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Preface

Science and technology of polymeric biomaterials as a whole have seen extraordinary 
development, research interest and investment by industry in recent decades. Within 
this broad field, natural polymers have in particular witnessed major studies. Indeed 
biopolymers have virtually moulded the modern world and transformed the quality of 
life in innumerable areas of human activity. They have added new dimensions to stan-
dards of life and inexpensive product development. From transportation to communi-
cations, entertainment to health care, the world of biopolymers has touched them all.

Natural polymers include RNA and DNA that are so important in genes and life 
processes. In fact, messenger RNA is what makes possible proteins, peptides, and 
enzymes. Enzymes do the chemistry inside living organisms and peptides make up 
some of the most interesting structural components of skin, hair, and even the horns 
of rhinos. Other natural polymers include polysaccharides (sugar polymers) and poly-
peptides like silk, keratin, and hair. Natural rubber is a natural polymer, made from 
just carbon and hydrogen.

Biopolymers are polymers produced by living organisms. They contain mono-
meric units that are covalently bonded to form larger structures. There are three main 
classes of biopolymers based on the differing monomeric units used and the structure 
of the biopolymer formed. Polynucleotides are long polymers which are composed of 
13 or  more nucleotide monomers, Polypeptides are short polymers of amino acids and 
polysaccharides  are often linear bonded polymeric carbohydrate structures. Cellulose 
is the most common organic compound and biopolymer on earth. About 33 percent of 
all plant matter is cellulose. The cellulose content of cotton is 90 percent and that of 
wood is 50 percent. 

Composite materials are solids which contain two or more distinct constituent 
materials or phases, on a scale larger than the atomic. The term “composite” is usu-
ally reserved for those materials in which the distinct phases are separated on a scale 
larger than the atomic, and in which properties such as the elastic modulus are sig-
nificantly altered in comparison with those of a homogeneous material. Accordingly, 
reinforced plastics such as fiberglass as well as natural materials such as bone are 
viewed as composite materials, but alloys such as brass are not. Foam is a composite 
in which one phase is empty space. Natural biological materials tend to be composites. 
Natural composites include bone, wood, dentin, cartilage, and skin. Natural foams 
include lung, bone, and wood. Natural composites often exhibit hierarchical struc-
tures in which particulate, porous, and fibrous structural features are seen on different 
micro-scales. Composite materials offer a variety of advantages in comparison with 
homogeneous materials. These include the ability for the scientist or engineer to ex-
ercise considerable control over material properties. There is the potential for stiff, 
strong, lightweight materials as well as for highly resilient and compliant materials. In 
biomaterials, it is important that each constituent of the composite be biocompatible. 
Moreover, the interface between constituents should not be degraded by the body en-
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xxii Preface

vironment. Some applications of composites in biomaterial applications are: (1) dental 
filling composites, (2) reinforced methyl methacrylate bone cement and ultrahigh mo-
lecular weight polyethylene, and (3) orthopedic implants with porous surfaces.

A polymer blend or polymer mixture is a member of a class of materials analogous 
to metal alloys, in which at least two polymers are blended together to create a new 
material with different physical properties. Polymer blends can be broadly divided 
into three categories namely immiscible polymer blends, compatible polymer blends, 
miscible polymer blends. Immiscible polymer blends (heterogeneous polymer blends) 
are by far the most populous group. If the blend is made of two polymers, two glass 
transition temperatures will be observed. Compatible polymer blends are immiscible 
polymer blend that exhibits macroscopically uniform physical properties. The mac-
roscopically uniform properties are usually caused by sufficiently strong interactions 
between the component polymer. Miscible polymer blends (homogeneous polymer 
blend) are polymer blends that are single-phase structures. In this case, one glass tran-
sition temperature will be observed. Examples of miscible polymer blends are Poly-
phenylene oxide (PPO) - polystyrene (PS), Polypropylene (PP) - EPDM etc.

An Interpenetrating polymer network (IPN) is a polymer comprising of two or 
more networks which are at least partially interlaced on a polymer scale but not cova-
lently bonded to each other. The network cannot be separated unless chemical bonds 
are broken. The two or more networks can be envisioned to be entangled in such a 
way that they are concatenated and cannot be pulled apart, but not bonded to each 
other by any chemical bond. Simply mixing two or more polymers does not create an 
interpenetrating polymer network nor does creating a polymer network out of more 
than one kind of monomers which are bonded to each other to form one network. 
There are semi-interpenetrating polymer networks and pseudo-interpenetrating poly-
mer networks.

This book focuses on the recent advances in natural polymers, biopolymers, bio-
materials, and their composites, blends and IPNs. Biobased polymer blends and com-
posites occupy a unique position in the dynamic world of new biomaterials. The grow-
ing need for lubricious coatings and surfaces in medical devices - an outcome of the 
move from invasive to noninvasive medicines /procedures - is playing a major role 
in the advancement of biomaterials technology. Natural polymers have attained their 
cutting edge technology through various platforms yet there are a lot of novel informa-
tions about them which will be discussed in the following chapters. This book covers 
topics like chitosan composites for biomedical applications and wastewater treatment, 
coal biotechnology, biomedical and related applications of Second Generation Poly-
amidoamines, silk fibers, PEG hydrogels, bamboo fibre reinforced PE composites, 
jute/ polyester composites, magnetic biofoams and many other interesting aspects 
which may attract readers greatly.

— Sabu Thomas, PhD
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Chapter 1

Chitosan and Chitosan derivatives as Chelating 
agents
Hiba M. Zalloum and Mohammad S. Mubarak

iNtroduCtioN

Chitosan, as shown in Figure 1, is a well-known hetero biopolymer (natural polysac-
charide) made of glucosamine and a fraction of acetylglucosamine residues (Krish-
napriya and Kandaswamy, 2010). It is a biodegradable, biocompatible, and nontoxic 
natural polymer with a metal uptake capacity, (Jung et al., 1999; Rabea et al., 2003; 
Sashiwa et al., 2003; Tsigos et al., 2000; Varma et al., 2004; Xing et al., 2005) that 
can be obtained from the alkaline deacetylation process of the second most abundant 
biopolymer, chitin as given in Figure 2, which is found widely in nature and can be 
extracted from fungi, lobster, shells of shrimp and crab, and in the cuticles of in-
sects. (Brugnerotto et al., 2001a, 2001b; Heux et al., 2000; Kittur et al., 1991; Volesky, 
2001). The main characteristics of chitosan are hydrophilicity, harmlessness for liv-
ing things and biodegradability, easy chemical derivatization, and capability to adsorb 
a number of metal ions. Therefore, chitosan seems to be a very interesting starting 
material for chelating resins (Katarina et al., 2006). The degree of polymerization 
and deacetylation and the distribution of acetyl groups along the polymer chain are 
of crucial importance for chitosan metal interacting characteristics. Making chemical 
derivatives is a way to alter the metal interacting characteristics of chitosan (Onsoyen 
and Skaugrud, 1990).

Figure 1. Structure of Chitosan.

Figure 2. Structure of Chitin.
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2 Natural Polymers, Biopolymers, Biomaterials, and Their Composites, Blends, and IPNs

In recent years, chitosan has been described as a suitable natural polymer and a 
renewable resource for the collection of metal ions, (Arrascue et al., 2003; Ding et al., 
2006; Ruiz et a., 2002; Tabakci and Yilmaz, 2008) since the amine and hydroxyl func-
tional groups on the chitosan chain can act as chelation sites for metal ions. Besides 
inherent sorption, the adsorption capacity and selectivity of chitosan could also be 
enhanced by chemical and physical modification on both amine and hydroxyl groups 
(Ramesh et al., 2008; Ruiz et al., 2003; Wan Ngah et al., 1999). Additionally, it is pos-
sible to reinforce the stability of the biopolymer in acidic conditions by cross-linking 
(Butewicz et al., 2010).

Chitosan was found to have the highest chelating ability in comparison with other 
natural polymers (Varma et al., 2004). It has been realized, that the mechanism of 
chitosan–metals complex formation is manifold and probably dominated by different 
processes taking place simultaneously such as adsorption, ion-exchange and chelation, 
under different conditions (Butelman, 1991). The presence of amine groups leads to 
the binding of metal cations by complexation or chelation, and after protonation to the 
binding of anions by electrostatic attraction or ion exchange (Guibal, 2004; Guibal 
et al., 2006a).

In addition to medical applications, the most important and significant develop-
ments in chitin/chitosan technology have been in the area of environmental applica-
tions which include among others the removal of dyes (Chiou and Li, 2003; McKay 
et al., 1983; Wong et al., 2003, 2004; Yoshida et al., 1993). Other environmental ap-
plications include removal of polychlorinated biphenyl (PCB) (Ikeda et al., 1999) and 
chemical waste detoxification (Wagner and Nicell, 2002). Further developments in 
the field of water treatment include filtration (Juang and Chiou, 2001), desalination 
(Arai and Akiya, 1978), and flocculation/coagulation (Eikebrokk and Saltnes, 2002). 
An interesting area of research, however, has been generated by the ability of chitosan 
to remove metal ions from wastewaters by the process of adsorption. Chitosan has 
demonstrated the potential to adsorb significant amounts of metal ions, and this has 
generated an interest in assessing its feasibility to remove metal ions over a wide range 
of effluent systems and types. 

ChitosaN aNd modiFied ChitosaN as ChelatiNG aGeNts For 
metal ioNs

The ability of chitosan to bind transition metal in presence of alkali and alkaline earth 
metal is well investigated (Deans and Dixon, 1992). The adsorption of Cu2+, Hg2+, 
Ni2+, and Zn2+ on chitosan with various particle sizes and as a function of temperature 
was studied at neutral pH (McKay et al., 1989). Moreover, metal complexation by 
chitosan and its derivatives has been reviewed (Gerente et al., 2007; Guibal et al., 
2006b; Varma et al., 2004). Recently, chitosan–Zn complex attracted great interest for 
its potential uses as medicament or nutriment (Paik, 2001; Tang and David, 2001; Yo-
neKura and Suzuki, 2003). It is well known that both of chitosan and metal ions (Zn2+, 
Zr2+, and Ag1+) have the properties of disinfection and bactericide (Varma et al., 2004). 
In addition, and with the growing need for new sources of low-cost adsorbent, the in-
creased problems of waste disposal, the increasing cost of synthetic resins undoubtedly 
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Chitosan and Chitosan Derivatives as Chelating Agents 3

make chitosan one of the most attractive materials for wastewater treatment (Babel 
and Kurniawan, 2003).

Chitosan can easily be modified by chemical or physical processes to prepare chi-
tosan derivatives. These processes may be used for controlling the reactivity of the 
polymer (improving the affinity of the sorbent for the metal, changing the selectiv-
ity series for sorption, changing the pH range for optimum sorption) or enhancing 
sorption kinetics (controlling diffusion properties, for example) (Guibal, 2004). Eric 
Guibal et. al. (2006b) has published a review on the use of chitosan for the removal of 
particulate and dissolved contaminants and concluded that chitosan was very efficient 
at removing particulate and dissolved contaminants through coagulation-flocculation 
processes involving several mechanisms such as charge neutralization, precipitative 
coagulation, bridging, and electrostatic patch. Combining these processes (as a func-
tion, for example, of pH conditions) enables the design of competitive procedures 
for the treatment of wastewaters or pre-treatment of potable water. They have also 
concluded that chitosan offers a promising alternative to the use of mineral reagents 
(alum salts, ferric salts) or synthetic polymers. The use of a polymer of biological 
origin, coming from a renewable resource, biodegradable, and thus less aggressive for 
final discharge in the environment (sludge landfill, dispersion in the aqueous phase 
of residues) is an important criterion for future developments. Its attractiveness as an 
analytical reagent arises from the fact that it can offer simple and inexpensive deter-
minations of various organic and inorganic substances (Cimerman et al., 1997). The 
insertion of functional groups in the chitosan matrix may improve their capacity for 
interaction with metallic ions by complexation, thereby increasing their adsorption 
properties (Hall and Yalpani, 1980; Krishnapriya and Kandaswamy, 2010; Rodrigues 
et al., 1998). Also, according to Pearson’s hard and soft acid–base theory, polymers 
containing functional groups with N or S donor atoms should be promising as sorbents 
of precious metal ions; some published research papers have demonstrated this view-
point (Aydin et al., 2008; Fujiwara et al., 2007; Hubicki et al., 2007; Kałedkowski and 
Trochimczuk, 2006).

Heavy metal is a general collective term that applies to the group of metals and 
metalloids with an atomic density greater than 4 g/cm3. Heavy metals include lead, 
cadmium, zinc, mercury, arsenic, silver, chromium, copper, iron, and the platinum 
group elements (Negm and Ali, 2010). Contamination of aquatic media by heavy 
metals is a serious environmental problem, mainly due to discard of industrial waste 
(Prasad et al., 2002; Reddad et al., 2002). Heavy metals are highly toxic at low con-
centrations and can accumulate in living organisms, causing several disorders and 
diseases (Bailey et al., 1999; Gotoh et al., 2004; Sag and Aktay, 2002). Environmental 
pollution is defined as the presence of a pollutant in the environment (air, water, and 
soil) that may be poisonous or toxic and will cause harm to living things in the polluted 
environment (Kotrba and Ruml, 2000). Environmental pollution by heavy metals is 
very prominent in areas of mining and at old mine sites, and pollution decreases with 
increasing distance away from the mining sites (Peplow, 1999).
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4 Natural Polymers, Biopolymers, Biomaterials, and Their Composites, Blends, and IPNs

This review attempts to analyze and discuss some of the literature that has been 
published to date on the ability of chitosan, modified chitosan, and chitosan deriva-
tives to adsorb heavy metal ions from solution and some kinetic models studied.

ChemiCally modiFied ChitosaN

metal ion uptake of Chitosan-crown ethers derivatives
Two kinds of novel chitosan-crown ether resins, Schiff base type chitosan-benzo-
15-crown-5 (CTS-B15) and chitosan-benzo-18-crown-6 (CTS-B18), were synthesized 
through the reaction between-NH2 in chitosan and -CHO in 4’-formyl benzo-crown 
ethers as shown in Figure 3. The structures of these derivatives were characterized 
and the elemental analysis results show that the mass fractions of nitrogen in CTS-
B15 and CTS-B18 are much lower than those of chitosan. The adsorption properties 
of CTS-B15 and CTS-B18 for Pd2+, Cu2+ and Hg2+ were studied and the experimental 
results revealed that these adsorbents have good adsorption characteristics and high 
particular adsorption selectivity for Pd2+ when Cu2+ and Hg2+ are in coexistence. These 
novel chitosan-crown ether resins of CTS-B15 and CTS-B18 will have wide-range 
of applications for the separation and concentration of heavy or precious metal ions 
(Chang-hong et al., 2003).

 
Figure 3. Structure of (CTS-B15) and (CTS-B18), (Chang-hong et al., 2003).

Varma et al. (2004) discussed the metal complexation of different chitosan crown 
ethers derivatives in detail (Varma et al., 2004). Newly prepared Schiff base-type 
chitosan-azacrown ethers were prepared by a reaction of chitosan (CTS) with N-(4’-
formylphenyl) aza-crown ethers, and were then converted to secondary-amino deriva-
tives by the reduction of CTS-azacrown ethers with sodium borohydride (Malkondu et al., 
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Chitosan and Chitosan Derivatives as Chelating Agents 5

2009). The ability of these adsorbents to extract Cu(II) and Ni(II) ions from water by 
a solid-liquid extraction process was studied. The effects of adsorbent amount, contact 
time and pH on the adsorption of CTS-azacrown ethers were investigated. The extrac-
tion of metal ions by chitosan itself has been mostly found to be pH sensitive (Peng et al., 
1998; Roberts, 1992; Tang et al., 2002). Here, the adsorption of Cu(II) and Ni(II) ions 
on CTS-azacrown ethers was observed at different pH values; results showed that 
CTS-azacrown ethers had good sorption capacities for Cu(II) ions at 25 ± 1°C and 
pH = 5.5. These newly prepared chitosan derivatives could be used in environmental 
analysis and hazardous waste remediation as toxic-metal binding agents in aqueous 
environments.

Recently, Alsarra and coworkers (Radwan et al., 2010) have employed micro-
wave irradiation in the synthesis of a N-Schiff base-type cross-linked chitosan crown 
ether (CCdBE) via the reaction between the –NH2 and –CHO groups in chitosan and 
4,4′-diformyldibenzo-18-c-6, respectively; the adsorption capacity of the obtained 
CCdBE was much higher for Hg2+ than that for Pb2+. The reported cross-linking meth-
od could retain higher adsorption capacity of CTS and, at the same time, improve 
the acidic resistance of CTS with a desirable selectivity towards mercury ions over 
lead ions. The reusability tests for CCdBE for Pb2+ adsorption showed that complete 
recovery of the ion was possible with CCdBE after 10-multiple reuses while CTS had 
no reusability in acidic solution because of its higher dissolution. The studied features 
of CCdBE suggested that the material could be considered as a new adsorbent. It is 
envisaged that the cross-linking of CTS into CCdBE would enhance practicality and 
effectiveness of adsorption in ion separation and removal procedures. 

metal ion adsorption studies of magnetic Chitosans
Donia and coworkers (Donia et al., 2008) have prepared magnetic chitosan resin mod-
ified by Schiff’s base derived from thiourea and glutaraldehyde. The resin obtained 
was applied for the separation of Hg(II) from aqueous solution and an uptake value of 
2.8 mmol/g was reported. The nature of interaction between the metal ion and the resin 
was found to be dependent upon the acidity of the medium. At pH 1, Hg(II) could be 
selectively separated from Cu(II), Pb(II), Cd(II), Zn(II), Ca(II), and Mg(II). Kinetic 
and thermodynamic studies indicated that the adsorption process is pseudo-second-
order exothermic spontaneous reaction and proceeds according to Langmuir isotherm. 
The resin was regenerated effectively using 0.1 M potassium iodide. The studied resin 
showed an efficient uptake behavior towards Hg(II) relative to the commercial resin 
Dowex-D3303. Moreover, the same authors have recently reported on the use of dif-
ferent chelating resins with various functionalities for the selective separation of mer-
cury (Atia, 2005; Atia et al., 2003, 2005; Donia et al., 2005). They also reported on 
the use of magnetic resins in removal of some metals from aqueous solutions. These 
magnetic resins shown in Figure 4, are easily collected from aqueous media using an 
external magnetic field and displayed higher uptake capacity compared to the mag-
netic particles-free resin (Donia et al., 2006a, b). These methods are also cheap and 
often highly scalable. Moreover, techniques employing magnetism are more amenable 
to automation (An et al., 2003).
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6 Natural Polymers, Biopolymers, Biomaterials, and Their Composites, Blends, and IPNs

Figure 4. Schematic representation of chitosan resin with embedded magnetic particle, (Donia  
et al., 2008).

Another cross-linked magnetic chitosan-isatin Schiff’s base (CSIS) resin was 
obtained and characterized (Monier et al., 2010a). The adsorption properties of this 
resin toward Cu2+, Co2+, and Ni2+ ions were investigated. The kinetic parameters were 
evaluated utilizing the pseudo-first-order and pseudo-second-order approach. The 
equilibrium data were analyzed using the Langmuir, Freundlich, and Tempkin iso-
therm models. It was found that the adsorption kinetics followed the mechanism of 
the pseudo-second-order equation for all systems studied, meaning that the chemical 
sorption was the rate-limiting step of the adsorption mechanism and not involving a 
mass transfer in solution. The best interpretation for the equilibrium data was given 
by Langmuir isotherm, and the maximum adsorption capacities were 103.16, 53.51, 
and 40.15 mg/g for Cu2+, Co2+ and Ni2+ ions, respectively. Cross-linked magnetic CSIS 
displayed higher adsorption capacity for Cu2+ in all pH ranges studied. Additionally, 
it was found that the adsorption capacity of the metal ions decreased with increasing 
temperature. Regeneration of cross-linked magnetic CSIS obtained was achieved by 
using 0.01–0.1 M EDTA with efficiency greater than 88%. Feasible improvements in 
the uptake properties along with the magnetic properties encourage efforts for cross-
linked magnetic CSIS to be used in water and wastewater treatment.

Similarly, the same group also prepared and characterized a cross-linked magnetic 
chitosan–diacetylmonoxime Schiff’s base resin (CSMO) to study its metal ions ad-
sorption toward Cu2+, Co2+ and Ni2+ ions. Various factors affecting the uptake behavior 
were investigated and results showed greatly improved uptake properties of the resin 
compared to the unmodified ones, as well as previously reported synthetic ones. The 
adsorption kinetics followed the pseudo-second-order equation for all systems stud-
ied. The equilibrium data were well described by the Langmuir isotherm, and the 
maximum adsorption capacities were 95 ± 4, 60 ± 1.5, and 47 ± 1.5 mg/g for Cu2+, Co2+ 
and Ni2+ ions, respectively. Cross-linked magnetic CSMO displayed higher adsorption 
capacity for Cu2+ in all pH ranges studied and the adsorption capacity of the metal ions 
decreased with increasing temperature. The metal ion-loaded cross-linked magnetic 
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Chitosan and Chitosan Derivatives as Chelating Agents 7

CSMO were regenerated with an efficiency of greater than 84% using 0.01–0.1 methy-
lendiamine tetraacetic acid (EDTA). These results could encourage researchers to use 
the cross-linked magnetic CSMO resin in water and wastewater treatment (Monier  
et al., 2010b).

metal ion adsorption on Chitosan-Phosphate derivatives
Tri-polyphosphate has been selected as a possible cross-linking agent, which can be 
used for the preparation of chitosan gel beads by the coagulation/neutralization effect 
(Mi et. al., 1999a, 1999b; Monier et al., 2010b). Chitosan-tripolyphosphate (CTPP) 
beads were synthesized, characterized and used for the adsorption of Pb(II) and Cu(II) 
ions from aqueous solutions. The experimental data were correlated with the Lang-
muir, Freundlich and Dubinin-Radushkevich isotherm models. The maximum adsorp-
tion capacities of Pb(II) and Cu(II) ions in a single metal system based on the Lang-
muir isotherm model were 57.33 and 26.06 mg/g, respectively. However, the beads 
showed higher selectivity towards Cu(II) over Pb(II) ions in the binary metal system. 
The kinetic data were evaluated based on the pseudo-first and -second order kinetics 
and intraparticle diffusion models and showed that this adsorption obeyed the pseudo-
second order kinetic model, whereby intraparticle diffusion was not the sole rate con-
trolling step. A desorption study was also carried out to show that Pb(II) and Cu(II) 
ions adsorbed on the beads can be easily and effectively desorbed using 0.1, 0.01, 
and 0.001 M EDTA solution. Infrared spectra were used to elucidate the mechanism 
of Pb(II) and Cu(II) ions adsorption onto CTPP beads and revealed that the nitrogen 
and oxygen atoms found in the beads were the binding sites for the metal ions. This 
new chitosan derived beads might be used to treat wastewaters containing Pb(II) and 
Cu(II) ions (Ngah and Fatinathan, 2010). Similarly, Laus R. and his group prepared 
chitosan (CTS) cross-linked with both epichlorohydrin (ECH) and triphosphate (TPP), 
by covalent and ionic cross-linking, respectively. The new CTS–ECH–TPP adsorbent 
was characterized and its adsorption and desorption of Cu(II), Cd(II) and Pb(II) ions in 
aqueous solution were investigated. It was discovered that the adsorption is dependent 
on the solution pH, and the optimum pH values for the adsorption were 6.0 for Cu(II), 
7.0 for Cd(II) and 5.0 for Pb(II). The kinetics study demonstrated that the adsorption 
process proceeded according to the pseudo-second order model. The three isotherm 
models (Langmuir, Freundlich, and Dubinin-Radushkevich) used in the study men-
tioned above were also employed in the analysis of the adsorption equilibrium data. 
The Langmuir model resulted in the best fit and the new adsorbent had maximum 
adsorption capacities for Cu(II), Cd(II), and Pb(II) ions of 130.72, 83.75 and 166.94 
mgg−1, respectively. Desorption studies revealed that HNO3 and HCl were the best 
eluents for desorption of Cu(II), Cd(II), and Pb(II) ions from the cross-linked chitosan. 
These results suggested that this new adsorbent could be used in the separation, pre 
concentration, and Cu(II), Cd(II), or Pb(II) ion uptake from aqueous solutions (Laus 
et al., 2010). 

metal ion adsorption on edta- and/or dtPa-modified Chitosan derivatives
The adsorption properties of surface modified chitosans with ligands such as ethylene-
diaminetetraacetic acid (EDTA) or diethylenetriaminepentaacetic acid (DTPA) which 
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8 Natural Polymers, Biopolymers, Biomaterials, and Their Composites, Blends, and IPNs

were immobilized onto polymer matrices of chitosan in aqueous solutions contain-
ing Co(II) and/or Ni(II) ions were investigated (Repo et al., 2010). Metal uptake by 
EDTA-chitosan was 63.0 mgg−1 for Co(II) and 71.0 mgg−1 for Ni(II) and by DTPA-
chitosan 49.1 mgg−1 for Co(II) and 53.1 mgg−1 for Ni(II). The adsorption efficiency 
of the studied adsorbents ranged from 93.6% to 99.5% from 100 mgl−1 Co(II) and/or 
Ni(II) solution, when the adsorbent dose was 2 gl−1 and solution pH 2.1. The kinetics 
of Co(II) and Ni(II) on both of the modified chitosan followed the pseudo-second-
order model but the adsorption rate was influenced by intraparticle diffusion. The 
equilibrium data was best described by the Sips isotherm and its extended form was 
also well fitted to the two-component data obtained for systems containing different 
ratios of Co(II) and Ni(II). Nevertheless, the obtained modeling results indicated rela-
tively homogenous system for Co(II) and heterogeneous system for Ni(II) adsorption. 
The adsorption studies in two-component systems showed that the two new modified 
chitosan had much better affinity for Ni(II) than for Co(II) suggesting that Ni(II) could 
be adsorbed selectively from the contaminated water in the presence of Co(II). 

