regenerated from alkaline media, according to the 

procedure described in Section 4.3.2. The Atlantic shrimp chitosan sample, (TM 1238) was 

used in the experiments as received from (Primex, Iceland). The scope was to use different 
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types of chitosan from different sources as raw materials to prepare chitosan /HAp composite 

samples. 

 
5.1.2 Characterization of chitosan samples 

In order to characterize the chitosan two main structural parameters: as the degree of 

deacetylation, DD, expressed in (%) and the average molecular weight were determined. 

Besides them, for some applications, the moisture content and the ash content were also 

considered.   

 
5.1.2.1 Determination of the average molecular weight  

The average molecular weight of chitosan samples was determined by viscometry. 

The reduced viscosity of different chitosan samples, plotted as a function of concentration, are 

displayed in Figure 5.2.1. Two types of solvent systems, according to Lee154  and Robert22  

methods, were used. 
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results obtained by Lee’s method 154; B- results obtained by Robert’s method 22. The all 
ults were fitted using linear functions. The intrinsic viscosity was obtained by 
rapolation of curves at C=0. The viscometric average molecular weight of chitosan 
ples were determined using Equation 4.2.6-5. 
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The average molecular weight of chitosan (summarized in Table 5.1.1) are different, 

ending on the system of solvents used. Close results should be obtained but unfortunately, 

ld not be experimentally confirmed.  These aspects can be explained by association of 

tosan chains at supramolecular level, which are strongly dependent on the system of 

vents. In Lee’s system, which is composed of 4 M urea, 0.2 M acetic acid and 0.1 NaCl, 

 high urea concentration destroys the hydrogen bonds between chitosan chains. This leads 
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to lower values of average molecular weight compared to those obtained with Robert’s 

system. The ratios between Mv values obtained by Robert’s system and by Lee’s system led to 

scattered values. These values ranged from 2.71 obtained for Atlantic shrimp chitosan (TM 

1238, Primex) to 1.66 for crab chitosan, (Lot no. 91K1265, Sigma). In insect chitosan (M. 

Struszczyk, Aug 2000) the ratio was determined to be ca. 1.99.  

The results suggest that beside the chain associations phenomena, some other polymer 

properties, such as the chain stiffness170 in different solvent environments and the distribution 

of molecular weight values (which can be broader or narrower), could explain the obtained 

results. 

 
5.1.2.2 Determination of the degree of deacetylation (DD)  

 
i) Determination of DD (FA) by 1H -NMR spectroscopy 

The determination of DD either for chitin or for chitosan is still a big challenge since 

there is no standardised method. The DD values using a 1H-NMR spectroscopy method 

according to Varum et al.44 (see the method description in Section 4.2.4) were determined. 

The chitosan samples with various DD exhibit different 1H-NMR patterns, as shown in Figure 

5.1.2. The most affected spectral domain corresponds to that of chemical shift (resonance 

frequency) of about 2 ppm, where the protons that belong to the  -CH3 groups from GlcNAc 

units are found.  

 
ii) Determination of DD (FA) by IR spectroscopy 

The IR spectra convey structural information. In order to determine DD (FA) for chitin 

and chitosan samples several combinations of bands have been tried. In our case, the DD (FA) 

values were calculated according to Muzzarelli approach43 [FA=(A1655/A3450) x1.15] as 

discussed in Section 4.2.1. The results were in a good agreement to those obtained by 1H-

NMR spectroscopy. 

The DD values of chitosan samples obtained by NMR and IR methods are shown in  

Table 5.1.1. 

 
 
 
 
 
 

 43



5 Experimental Results and Discussions 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1.2 1H-NMR spe
 
 
 

5.1.2.3. Ev

In order to determ

methods were used. Thes

The moisture content var

3.1%, as presented in Tab

 

ctra of hydrolysed chitosan samples. 

aluation of moisture and ash content  

ine the moisture and ash content of chitosan samples, gravimetric 

e are described in Sections 4.2.12 and 4.2.13. 

ies between 9 and 14% whereas the ash content ranged from 0.1 to 

le 5.1.1. 

44



5 Experimental Results and Discussions 
 
5.2 Formation of composite hydrogels  

Materials 

Chitosan samples (presented in Section 4.1). 
CaCl2, NaH2PO4, NaOH, CuSO4, MnCl2 and Zn(NO3)2 ( Section 4.1). 

Instrumentation 

A pH meter (Hanna Instruments) equipped with a measuring glass electrode was used.  
 

5.2.1 Precipitation of composite hydrogel samples 

5.2.1.1 Combination ratio between chitosan and HAp 

The preparation of composite samples, according to the procedure developed in our 

working group, was carried out. This is presented in Section 4.3.2. The work was focused on 

the preparation of composite samples containing CPs, mainly as HAp and chitosan. The idea 

behind this approach was that HAp to be synthesized inside the chitosan matrix from soluble 

salts containing PO4
3-

 and Ca2+
 ions (at a molar ratio Ca/P of 1.67, characteristic for HAp). 

CaCl2 and NaH2PO4 as soluble precursors of HAp in aqueous solution were used.  

Hirano et al.171 have mentioned the importance of CaCl2, as precursor in biomimetic 

processes employed in the mineralization of chitin and chitosan in aqueous systems in the 

presence of CO3 2- ions. The influence of different acids used to dissolve the chitosan samples 

on the formation of composites was considered too, and it is discussed in Section 5.2.2. By 

using our stepwise co-precipitation method, different types of composites with respect to the 

ratio of combination between chitosan and HAp were prepared (Table 5.2.1).  

 

Table 5.2.1 Preparation of various types of composite samples.  
Volume of solutions (mL) mixed to obtain 

1 g of CTS/HAp composite with respect to its ratio of combination 
 
Substance 

 
Concentration 
(%) (wt/v) 
 

CTS/HAp
80:20 

(wt% ) 

CTS/HAp
60:40 

(wt% ) 

CTS/HAp
50:50 

(wt% ) 

CTS/HAp
40:60 

(wt% ) 

CTS/HAp 
25:75 

(wt% ) 

CTS/HAp
15:85 

(wt% ) 
CaCl2 11.1 2 4 5 6 7.5 8.5 

NaH2PO4 13.8 1.2 2.4 3 3.6 4.5 5.1 
CTS* 0.2 400 300 250 200 125 75 

* CTS is the abbreviation for chitosan. It was dissolved in an aqueous acetic acid solution, 1wt%. 
  
   In order to obtain composites that contain cations, before the co-precipitation of 

composite, the cations must be complexed to the chitosan. Some cations such as Cu2+, Zn2+ 

and Mn2+ with bioactive properties16, 17, 18, were complexed with chitosan from aqueous 

solutions172, 173. For our purposes, the complex combinations of chitosan were prepared by 

mixing the CuSO4, MnCl2 and Zn(NO3)2 as aqueous solutions (50 µg /mL for each cation) 
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with the chitosan solution. After that, the chitosan solutions containing the complex 

combinations were used to prepare the composite samples. Various types of composites 

containing cations with different concentrations ranging from 1ppm (1µg cations /1g of dry 

composite) up to 250 ppm (250 µg cations/ 1 g of composite) were prepared.  

 

5.2.1.2 Discussions on the composite formation    

Since both chitosan and HAp are soluble in acidic medium and insoluble in neutral and 

alkaline medium, a system composed of chitosan, CaCl2, and NaH2PO4 and in some cases 

cations in aqueous solution of 1 wt% acetic acid was neutralized. The co-precipitation of 

composite sample can be discussed by the variation of pH curve as a function of the added 

NaOH, as displayed in Figure 5.2.1. The curve was obtained for the co-precipitation of 0.5 g 

of composite prepared from krill chitosan, 2K2X (at a combination ratio between chitosan and 

HAp of 50:50 wt%). An aqueous solution of 5 wt% NaOH was used to raise the pH in a 

stepwise fashion during the co-precipitation process. The pH curve (seen in Figure 5.2.1), 

which describes the precipitation of composite, exhibits three distinct zones with the 

following main features. 

i)  In the first zone, by increasing the pH, the chitosan chains change their conformations 
from the extended worm-like to extended random coil and finally it reaches the 
compact random coil conformations. The screen of the charges along the chitosan 
chain gives the modification of chain conformation. At a pH of 5.5 about 50% of 
charges are neutralised while at pH 6.2 all the charges are neutralised. This leads to 
the modification of the balance between the hydrophilic and hydrophobic interactions 
and compact chitosan conformations are permitted. The conformational changes are 
accompanied by the precipitation of CaHPO4 (brushite) at pH 5.5. 

 
ii)  The second zone (pH 6.2-6.8) reflects the beginning of the chitosan precipitation, 

which incorporates a fraction of calcium and phosphate ions (as brushite). The 
complex environment (pH, ionic strength and the presence of brushite already 
precipitated) from which chitosan was precipitated, leads to a shift of the chitosan 
precipitation128 at a higher pH (6.8) compared to that at which chitosan precipitates 
normally (6.2-6.4). 

 
iii)  The formation of HAp occurs in alkaline pH (10.0 – 12.0) which corresponds to the 

third zone. The pH of composite hydrogel decreased slightly during 24 h (as shown in 
Figure 5.2.2), after that, the product is collected as a hydrogel by filtration.  
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In the first two zones, some processes that lead to the formation of a defined 

composite structure take place. As mentioned in the literature, chitosan in aqueous acidic 

solution exhibits different chain conformations26 as a function of solution parameters. At low 

pH of 2-3, it occurs in extended worm-like conformations and then it starts to shrink at more 
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compact chain conformations as the pH reaches the neutral domain. These conformations 

depend on the charge density along the chain, which is given by the ionized -NH2 groups (as -

NH3
+). The electrostatic effects are diminished as the pH increases towards neutral pH, 

leading to conformations that are more compact. By raising the pH, besides the changes of 

chitosan conformations, H2PO4 
- is neutralised in the second step (Ka2=6.2x10-8) and the result 

is the formation of brushite, DCPD, which is thermodynamically stable in the pH range 

between 4.5 and 6 (Section 3.2). The second zone shows the precipitation of chitosan at pH 

above 6.4. At this stage, the composite occurs mainly as chitosan/brushite or/and 

chitosan/ACPs. In these types of composites, chitosan adopts compact chain conformations 

(random coil, more or less expanded)). Some parts of chitosan chains such as segments or 

loops exhibit a higher degree of freedom (referred to their movement possibility) compared to 

those from the core of the coil (with a more restricted movement possibility). Thus, the 

chitosan chain segments with a higher degree of freedom can interact with the brushite 

crystallites achieving so called ‘anchoring domains’ by different interactions such as ion-

dipole or/and through the complexation of Ca2+ to chitosan.  
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the alkaline media, as discussed in Section 3.2.2. The pH is an experimental parameter which 

can monitor the formation of HAp in the alkaline media as a function of time. The pH decay is 

displayed in Figure 5.2.2. The curve was fitted with an exponential decay function and it was 

obtained for a composite 50:50 wt% (prepared from krill chitosan 2K2X). The composite 

hydrogel amount was about 1 g dispersed in 220 mL of  NaOH aqueous solution. The initial 

pH value was 12.20. At the end of reaction, (after 24 h) the pH reached 10.62. Since the slope 

of the curve is more abrupt in first 2-3 h, it can be deduced that the formation HAp takes place 

at a high rate in the first time domain, shown as inset in Figure 5.2.2.  The pH decay of the 

system is explained by the formation of HAp from the precursors, mainly from brushite and 

ACP, in which the OH- ions are consumed, according to the below equations.  

10CaHPO4 +12OH-→ Ca10 (PO4)6 (OH)2 +10H2O +4 PO4
3-    (5.2-1) 

PO4
3- +ACP (amorphous Calcium Phosphate) +OH- → Ca10 (PO4)6 (OH)2  (5.2-2) 

 
5.2.2 Influence of acidic media on formation of composites  

In order to see how the acidic medium is influencing the composite formation and its 

structure, three types of acids such as acetic, malic and citric, were studied. They exhibit 

different coordination possibilities to the chitosan chains and therefore different composite 

hydrogels are expected to be formed. The preparation of composite hydrogel (ratio 

chitosan/HAp 50:50 wt%) was conducted such chitosan (TM 1238, Primex) (0.5 g) was 

dissolved in 125 ml of an aqueous solution of the acid (1%, 5% and 10% wt/v for acetic, 

malic and citric acid, respectively). Solutions of 0.149 M sodium dihydrogen phosphate (20 

mL) and of 0.249 M calcium chloride (20 mL), calculated for a molar ratio Ca/P 1.67 were 

added to each chitosan solution. Later, the precipitation procedure followed the same route as 

described in Section 4.3.3. The physical characteristics of composite hydrogels showed that 

after co-precipitation, the chitosan dissolved in citric acid produced the least amount of 

composite hydrogel, which was about 30-40% less than for the others two acids (Table 5.2.2). 

 
Table 5.2.2 The yield and physical characteristics of composite hydrogels. The ratio of 
chitosan to HAp was 50:50 wt%. The amount of composite was 1g. 

 
Acids 

 
Yield of Hydrogel (g) 

Volume of hydrogel in 
solution (mL)  

 
Colour of hydrogel 

Acetic acid 22.8 100 Semi-transparent 
Malic acid 24.4 120 Semi-transparent 
Citric acid 15.2 75 Milky white 

 
The yield of hydrogel in malic acid has always been the highest among the three acids 

used. However, the reason is unclear since repeated trials confirmed that this phenomenon is 

reproducible.  
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5.3 Drying and swelling experiments on composites  

5.3.1 Introduction 

The biopolymer gels differ from the synthetic polymer networks in regard to several 

aspects. Their structures contain large amounts of water, which is the solvent from which they 

are formed. Generally, they are obtained by crosslinking in the presence of water. On the 

other hand, the crosslinks are more often physically than chemically formed whereas in the 

case of synthetic polymers gel networks chemical crosslinks are achieved. This means that the 

crosslinking points (covalent bonds) are not only replaced by weaker physical bonds, but they 

are also ceased to be geometrically small in relation with the rest of the network structure. 

The contact regions of polymer chains become involved. The most simple example is when 

two such interacting regions providing the simplest situation, with associations of such 

segments which form a so called ‘junction zone’164, as shown in Figure 5.3.1.  

 

CC

BBAA

CC

BBAA 

 
 
 
 
 
 
 
 
 
 
Figure 5.3.1 Schematic representation of gel networks involving A, point (covalent) 
crosslinks; B, two-chain junction zones; and C, multiple-chain junction zones.   
 

The polysaccharide gels175-177 obtained from agarose, carrageenan, alginate, chitosan 

and chitin provide classic examples of this behaviour. The crosslinking is induced either by 

cooling their solutions, by adding the specific counter-ions or by changing the pH of the 

system. 

 
5.3.2 Aim of experiments 

• To determine the shrinking coefficients expressed as the ratio between the final 

volume of the specimen (after shrinking, as dried sample) and its initial volume (as 

composite hydrogel);  

• To see how the composition of samples influences the shrinking properties; 
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• To evaluate the moisture content of composite hydrogel samples related to the 

transition phenomena from a soft hydrogel state to a physically crosslinked hydrogel; 

• To investigate the swelling properties of composite samples;  

• To determine the swelling cooperative diffusion coefficients for disk shaped 

composite samples by means of swelling in water at neutral pH, based on Li-Tanaka’s 

gel model;  

 
5.3.3 Materials and methods  

Various types of composite samples prepared with a shrimp chitosan (TM 1238 

Primex) were used. The composite samples accompanied by the labelling procedure using 

letters (for the same composition) and digits (for the same diameter of the sample holder), are 

presented in Figure 5.3.2. The samples characteristics are comprised in Table 5.3.1. 
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posite hydrogel samples, disk shaped, during the drying 
 samples labelled with the same letters (A-E) have the same 
 disk diameter (1-4). The compositions of samples are 

hydrogel samples, using hydrophobic surfaces made of 

see Figure 5.3.2). In order to apply the Li–Tanaka’s gel 

n coefficients, the composite samples were disk shaped, 

pe is a disk if its thickness is less than 10% of its diameter. 

trolled environmental conditions (temperature of 23-25°C 

 and 50%) were performed. 

50



5 Experimental Results and Discussions 
Table 5.3.1 Characteristics of composite hydrogel samples (composition, initial mass, volume 
and moisture), disk shaped.  

CTS*/HAp 
50:50 (wt%) 

Moisture content 
91.8% (wt% ) 

CTS/HAp 
40:60 (wt%) 

Moisture content 
95.1% (wt% ) 

CTS/HAp 
60:40 (wt%) 

Moisture content 
92.4% (wt% ) 

CTS/HAp 
25:75 (wt%) 

Moisture content 
90.3 (wt% ) 

CTS/HAp 
100:0 (wt% ) 

Moisture content 
95.7(wt% ) 

Sample 
code 

Initial 
mass (g) 
/Initial 

volume (mL) 

Sample 
code 

Initial 
mass (g) 
/Initial 

volume (mL) 

Sample 
code 

Initial 
mass (g) 
/Initial 

volume (mL) 

Sample 
code 

Initial 
mass (g) 
/Initial 

volume (mL) 

Sample 
code 

Initial 
mass (g) 
/Initial 

volume (mL) 
A1 17.5346 

17.20 
B1 16.8596 

16.55 
C1 14.4650 

14.23 
D1 16.6475 

16.24 
E1 15.2248 

15.05 
A2 1.5539 

1.52 
B2 1.0267 

1.02 
C2 1.3851 

1.37 
D2 1.1990 

1.18 
E2 1.3634 

1.36 
A3 0.6004 

0.59 
B3 0.6156 

0.60 
C3 0.5861 

0.58 
D3 0.6678 

0.65 
E3 0.5559 

0.55 
A4 0.2055 

0.19 
B4 0.1884 

0.18 
C4 0.2883 

0.28 
D4 0.2815 

0.27 
E4 0.2007 

0.20 
CTS*is the abbreviation for chitosan. 
 

The drying und swelling processes under defined experimental conditions were used 

to evaluate the shrinking and swelling characteristics of samples as well as their swelling 

diffusions coefficients. The methods were discussed in Section 4.2.10 and in Appendix A-IX. 

The water release and uptake were monitored as a function of time. The swelling of samples 

in de-gassed, bidistilled water (pH=7) at 23-25oC was performed.  