Moreover, Katarina and coworkers (Katarina et al., 2008) have reported on a sample-
pretreatment method using a chitosan-based chelating resin, ethylenediamine-N,N,N’-
triacetate-type chitosan (EDTriA-type chitosan), for the preconcentration of trace met-
als in seawater and separation of the seawater matrix prior to their determination by 
inductively coupled plasma–mass spectrometry (ICP-MS). According to those authors, 
the resin showed very good adsorption for transition metals and rare-earth elements 
without any interference from alkali and alkaline-earth metals in acidic media and that 
the adsorption capacity of Cu(II) on the EDTriA-type chitosan resin was 0.12 mmol g–1 
of the resin. Additionally, Shimizu and colleagues (Shimizu et al., 2008) have prepared 
chemically modified chitosans with a higher fatty acid glycidyl (CGCs) by the reaction 
of chitosan with a mixture of 9-octadecenic acid glycidyl and 9,12-octadecanedienic 
acid glycidyl (CG). The new chitosan modified polymer, CGCs was further modified 
through the reaction with ethylenediamine tetraacetic acid dianhydride afforded CGCs 
(EDTA-CGCs). The same researchers have studied the adsorption behavior of CGCs 
towards the metal ions Mo6+, Cu2+, Fe2+, Fe3+, and found that Mo6+ displayed remark-
able adsorption toward the CGCs. In addition, they examined the adsorption of Cu2+ on 
the ethylenediamine tetraacetic acid dianhydride modified CGCs (EDTA-CGCs) and 
the adsorption of phosphate ions onto the resulting substrate/metal-ion complex was 
measured. Similarly, Ni and Xu (1996) have synthesized a series of cross-linked chelat-
ing resins containing amino and mercapto groups, in addition to chitosan by reacting 
chitosan with chloromethyl thiirane (CT) using different rations of chitosan to CT. The 
adsorbing capacities, adsorption rates, and adsorption selectivities of these resins to-
wards Ag(I), Au(III), Pd(II), Pt(IV), Cu(II), Hg(II), and Zn(I1) were investigated. They 
discovered that these chelating resins containing mercapto and amino groups have re-
markable adsorbing capacities and rates for some noble metal ions and can be used to 
concentrate and retrieve precious metal ions from dilute solutions.

metal ion adsorption on Carbonyl Containing Chitosan derivatives
A new chitosan derivative was synthesized by the chemical modification of chitosan 
(CTS) with vanillin-based complexing agent namely 4-hydroxy-3-methoxy-5-[(4-
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Chitosan and Chitosan Derivatives as Chelating Agents 9

methylpiperazin-1-yl) methyl] benzaldehyde, (L) (Figure 5) by means of condensa-
tion. The new polymer was characterized by various techniques such as elemental, 
spectral, and structural analysis. Its kinetics of adsorption was evaluated utilizing 
the pseudo first order and pseudo second order equation models and the equilibrium 
data were analyzed by Langmuir isotherm model. The CTSL showed good adsorp-
tion capacity for the metal ions investigated in the order Cu(II) > Ni(II) > Cd( II) 
≥Co ≥Mn(II) > Fe(II) > Pb(II) in all studied pH ranges due to the presence of many 
coordinating moieties present in it. The binding capacities of the polymer for Mn, Fe, 
Co, Cu, Ni, Cd, and Pb were found to be 19.8, 18.4, 22.4, 56.5, 34.63, 46.1, and 51.8 
mg/g, respectively, and were higher than the values obtained for unmodified chitosan. 
The higher adsorption capacity toward Cu(II) ions than other metal ions studied, in-
dicates that it shows selectivity toward Cu(II) ions in aqueous solution and hence it 
can be used to extract Cu(II) ions from the industrial waste water (Krishnapriya and 
Kandaswamy, 2010).

Figure 5. New Vanilin-based Ligand (L) (Krishnapriya and Kandaswamy, 2010).

Recently (Zalloum et al., 2009), the adsorption of Cu(II) ions onto chitosan de-
rived Schiff bases obtained from the condensation of chitosan with salicyaldehyde, 
2,4-dihydroxybenzaldehyde and with 4-(diethylamino) salicyaldehyde was investi-
gated. The isothermal behavior and the kinetics of adsorption of Cu(II) ions on these 
polymers were investigated. Various factors that affect the adsorption process were 
also explored. The highest Cu(II) ions uptake was achieved at pH 7.0 and by using so-
dium perchlorate as an ionic strength adjuster. Adsorption isothermal equilibrium data 
could be clearly explained by the Langmuir monolayer model. The experimental data 
of the adsorption equilibrium from Cu(II) solution correlates well with the Langmuir 
isotherm equation. Moreover, the adsorption kinetics of Cu(II) ions on these chitosan 
derived Schiff bases indicated that the kinetic data correlated well with the pseudo-
second order model.

Ap
pl

e 
Ac

ad
em

ic
 P

re
ss

 

Au
th

or
 C

op
y



10 Natural Polymers, Biopolymers, Biomaterials, and Their Composites, Blends, and IPNs

Another adsorption study was conducted for the two new chitosan derivatives that 
have been prepared from the reaction of cinnamoyl chloride (ChitoCin) and cinnamoyl 
isothiocyanate (ChitoThioCin) with chitosan. The modified chitosans were character-
ized to confirm their structures. The metal uptake capacity of the two polymers was 
measured at different pH values as well as under competitive and non-competitive 
conditions. At pH 5.6, the (ChitoCin and ChitoThioCin) polymers exhibited higher 
capacity for Cu(II) (0.461–0.572 mmol/g) than the other metal ions used; the capaci-
ties of the other metal ions are: Fe(III) (0.235–0.341 mmol/g), Cr(III) (0.078–0.099 
mmol/g), Co(II) (0.046–0.057 mmol/g) and Ni(II) (0.041–0.053 mmol/g). Two ab-
sorption isotherms were examined for the absorption of metal cations with these two 
modified chitosan and it was found that the adsorption mechanism fits the Langmuir 
isotherm better than the Freundlich one.

Chitosan sorbents, cross-linked and grafted with amido or carboxyl groups, were 
also prepared and their sorption properties for Cu(II) and Cr(VI) uptake were studied 
(Kyzas et al., 2009). Equilibrium sorption experiments were carried out at different pH 
values and initial ion concentrations. The equilibrium data were successfully fitted to 
the Langmuir–Freundlich (L–F) isotherm. The calculated maximum sorption capacity 
of the carboxyl grafted sorbent for Cu(II ) was found to be 318 mg/g at pH 6, while 
the respective capacity for Cr(VI) uptake onto the amido-grafted sorbent was found to 
be 935 mg/g at pH 4.

metal ion adsorption of other Chemically modified Chitosans (Chitosan 
derivatives)
The synthesis and chelating properties of chitosan-based polymers has attracted the 
attention of several research groups. A number of publications pertaining to the sub-
ject have appeared in the literature. Oshita and coworkers (Oshita et al., 2009) have 
prepared cross-linked chitosan resins with catechol, iminodiacetic acid (IDA-type 
chitosan), iminodimetylphosphonic acid (IDP-type chitosan), phenylarsonic acid 
(phenylarsonic acid-type chitosan), or serine (serine-type chitosan) for the collec-
tion and concentration of uranium(VI). The adsorption behavior of U(VI) and other 
ionic species, such as metal ions and oxo-acid ions, on the cross-linked chitosan (base 
material) and chitosan resins modified with chelating moieties was investigated us-
ing a column procedure. They discovered that the adsorption ability for U(VI) was 
in the order: catechol-type chitosan (type 2) > serine-type chitosan > phenylarson-
ic acid-type chitosan > the others. They concluded that the catechol-type chitosan 
was useful for the collection and concentration of uranium(VI). In addition, Katarina  
et al. (2009) have synthesized a high-capacity chitosan-based chelating resin, N-(2-hy-
droxyethyl)glycine-type chitosan, using chloromethyloxirane (CMO) as a cross-linker 
and as coupling arms and hydroxylethylamine and bromoacetic acid as a synthesizer 
for the N-(2-hydroxyethyl)glycine chelating moiety. The CMO could bind with both 
of hydroxyl and amino group of the chitosan resin, and then couple with the chelat-
ing moiety. They have found that most transition and rare-earth metals could adsorb 
quantitatively on the resin at wide pH ranges and could be separated from alkaline and 
alkaline-earth metals. The resin was packed in a mini-column (40 mmlength×2 mm 
i.d.) which was installed in a Multi-Auto-Pret system. The Multi-Auto-Pret system 
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Chitosan and Chitosan Derivatives as Chelating Agents 11

coupled with ICP-AES was successfully applied to the determination of transition and 
rare-earth metals in river water samples.

Similarly, Li and his group (Li et al., 2009) synthesized a new chemically modified 
chitosan hydrogel with 2,5-dimercapto-1,3,4-thiodiazole (CTS-DMTD). A range of 
static sorption studies were performed on this adsorbent, which showed the selectivity 
towards cations of the precious metals over other transition metal cations. They have 
also found that adsorption capacities were significantly affected by the pH of solution, 
with optimum pH values of 3.0 for Au(III), 2.0 for Pd(II) and Pt(IV). The saturated 
adsorption capacities were 198.5, 16.2, and 13.8 mg/g for Au(III), Pd(II), and Pt(IV), 
respectively. Langmuir and Freundlich isotherm adsorption models were applied to 
analyze the experimental data and the results showed that adsorption isotherms of 
Pd(II) and Pt(IV) could be well described by the Langmuir equation. The adsorption 
kinetic investigations indicated that the kinetic data correlated well with the pseudo 
second-order model. The recovery experimental data showed that CTS-DMTD had a 
higher affinity toward Au(III), Pd(II), and Pt(IV) in the coexistence system contain-
ing Cu(II), Fe(III), Cd(II), Ni(II), Mg(II), and Zn(II). The studies of desorption were 
carried out using various reagents and the optimum effect was obtained using thio-
urea. The sorption studies also revealed a considerable capacity for Au(III) ions, which 
might be useful in the removal of gold from ores. However, the CTS-DMTD was a 
little bit more difficult to reuse. 

Quite recently, Guibal and his research team (Butewicz et al., 2010) have immo-
bilized thiourea onto chitosan; the new polymer was employed for the sorption and 
recovery of platinum and palladium from acidic solutions (up to 1–2 M HCl concen-
trations). The kinetics of the sorption process was investigated and the pseudo-second 
rate equation was used for modeling the uptake kinetics. Similarly, Chanthateyanonth 
et al. (2010) reported the successful immobilization of vinyl sulfonic acid sodium salt 
onto dendritic hyper branched chitosan. The new chitosan derivatives displayed im-
proved water solubility as compared to the starting material. In addition, the new ma-
terial showed better antimicrobial activity and chelating behavior with cadmium(II), 
copper(II), and nickel(II) than chitosan itself.

Calix[n]arenes are cyclic oligomers composed of phenol units and are very well 
known as attractive and excellent ionophores because they provide a unique three-
dimensional structure with almost unlimited derivatization possibilities (Asfari et al., 
2001; Gutsche, 1998; Vicens and Bohmer, 1991). Tabakci and Yilmaz evaluated the 
sorption properties of a calix[4]arene-based chitosan polymer (C[4]BCP) toward some 
heavy metal cations (Co2+, Ni2+, Cu2+, Cd2+ , Hg2+, and Pb2+) and dichromate anions 
(Cr2O7

-2/HCr2O7
-1) as sorbent materials. The results for heavy metal cations showed 

that C[4]BCP was an excellent sorbent while chitosan exhibits poor sorption than C[4]
BCP (Tabakci and Yilmaz, 2008). In the sorption studies of dichromate anions, C[4]
BCP was a highly effective sorbent at pH 1.5. The sequence of sorption efficiency of 
C[4]BCP is Hg2+ > Pb2+ > Cd2+ > Cu2+ > Ni2+ > Co2+. From the previous works (Memon 
et al., 2006; Tabakci et al., 2006; Yilmaz et al., 2006), it has been concluded that the 
amide derivatized calixarenes are effective sorbents for these cations because NHC=O 
group is preferable to complex the more polarizable transition metal ions especially 
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12 Natural Polymers, Biopolymers, Biomaterials, and Their Composites, Blends, and IPNs

Pb, Hg, Cd and Cu due to cation-p interactions. The phenomenon may also reflect the 
‘‘principle of hard and soft acids and bases” introduced by Pearson (1963). Further-
more, highest sorption for mercury cation by C[4]BCP is in agreement with previous 
studies (Yilmaz et al., 2006) where calixarenes bearing nitrile functionalities showed 
much more affinity toward this cation.

adsorPtioN isotherms models

The most common sorption models used to fit the experimental data are the Langmuir 
and Freundlich isotherm models (Tan et al., 2007). Readers interested in a detailed 
discussion of sorption isotherms should refer to the comprehensive reference works 
by Tien and McKay et al. (Tien, 1994; McKay et al., 2002). 

The Langmuir isotherm model assumes that the adsorption occurs at specific ho-
mogeneous adsorption sites within the adsorbent. Furthermore, it assumes monolayer 
adsorption and maximum adsorption occurs when adsorbed molecules on the surface 
of the adsorbent form a saturated layer. All adsorption sites involved are energeti-
cally identical and the intermolecular force decreases as the distance from the adsorp-
tion surface increases (Unlu and Ersoz, 2006; Uysal and Ar, 2007; Vasconcelos et al., 
2008). The form for the liquid phase sorption system is as follows:

 Q
bQ C
bCe
o e

e

=
+1

 (1)

where, Ce is the equilibrium concentration of the adsorbate (mg/L), Qe is the amount 
of adsorbate adsorbed per unit mass of adsorbent (mg/g), Qo is Langmuir constant 
related to adsorption capacity (mg/g) and b (L/mg) is a constant related to the affinity 
between the adsorbent and the adsorbate. The values of Qo and b can be determined by 
plotting Ce/Qe versus Ce. 

The linear form of Langmuir model is given as:

 
C
Q bQ Q

Ce

e o o
e= +

1 1
 (2)

The essential characteristics of the Langmuir isotherm can be expressed in terms 
of a dimensionless equilibrium parameter (RL), (Weber and Chakravorti, 1974) which 
is defined as:

 R
bCL

o

=
+

1
1  (3)

where, b is the Langmuir constant and Co is the highest ion concentration (mg/l). The 
value of RL indicates the type of the isotherm to be either favorable (0<RL<1), unfavor-
able (RL>1), linear (RL = 1) or irreversible (RL= 0).

The widely used empirical Freundlich model expresses adsorption at multilayer 
and on energetically heterogeneous surface multi-site adsorption isotherm for hetero-
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Chitosan and Chitosan Derivatives as Chelating Agents 13

geneous surfaces (Hasan et al., 2008; Unlu and Ersoz, 2006). It assumes an initial 
surface adsorption followed by a condensation effect resulting from extremely strong 
solute-solute interaction. The general form of Freundlich model is as follows:

 Q K Ce F e
n= ( ) /1  (4)

where, KF ((L/mg)1/n) is Freundlich isotherm constant and n is the Freundlich isotherm 
exponent constant. KF is correlated to the maximum adsorption capacity and n gives 
an indication of how favorable the adsorption process is (Hosseini et al., 2003). The 
linear form of this model is expressed as in the following equation:

 log log logQ K n Ce F e= +( )1  (5)

The values of KF and n can be obtained by plotting log Qe versus log Ce. 
The Redlich–Peterson equation only differs from the Langmuir–Freundlich equa-

tion by the absence of exponent on Ce at the numerator part of the equation (Ng et al, 
2002). Meanwhile, the Dubinin-Radushkevitch (D-R) isotherm describes the adsorp-
tion on a single type of uniform pores and can be applied to distinguish between physi-
cal and chemical adsorption. This isotherm does not assume a homogeneous surface or 
a constant adsorption potential (Unlu and Ersoz, 2006).

KiNetiC models (adsorPtioN KiNetiCs)

Three kinetic models, pseudo-first-order, pseudo-second-order, and intra-particle dif-
fusion model are used to fit the experimental data. The mathematical description of 
these models is given below. The conformity between data predicted by any of these 
models and the experimental data is indicated by the correlation coefficient R2. The 
model of higher values of R2 means that it successfully describes the adsorption kinet-
ics.

The differential form of the pseudo-first-order kinetic model could be expressed by 
the following equation (Ho and McKay, 1998; Igwe and Abia, 2007)

 
dQ
dt

k Q Qt
e t= −1( )  (6)

where, t is the time (min) and k1 is the equilibrium rate constant of the pseudo first 
order adsorption (min-1). Integrating equation (6) by applying the boundary conditions, 
t = 0 to t = t and Qt = 0 to Qt = Qe, yields the following integral equation: 

 log / ( ) .Q Q Q k te e t− = 0 4342 1  (7)

The value of the model parameters k1 can be determined by plotting log (Qe – Qt) ver-
sus t to give a straight line of slope 0.4342 k1 and intercept of log Qe.

The differential form of the pseudo-second-order kinetic model is expressed by the 
following equation (Ho and McKay, 1998):
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14 Natural Polymers, Biopolymers, Biomaterials, and Their Composites, Blends, and IPNs

 dQ
dt

k Q Qt
e t= −1

2( )  (8)

where k2 is the equilibrium rate constant of the pseudo-second-order kinetic model (g/
mg h). Integration of equation (8) between the boundary conditions of equation (6) 
yields the following equation: 

 t Q k Q t Qt e e/ / ( ) /= +1 2
2  (9)

The value of k2 can be determined by plotting t/Qt versus t to obtain a straight line of 
slope 1/Qe and intercept of 1/(k2 Qe

2).
Since, the above two models cannot give definite mechanisms for the adsorption 

process, another simplified model that represents the intra-particle diffusion model is 
tested (Wu et al., 2001). This model, which is based on the theory proposed by Weber 
and Morris assumes that the intra-particle mass transfer resistance is the rate determin-
ing step which means that the adsorption process is pore diffusion controlled (Weber 
and Morris, 1962). According to this theory, the initial rates of intra-particle diffusion 
can be obtained from the following equation:

 Q x k tt i p= + 1 2/  (10)

where xi is a constant proportional to the boundary layer thickness, mg/g, kp is the in-
traparticle diffusion rate constant (mg/(g h1/2)) (Kavitha and Namasivayam, 2007). For 
pore diffusion controlled sorption, a plot of Qt versus t1/2 gives a straight line of slope 
kp and an intercept of xi. 

CoNClusioN

Chitosan, a biopolymer, has attracted considerable attention due to its many physi-
cal and chemical properties and due to its many applications including its usage as 
a material for medical applications, such as artificial skin and immunosuppressant. 
In addition, resins derived from chitosan have been synthesized and characterized. 
The chelation and sorption properties of these chitosan-based polymers towards heavy 
metal ions in aqueous solutions have been investigated by several research groups. 
Therefore, the aim of this article will be to shed some light on some of these chitosan-
derived resins and their application to sorption of heavy metal ions and some anions.

KeyWords

 • Biodegradable

 • intraparticle diffusion

 • magnetic field

 • Polychlorinated biphenyl 

 • thermodynamic

Ap
pl

e 
Ac

ad
em

ic
 P

re
ss

 

Au
th

or
 C

op
y



Chapter 2

Chitosan Composites for Biomedical applications: 
an overview
R. Ramya, Z. Ansar Ali, and P.N. Sudha

iNtroduCtioN

Natural polymers received great attention in the biomaterials field; their structural 
similarities with biological macromolecules make them easily recognized by the bio-
environment and therefore easily metabolized into noncytotoxic residues and naturally 
eliminated. Chitin is one of the most abundant polysaccharides and can be found in 
the exoskeleton of crustaceans which can be obtained from the shell waste of the 
crab, shrimp, crawfish processing industries, various invertebrates, and lower plants. 
Chitosan is one of chitin’s derivatives, achieved by N-deacetylation of chitin. It is one 
of the major components used in vascular surgery, tissue culture, and tissue regenera-
tion as a hemostatic agent (Muzzarelli et al., 1986). Improving the fragile nature of 
films and membrane permeability are the key challenges that need to be addressed for 
improving chitosan as a biomaterial. In addition, chitosan is expected to be useful in 
the development of composite materials such as blends or alloys with other polymers, 
since chitosan has many functional properties (Japanese Chitin and Chitosan Society, 
1995). Chitosan is a biopolymer which has many interesting properties that have been 
utilized in many pharmaceutical applications (Patel and Amiji, 1996). There have been 
many studies on the blends of chitosan with various kinds of polymers (Guan et al., 
1998; Hasegawa et al., 1992; Kim et al., 1992; Xiao et al., 2000; Yao et al., 1996) in 
order to obtain some improved properties. 

Natural silk fiber is a fiber obtained from silkworms. Silk has been used as a high 
quality fiber material, because it has characteristics such as high tensile strength, pe-
culiar luster, and excellent dyability. Silk fibroin (SF) is a fibrous protein that is com-
posed of 17 amino acids and its main components are nonpolar ones such as glycine, 
alanine, and serine. A silk fiber has a structure with two strands of fibroin surrounded 
by a sericin wall. By preparing in various forms such as a membrane, powder, gel, and 
aqueous solution, the SF is used in various fields such as food, cosmetics, and medical 
goods because it has excellent biocompatibility and does not give any adverse effect 
to surrounding tissues. Silks have been investigated as biomaterials due to the success-
ful use of silk fibers from Bombyx mori as suture material for centuries (Moy et al., 
1991). Functional differences among silks of different species and within a species are 
a result of structural differences due to differences in primary amino acid sequence, 
processing, and the impact of environmental factors (Vollrath and Knight, 2001). Silks 
represent a unique family of structural proteins that are biocompatible, degradable, 
and mechanically superior, offer a wide range of properties, are amenable to aqueous 
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16 Natural Polymers, Biopolymers, Biomaterials, and Their Composites, Blends, and IPNs

or organic solvent processing, and can be chemically modified to suit a wide range of 
biomedical applications.

BiomediCal aPPliCatioNs oF BioPolymer aNd its ComPosites

Chitosan and its derivatives
Chitosan, poly-β-(1→4)-2-amino-2-deoxy-D-glucose, is an aminopolysaccharide de-
rived from the N-deacetylation of chitin, which is a structural element in the exoskel-
eton of crustaceans (crabs, shrimps, etc.) and cell wall of fungi and it is also classified 
as a natural polymer because of the presence of a degradable enzyme, chitosanase. 
This polymer possesses hydrogel like properties through a reaction with glutaralde-
hyde as cross-linking agent. It is known that cross-linked chitosan hydrogel can swell 
extensively due to the positive charges on the network and in response to changes in 
the pH of the medium. It has been shown (Nunthanid et al., 2004; Puttipipatkhachorn 
et al., 2001) that the drug release behavior of chitosan is governed mainly by the swell-
ing property, the dissolution characteristic of the polymer films, the pKa of the drug, 
and the drug-polymer interaction. Thus chitosan has been studied as a unique vehicle 
for the sustained delivery of drugs. For example, it was investigated for the delivery 
of drugs such as prednisolone (Kofuji et al., 2000) and diclofenac sodium (Gupta and 
Ravi Kumar, 2000). Chitosan displays interesting properties such as biocompatibility, 
biodegradability, and its degradation products are non-toxic, non-immunogenic, and 
non-carcinogenic. Moreover, chitosan is metabolized by certain human enzymes, es-
pecially lysozyme, and is considered as biodegradable.

The physicochemical and biological properties of chitosan led to the recognition of 
this polymer as a promising material for biomedical applications. One of these proper-
ties is the antimicrobial activity of chitosan which is suggested for use in a variety of 
different formulations, for example tapes for wound dressing, tooth paste or artificial 
tears (Felt et al., 2000; Kim et al., 1999). The interaction between positively charged 
chitosan and negatively charged microbial cell wall will lead to the leakage of intra-
cellular constituents of the microorganism. The binding of chitosan with DNA and 
inhibition of mRNA synthesis occurs via the penetration of chitosan into the nuclei of 
the microorganisms and interfering with the synthesis of mRNA and proteins. Wound 
healing, another major application, is a complex process that can be compromised by 
a number of factors. 

Chitosan has been investigated by many researchers for a long time as possible 
wound healing accelerators (Muzzarelli et al., 1988; Nishimura et al., 1986; Zikakis, 
1984). Chitosan-based wound dressing delivers substances, which are active in wound 
healing; either by delivery of bioactive compounds or dressings are constructed from 
materials having endogenous activity. Chitosan has been known as being able to ac-
celerate the healing of wound in human (Kojima et al., 1998). Kifune et al. (1988) re-
cently developed a new wound dressing material, Beschitin W, a commercial product 
that is composed of chitin nonwoven fabric and that has been found to be beneficial 
in clinical practice (Kifune et al., 1988). The ability of chitosan to promote neovas-
cularization has been demonstrated by implanting it in the cornea. It is also reported 
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Chitosan Composites for Biomedical Applications: An Overview 17

that chitosan does not induce other inflammatory events. Certain cartilaginous tissues 
could also be repaired in view of the angiogenic action of chitosan. 

Chitosan with structural characteristics similar to glycosaminoglycans could be 
considered for developing a skin replacement. Yannas and Burke (1980) proposed a 
design for artificial skin applicable to long-term chronic use, with the focus on a non 
antigenic membrane that performs as a biodegradable template for neodermal tissue 
(Yannas and Burke, 1980). The functionality of chitosan has also attracted the interest 
of many researchers to use it in the areas of dentistry and orthopedics (Davidenko et al., 
2010; Di Martino et al., 2005; Jeon et al., 2000; Jiang et al., 2008; Kong et al., 2005; 
Venkatesan and Kim, 2010; Venkatesan et al., in press; Teng et al., 2009). Chitosan has 
been known to possess many biological activities such as antibacterial activity (Jeon 
and Kim, 2000; Jeon et al., 2001), anti-diabetic (Liu et al., 2007), immunoenhancing 
effect (Suzuki et al., 1986), antioxidant (Je et al., 2004), matrix metalloproteinase 
inhibitor (Kim and Kim, 2006; Rajapakse et al., 2006; Van Ta et al., 2006), anti-HIV 
(Artan et al., In press), anti-inflammatory (Yang et al., 2010), drug delivery (Liu et al., 
2007) heavy metal removal (Sudha and Celine, 2008; Karthik et al., 2009) and so on. 

In addition, it has the potential to be used as artificial kidney membrane, absorb-
able sutures, hypocholesterolemic agents, drug delivery systems, and supports for 
immobilized enzymes. Chitosan properties allow it to clot blood rapidly and have 
recently gained approval in the United States and Europe for use in bandages and 
other hemostatic agents. Chitosan hemostatic products have been shown in testing by 
the U.S. Marine Corps to quickly stop bleeding and result in 100% survival. Chitosan 
hemostatic products reduce blood loss in comparison to gauze dressings and increase 
patient survival (Pusateri et al., 2003). Chitosan is hypoallergenic, and has natural 
anti-bacterial properties, further supporting its use in field bandages. According to Qi, 
chitosan nanoparticles could exhibit effective antitumor activities (Qi and Xu, 2006). 
Chitosan has been combined with a variety of delivery materials such as alginate, hy-
droxyapatite, hyaluronic acid, calcium phosphate, PMMA, poly-L-lactic acid (PLLA), 
and growth factors for potential application in orthopedics. Overall, chitosan offers 
broad possibilities for cell-based tissue engineering (Hu et al., 2006). Besides, it has 
been claimed to weight reducing process. The aim of this review is to discuss the 
recent developments on the biopolymer like chitosan composites that are specially 
designed for the tissue engineering and biomedical applications. 

Due to the abundance of hydrophilic functional groups, chitosan is not soluble in 
most organic solvents. In order to solve this problem, some chemical modifications 
to introduce hydrophobic nature to chitosan such as phthaloylation (Nishimura et al., 
1991), alkylation (Yalpani and Hall, 1984), and acylation (Hirano et al., 1976; Moore 
and Roberts, 1981; Zong et al., 2000) reactions can be done. Several studies showed 
that acylated chitosans are very interesting derivatives of chitosan to be used in bio-
medical applications. Chitosan and its derivatives such as trimethyl chitosan have 
been used in non-viral gene delivery. Trimethyl chitosan, or quaternised chitosan, has 
been shown to transfect breast cancer cells; with increased degree of trimethylation 
increasing the cytotoxicity and at approximately 50% trimethylation the derivative 
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is the most efficient at gene delivery. Oligomeric derivatives (3–6 kDa) are relatively 
non-toxic and have good gene delivery properties (Kean et al., 2005). 

Recent clinical data indicate that modified chitosan with amino acid moieties and 
substituents at the N-atom play an active role in wound healing. In general, these 
induce formation of vascularized and non refractive tissues having well-oriented col-
lagen. Trimethyl-chitosan and monocarboxymethyl chitosan has been shown to be 
effective as intestinal absorption enhancers due to their physiological properties. 
Chitosan-thioglycolic acid conjugates have been found to be a promising candidate as 
scaffold material in tissue engineering due to their physicochemical properties. Niamsa 
et al. (2009) successfully prepared the nanocomposite blend films containing methoxy 
poly(ethylene glycol)-b-poly(D,L-lactide) nanoparticles with different chitosan/silk 
fibroin ratios. These biodegradable nanocomposite blend films may have potential for 
use in drug delivery, wound dressing, and tissue engineering applications (Niamsa  
et al., 2009). Goy et al. (2009) stated that water soluble chitosan derivatives, which 
can be attained by chemical introduction of CH3 in the main chain, enhancing the 
chitosan applicability in a large pH range and also improve the antimicrobial activity, 
opening up a broad range of possibilities (Goy et al., 2009). According to Rujiravanit 
et al. (2003), crosslinked chitosan and its blend films with SF using glutaraldehyde as 
crosslinking agent exhibit drug release characteristics. The drug release was high in 
acidic medium because of the protonation of the amino groups on chitosan at acidic pH, 
resulting in the dissociation of hydrogen bonds between chitosan and SF (Rujiravanit  
et al., 2003).

Hirano et al. (1980) prepared a series of membranes from chitosan and its deriva-
tives (Hirano, 1978; Hirano et al., 1980), and the membranes showed improved dialy-
sis properties (Arai et al., 2004; Fuchs et al., 2006). They observed that permeability 
properties of N-acetyl chitosan membranes were similar to those of an Amicon Diaflo 
membrane UM-10 (Amicon Ltd., England). Chitosan membranes were modified with 
vinyl monomers using 60-Co g-ray irradiation, and their physicochemical properties 
were also studied. The modified membranes showed improved permeability and blood 
compatibility (Singh and Ray, 1994, 1997). The reactive functional groups present 
in chitosan (amino group at the C2 position of each deacetylated unit and hydroxyl 
groups at the C6 and C3 positions) can be readily subjected to chemical derivatiza-
tion allowing the manipulation of mechanical and solubility properties enlarging its 
biocompatibility.

Fibrous Protein––silk
The SF, the typical natural macromolecule spun by Bombyx mori silkworm, has been 
used as textile fiber and suture. The natural silk fibers are one of the strongest and 
toughest materials mainly because of the dominance of well orientated b-sheet struc-
tures of protein chains. Recently, several researchers have investigated SF as one of 
promising resources of biotechnology and biomedical materials due to its unique prop-
erties including good biocompatibility, good oxygen and water vapor permeability, 
biodegradability, minimal inflammatory reaction (Minoura et al., 1990; Sakabe et al., 
1989; Santin et al., 1999), good cell adhesion and growth characteristics, protease 
susceptibility, and high tensile strength (Altman et al., 2003; Gotoh et al., 2002; Lv 
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and Feng, 2006). Recently, silk and silk-based materials have attracted renewed inter-
est, because of their biological applications. According to early records, silk fibers 
have been used for wound closure by surgeons for at least 3,000 years. 

The biomedical applications of silk protein have been studied since the 1960s. The 
excellent biocompatibility and functionality of silk has led to the development of vari-
ous biomedical devices (Altman et al., 2003; Vepari and Kaplan, 2007; Wang et al., 
2006). For example, in the early era of silk biomaterials, many researchers developed 
silk films and sponges as would dressing (Fini et al., 2005; Roh et al., 2006). Recent 
studies reported the use of silk in oral administration (Oh et al., 2007). The biological 
applications for silk now include tissue engineering scaffolds (Moreau et al., 2006; 
Nazarov et al., 2004), nerve conduits (Yang et al., 2007), and artificial ligaments (Fan 
et al., 2008). The biocompatibility and functionality of silk is similar to collagen, and 
the physical and mechanical properties of silk make it suitable in biomedical devices. 
Silks from silkworms and orb-weaving spiders have impressive mechanical proper-
ties (Table 1), in addition to environmental stability, biocompatibility, controlled pro-
teolytic biodegradability, morphologic flexibility and the ability for amino acid side 
change modification to immobilize growth factors (Altman et al., 2003; Arai et al., 
2001; Fuchs et al., 2006; Horan et al., 2005; Hu et al., 2006; Karageorgiou et al., 2004; 
Kim et al., 2005; Li et al., 2006; Minoura et al., 1995; Motta et al., 2004; Vepari and 
Kaplan, 2006; Wong Po Foo and Kalpan, 2002).

table 1. Mechanical properties of biodegradable polymeric materials (Arai et al., 2001).

Source of biomaterial Modulus (GPa) UTS (MPa) Strain (%) at 
break References

B. mori silk (with sericin) 5–12 500 19 (Perez-Rigueiro et al., 
2000)

B. mori silk (without sericin) 15–17 610–690 4–16 (Perez-Rigueiro et al., 
2000) 

B. mori silk 10 740 20 (Cunniff et al., 1994)

N. clavipes silk 11–13 875–972 17–18 (Cunniff et al., 1994)

Collagen 0.0018–0.046 0.9–7.4 24–68 (Pins et al., 1997)

Cross-linked collagen 0.4–0.8 47–72 12–16 (Pins et al., 1997)

Polylactic acid 1.2–3.0 28–50 2–6 (Engelberg and Kohn, 
1991)

Zhen-ding et al. (2009) suggested that combining the advantages of SF and chi-
tosan, the SFCS scaffold should be a prominent candidate for soft tissue engineering, 
especially liver tissue engineering (Zhen-ding et al., 2009). It has been reported that 
chitosan could induce the conformational transition of SF from a random coil to a 
b-sheet structure (Park et al., 1999) and a polymer blend of these two biopolymers 
could also form a hydrogel having a semi-interpenetrating polymer network by using 
glutaraldehyde as a crosslinking agent (Kweon et al., 2001). 
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It has been reported that SF film has good oxygen permeability in its wet state 
(Minoura et al., 1990), which suggests promising applications of SF as wound dress-
ing, artificial skin, surgical sutures, and biocompatible devices with controlled drug 
release. However, SF in a dry state is very brittle and unsuitable for practical uses 
(Freddi et al., 1995). To overcome this limitation, SF has been reported to blend with 
other synthetic polymers, such as polyacrylamide (Freddi et al., 1999) and poly(vinyl 
alcohol) (Yamaura et al., 1990), or natural polymers, such as cellulose (Freddi et al., 
1995) and sodium alginate (Liang and Hirabayashi, 1992), to improve its mechanical 
and physical properties.

alginate
Alginate is a naturally occurring polysaccharide extracted from seaweed (Gombotz 
and Wee, 1998). Alginates are well established as food additives and as encapsula-
tion agents in biotechnology. Commercial production from harvested brown seaweeds 
commenced in the early 20th century. Brown seaweeds and only the two Gram-neg-
ative bacteria genera Azotobacter and Pseudomonas are capable of alginate produc-
tion. Alginates belong to exopolysaccharides and are non-repeating copolymers of b-
d-mannuronic acid (M) and a-l-guluronic acid (G) which are linked by 1–4 glycosidic 
bonds. The comonomer composition and arrangement strongly impact on the alginate 
material properties, which range in nature from slimy and viscous solutions to pseudo 
plastic materials. Alginate has the unique ability to form gels and is an excellent mem-
brane material. It is also chemically very stable at pH values between 5 and 10. In ad-
dition, a chitosan–alginate polyelectrolyte complex has been used to prepare devices 
used for the controlled release of drugs (Foldvari, 2000; Mi et al., 2002; Ribeiro et al., 
2005; Shu and Zhu, 2002). 

Alginates well meet the entire requirement for their use in pharmaceutical and 
biomedical applications. They have been largely used in wound dressings, dental im-
pression, and formulations for preventing gastric reflux. When alginate comes into 
contact with wound exudates, ion exchange occurs between the calcium ions of the 
alginate and the sodium ions in the exudates resulting in the formation of a gel on the 
surface of the wound. This gel absorbs moisture and maintains an appropriately moist 
environment that is considered to promote optimal wound healing. For these reasons, 
SF/alginate-blended sponge is likely to be an effective material that can be used for 
wound dressing and provide the necessary requirements for recovery. The SF and 
alginate have been proved to be invaluable natural materials in the field of biomedical 
engineering. It was revealed that SF/alginate-blended sponge treatment produced the 
most prominent wound healing effect as compared with either SF or alginate sponge 
treatment. It was found that the synergic effect of SF/alginate blended sponge is main-
ly involved in the promotion of re-epithelialization rather than collagen deposition. 

Furthermore, chitosan and alginate are also well known for accelerating the heal-
ing of wounds in humans (Qin, 2008; Ueno et al., 2001; Wang et al., 2002). These 
two kinds of polymer form complexes through chemical binding, after lyophilization, 
which creates the porous structure, the sponge formed to act as a topical applications 
matrix. Wound dressing based on alginic material is well known, in literature as well 
as from commercial point of view, in wound management (Paul and Sharma, 2004). 
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Calcium alginate being a natural haemostat, alginate based dressings is indicated for 
bleeding wounds. The gel forming property of alginate helps in removing the dressing 
without much trauma, and reduces the pain experienced by the patient during dressing 
changes. It provides a moist environment that leads to rapid granulation and re epi-
thelialization. In a controlled clinical trial, significant number of patients dressed with 
calcium alginate was completely healed at day 10 compared with the members of the 
paraffin gauze group. Calcium alginate dressings provide a significant improvement in 
healing split skin graft donor sites (O’Donoghue et al., 1997). 

In another study with burn patients, calcium alginate significantly reduced the pain 
severity and was favored by the nursing personnel because of its ease of care. The 
combined use of calcium sodium alginate and a bio-occlusive membrane dressing 
in the management of split-thickness skin graft donor sites eliminated the pain and 
the problem of seroma formation and leakage seen routinely with the use of a bio-
occlusive dressing alone (Disa et al., 2001). A dressing with an optimal combination 
of chitosan, alginate and poly ethylene glycol containing a synergistic combination of 
an antibiotic and an analgesic was studied on human subjects with chronic non-healing 
ulcers. It was observed that this material made the ulcer cleaner and had beneficial 
effect in the control of infection. Application of chitosan wound dressing made the 
chronic ulcers heal faster and also the ulcers became sterile than usually by take of lo-
cal applications. Alginate is currently used for a variety of industrial purposes, and the 
production was hitherto exclusively based on brown seaweeds. However, the possibil-
ity to engineer bacterial production strains capable of producing tailor-made alginates 
for medical applications especially has become increasingly attractive. In addition, 
engineering of alginate molecules, by tailor-making their composition and properties 
or by introducing cell-specific signals, represents an important step forward for future 
novel application in the biotechnology field.

CoNClusioN

This review highlights the uses of chitosan-based derivatives for various biomedi-
cal applications. Chitosan has offered itself as a versatile and promising biodegrad-
able polymer. In addition, chitosan possesses immense potential as an antimicrobial 
packaging material owing to its antimicrobial activity and non-toxicity. The functional 
properties of chitosan films can be improved when chitosan films are combined with 
other film forming materials such as SF, alginate and other biopolymers. All these 
studies indicate that, in the near future, several commercial biomedical products based 
on silk fibroin and chitosan will be available in the world market.

KeyWords

 • alginate

 • Biomedical

 • Chitin

 • Chitosan

 • silk fibroin

Ap
pl

e 
Ac

ad
em

ic
 P

re
ss

 

Au
th

or
 C

op
y



Ap
pl

e 
Ac

ad
em

ic
 P

re
ss

 

Au
th

or
 C

op
y



Chapter 3

Chitosan-based materials in Waste Water 
treatment––recent developments
Hemlatha R., Shanmugapriya A., and Sudha P. N.

iNtroduCtioN

Contamination of aquatic media by metal ions is a serious environmental problem, 
mainly due to the discarding of industrial wastes (Bose et al., 2002; Baraka et al., 
2007). Heavy metals are highly toxic even at low concentrations and can accumulate 
in living organisms, causing several disorders and diseases (Aksu, 2005; Crini, 2006; 
Forgacs et al., 2004). Metals can be distinguished from other toxic pollutants, since 
they undergo chemical transformations, are non bio-degradable, and have great envi-
ronmental, economic, and public health impacts (Kozlowski and Walkowiak, 2002; 
Rio and Delebarre, 2003).

tyPes oF treatmeNts

Heavy metals are not bio-degradable and tend to accumulate in living organisms, caus-
ing diseases and disorders (Vander Oost et al., 2003). The presence of heavy metals 
in water should be controlled. Different technologies and processes are currently used 
such as biological treatments (Pearce et al., 2003), membrane processes (Vander Bruggen 
and Vandecasteele, 2003), advanced oxidation processes (F-Al Momani et al., 2002) 
and adsorption procedures (Robinson et al., 2002) which are the most widely used 
technologies for removing metals and organic compounds from industrial effluents. 
Adsorption is now recognized as an effective, efficient and economic method for de-
contamination applications and separation analysis.

adsorption 
The conventional methods such as chemical precipitation, oxidation, reduction, filtra-
tion, ion exchange, membrane separation, and adsorption (Mohan and Pittman, 2006). 
Ion exchangers and membrane separation are relatively of very high cost (Nomanbhay 
and Palanisam, 2005). Adsorption is the most frequently applied technique owing to 
its advantages such as variety of adsorbents materials and high efficiency at a relative-
ly lower cost (Babel and Kurniawan, 2003). Although, activated carbon is one of the 
most popular adsorbents for removal of metal ions, it is not supported now owing to 
its high cost. Current investigations tend towards achieving high removal efficiencies 
with much cheaper non-conventional materials which are mostly abundant in biologi-
cal matter.
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activated Carbon as an adsorbent
The first introduction for heavy metals removal, activated carbon has undoubtedly 
been the most popular and widely used adsorbent in wastewater treatment applications 
throughout the world (Babel and Kurniawan, 2003). This capacity is mainly due to its 
structural characteristics and porous texture, which gives it a large surface area and its 
chemical nature, which can be easily modified by chemical treatment in order to in-
crease the properties. However, activated carbon, presents several disadvantages. It is 
non-selective, quite expensive, and higher the quality, greater the cost. The regenera-
tion of saturated carbon by thermal and chemical procedure is also expensive, and re-
sults in loss of the adsorbent. This had led many workers to search for more economic 
and efficient adsorbents. Due to the problems mentioned above, research interest in 
to the production of alternative sorbents to replace the costly activated carbon has 
intensified in recent years. Attention has focused on various adsorbents, in particular 
natural solid supports, which are able to remove pollutants from contaminated water 
at low cost (Crini, 2005).

Natural-polymers as adsorbents
Recently numerous approaches have been studied for the development of cheaper and 
more effective adsorbents containing natural polymers. The removal of metals, com-
pounds and particulates from solution by biological material is recognized as an exten-
sion to adsorption and is named as biosorption (Boddu et al., 2003). Many biosorptive 
agents such as fungi (Acosta et al., 2004), algae (Gupta et al., 2001), seaweeds (Elangovan 
et al., 2008; Kratochvil et al., 1998), microorganisms (Fan et al., 2008; Sahin and 
Ozturk, 2005), and several biopolymers (Bailey et al., 1999; Wu et al., 2008) have 
been utilized in the removal of heavy metals from wastewater. The polysaccharides 
are renewable resources which are currently being explored intensively for their appli-
cations in water treatment (Gupta and Ravikumar, 2000). Among the polysaccharide 
compounds such as chitin (Ravikumar, 2000), starch (WurzburgIn, 1986) and their 
derivatives, chitosan (Varma et al., 2004), deserve particular attention. These polysac-
charides are abundant, renewable, and biodegradable, low-cost and are the best choice 
in water treatment and useful tool for protecting the environment (Bolto, 1995). 

advantages of using Natural materials for adsorption
Generally, a suitable adsorbent for adsorption process of pollutants should meet sev-
eral requirements such as

(a) Efficient for removal of a wide variety of target pollutants,
(b) High capacity and rate of adsorption,
(c) Important selectivity for different concentrations,
(d) Granular type with good surface area,
(e) High physical strength,
(f) Able to be regenerated if required,
(g) Tolerant for a wide range of wastewater parameters, and
(h) Low cost.
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advantages of Biopolymers
The sorbents are low cost materials obtained from natural raw resources. The materi-
als are versatile in properties with repetitive functional groups; biopolymers provide 
excellent chelating and complexing materials for a wide variety of pollutants including 
dyes, heavy metals, and aromatic compounds. 