 

5.3.4 Results and discussions 

The composite hydrogels, were prepared according to the co-precipitation method 

previously described in Sections 4.3.2 and 5.2. In order to remove water freeze-drying (under 

low pressure) and air-drying methods were employed. The results were different; by freeze-

drying, powdered composite were obtained whereas the second route leads to solid ceramic-

like composites. The macromorphology of various types of composite samples are presented 

in Figure 5.3.3. They are described below the picture. The dried composites can uptake water 

and consequently, they swell up to a certain limit which is a function of composition. A 

general scheme that presents both drying and swelling processes of composite samples is 

shown in Figure 5.3.4. In this sense, three routes can be discussed. The routes (A) and (C) 

indicate in the right part the drying processes that take place either at the room temperatures 

or elevated ones (up to 100oC), in the presence and absence of salt solutions (CaCl2), added in 

some cases before drying.  
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Figure 5.3.3 Macromorphology of composites (50:50 wt%) made of Atlantic shrimp chitosan, 
TM 1238; Primex, Iceland. The sample descriptions are given below the picture. 
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1- composite hydrogel suspended in alkaline solution as formed after the co-precipitation 
 
2- composite hydrogel collected by filtration 
 
3- freeze-dried composite hydrogel  
 
4- air-dried composite hydrogel (it contains CaCl2 added before drying) 
 
5- air-dried composite hydrogel, salts free 
 
6- swollen air-dried composite in water at pH = 7 
 
7- freeze-dried composite as suspended in water at pH= 7  
 

emperature must not exceed 100oC to avoid the oxidation of chitosan. 

as (A) and (C) lead to solid compact composites, as seen in Figure 5.3.3 
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act composites was about 65-70%, which is a function of chitosan type 
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 in bidistilled water leads to the initial soft hydrogel state of composite, 

 the left part as route (B). This is a reversible process, being figured out 

 closed doted circle. Since the rest of processes were irreversible, they 
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were figured out through open doted circles. The drying routes, labelled as (A) and (C), 

exhibits no reversibility. Thus, the transition phenomena from a soft hydrogel state of 

composite [seen in Figure 5.3.3 (2)], to a tough and rigid material [seen in Figure 5.3.3        

(5, 6)], take place due to the reorganization of the composite network structure during drying 

processes.  

A simple mode to monitor the drying process is to consider the ratio between the mass 

of the specimen at a certain drying time, mt, and its initial mass, mi, mt/mi as a controlling 

parameter. The drying decay curves were obtained by plotting the mt/mi against the drying 

time. 
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shown in Figures 5.3.5-5.3.7, inset (2). Therefore, for the investigated disk samples, the 

transition period from the soft hydrogel state to the physically stabilized network was 

estimated. The stabilised network was achieved by increasing the crosslinking density in the 

network as a result of water release processes. Due to a broad transition, the moisture content 

associated with the transition, using this method, could not be exactly determined. From these 

experiments, one could estimate that the irreversible transition takes place at moisture content 

between 40 and 60 wt%.  
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5 Experimental Results and Discussions 
The first time domain of the drying curves of samples (A1-E1) is displayed in Figure 

5.3.8. As shown in figure, at the beginning, until about 12 h, the curves are approximately 

overlapped. Later, they evolve according to different kinetics and therefore exhibit different 

slopes. The water release rate in the case of chitosan was slower as compared to the composite 

hidrogel samples, since the drying decay curves of composites are lying below the chitosan 

drying curve. 
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ves of drying curves show minima, which are sharper or broader, 
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might lead to a linear dependence as the amount of the sample 

 the same disk shaped composite gel samples, this linearity was not 

res 5.3.5-5.3.7-(3). Deviations from the linearity at the bigger disk 

ggest disks behave like a flat cylinder at start. Cylinder shaped gel 

 drying-swelling kinetics165 compared to those of disk shaped 

ental purposes, since the shrinking coefficients of the samples with 

w close values, the samples were considered as disks.  
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5 Experimental Results and Discussions 
5.3.4.1 Evaluation of shrinking coefficients of composites  

The ratio between the initial volume of the hydrogel and its final volume (measured 

for the dried composite), Vi/Vf, defined as the shrinking coefficient, Sc, was experimentally 

determined by using the method described in Section 4.2.10.1. They were determined for the 

disk shaped samples (series Ai-Ei). For the same type of sample, Sc values were averaged. 

Among the investigated samples, the chitosan sample (seen as chitosan/HAp 100:0 wt%) 

exhibits the smallest shrinking coeficient whereas the composite samples exhibit greater ones. 

The results are comprised in Table 5.3.2.  

 
Table 5.3.2 Shrinking coefficient values of disk shaped composite samples.  

CTS*/HAp 
50:50 (wt%) 

Moisture content 
91.8 wt% 

CTS/HAp 
40:60 (wt%) 

Moisture content 
95.1 wt% 

CTS/HAp 
60:40 (wt%) 

Moisture content 
92.4 wt% 

CTS/HAp 
25:75(wt%) 

Moisture content 
90.3 wt% 

CTS/HAp 
100:0 (wt%) 

Moisture content 
95.7 wt% 

Sample 
code 

Shrinking 
Coefficient.  
(Vinitial/ Vfinal) 

Sample 
code 

Shrinking 
Coefficient. 
(Vinitial/Vfinal) 

Sample 
code 

Shrinking 
Coefficient 

(Vinitial/ Vfinal)) 

Sample 
code 

Shrinking 
Coefficient 

(Vinitial/ Vfinal) 

Sample 
code 

Initial 
Shrinking 

Coefficient 
(Vinitial/ Vfinal) 

A1 22.63 B1 25.85 C1 18.95 D1 25.30 E1 17.36 

A2 23.28 B2 26.82 C2 18.07 D2 24.60 E2 18.59 

A3 21.07 B3 27.22 C3 23.6 D3 25.12 E3 17.12 

A4 19.38 B4 23.69 C4 20.82 D4 25.83 E4 17.38 

Sc**(Ai) = 21.6±2.15 Sc (Bi) = 25.9±2.05 Sc(Ci) = 20.3±2.50 Sc(Di) = 25.2±0.80 Sc(Ei) = 17.60±1.0 
* CTS is the abbreviation for chitosan. 
** Sc values are given as mean ± SD, calculated for four determinations. 
 

It can be observed that the shrinking coefficient values are depending on the sample 

composition. The results are within the literature data reported for the physically crosslinked 

gels networks178.  

 

5.3.4.2 Determination of the swelling capacity of composites  

The sample diameter at different swelling stages was determined using an electronic 

digital calliper and a magnifying glass (10X-Bima). The normalised diameters, ∆d/d0, were 

plotted against the swelling time (Figure 5.3.9). ∆d describes the growth of sample diameter 

while d0 is the initial sample diameter. The plateaux domains179 from the swelling curves 

characterize the equilibrium state of the swelling processes, as seen in Figure 5.3.9. The 
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5 Experimental Results and Discussions 
swelling curves are lying with respect to the sample composition. The more the amount of 

chitosan in composites the higher the level of swelling.  

 

5.3.4.3 Determination of swelling cooperative diffusion coefficients 

The composite hydrogel entrap water due to the porous structures and as a result of the 

presence of hydrophilic components (chitosan and HAp). When a dry hydrogel begins to 

absorb water, the first water molecules entering the network will hydrate the most polar, 

hydrophilic groups, leading to primary bound water. As the polar groups are hydrated, the gel 

network swells and consequently the hydrophobic groups are exposed and can interact with 

water molecules, leading to the hydrophobically bound water, known also as weakly bound 

water (see Section 5.8). After the polar and hydrophobic sites have interacted with water 

molecules, the gel network will adsorb additional water, due to the osmotic driving force 

within the interconnected networks of gel microchannels towards ‘infinite dilution’. To this 

additional water adsorption, the physical crosslinks by an elastic retraction force are opposed. 

Thus, the hydrogel network will reach an equilibrium swelling state (seen as plateaus in the 

Figures 5.3.9). The additional swelling water is called free water or bulk water and it is 

assumed to fill up the center of the larger pores (micropores). 

The incorporation of water changes the internal structure of the composite network 

and implicitly its mechanical properties. The composites become more flexible compared to 

the dried ones, which exhibits in some cases a brittle behaviour. 

The rate of swelling is a function of swelling cooperative diffusion coefficients and 

implicitly a function of sample composition. The swelling cooperative diffusion coefficients 

were determined for disk shaped samples according to a method proposed and developed by 

Li and Tanaka165 (Sections 4.2.10.2, 4.2.10.3 and Appendix A-IX). 

At the maximum swelling capacity, their diameters reached the maximum values (d∞). 

From the logarithmic plot of ln 







−
−

=
∞

∞

0

ln
dd
ddy t  against the swelling time, some structural 

parameters of the hydrogel network were determined166 (Figure 5.3.10). The fitting 

parameters as determined, the structural parameters of composite hydrogel network (B1, τ1, α, 

R) as well as the corresponding values of swelling diffusion coefficients are comprised in 

Table 5.3.3. The values of diffusion coefficients are depending on the type and composition 

of the sample. 
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Figure 5.3.9 Swelling curves of composites 
in bidistilled water. 
 CTS is the abbreviation for chitosan. 
 

 

 
Table 5.3.3 Summary of the fitting paramete
composite gel network parameters (R, α1, τ1, B1
(determined from the swelling processes).  

 
Sample 

a∞ 

(cm) 
 

Fitting 
parameters 
(linear fit) 

 
R

CTS#/HAp 
100:0 wt% 

0.105 r2, ****=0.996 
A**= 0.05258 

B***= -0.00581 

0.6

CTS/HAp 
80:20 wt% 

0.060 r2= 0.977 
A=0.06755 

B= -0.01802 

0.6

CTS/HAp 
50:50 wt% 

0.060 r2= 0.992 
A= -0.05369 
B=-0.01233 

0.6

CTS/HAp 
40:60 wt% 

0.060 r2=0.989 
A= 0.12398 
B= -0.00781 

0.4

CTS/HAp 
25:75 wt% 

0.040 r2= 0.977 
A= 0.15747 
B= -0.00827 

0.1

*The values are given as mean ± SD taken for three determ
**A is the intercept term (or constant) 
***B  is the slope of linear plot 
**** r2 is the linear regression coefficient  
#CTS is the abbreviation for chitosan  

 

The plot of the swelling diffusion coeff

shown in Figure 5.3.11. The graph displays an
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0 1.2 16.60 0.982 8.3±0.9 

0 1.2 18.63 0.987 7.6±1.1 

2 1.8 8.07 0.999 6.9±0.8 

8 2.2 6.35 0.991 2.6±0.5 

inations   

icients as a function of chitosan content is 

 increasing trend from chitosan/HAp 15:85 



5 Experimental Results and Discussions 
wt% to chitosan/HAp 100:0 wt% sample. These values are within literature data reported for 

some other hydrogel networks. Based on Li – Tanaka’s gel model, Saiz et al. 166 have 

determined the cooperative swelling diffusion coefficients for various polyacrylamide gel 

samples. They have determined values between 9 and 11.40x10-6 cm2/s. Zhang et al. 180 have 

used an electrochemical method to determine the diffusion coefficients of polyacrylamide 

gels. In their case, the swelling diffusion coefficient values ranged between 4.4 and 6.4x10-6 

cm2/s. In our case, for the composite samples, the diffusion coefficients were between 2.6 and 

8.3x10-6 cm2/s. Chitosan showed the greatest diffusion coefficient among the investigated 

samples of ca. 20 x10-6 cm2/s.  
 

 

 

 

 

 

 

 
 
 
 
 
Figure 5.3.11 Cooperative diffusion co
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5.4 Structure and properties of composite hydrogels  

Materials 

Composites as hydrogel and powdered freeze-dried samples were analysed. 

Methods 

i)  Analysis of composite morphology (by microscopic techniques). 
ii)  Analysis of external surface area (by BET method). 
iii)  Monitoring the mass loss of composite hydrogels as a function of temperature, using a 

TGA technique. 
 
Instrumentation 

Optical microscope, OM; type Olympus AX 70, objective 20X; 
Transmission Electron Microscope, TEM; type EM 902 (Zeiss); 
Scanning electron microscope, SEM; type BS 340 (Tesla); 
BET surface analyzer; type TriStar 3000 V3; adsorption gas N2; 
Thermogravimetric analyser, TGA; type Thermowaage Linseis L 81; 
Energy disperse X-ray spectroscopy, EDS; as incorporated device in a SEM system type Jeol 
6310, Oxford Instruments AN 10 000-EDS-XR; 
 
The sample preparation procedures were described in Section 4.2.3. 

After the preparation of composite samples as hydrogel, we try to answer to those questions 

concerning their structure. 

♦    How are the components (chitosan and CPs crystallites) structured in the composite hydrogel? 
♦    What is the size range in which the inorganic CPs crystallites lie?  
♦    How can be probed the presence of chitosan and of HAp in composites? 
♦    Do they have a homogenous or a non-homogenous structure? 
♦    How big are the external surface areas of the composite hydrogel networks? 
♦    What is the water retention range of the composite hydrogel samples? 
 
In order to answer to these questions, different experiments using microscopic techniques, 

BET measurements and TGA analyses were performed.  

 
5.4.1 Preliminary characterization by microscopic techniques  

5.4.1.1 Optical microscopy (OM)  

One of the simplest ways to investigate the composite hydrogel samples is to use OM 

technique. The images were taken on a composite hydrogel 50:50 wt% as formed after its co-

precipitation. The composite hydrogel was prepared using a krill chitosan (2K2X) see Sections 

4.1 and 5.1.1. The composite sample was investigated by OM without any additional 

preparation steps. As shown in Figure 5.4.1, the composite hydrogels are composed of small 

micro-gel domains that are joined in large macro-gel domains (aggregates). Since the samples 
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5 Experimental Results and Discussions 
are white-semitransparent, it was difficult to obtain high quality optical images due to the 

multiple reflection of the light on the sample. One could not get a clear-focused OM images. 
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5 Experimental Results and Discussions 
The composite sample used in these experiments was prepared from Atlantic shrimp 

chitosan (TM 1238, Primex). 

•    The first scope of these experiments was thought to obtain information about the three-

dimensional structure of the hydrogel structure with water entrapped in the network.  

•  The second scope was to see how the freeze-drying process affects the structure of the 

composite hydrogel.  

The three-dimensional (3d) structures of composite hydrogels at different 

magnification levels are shown in Figure 5.4.2 (A, B, C, D). From the micrographs, it can be 

deduced that the composite hydrogel presents a porous gel network structure. The network 

structure is mostly achieved by physical crosslinking through the hydrogen bonds formed 

between the chitosan chains. The average pore size of the hydrogel network was estimated to 

be about 200-300 nm, as shown in Figure 5.4.2, graph (1). 
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 the large pores of composite hydrogels, the free water (known as bulk water) is 

dated while in the small pores the bound water is constrained. The analysis of these 

ater, which occur in the composite hydrogel network, is discussed in Section 5.8. 

 size ranges from few nanometers up to few hundreds of nanometers. The 

gy of the hydrogel network does not reveal the inorganic fillers of CPs. Regarding 
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5 Experimental Results and Discussions 
the second scope, the solid freeze-dried composite hydrogels (as powders), by using SEM 

were analyzed. The morphologies of composites showed interesting structural features. 

As seen in the micrographs, both porous and compact structures were identified 

[Figure 5.4.3 (A-D)]. The porous regions exhibit a spongy-like structure, formed due to the 

presence of chitosan as the polymer matrix181, as seen in Figure 5.4.3 (C, D). There are also 

other regions, where compact structures were identified, as seen in Figure 5.4.3 (B). For 

further morphological investigations, a compact region of the composite was magnified, as 

seen in Figure 5.4.4 (A). The micrographs revealed the fine structures of composite, as seen in 

Figure 5.4.4 (C, D). The sphere-like CPs particles with diameters between 30 and 70 nm were 

attributed according to their shape, to be composed of amorphous calcium phosphates 

phases62, ACPs. These particles are located in some regions from the outer part of the freeze-

dried network and occur in composites in small amounts, besides HAp.  
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5 Experimental Results and Discussions 
Elements, such as C, O, P and Ca were identified, and by their presence, probed the 

qualitative composition of composites. Unfortunately, this technique is only qualitative or 

semi-quantitative182.  
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.2 External surface area of freeze-dried composites  

e surface area and the particle size (spherical approximation) were measured by 

dsorption onto freeze-dried composites. Due to its porous structure and content of 

les, the external surface area of composite is expected to be very large with respect 

s (expressed in m2/g). In order to determine the surface area, BET measurements 

rmed. The main goals of these experiments were to establish the range of the 

rface area of the powdered freeze-dried composites and implicitly to determine the 

icle size of composites using the spherical approximation, according to Equation 

other goal was to see how the external surface area of composites is influenced by 

sition. Various types of composites, as listed in Table 5.4.1 were measured. They 

ared using crab chitosan (Lot. no. 114F-014, Sigma). The external surface area, 

 and Langmuir methods (see Appendix XI), as well as the mean particle size 

f composites were determined (Table 5.4.1).  

 Summary of surface area of powdered freeze-dried composites.  
an/HAp 
posite 
in apatite 
wt%) 

 
BET surface area 

(m2/g) 

 
Langmuir surface area 

(m2/g) 

True sample density 
(compact specimen) 

(g /cm3) 

Particle size diameter 
(mean value) 

(spherical 
approximation) 

(µm) 
0 38.779 53.562 1.25 0.123 
0 34.880 48.337 1.50 0.114 
0 93.928 127.835 1.70 0.038 
5 109.786 151.910 1.90 0.029 
particle size diameter can be determined according to the following equation, 
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ρ0

6
S

d =  (µm)     (5.4.2-1) 

where d is the mean particle size diameter, So is the BET surface area and ρ is the true sample 

density (determined for compact specimens, air dried). The external surface area ranges from 

30.99 m2/g for the chitosan/HAp 80:20 wt% composite sample up to 151.91 m2/g, value 

obtained in the case of chitosan/HAp 15:85 wt% composite sample.  
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5 Experimental Results and Discussions 
see Figure 5.4.7. The first order derivatives reveal the temperatures at which the maximum 

decrease of mass occurs   (as seen in Figure 5.4.8 and Table 5.4.2).  

 

 

 

 

 

 

 

 

 

 

Figure 5.4.7 Thermogram patterns

 
Table 5.4.2 Summary of thermogra

Sample 
code 

Initial weight of 
sample 

S1 87.00 mg 

S2 66.50 mg 
4

S3 46.20 mg 
1

S4 90.20 mg 

*At the maximum reaction rate 

** Transition temperatures (T1 and 

   

 The loss of free water occu

T2 reflects the loss of bound water

moisture content of samples was 

first two plateaux.  In the case of

was 93.4% while the drying time 

were obtained. The moisture va

composite hydrogel samples. 