• The regeneration step is easy. 
• Biosorption, in particular chitosan, is an emerging technology that attempts to 

overcome the selectivity disadvantages of adsorption processes (Crini, 2005). 

ChitiN aNd ChitosaN

Chitin is the second most abundant natural biopolymer derived from exoskeletons of 
crustaceans and also from cell walls of fungi and insect (Peter in et al., 2005). The 
degree of acetylation in chitin can be as low as <10% and the molecular weight of this 
linear polysaccharide can be as high as 1–2.5*106 Da, corresponding to a degree of po-
lymerization of Ca 5,000–10,000. Chitosan is a product derived from N-deacetylation 
of chitin in the presence of hot alkali. In chitosan, the degree of deacetylation ranges 
from 40% to 98% and the molecular weight ranges between 5*104 Da and 2*106 Da. 
The degree of deacetylation and the degree of polymerization, which in turn decide 
molecular weight of polymer, are two important parameters dictating the use of chito-
san for various applications (Hejazi and Amiji, 2003). 

In spite of potential applications of chitin and chitosan, it is necessary to establish 
efficient and appropriate modifications to explore fully the high potential of these bio-
macromolecules. Chemical modifications of chitin are generally difficult owing to the 
lack of solubility, and the reactions under heterogeneous conditions are accompanied 
by various problems such as the poor extent of reaction, difficulty in selective sub-
stitutions, structural ambiguity of the products, and partial degradation due to severe 
reaction conditions. Therefore, with regard to developing advanced functions, much 
attention had been paid to chitosan rather than chitin (Jalal Zohuriaan Mehr, 2004).

Chitosan in Wastewater treatment
Chitosan is a well known solid sorbent for transition metals because the amino groups 
on chitosan chain can serve as coordination sites (Guibal et al., 1994; Onsoyed and 
Skagrud, 1990). In addition to binding ability, it has a high content of functional 
groups and is produced very cheaply, since chitin is the second abundant biopolymer 
in nature next to cellulose (Chaufer and Deratani, 1988; Geckeler and Volchek, 1996). 

As a functional material chitosan offers a unique set of characteristics like hy-
drophilic nature, biocompatibility, biodegradability, antibacterial properties, and re-
markable affinity to proteins. It is biologically inert, safe for humans and the natural 
environment (Li et al., 1992; Kubota and Kikuchi, 1998). Amine groups present in 
chitosan are strongly reactive with metal ions. Indeed, nitrogen atoms hold free elec-
tron doublets that can react with metal cations. Amine groups are thus responsible for 
the uptake of metal cations by a chelation mechanism. However, the amine groups are 
easily protanated in acidic solutions. Hence, the protanation of these amine groups 
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may cause electrostatic attraction of anionic compounds including metal anions (or) 
anionic dyes (Gibbs et al., 2003).

The binding mechanism of metal ions to chitosan is not yet fully understood. Vari-
ous processes such as adsorption, ion exchange, and chelation are discussed as the 
mechanism responsible for complex formation between chitosan and metal ions. The 
type of interaction depends on the metal ion, its chemistry and the pH of the solution 
(Guibal et al., 2000; Inoue et al., 1993). Metal anions can be bound to chitosan by elec-
trostatic attraction. It is likely that the chitosan-metal cation complex formation occurs 
primarily through the amine groups functioning as ligands (Roberts, 1992). It is well 
known that chitosan may complex with certain metal ions (Muzzarelli, 1977). Possible 
applications of the metal binding property are wastewater treatment for heavy metals 
and radio isotope removal with valuable metal recovery, and potable water purification 
for reduction of unwanted metals (Onsoyen and Skaugrud, 1990). Chitosan is a good 
scavenger for metal ions owing to the amine and hydroxyl functional groups in its 
structure (Alves and Mano, 2008; Sudha et al., 2008; Zhao et al., 2007).

Chitosan has a strong metal binding ability. It was found that their adsorption of 
uranium is much greater than of the other heavy metal ions (Sakaguchi et al., 1981). 
Chitosan, a polymer of biological origin has been reported to be an effective adsorbent 
for Cr (VI) removal from waste water (Bailey et al., 1999). Lasko and Hurst (1999) 
studied silver sorption on chitosan under different experimental conditions, changing 
the pH in the presence of several ligands (Dinesh karthick et al., 2009). Molybdate 
anions are selectively bound to chitosan in the presence of excess nitrate (or) chloride 
ions, with selectivity to chitosan in the presence of Ni2+, Zn2,,Cd2+ions, with selectiv-
ity coefficients in the range of 10–10,000 (Inger et al., 2003). Nair and Madhavan 
used chitosan for the removal of mercury from solutions and the adsorption kinetics 
of mercuric ions by chitosan was reported. The result indicates that the efficiency of 
adsorption of Hg2+ by chitosan depends upon the period of treatment, the particle size 
(Nair and Madhavan, 1984).

Jha studied the adsorption of Cd2+ on chitosan powder over the concentration range 
1–10 ppm using various particle sizes by adopting similar procedures as for the re-
moval of mercury (Jha et al., 1988). Mc Kay used chitosan for the removal of Cu2+, 
Hg2+, Ni2+, and Zn2+within the temperature range of 25°–60°C at neutral pH (Mc Kay 
et al., 1989). Further adsorption parameters for the removal of these metal ions were 
reported by Yang (Yang et al., 1984). Chitosan due to its high content of amine and 
hydroxyl functional groups has an extremely high affinity for many classes of dyes 
including disperse, direct, anionic, vat, sulphur, and naphthol (Crini and Badot, 2008; 
Martel et al., 2001). 

The absorption spectrometry measurements proved the occurrence of interaction 
between the chitosan and acid dye in an aqueous solution. By assessment of chitosan/
dye interaction it was possible to show that there is a 1:1 stoichiometry between pro-
tonated amino groups and sulfonate acid groups on the dye ions in low concentrated 
chitosan solutions. This interaction between chitosan and dye forms an insoluble prod-
uct. With the excess of chitosan in the solution, the dye can be distributed between 
the different chitosan molecules and the chitosan/dye soluble products remain in the 
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solution. Dye binding to chitosan involves mostly the adsorption on the active sites on 
chitosan macromolecules (Dragan Jocic et al., 2005).

modiFiCatioNs oF ChitosaN 

Modification of chitosan is to introduce special properties into these abundant bio-
polymers and enlarge their fields of potential applications (Hong-Mei Kang et al., 
2006). Physical and chemical modifications have been performed for improving metal 
sorption selectivity by template formation (or) the imprinting method (Baba et al., 
1998; Cao et al., 2001; Tan et al., 2001). 

Physical modifications
One of the most interesting advantages of chitosan is its versatility. The material can 
readily be modified physically, preparing different conditioned polymeric forms such 
as powder, nanoparticles (Van der Lubben et al., 2000), gel beads (Guibal et al., 1999), 
membranes (Wang and Shen, 2001), sponge (Mi et al., 2001), honeycomb (Amiaike et al., 
1998), fibers (Vincent and Guibal, 2000), hollow fibers (Agboh and Quin, 1997) for 
various fields of applications such as wastewater treatment, biomedical, textiles, and 
so on.

Chitosan Beads
Chitosan has a very low specific area ranging between 2 and 30 m2g-1 (Dzul Erosa 
et al., 2001). Glutaraldehyde cross-linked chitosan gel beads have a higher specific 
surface area around 180–250 m2g-1 (Milot, 1998). Gel bead conditioning significantly 
modifies the porous characteristics of the polymer, which may explain the differences 
in the sorption properties of the material (Guibal et al., 1995). The preparation of mag-
netic chitosan gel beads (Rorrer et al., 1993) offers interesting perspective for the treat-
ment of metal containing slurries. These kind of magnetic particles have been used for 
the recovery of cadmium and for dye sorption (Denkbas et al., 2002). 

Sorption equilibria of Cu2+, Ni2+, and Zn2+ from single and binary-metal solutions 
on glutaraldehyde cross-linked beads were studied at 20°C. The amount of metal sorp-
tion increased with increasing pH, confirmed the occurrence of competitive sorption 
of proton and metal ions (Ruey-Shin Juang et al., 2001). Liu prepared new hybrid 
materials that adsorb transition metal ions by immobilizing chitosan on the surface 
of non-porous glass beads. Column chromatography on the resulting glass beads re-
vealed that they have strong affinities to Cu (II), Fe (II), and Cd (II) (Liu et al., 2002, 
2003). Alginate-chitosan hybrid gel beads were prepared and shown to very rapidly 
adsorb heavy metal ions (Gotoh et al., 2004). Modified chitosan gel beads with phenol 
derivatives were found to be effective in adsorption of cationic dye, such as crystal 
violet and bismark brown (Chao et al., 2004). 

The cross-linked chitosan beads had very high adsorption capacities to remove the 
anionic dyes whose maximum monolayer adsorption capacity ranges from 1,911 to 
2,498 g/kg at 30°C. The adsorption capacities of the cross-linked chitosan beads are 
much higher than those of chitin for anionic dyes. It shows that the major adsorption 
site of chitosan is an amine group-NH2, which is easily protonated to form-NH3

+ in 
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acidic solutions. The strong electrostatic attraction between the-NH3
+ of chitosan and 

anionic dye can be used to explain the high adsorption capacity (Ming Shen Chiou et al., 
2004). Chitosan bead is a good adsorbent for the removal of Congo red from its aque-
ous solution and 1 g of chitosan in the form of hydro gel beads can remove 93 mg of 
the dye at pH 6 (Sandi pan Chatterjee et al., 2007). 

Membrane
Membranes and membrane processes were first introduced as an analytical tool in 
chemical and biomedical laboratories; they developed very rapidly in to industrial 
products and methods with significant technical and commercial impact. Today, mem-
branes are used on a large scale to produce potable water from sea and brackish water, 
to clean industrial effluents and recover valuable constituents, purity and to separate 
gases, and vapor in petrochemical process (Baker, 2004; Bhattacharya and Misra, 
2003).

Muzzarelli reported a decrease in the metal ion sorption efficiency of chitosan 
membranes compared to chitosan flakes and attributed this effect to a decrease in 
contact surface, despite the thickness of the membrane (Muzzarelli, 1974). Krajewska 
prepared chitosan gel membranes and extensively characterized their diffusion proper-
ties (Krajewska, 1996). The permeability of metal ions through these membranes was 
measured, Cu < Ni < Zn < Mn < Pb < Co < Cd <Ag (Krajewska, 2001). 

Cross-linked chitosan membranes with epichlorohydrin have been proposed to im-
prove pore size, distribution, mechanical resistance, chemical stability, and adsorption 
properties (Beppu et al., 2004; Vieira et al., 2006; Wan Ngah et al., 2002). The maxi-
mum Cr adsorption capacity occurred in epichlorohydrin-cross-linked chitosan at pH 
6 (Baroni et al., 2007). The removal of divalent metal ions including Cu(II), Co(II), 
Ni(II), and Zn(II) from aqueous solutions by chitosan enhanced membrane filtration 
was studied. At neutral condition the removal of Cu(II) was more efficient compared 
to other metals (Ruey Shin Juang, 1999).

Flakes 
Chitosan, a polymer of biological origin has been reported to be an effective adsorbent 
for Cr(VI) removal from wastewater (Ramnani, 2006; Rojas, 2005; Schmuhi, 2001). 
Cr(VI) removal ratio was optimized by surface response methodology. Accordingly a 
maximum of 92.9% Cr(VI) removal was attained at pH 3 with 13 g/l chitosan flakes 
from a solution initially concentrated as 30 mg/l (Yasar Andelib Aydin and Nuran 
Deveci Aksoy, 2009).

Maruca used chitosan flakes of 0.4–4mm for the removal of Cr(III) from waste-
water. The sorption of arsenate on to chitosan flakes has been studied (Maruca, 1982). 
The maximum adsorption capacity occurs at an initial pH 3.5 (Katrina et al., 2009). 
Chitosan was chemically modified by introducing xanthate group onto its backbone 
using CS2 under alkaline conditions. The chemically modified chitosan flakes was 
used as an adsorbent for the removal of Cd ions from electroplating waste effluent 
under laboratory conditions. The maximum uptake of Cd was found to be 357.14 mg/g 
at an optimum pH of 8 where as for plain chitosan flakes it was 85.47 mg/g (Divya 
Chauhan and Nalini Sankararamakrishnan, 2008). 
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Fibers
Scanty information is available onto the use of chitosan in fiber forms for wastewater 
treatment. Chitosan fibers were tested with aqueous solutions of copper sulfate and 
zinc sulfate for different periods of time to prepare samples containing different levels 
of metal ion contents. On chelation of metal ions the chitosan fibers gained substantial 
increase in the both dry and wet strength. The metal ions were readily removed from 
the chitosan fibers by treatment with an aqueous EDTA solution (Yimin Qin, 1993). 

The recovery of direct dye by adsorption on cross-linked fiber was developed and 
appeared technically feasible. The concentration of amino group fixed in the adsorbent 
phase was 3.30 mol/kg dry fibers. A typical direct dye, brilliant yellow was used. The 
breakthrough curves for adsorption of the dye were measured for different flow rates, 
bed heights, influent concentration of the dye, and temperature (Hiroyuki et al., 1997). 
Chitosan fibers have been studied for the recovery of dyes and amino acids (Yoshido, 
1993) but less attention has been paid to the use of this conditioning of the polymer for 
the recovery of metal ions.

Hollow Fibers 
Hollow fibers have recently received attention with the objective of performing the 
simultaneous sorption and desorption of the target metal. Hollow chitosan fibers were 
prepared and the system was used for the recovery of chromate anions. The hollow 
fibers were immersed in the chromate solution while an extractant was flowed through 
the lumen of the fiber. Chromate anions adsorbed on the fiber were re-extracted by the 
solvent extractant. The hollow fiber acts simultaneously as a physical barrier that can 
make the extraction process more selective. (Vincent, 2000, 2001) 

ChemiCal modiFiCatioNs

Recently, there has been growing interest in the chemical modifications of chitosan in 
order to improve its solubility and widen its applications (Heras et al., 2002; Kurita et al., 
1998; Sashiwa and Shigemasa, 1999). Chitin and chitosan have been modified via a 
variety of chemical modifications. Some authors have reviewed the methods (Kurita, 
2001; Van Luyen and Huong, 1996). Robert has explained the modifications reactions 
in his source-book, Chitin Chemistry. Of the various possible modifications, a few 
to mention are nitration, phosphorylation, sulphonation, xanthation (De Smedt  
et al., 2000), acylation, hydroxyalkylation (Van Luyen and Huong, 1996), Schiff’s 
base formation and alkylation (Avadi et al., 2003, 2004). These modification tech-
niques, as foreseen by Kurita will likely find new applications in some fields includ-
ing water treatment, metal cation adsorption, toiletries, medicine, agriculture, food 
processing, and separation (Kurita, 2001).

Derivatives of Chitosan
The high sorption capacities of modified chitosan for metal ions can be of great use for 
the recovery of valuable metals (or) the treatment of contaminated effluents. A great 
number of chitosan derivatives have been obtained with the aim of adsorbing metal 
ions by introducing new functional groups onto the chitosan backbone. The new func-
tional groups are incorporated into chitosan to increase the density of sorption sites, 
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to change the pH range for metal sorption and to change the sorption sites in order to 
increase sorption selectivity for the target metal (Alves and Mano, 2008).

Li reported the first synthesis of calixarene-modified chitosan. The adsorption 
properties of calixarene-modified chitosan were greatly varied compared with that of 
chitosan, especially with the adsorption capacity towards Ag2+and Hg2+, because of 
the presence of calixarene moiety (Li et al., 2003). Pyruvic acid modified chitosan 
had higher adsorption capacities for Cu2+, Zn2+, Co2+ than chitosan and salicylalde-
hyde modified chitosan. Chitosan benzoyl thiourea derivative has been synthesized 
and used successfully for the removal of the hazardous 60Co and 154Eu radio nuclides 
from aqueous solutions (Metwally et al., 2009). 

multiple modifications
There are some cases in which:

 (i)  The reactivity of chitin/chitosan itself is insufficient to participate in the de-
sired reaction.

 (ii)  The modified chitin/chitosan does not possess the desired properties.
(iii)  Some sites of chitin/ chitosan must be protected to sustain during the modi-

fication reactions. In such instants, there are two general approaches via 
chemical modification when the graft polymerization is a certain pathway to 
achieve desired characteristics:

  (a) ----In situ-and/ or post-treatment of the graft copolymer,
  (b)  Graft copolymerization onto a previously modified chitin/chitosan. So, 

the products may generally be referred to as multiple modified materials 
(Jalal Zohuriaan Mehr, 2004). Chitosan can be modified as cross-linked 
chitosan, blends, composites and its derivatives. 

Cross-linked Chitosan
Chemical modification of cross-linked chitosan through introduction of xanthate was 
investigated in order to achieve highly enhanced adsorption performance for lead ions 
under acidic solution conditions. The choice of xanthate group is due to the presence 
of sulfur atoms and it is well known that sulfur groups have a very strong affinity for 
most heavy metals, the metal-sulfur complex is very stable in basic condition (Divya 
Chauhan and Nalini Sankararamakrishnan, 2008). 

Cross-linking of chitosan has been performed with many reagents like formalde-
hyde, glutaraldehyde, ethylene glycol. Palladium sorption occured on glutaraldehyde 
cross-linked chitosan. The optimum pH for palladium sorption is close to pH 2 (Ruiz 
et al., 2000).Crown ether bound chitosan will have a strong complexing capacity and 
better selectivity for metal ions because of the synergistic effect of high molecular 
weight. Tang prepared the crown ether bound chitosan with Schiff’s base type. It had 
not only good adsorption capacities for metal ions Pb2+, Au3+, Ag+ but also high selec-
tivity for the adsorption of Pd2+ in the presence of Cu2+and Hg2+ (Tang et al., 2002). 
The spherical chitosan-tripolyphosphate chelating resins were used as sorbents for the 
removal of Cu(II) (Lee, 2001). 
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A new chitosan derivative has been synthesized by cross-linking a metal com-
plexing agent, [6, 6´-piperazine-1, 4 diyl dimethylene bis (4-methyl-2-formyl) phenol] 
with chitosan. Adsorption towards various metal ions such as Mn(II), Fe(II), Co(II), 
Cu(II), Ni(II), Cd(II), and Pb(II) were carried out at 25°C. The maximum adsorption 
capacity was 1.21 mmol/g for Cu (II) and the order of adsorption capacities for the 
metal ions studied was found to be Cu(II) > Ni(II) > Cd(II) > Co(II) > Mn(II) > Fe (II) 
> Pb(II) (Krishnapriya and Kandaswamy, 2009). 

Grafted Chitosan 
Among the various methods of modifications, graft copolymerization has been mostly 
used method. Grafting of chitosan allows the formation of functional derivatives by 
covalent binding of a molecule, the graft, on to the chitosan backbone. Chitosan has 
two types of reactive groups that can be grafted. First, the free amine groups on deacet-
ylated units and secondly, the hydroxyl groups on the C3 and C6 carbons on acetylated 
(or) deacetylated units. Recently researches have shown that after primary derivation 
followed by graft modification, chitosan would obtain much improved water solu-
bility, antibacterial and antioxidant properties (Xie et al., 2001, 2002) and enhanced 
adsorption properties (Thanou et al., 2001).

Grafting is a method wherein monomers are covalently bonded onto the polymer 
chain. Two major types of grafting may be considered as 

(i) Grafting with a single monomer.
(ii) Grafting with a mixture of two monomers. (Bhattacharya and Misra, 2004)
The grafting of carboxylic functions has frequently been regarded as an interest-

ing process for increasing the sorption properties of chitosan (Holme and Hall, 1991). 
Carboxylic acids have also been grafted on chitosan through Schiff’s base reactions 
(Guillen et al., 1992; Muzzarelli, 1985; Muzarelli et al., 1985; Saucedo et al., 1992). A 
Schiff’s base reaction was used for the grafting of methyl pyridine on chitosan in order 
to prepare a sorbent for precious metal recovery (Baba and Hirakawa, 1992), and also 
for copper uptake (Rodrigues et al., 1998). 

Becker prepared a sulfur derivative by a two step procedure consisting of pre-
reaction of chitosan with glutaraldehyde followed by reaction with a mixture of form-
aldehyde and thioglycolic acid .These sulfur derivatives have been successfully tested 
for the recovery of mercury and the uptake of precious metals, owing to the chelating 
affinity of sulfur compounds for metal ions (Becker et al., 2000). Sulfonic groups have 
been also grafted on chitosan to improve sorption capacity for metal ions on acidic 
solutions (Weltrowski et al., 1996). 

Chitosan grafted with poly (acrylonitrile) has been further modified to yield ami-
doximated chitosan, a derivative having a higher adsorption for Cu2+, Pb2+ compared 
to cross-linked chitosan (Kang et al., 1996). Recently, a great deal of attention has 
been paid to the grafting of crown ether on chitosan for manufacturing new metal ion 
sorbents using a Schiff’s base reaction (Peng et al., 1998; Tan et al., 2000). Azacrown 
ether grafted with chitosan and mesocyclic diamine grafted with chitosan crown ether 
showed high selectivity for Cu2+ in presence of Pb2+ ( Yang et al., 2000).
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Yang and Cheng (2003) have also reported the metal uptake abilities of macro 
cyclic diamine derivative of chitosan. The polymer has high metal uptake abilities, 
and the selectivity property for the metal ions was improved by the incorporation of 
azacrown ether groups in the chitosan. The selectivity for adsorption of metal ions 
on polymer was found to be Ag+> Co2+>Cr3+. These results reveal that the new type 
chitosan-crown ethers will have wide ranging applications for the separation and con-
centration of heavy metal ions in environmental analysis.

Chitosan grafted with poly(methylmethacrylate) is an efficient adsorbent for the 
anionic dyes (procion yellow MX, Remazol Brilliant violet and Reactive blue H5G) 
over a wide ph range of 4-10 being most at pH 7. The adsorbent was also found ef-
ficient in decolorizing the textile industry wastewater (Singh et al., 2009). Chitosan 
grafted with cyclodextrin, has ability to form complexes with a variety of other ap-
propriate compounds, and are very promising materials for developing novel sorbent 
matrices (Sreenivasan, 1998). Martel showed that the adsorption of textile dyes from 
the effluent can be carried out with CD grafted with chitosan derivatives. Moreover 
these systems have superior rate of sorption and global efficiency than that of parent 
chitosan polymer and of the well-known cyclodextrin-epichlorohydrin gels (Martel 
et al., 2001).

Composites of Chitosan
Silicate-chitosan composite shows the greatest adsorption of Cd(II) and Cr(II) at pH 
7. When Cr(II) was evaluated, pH 4 was optimal for its adsorption (Copello et al., 
2007). Steen Kamp investigated the capacity of Cu(II) adsorption on alumina/chito-
san composite, a new composite chitosan biosorbent prepared by coating chitosan, a 
glucosamine biopolymer, onto ceramic alumina (Steem Kamp et al., 2002). Chitosan 
coated on alumina exhibits greater adsorption capacity for Cr(VI). The ultimate capac-
ity obtained from the Langmuir model is 153.85 mg/g chitosan (Boddu et al., 2003). 