 

 of samples S1 - S4. 

vimetry results  
T1** 

∆-M / min * 

∆-M (mg /%) 

T2** 
∆-M / min * 

∆-M (%) 

 
∆-M total (mg / %) 

165.2 ºC 
27.03 mg/min 

81.28 mg /93.4% 
- 

 
 

81.28 mg / 93,4 % 
195.3 ºC 

9.04 mg/min 
1.72 mg / 63.7 % 

223.3 ºC 
- 

8.98 mg 

 
 

50.82 mg / 76.2 % 
163.8 ºC 

4.8 mg/min 
5.63 mg / 33.8 % 

297.7 ºC 
5.99 mg/min 

9.82 mg / 21.3 % 

 
 

25.49 mg / 55.1 % 
201.8 ºC 

 
8.79 mg / 9.7 % 

305.1 ºC 
21.08 mg/min 

24.56 mg / 27.2 % 
33.44 mg / 37.0 % 

T2) between two plateaus domains 

rs at maximum rate between 165o and 202ºC (T1) whereas 

 and the possible decomposition of the chitosan matrix. The 

calculated from the first decomposition step, between the 

 the original composite hydrogel, S1, the moisture content 

increases for the S2 – S4 decreased moisture content values 

lues indicated a slow release kinetic of water from the 
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re 5.4.8 First order derivatives of thermograms of samples S1 - S4. 
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 5.4.4 Conclusions 

The composite hydrogel samples exhibit a typical gel network structure as probed by 

measurements. The hydrogel network structure is achieved due to the presence of 

an as a polymer matrix, which generates the crosslinking domains through the hydrogen 

 between the chains. The calcium phosphate fillers, CPs, which reinforce the chitosan 

x, are in the nanosize range, as shown by SEM measurements. By using SEM coupled 

DS, the qualitative presence of both chitosan and CPs in the composites (through their 

ntal characteristic peaks) was identified. BET measurements confirmed the presence of 

anoparticles in the composites. The water holding capacity of composite hydrogels was 

ined by TGA to be about 90-95 wt%. In order to obtain more information regarding the 

ype, some other experimental techniques of investigations such as XRD and TEM on 

composites must be employed. Thus, the type of CPs as well as its particle size 

ution within the chitosan matrix it is expected to be determined.  
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5.5 Zeta potential and particle size distribution measurements  

5.5.1 Evaluation of particle size  

The goals of these experiments were on one side to determine the size distribution of both composite 
micro-gel domains and CPs particles, which reinforce the composite matrix.  On the other side, the 
zeta potential variation during the composite formation was studied and the influence of ionic strength 
on zeta potential behaviour of composites was investigated, too.  
 

From a composite hydrogel (50:50 wt%) made of krill chitosan (2K2X ) four types of 

samples according to the following methods, were prepared.  

♦   A composite hydrogel sample was dispersed by sonication in bi-distilled water for 20 min.   
Before measurements, the sample was filtered through a cellulose membrane with pore 
size 0.8µm. The sample is labelled as S3N and it contains micro-gel particles. 

 
♦  For the next set of experiments the chitosan matrix from the composite hydrogel was   

dissolved in acidic medium. Two procedures using acidic treatments were employed as 
follows. 

a) By using acetic acid at pH 5-6, the sample is labelled as S1AcOH. 
b) By using HCl, 1M at pH 1.5-2, the sample is labelled as S2HCl.  

      
♦  In the last approach, the chitosan matrix from the composite was removed by combustion 

at about 800°C. The result was also the isolation of CPs particles. The sample was 
labelled as S4HT.  

 
The last two set of experiments led to the isolation of CPs particles which reinforce the 
chitosan matrix. 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5.1-1
 

 Particles size distribution of sample S3N. 
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Figure 5.5.1-2
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5.1-3
 
 
 

 Particles size distribution of sample S1AcOH. 
 Particles size distribution of sample S2HCl. 

70



5 Experimental Results and Discussions 
In the case of composite hydrogel labelled as S3N dispersed in bidistilled water, the 

smallest micro-gel particles size were evaluated to be about 0.8-1 µm. The sample does not 

exhibit a Gaussian distribution, as seen in Figure 5.5.1-1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5.1-4 Part
 

When the c

treatments or by co

seen in Figures 5.5

composite structure

HAp). The size dist

with the maximum 
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a) Formation of HA
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proved by XRD me

measurements of pa
 

icles size distribution of sample S4HT. 

hitosan matrix was removed from the composite sample either by acidic 

mbustion, the size distribution curves approached the Gaussian profiles, as 

.1-2 - 5.5.1-4. Theoretically, by removing the chitosan matrix from the 

, the remaining particles should correspond to the CPs phases (mainly as 

ribution curves obtained using acetic acid show a broad distribution profile 

value between 200 and 300 nm, as shown in Figure 5.5.1-2. Hydrochloric 

ler particles compared to those obtained using acetic acid. The mean size 

 seen in Figure 5.5.1-3. When the chitosan matrix was removed by 

e distribution curve showed that larger particles were formed as compared 

y the acidic treatments. The mean diameter is 500 nm, as seen in Figure 

 are explained by the aggregation processes of CPs phases, which take 

ratures. 

otential measurements  

p in the chitosan matrix  

on of HAp in the chitosan matrix takes place mainly from brushite, as 

asurements (the results are discussed in Section 5.6). The zeta potential 

rticles of composite hydrogel might give additional information about the 
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diffusion processes of ions from the bulk solution into the charged surface of composite 

hydrogel particles in its earlier stage of formation. 

Sample preparation 

The composite hydrogel sample was obtained using 100 mL of 0.5 wt% chitosan (TM 

1238, Primex) solution in 1 wt% aqueous acetic acid solution at which 5 mL of 11.1 wt% 

CaCl2 aqueous solution and 3 mL of 13.4 wt% NaH2PO4 aqueous solution were added. The 

pH value was raised from 3.4 to 12 by adding 5 wt% of NaOH aqueous solution. When the 

pH reached 12, a small portion of about 10 mL of composite hydrogel as aqueous alkaline 

suspension, was sampled and sonicated for 2 min. The variation of the ζ-potential was 

followed as a function of time (during formation of HAp, for 2.5 h), as shown in             

Figure 5.5.2-1. Every 10-15 min, a fresh portion of about 10 mL of composite hydrogel was 

collected, sonicated and measured. The ζ-potential values showed a decreasing trend in 

negative range from about -5 mV to about -30mV. The ζ-potential decay is abrupt in the first 

time domain (0-50 min, being defined by the tangent line drawn to the graph) and then, it 

reached constant values (seen as a plateau in Figure 5.5.2-1). The brushite crystallites, 

initially formed in the chitosan matrix (at pH of 5-5.5) are dissolved in alkaline medium while 

the HAp nanocrystallites are formed. The formation of HAp occurrs in alkaline media due to 

the diffusion of ions into the composite matrix. Ions such as OH-, Ca2+, PO4
3-, etc, from the 

bulk solution diffuse towards the charged layer of composite particles down the concentration 

gradient. The ζ-potential curve suggests that two regimes of diffusion processes of ions might 

be discussed.  

 

 

 

 

 

 

 

 

 

 
Figure 5.5.2-1 Variation of ζ-pot
 

 

0 2 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0 1 6 0

-3 0

-2 5

-2 0

-1 5

-1 0

-5

0

IInd re g im eIst re g im e

ζ-
po

te
nt

ia
l (

m
V)

t im e  (m in )

ential during the HAp formation inside the chitosan matrix. 

72



5 Experimental Results and Discussions 
The first regime (0-50 min) can be treated as a non-stationary regime with respect to the 

modification of the ζ-potential of composite hydrogel charged layer. Consequently, the 

concentration of ions is a function of time. The initial ζ-potential value was about –5mV, 

being given by the presence of brushite in aqueous solutions (as a function of pH and 

presence of salts184). The Fick’s second diffusion law describes the processes that take place 

in this first regime, according to Equation 5.5.2-2. In the second regime, see Figure 5.5.2-1, 

the solid/liquid interface reaches an equilibrium state. Therefore, the concentration of ions 

next to the charged layer of composite particles is not time dependent. This means that the 

consuming rate of ions due to the HAp formation equals the diffusive rate of ions from the 

bulk solution towards the charged layers. Fick’s first diffusion law, as expressed by Equation 

5.5.2-1, describes this regime. 

dx
dc

DJ i
iD −=,      (5.5.2-1) 

2

2

x
cD

dt
dci

∂
∂

=      (5.5.2-2) 

JD,i  is the ionic flux through unit area of the surface while D is the individual diffusion 

coefficient. 

b) Determination of the isoelectric point of different types of composites 

The isoelectric point, IP, is defined as the pH value at which the ζ-potential value is 

zero. For a colloidal system, IP is important since coagulation takes place in the range of IP 

values.  
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Figure 5.5.2-2 ζ-potential curves of composites (CTS*/HAp 50:50 wt%, CTS/HAp 60:40 wt% 
and CTS/HAp 15:8 wt% ) and HAp plotted as a function of pH. 
*CTS is the abbreviation for chitosan.  
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5 Experimental Results and Discussions 
The ζ-potential values of various composites with different ratios between chitosan 

and HAp were plotted against the pH, as shown in Figure 5.5.2-2. In acidic pH range, the ζ-

potential values are positive. Around the neutral range, ζ-potential changes to negative. 

The curves show a decrease of the ζ-potential starting from positive values towards negative 

as the pH increases from acidic to alkaline. The curve of ζ-potential versus pH display 

similarities to those described in literature for colloidal systems in aqueous media185. The IP 

values show that the more the chitosan in the composites the greater the IP. The plot of IP 

values as a function of HAp content is linear, as seen in Figure 5.5.2-3. For HAp the IP was 

ca. 5.7 which is in agreement with the results reported in literature185, 186. The composites 

exhibit IP values above to HAp, being shifted towards neutral pH.  
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Figure 5.5.2-4 ζ-potentials values of CTS*/HAp 50:50 wt% composite samples as a function 
of ionic strength (in the presence of CaCl2 and NaCl), measured at pH  7.2. The points are 
simple connected. *CTS is the abbreviation for chitosan. 
 

The decreasing tendency of ζ-potential of composite samples suspended CaCl2 

solutions was  more pronounced compared to those in NaCl. The results can be explained by 

different ionic strengths produced by CaCl2 and NaCl at the same molar concentration. The 

ionic strength given by CaCl2 is stronger than that of NaCl, since CaCl2 forms three ions on 

solution whereas NaCl forms only a pair of ions. 

  

5.5.3 Conclusions 

The micro-size domains of the composite hydrogels are about 0.8-1 µm.  

The size measurements showed that either the sizes of CPs particles (mainly as HAp) 

are about of 100-500 nm or their internal structure is composed of even smaller particles, 

much below 100-500 nm. In order to clarify the hypotheses regarding the size particle 

domains of CPs crystallites, XRD and TEM measurements must be employed. 

ζ-potential measurements, showed that HAp formation takes place in two diffusive 

regimes: a non-stationary regime at the beginning and later a stationary regime. The IP of 

different types of composites were determined by ζ-potential measurements as a function of 

pH. As compared to HAp, the IP values were shifted towards neutral pH values with respect 

to the sample composition. The ζ-potential values of composite hydrogel samples (as 

dispersed in aqueous solutions) were affected by the ionic strength environments. The 

composite dispersed in CaCl2 presented higher value of ζ-potential values (in negative range) 

than that obtained in NaCl. 
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5.6 Nanostructure of composites by XRD, TEM and CSLM techniques 

5.6.1 Introduction  

Diffraction line broadening is one of the approaches that are used in biological apatites 

investigations158. The evaluation of average crystallite size in bone, dentine and teeth can be 

performed using X-ray diffraction188, 189 on powdered samples. The mineral phase of bone is 

mainly composed of HAp which has hexagonal symmetry189, 190. The average crystallite size 

of HAp in bone190 is to have 2-3 nm in thickness and 20-40 nm in length along the c axis 

(perpendicular to the basal plane191). The properties of bone mineral crystallites were found to 

vary with age and diseases192. The electron microscope techniques193 such as scanning 

electron microscopy, SEM, transmission electron microscopy, TEM, or hybrid systems, 

scanning transmission electron microscopy, STEM are often used to study the local order, 

structure, morphology and elemental composition of materials by examination of diffracted 

and transmitted electron beams. In order to obtain structural information about biomaterials, 

especially composites, both techniques must be employed. 

  

5.6.2 Aim of experiments  

• To study the kinetic of HAp formation inside the chitosan matrix by XRD.  
• To see whether the chitosan amounts in the composites influence the average particle 

size of HAp crystallites. 
• To evaluate the average particle size of HAp crystallites and their crystallinity degrees 

for different types of composites by XRD. 
• Structural investigation of composite samples by TEM and CSLM; Comparison 

between TEM and XRD results. 
 

5.6.3 Materials and methods 

Materials 

Composite samples are described in Section 4.2.8. The composite samples were prepared 

using a shrimp chitosan (TM 1238, Primex). 

Instrumentation 

An X-ray diffractometer, XRD system, type Siemens D 5005 with Cu, Kα1,2 X-ray radiation 

and a scintillation counter with a variable divergence and anti-scatter slits was used. Detection 

with a secondary graphite monochromator; measurement range from 5 to 60o (2θ); step angle, 

0.020 degree. The micrographs were taken using an electron microscope, SEM-TEM hybrid 

system, type Gemini LEO 1550, LEO Oberkochen and a confocal scanning laser microscope, 

CSLM, type Leica TCS NT. 
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Sampling and data analysis  

To 500 mL solution of chitosan 0.2 wt% in 1 wt% aqueous acetic acid solution, 20 mL of 

CaCl2, 11.1 wt% and 12 mL of NaH2PO4, 13.4 wt% with the molar ratio Ca: P of 1.67 (which 

leads to the formation of HAp) were added. Later on, in order to raise the pH of the system, an 

aqueous 5 wt% NaOH was drop-wise added. At pH 5.5, about 100 mL of composite hydrogel 

suspension was collected by filtration. After adjusting the pH to 11, samples were collected at 

0.3, 1, 2, 4, 8 and 24 h. By using a freeze-drying technique under low pressure, hydrogel 

composites were obtained as powders and used for XRD measurements. Dedicated software 

such as WinFit for XRD data, MicroCall Origin 6.1 and SigmaPlot for mathematical data 

computation were used.  

Determination of crystallites size of HAp 

The crystallite size was calculated by Scherrer’s equation presented in Section 4.2.8. 

Evaluation of the crystalinity degree 

The crystallinity degree (Xc) corresponds to the fraction of crystalline apatite phase. The 

calculation of the crystallinity degree was carried out according to the methods described in 

Section 4.2.8 and Appendix A-VIII. 

Evaluation of particle size distribution by TEM  

It was performed according to the methods described in Section 4.2.8. 

CSLM measurements 

Samples with thickness of ca. 0.5-1 mm in aqueous environment were investigated. A 

reflection method (in three dimensional space) in X-Y scan mode was chosen as modality to 

distinguish between the composite domains that have different densities. A UV 100x1.4NA - 

PL APO 1.4-0.7 objective that allows to vary the Z position and to scan different sections of 

the sample (X-Y planes) was used. 

 

5.6.4 Results and Discussions  

5.6.4.1 XRD measurements 

a) Kinetic of HAp formation in the chitosan matrix  

As previously reported, HAp occurs mainly in needle-like shapes as synthesised in the 

polymer matrices194 and grows in the direction of c-axis 195  which corresponds to the (002) 

reflection peak. The average size of HAp crystallites calculated from the (002) reflection peak 

leads to a description of HAp formation in chitosan matrix as a function of time.  
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5 Experimental Results and Discussions 
phosphates, ACP, phase transform towards a more stabile HAp68, 69, according to Equations 

5.6.1 and 5.6.2. 

 

10CaHPO4 +12OH-→ Ca10 (PO4)6 (OH)2 +10H2O +4 PO4
3-         (5.6.1) 

PO4
3- +ACP +OH- → Ca10 (PO4)6 (OH)2              (5.6.2) 

 

After 24 h, the transformation of brushite and ACP into HAp is nearly complete. Only traces 

of brushite are still identified according to XRD reflection peaks from 2θ=12° and 21°, 

respectively. The HAp average crystallite size grows up as the reaction time increases (seen in 

Figure 5.6.2 and Table 5.6.1). The stability of HAp at the pH of 5.5-5.6 is explained on base 

of the solubility isotherms of CPs compounds, as discussed in Section 3.2.2. HAp is the least 

soluble phase between pH 4.2 and 12.5. Consequently, its solubility isotherm lies below to the 

others CPs compounds (as seen in Figure 3.2.1). 

 
Table 5.6.1 Average crystallite size for HAp formation inside of chitosan matrix. 

 
Time (h) 

Line width 
(002), 

FWHM** 
(°) 

 
Crystallinity 
degree (Xc) 

Line width 
(002), FWHM, 

(rad) 

Average 
crystallite size, 

L (nm)  

 
 

Remarks 

 
0.3 

 
0.6307 

 
0.0551 

 
0.0110 

 
15.80 

The peak at 2θ=26.04° is 
hardly distinguished. 

 
1 

 
0.4585 

 
0.1434 

 
0.0080 

 
21.60 

Intensities of  HAp peaks 
increase as the reaction time 

increases. 
 

2 
 

0.4299 
 

0.1739 
 

0.0075 
 

23.30 
After 2h, the intensity of the 
brushite peaks diminished 

slightly compared to the initial 
state. 

 
4 

 
0.3783 

 
0.2589 

 
0.0066 

 
28.50 

Mid-period in HAp formation. 
Characteristic apatite peaks 

enhance in time.  
 

8 
 

0.3210 
 

0.4179 
 

0.0056 
 

31.40 
8 h after the growth of HAp 

crystallites. 
 

24 
 

0.2866 
 

0.5874 
 

0.0050 
 

34.80 
After 24 , HAp is fully formed. 
The brushite peaks vanished. 

**FWHM full-width at half maximum of peak height 
 

The growth rate of HAp crystallites at a constant temperature of 22oC is a function of time, as 

seen in Figure 5.6.2 (A). In the first 20-30 minutes, the growth rate is about 50 nm/h. After 2 

h, it decreases to 4-5 nm/h since the synthesis of HAp started. In the middle period, the growth 

rate decreased to 1.20 nm/h. At the end, after 24 h, a plateau was reached and the growing rate 

value is about 0.1-0.2 nm/h. The inset labelled as (B) in Figure 5.6.2 shows the variation of 

crystallinity degree of HAp as a function of time during its formation.  
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5 Experimental Results and Discussions 

Figure 5.6.2 Size evolution of the HAp 
nanocrystalltes in aqueous alkaline media 
as a function of time (A). The inset (B) 
shows the evolution of HAp crystalinity as 
a function of time.  
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From the graphical representation of HA

(Figure 5.6.2) one can conclude that the reaction

is completed after about 8-10 h, which in fact i

probably a pseudo-stationary regime is reached in

other calcium phosphate phases and, beside this,

dissolved and re-formed as large and regular HAp

of reaction through a parameter which can be re

two characteristic reflection peaks of brushite and

graphically represented against the reaction tim

between the peak intensities of brushite/HAp is pr

monitor both brushite and HAp concentrations as

displayed in Figure 5.6.3 show that the reac

exponential laws, described by the Equation 5.6.3
0/

00
ttieACC m+=   

where C is the concentration of either brushite or

is the reaction time. The signs ″minus″ and ″plu

growth. A0 and t0 are the offset factors and wer

A0=0.030±0.0015 and t0=4.191±0.0350. In brus

from the ratio Ibrushite/Iapatite at t=0) follows a de

increases exponentially starting from the initial co

 80
Figure 5.6.3 HAp formation and brushite 
consumption monitored by the ratio of two 
XRD reflection peaks as a function of time. 
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p crystallite size versus the formation time  

 of HAp formation inside the chitosan matrix 

s not true. However, after this period, most 

 which the HAp crystallites are formed from 

 the small and irregular HAp crystallites are 

 crystallites. In order to quantify the kinetics 

lated to the concentration, the ratio between 

 HAp was used as controlling parameter and 

e, as seen in Figure 5.6.3. Since the ratio 

oportional to concentration196, it was used to 

 a function of the reaction time. The curves 

tions take place according to first order 

, 

         (5.6.3) 

 HAp, C0 is their initial concentrations, and ti 

s″ describe either the exponential decay or 

e determined from the exponential plots as 

hite the initial concentration C0 (calculated 

cay profile whereas the HAp concentration 

ncentration C0=0. Since the state parameters 



5 Experimental Results and Discussions 
of the system are defined, its evolution can be easily described by the concentration ratio 

between HAp and brushite by using the Equation 5.6.3. 

 

b) Influence of composition on HAp average crystallites size. The bimodal distribution 

The investigation of the influence of chitosan content on the average particle size of 

HAp was also studied. A series of samples (HAp, composites and chitosan) such as HAp (1), 

chitosan/HAp 15:85 wt% (2), chitosan/HAp 30:70 wt% (3), chitosan/HAp 50:50 wt% (4), 

chitosan/HAp 80:20 wt % (5) and chitosan (6) were investigated by XRD.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6.4 XRD patterns for HAp (1), composite samples such as chitosan/HAp 15:85wt% 
(2), chitosan/HAp 30:70 wt% (3), chitosan/HAp 50:50 wt% (4), chitosan/HAp 80:20 wt% (5) 
and chitosan (6), respectively. The (002) reflection peak domains of HAp from the composite 
samples are shown.    

Diffration angle degree -2θ

(1)

(2)

(3)

(4)

(5)

(6)

Diffration angle degree -2θ

(1)

(2)

(3)

(4)

(5)

(6)

(0
02

)

Diffration angle degree -2θ

(1)

(2)

(3)

(4)

(5)

(6)

Diffration angle degree -2θ

(1)

(2)

(3)

(4)

(5)

(6)

(0
02

)

 

The XRD patterns of samples are presented in Figure 5.6.4. These patterns exhibit the 

structural features of both HAp and chitosan with respect to their ratio in composite samples. 

The average crystallite size and its corresponding crystallinity were calculated, in the first 

approach, using a Gaussian function to fit the data (WinFit software). The results are 

summarized in Table 5.6.2. They suggest that, the more the chitosan in the composite the 

smaller the average crystallites size of HAp. As such, the average crystallite size of HAp is 

controlled. 
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Table 5.6.2 Average crystallite size and corresponding crystallinity of HAp from various types 
of composites. 

 
Specimen 

 
Line width 

(002), 
FWHM***, 

(°) 

 
Crystallinity 

(Xc) 
(%) 

 
Line width 

(002), 
FWHM, 

(rad) 

 
Average 

crystallite size*, 
L (nm)  

CTS/HAp 
80:20 wt.% 

 
0.5636 

 
0.0751 

 
0.00983 

 
13.90±1.60 

CTS/HAp 
50:50 wt.% 

 
0.4538 

 
0.1430 

 
0.00792 

 
17.34±5.50 

CTS/HAp 
30:70 wt.% 

 
0.3092 

 
0.4408 

 
0.00539 

 
25.42±4.25 

CTS/HAp 
15:85 wt.% 

 
0.2266 

 
1.1877 

 
0.00395 

 
34.69±6.20 

CTS/HAp 
0:100 wt.% 

 
0.2168 

 
1.3565 

 
0.00378 

 
36.26±5.10 

  *Mean ±SD calculated using a WinFit dedicated software. 
                           ** CTS is the abbreviation for citosan. 
                           *** FWHM is the full width of the peak at half of its maximum.  

 

In order to evaluate the crystallinity, as an alternative to the average crystallite size, 

Equation 4.2.8-2 was applied. The crystallinity values of composites, comprised in Table 

5.6.2, show that they have a low degree of crystallinity. The chitosan/HAp 0:100 wt% has the 

highest value (1%) whereas the smallest value was found at chitosan/HAp 80:20 wt% 

(0.075%). For biomedical purposes, samples containing nanoapatites (with low crystallinity) 

are preferred due to their high in vivo resorbability rate174.  

Three HAp samples varying by their crystallinity, are overlapped for a close 

comparison as seen in Figure 5.6.5. 

 

 

 

 
      
      
 
 
 
 
 
 
Figure 5.6.5 XRD patterns of three diff
degrees.  
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5 Experimental Results and Discussions 
The XRD patterns indicate that the preparation method has a crucial influence on the 

HAp crystallinity. The structural features of HAp crystallites from composite samples show 

similarities to those of natural bone apatites62. 

The XRD diffraction patterns of composite samples presented in Figure 5.6.4 reveal 

that the (002) reflection peak of HAp from 2θ=26o is a combination of two peaks at the same 

position. One on the bottom (found as broad, with a low intensity) and the second one, which 

partially overlap the first one, exhibits higher peak intensity, being much sharper compared to 

the first one. The peak features suggest a bimodal distribution of HAp crystallites in the 

composite matrix. Therefore, in order to perform a complex analysis of the HAp (002) 

reflection peaks we applied a second approach, i.e. a mathematical function composed of a 

sum of two Gaussian functions197, Equation 5.6.4. If α2=0, this constraint will simplify the 

function at a single Gaussian and 2ln21 mββ = , where βm is the peak width. In this case, a 

monomodal distribution is obtained, as shown in Table 5.6.2. If α2≠0, this reflects the 

occurrence of two particle size domains with different length sizes. Two contributions given 

by 2ln2,1 nmββ =  (where βm, n is the peak width of the narrow peak which leads to the 

average particle size in the large size domain) and by 2ln2,2 bmββ =  (where βm, b is the 

peak width of the broad peak which leads to the average particle size in the small size 

domain) define the HAp bimodal distribution inside the chitosan matrix. The (002) reflection 

peaks of different composites fitted with Equation 5.6.4 are shown in Figure 5.6.6.  The 

values of β were determined by fitting the (002) reflection peaks of HAp either with a 

Gaussian or with a sum of two Gaussian functions, given by Equation 5.6.4,  
 

2)22(2ln4

2

2

2)22(2ln4

1

1
0

2
2

0
2

1

0

2ln4/2ln4/
β

θθ
β

θθ

πβ
α

πβ
α

−−−−

++= eeII          (5.6.4) 

 
where: I             is the peak intensity  

I0           shows the background level  
            2θ          represents the diffraction angle  

2θo             is the maximum peak position  
 β1, 2       are the peak widths of the crystallite size domains 
 α1, 2       are the intensities of the Gaussian functions. 
 

The crystallite size was calculated according to Scherrer’s equation  (4.2.8-1). The 

instrumental broadening contribution on a muscovite monocrystal using various detector slits, 

with a Ni filter at 2θ =26.8o, step 0.01o was determined.
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5 Experimental Results and Discussions 
Its contribution was evaluated at βinst=0.062 (degree-2θ ). All measured line widths were then 

corrected with respect to the instrumental broadening contribution using the following 

equation 22* instβββ −= , where β* represents the crystallite size contribution to the peak 

broadening while the βinst  is the instrumental broadening contribution. 
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XRD patterns of (002) reflection peak of HAp fitted as a sum of two Gauss 
phs (1-3). For comparison, the inset (a) displays the same peak as (1) but fitted 
ussian function. The bimodal distribution of HAp crystallites in the composite 
e shown as a function of the relative amount of small crystallites plotted versus 
 of HAp in the composite sample, as seen in graph (4). 

shows for a close comparison the (002) reflection peak fitted using a single 

tion while the graph (1) shows the same peak fitted by a sum of two Gaussian 

 fitting parameters lead to quantitative information about the structural features 

. Besides the peak widths, β1, 2, which lead to the HAp average crystallite size 

size domains, there are other parameters such as α1, 2 related to the amount of 

es from the size distribution domains, determined according to Equation 5.6.4. 

antify in relative terms the amount of small HAp crystallite size, the normalized 

t of small crystallites, ρ, defined as  

21

2

αα
αρ
+

=            (5.6.5) 
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5 Experimental Results and Discussions 
was considered.  α1, 2 are the intensities of the narrow and broad Gaussian peaks. 

The graph (4) from Figure 5.6.6 presents the plot of ρ as a function of chitosan content. A 

linear increase of the relative amount of small particle size in the composite samples as the 

content of chitosan increases was observed. The values of the average crystallite size of HAp 

according to the bimodal distribution are presented in Table 5.6.3. 

 
Table 5.6.3 Summary of the bimodal distribution of HAp crystallite size. 

 
Specimen 

 

α1 
(arb. units) 

Line width 
(002)  
β*1

# 

(Degree-
2θ) 

Average 
crystallite 

size, in large 
size domain, 
given by β*1 

(nm) 

α2 
(arb. 
units) 

Line width   
(002) 
β*2 

(Degree-
2θ) 

Average 
crystallite 

size, in small 
size domain, 
given by β*2 

(nm) 

Relative 
amount of 

small 
crystallite 
ρ=α2/α1+α2 

CTS/HAp 
0/100 wt.% 

83.85±1.10 0.2433 32.32±2.60 - - - 0 

CTS/HAp 
15/85 wt.% 

11.86±1.50 0.1762 44.64±3.10 13.8±1.70 0.6400 12.35±1.30 0.53 

CTS/HAp 
30/70 wt.% 

8.62±1.46 0.3038 25.86±3.80 8.7±1.91 1.1573 6.78±3.50 0.45 

CTS/HAp 
50/50 wt.% 

2.85±0.16 0.2371 33.11±5.80 15.0±0.16 0.4356 18.03±3.50 0.87 

CTS/HAp 
20/80 wt.% 

- - - 5.0±1.64 0.5081 15.57±6.30 1 

#β*1, 2 are the corresponding corrected β1, 2 line widths from Equation 5.6.4 

 

In literature, the reported size values of HAp nanocrystallites prepared using wet precipitation 

methods are ranging from 80 to 200 nm in length and 20 to 40 nm in width and thickness198. 

        

5.6.4.2 Microscopic investigations 

a) TEM measurements 

In order to confirm the XRD results with respect to the bimodal distribution of HAp 

crystallites inside the composite samples, TEM measurements were performed. The HAp was 

rod-like as nano-crystallites dispersed in the chitosan matrix. The TEM measurements 

confirmed the bimodal distribution of HAp nanocrystallites within composite matrix. The first 

is the cluster-like domains, where the HAp particles are agglomerated and the second mode is 

the inter-cluster (scattered) domains where the scattered HAp crystallites are observed, as seen 

in Figure 5.6.7. Neither in the cluster-like nor in the scattered domains the large crystallites 

(in the micro range) of HAp were identified. The presence of chitosan, which interacts with 

the HAp nanocrystallites might explain the lack of the HAp micro-crystallites. The TEM 

micrograph showed that the Figure 5.6.7 (2) was used to calculate the distribution of both 

width and length of HAp nanocrystallites in the cluster-like and scattered size domains. The 

diameters of the cluster-like size domains range between 200 nm and 400 nm, as seen in                 
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5 Experimental Results and Discussions 
Figure 5.6.7 (1, 2). Between the two size distribution domains, HAp crystallites exhibit 

different structural features. In the cluster-like domain, the distribution peak is narrow and 

shows an average crystallite size of 17-18 nm. In the scattered region the distribution peak is 

broader and the average crystallite size value is greater than in the cluster-like domains, being 

about 40 nm. 
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asurements on a chitosan/HAp 50:50 wt% composite sample. The 
lay the sample at two magnification levels. Below the micrographs, the 
s for both length and width crystallite sizes are shown in graphs (3,4).  

allite shape is mainly needle-like the crystal width show nearly the 

f about 11 nm in both domains which gives a monomodal distribution 

th distribution, as seen in Figure 5.6.7, graph 4.  

lites adopt a cluster-like organization in the earlier stage of bone 

own as growth cartilage tissues. 

urements 

ster-like domains a greater density is found compared to the scattered 

SLM measurement on a Z-cross-section through the sample at a given 

e formation of the reflected image. The image reveals the HAp cluster-

spots, as seen in Figure 5.6.8. The roughness of composites gives 

iameter of HAp cluster-like size domains. The graphical representation 

ity versus X-Y position gives information about the topography of 
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5 Experimental Results and Discussions 
composites. The diameters of cluster-like size domains range from 180 nm to about 400 nm, 

which is in good agreement with those obtained by TEM.  
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san/HAp 50:50 wt% composite. In the above image, the 
lites can be observed. Below is presented the roughness 
 cluster-like size domain. The scale bar is 1µm. 

on in aqueous media in the presence of chitosan matrix 

ated. A mathematical function composed of a sum of two 

 the (002) HAp reflection peaks. Based on the fitting 

d to the average particle size distributions were extracted. 

stallites in the composite samples such as cluster-like 

tes and scattered domains was identified. The small HAp 

ster-like size domains with average size between 7 and 18 

s larger HAp crystallites between 25 and 45 nm occur. 

s are directly related to the particle concentrations which 

erage of HAp crystallite size can be controlled by the 

 samples. The more the amount of chitosan in composite 

zes of HAp. The TEM measurements confirmed the XRD 

l distribution in composites. HAp from the composite 

biological HAp. The sizes of cluster-like HAp domains 

d 400 nm by TEM and CSLM techniques.  
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5.7 Structural investigations of composites by IR and Raman spectroscopy  

5.7.1 Introduction 

The Raman and IR spectroscopy techniques are successfully applied to analyze the 

composite materials, either artificial or natural   ones201, 202. One of the problems in the use of 

IR and Raman methods is the identification of spectral bands203 in complex sample matrices. 

The vibrational activity is different in Raman and IR, some frequencies are both IR and 

Raman active, but others are active either in Raman or in IR. The positions of Raman and IR 

bands are influenced by the chemical composition and structure204, especially by the 

symmetry changes such as the space group of crystals and/ or by crystalline or amorphous 

domains of polymer lattices. One of the interest fields refers to the investigation of composite 

materials that contain CPs phases reinforcing the polymer matrices. Bone and the teeth are 

examples of natural composite materials that contain CPs phases. Conventional Raman 

spectroscopy analyses on bone apatites are usually difficult due to the fluorescence of 

complex organic matrices204. Biological apatites are normally described either as poorly 

crystalline or as nanocrystalline materials, as characterized by their XRD broad diffraction 

peaks. The biological apatites do not occur in a pure form63 as HAp with the formula         

Ca10 (PO4)6 (OH)2. They are found as substituted HAp, which means that either cations, 

anions or vacations can substitute different ions from standard structure of HAp resulting 

modified structures as presented below,  

(Ca, Sr, Mg, Na, H2O, [ ])10 (PO4, HPO4, CO3, P2O7)6 (OH ,F, Cl, H2O, O, [ ])2. 

On that ground, the study of these biomaterials presents a great interest in the elucidation of 

composition and structures understanding. Two types of carbonate substitutions have been 

described in natural apatites related compounds such as type A (OH- substituted by CO3
2-) and 

type B (PO4
3- substituted by CO3

2-). Besides other analytical techniques, Raman and IR 

spectroscopy 204 might bring additional information about the composite samples in regard to 

their components and to their structural features.   

 

5.7.2 Aim of experiments 

•  To identify the components of composite samples by their characteristic group bands. 
•  To study the composites with respect to the inorganic–organic interactions reflected in 

the chemical shifts of spectral bands either in the position or in the intensity. 
•  To investigate the changes of the chitosan chain conformations in the composite 

samples. 
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5.7.3 Materials and methods  

Samples 

Composite samples with different proportions between components such as CTS*/HAp 100:0 

wt% (CTS), CTS/HAp 80:20 wt%, CTS/HAp 50:50 wt%, CTS/HAp 30:70 wt%, CTS/HAp 

15:85 wt% and CTS/HAp 0:100 wt %  (HAp) were measured. They were used in powdered 

form as freeze-dried and air-dried samples. The composites were prepared from shrimp 

chitosan (TM 1238, Primex). 
*CTS is the abbreviation for chitosan. 
Instrumentations 

i) A Perkin Elmer FT-IR 1720 spectrometer was used in transmission mode, the 
wavenumber domain was from 4000 cm-1 up to 400 cm-1; the samples were analyzed 
in KBr pellet at a resolution of 2 cm-1. 

ii)  Raman measurements were performed at room temperature using Confocal Raman 
Microscopy (CRM200, Witec). The circular polarized laser light (diode pumped 
Green laser, λ =532nm, CrystaLaser) was focused onto located material area with 
diffraction limited spot size through a microscope object (×60, NA=0.80 Nikon). The 
scattering light was collected by an air-cooled CCD (PI-MAX, Princeton Instruments) 
behind a grating (600 g/mm) spectrograph (Acton) with a high resolution of 6 cm-1. 

 

Sample preparations and data analysis were presented in Sections 4. 2.1 and 4.2.2. 

 

5.7.4 Results and discussions 

5.7.4.1 Structural investigations by IR spectroscopy 

A series of composites with different ratios of chitosan and HAp were recorded from 

4000 cm-1 to 400 cm-1. In order to identify the presence of chitosan and HAp in composites, 

the IR spectra were analysed for the characteristic group frequencies135.  

The first part of IR spectra (3800-2600 cm-1) of composites is displayed in Figure 

5.7.1-1. Here, one can identify the -OH band at 3570 cm-1, (seen as a shoulder) for HAp and 

for chitosan/HAp 15:85 wt% composite sample [(Figure 5.7.1-1 (e) and (d)]. For the other 

samples, this band is overlapped by the broad water band (3700-3300 cm1). In addition to the 

water broadening contribution, the -N-H stretching vibration band from 3470 cm-1 also  

contributes to the band broadening in the range of 3600-3300 cm-1.  

The –C-H stretching vibration gives the next band located between 2840 and 2930 cm-1. The 

band intensity increases as the amount of chitosan in composite increases. 

The second spectral domain (2200-400 cm-1) is shown in Figure 5.7.1-2.
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Figure 5.7.1-1 IR spectra of composites in 
the range of 3800- 2600 cm-1. 
 

Figure 5.7.1-2 IR spectra of composites in 
the range of 2200- 400 cm-1. 

Here the amide bands, the -C-O vibrations modes and the -P-O vibrations modes (in 

stretching and bending modes) are localised. The phosphate stretching vibration bands from 

HAp were indicated at 1036 cm-1, 1091 cm-1 and 963 cm-1 whereas those from 603 cm-1 and 

565 cm-1 are assigned to the phosphate bending vibrations. A summary of IR frequencies, 

which take into consideration the functional groups found for HAp and chitosan sample, is 

given in Table 5.7.1-1. The composite samples characterised by the IR absorption bands of 

their components (chitosan and HAp) , exhibit the bands shifted mainly in intensity with 

respect to the composite composition, as seen in Figures 5.7.1-1 and 5.7.1- 2 (a)-(e).  

 
Table 5.7.1-1 Characteristic IR group frequencies for chitosan, HAp and composite samples.  
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Groups          O-H          N-H                 C-H         C=O     C-O             P-O 
Wavenumber (cm-1) 3450-3480; 630       3470; 1660      2850-2880       1620-1660         1020-1150       1025; 560-602 
                               1091, 1036, 963
 

The IR absorption bands identified at 1662 cm-1, 1590 cm-1 and 1545 cm-1 are 

igned to the amide I and amide II  groups given by the presence of chitosan in composites. 

e carbonate bands found at 1450 cm-1 and 1421 cm-1 appear because of the presence of 

ces of carbonated apatite in the composites.  