Chitosan/magnetite nano composite beads have the maximum adsorption capaci-
ties for Pb(II), and Ni(II) at pH 6 under room temperature which were as high as 63.33 
and 52.55 mg/g respectively. Chitosan magnetite nano composite beads could serve a 
promising adsorbent not only for Pb(II) and Ni(II) but also for other heavy metal ions 
in wastewater treatment technology (Hoang Vinh Tran et al., 2010).

Chitosan/polyurethane porous composite-based on chitosan, polyether polyols, 
and tolylene diisocyanate were prepared. Adsorption of Cu2+ and Cd2+ on CS/PU 
was studied with atomic adsorption spectroscopy. The removing rate of Cu2+ reached 
96.67% the removing rate of Cd2+ reached 95.67%; the adsorption capacity of CS/PU 
for Cu2+and Cd2+ was 28.78 mg/g and 25.32 mg/g, respectively. The selective adsorp-
tion of CS/PU for Cu2+is higher than that for Cd2+ when Cu2+and Cd2+ co-exist (Liu et al., 
2010). 

Chitosan/kaolin/nanosized Ỳ-Fe2O3 composites were prepared by a micro emul-
sion process and characterized by TEM, SEM, and WAXRD. Many pores and pleats 
were visible on the surface of the composites and provided a good condition for dye 
adsorption. Methyl orange was selected as a model anionic azo dye to examine the 
adsorption behavior of the composites. About 71% of methyl orange was adsorbed 
within 180 min, from 20 mg/l at ph 6 by 1.0 g/l adsorbent dosage. The composites can 
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be used as a low cost alternative for anionic dyes removal from industrial wastewater 
(Hua and Yue Zhu et al., 2010). A novel biocompatible composite (chitosan-zinc ox-
ide nanoparticle) was used to adsorb the dye like AB26 and DB78. It concluded that 
the CS/n-ZnO being a biocompatible, eco-friendly and low-cost adsorbent might be 
a suitable alternative for elimination of dyes from colored aqueous solution (Raziyeh 
et al., 2010).

The effect of temperature on adsorption of reactive blue 19(RB19) by cross-linked 
chitosan/oil palm ash composite beads was investigated. It was observed that the up-
take of this dye increased with increasing temperature (Masitah et al., 2009). A new 
type composite flocculant, polysilicate aluminum ferric-chitosan was prepared. The 
performance was analyzed by testing the removal of efficiency of Cu2, Ni2, Zn2, Cd2, 
and Cr6+of heavy metals wastewater. For different heavy metal ions, the best removal 
efficiency of Cr6+and Ni2+ were 100% and 82.2% respectively (Wu et al., 2010).

Blends of Chitosan
A N,O-Carboxy methyl chitosan/cellulose acetate blend nano filtration membrane was 
prepared in acetone solvent. It had been tested to separate chromium and copper from 
effluent treatment. The highest rejection was observed to be 83.40% and 72.60%, re-
spectively (Alka et al., 2010). A chitosan/cellulose acetate/polyethylene glycol ultra 
filtration membrane was prepared with DMF as solvent. It was focused to be efficient 
in removing chromium from artificial and tannery effluent wastewater. The highest 
rejection rate was responding (Sudha et al., 2008).Cross-linked chitosan/polyvinyl al-
cohol blend beads were prepared and studied for the adsorption capacity of Cd2+ from 
wastewater. The maximum adsorption of Cd(II) ions was found to be 73.75% at pH 6 
(Kumar et al., 2009).

The study of reuse of wastewater generated in the dyeing of nylon-6,6 fabrics 
and treated by adsorption process with nylon-6,6/chitosan (80/20) blend flakes were 
carried out. The efficiency in color removal of the adsorption process varied between 
97 and 98% with exception of yellow erinoyl effluents which gave 65%. The reuse 
of treated wastewater from polyamide dyeing under the tested condition is feasible 
although with some restriction for yellow especially (Barcellos et al., 2008).

Adsorption of Remazol Violet on to the chitosan grafted with polyacrylamide was 
optimized, kinetic and thermodynamic studies were carried out taking chitosan as ref-
erence. The chitosan grafted with polyacrylamide was found to be very efficient in 
removing color from real industrial wastewater (Vandana Singh et al., 2009). Highly 
porous adsorption hollow fiber membranes were directly prepared from chitosan and 
cellulose acetate blend solutions and were examined for copper ion removal from 
aqueous solution in a batch adsorption mode. X-Ray photoelectron spectroscopic 
study confirmed that the adsorption of copper ions on the CS/CA blend hollow fiber 
membranes was mainly attributed to the formation of surface complexes with the ni-
trogen atoms of CS in the hollow fiber membranes (Chunxiu liu and Renbi Bai, 2006). 

A new form of polymer blend, macroporous chitosan/poly vinyl alcohol foams 
made by a starch expansion process, exhibits the functionalities of chitosan while 
avoiding its poor mechanical properties and chemical instabilities. The chitosan/poly 
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vinyl alcohol foams demonstrated interconnected and open cell structure with large 
pore size from tens to hundreds of micrometers and high porosities from 73.6% to 
84.3%. Glutaraldehyde was employed to improve the retension of chitosan and copper 
adsorption of the chitosan/poly vinyl alcohol foams. While it increased the retension 
of chitosan and the adsorption capacities, glutaraldehyde decreased the pore size and 
porosity. The macro porous structure of the chitosan/poly vinyl alcohol foams indicate 
extensive application prospects in terms of the considerable adsorption of heavy metal 
ions (Xiao Wang et al., 2006). 

some limitatioNs iN usiNG Natural materials as adsorBeNts

* The adsorption properties of an adsorbent depend on the source of raw materials. 
The sorption capacity of chitin and chitosan materials depend on the origin of the 
polysaccharide, the degree of N-acetylation, molecular weight and solution properties 
and varies with crystallinity, affinity for water, percent deacetylation and amino group 
content (Kurita, 2001). These parameters determined by the conditions selected during 
the preparation control the swelling and diffusion properties of the polysaccharide and 
influence its characteristics (Berger et al., 2004).

*Chitosan-based materials have high affinities for heavy metal ions. Hence chito-
san chelation is a procedure of choice for extraction and concentration techniques in 
the removal of heavy metals. However, chitosan has low affinity for basic dyes.

*Pollutant molecules have many different and complicated structures. This is one 
of the most important factors influencing adsorption. There is yet little information 
in the literature on this topic. Further research is needed to establish the relationship 
between pollutant structure and adsorption in order to improve the sorption capacity.

The production of chitosan involves a chemical deacetylation process. Commer-
cial production of chitosan by deacetylation of crustacean chitin with strong alkali 
appears to have limited potential for industrial acceptance because of difficulties in 
processing particularly with the large amount of waste of concentrated alkaline solu-
tion causing environmental pollution. However, several yeasts and filamentous fungi 
have been recently reported containing chitin and chitosan in their cell wall and septa. 
They can be readily cultured in simple nutrients and used as a source of chitosan. With 
advances in fermentation technology chitosan preparation from fungal cell walls could 
become an alternative route for the production of this biopolymer in an ecofriendly 
pathway (Crini, 2005).

CoNClusioN

Environmental requirements are becoming of great importance in today’s society. 
Since, there is an increased interest in the industrial use of renewable resources such 
as starch and chitin, considerable efforts are now being made in the research and de-
velopment of polysaccharide derivatives as the basic materials for new applications. In 
particular, the increasing cost of conventional adsorbents undoubtedly make chitosan-
based materials one of the most attractive biosorbents for wastewater treatment. Re-
cent and continuing interest in these macro molecules is evident from the number of 
papers that appear each year in the literature on this topic.
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It is evident from our literature survey that chitosan and its derivatives have dem-
onstrated outstanding removal capabilities of metal ions as compared to other low-cost 
sorbents and commercial activated carbons. Biopolymer adsorbents are efficient and 
can be used for the decontamination of effluents, for separation processes, and also 
for analytical purposes. The literature data show that the sorption capacity, specificity 
and adsorption kinetics are mainly influenced by chemical structure and composition 
of the bio polymer, and also by the accessibility of chelating or complexing groups.

Despite the number of papers published on natural adsorbents for pollutants uptake 
from contaminated water, there is yet little literature containing a wholesome study 
comparing various sorbents. Infact, the data obtained from the biopolymer derivatives 
have not been compared systematically with commercial activated carbon or synthetic 
ion exchange resins, which showed high removal efficiencies, except in recent publi-
cations. In addition, comparisons of different sorbents are difficult because of incon-
sistencies in the data presentation. Thus, much work is necessary to better understand 
adsorption and the possible technologies in the industrial scale.
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Chapter 4

maize–Natural Fiber as reinforcement with 
Polymers for structural applications
Saravana D. Bavan and Mohan G. C. Kumar

iNtroduCtioN

Nature has provided an immense source of fibers to the human kind, and among them 
plant based fibers are in great importance because these plant natural fibers are available 
in abundance which are able to replace the synthetic fibers in the present composite 
field due to their low density, non-abrasive, good-insulation properties, recyclability, 
biodegradable, and other mechanical properties (Jacob and Thomas, 2008; Mohanty 
et al., 2001, 2005). The above mentioned properties make them superior over the syn-
thetic fibers or man-made fibers. Natural fibers are classified as plant fibers or veg-
etable fibers, animal fibers, and mineral fibers. Plant-based or vegetable natural fibers 
are lignocellulosic, consisting of cellulose micro fibrils in an amorphous matrix of 
lignin and hemicellulose (Sanadi et al., 1997). The fiber structure is hollow, laminated, 
with molecular layers and an integrated matrix. Fiber structure and properties of some 
agricultural residues is shown in Table1. Natural fiber reinforced polymer composite 
materials are an important class of engineering materials because they have better 
mechanical properties and ease of fabrication. Thermal properties of natural fiber re-
inforced polyester composites were carried out (Idicula et al., 2006) and indicated that 
the chemical treatment of the fibers reduces the composite thermal contact resistance.

Thermosetting resins are used today with plant fiber for panels suitable for inner 
door panels for the automotive industry and other applications in structures. The costs 
of these resins are low compared to thermoplastic resins and also the properties of the 
resin are well suited for structural application (Wool and Sun, 2005). Recently lot of 
research has been carried out on natural fibers using resin transfer molding (RTM) as a 
processing method of composites. Dynamic mechanical properties of sisal based natu-
ral fibers reinforced with polyester were investigated using RTM (Sreekumar, 2009, 
2009a). Vacuum assisted resin transfer molding (VARTM) techniques have been de-
veloped for fabricating small and large components but mainly for complex shapes. 
It also gives good surface finish to the particular part. It is best suited for low cost 
components of complex part which should be pressurized by external source. It uses 
atmospheric pressure as a clamp to hold the laminates together. 

Unsaturated polyester resins are the cheapest and best material in the compos-
ites industry and represent approximately 75% of the total resins used. Thermoset 
polyesters are produced by the condensation polymerization of dicarboxylic acids and 
difunctional alcohols (glycols). In addition, unsaturated polyesters contain an unsatu-
rated material, such as maleic anhydride or fumaric acid, as part of the dicarboxylic 
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acid component. The finished polymer is dissolved in a reactive monomer such as 
styrene to give a low viscosity liquid. When this resin is cured, the monomer reacts 
with the unsaturated sites on the polymer converting it to a solid thermoset structure. 

Natural fiber materials have a long history of use in construction since Egyptian 
period. They were widely used in straw bale houses and straw mud houses. Biologi-
cal renewable sources are novel materials for construction purposes (Herrmann et al., 
1998). Polymers are widely used as reinforcement in structures of civil construction, 
in strengthening of bridge girders, bridge decks, cable stayed bridges, columns, and 
walls (Sheikh, 2002; Uomoto et al., 2002). Researchers (Dweib et al., 2004, 2006) 
developed structural members like panels from natural composite materials that can be 
used for roofs, floors, or in low-commercial building. A bio-based material reinforce-
ment by natural fibers was carried out and these structural beams were successfully 
manufactured and mechanically tested giving good results.

The main aim of the work is to focus on maize fibers for reinforcement with ther-
mosetting polymers in the process of vacuum assisted RTM and examine the prepared 
composite material. Natural fibers reinforced polymers have large advantages such 
as high specific properties, high mechanical properties, low density, low weight, and 
low cost. The study focused much on maize stalk based fiber its chemical and thermal 
properties and also its influence in thermosetting polymers. 

table 1. Fiber structure and properties of some agricultural residues (Reddy and Yang 2005).

Fiber

Fiber Structure Fiber Properties

Cell dimensions
Crystallinity (%) Elongation (%) Moisture content (%)Length 

(mm)
Width 
(µm)

Corn husk 0.5–1.5 10–20 48–50 12–18 9

Sorghum Stalk 0.8–1.2 30–80 - - 8–12

Rice straw 0.4–3.4 4–16 40 - 6.5

Wheat straw 0.4–3.2 8–34 55-65 - 10

Barley straw 0.7–3.1 7–24 - - 8–12

Maize is also known as corn in many English speaking countries. They are widely 
used for many purposes like starch products, food, and fodder uses. Maize stems al-
most resemble bamboo canes and the internodes can reach 20–30 cm, the stems are 
erect conventionally 2–3 m in height with many nodes casting off flag-leaves at ev-
ery node. The top producing countries are United States of America, China, Brazil, 
Mexico, Indonesia, India, and other European countries.

Various researchers had found that stalk fibers have better properties than that of 
the other parts of plant fiber and indicated that they can be used for composite and oth-
er industrial applications (Reddy and Yang, 2009). Natural fiber composite laminates with 
distributed areca and maize stalk fibers using phenol formaldehyde were investigated 
(Kumar, 2008). Composite laminates were prepared with different proportions of phenol 
formaldehyde and fibers. Mechanical test such as tensile test, adhesion test, moisture 
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absorption test and biodegradability test were carried out and found that these compos-
ite materials have good tensile strength and are promising materials for packaging and 
other general structural applications. The chemical constituents of maize stalk fiber 
are shown in Table 2. The ultimate strength of the maize stalk fiber is 152 MPa. The 
stress-strain diagram for maize fiber is shown in Figure1.

table 2. Chemical constituents of maize stalk fiber (Reddy and Yang, 2005a).

Fibers
Chemical composition (%)

Cellulose Hemi cellulose Lignin Ash

Maize stalk 38–40 28 7–21 3.6–7.0

Figure 1. Stress–strain diagram for natural maize fiber (Kumar, 2008).

eXPerimeNtal WorK

Figure 2. VARTM processing of natural fiber composites.
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Maize stalk fibers are obtained from the farm field by local resources and it is 
cleaned manually and later thoroughly washed in running water and the fibers were 
sun dried. These fibers were decorticated properly and later chemically treated by 5% 
NaOH solution. The fibers were chopped into random pieces of uniform length. The 
obtained fibers were kept in an oven at around 60°C for 120 min and later used for 
the work. The natural fibers are now ready to use as a fiber material for processing. 
The VARTM method of processing composites is carried out efficiently with no voids 
and spaces around the mold. The laminate is sealed within an airtight envelope. When 
the bag is sealed, pressure on the outside and inside of this envelope is equal to the 
atmospheric pressure. The matrix material used is a thermosetting resin of unsaturated 
polyester resin mixed with methyl ethyl ketone peroxide as a catalyst and cobalt oc-
toate as a promoter. The detailed work is depicted in Figure 2. The composites pre-
pared were examined for integrity of fiber with the resin and confirmed that the maize 
fibers are suitable reinforcements for composites. 

results aNd disCussioNs

Plant based natural fibers are lignocellulosic, consisting of cellulose micro fibrils in an 
amorphous matrix of lignin and hemicellulose. To improve the incorporation of natu-
ral fibers into polymers and to have higher fiber/matrix interfacial adhesion, natural 
fibers can be altered by different physical and chemical treatments. 

Figure 3. Scanning electron micrographs of raw maize fiber.

Fiber samples were sputtered and placed in for analyzing using scanning elec-
tron microscope. Figure (3, 4) reveals the cross section of raw maize fiber. It has a 
thick layer of protective material and cellular deposits and also presence of lumen 
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in increasing the absorbency of the fibers. During, chemical treatment, the surface 
morphology of natural fiber changes and also the crystalline structure of cellulose is 
changed as shown in Figure 5. 

Figure 4. Scanning electron micrographs of cross-sectional view of maize fiber.

Figure 5. Scanning electron micrograph of alkali treated maize fiber.

Maize–Natural Fiber as Reinforcement with Polymers 41
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42 Natural Polymers, Biopolymers, Biomaterials, and Their Composites, Blends, and IPNs

Figure 6. TG/ DTG curve of maize fiber (alkali treated).

Thermal analysis of the fiber was carried out using Thermo Gravimetric Analyzer 
(TGA). Thermo gravimetric (TG) curves and derivative thermogravimetric (DTG) 
curves of the fibers were obtained by heating the samples under a nitrogen atmosphere 
at a heating rate of 10°C/min. The TG/DTG curves of maize fiber (alkali treated) is 
shown in Figure 6. It confirms the increase of thermal stability of the fibers. The TGA 
curve shows two stages of decomposition, initial stage can be due to the decomposi-
tion of cellulose and hemicellulose segments and the later stage due to the degradation 
of lignin and other alkali segments on the fiber surface. The DTGA curves show a 
single peak at 272°C which may be due to decomposition of some flexible segments.  

CoNClusioN

Vacuum bagging of maize natural fibers reinforced with polymers proved out to be 
a successful technique for initiating in small structural works. This kind of natural 
fiber composite reinforced polymers can be used in small existing low cost-structural 
applications. It can be potential substitutes for synthetic fibers in many applications 
where high strength and modulus are not preferred. Composite materials made from 
such natural fibers are in much demand in the present era since they are environment 
friendly green materials. 
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Chapter 5

Poly-β-hydroxybutyrate (PhB): a Biodegradable 
Polymer of microbial origin
N. S. Gangurde and R. Z. Sayyed

iNtroduCtioN

Plastics have been an integral part of our life. World wide production of plastics is 
about 180 million tonnes/year (mt/year) with Asia, Australia, and India accounting 
for about 33% of the output, Western Europe 25% and North America 29%. By 2012, 
global consumption of plastics is expected to increase from the current 180 mt/year to 
258 mt/year (Tuominen et al., 2002). Data released by the United States Environmen-
tal Protection Agency (2003) shows that somewhere between 500 billion and a trillion 
plastic bags are consumed worldwide each year. Less than 1% of bags are recycled. 
It costs more to recycle a bag than to produce a new one. The annual consumption of 
plastics in India is about to reach 4 kg/person/year, which is very small compared to 
a world average of 24.5 kg in 2000 and 12.5 kg for South and East Asia. But with a 
population of 1.0 billion people, the total demands for plastic in India are still around 4 mt 
and are growing fast. The current worldwide demand for plastics is in excess of 100 
mt/year. The disposal of petrochemical derived plastics poses a threat to our environ-
ment. Liberal use of large amount of non-biodegradable synthetic polymers has cre-
ated frightening scenario for environment. Further, more conventional petrochemical 
plastics are recalcitrant to microbial degradation. These non-degradable petrochemical 
plastics accumulate in environment at a rate of 25 mt/year. Therefore, replacement of 
non-biodegradable by biodegradable and eco-friendly polymers like Poly-b-hydroxy-
butyrate (PHB) will help to combat environmental problems created due to the use of 
synthetic polymers (Kumar et al., 2004). The PHB has been found as eco-friendly and 
best alternative biopolymer having variety of saturated or unsaturated and straight or 
branched chains containing aliphatic or aromatic side groups (Doi et al., 1992; Smet et al., 
1983). The PHB has been found as eco-friendly substitutes and ideal candidate for 
making biodegradable plastics since its physical characteristics are similar to those of 
petrochemical polyesters such as polypropylene, in the natural environment.

The PHB as a biodegradable thermoplastic has captured the attention for more 
than 30 years, due to their similar properties to various thermoplastics and elastomers, 
which have been used in consumer products, and completely degraded to water and 
carbon dioxide upon disposal under various environments (Choi and Lee, 1999). How-
ever, the inefficient and expensive production and recovery methods, lack of detailed 
knowledge about the cultural conditions regulating PHB production, need of gene 
transfer from efficient PHB producer to easily cultivable organisms have hampered 
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46 Natural Polymers, Biopolymers, Biomaterials, and Their Composites, Blends, and IPNs

their use for wide range of applications and therefore, need to be explored fully for the 
commercialization of PHB. 

It is easily degradable both aerobically and anaerobically by wide variety of bacte-
ria and can also be produced from renewable resources. Due to these and many other 
useful properties, it has found technical, commercial and biomedical significance. 

syNthetiC PlastiC Vs. Natural PlastiC

The production and use of natural plastic is generally regarded as a more sustainable 
activity when compared with plastic production from petroleum (petroplastic), be-
cause it relies less on fossil fuel as a carbon source and also introduces fewer, net-new 
greenhouse emissions if it biodegrades. They significantly reduce hazardous wastes 
caused by oil-derived plastics, which remain solid for hundreds of years, and open a 
new era in packing technology and industry.

While production of most bioplastics results in reduced carbon dioxide emissions 
compared to traditional alternatives, there are some real concerns that the creation of a 
global bioeconomy could contribute to an accelerated rate of deforestation if not man-
aged effectively. There are associated concerns over the impact on water supply and 
soil erosion and bioplastics represent a 42% reduction in carbon footprint. On the other 
hand, bioplastic can be made from agricultural byproducts and also from used plastic 
bottles and other containers using microorganisms.

syNthetiC PlastiC

A synthetic plastic material is a wide range of synthetic or semi-synthetic organic 
solids used in the manufacture of industrial products and daily living purpose. They 
are typically polymers of high molecular mass and monomers of plastics are synthetic 
organic compounds.

types of synthetic Plastic
There are two types of plastics, thermoplastics and thermosetting polymers. Thermo-
plastics are the plastics that do not undergo chemical change in their composition 
when heated and can be molded again and again, examples are polyethylene, polysty-
rene, polyvinyl polystyrene, polyvinyl chloride, and polytetrafluroethylene (PTFE). 
The raw materials needed to make most plastics come from petroleum and natural gas. 

Plastics can be classified by chemical structure, namely the molecular units that 
make up the polymer’s backbone and side chains. Some important groups in these 
classifications are the acrylics, polyesters, silicones, polyurethanes, and halogenated 
plastics. Common thermoplastics range from 20,000 to 500,000 MW. These chains 
are made up of many repeating molecular units, known as repeat units, derived from 
monomers; each polymer chain will have several thousand repeating units. The vast 
majority of plastics are composed of polymers of carbon and hydrogen alone or with 
oxygen, nitrogen, chlorine or sulfur in the backbone. Some plastics are partially crys-
talline and partially amorphous in molecular structure, giving them both a melting 
point and one or more glass transitions. The so-called semi-crystalline plastics include 
polyethylene, polypropylene, poly (vinyl chloride), polyamides (nylons), polyesters, 
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and some polyurethanes. Many plastics are completely amorphous, such as polysty-
rene and its copolymers, poly (methyl methacrylate), and all thermosets. 

table 1. Families of synthetic plastic.