 

5.7.4.2 Structural investigation by Raman spectroscopy  

Measurements of Raman spectroscopy were performed as complementary to IR 

ectroscopy to investigate the structural features of composites. Two types of composites, 

th occurring in dry state were measured by Raman spectroscopy. One type was obtained by 
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5 Experimental Results and Discussions 
freeze-drying the composite hydrogel samples under low pressure while the second type was 

obtained by air-drying of composite hydrogel sample at room temperature (23-25o C).  

The Raman spectra of chitosan, chitosan/HAp 50:50 wt% composite and HAp, in the 

ranges of 2000 –4000 cm-1 and 200 - 2000 cm-1 are shown in Figures 5.7.2-1 and 5.7.2-2. 
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chitosan/HAp 50:50 wt% composite and HAp 
in the range of 2000-4000 cm-1 
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5 Experimental Results and Discussions 
Additionally, the chemical shift is used for various purposes such as a criterion to 

evaluate the formation of new apatite phases205, in kinetic investigations206, to study the 

structural conformational changes207, etc.  

Structural changes of chitosan chain conformations probed by Raman spectroscopy 

The chitosan behaviour in acidic aqueous solution plays an important role in the 

formation of composite hydrogel samples, as previously discussed in Section 5.2.1.2. 

By co-precipitation of composite sample in its earlier stage of formation, an interconnected 

hydrogel porous network structure is formed. It was assumed that by freeze-drying the initial 

expanded hydrogel network structure can be maintained while by drying at room temperature 

or at elevated temperatures (below 100oC), the initial expanded hydrogel network structure is 

affected. Due to water release from the hydrogel network, accompanied by shrinking, some 

structural reorganization of the network take place. In this sense, one possibility to distinguish 

the structural changes of network structure is to employ Raman spectroscopy as an analytical 

investigation tool. By comparing the spectra of composite samples obtained by freeze-drying 

to those by air-drying, one can expect evidence of network structural changes. This might 

occur due to the reorientation and conformational changes of chitosan chains from the 

composite network, which might be reflected as chemical shifts in the Raman spectra. Taking 

into account amide bands I and III, it was possible to distinguish between different polymer 

conformations with respect to their chemical shifts207, as seen in Figures 5.7.2-5 and 5.7.2-6.  
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5 Experimental Results and Discussions 
temperatures (below 100o C), the hydrogel network structure of the composite is irreversibly 

changed, since from a soft composite hydrogel material a tough dried ceramic-like material is 

obtained. The physical crosslinking achieved through intermolecular hydrogen bonding 

between the chitosan chains stabilize the composite hydrogel network. The formation of 

hydrogen bonds between chitosan chain segments which have a higher degree of freedom 

facilitates their relocation and lead to an increase of the local order by ″stretching″ some parts 

of chitosan chain segments in parallel orientation. The result is the increase of the 

crosslinking density given by the parallel orientation domains.  The summary of the specific 

bands, as assigned to the random coil and parallel conformation domains in the case of 

chitosan (which is the polymer matrix of composites), is shown in Table 5.7.2-1.  

 
Table 5.7.2-1 Raman shift assigned for chitosan chain conformations taking into account two 
amide band domains (I and III).  
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5 Experimental Results and Discussions 
composite hydrogel network during air-drying processes at room temperature is shown in 

Figure 5.7.2-7. The irreversible transition between these structures results of the increase 

from crosslinking density in the composite network. Some other aspects of these transition 

phenomena with respect to the water release rate and to the moisture content of composites 

were discussed in Section 5.3.  
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gure 5.7.2-7 Sketch of the shrinking process of the composite hydrogel network as a result 
 air-drying at room temperature. The density of anti-parallel chain domains, assimilated as 
osslinking regions increases due to the shrinking process. Over a certain value, the 
osslinking density achieves a stabilized network structure upon the water swelling process. 
parallel oriented chains domain is zoomed in. Here, one can see that the amide bonds from 
acetylamine groups exhibit a limited movement possibility since they are employed in 
ltiple hydrogen bonds.     

 

5.7.5 Conclusions  

IR and Raman spectroscopy helped to identify the components of composite samples 

 their characteristic bands given by the functional groups. Raman and IR were found to be 

ry complex comparable to those from natural composites such as bone and dentine. The 

man and IR bands shift mainly in intensities with respect to the sample composition. 

king into account the amide bands I and III from the Raman spectra, the structural 

organization and the conformational changes of the composite hydrogel network structure 

re probed.  
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5.8 Water states in the composite hydrogels probed by 2H-NMR relaxation experiments 

5.8.1 Introduction  

Water might influence or change the biopolymer organization at a supramolecular 

level through intermolecular hydrogen bonding. Water can influence the mechanical and 

rheological properties of materials. Water can exist in free and bound states as evidenced by 

different techniques such as TGA, DSC, NMR, etc. Three types of water such as non-freezing 

or strongly bound water, freezing or interfacial weakly bound water and free (bulk) water208, 

which interact differently with the polymer gel network, were identified. Among these 

techniques, NMR spectroscopy is a powerful tool to investigate water states and its dynamics 

in the hydrogel network.  

 

5.8.2 Aim of experiments 

• To study the water dynamics in the composite hydrogel network at different 
ionic strengths by 2H-NMR relaxation experiments. 

• To estimate the amount of bound water in the composite hydrogel network. 
 
Assumptions 

It is assumed that water occurs in the composite hydrogel network in at least two occurrence 
states. One is so called bound water which interacts strongly with the composite matter being 
immobilised in the network meshes. Another state is constituted by the free water which freely 
rotates in the hydrogel network. We assumed that by changing the ionic strength in the 
composite hydrogel network, the water binding sites would be affected. The induced water 
dynamics might yield information about the bound water in the hydrogel network. 
  

5.8.3 Materials and methods 

Materials, methods and NMR pulse sequences 

For NMR relaxation experiments, the composite hydrogel samples in different ionic strength 

environments were measured, as discussed in Section 4.2.4. 

 

i)  T1 was determined by inversion recovery method using the following pulse sequence: 
d1-(1800-τ-900-)n. 

ii) T2 was determined using the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence145, 
described as d1-90°x-(d2-180°x

,)n. The 90° pulse length was 16 µs, the delay time d2 
was 10 ms. The NMR measurements were performed at 25.0± 0.3°C in a liquid 
probehead. 

 

The basic concepts of the NMR relaxation methods were discussed in Section 4.2.4.2 and 

Appendix A-V. 
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Instrumentation 

A Bruker 400 MHz Advance NMR spectrometer was used.  

 

5.8.4 Results and discussions 

The relaxation times T1 and T2 of composite hydrogels at different ionic strength were 

measured. Spin-lattice relaxation time, T1, was determined by fitting the longitudinal 

magnetization recovery, Iz, according to the following equation,  

    )/exp()( 1TtPItI z −∗+=      (5.8.4-1) 

where I and P are constants and t is the measuring time. 

Spin-spin relaxation time, T2, was determined by fitting the echo amplitude decay 

using the following equation,                  

)/exp( 2TtPI z −∗=      (5.8.4-2) 

The magnetization decay functions can be treated either using a mono-exponential or a bi-

exponential approach. Both of them in the present section are discussed. In order to determine 

the solvent contribution to the composite hydrogel network, two types of normalisation were 

performed. By normalisation of relaxation rates Ri (i=1,2), obtained from T1,2 (according to 

Equation 4.2.4-2) either to the NMR solvent (10% D2O in water) or to the CaCl2 solutions (by 

using Equation 4.2.4-5) the specific relaxation rates were calculated (see Section 4.2.4). The 

specific relaxation rates monitor the relative changes of the relaxation rates due to either the 

variation of amount of water in the hydrogel network or as a result of water-hydrogel network 

interactions. 

 

5.8.4.1 Qualitative description by a mono-exponential approximation 

In order to evaluate the dynamics of water in the composite hydrogel209 network, the 

relaxation times T1, T2, and hence the relaxation rates R1, R2 were calculated. The specific 

relaxation rates, either normalised to the salt free solvent or to the salt containing solvent were 

compared to those obtained for the CaCl2 solutions.  

In CaCl2 solutions (measured in the absence of the composite hydrogel), the relaxation 

rates, R2sp, linearly increases with the concentration of CaCl2  (Figure 5.8.4-1). This behaviour 

occurs since the salt scales linearly with water molecules from its hydration shell. 
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Figure 5.8.4-1 R2sp of CaCl2 solutions  
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Table 5.8.4-1 NMR parameters determined fro
 

 

 

 

 

 

 
 
 

 

Conc. of 
CaCl2 

g/100mL 

T1 
mono-

exponential 
(s) 

R1 
mono-

exponential 
(1/s) 

mo
expo

(

0 0.392 2.5510 0.2

0.4 0.404 2.4752 0.1

2 0.399 2.5062 0.1

5 0.381 2.6246 0.1

12 0.358 2.7932 0.1

22 0.337 2.9673 0.1

55 0.268 3.7313 0.1
 

 

By varying the ionic strength, both T

variation of specific relaxation rates at differe

of R2 on 10% D2O in water and on CaCl2 solu

respectively. Both curves exhibit a rapid incr

Above this value, a slow increase of R2sp was

(b) R2sp reaches a plateau. 

 

(in the absence of composites) versus salt 
om normalization of R2 values of the CaCl2 

 regarding the water dynamics in the presence or 

fraction of bound water. The experimental data 

re summarized in Table 5.8.4-1.  

m the mono-exponential approach. 

T2 
no-

nential 
s) 

R2 
mono-

exponential 
(1/s) 

R2sp 
normalised 

to the solvent 
(10% D2O in 

water) 

R2sp 
normalised to 

the 
CaCl2solutions 
in (10% D2O 

in water) 
102 4.7569 1.3720 1.1116 

965 5.0875 1.5369 1.2559 

887 5.2988 1.6422 1.3369 

666 5.9959 1.9898 1.6210 

288 7.7615 2.8703 2.3119 

226 8.1566 3.0673 2.3619 

041 9.6079 3.7910 2.5029 
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0.1

0.2

0.3

0.4

0.5

R 2s
p
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1 and T2 decrease with the amount of ions. The 

nt salt concentrations obtained by normalization 

tions are displayed in Figure 5.8.4.2(a) and (b), 

ease of R2sp up to about 12g of CaCl2 /100 mL. 

 observed for the case (a) whereby for the case 
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Figure 5.8.4-3 ∆R2sp of composite hydrogels plotted against the concentration of
CaCl2. 
 
R2sp is linearly increasing with salt contents. The positive slope might account the contribution 

which arises from a long residence time of water in the bound sites since it is 

22
222
CaCl
sp

OD
spsp RRR −=∆ > 0. 

 

5.8.4.2 Quantitative evaluation of fraction of bound water given by bi-

exponential approximation   

In this section, the magnetization decay of deuterons was fitted using a bi-exponential 

function. As an example, the fit of the magnetization decay with a mono- and a bi-exponential 

functions are presented in Figure 5.8.4.4- (1) and (2), respectively. A better fit is obtained in 

the case of the bi-exponential fitting. This can also be visualised from the residual plot (insets 

(a) and (b). In the mono-exponential case, the values scattered around zero whereas in the bi-

exponential case the values approach zero. 

For quantitative evaluations, T2 is obtained from the bi-exponential fit and a ”Two 

sites model”146 is considered. This model assumes that, there is a fast exchange process 

between water molecules, which exist in free and bound sites. Here, T21 (R21) is chosen to 

describe the slow motion process (given by immobilised water) and T22 (R22) for the fast 

motion (free water). The NMR parameter values are summarized in Table 5.8.4-2.  

Since there is an exchange between the two molecular sites, the fraction of water molecules 

can be determined as follows210,  

22212

11
TTT
ηη −

+=      (5.8.4-3) 

 99



5 Experimental Results and Discussions  

where i=1,2, T22 is the short relaxation time in the binding sites and T21 is the long relaxation 

time in the free sites. The fraction of bound water, η, (expressed as g /g bound water per dry 

material) is ranging from 0.16 to about 0.47 for the composite hydrogel samples. The range of 

η scales with the ionic strength and indicates that the lower value corresponds to the no-added 

salt composite hydrogel sample. The fraction of bound water can also be expressed as the 

percentage of the bound water per corresponding amount of dry composite. 

 

     

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 5.8.4-4 Two comparative fits of the magnetization decay of deuterons, in the case of  a 
composite hydrogel sample with 2% CaCl2. Curve (1): mono-exponential decay plot. Curve 
(2): bi-exponential decay plot. Insets (a) and (b) display the residuals of the mono and bi-
exponential plots, respectively. 
 
 
Table 5.8.4-2 Summary of NMR parameters obtained with the bi- exponential function.  

Concentration 
of CaCl2 in 
g/100mL 

T21 bi-exponential 
(s) 

R21 bi-
exponential 

(1/s) 

T22 bi-
exponential (s) 

R22 bi-exponential (1/s) 

0 0.50804 1.9683 0.0876 11.4149 

0.4 0.38961 2.5667 0.07997 12.5046 

2 0.31193 3.2058 0.06393 15.6422 

5 0.26821 3.7285 0.05121 19.5274 

12 0.24794 4.0332 0.0577 17.3314 

22 0.24301 4.1150 0.06152 16.2560 

55 0.18819 5.3138 0.06927 14.4359 
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In this case, the bound water in the composite hydrogel network ranges from 13.88% 

to about 40% as a function of ionic strength. Since the fraction of bound water depends on the 

ionic strength, the bound water from hydration shell of Ca2+ and Cl- ions was considered for 

calculations. The amount of bound water brought by ions in the composite hydrogel network 

is comprised in Table 5.8.4-3. 

 
Table 5.8.4-3 Fraction of bound water brought in the composite hydrogel network as an 
increase of CaCl2 concentration.  

 
Conc. of 

CaCl2 
(g%, 
wt/v) 

 

 
Conc.of 
CaCl2  
mol/L 

Amount of 
CaCl2 
(mmol) in 
the NMR 
tube 
(270µL)  

Amount of water 
in 1st shell of 

hydration 
for Ca2+ 

 (1 Ca x 7.5 H20)  

Amount of 
water in 1st 

shell of 
hydration for 

Cl- 
1Cl-x1H2O 

Amount of bound 
water brought 

by CaCl2 
(mg) 

 
Bound water amount 
brought by CaCl2 / 
composite (mg/g) 

0.4 0.0360 0.0097 0.0729 0.0194 1.6614 76.9166 

2.0 0.1801 0.0486 0.3645 0.0972 8.3106 384.7500 

5.0 0.4500 0.1215 0.9112 0.3037 21.8682 1012.4166 

12.0 1.0800 0.2916 2.1870 0.5832 49.8636 2308.5000 

22.0 1.9800 0.5346 4.0009 1.0692 91.2618 4225.0833 

55.0 4.9500 1.3365 10.0237 2.6730 228.5400 10580.5555 

 

It is assumed that in aqueous solutions, Ca2+ is surrounded by 7-7.5 molecules of 

water211 in the first hydration shell. In the case of Cl-, each ion carries between 1 and 6 water 

molecules in the first hydration shell. The capacity of anions to bind water is not as strong as 

that of cations. For Cl-, one water molecule can be considered as strongly bound to the 

anion212. Based on these considerations, one can plot R21 and R22 as a function of the bound 

water brought in the composite hydrogel network by the ions (Figure 5.8.4-6).  

 

 

 

 

 

 

 

 
 
 
 
Figure 5.8.4-6 R2isp; (i=1,2) plotted agai
CaCl2 in the hydrogel network. 
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5 Experimental Results and Discussions  

Both components, such as the slow, R21, and the fast, R22, exhibit a linear dependence as the 

fraction of bound water in the composite hydrogel network increases. From the linear 

dependence, the weakly and strongly bound water was determined according to Equations204 

5.8.4-4 and 5.8.4-5;  

R21=0.69+9.21x10-5 W weakly bound   (5.8.4-4) 

R22=4.88+4.02x10-3 W strongly bound   (5.8.4-5) 

 

The weakly bound water was determined from the projection of R21 to OX axis. The 

extrapolation of R22 to the OX axis gives the sum of weakly and strongly bound water, which 

is about 1150 mg per 1g of dry composite. The difference between the summed contributions 

of weakly and strongly bound water and the weakly bound water gives the values of the 

strongly bound water in the composite hydrogel network. This was evaluated to be about 10 -

15 mg/g dry composite that is in agreement to the value determined by using the first 

approach based on Equation 5.8.4-3. 

 

5.8.5 Conclusions 

The dynamics of water molecules in the composite hydrogel samples in both weak and 

strong bound molecular sites were studied using 2H-NMR relaxation experiments. The 

dynamics of water in composite hydrogel samples induced by the presence of different ionic 

strength environments were probed. The relaxation rates linearly increase with the salt content 

up to 10-12% of CaCl2. Once this concentration’s exceeded, some reorganization of 

composite hydrogel network was observed.  Due to the heterogeneities of the pores in 

composite hydrogel network, the small pores might strongly entrap water whereas in the large 

pores the water molecules might exhibit a large mobility interval. By using a bi-exponential 

approach, the 2H relaxation experiments allowed evaluation of the amount of strongly bound 

water in the composite hydrogel network. The amount of strongly bound water is about 10-

15mg/g of dry composite. Baumgartner et al.209 have determined the fraction of bound water 

in different cellulose hydrogels by 1 H-NMR relaxation measurements. This ranged between 

13.8 –15.2 mg/ g of dry material. Le Botlan et al.213 have evaluated the bound water of 

different types of wheat starches by time domain NMR spectroscopy. The fraction of bound 

water was determined to be about 12 - 17 mg/g of dry material.  Our value, determined for the 

bound water of composites containing chitosan, cross the literature data for the systems 

containing naturally related polysaccharides. 
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5.9 Mechanical tests on composites  

5.9.1 Introduction 

J. D. Currey161 has reported the factors that determine the bending strength of compact 

bone, together with some possible explanations. The bending strength of wide variety of bone 

type specimens is proportional to the Young’s modulus of elasticity.  

The mechanical parameters of bone are taken as criteria for design and fabrication of 

new bone substitute materials.  

The aim of these experiments was to evaluate the mechanical properties of different 

types of composite samples measured in dry and wet states.  

 

5.9.2 Materials and methods 

The sample description is given in the following table. 

 
Table 5.9.1 Summary of the description of composite samples used for mechanical tests. 

 
No. 

 
Specimen code 

Density of 
specimen 
(g/cm3) 

Content in 
HAp (wt%) 

 
Remarks on sample preparation 

 
1 

 
VR-030617-01 

 
1.40 

 
0 

CTS* (TM 1238, Primex) regenerated from alkaline media, dried 
at room temperature for 5 days and then 4h in the oven at 70°C. 
The samples were dried in cylinder holders of hydrophobic plastic. 

 
2 

 
VR-030617-02 

 
1.50 

 
50 

Composite made of CTS (TM 1238, Primex) CTS/HAp 50:50% 
dried at room temperature for 5 days then for 4h at 70°C in the 
oven. 

 
 
 

3 

 
 
 

VR-030617-03 

 
 

1.57 

 
 

50 

Composite made of CTS TM 1238, CTS/HAp 50:50% (1mL of 
CaCl2, 10% was added to 20 g of gel composite) dried at room 
temperature (22°C) for 5 days. CaCl2 was washed with distilled 
water and the sample was dried for 4h at 70° C in the oven.  

 
4 

 
VR-030617-04 

 
0.85 

 
50 

The same as 3, followed by swelling in distilled water and then the 
sample was freeze dried in order to get porous structure. 

 
5 

 
VR-030617-05 

 
1.29 

 
50 

 
Idem 3, without washing the CaCl2 from the composite network. 

 
6 

 
VR-030617-06 

 
0.80 

 
0 

The same as 1, but swollen in distilled water and freeze-dried. A 
porous chitosan specimen was obtained. 

 
7 

 
VR-030619-01 

 
1.68 

 
70 

Composite CTS/HAp 30:70% made of CTS (TM 1238, Primex), 
dried at room temperature for 5 days then for 4h at 70°C in the 
oven. 

 
8 

 
VR-030619-02 

 
1.43 

 
30 

Composite CTS/HAp 70:30% made of CTS (TM 1238, Primex), 
dried at room temperature for 5 days and then for 4h at 70°C in 
the oven. 

 
 
 

9 

 
 
 

VR-030626-01 

 
 
 

1.55 

 
 
 

50.5 

Composite CTS/HAp 50:50% made of CTS (TM 1238, Primex), 
reinforced by HAp particles with particles size less than 80 µm; at 
30g composite hydrogel  0.0140 g HAp was added then dried at 
room temperature until a completely dried specimen was obtained.  

 
10 

 
VR-030626-02 

 
1.60 

 
52 

The same as 9, but at 30 g composite hydrogel 0.0500 g HAp was 
added. 

 
11 

 
VR-030626-03 

 
1.64 

 
60 

 
The same as 9, but at 30 g CTS hydrogel 0.2 g of HAp was added. 

CTS* is the abbreviation for chitosan  
 

Instrumentation and the set up of experiments  

Instrument: Instron M4202 
Software: Instron Series IX version 8.06.00 
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Test Type: Flexural (three point bending) and compressive tests 
Load cell: 1 KN 
Span of holder: 17.52 mm  
Geometry of specimen: Rectangular (2÷4 mm x 2÷4mm x 30mm) 
Number of specimens: 3-5  
First crosshead speed: 1 mm/min for flexural tests and 2 mm/min for compressive tests 
Temperature: 22°C  
Relative humidity: 50 % 
 

Methods  

The densities of samples by using a liquid displacement method214 with degassed 

isopropanol as a displacement solvent were determined. The mechanical experiments in 

flexural mode (three point bending test) and in compressive mode were performed, as 

presented in Section 4.2.9.  In the flexural mode the samples were measured as dried, whereas 

in the compressive mode, both dry and wet samples were measured. In order to diminish the 

SD values, the mechanical tests were performed on at least three specimens of the same 

sample. The results were analysed using the MicroCall Origin 6.1 software in statistic mode. 

 

5.9.3 Results and discussions  

The mechanical parameters such as the Young’s modulus, the maximum yield at stress 

and the ultimate stress can be determined either by three point bending (flexural) or by 

compressive tests. For our purposes, both methods were considered. 

The results of the three point bending tests obtained on dry composite samples are 

shown in Tables 5.9.2 and 5.9.3. The maximum yield at stress is defined as the maximum 

value to which the specimen can be loaded before it breaks.  

 
Table 5.9.2 Maximum yield at stress values of composite samples in a flexural mode. 
 

  
 
 
 
 
 
 

 

 

 

 

 

 

 
Sample code       no. exp.        Mean   S.D.   Min                     Max           Sum 
                (Yld. Str.)      (Yld. Str. Er±)        (Yld. Str.)            (Yld. Str.)                (Yld. Str.) 

 (MPa)  (MPa)              (MPa)             (MPa)                (MPa) 
------------------------------------------------------------------------------------------------------------------------------------------------------------------- 
 
VR 030617 01 [1:5] 56.76  8.13  43.86  65.89  283.81 
VR 030617 02 [1:3] 30.63  4.84  25.06  33.80  91.91 
VR 030617 03 [1:4] 42.24  1.76  40.06  44.35  168.98 
VR 030617 04 [1:3] 3.51  0.05  3.47  3.58  10.54 
VR 030617 05 [1:3] 21.38  5.67  15.87  27.21  64.14 
VR 030617 06 [1:3] 3.34  1.19  2.20  4.58  10.02 
VR 030619 01 [1:3] 12.63  6.28  8.36  19.85  37.90 
VR 030617 01 [1:4] 10.09  1.71  7.59  11.37  40.36 
VR 030626 01 [1:4] 10.08  1.71  7.59  11.36  40.35 
VR 030626 02 [1:3] 6.07  0.38  5.66  6.43  18.23 
VR 030626 03 [1:4] 22.58  3.72  20.20  28.07  90.32 
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The experimental data regarding the yield at stress lead to the following observations. 

Chitosan yields at 56.76 MPa (sample code VR 030617 01) followed by the composite 

samples VR 030617 03 and VR 030617 02, which yields from 30.63 MPa up to 42. 24 MPa. 

The porous specimens (either the composite or chitosan samples) are the smallest weakest of 

all. They yield at one order of magnitude lower than the rest of specimens. Thus, 3.51 MPa 

was the yield stress of sample VR 030617 04 (porous composite) and 3.34 MPa for sample 

VR 030617 06 (porous chitosan). The Young’s modulus calculated from the linear region of 

the stress-strain curves (Equation 4.2.9-2) are summarized in Table 5.9.3.  

 
Table 5.9.3 Young’s modulus data of composite samples in flexural mode. 

  
 
 
Sample code       no. exp.        Mean   S.D.   Min                     Max           Sum 
                (Mod.)            (Mod. Er±)              (Mod.)                 (Mod.)              (Mod.)     
      (MPa)  (MPa)  (MPa)  (MPa)  (MPa) 
------------------------------------------------------------------------------------------------------------------------------------------------------------------- 
VR 030617 01 [1:5] 2739.20  370.77  2343.00  3183.00  13696.1
VR 030617 02 [1:3] 3361.11  386.24  3138.00  3807.00  10083.2
VR 030617 03 [1:4] 2423.25  263.74  2094.00  2692.00  9693.11
VR 030617 04 [1:3] 122.370  38.25  87.21  163.10  367.45 
VR 030617 05 [1:3] 389.46  191.48  172.60  535.20  1168.23 
VR 030617 06 [1:3] 84.196  13.11  74.37  99.09  252.12 
VR 030619 01 [1:3] 2992.00  1337.32  1968.00  4505.00  8976.68 
VR 030617 01 [1:4] 440.32  49.63  390.80  480.10  1760.10
VR 030626 01 [1:4] 265.40  102.63  132.80  381.10  1061.95 
VR 030626 02 [1:3] 189.76  50.745  143.60  244.10  569.13 
VR 030626 03 [1:4] 2374.75  642.82  1691.00  3219.00  9499.17 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

The Young’s modulus values range from 100 MPa (porous chitosan specimens) up 

3.36 GPa ,  the greatest value measured (for the composite sample VR 030617 02). The 

smallest values were from porous samples. The Young’s modulus of the reinforced composite 

such as VR 030626 01 and VR 030626 02 was of ca. 200 MPa which is one order of 

magnitude lower than that of the non-reinforced composite (2.5-3 GPa) specimens. Sample 

VR 030626 03 was stiffer than the first two reinforced samples. These data suggest that by 

reinforcing the composite with HAp particles up to a certain value, the yield stress and the 

Young’s modulus decreased with increasing the amount of HAp. Once this limit is exceeded, 

the mechanical performances increase as the amount of HAp increases. It is hard to explain 

this behaviour. However, most probably the interface interactions between the composite 

matrix and the HAp fillers might be responsible.  
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    Figure 5.9.1  Stress - strain curves    Figure 5.9.2 Stress - strain curves 
    in flexural mode of composite sample              in flexural mode of a composite 
    reinforced by HAp, sample code VR 030626 03.  sample code VR 030617 03. 
 

The stress - strain curves obtained for different types of composites  are displayed in 

Figures 5.9.1-5.9.4. From the profile of stress - strain curves, the toughness and brittleness 

characteristics of the sample can be evaluated. The toughness is linked to the area below the 

curves and the brittleness is mainly connected to the form of the breaking line. It can be 

observed that the specimens exhibit different profiles of breaking lines. Samples labelled as 

VR 030617 01, (Figure 5.9.1) and VR 030619 01 (Figure 5.9.4) do not show a secondary 

loading region after the first linear loading region. These types of the loading curves are 

typical for the brittle ceramic materials162. The second loading region is a characteristic 

feature for the plastic materials and it is also found for the composite samples containing 

CaCl2, as seen in Figure 5.9.3. 

 

 

 

 

 

 

 

 
Fig
in 
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ure 5.9.3 Stress - strain curves   Figure 5.9.4 Stress against strain  
flexural mode of CTS/HAp 50:50 wt%   curves in flexural mode of CTS/HAp  

posite containing CaCl2; sample code  30:70 wt%; sample code VR 030619 01. 
 030617 05. 
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5 Experimental Results and Discussions 
This profile of the stress-strain loading curve can be explained by the fact that the 

samples containing CaCl2 retain more water in their structure compared to the specimens with 

no content of salt. The presence of water in different states of occurrence in the composite 

matrix can influence and even change the mechanical properties of the composite specimens. 

 

 

 

 

 

 

 

 
Figure 5.9.5 Stress-strain curves for two specim
material, specimen 1, is less tough compared to sp
it (area below the graphs). Hence, specimen 1 is st
a higher yield at stress162. 
 

The stiffness and the toughness of mater

curve profiles (Figure 5.9.5). 

Besides the three points bending test, mech

dry and wet states on composite specimens w

compression experiments are summarized in Table

 

Table 5.9.4 Mechanical data in compressive tests a
 
 

Sample code 

 
Dry compression 
test; Compressive 
Young’s modulus 

(MPa) 

 
Dry 

compression 
test; Ultimate 
stress value 

(MPa) 

D
Com

Y
m

VR 030617 01 526.12±85.23 28.15±2.12 
VR 030617 02 703.52±125.12 35.18±4.04 
VR 030617 03 730.09±113.49 29.78±5.10 
VR 030617 04 128.00±23.15 3.50±0.25 
VR 030617 05 175.67±20.08 5.32±0.48 
VR 030617 06 66.78±15.11 3.73±0.53 
VR 030619 01 1847.09±353.76 23.12±2.38 1
VR 030617 01 126.98±15 12.46±1.33 
VR 030626 01 144.33±10.67 14.33±4.60 
VR 030626 02 276.32±23.34 17.02±2.12 
VR 030626 03 1160.67±191.34 29.67±5.34 
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ens (1) and (2), respectively. The stiffer 
ecimen 2 since it takes less energy to break 
ronger than specimen 2 because it reaches 

ials are determined from the stress-strain 

anical tests in compressive mode, in both 

ere performed. The data obtained from 

 5.9.4.  

s measured on dry and wet samples. 
ry/wet 
pressive 

oung’s 
odulus 

 

Wet 
compression 

test; 
Compressive 

Young’s 
modulus 
(MPa) 

Wet 
compressio

n test; 
Ultimate 

stress value 
(MPa) 

Dry/wet 
Ultimate 

stress 
value 

43.83 12.48±2.09 0.62±0.04 45.48 
26.92 26.14±5.21 2.10±0.25 16.67 
24.06 30.01±3.40 2.11±0.40 14.50 
16.09 7.89±4.05 0.55±0.13 6.36 
10.29 17.11±3.04 0.70±0.15 7.62 
12.00 5.58±0.80 0.69±0.07 5.40 
23.13 15.08±2.03 0.77±0.05 29.88 

17.32 7.33±1.62 1.25±0.08 9.96 
13.85 10.42±1.89 1.65±0.07 8.64 
23.29 11.86±1.87 1.85±0.09 9.20 
82.73 14.02±1.52 1.30±0.05 22.83 



5 Experimental Results and Discussions 
The ultimate yield at stress and the compressive Young’s modulus were calculated. By 

using the ratio between dry/wet values obtained for the ultimate stress values and for the 

compressive Young’s modulus values, the data analysis gives evidences on mechanical 

properties of dry/wet composite specimens. The results show that the mechanical properties in 

the wet state are at least one order of magnitude lower than those obtained in dry state for the 

same type of sample (Table 5.9.4). The Young’s modulus measured for the wet samples range 

between 5 and 30 MPa while in some cases for the dry state it exceeds 1 GPa. In order to 

determine the influence of the HAp content and hence the sample density on mechanical 

properties, different samples with various compositions were compared with each other. 

 

 

 

 

 

 

 

 
Figure 5.9.6 Content of HAp (wt %) in 
composite samples as a function of sample 
density. 
 
 
A linear increase of the specimen density as 

increases was obtained (Figure 5.9.6).  
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5 Experimental Results and Discussions 
For the compressive Young’s modulus, a general increasing trend of values was 

observed as the sample density increases (Figures 5.9.7 and 5.9.8). For the composite samples 

in dry state, the compressive Young’s modulus ranges from 126 MPa for porous 

chitosan/HAp composite up to about 1.8 GPa for chitosan/HAp 30:70 wt% composite. In the 

case of Young’s modulus, the same increasing trend was found, as the sample density 

increases. For the reinforced composite specimens, one can expect better mechanical 

performance compared to the non-reinforced composites.  
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igure 5.9.9 Stress –strain curve                           Figure 5.9.10 Stress-strain curve measured 
n wet compression experiments                  in wet compression experiments  
or a composite  reinforced by HAp,          for a composite  reinforced by HAp,   
ample code VR 030626 01.              sample code VR 030626 02.    

The results are contrary to our expectations. They suggest that the interactions 

etween the composite matrix and the HAp fillers make the composites less brittle compared 

o those without fillers. This is in accord to the breaking line shapes identified in the stress -

train loading curves. The reinforced samples became less brittle due to the enlargement of 

he cracking surface area compared to the non-reinforced composite samples.  Thus, it was 

ound that the samples corresponding to the codes VR-030617 02 and VR-030617 03 have the 

reatest values for ultimate yield at stress and for compressive Young’s modulus. In order to 

how the stress-strain curve profiles, two samples in wet compressive experiments are shown 

n Figures 5.9.9 and 5.9.10. The compressive Young’s modulus of composites in dry and wet 

tates represented as a function of HAp content are shown in Figures 5.9.11 and 5.9.12. They 

xhibit the same trend as found in the case of bone samples as a function of HAp content161. 

heir mechanical performances are enhanced as the content of HAp increases.  
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     Figure 5.9.11 Compressive Young’s modulus  Figure 5.9.12 Compressive Young’s  
     of dried samples as a function of HAp   modulus of wet samples as a function of   
     content.      HAp content. 
        

 

5.9.4 Conclusions 

The mechanical tests carried out on composite samples allowed us to evaluate some of 

the mechanical parameters such as the bending Young’s modulus, the yield at stress in three 

point bending tests as well as the compressive Young’s modulus and the ultimate stress in dry 

and wet conditions. 

 The mechanical parameters were found to vary between certain limits as presented 

below. 

i) Yield at strain (flexural mode) is ranging from 6 up to about 42 MPa; 
ii) Bending Young’s modulus is ranging from 84 MPa to about 3.4 GPa (for compact 

bone this parameter is ranging from 7 up to 20 GPa); 
iii) Compressive modulus is ranging from 127 up to ca. 1.8 GPa for dry specimens while 

in the case of wet specimens is ranging from 7 up to ca. 30 MPa; 
 

Our data are within the literature reported data for this family of composites. For 

chitosan /HAp nanocomposites, obtained by a one step co-precipitation method, Yamaguchi 

et al.13 have determined for the bending Young’s modulus values ranging from 50 to          

300 MPa.  In the case of chitosan / HAp nanocomposites, obtained by in situ hybridization, 

Hu et al.215 have bending Young’s modulus up to ca. 3.9 GPa. The mechanical performance of 

composites is one order of magnitude less than those determined for compact bone (11-20 

GPa for bending Young’s modulus and between 124-174 for the Yield at strain) but they are 

comparable to those of cancelous  (spongy) bone75-77, 79 (0.05- 1GPa for the bending Young’s 

modulus).  
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5.10 Partial enzymatic degradation of composite samples 

5.10.1 Introduction 

From the viewpoint of biodegradability, the biomaterials can be classified in 

biodegradable and bioinert ones. In the case of biodegradable implantable materials, an 

important issue is to evaluate their enzymatic behaviour in vitro. From the degradation curve 

profiles, the enzymatic degradation rate can be determined. The enzyme must be chosen in 

order to degrade the organic matrix of composite materials. Artificial biomaterials containing 

chitosan as a polymer matrix are usually degraded by lysozyme. This enzyme is wide spread 

in nature in animals and plants. Lysozyme occurs in egg white and in body fluids of 

mammals. The function of lysozyme is to hydrolyse the ß (1-4) glycosidic bond between 

residues of N-acetylmuramic acid (NAcM) and between N-acetylglucosamine (GlcNAc) from 

polysaccharides216. According to the sub-site nomenclature proposed by Davies et al.217, the 

binding sub-sites can be written as (-4)(-3)(-2)(-1)(+1)(+2). The amino acid residues 

participating to the binding substrate218 are Asn59, Trp62, Trp63 and Ala107 at sub-site (-2), 

Trp62 at sub-site (-3) and Asp101 at sub-sites (-3) and (-4). At the sub-sites (+1) and (+2), the 

Arg114 and Phe34 are considered as binding contact sites. The binding energy of these seven 

binding sub-sites determined for two types of lysozymes are comprised in Table 5.10.1. 

 

Table 5.10.1 Binding energy of individual sub-sites of lysozime enzymes 216, 217 
Sub-sites (according to Davies) 

Binding energy (Kcal/mol) 

 
Type of 

lysozyme 

(-4) (-3) (-2) (-1) (+1) (+2) (+3)  

Hen egg white 
lysozyme 

-2.0 -3.0 -5.0 +4.5 -2.5 -1.5 
*) 

Goose egg white 
lysozyme 

*) 
-0.5 -2.2 +4.2 -1.5 -2.6 -2.8 

*) not determined 

 
5.10.2 Aim of experiments 

•  To obtain the enzymatic degradation curves of different types of composite samples. 
•  To see how the chitosan type influences the enzymatic degradation profile. 
•  To evaluate the degradation rates with respect to the composite composition. 
•  To see whether the pH changes during the degradation period. 
•  To identify the degradation products such as chitosan oligomers by MALDI-TOF mass  

spectroscopy. 
•  To study the samples morphologies before and after the enzymatic degradation by 

using TEM. 
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5.10.3 Materials and methods 

Materials 

i) Lysozyme from hen egg white (Merck), 100,000 U/mg.  

ii) Two series of composite samples as described below, were analysed. 

♦Composite samples containing different types of chitosan, varying by their DD.  
♦Composite samples 50:50 wt% prepared from Krill chitosan, DD =75% and 

containing different amounts of cations (Cu2+, Mn2+ and Zn2+).  
   A summary of composites description is given in Table 5.10.3-1. 