Plastics families

Amorphous Semi-crystalline

Ultra polymers PI, SRP, TPI, PAI, HTS PFSA, PEEK

High performance polymers PPSU, PEI, PESU, PSU Fluoropolymers: LCP, PARA, HPN, PPS, 
PPA

Mid range polymers PC, PPC, COC, PMMA, 
ABS, PVC Alloys

PEX, PVDC, PBT, PET, POM, PA 6,6, 
UHMWPE

Commodity polymers PS, PVC PP, HDPE, LDPE

Natural PlastiC

Natural plastics/bio-plastics or organic plastics are special type of biomaterials, made 
from renewable biomass sources such as vegetable oil, corn starch, pea starch, or mi-
crobiota, rather than fossil-fuel plastics which are derived from petroleum. 

starch Based Plastics
Starch based plastics constituting about 50% of the bioplastics market, thermoplastic 
starch, such as plastarch material, currently represents the most important and widely 
used bioplastic. Pure starch possesses the characteristic of being able to absorb humid-
ity, and is thus being used for the production of drug capsules in the pharmaceutical 
sector. 

Cellulose Based Plastics
Cellulose bioplastics are mainly the cellulose esters like cellulose acetate, nitrocel-
lulose and their derivatives like celluloid. 

some aliphatic Polyesters
The aliphatic biopolyesters are mainly polyhydroxyalkanoates (PHAs) like the poly-
b-hydroxybutyrate (PHB), polyhydroxyvalerate (PHV), and polyhydroxyhexanoate 
(PHH). It not only resembles conventional petrochemical mass plastics (like PE or 
PP) in its characteristics, but it can also be processed easily on standard equipment that 
already exists for the production of conventional plastics.

Polylactic acid (Pla) Plastics
Polylactic acid (PLA) is a transparent plastic produced from cane sugar or glucose. The 
PLA and PLA blends generally come in the form of granulates with various properties, 
and are used in the plastic processing industry for the production of foil, moulds, tins, 
cups, bottles, and so on.
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Polyamide 11 (Pa 11)
The PA 11 is a biopolymer derived from natural oil. It is also known under the trade 
name Rilsan B. The PA 11 belongs to the technical polymers family and is not biode-
gradable. Its properties are similar to those of PA 12, although, emissions of greenhouse 
gases and consumption of non renewable resources are reduced during its production. 
It is used in high-performance applications like automotive fuel lines, pneumatic air-
brake tubing, electrical cable antitermite sheathing, flexible oil and gas pipes, control 
fluid umbilicals, sports shoes, electronic device components, and catheters.

Poly b-hydroxybutyrate and other Polyhydroxyalkanoates
Initially world came to know about PHB by discovery of Maurice Lemoigne of the 
Pasteur Institute, Paris in 1925 while studying Bacillus megaterium (Lemoigne, 1925). 
When PHB was extracted from the bacteria it crystallizes to form a polymer with 
similar properties to polypropylene as shown in Table 2 and is a biodegradable sub-
stitute for thermoplastics. The PHB is accumulated as a carbon reserve under nutrient 
limitation.

The PHB was found to be part of a larger family of poly(hydroxyalkanoates) or 
PHAs. The PHB is the first type of PHA to be identified (Lemoigne, 1925). The PHB is 
microbial polyester accumulated as lipoidic inclusions and that is osmotically inert of 
diameter 0.2 to 0.5 µm (Poirier et al., 1992). The P(3HB) inclusions contain approxi-
mately 97–98% P(3HB), 2% protein and 0.5% lipid. The lipid is a mixture of phospha-
tidic acid, triacetin, tributyrin, tripropionin, and other unidentified lipids (Kawaguchi 
and Doi, 1990). The P(3HB) granules in vivo are noncrystalline but once isolated are 
found to be 60–70 % crystalline. 

In these microbial PHB, the ester bond is formed between carboxyl groups of one 
monomer with the hydroxyl group of the neighboring monomer. The PHB is active 
and isotactic due to the (R) stereochemical configuration (Ballistreri et al., 2001; Lee 
et al., 1999). 

Extracted PHB are broadly divided into three classes, on the basis of Molecular 
weight (MW) after extraction, that are- 

(a) Low MW (Reusch, 1995; Reusch et al., 1986; Reusch and Sadoff, 1983), 
(b) High MW (Dawes, 1988; Dawes and Senior, 1973), and 
(c) Ultra-high MW PHB (Kusaka et al., 1997). 

The low MW PHB is widely accumulated by eukaryotes and archaebateria (Reusch, 
1992; Reusch and Sadoff, 1983) and having MW < 12,000 Da. It is also called com-
plexed PHB (cPHB). The MW of high MW PHB is in the range of 200,000–30,00,000 
Da which is actually depending on microorganism and growth conditions (Byrom, 
1994). In contrast to low MW PHB which accumulated as chloroform insoluble in-
clusion, high MW PHB is accumulated as water insoluble and chloroform soluble 
inclusion (Haung and Reusch, 1996). The Ultra high MW PHB is synthesized by re-
combinant E. coli when providing a specific growth condition (Kusaka et al., 1997). 
The MW of these polymers is >30,00,000 Da. It is particular use for blending and 
composite material. 
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According the carbon chain PHB is classified into two classes: 
a) Short chain lengths (SCL) are comprised of monomers with 3 to 5 carbon at-

oms per repeat unit
b) Medium chain lengths (MCL) are comprised of monomers with 6 to 14 carbon 

atoms in the repeat unit. The conversion of SCL to MCL resulted in a change 
in physical properties from crystalline to low crystalline elastomeric thermo-
plastics.

The PHB is distinguished primarily by its physical characteristics. It produces 
transparent film at a melting point higher than 130°C and is biodegradable without 
residue. The PHB can be synthesized and accumulated by Gram negative and also by 
wide range of Gram positive bacteria, cyanobacteria and archaea. But the extensive 
cross linking and the thick peptidoglycan layer present in the gram positive species 
enables the bacterium to retain cell wall and it is more difficult to disrupt such cells to 
isolate the intracellular PHB. Wallen and Rohwedder (1974) reported the identifica-
tion of polyhydroxyalkanoates other than P(3HB) especially poly-3-hydroxyvalerate 
P(3HV) and poly-3-hydroxyhexanoate P(3HHx). More than 80 different forms of 
PHAs can be synthesized by bacteria (Lee, 1996).

ProPerties oF PhB

Chemical structure and monomer composition are the most important factors in deter-
mining the physical and material properties of a polymer. Table 2 shows the properties 
of PHB in comparison of synthetic plastic.

(a) It is thermoplastic.
(b) It has biodegradability, easily degrade in natural environment
(c) Biocompatible and non-toxic
(d) Isotactic and optically pure
(e) Insoluble in water and high density
(f) Highly crystalline nature 
(g) Piezoelectric
(h) Produced from renewable sources

table 2. Properties of PHB.

Parameter Polypropylene (pp) PHB

Melting point Tm [0C] 171–186 171–182

Crystallinity [%] 65–70 65–80

Density [g cm–3] 0.905–0.94 1.23–1.25

Molecular weight Mw (x10-5) 2.2–7 1–8

Tensile strength [MPa] 39 40

UV resistance poor good

Solvent resistance good poor

Biodegradability - good

Poly-β-hydroxybutyrate (PHB): A Biodegradable Polymer 49
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deteCtioN oF PhB iNClusioNs IN VIVO 

Selection of efficient PHB producers among different microorganisms demands sim-
ple staining methods of PHB content estimation in living bacterial cells which can 
give preliminary indication for presence of PHB inside the cells. Different staining 
techniques are very useful for detection of physical state of PHB inclusion in vivo. The 
PHB inclusion is of 0.2–0.5 μm in diameter, in cytoplasm can be viewed microscopi-
cally due to their high refractivity (Dawes and Senior, 1973). 

sudan Black B staining
A simple technique of PHB in bacterial cells is of Sudan black b staining in which 
bacterial cells were subjected to staining after growth in deficient minimal medium. 
Under bright field microscope, granules of PHB which revealed the blue color gran-
ules against pink cytoplasm. The number of granules varies according to microbial 
cells. By this staining, a single granule can be stained properly and observed under 
microbial field (Schlegel et al., 1970). 

Phosphine r staining
This is fluorescent technique of PHB staining in which bacterial colonies are grown 
on a solid medium with the presence of phosphine 3R (lipophylic due). According to 
this staining, the fluorescence of colonies in UV light shows the presence of the poly-
mer. Colonies of the strains with the high content of the polymer produce bright-green 
fluorescence in UV light (Bonartseva, 2007). The method has been used for primary 
qualitative selection of the bacterial strains having high PHB content. Colonies of 
strains containing PHB in small quantities does not fluoresce. 

Nile Blue staining 
In this method, oxazine dyes like Nile blue A is used which exhibits a strong fluores-
cence under the fluorescence microscope (Ostle and Holt, 1982). Nile red can also be 
used to detect PHB in growing cultures (Spiekermann et al., 1999). However, during 
purification, the membrane surrounding PHB granules is lost, therefore, cannot be 
stained by this technique (Dawes and Senior, 1973). 

PhysioloGiCal role oF PhB

Physiologically, PHB is associated with the growth and cell division of bacteria. As 
PHB is stored as restored energy source, it directly relates with the physiological ac-
tive state of cell. Author has observed that PHB accumulation in Alcaligenes sp. and 
Pseudomonas sp. increases at the exponential phase of growth. This observation led 
to the conclusion that bacteria make and store PHB when nutrients get exhausted and 
when cell is at its higher stage of growth. A deficiency of nitrogen can initiate PHB 
biosynthesis. Sayyed et al. (2009) Sayyed and Gangurde (2010) have reported that 
Pseudomonas sp. RZS1 accumulated higher amount of PHB after 30 hr of growth 
(Figure 1) and A. faecalis after 24 hr of growth (Figure 2). 
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Figure 1. Growth and PHB production in Pseudomonas sp. RZS1 at different time interval.

Figure 2. Growth curve and intracellular accumulation and mobilization of PHB in A. feacalis.

PhB ProduCtioN

Conditions and Nutrient sources
The PHB accumulation in cytoplasm is due to the unbalance of essential nutrients, 
such as nitrogen, phosphate, potassium, iron, magnesium or oxygen. Feeding small 
quantity of nitrogen promotes accumulation of PHB than without nitrogen. The higher 
nitrogen leads to the intracellular degradation of PHB and also reduction of accu-
mulation. Sayyed and Chincholkar (2004) have reported maximum accumulation of 
PHB in A. faecalis by providing nitrogen deficiency. Similar results were reported by 
Sayyed and Gangurde (2010) for Pseudomonas sp. 

Growth Phase
The PHB accumulation is the growth associated property of bacterium, the exponen-
tial phase of culture shows higher state of PHB accumulation. In addition, it provides 
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the idea about PHB productivity profile of bacterium (Figure 1 and 2) (Sayyed et al., 
2009, Sayyed and Gangurde, 2010).

Carbon Source
Excess of carbon sources is required for efficient synthesis of PHA (Lee, 1996). Lee 
(1996) and Haywood et al. (1991) reported accumulation of PHB in P. olovarans from 
a carbon source containing 6–14 C atoms. Fluorescent pseudomonads have been re-
ported to utilize the organic acids like acetic acid and lactic acid effectively for the 
accumulation of PHB (Bitar and Underhill, 1990). Although, PHB accumulation was 
evident in pH range, 5.5–9, the level increased towards neutral pH with an abrupt 
decline beyond 8. Maximum PHB levels have also been reported around neutral pH 
(Byrom, 1994). Rapske (1962) observed that optimum pH for growth and PHB pro-
duction by A. eutrophus was 6.9. 

The PHB accumulation is directly proportional to the Carbon: Nitrogen ratio 
(Macrae and Wilkinson, 1958). The hydroxyl acid monomer units depend on the 
carbon source utilized. Bacteria such as Alcaligenes eutrophus utilize various C4 
and C5 sources to produce polymers with monomer compositions of 3HB, 4HB,  
3-hydroxyvalerate (HV), and 5HV (Anderson and Dawes, 1990). The C1-C9 alcohols 
and C2-C10 monocarboxylic acid have also been tested as nutrient sources and pro-
ceed useful for PHB production and found that PHB could be obtained with the odd 
number of carbon sources. 

On the other hand, PHB can be produced using renewable carbon sources such as 
sugars and plant oils. Various waste materials are also considered as carbon sources 
such as whey (Ahn et al., 2000; Wong and lee, 1998), molasses (Page, 1992; Page  
et al., 1997; Zhang et al., 1994) and starch (Hassan et al., 1998; Yu, 2001). Table 3 
shows the microorganisms producing PHB from different substrates.

table 3. Microorganisms producing polymers of Polyhydroxybutyrate from different substrates and 
biowastes.

Substrate Polyhydroxybutyrate (PHB)

Gram-Positive Reference Gram-Negative Reference

Glucose Bacillus  

Streptococcus
Streptomyces

Valappil et al., 2007;
 Porwal et al., 2008;
Kumar et al., 2009; 
Yuksekdag and Beyatli, 
2004; 
Valappil et al., 2007

Azotobacter 
Comamonas
Escherichia  
Pseudomonas
Ralstonia 
Vibrio 

Page and Cornish, 1993;
Lee et al., 2004;
Nikel et al., 2006, 
Bertrand et al., 1990;
Nurbas and Kutsal, 2004
Chien et al., 2007

Fructose Bacillus Kumar et al., 2009 Comamonas
Ralstonia 

Lee et al., 2004
Young et al., 1994

Sucrose Bacillus

Streptococcus

Kumar et al., 2009
Valappil et al., 2007 
Anil et al., 2007
Yuksekdag and Beyatli, 
2004

Alcaligenes
Comamonas
Vibrio 

Shi et al., 2007
Lee et al., 2004
Chien et al., 2007
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Substrate Polyhydroxybutyrate (PHB)

Gram-Positive Reference Gram-Negative Reference

Lactose Lactobacillus 
Streptococcus 

Yuksekdag and Beyatli, 
2004

Comamonas 
Hydrogenophaga 
Methylobacterium 
Paracoccus 
Pseudomonas 
Sinorhizobium 

Lee et al., 2004
Povolo and Casella, 2003 
Yellore and Desai, 1998
Povolo and Casella, 2003 
Young et al., 1994
Povolo and Casella, 2003

Fatty acids Bacillus Valappil et al., 2007,
Valappil et al., 2007

Brachymonas 
Comamonas 

Pseudomonas 
Spirulina 
Vibrio 

Shi et al., 2007
Lee et al., 2004;
Zakaria et al., 2008
Ashby et al., 2003 
Jau et al., 2005
Chien et al., 2007

Maltose Comamonas 
Protomonas 

Lee et al., 2004
Suzuki et al., 1986

Methanol Pseudomonas Young et al., 1994

Starch Azotobacter
Haloferax

Kim and Chang, 1998
Lillo and Rodriguez, 
1998

Glycerol E. Coli 
Methy lobac te -
rium 
Ralstonia 
Vibrio 

Nikel et al., 2008
Bormann and Roth, 1999
Bormann and Roth, 
1999
Chien et al., 2007

Xylose Burkholderia 
Methy lobac te -
rium

Silva et al., 2004
Kim et al., 1996

Agricultural 
Waste

Bacillus

Staphylococcus

Kumar et al., 2009 
Valappil et al., 2007; 
Wu et al., 2001;
Vijayendra et al., 2007
Wang et al., 2007

Alcaligenes
Azotobacter 
Burkholderia 
Escherichia  
Haloferax
Klebsiella 
Ralstonia 

Wang et al., 2007,
Page and Cornish, 1993
Silva et al., 2004
Liu et al., 1998
Huang et al., 2006
Zhang et al., 1994
Haas et al., 2008

Dairy Products Escherichia

Hydrogenophaga 
Methylobacte-
rium 
Pseudomonas 
Sinorhizobium 

Liu et al., 1998, 
Vijayendra et al., 2007
Povolo and Casella, 
2003
Yellore and Desai, 1998
Jiang et al., 2008
Povolo and Casella, 
2003

Oily Waste Ralstonia Kahar et al., 2004

table 3. (Continued)
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Substrate Polyhydroxybutyrate (PHB)

Gram-Positive Reference Gram-Negative Reference

Industrial  
Waste

Actinobacillus 
Bacillus 
Rhodococcus 

Son et al., 2004
Vijayendra et al., 2007 
Fuchtenbusch and  
Steinbuchel, 1999

Azotobacter 
Burkholderia 
Pseudomonas 

Cho et al., 1997
Alias  et al., 2005
Koller et al., 2008

Culture Systems 
Mixed cultures or co-culture systems have been recognized to be important for several 
fermentation processes. Several studies have claimed the integrity and effectiveness 
of the system using mixed cultures. To date, considerable efforts have been carried out 
about PHB production using mixed culture by many researchers, in general, the PHB 
production of mixed cultures as summarized in following Table 4 by providing differ-
ent growth conditions.

table 4. PHB production under different growth conditions.

Conditions PHB

Production (%)

References

Aerobic 70.79 Sayyed and Gangurde, 2010

Semi aerobic 7.5 Sayyed and Gangurde, 2010

Micro aerophilic 62.0 Ueno et al., 1993

Feast-famine (aerobic) 62.0 Beccari et al., 1998 

Feast-Famine Process 66.8 Dionisi et al., 2001 

Fully aerobic 70.0 Punrattanasin, 2001 

Feast-Famine Process 78.5 Serafim et al., 2004 

Feast-Famine Process 37.9 M. Din et al., 2004 

Under these growth conditions, the mixed culture subjected to consecutive periods 
of external substrate accessibility (feast period) and unavailability (famine period) 
generates unbalanced growth. During the excess of external carbon substrate, the 
growth of biomass and storage of polymer occur simultaneously. 

Production of PhB from Waste material
A major limiting factor in the development of biodegradable polyesters is the expense 
associated with the carbon substrate used in the fermentation, which can account for 
up to 50% of the overall production cost of PHB. The PHB production schemes based 
on relatively inexpensive agricultural sources may contribute significantly to lower 
manufacturing costs (Hass et al., 2008).

table 3. (Continued)

Ap
pl

e 
Ac

ad
em

ic
 P

re
ss

 

Au
th

or
 C

op
y



PhB BiosyNthesis 

In the case of normal metabolism and cell growth, organisms convert glucose into 
two pyruvate molecules via the glycolytic pathway. Acetyl coenzyme A is synthe-
sized from this pyruvate, which then enters the citric acid cycle, releasing energy in 
the form of ATP, and GTP as well as NADH which then enters the electron transport 
chain and donates its electrons to O2,where the energy released is trapped in the form 
of ATP.

The PHB synthesis is nothing but the conversion of acetyl-CoA to PHB as a mech-
anism for storing carbon. The P(3HB) biosynthesis, is the three step biosynthesis path-
way, mainly consists of three enzymatic reactions catalyzed by three distinct enzymes. 
The enzymes are β-ketothiolase, acetoacetyl-CoA reductase and PHB synthase.

enzymes involved 
b-ketothiolase 
It catalyzes the first step in P(3HB) synthesis. It is a member of the family of enzymes 
of thiolytic cleavage of substrate into acyl-CoA and acetyl-CoA. The two acetyl CoA 
molecules are combined to form acetoacetyl-CoA catalyzed by 3-ketothiolase (acetyl-
CoA acetyl transferase)

It is divided into two groups; first group of thiolases fall into the enzyme Class 
EC.2.3.1.16 and the second group, belonging to enzyme Class EC.2.3.1.9. The first 
group is involved mainly in the degradation of fatty acids and is located in the cyto-
plasm of prokaryotes and in the mitochondria. The second type is considered to take 
part in P(3HB) biosynthesis (Madison and Huisman, 1999). 

In Ralstonia eutropha, two β-ketothiolases, enzyme A and enzyme B, have been 
discovered to take part in biosynthesis of PHB. Enzyme A is a homo-tetramer of 44-kDa 
subunits and enzyme B, a homo-tetramer of 46 kDa subunits. (Madison and Huisman, 
1999). Slater et al. (1998) have shown that enzyme B is the primary catalyzer for the 
P(3HB-3HV) formation. The enzymatic mechanism of β-ketothiolase consists of  bio-
logical condensation of two acetyl-CoA-moieties with formation of carbon-carbon bond. 

Acetoacetyl-CoA Reductase 
It catalyzes second step in the P(3HB) biosynthetic pathway by stereo-selective re-
duction of acetoacetyl-CoA formed by β-ketothiolase to 3-hydroxybutyryl-CoA. Two 
types of reductases are found in organisms (Haywood et al., 1988a, 1988b). First type 
is a NADH dependant reductase, EC.1.1.1.35, while the second type, EC.1.1.1.36, is 
a NADPH dependant. The former is a tetramer with identical subunits of 30 kDa. The 
latter is a homo-tetramer of 25 kDa subunits. (Schembri et al., 1994). 

P(3HB) Synthase 
The last reaction in the polymer formation is catalyzed by the enzyme PHB synthase 
which links D(-)-β-hydroxybutyryl moiety to an existing polyester molecule by an es-
ter bond. This key enzyme determines the type of PHB synthesized. The PHB synthase 
is soluble only as long as no PHB synthesis and accumulation occurs in an organism. 
It, however, becomes granule associated under storage conditions (Haywood, 1989). 
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Figure 3. Biological pathway of PHB production.

moleCular eXPressioNs oF PhB syNthesis GeNes 

expression in Bacteria
Many studies have demonstrated heterologous expression of PHB synthases into bac-
teria. R. eutropha PHB-- 4 (Schlegel et al., 1970) and P. putida GPp104 (Huisman et al., 
1991) are defective in phaC gene used for physiological studies and cloning experi-
ments which require only PHB synthase gene for accumulation and expression of PHB 
and such strains are easily identified by staining as mentioned earlier. 

E. coli is the widely acceptable host for cloning experiments which offers a well 
defined physiological environment for the production of recombinant proteins and 
other bioproducts because this bacterium is widely studied in detail. Among the differ-
ent strains of E. coli, XL1 blue and E. coli XL- B have been the best for PHB production 
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(Lee et al., 1994). The PHB biosynthetic genes of A. latus have been used to clone and 
produce PHB in E. coli (Choi et al., 1998) and resulted in better PHB production in E. 
coli compared to the PHB biosynthetic genes of R. eutropha.

In recombinant microorganisms, plasmid stability is of crucial importance for con-
tinued PHB production which is a problem associated with the expression of PHB 
biosynthetic gene in bacteria

expression in eukaryotic Cells 
Saccharomyces cerivisiae is the only eukaryotic organism which has been transformed 
to accumulate PHB so far with expression of the PHA synthase (phaC

Re
) of R. eut-

ropha in the S. cerivisiae cytoplasm. In contrast to E. coli and plants, yeast does not 
require the expression of β-ketothiolase and acetoacetyl-CoA reductase genes for the 
PHA accumulation and these steps are catalyzed by the native Erg10 and Fox2 pro-
teins, respectively, which are involved in β-oxidation but functioning as β-ketothiolase 
and acetoacetyl-Co A reductase (Leaf et al., 1996). 

expression in animal Cells 
Expression of PHB biosynthesis genes in animal cells has been achieved in the cells of 
insect Spodoptera frugiperda and Trichopulsiani. In Spodoptera, an alternative path-
way for the biosynthesis of PHB is created. The dehydratase domain mutant rat fatty 
acid synthase cDNA and phaCRe 

were expressed simultaneously which resulted into 
PHB synthesis (Williams et al., 1996). A baculovirus, Autographa californica nuclear 
polyhedrosis virus system has been also used to express PhaCRe 

in Trichopulsiani cells. 
These cells accumulated PHB synthase in 50% of the total cell protein. 

expression in Plants
The PHA biosynthesis genes from microorganisms have been successfully expressed 
in Arabidopsis thaliana (Nawrath et al., 1994; Poirier et al., 1992), Brassica napus 
(Valentin et al., 1999), Gossypium hirsutum (John and Keller, 1996), Nicotiana 
tabacum (Nakashita et al., 1999), Solanum tuberosum (Mittendorf et al., 1998) and 
Zea mays (Hahn et al., 1999). However, transgenic plants are impaired. For PHA bio-
synthesis in plants, phaCRe 

and phaBRe 
alone or together with phaARe 

have been used. 
Sometimes, phaA expression is not required because it is present in plants. Replace-
ment of phaARe 

by bkt BRe 
in plants enabled them to accumulate co-polymers (Slater 

et al., 1998; Valentin et al., 1999). Transgenic plants harbour PHB synthesis gene and 
found to accumulate PHB in various compartments of plant cells and tissues such as 
nucleus, vacuoles and cytoplasm. However, in case of transgenic plant, B. napus, PHB 
accumulation occurred in leucoplasts (Valentin et al., 1999). 