 
Table 5.10.3-1 Composite samples used in the enzymatic degradation experiments 
Sample code    Sample description 
VR 03 0402 02         (CTS*/HAp 50:50 wt% made of insect chitosan (M. Struszczyk, Aug 2000), DD= 67  
VR 02 0612 01        (CTS/HAp 50:50 made of krill chitosan (2K2X), DD =75%) 
VR 03 0402 01         (CTS/HAp 50:50 made of crab chitosan (Lot no. 91K1265, Sigma), DD =80% 
VR 03 0327 06            (CTS/HAp 50:50 made of shrimp chitosan (TM 1238, Primex), DD = 92% 
VR 02 0612 02            (CTS/HAp 50:50 made of krill chitosan (2K2X), DD =75%, Cu2+, Mn2+, Zn2+, 30 ppm) 
VR 02 0612 04            (CTS/HAp 50:50 made of krill chitosan (2K2X), DD = 75%, Cu2+, Mn2+, Zn2+, 120 ppm) 
VR 02 0612 05            (CTS/HAp 50:50 made of krill chitosan (2K2X), DD = 75%, Cu2+, Mn2+, Zn2+, 150 ppm) 
*CTS is the abbreviation for chitosan. Where 1 ppm is expressed as 1µg cations /1g of dry composite. 
 

iii) Simulated body fluids219, SBF, a saline solution with a complex chemical composition 

as enzymatic medium was used. Its composition is given in Table 5.10.3-2. 

 
Table 5.10.3-2 Composition of SBF solution in bidistiled water219, 220 

Type of ion Na+ K+ Mg2+ Ca2+ Cl- HCO3
- HPO4

2- SO4
2- 

 
Concentration 
of ion (mM) 

 
141.2 

 
5 

 
1.5 

 
2.5 

 
147 

 
4.2 

 
1.0 

 
0.5 

 
 

Type of salt - 
Concentration 

(mM) 

 
NaCl 
136 

NaHCO3 
4.2 

Na2HPO4 
1 
 

 
 
 

KCl 
5 

 
 

MgCl2 
1 

MgSO4 
0.5 

 
 
 

CaCl2 
2.5 

NaCl 
136 
KCl 

5 
MgCl2 

1 
CaCl2 

2.5 
 

 
 
 

NaHCO3 
4.2 

 
 
 

Na2HPO4 
1 

 
 
 

MgSO4 
0.5 

 
Instrumentation  

Thermostatic water bath; type Veb mlw; W1 

 MALDI-TOF-Spectrometer; type Bruker Reflex II 

 Scanning electron microscope, SEM; type BS 340 Tesla 
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Methods 

Since lysozyme activity is a function of pH and temperature, being sensitive to the 

experimental conditions167, the working parameters must be well controlled. In order to mimic 

the conditions of the living body (in vivo), the experiments were carried out in simulated body 

fluids, SBF, at 37o C. The pH of SBF solution is ca. 7.04. The enzymatic degradation 

experiments were performed according to the method described in the Section 4.2.11. In order 

to mimic the lysozyme concentration in the human body fluids221, the lysozyme concentration 

used was 1 mg/mL. As control samples (reference), composite samples in SBF solutions with 

no enzyme were incubated. During the degradation period of 50 days at 37o C, by using a 

Macherey-Nagel pH paper, the pH of the supernatant was determined. The identification of 

chitosan oligomers from supernatants of degraded composites (after the degradation period) 

were performed by MALDI-TOF mass spectroscopy222. The basic principles of MALDI-TOF 

mass spectroscopy are given in Appendix A-XII. The sample preparation for MALDI-TOF 

analysis is briefly described here. About 2 mL of the supernatant sample containing chitosan 

oligomers without any preliminary purification was freeze-dried. Between 1.5 and 3 mg of 

freeze-dried supernatant samples, was dispersed in 50µL water / methanol mixture (1:1 v/v). 

The mass spectra were analysed for the m/z characteristic cluster lines of chitosan oligomers. 

 

5.10.4 Results and discussions 

5.10.4.1 Yield of the enzymatic degradation 

In order to monitor degradation the yield of the enzymatic degradation, YD as a 

controlling parameter was used (calculated according to Equation 4.2.11-1). The YD plotted 

against the degradation time leads to the enzymatic degradation curve. The enzymatic curves 

probed that the degradation process takes place while for the control composite samples no 

degradation was observed. In composite samples prepared with different types of chitosan, as 

described in Table 5.10.3-1, the enzymatic degradation rates show that they are a function of 

the chitosan type. Due to the specificity of lysozyme to hydrolyze the glycosidic bond only 

between two GlcNAc linked residues, greater degradation rates were obtained for the 

composite samples which contain chitosan with lower values of  DD168.  

The degradation curves are lying with respect to the DD of chitosan sample, as shown 

in Figure 5.10.4-1. Since the composite samples labeled as VR 03 04 02 02 and VR 02 06 12 

01 have the lowest DD values, they exhibit the highest degradation rate. After 50 days of 
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enzymatic degradation, the maximum degradation yields reached 9% and 6.2% for the 

samples VR 03 04 02 02 and VR 02 06 12 01, respectively. 
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5 Experimental Results and Discussions 
Consequently, the degradation curves of composite samples containing cations are lying 

below to the composite sample that contains no cations, as seen in Figure 5.10.4-2. It is 

difficult to draw some conclusions about the inhibition of the enzymatic activity of lysozyme 

due to the presence of cations. However, their presence could influence the binding sites of 

enzyme either by a competitive complexation with enzyme or by influencing the chitosan 

binding capacity to the hydrolytic sub-sites of enzyme. Both possibilities might occur. 

 

  5.10.4.2 pH during the degradation period  

The scope of controlling the pH during the degradation period is argued from the 

necessity to know whether the pH as environmental parameter is maintained between certain 

limits. The pH values were found between 6.8 and 7.4 during the period of degradation. This 

probes the pH stability in the systems during the enzymatic degradation period.  

 

5.10.4.3 Identification of chitosan oligomers  

 In order to analyze the supernatants of composite samples after 50 days of enzymatic 

degradation, MALDI-TOF mass spectroscopy measurements were performed. The obtained 

results revel the following structural features. 
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Figure 5.4.10-3 MALDI-TOF spectra of a composite sample (50:50wt%) prepared from 
insect chitosan (M. Struszczyk, Aug 2000). 
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♦ As shown in Figures 5.10.4-3 - 5.10.4-6, the patterns of mass spectra are displayed as 

a function of the chitosan type from which the composite samples are prepared.  

The chitosan oligomers identified are labelled in the upper part of each mass spectra pattern. 

The labelling procedure implies the following considerations. The symbol ″D″ refers to the 

deacetylated residues as GlcN whereas ″A″ refers to the acetylated residues, GlcNAc that 

compose the structure of chitosan oligomers. The accompanying indices gives the number of 

residues.  The maximum degree of polymerisation, DP, which could be identified for the 

chitosan oligomer samples, is 10 (D7A3), as seen in Figure 5.4.10-3. 

♦ The small chitosan oligomers, such as those corresponding to DP1÷ DP7, in all 

samples were identified. The mass spectra exhibit very complex mass line patterns. They have 

many m/z cluster lines due to the complex ionic environment of SBF, from which the 

oligomers were analysed.  
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Figure 5.4.10-4 MALDI
Atlantic shrimp chitosan,
 
 
 
 
 
 
 
 
 
 
 

D
1A D
1A

D
5A

D
3A

D
3A

D
4A

D
5A

D
3A

D
4A

D
2AD
1A D
1A

D
5A

D
3A

D
3A

D
4A

D
5A

D
3A

D
4A

D
2A

-TOF spectra of a composite sample (50:50wt%) prepared from 
 (TM-1238, Primex). 

116



5 Experimental Results and Discussions 
 

D
3A

1-
-K

D
2A

1

D
5A

1
D

4A
2

D
5A

2

D
4A

1-K

D
3A

1-
-K

D
2A

1

D
5A

1
D

4A
2

D
5A

2

D
4A

1-K

D
2A

1

D
5A

1
D

4A
2

D
5A

2

D
4A

1-K

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4.10-5 MALDI-TOF spectra of a composite sample (50:50wt%) prepared from crab 
chitosan (Lot no.91K1265, Sigma). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4.10-6 MALDI-TOF sp
chitosan; two times deacetylated

 

5.10.4.4 Analyse

The goal of these experi

of composites as a result of th
 

D
3A

2

D
2A

1

D
1

D
2-

N
a

D
3

D
3-N

a

D
2A

2

D
3-K D

3A
2

D
2A

1

D
1

D
2-

N
a

D
3

D
3-N

a

D
2A

2
D

2A
2

D
3-K

ectra of a composite sample (50:50wt%) prepared from krill 
 (2K2X). 

s of surface morphology of composites  

ments was to analyze the changes of the surface morphology 

e enzymatic degradation process. The surface morphology, 
117



5 Experimental Results and Discussions 
before and after enzymatic degradation, was examined by SEM. Since the enzyme action was 

mainly concentrated at the sample surface, surface erosion can be observed, as seen in Figure 

5.10.4-7. In some cases, after the enzymatic degradation, in the degraded surface regions a 

fiber-like network and some crystallites attached to these fibers were observed, as seen in 

Figure 5.10.4-7 (D). 
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Summary 

There has been an increased interest in developing new strategies of obtaining composite 

materials with desired properties for biomedical applications. The use of biomaterials as drug 

delivery systems or as synthetic implants (for example bone replace materials) in medical 

applications justifies the interest of developing and expanding the field of biomaterials. 

 

The main goals of the project were to develop a co-precipitation approach in order to obtain 

composite materials containing chitosan and nanosize hydroxyapatite as well as to 

characterize them using various analytical techniques. The composite materials were 

characterized with respect to their macro and micro-morphologies, structures, zeta-size 

properties, enzymatic degradation and mechanical properties. 

 

For the purposes of this project, chitosan was used as a natural polymer matrix for several 

reasons, such as natural origin; it is biocompatible, biodegradable and bioactive. Additionally, 

chitosan is obtained from chitin, which is an abundant natural biopolymer. Chitosan in 

aqueous solutions is the only one natural polycation which exhibits gel-forming properties. 

These features make it a suitable candidate for the fabrication of new generation of 

biomaterials.  

 

Taking into account the literature statement of art, we have developed a new stepwise co-

precipitation method. In the approaches described in literature hydroxyapatite in aqueous 

solutions are mainly prepared through the reaction between Ca(OH)2 and H3PO4. In contrast 

to these, our preparations have been performed using salts such as NaH2PO4 and CaCl2, as 

hydroxyapatite precursors in the presence of chitosan solutions. Briefly, at a diluted aqueous 

acidic solution of chitosan, the apatite precursors as soluble salts, were added. By raising the 

pH in a stepwise fashion adding a diluted alkaline solution, the co-precipitation of chitosan 

and calcium phosphates phases was achieved. Then, the pH was adjusted to the alkaline range 

of 10-12 allowing the formation of hydroxyapatite in the aqueous media. This process takes 

place in time for about 24 h. In this approach, the pH of the system varied from 3 to 12. The 

low acidic and high alkaline pH values were avoided. The co-precipitation experiments were 

performed at room temperature (20-25oC). This approach allowed the modification of 

chitosan matrix with cations such as Cu II, Zn II and Mn II, which led to complex 
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combinations. Consequently, composites containing chitosan derivatives and nanosize 

hydroxyapatite were prepared. 

 

In earlier stage of its formation, the composite occurs as hydrogel, due to the presence 

chitosan. The composite hydrogel reveals a high porous structure probed by structural 

investigations using SEM. The pore size ranged from few nanometers up to 500-600 nm. Due 

to their porous structure, they exhibit a high capacity to retain water. The composite hydrogels 

absorb 90-98 wt% water. The release of water from the composite hydrogels can be achieved 

using either freeze-drying or air-drying techniques. Drying takes time (it is time consuming 

process). Air-drying can be performed at either room temperature or at elevated temperatures 

(up to 90oC). By using freeze-drying, powdered composites are obtained while in the case of 

air-drying method solid, ceramic-like materials are obtained. The water-releasing rate is a 

function of hydrogel composition indicating that the more the chitosan in the composite the 

slower the water release rate. According to their swelling behavior in water, the solid 

composites lead to different results. The powdered composites (obtained by freeze-drying 

technique) show reversibility which means that by swelling in water they can be brought to 

the initial soft hydrogel form whereas the air-dried composites show no reversibility. The 

initial form of soft composite hydrogel cannot be reached. This observation suggests that 

during water release the composite hydrogel structure modifies involving physical 

crosslinking of polymer chains by hydrogen bonds, via irreversible processes. By using Li-

Tanaka’s gel model, the water co-operative swelling diffusion coefficients were determined. 

The results show that the swelling properties are a function of composite composition. The 

more the chitosan in composite the greater the values of swelling diffusion coefficients. The 

co-operative swelling diffusion coefficients are in the range of 2.6 - 8.3 x 10-6 cm2/s, which 

are within literature data reported for polyacrylamide hydrogels (between 4.4 and 11.4 x 10-6 

cm2/s).  

 

The composite samples were investigated with respect to their structure and properties. The 

micro-gel domains that join into macro-gel domains (as large gel aggregates) were probed by 

size measurements. The composite hydrogels are soft and hence they can easily deform under 

a low load. Since the micro-domains of composite hydrogel are formed by charged colloids, 

the ionic environments affect their properties. Zeta potential measurements show that the 

composite hydrogels exhibit the isoelectric point values ranging from 5.5 to 7.5, as a function 
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of composite composition. Thus, the more the chitosan in composite hydrogel the higher the 

shift of the isoelectric point towards neutral pH. The isoelectric point of hydroxyapatite was 

about 5.7, which is comparable to the values reported in the literature (5.5).  

 

In order to study the composite structure regarding the inorganic phases, techniques such as 

XRD, TEM, SEM, EDS and CSLM were employed. By XRD experiments was demonstrated 

that the hydroxyapatite formation in the chitosan matrix starts from brushite in alkaline media. 

Based on Scherrer’s equation, the average crystallite size of the hydroxyapatite was 

calculated. Its kinetics of formation inside the chitosan matrix by XRD measurements was 

established. The XRD and TEM measurements allowed the evaluation of crystallite sizes, 

which ranged from 10 to 45 nm. A bimodal distribution of nanosized hydroxyapatite in 

composites with respect to its length was identified. The TEM and CSLM measurements 

confirmed the cluster-like domain organization, with the size domain between 200 and 500 

nm.  

 

In composite hydrogel, water can occupy different molecular sites such as free and bound 

sites. The water states in the composite hydrogels were probed by 2H-NMR relaxation 

measurements. The amount of bound water in the composite hydrogel ranged between 10 and 

15 mg/g of dry composite. These results cross the literature values obtained in the case of 

starch and cellulose, naturally related polysaccharides. In the later cases, the bound water was 

evaluated to be between 15 and 30 mg/g of dry material.  

 

The composition of composites was determined by evaluating the characteristic spectral peak, 

using EDS, IR and Raman spectroscopic techniques. Thus, the presence of chitosan and 

hydroxyapatite were revealed. The structural changes during drying were evidenced by 

Raman spectroscopy. Two types of composites obtained by freeze drying and air-drying were 

compared to each other. The amide I and III bands domains were assigned according to 

literature data and it was proved the modification of structural conformation of chitosan in the 

composite samples due to drying. The increase of the ″amount″ of parallel orientation 

domains in the composite hydrogel lead to enough physical crosslinking density, which offers 

stability of composite hydrogel network upon water swelling. Since the complete water re-

swelling of air-dried composites does not reach the initial soft hydrogel form, some 

irreversible structural phenomena were assumed to be responsible.  
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Further features of composite materials which need to be overcome, are their mechanical 

properties. By using mechanical measurements performed in three point bending and in 

compressive tests, the mechanical properties of various types of composites were evaluated. 

The compressive measurements in the case of both dry and wet states were performed. The 

yield stress (in flexural mode) ranges from 6 to about 42 MPa. The bending Young’s modulus 

shows values between 0.84 and 3.4 GPa. In compact bone this parameter ranges from 7 to ca. 

20 MPa. The compressive modulus varies between 127 and 1.8 GPa for dry specimens while 

for wet specimens this parameter ranges from 7 to 30 MPa. In a wet state, the mechanical 

properties are one order of magnitude lower than those evaluated in a dry state.  

 

A prerequisite of understanding the behavior of composites as synthetic implants is to achieve 

information about their in vitro enzymatic degradation behavior. An enzymatic method using 

lysozyme was designed to evaluate the enzymatic degradation rates of composite samples. 

The degradation curves are lying with respect to the chitosan type contained by the composite 

samples. The maximum degradation yield led to 9% loss of mass after 50 days of lysozme 

treatment. Then, the chitosan oligomers were identified by MALDI-TOF mass spectroscopy. 

The surface topography of composites was examined before and after the enzymatic 

degradation. The erosion of the composite surface takes place as a result of enzymatic 

degradation. 

 

Since the composite materials were found biocompatible by the in vivo tests, the simple mode 

of their fabrication and their properties recommend them as potential candidates for the non-

load bearing bone substitute materials.   

 

Outlook 

 

In order to improve the mechanical properties of composites in the wet state, either 

crosslinking or reinforcing processes might be employed.  

The enzymatic degradation rates must also be given by the  in vivo experiments.  
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A-II FT-IR spectroscopy  

An IR spectrometer consists of three principal parts: a source, a monochromator and a 
detector. In infrared spectroscopy, the source emission is continuous and it covers the range of 
interest while in Raman spectroscopy the source emission is monochromatic. There are two 
types of IR spectrometers; one is disperse, where the wavelength is gradually varied using a 
prism and slit set-up while the second type is based on Michelson interferometer. 
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Figure  A- II-1 Sketch of a FTIR spectrometer 
 
In a Michelson interferometer131, the radiation from the source is splitted using a beam splitter 
in a way that half the radiation is reflected on a fixed mirror and the other half is reflected on 
a moving mirror, as shown in Figure A-II-1. The reflected radiation from the two mirrors then 
interferes constructively or destructively depending on the wavelength and the position of the 
moving mirror. When the mirror is moving with a constant speed, the frequency of the 
resulting sinusoidal response for each spectral element depends only on the wavelength. The 
spectra are obtained by computing the Fourier transform of the interferogram.  

 

A-III Raman spectroscopy 

As shown in Figure A-III-1, a Raman confocal spectrometer has four main parts such 
as the radiation source (laser), a sample compartment with a holographic laser filter, a 
monocromator chamber, and the detector parts [photomultiplier and charge-coupled device 
(CCD)].When an intense beam of monochromatic light from a laser source impinges onto a 
material, scattering can occurs in all directions. As depending on the scattered frequencies can 
be Rayleigh scattering and Raman scattering133. In the case of Raleigh scattering the 
frequency of the scattered light is the same as original light υ0. Raman scattered frequencies 
show both higher and lower values compared to υ0.  
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Figure A-III-1 Sketch of a Raman confocal spectrometer 

6 
 

A 2 



Appendix 

     The intensities of these frequencies are considerably diminished. The differences, ∆υ, 
between the incident and scattered frequencies are equal to the vibrational frequencies of the 
sample. Therefore, Raman spectroscopy like IR spectroscopy provides characteristic 
frequencies of functional groups that are present into the sample. Sometimes the IR and 
Raman frequencies correspond but it is not a rule since they are governed by different 
selections rules134. Raman and IR are complementary analytical techniques and serve to 
structural investigations.  

 

A-IV Microscopic techniques  

Microscopy techniques are used for the examination and characterization of materials 
at enhanced magnification138, 139. As radiation source either visible light as in OM and CSLM 
or an electron beam as in TEM and SEM are used. The resolution, ∆a, is the minimum 
distance between two point that can be distinguished and is calculated according to Equation 
A-IV-1. 

kn
a

L sin
λ

=∆       (A-IV-1) 

where: λ    is the wavelength  
 nL   is the refractive index 
 k    is the aperture of the microscope 
 
In OM the image is obtained from the visible light, transmitted through or reflected from the 
sample. The range of magnification extends from 10X to about 1500X with a limit of 
resolution of about 0.2 µm.  
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-1 Sketch of OM (A), TEM (B) and SEM (C) microscopic systems 

practical resolution that can be reached for TEM and SEM systems is between 1.5-
e A-IV-1 shows the following microscopy techniques such OM (A), TEM (B), and 
he geometries of these systems are different due to the position of sample plane 
struction principle as seen in Figure A-IV-1. Both TEM and SEM systems can be 
ith the energy disperse X-ray detector. Additionally, qualitative information about 
 composition can be obtained by energy disperse spectroscopy (EDS).  
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A-V NMR spectrometry  

A magnetic field, Bo, and a radio frequency coil are the main components of a NMR 
spectrometer. As shown in Figure A-V-1, the sample tube is placed in magnet field, which is 
surrounded by a super-conducting solenoid. The direction z of the magnetic field, B0, is along 
the axis of the sample tube. The precessing magnetic moments pick out the appropriate 
rotating components of B1, according to Equation A-V-1, 

000 or    
2

BBL ⋅== γω
π
γν ,    (A-V-1)  

where  νL  is the Larmor frequency an  γ  is the gyromagnetic ratio. 
As the magnetization vector, Mxy, rotates in the x-y plane, in the RF coil is induced a current 
whose frequency is ω0. Its amplitude is proportional to the magnitude of Mxy.  
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Figure A-V-1 Sketch of a cross section of superconducting magnet for NMR spectroscopy 
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Figure A-V-2 The NMR spectrum in time domain (FID) and its Fourier transformation in a 
frequency domain for a molecule with chemically equivalent protons. 
 

When all NMR signals are received simultaneously, the input into the computer is a 
voltage that is varying with time.The voltage is converted into an analog-to-digital converter. 
The function, f(x), stored in the computer is called the free induction decay142, FID. The FID 
is an interferogram with an exponential decay envelope. The exponential decay can be 
represented by ν(t) = exp (t/T*

2). The FID (time domain spectrum) is Fourier transformed 
function that appears as a frequency domain spectrum Figure A-V-2.  

Ernst and Anderson 143, 144  have invented the Pulse-Fourier- Transform- procedure. 
Time and frequency are inversely related.  
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 f(ω)  is the frequency domain spectrum  while  f(t)  is the  time domain spectrum (Figure 
A-V-2); 
   

 A-VI Electrokinetic phenomena 

 Electrokinetic phenomena148, 149 are described as events associated with the movement 
of the charged particles through a continuous medium or with the movement of the 
continuous medium over a charged particle. There are four electrokinetic phenomena such as 
electrophoresis, electroosmosis, streaming potential and sedimentation potential. All these 
phenomena are related through the zeta-potential (ζ) of the electrical double layer that exits at 
the charged particle and solution interface. To describe these interactions at the interface, two 
main models have been proposed as shown in Figure A-VI-1(A). The interface can be 
described as a plane capacitor with the distance between charged planes, d. 
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city  is a function of the total charges, Q, the potential 
the permitivity of the medium, (ε), ε=εoεr, where εo 

tive permitivity of the medium to the vacuum.  

d
Ar ⋅εε 0      (A-VI-1) 

as displayed in Figure A-4.2.5-1 (B), two alternative 
 layer is located adjacent to the charged surface and is 
 named Gouy layer being a diffuse layer. The Gouy 
rease from ϕh to ϕ1 that represents the potential in the 
ed in diffuse Gouy layer and its potential is ζ. The 
rs at the shear plane between the charged surface and 
t the share plane represents the ζ-potential. The 

from the charge distribution, ρ(a), as described by the 
re a is the position of an ion in the Gouy layer. 

r

a
ε0

)(         (A-VI-2) 
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     The Smoluchowski relation, shown as Equation A-VI-3, can be deduced from the 

Poisson  equation taking into account the boundary conditions  

            
E

u

ro
⋅

⋅
=

⋅εε
ηζ                           (A-VI-3) 

where, η is the solution viscosity, E is the electrical field and u is the mobility of ions under 
experimentally conditions. The relationship between the transport rate, ve and the ζ-potential 
that is valid for all four electrokinetic phenomena is expressed in Equation A-VI-4.   

            
πη
ζεε

4
0 E

v r
e =                 (A-VI-4) 

The conditions for the validity of Equation VI-4 imply that the thickness of the double layer to 
be smaller compared to the curvature radius of particles.  
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Figure A-VI-2 Stability diagram of a colloidal system with one IP as function of ionic strength 
and pH. 
 

The isoelectric point, IP, is defined as the pH value at which the ζ-potential becomes zero. A 
stability map-diagram of a colloidal system with one IP shown as a function of pH and ionic 
strength is displayed in Figure A-VI-2. In practice, this parameter is an important issue which 
refers to the flocculation and coagulation processes of charged colloids. 
 

A-VII Thermogravimetric analysis (TGA)  

TGA is a technique that deals with a continuous monitor of sample weight as a 
function of temperature and/or as a function of time at a desired temperature155. The main 
parts of a thermogravimetric analyzer are presented in the sketch from Figure A-VII-1. The 
sample is placed in a furnace under a controlled atmosphere, either in an oxidative (air) or in 
an inert (nitrogen, argon) one. The temperature in the furnace is varied and controlled by 
sensors and any changes in the sample weight are recorded by a recording balance. One way 
of recording the weight variation is based on the fact that the sample is heated up from the 
room temperature, up to 1500-1700o C with a rate between 5 and 10o C.  The second mode of 
working is to heat up the sample up to a desired temperature and then to follow the evolution 
of the sample weight as a function of time.  
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Figure A-VII-1 Sketch of a thermogravimetric
 
 

A-VIII X-Ray powder diffraction  

The sketch of an X-Ray diffractomete
is given in the Figure A-VIII-1. The basic p
radiation with the matter. If a monochromat
material, reflection or diffraction of the X-ra
beam are obtained. The Bragg law links the
diffraction, 2θ, and the distance between eac
presented as Equation A-VIII-1. 

θλ sin2dn =   
The parameter, n, represents the order of 
calculation of the interplanar distances of eith
The only restriction to get XRD pattern is th
semi-crystalline.  
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Figure A-VIII -1 Sketch of an X-Ray diffracto
 
Determination of the crystallite size; 

XRD is sensitive to the crystallite size
VIII-2). The average crystallite size, L, is dete
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θβ

λ
cosm

KL =                                       (A-VIII-2)  

where: L        average crystallite size 
 βm      band width at half of the maximum intensity  

K       constant referred to the crystallite shape and is approximately equal to unity 
λ        X-ray wavelength 

 
However, the data obtained by X-ray diffraction technique must need further 

refinement since not only the crystal shape and size but also the lattice strain is influencing 
the peak broadening. The strain of lattice is measured as a change in the 3d-spacing positions 
in a strained sample after the X-ray bombardment compared to the same lattice unstrained. If 
is considered that βn is the broadening peak contribution given by the lattice strain, it can be 
calculated according to Equation A-VIII-3, 

θ
βε
tg

n

4
=               (A-VIII-3) 

where ε is the lattice strain and βn is the lattice strain contribution to the width of peak. 
In a real measurement, the profile of the observed diffraction peak, h (x), is a convolution of 
three functions as described by fm (x) is the contribution given by average crystallite size, fn 
(x) given by the lattice strain contribution and g (x) is given by the measuring instrument 
profile158, 159. The convolution is mathematically described as following, 
                  (A-VIII-4) [ ] ξξξ dydyygxxxgxh ffff mnnm

)(1)()()()()()( +−=++= ∫ ∫
+∞

∞−

+∞

∞−

where ξ and y are dependent variables.  Evaluation of L and ε can be obtained after the 
separation in components corresponding to the mentioned sources of broadening. 

 

Evaluation of the crystalinity degree; 

The crystallinity degree noted as Xc, was introduced160 in order to make distinction 
between different apatite samples. It is defined as corresponding to the fraction of crystalline 
apatite phase in the investigated volume of powdered sample. The relation that can be used to 
calculate the crystallinity degree is presented below  

)/(1 300300/112 IVXC −≈             (A-VIII-5) 

where Xc                  is crystallinity degree; 
I300              is the intensity of (003) reflection;  
V112/300   is the intensity of the hollow between (112) and (300) reflections. 
 

A-IX Drying and swelling of composite samples under controlled conditions 

Noncooperative Junction Zone Model; It is assumed that a polymer chain has s segments 
available to participate in the formation of associating network. Each of these segments has 
the potential to make contact with m nearest neighbour chains. The functionality of the chain 
is expressed according to Equation A-IX-1. 

msf =                    (A-IX-1) 
Structural studies on biogels (agar gels) have showed that the maximum value for ‘m’ is 7. In 
many theoretical calculation it is preferred to use the average estimated value of m=5. 
In this model the shear modulus G is expressed as follows, 
            RTaNe f ),(α=G                                     (A-IX-2) 
where: Ne      is the number of counts elastically chains per unit of volume;  
            α        is the degree of crosslinking, it is taking values between 0 and 1; 
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           a         is a structural parameter. In the case of polysaccharide gels, the value is 10;              
           R         is the universal gases constant; 

                 T         is the absolute temperature (K). 
 
The term aRT refers to the free energy of the system.  It involves the enthalpy and as well as 
the entropic contributions.  
The Cooperative Junction Model; It is considered that the polymer chain have s segments for 
the junction zone formation, but now the specific number n of these segments (supplied by 
different chains) combine one-another to form each junction zone. The functionality of the 
chain changes as compared to the previous model and becomes; 

1)1()1( +−−= nsf                        (A-IX-3) 
For this model the mass action relationship that give the degree of crosslinking is written as: 
                             (A-IX-4) { } )1(/

1)1/(1)1/(1 αα −
−−−=

nnnn MCsKn
Each cooperative junction model is defined in terms of fixed s and n. The degree of 
crosslinking makes the phase transition between glass and rubbery state in the case when this 
parameter increases as a function of an environmental parameter such as temperature, 
composition, pressure, etc. In some other practical examples, the degree of crosslinking 
remains relative constant but the composition changing drives the glass- rubbery phase 
transition.  
Li - Tanaka’s Gel Model; The general equation for swelling and shrinking of a gel disk 
shaped sample is expressed according to Li - Tanaka’s gel model165 as: 

[ ]τ ntB
n

nru
tru /exp
)0,(
),(

−= ∑                     (A-IX-5) 

where:  t          denotes the time of either swelling or shrinking process;  
 u(r,t)   is the displacement vector of a point in the gel network. 

 
When the gel is fully swollen indicating the final equilibrium location, it is u=0. The 
displacement vector of a point from the gel network can be described as an infinite sum of an 
exponential decay with the characteristic times τn.  Bn is a structural parameter that depends 
only on the geometry of the gel and as well as on R. The ratio between the sheer modulus G, 
and the longitudinal osmotic modulus Mos, is R, and it is  expressed in Equation A-IX-6. 
    

M
GR

os

=                 (A-IX-6) 

At the last swelling stage, the first term of the series, given by Equation A-IX-5, becomes 
much more greater than the others and hence it is dominant and rest can be neglected. 
Therefore, the swelling kinetic experiments allow the determination of B1 and τ1. Taking r=a, 
where a is the diameter of the disk, Equation A-IX-5 becomes in a logarithmic form as 
Equation A-IX-7, 

    
1

1
0

lnln
)0,(
),(ln

τ
tB

dd
dd

au
tau t −=








−
−

=
∞

∞              (A-IX-7) 

where dt, d0, and d∞ refer to the diameters of disk shaped samples at a given time (dt), at initial 
time (d0) and at the maximum diameter (d∞) resulted from the swelling process. τ1 represents 
the relaxation time. Both B1 and τ1 are experimentally determined by plotting the second term 
of the Equation A-IX-7 as a function of time. From the swelling measurements, the effective 
cooperative diffusion coefficients of hydrogels166, Dc, for the disk shaped samples can be 
calculated according to Equation A-IX-8,  
    

ατ1
2

1

23aDc
∞=

                   (A-IX-8) 
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 where: a∞          is half the thickness of the disk at the maximum swelling; 
       α1          is a function of R and hence on B1 and can be evaluated as was described                

by the Tanaka’s gel model for the disk shaped samples. 
  
So far, a dependency between the degree of crosslinking (α) and diffusion cooperative 
coefficients (Dc) is established as described by Equation A-IX-8.  It is important to see how 
these parameters are influencing each other. α1 can be evaluated from Tanaka diagrams of the 
disk shaped gels samples, as shown in Figure A-IX-1. In order to evaluate the swelling 

diffusion coefficients, 







−
−

∞

∞

0

ln
dd
dd t , is plotted versus the swelling time according to Equation 

A-IX-7. 
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A-X Table A-5.7.2-2 Raman bands of composites compared to some natural bio-
composite containing biological apatite phases such as bone, dentine and enamel201-206. 
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A-XI Surface area determination  

The gas adsorption technique223 can be used to determine the specific surface area 
powdered or solid materials. As well as the pore size distribution can be evaluated.The dry 
sample is usually evacuated of all gas and cooled to a temperature of 77K, the temperature of 
liquid nitrogen. At this temperature, inert gases (nitrogen, argon and krypton) are physically 
adsorbed on the surface of the sample. This adsorption process can be considered to be a 
reversible condensation or layering of molecules on the sample surface during which heat is 
evolved.  
 

Determination of the specific surface area 

a) Langmuir approach 
Assumptions; The adsorbed molecules do not interact and the surface is progressively 

covered by a monolayer. The adsorption rate is proportional to the free surface of sample and 
to the gas pressure. Moreover, the desorption rate is proportional to the covered surface. At 
equilibrium, Equation A- XI-1, describes the process, 
 

θθ bp =− )1(      (A-XI-1) 
where θ is the part of the surface covered with adsorbed molecules, p is the equilibrium 
pressure, a and b are constants. If V is the adsorbed volume and Vm the volume of a monolayer 
covering all the surface, we have θ=V/Vm which leads to Equation A-XI-2 : 

mm V
b

V
P

V
P

+=      (A-XI-2) 

The slope of P/V as a function of p gives Vm, allowing the determination of the specific 
surface area on condition that the surface occupied by a single adsorbed molecule is known, 
in the case of  N2 it is 16.27 Å2. 
 
b) Brunauer, Emmet, Teller (BET surface area) approach 

It is based on generalization of the Langmuir theory to multilayers adsorption, with the 
following assumptions:The evaporation rate of adsorbed molecules in a layer is equal to the 
condensation rate on the layer under it. At saturation, the number of layers is considered as 
infinite. The resulting equation is Equation A-XI-3: 
 

    
00

)1(1
)( P

P
cn

c
cnPPn

P

mm

−
+=

−
    (A-XI-3) 

P is the equilibrium pressure, P0 is the saturation pressure, n is the adsorbed gas quantity (for 
example in volume units), nm is the monolayer gas quantity, c is the BET constant.  Nitrogen 
is used most often to measure BET surface, but if the surface area is very low, argon or 
krypton may be used as both give a more sensitive measurement, because of their lower 
saturation vapor pressures at liquid nitrogen temperature. 
From the adsorption isotherms the specific surface area and the parameter c can be deduced 
by plotting P/(n(P0-P)) = f(P/P0). 

 

 

 

6 
 

A 12 



Appendix 

A-XII MALDI-TOF mass spectroscopy  

MALDI-TOF mass spectroscopy is a technique which deals well with thermolabile, 
non-volatile organic compounds especially those of high molecular weight and is used 
successfully in biochemical areas for the analysis of proteins, peptides, glycoproteins, 
oligosaccharides, and oligonucleotides224. The mass accuracy depends on the type and 
performance of the analyser of the mass spectrometer, but most modern instruments should be 
capable of measuring masses to within 0.01% of the molecular weight of the sample, at least 
up to about 40,000 Dalton. The matrix and polymer are mixed at a molecular level in an 
appropriate solvent with a large excess of the matrix. The sample to be analysed225 is 
dissolved in an appropriate volatile solvent, at a concentration of about 10 pmol/µL and then, 
mixed with an equal volume of a solution containing a large excess of a matrix. The solvent 
prevents aggregation of the polymer. The sample/matrix mixture is placed onto a sample 
probe tip. Under vacuum conditions, the solvent is removed, leaving co-crystallized polymer 
molecules homogeneously dispersed within matrix molecules. The matrix transforms the laser 
energy into excitation energy for the sample, which leads to sputtering of analyte and matrix 
ions from the surface of the mixture [see Figure A-XII-1 (A)]. The time-of-flight analyser 
separates ions according to their mass (m)-to-charge (z) (m/z) ratios by measuring the time it 
takes for ions to travel through a field free region known as the flight, or drift, tube.  

(A)

(B)

(A)

(B)

 

 

 

     

 

 

 

 

 

 

 

 

 

 
 
Figure A XII-1 MALDI-TOF mass spectroscopy technique. (A) Sample ionisation,  (B) Sketch 
of a MALDI-TOF mass spectrometer. 
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Appendix 

   The heavier ions are slower than the lighter ones.   
   The m/z scale of the mass spectrometer is calibrated with a known sample that can 

either be analysed independently (external calibration) or pre-mixed with the sample and 
matrix (internal calibration). The TOF mass spectrum is a recording of the detector signal as a 
function of time. The time of flight for a molecule of mass m and charge z to travel this 
distance is proportional to (m/z)1/2. This relationship, t ~ (m/z)1/2, can be used to calculate 
the ions mass. Through calculation of the ions mass, conversion of the TOF mass spectrum to 
a conventional mass spectrum of mass-to-charge axis can be achieved.  

 A general sketch of a MALDI-TOF spectrometer is presented in Figure A XII-1 (B). 
The component main parts of the machine are illustrated. 

MALDI is a soft ionisation method and so results predominantly in the generation of 
singly charged molecular-related ions regardless of the molecular weight, hence the spectra 
are relatively easy to interpret.  

In positive ionisation mode the protonated molecular ions (M+H+) are usually the 
dominant species, although they can be accompanied by salt adducts, a trace of the doubly 
charged molecular ion at approximately half the m/z value, and/or a trace of a dimeric species 
at approximately twice the m/z value. Positive ionisation is used in general for protein and 
peptide analyses.  

In negative ionisation mode the deprotonated molecular ions (M-H-) are usually the 
most abundant species, accompanied by some salt adducts and possibly traces of dimeric or 
doubly charged materials. Negative ionisation can be used for the analysis of oligonucleotides 
and oligosaccharides. 
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