Transgenic plant may prove cost effective PHB producer because PHB are pro-
duced from carbon dioxide, water and sunlight. If efforts are concentrated on im-
proving this process, it may be possible to see bioplastic agriculture in the future and 
agricultural bioplastic products may appear in the market.
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isolatioN aNd PuriFiCatioN oF PhB

solvent extraction
The PHB is soluble in organic solvent; this property leads to the effective and higher 
PHB extraction from cells. Several solvents such as ch1oroform, dichloroethane, tri-
chloroethane, ethylene, hexane propanol, and acetone: alcohol have been in use for 
isolation and purification of PHB to solubilize the PHB. The treatment of methanol 
or acetone to biomass, before the solvent extraction leads to denature low molecular 
weight proteins which enhance the purity of PHB. 

Sodium hypochlorite was first used by Williamson and Wilkinson (1958) to iso-
late PHB granules from Bacillus cereus. However, sodium hypochlorite digestion of 
NPCM resulted in the lysis of cells without affecting the PHB. Sodium hypochlorite 
purification method was affecting the sudanophilic properties and molecular weight of 
the polymer granules. 

The dispersion of chloroform and sodium hypochlorite is also used for the ex-
traction of PHB. By this method, the degradation of PHB by sodium hypochlorite 
is slightly reduced but highly inconvenient for analytical purposes, which leads to 
improper data analysis. Extraction of PHB with a mixture of hexane and propanol 
resulted in poor recovery yield. 

The solvent system consisting of 1:1 mixture of ethanol and acetone is known to be 
specific for efficient recovery method capable of specifically lysing the NPCM without 
affecting PHB. Rawte and Mavikurve (2002) have also reported the usefulness of ac-
etone and ethanol in the extraction of PHA. However, author has reported that ethanol 
and acetone (1:1 v/v) is the best recovery method and gives high recovery yields. Table 5 
gives the comparative account of recovery yield of PHB with various methods.

table 5. Recovery of PHB with Different Recovery Methods.

Recovery Methods of PHB PHB Recovery Yield (gL-1) Reference

Acetone: Alcohol 5.6 Sayyed et al., 2009

Hypochlorite Digestion 1.34 Reusch et al., 1987

Chloroform extraction method 0.63 Choi and Lee, 1997

Dispersion method 1.1 Lee, 1996

An inconvenience for solvent extraction methods is that large volume of solvents 
and non-solvents are needed to extract and to precipitate the polymer. However, PHB 
recovery by solvent extraction resulted in a pure white very crystalline powder of high 
molecular weight.

enzymatic extraction
In 1964, Merrick and Doudoroff isolated PHB granules from B. cereus using lyso-
zymes and deoxyribonuclease to solubilize the peptidoglycans and the nucleic acids 
respectively. The enzymatic digestion of cell components usually released the nucleic 
acids in the suspension medium which made suspension highly viscous and impossible 
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to treat any further. Heating prior to the enzymatic digestion step is used to denature and 
solubilize the DNA. Following this pretreatment, several enzymes (alcalase, phospho-
lipidase, lecitase, and lysozymes) are used to solubilize the non-PHB cell components. 
The PHB from such an isolation procedure contain at least some cell debris. The purity 
can be achieved by an extra purification step by solvent extraction. 

aPPliCatioN oF PhB

Packaging
For preparation of films, blow molded bottles and paper, disposal items such as razors, 
utensils, diapers and feminine, PHB are used.

medical Field
Its slow and in vivo degradability proves it a potential candidate for use in reconstruc-
tive surgery. Development of cardiovascular products such as pericardial patches, vas-
cular grafts, heart valve. It can also be used for controlled drug release system. The 
4 HB units are pharmacologically active compounds, therefore are very suitable for 
treatment of alcohol withdrawal syndrome, narcolesy, chronic schizophrenia, cataton-
ic schizophrenia, atypical psychoses, chronic brain syndrome, neurosis, drug addiction 
and withdrawal, Parkinsons’s disease, circulatory collapse, radiation exposure, cancer, 
myocardial infarction, and other neuropharmacological illnesses.

disposable Personal hygiene
PHB can be used as sole structural materials or as parts of degradability plastics. 

tissue engineering scaffolds
The suitable material properties of PHB such as compatibility, support cell growth, 
guide and organize cells allow tissue in growth.

agricultural
The PHB are biodegraded in soil. Therefore, the use of PHB in agriculture is very 
promising. They can be used as biodegradable carrier for long-term dosage of insec-
ticides, herbicides, or fertilizers, seedling containers and plastic sheaths protecting 
saplings, biodegradable matrix for drug release in veterinary medicine, and tubing for 
crop irrigation. Here again, it is not necessary to remove biodegradable items at the 
end of the harvesting season.

KeyWords

 • Bioplastic

 • lysozymes

 • Petrochemical polyesters

 • Polyhydroxyalkanoate

 • Pyruvate molecules
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Chapter 6

Barrier Properties of Biodegradable Bacterial 
Polyester Films
Nadège Follain, Frédéric Chivrac, Florent Girard, and Stéphane Marais

iNtroduCtioN

With the increasing concern of human society to environmental and energy problems, 
the family of microbial synthesized polymers poly(hydroxyalkanoates) (PHA) have 
been attracting more and more attention in both academic and industrial fields due to 
their complete biodegradability and the renewable carbon resources used to produce 
them (Doi, 1990; Müller, 1993).

Undoubtedly, the use of long-lasting polymers for short-lived applications (pack-
aging, catering, surgery, hygiene…) is facing the global growing conscience relating 
to the preservation of ecological systems. Most of the today’s polymers are produced 
from petrochemicals and so are not biodegradable. Indeed, such alternative bio-based 
packaging materials have attracted considerable research and development interest 
for a significant length of time. In this context, tailoring new environment-friendly 
polymers based on PHA have numerous specific properties, which open new fields 
of applications. The PHA received increasing attention during the last decade due to 
its biodegradability, biocompatibility and physiologically benign behavior that makes 
them interesting for biomedical or food applications, for example. In the family of 
PHA, polyhydroxybutyrate (PHB) and its copolymers are the most produced and in-
vestigated products, and the molecular structure differences result in copolymers that 
are more ductile and processable than PHB. 

The aim of this study is to evaluate the potential of bio-based packaging materi-
als from microorganisms for film applications, and the most important properties can 
be narrowed down to four intrinsic properties of the material: mechanical, thermal, 
gas barrier and water vapor properties. This work will focus on the two latter proper-
ties which are few considered in the literature. To date, to our knowledge, very few 
researches, investigating barrier properties to diffusing water and/or gas molecules of 
PHA family, have been published despite some published studies devoted to biode-
gradable polyesters including PHA. Future bio-based materials must be able to mimic 
the gas and water vapor barriers of the conventional materials known today in the 
considered case of replacement materials. In addition, in storage or under operation 
conditions, polymer materials are often exposed to moisture and water molecules can 
penetrate a polymer matrix thus modifying its physical and transport properties. When 
compared to conventional polymers, PHBV copolymers showed a very good balance 
of barrier properties as regards to water and diffusing gas molecules. Besides, these 
copolymers have the great advantage of its moisture insensitivity and low hydrophilic 
character, common drawback of bio-based polymers. 
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62 Natural Polymers, Biopolymers, Biomaterials, and Their Composites, Blends, and IPNs

These copolymers have not found extensive applications in the packaging indus-
tries to replace conventional plastic materials, although there could be an interesting 
way to overcome the limitation of the petrochemical resources in the future. Techni-
cally, the prospects for PHA are very promising. It is noteworthy that developments 
are still being made.

materials, ProCessiNG, aNd methods

Currently, some biodegradable polyesters are synthesized and/or formed in nature by 
organism growth. Different classifications of these biodegradable polymers have al-
ready been proposed in the literature (Averous, 2004; Bordes, 2009) depending on the 
synthesis process. For our purposes, the main families of polyesters are extracted and 
highlighted in Figure 1. 

Figure 1. Biodegradable polyesters depending on the synthesis process. 

materials
In this section, the major features of biodegradable polyesters are reported and the 
chemical structures are reminded in Figure 2. 

Figure 2. Chemical structures of available biodegradable polyesters.
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Barrier Properties of Biodegradable Bacterial Polyester Films 63

Polyhydroxyalkanoates––PHA 
As pointed out by Lenz and Marchessault in an excellent review (Lenz and Marches-
sault, 2005), Lemoigne and co-workers published their observations and interpreta-
tions on PHA family at the time when Herman Staudinger was proposing the existence 
of high molecular weight molecules or polymers, which he termed “macromolecules”. 

From the simple PHB homopolymers discovered by Maurice Lemoigne in the 
mid-twenties, a family of over 100 different aliphatic polyesters of the some general 
structure has been identified (Lenz and Marchessault, 2005; Steinbüchel, 2003). The 
main features are reported in Figure 3. 

Figure 3. General structure of polyhydroxyalkanoates.

Depending on bacterial species and substrates used for feeding the bacteria and the 
conditions of growth, high molecular weight stereoregular polyesters have emerged as 
a new family of natural polymers, named polyhydroxyalkanoates. The way of sepa-
ration and purification may also have a certain influence. In addition, the attainable 
molecular properties, the molecular weight, and molecular weight distribution are de-
pendent on the bacterial fermentation conditions. 

This possibility of preparing various PHA as a function of the substrate was first 
revealed by De Smet and co-workers (De Smet, 1983). For example, the polymer con-
sisting principally of 3-hydroxyoctanoate units (PHO) can be formed from Pseudomo-
nas oleovorans in n-octane. And, the polymer with 3-hydroxybutyrate units (PHB) can 
be obtained from Alcaligenes eutrophus or from Azotobacter beijerinckii as reported 
by Schlegel and co-workers, and Dawes and co-workers, respectively (Oeding, 1973, 
Senior, 1973). This family can thus be produced in many grades, differing in composi-
tion, molecular weight, and other parameters. 
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Stanier, Wilkinson, and their co-workers (Macrae, 1958; Stanier, 1959; William-
son, 1958) have evenly reported that PHA acted as an intracellular food and energy 
reserve in bacteria. The polymer is produced by the cell in response to a nutrient limi-
tation in the environment in order to prevent starvation; in the case where an essential 
element is unavailable. The nutrient limitation activates a metabolic pathway activat-
ing the PHA production: PHA represented as carbon-storage polymers. 

The structure of PHA is based on polyester macromolecules bearing optically ac-
tive carbon atoms. In fact, PHA family present the same three-carbon backbone struc-
ture (Figure 3) but differing in the type of alkyl group at the third position. All these 
polyesters have the same configuration for the chiral center which is very important for 
their ensuing physical properties. All PHA are thus completely isotactic with the [R] 
configuration (Figure 4), as expected by Dawes and co-workers in 1989 (Haywood, 
1989). 

Figure 4. Poly(3-hydroxyburyrate) with R configuration.

Different structures, isotactic with random stereo sequences for these bacterial 
polyesters are then obtained. Although, PHB is the main polymer of PHA, differ-
ent poly(hydroxybutyrate-co-hydroxyalkanoates) copolyesters exist such as PHBV 
poly(hydroxyl butyrate-co-hydroxyvalerate), or PHBHx poly(hydroxybutyrate-co-
hydroxyhexanoate), PHBO poly(hydroxybutyrate-co-hydroxyoctanoate) and PHBOd 
poly(hydroxybutyrate-co-hydroxy octadecanoate).

Several serious drawbacks have hindered potential applications in numerous cases 
of PHB such as high glass transition temperature of PHB, its high crystallinity and 
large brittleness. Therefore, copolymers of PHB with hydroxyvalerate units have been 
developed showing an improved processing behavior, provides the possibility for 
technical use in many applications. Indeed, the first industrial production of PHBV 
took place (Holmes, 1981) although the patents on PHB as a potentially biodegradable 
polymer used in plastic industries had already been filed in 1962. In addition, to facili-
tate the film transformation, the PHBV is more adapted for the process. 

In the context of barrier properties against small molecules (gas like liquid mole-
cules) and to place some PHA polymers in an economic context, a comparison of their 
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Barrier Properties of Biodegradable Bacterial Polyester Films 65

properties is essential to ascertain their potential with those of conventional polymers 
commonly used such as polyethylene, polypropylene and with those of polyesters 
available in industry such as poly(lactic acid), polycaprolactone, for instance, that at 
the present time present the highest potentials due to their availability and low price. 
For that, an introduction of these polyesters is thereafter proposed. 

Other Bio-resources and Petroleum Based Polyesters
PLA – Lactic acid is an organic acid found in many products of natural origin such as 
animals, plants and microorganisms (Sodergard and Stolt, 2002). Industrially, lactic 
acid can be derived from intermediates with renewable origin or from chemical mole-
cules based on coal or oil. Lactic acid (2-hydroxypropanoic acid) is one of the smallest 
optically active molecules which can be either of L(+) or D(–) enantiomer monomers. 
The properties of lactic acid based polymers depended on the ratio and distribution 
of the two enantiomer monomers and can be varied to a large extent: 100% L-PLA 
present a high crystallinity and copolymers of poly(L-lactic acid) and poly(D,L-lactic 
acid) are rather amorphous (Perego, 1996). 

These polymers with high molecular weight (Albertsson and Varma, 2002) can be 
obtained by different routes such as the dimerization of polycondensated lactic acid 
into lactide (cyclic dimmer) or by ring-opening polymerization (ROP), as reported by 
Carothers and co-workers (Carothers, 1932). The polymers derived from lactic acid by 
polycondensation are generally referred to as poly(lactic acid) and the polymers result-
ed to lactide by ROP as poly(lactide). Both types are generally referred to as PLA. The 
PLA is presumed to be biodegradable, although the role of hydrolysis versus enzymatic 
depolymerization in the biodegradation process remains open to debate according 
to Bastioli (Bastioli 1998). But, according to Tuominen and co-workers (Tuominen, 
2002), PLA does not exhibit any eco-toxicological effect during its biodegradation. 

Indeed, a large number of biodegradable polyesters are based on petroleum re-
sources, obtained chemically from synthetic monomers and polycaprolactone, poly-
esteramide, or aliphatic/aromatic copolyesters can be distinguished. Generally, these 
petroleum-based polyesters are soft at room temperature since their glass transition 
temperatures are lower. 

PCL – The polycaprolactone is derived from ε–caprolactone by ring-opening po-
lymerization catalyzed by transition metal compounds. Tokiwa and Suzuki (Tokiwa 
and Suzuki, 1977) have reported that PCL can be enzymatically degraded in pres-
ence of fungi and the biodegradation process has been discussed by Bastioli (Bastioli, 
1998). 

PEA – The highest polar polyester is represented by polyesteramide which is syn-
thesized from statistical polycondensation between polyamide monomers with adipic 
acid. Different commercial grades, named BAK®, have been developed by Bayer but 
the production has been stopped in 2001. Contrary to PLA, PEA polymers have exhib-
ited a negative eco-toxicological effect during composting (Averous, 2004). 

Aliphatic and aromatic copolyesters – Large grades of copolyesters are obtained 
from the polycondensation of diols with dicarboxylic acid. Depending on the dicar-
boxylic acid used (terephtalic acid, adipic, or succinic acid), aromatic or aliphatic 
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copolyesters are synthesized. Aromatic like aliphatic copolyesters are estimated to-
tally degradable in microorganisms environment (Averous, 2004). 

Processing
From a practical point of view, chloroform and dichloromethane are commonly used 
for the extraction of PHB or its copolymers from the bacteria. The solubility of PHA 
polymers differs depending on their composition and is also the case during the pro-
cessing technology. 

Solvent Casting
In this context, Lemoigne and co-workers firstly showed that PHB polymer could 
be cast into a transparent film like the well-known cellulose nitrate material referred 
as collodion. The solution casting technique from 1-3% chloroform solution is con-
ventionally used to prepare polyester films. Kamaev and co-workers (Kamaev, 1999) 
reported the preparation of PHB film by using casting chloroform-soluble polymer. 
Tang and co-workers (Tang, 2008) studied the water transport properties of biomate-
rial incorporating PHBV (12 mol% HV) and nano-hydroxyapatite modified which is 
prepared by solution casting method from the dissolution in chloroform at 50°C to 
form 5 wt% polymer solution. 

In blend context, since PHB can easily decompose at temperatures near its melting 
temperature (PHB melting temperature around 180°C with processing temperature to 
be at least 190°C), the thermal stability of PHB is largely approached by some authors, 
particularly through PHB-polyester blends. In this context, Erceg and co-workers 
(Erceg, 2005) added aliphatic/aromatic copolyester to PHB film by using chloroform-
solvent casting method. They estimated that the thermal instability of PHB can be 
prevented by mixing it with biodegradable materials. 

Melt Processing
The PHA polymers can be considered as thermoplastic polymers and can be processed 
by conventional plastic forming equipment. Considering the melting point of PHB, in 
particular, its processing temperature should be at least 190°C. At this temperature, 
thermal degradation can proceed rapidly and consequently a pronounced effect on the 
ultimate properties may arise. As expected from PLA behavior, PHA polymers are 
sensitive to the process conditions such as the increase of shear level, the processing 
temperature and/or the residence time (Ramkumar and Bhattacharia, 1998). The major 
problem in the manufacturing of PHA polymers concerns the limited thermal stability 
during the melt processing which is mainly extrusion process. It is worth to note that 
a rapid decrease of viscosity and molecular weight due to macromolecular linkage can 
be observed under extrusion. This thermal degradation is generally described either 
by a cis-elimination or a trans-esterification. The ester groups tend to degrade into 
smaller fractions when exposed to heat even for short times. However, the presence of 
a second monomer in PHA copolymers such as PHBV has a certain stabilizing effect 
in thermal degradation. Wang and co-workers (Wang, 2008) reported their work on the 
mechanical and degradation properties of ternary PHBV blends in order to improve 
the toughness of PHB polymer by using a co-rotating twin-screw microcompounder 
having screw length of 150 mm, L/D of 18, and barrel volume of 15 cm3. 
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Precise conditions are required for industrial processing PHA polymers. For ex-
ample, Biomer (Germany) has recommended to process PHA polymers in two-step 
melt-state transformation, for Biomer products in particular: first, melting the product 
when its introduction into the equipment and, second, to carry out a gradual decrease 
of temperature in the next zones until the die: 185°C in zone 1 down to 150°C in zone 
4 and 145°C in the die for Biomer grade P226 (PHB polymer). As of hydroxyvalerate 
units incorporated into PHB polymer, the process temperatures were lower than that of 
PHB ones and was kept below 170°C. The temperature of the barrel at the bottom sec-
tion and of the injection molder (155°C) was kept below the melting point of PHBV 
(at around 157°C). Bhardwaj and co-workers presented the fabrication of eco-friendly 
green composites from PHBV with 13 mol% valerate units (Zeneca Bio Products from 
Biomer) by co-rotating twin-screw microcompounder extrusion (Bhardwaj, 2006). 
The temperature profile used for a perpendicular barrel at top, center, and bottom sec-
tions are 155°C, 160°C, and 155°C, respectively. The lower melting point of PHBV 
improves the melt stability and broadens the processing window of this polymer.

Therefore, melt processing should be limited to a narrow temperature window and 
alternative processing technologies can be developed, such as solid-state processing, 
in order to minimize thermal degradation. 

Solid-state Processing
Depending on the combination of pressures with temperatures used, the solid-state 
processing can resemble to powder sintering (metallurgy process) or to hot-press 
moulding. The solid-state processing consists in transform polymer powders at very 
high pressures and elevated temperatures but below the melting point. 

A two-step solid-state transformation by sintering powders has been described by 
Lüpke and co-workers (Lüpke, 1998) and its principles are also applicable to other 
PHA polymers than PHB. The authors estimated that the ultimate mechanical proper-
ties depend substantially on the initial molecular weight of polymer as well as on the 
processing temperature. A slight decrease of crystallinity was also reported. 

Chen and co-workers (Chen, 2007) reported the preparation of PHBV/hydroxy-
apatite nanocomposites by using hot-press molding for thermal and physical tests in 
order to consider potential medical applications. 

transport Properties methods
From published reports and studies, we can note that some technical procedures de-
pend on the background of scientific teams and available apparatus for sorption and 
permeation measurements (Alexandre, 2009; Erkske PEASC, 2006; Follain, 2010; 
JAPS, 1999a, 1999b; Marais, 1999; Miguel Yoon JAPS 77, 2000). In addition, the use 
of different equipments and dissimilar conditions for the measurements complicated 
the comparison of the different results obtained. 

Water Vapor Sorption
Water sorption isotherm is useful for predicting water sorption properties of polymer 
and allowed to provide little insight into the interaction between water molecules and 
polymer tested. 
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The conventional approach to perform water vapor sorption kinetics is based on 
the measurement of the film sample mass until reaching constant value corresponding 
to a saturation level in a hydrated environment. For each hydrated environment, the 
mass of sample is measured allowing to obtain the mass gain, expressed in percent, 
or, in other word, the water concentration, expressed in mass of water sorbed per 
mass of polymer or in mmol of water sorbed per mass of polymer, inside sample. The 
combination of mass gain at each humidity level leads to build the water vapor sorp-
tion isotherm. The water vapor sorption and the isotherm shape are depending on the 
moisture resistance of polymer and its ability to interact with water. 

By using Saturated Salt Solutions
After a drying time under vacuum, the polymer films were kept in saturated water va-
pors in separate containers at constant temperature during a period of time necessary 
for equilibrium saturation of the polymer film (Iordanskii, 1998, 1999). 

Appropriate saturated salt solutions were used to provide constant water activities 
(aw), or relative humidities, ranging from 0.05 to 0.98 according to standard UNE-EN 
ISO 483:1988. Ideal behavior is assumed, when activity is evaluated as the ratio of 
the water vapor pressure (pw) to the saturated water vapor pressure (psat

w)  at 25°C i.e.:  
aw = pw / psat

w. 
Technically, samples were periodically weighed and water sorption equilibrium 

was considered to be reached when no mass change occurred. Then, the water con-
centration in the films was calculated from the sorption data in the stated conditions. 
This technique is less widely used for the benefit of automated dynamic gravimetric 
sorption system. 

By using an Electronic Micro-balance
The water vapor sorption experiments were generally performed in a Cahn D-200 
electronic microbalance (with a sensitivity of 10-5g) enclosed in a thermostated reactor 
(Figure 5). The sample is placed in a pan and dried at 0% humidity. After reaching a 
plateau, the dry mass is achieved. Thereafter, the sample is exposed to vapor pressure 
and the mass gain is measured as a function of time until reaching the equilibrium 
state. The mass equilibrium is obtained at each humidity level tested. 

Figure 5. Contribution of an electronic microbalance for building sorption isotherm (Follain, 2010). 
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On the basis of water vapor isotherm, we can find three sorption modes. The first 
concave part of the curve indicates Langmuir-type adsorption behavior assuming a 
sorption on specific sites or micro-voids inside polymer (free volume). The follow-
ing linear part of the isotherm corresponds to a Henry-type process involving random 
adsorption by dissolution and diffusion of the water molecules inside polymer. The 
combination of Langmuir-type and Henry-type sorptions is commonly attributed to 
the dual-mode sorption in glassy polymers. The convex part of the curve corresponds 
to sorption of water molecules leading to the water clustering formation. Usually 
the combination of dual mode sorption with aggregation sorption corresponding to 
Park’s model was typical of water sorption in hydrophilic polymers. In general, the 
water sorption behavior in hydrophilic material is analyzed from BET (Brummer-Em-
met-Teller) isotherm, and in particular GAB (Guggenheim-Anderson-de-Boer) model. 

Water and Gas Permeation
The permeation properties of polymer film were studied with methods appropriate to 
the nature of the diffusing molecules. The water and gas diffusing molecules perme-
ation measurements can also be performed from different techniques. 

The gas molecules permeation measurements were carried out generally by the 
“time-lag” method, a variable pressure method, by using the permeation apparatus 
shown in Figure 6. The permeability coefficient, expressed generally in Barrer (10-10 
cm3STP cm/cm2 s cmHg), was calculated from the slope of the steady state line im-
parting the saturation level by taking into account the exposed area of the film and the 
vapor pressure difference across the two sides of the film. 

A preliminary high vacuum desorption was realized on both sides of the perme-
ation cell. Then the upstream compartment was filled with gas at determined pressure. 
In the downstream compartment, the increase of pressure was measured as a function 
of time by using a datametric pressure sensor communicating with a data acquisition 
system. 

Figure 6. Apparatus based on a barometric permeation method (Joly, 1999). 

Ap
pl

e 
Ac

ad
em

ic
 P

re
ss

 

Au
th

or
 C

op
y



70 Natural Polymers, Biopolymers, Biomaterials, and Their Composites, Blends, and IPNs

For water permeation, the measurements were carried out by using a pervaporation 
method. This differential permeation method allow to obtain the diffusion and perme-
ability coefficients by taking into account the exposed area of the film and the vapor 
pressure difference across the two sides of the film. 

The permeation flux through the film is measured as a function of time. The per-
meation cell consisted of two compartments separated by the polymer film. Both com-
partments were flushed by dry nitrogen gas in order to dry the polymer film. There-
after, a stream of water was introduced into the upstream compartment. The water 
concentration was measured in the downstream compartment by using a hygrometric 
sensor (a chilled mirror hygrometer) coupled to a data acquisition system.

Figure 7. Apparatus based on a differential permeation method (Alexandre, 2009; Marais, 1999). 

Both Water Sorption and Permeation
Different approaches were studied for obtaining both water sorption coefficient and 
water permeability coefficient. For that, some authors cut rectangular specimens of 
polymer films which are dried in vacuum oven at 50°C and their weight was measured 
until reaching no weight loss change. The films were immersed in a deionized water 
bath at 37°C. All specimens were weighed as a function of immersion time until the 
sorption process was complete. Then, the mass uptake at time t, and water solubility 
were calculated and thereafter water diffusivity, sorption and permeability coefficients. 

Vacuum Quartz Microbalance
The water diffusion and permeability coefficients can be measured from a two-com-
partment cell by using a vacuum quartz spring microbalance techniques at controlled 
temperature. Iordanskii and co-workers have described the water resistance–PHB con-
centration dependence with this technique for PHB/LDPE blends made by melting in 
a single-screw extruder (Iordanskii, 1999). The effect of hydrophilic groups on water 
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permeability was demonstrated. By virtue of limited water solubility in such poly-
mers, water diffusion in moderately hydrophobic polymers is a structurally sensitive 
process. The authors estimated that the crystalline structure of PHB led to the decrease 
of water diffusivity. 

Vapor Transmission Rate (Vpt) through Polymer Film
Some authors measured the vapor permeability by using a gravimetric cell (Miguel, 
1997) which is basically a small container partially filled with diffusing liquid mol-
ecules, and with a polymer film sealing its top. The permeation process is reflected as 
a reduction in the overall weight of the cell. When the diffusing liquid molecules come 
in contact with the film (the gravimetric cell is placed downward) liquid permeation 
can be measured. This technique can be used when transport properties against vapors 
of diffusing molecules that are liquids at normal pressures and temperatures are tested.

For example, with PHB film obtained by 3% chloroform casting method, Miguel 
and co-workers (Miguel, 1999) have followed the weight change by using a comput-
er-connected Sartorius analytical balance with a sensitivity of 10-5 g. Two different 
permeability coefficients have been calculated depending on the units in which the 
concentration gradient of the diffusing molecules is expressed. In both cases, the cal-
culated values took into account the exposed area and the partial water vapor pressure 
difference across the two sides of the film. The first coefficient that is the permeability, 
expressed in Barrer, is calculated from the steady-state slope of the permeation mea-
surement. The second coefficient corresponds to vapor transmission rate coefficient 
(VTR, expressed in g cm/cm2 s) related the driving force of the permeation process to 
diffusing molecules activity. The VTR coefficient is proportional to the actual flux of 
the diffusing molecules passing through the film. 

PhysiCal ProPerties

The purpose of this section is to compare the properties of PHA polymers with those 
of polyesters commercially available. In fact, the thermal properties of materials are 
important for processing and also during the use of the products derived from these 
materials as well as the physical and mechanical properties of these polymers in order 
to design novel eco-friendly films. The properties of some biodegradable polymers are 
gathered in Table 1 and data available for two most common polymers (LDPE, PP) are 
added for comparison. 

Due to its high degree of crystallinity of 60–80%, linear polyester PHB is a stiff 
material of high tensile strength and especially pronounced brittleness, although excel-
lent mechanical strength and tensile modulus are present. It can be seen that the prop-
erties of PHB are rather close to those of polypropylene, outperforming polyethylene 
in some parameters. The primary negative importance of PHB is represented by its 
very low deformation at break related to its brittleness and low toughness. These seri-
ous drawbacks have hindered potential applications of PHB. The reason for the PHB 
brittleness comes from large volume-filled crystals in the form of spherulites from few 
nuclei due to their high purity. This stiffness is reduced by introducing hydroxyvaler-
ate units. As observed in Table 1, the mechanical properties of PHBV were enhanced, 
whatever the hydroxyvalerate units used. In addition, these PHB copolymers showed 
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an improved processing behavior (Table 1), provides the possibility for technical use 
in many applications. Copolymers then exhibited properties much closer to those of 
LDPE. 

Interesting information can be obtained from the comparison with properties of 
various commercial biodegradable polyesters such as PLA (bio-resource based poly-
ester), and PCL, PEA, PBSA, PBAT polymers (petroleum-based polyesters) given in 
Table 1. The density of all these polyesters is similar and above unity. Concerning the 
glass transition temperature (Tg), most polyesters, including PHB copolymers, exhibit 
values below the room temperature explaining the rubbery state of these polymers. An 
exception can be made for PLA which presents Tg value higher than the room temper-
ature and thus leading to a glassy state to common temperature. That is why, polyesters 
can be considered as replacement of materials made from polyethylene and PLA for 
applications involving polystyrene. In addition, the melting temperatures of polyesters 
are within a reasonable range allowing a melt transformation of polyesters in order to 
tailor film materials. We can also note that the value of elongation at break for polyes-
ter materials is in relation with the glass transition temperature one: the highest value 
is obtained for the lowest glass transition temperature as exhibited by PBAT and PBSA 
polyesters in rubbery state. The same comment can be made for PCL polymer. 

As observed in Table 1 and in the literature, the properties of PHB copolymers 
can be adjusted by varying the hydroxyvalerate unit content. An increase of this con-
tent resulted in a decrease of the melt and glass transition temperatures, of the tensile 
strength and of the crystallinity. The PHB copolymers are in general much more duc-
tile and elastic than PHB. The crystallinity value for PHB copolymers is thus within a 
reasonable range common to thermoplastic polymers. Correlated with the crystallinity, 
the decrease of the glass transition temperature involved an increase of the elongation 
at break, even if the temperature value did not vary to a large extent. These results are 
in relation with the morphology based on a co-crystallization between hydroxyvaler-
ate and hydroxybutyrate units which takes place inside PHB copolymers with a slow 
crystallization rate involving thinner crystal lamellae than in PHB. 

table 1. Physical and mechanical properties of some conventional polymers and some biodegradable 
polyesters.

Density
Melting 

temperature 
(°C)

Glass  
transition

temperature 
(°C)

Crystallinity 
(%)

Young’s 
modulus 
(MPa)

Tensile 
strength 
at break 
(MPa)

Elongation 
at break (%)

PHB 1.25 175 4 60 3.5 0 5

PHBV 7 mol% HV

Monsanto - Biopol 
D400G

1.25 153 5 51 900 – 15

PHBV 13 mol% HV – 157.3 0.3 – 1186 25 10

PHBV 20 mol% HV – 145 –1 – 0.8 20 50

LDPE 0.92 110 –30 50 0.2 10 600

PP 0.91 176 –10 50 1.5 38 400
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Density
Melting 

temperature 
(°C)

Glass  
transition

temperature 
(°C)

Crystallinity 
(%)

Young’s 
modulus 
(MPa)

Tensile 
strength 
at break 
(MPa)

Elongation 
at break (%)

PLA

Dow-Cargill -  
Natureworks

1.25 152 58 0-2 2000 – 9

PCL 

Solvay – CAPA680
1.11 65 –61 67 190 14 > 500

PCL

Solvay – CAPA6500
– 59 – 41 383 36.1 668

PEA

Bayer - BAK1095
1.07 112 –29 33 262 17 420

PBSA

Showa - Bionolle3000
1.23 114 –45 41 249 19 > 500

PBAT

Eastman - Eastar Bio 
14766

1.21 110-115 –30 20-35 52 9 > 500

Source: Data extracted to Sudesh, 2000; Averous, 2004; Bardwaj, 2006; Duquesne, 2007. 

traNsPort ProPerties

The objective of this section is to describe the barrier properties of PHA polymers 
compared to common polymers and some commercially available polyesters. To 
achieve this objective, the transport properties of the polymer films have been per-
formed with diffusing molecules either at liquid state for sorption measurements or at 
gas and liquid state for permeation measurements.

Generally, water and carbon dioxide molecules, subjects of great importance in the 
field of packaging, are considered in the case of sorption measurements because poly-
esters contain ester groups on the backbone structure which can interact with water or 
carbon dioxide molecules. 

For permeation measurements, diffusing molecules are classified as a function of 
the difference in their kinetic diameter and their interaction capacity: nitrogen for its 
chemical inertia, carbon dioxide, dioxygen for their molecule diameter, and water for 
its ability to interact with the polymer. The permeation mechanisms depend on the 
chemical nature of the polymer and the diffusing molecules characteristics, explaining 
why barrier properties are classified according to the type of diffusing molecules. Most 
important external parameters are temperature and humidity affecting the behavior 
and the structure of both the polymer and the diffusing molecule. Therefore, it is of 
prime importance to know in which conditions tests have been carried out.

Water Vapor sorption
Even though results from different research teams are difficult to compare due to the 
differences in methods and measuring conditions, data shown in Figure 8 (data recal-
culated from original papers (Gouanve, 2007; Guptaa, 2007; Miguel, 1999a; Oliveira, 

table 1. (Continued)
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2006)) exhibit the following tendencies. There was no real significant difference in 
water sorption behavior between the PHBV copolymers. It can be stated that water 
sorption is practically independent of the hydroxyvalerate unit contents in the compo-
sition range studied in literature. The sorption results were close in magnitude of those 
of PLLA, PLA, and PCL polymers, for example. We can observe a slight reduction in 
water concentration compared with PET and PLA results. Of course, the water con-
centration of PLA, PCL, and PHBV polymers were larger than that of polypropylene 
since polyesters contain ester groups able to interact with water molecules. Indeed, 
these water sorption uptakes are the consequence of the affinity between the hydroxyl 
groups of the water molecules and the ester groups of the backbone even if the ob-
served values are quite low. The small hydrophilic nature and the semi-crystalline 
structure are primarily the reason for this water like behavior. Compared to PET fiber 
or PLA polymers, the water sorption capacity of PHBV polymers is slightly reduced 
due to a higher crystallinity degree.

Although, PHB and PHBV polymers are generally considered as hydrophobic 
polymers according to Iordanskii and co-workers (Iordanskii, 1999), it seems that 
bacterial polymers slightly interacts with water molecules explaining the water sorbed 
concentration inside the film. This hydrophilic character is a function of the ratio be-
tween dispersive interactions (hydrophobic effect) and hydrophilic interactions (polar 
and electrostatic effects) and depends on the morphology and degree of orientation of 
the anisotropic units inside film. The presence of imperfect crystallites inside polymer 
may result in the formation of sites (essentially accessible carbonyl moieties) for the 
absorption of water molecules. 

At higher water activities, the large water sorption uptakes are usually ascribed to 
the clustering of the water molecules inside the polymer to form aggregates because of 
the predominance of water-water hydrogen interactions over water-polymer hydrogen 
interactions. 

The dependence of the ambient humidity on PHBV polymers structure, even if the 
impact is small, can dramatically affect the thermal and mechanical properties. This 
changing behavior is commonly observed for natural polymers such as cellulose and 
starch, and for natural polyesters such as PLA and PCL. 

The CO2 sorption was investigated gravimetrically and the behavior proved to be 
linear for all PHBV polymers studied according to Miguel and co-workers (Miguel, 
1999b). The low sorption observed indicated that the PHBV polymers have good barrier 
properties mainly due to the high degree of crystallinity in this family of bio-resource 
based polymers. The authors mentioned a certain susceptibility of these polymers with 
respect to CO2 reflecting some kind of structural rearrangement induced by diffus-
ing molecules. In this case too, the values were comparable with those of common  
polymers. 

The CO2 and water sorptions induce similar trend for PHBV polymers due to the 
affinity of the backbone structure and the crystallinity degree exhibited. A major chal-
lenge for the material manufacturing concerns the resistance to moisture conditions. 
However, when comparing the water vapor resistance of various PHBV polymers to 
materials based on mineral oil, it becomes clear that it is possible to produce bio-based 
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materials with water vapor resistance comparable to the ones provided by some con-
ventional plastics. On the basis of these sorption results, PHBV polymers are promis-
ing materials for disposable packaging applications as it is also biodegradable.

Figure 8. Water Vapor Sorption of PHBV Polymers Reported at Three Water Activities Compared to 
Common Polymers and Others Polyesters At 25°C.
Recalculated from the original papers. 
Source: Miguel, 1999a; Oliveira, 2006; Gouanve, 2007; Guptaa, 2007. 
Note: PHBVX correspond to PHBV with X mol % of hydroxyvalerate units. 
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Water and Gas Permeation
The permeation mechanisms depend mainly on the chemical nature of the polymer 
backbone and the characteristics of the diffusing molecules. It is well-known that dif-
fusing gas molecules, except for CO2, have no, or at least very few, interactions with 
polymer materials. It is important to know the conditions of permeation measurements 
carried out however this information is unfortunately often forgotten in the literature. 
Added to this fact, few data about permeation in literature are available as well as in 
great diversity of units which makes it difficult to establish comparisons. 

Some selected data are presented in Table 2 with some common polymers. 

table 2. Gas Permeability of Common Polymers Available for Packaging Applications.

CO2 P (barrer) O2 P (barrer) N2 P (barrer) H2O P (barrer)

Linear PLA 96:4 (25°C)
Cargill–Dow Polymers
Crystallinity 1,5%

9.8 3.15 1.3 –

Linear PLA 98:2 (25°C)
Cargill–Dow Polymers
Crystallinity 2,5%

9.6 3.1 1.2 –

Linear PLA 96:4 (30°C)
Cargill–Dow Polymers 10.2 3.3 1.3 6200

PET (30°C) 0.2 0.04 0.008 130

LDPE (30°C) 28.0 6.9 1.9 72

PS (30°C) 10.5 2.6 2.2 –

PP (30°C) 2.9 – – 51

PHB (25°C)
Biomer P209
Crystallinity 40%

9.3 1.4 0.74 4743

PHB (25°C)
Biomer P226
Crystallinity 45%

2.3 0.5 0.13 2544

PHBV (25°C)
Tianan Y1000P
Crystallinity 57%

0.15 0.1 0.02 897

Data depended on temperature tested. 
Source: Williams, 1969; Rogers, 1985; Miguel, 1997; Lehermeier, 2001; Follain, 2010. 

Concerning gas permeation measurements, although PET, PLA, and PHBV 
copolymers are both polyester backbones, PET contains aromatic rings in the chain 
structure which reduces free volume and chain mobility. This results in the lower per-
meation for PET. The main difference between PLA and PHB polymers is based on the 
crystal organization inside material and the crystallinity degree which is found higher 
for PHB copolymers. This results in the lower permeation for PHB polymers. The 
measurements showed that crystallinity significantly impacts permeation process. The 
crystalline domains are thought to alter the diffusion pathway of diffusing molecules since 
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the permeation is assumed not to occur in and through a crystal (Tsujita, 2003) involv-
ing the improvement of the barrier properties of the materials. The barrier properties 
are based on tortuosity concept which is one of the most important parameters that 
increases molecule migration pathways and consequently limits permeability. Com-
pared to polymers with fossil origin, the barrier properties are increased due primarily 
to tortuous concept linked to presence of crystalline domains. 

Concerning water permeation measurements, the presence of ester groups in back-
bone structure induced water affinity leading to an increase of permeability coefficient, 
as observed with PLA. The PHA are thermoplastics with high degree of crystallinity. 
The crystalline structure affected the transport properties of PHA films directly. It 
provides valuable informations for interpreting the water vapor permeation properties. 
The water vapor permeability is thus related to the chemical structure and also to the 
morphology of the PHA films. The higher hydrophilic nature of polymer is enhanced, 
the higher the water resistance is reduced. The water affinity of PHBV polymers helps 
the diffusion of water molecules within the film due to water plasticization effect. But 
compared to bio-based polyester such as PLA, the permeabilities are lower. 

With moderate hydrophilic character such as PHBV copolymers, the water barrier 
properties are maintained close to values corresponding to medium barrier polymer for 
water. In particular, the permeation properties of PHBV copolymers reveal that they 
could serve as useful packaging material. The PHB copolymers showed the medium 
barrier properties with polar molecules and the highest with polar ones. 

We can observe that the same behavior is observed with the three diffusing gas 
molecules and the PHB films are more permeable to CO2 than O2 and N2 gas. This 
result is usually obtained whatever the polymer studied (Tsujita, 2003). The general 
behavior in permeation is maintained with bacterial based polymers. 

In conclusion, the barrier effects towards gas and liquid molecules are mainly at-
tributed to the tortuosity pathway through the polymer (due to the crystalline phase) 
independently to the hydrophilic character of polymer backbone structure. However, 
comparisons between different bio-based materials are complicated and sometimes 
not possible due to the use of different types of equipments and dissimilar conditions 
for the measurements. 

CoNClusioN

In this work, the relationship between structure, physical and transport properties of 
bio-resources polymers obtained from bacteria was analyzed, showing the high po-
tential presented by these eco-friendly polyesters. Currently, only three prominent 
polymers in PHA family [PHB, poly(3-hydroxybutyrate-co-3-hydroxyvalerate) and 
poly(3-hydroxyhexanoate-co-3-hydroxyoctanoate)] were produced to a relatively 
high concentration with high productivity. Because of its renewable character, its bio-
degradability, its low water affinity which is arguably the main advantages of PHA 
family, PHBV polymers can be considered in many applications by replacement of 
conventional polymers. In fact, PHBV copolymers exhibited properties much closer to 
those of polyethylene LDPE or polypropylene but their availability and price still can 
represent a hindrance for this family to be considered as serious competitors against 
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common polyolefins. The resistances to water, gas, and high temperature of PHBV are 
considered as excellent. Bacterially synthesized PHBV became attractive for applica-
tions in the biomedical materials and environmental friendly materials. The PHBV 
materials are able to mimic the water vapor barriers of the conventional materials 
known today, necessary properties for this type of applications. 
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 • dual-mode sorption

 • hydroxyvalerate units

 • macromolecules
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Chapter 7

silk Fibers and their unidirectional Polymer 
Composites
Mansur Ahmed, Md Saiful Islam, Qumrul Ahsan, and Md Mainul Islam

iNtroduCtioN

Natural fiber reinforced polymer composites have gained their popularity in the com-
posite research because of versatility and diversified nature of their applications (Gay 
et al., 2003). This is due to a range of potential advantages of natural fibers, espe-
cially with regard to their environmental performance. Natural fibers are renewable 
resources and even when their composite wastes are incinerated, they do not cause net 
emission of carbon dioxide to the environment. They are inherently biodegradable, 
which may be beneficial (Aquino et al., 2007; Singleton et al., 2003; Verpoest et al., 
2010). Among all the natural reinforcing fibrous materials, silk appears to be a promis-
ing fiber due to its high toughness and aspect ratio in comparison with other natural 
reinforcements. Moreover, the mechanical properties of silk fibers consist of a combi-
nation of high strength, extensibility, and compressibility. On the other hand, maleic 
anhydride grafted polypropylene (MAPP) and commercial grade polypropylene (PP) 
are commonly used matrices for fiber-reinforced composites due to their good interfa-
cial bonding properties (Karmarkar et al., 2007; Wambua et al., 2003).

In this chapter, both raw and alkali treated silk fibers are taken into consideration 
to characterize their properties first. The specific objective is to determine the modulus 
and strain to failure of the single silk fiber. Other aims of this work are to fabricate the 
unidirectional silk fiber reinforced polymer (MAPP and commercial grade PP) matrix 
composites by varying fiber volume fraction and to determine their mechanical prop-
erties such as tensile strength, flexure strength, impact strength, and hardness.

materials aNd methodoloGy

Collection of silk Fiber and Polypropylene resin
Silk fibers were collected from Sapura Silk Industries, Rajshahi, Bangladesh. Two 
types of silk––raw silk and alkali treated silk fibers were collected. Commercial grade 
PP resin was collected from a local chemical manufacturer and distributor. The MAPP 
was collected from Belgium.

specimen Preparation for tensile testing of Fibers
At first, single silk fibers (both raw and alkali treated silk) were chosen randomly, 
which were cut down a particular length at prior. The diameters of single fibers were 
measured using Scanning Electron Microscope (SEM). The fibers were stacked be-
tween two-paper frame, as shown in Figure 1, to conform good gripping to the clamps 
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of test machine and to provide straight direction during test. This paper frame was 
clamped in the machine jaws and cut the paper frame carefully before starting the test. 
The crosshead speed maintained for silk fiber was 3 mm/min and a 5 N load cell was 
used. A small tensile testing machine was used for testing with various span lengths of 
5, 15, 25, and 35 mm.

Figure 1. Specimens for tensile test.

Tensile strength is calculated by following formula:
 σ = Fmax/A (1)
where,
σ = Tensile strength
Fmax = Maximum force
A = Cross sectional area
Cross sectional area, A was measured by using this formula:
 A = π(d/2)2 (For jute fibers (Mitra et al., 1998)) (2)
where, d is diameter.
Young’s modulus, E was measured from the stress-strain curve.

Fabrication of Composites
Four types of composites were manufactured. Unidirectional silk fiber composites 
were made using PP and MAPP matrix. By varying fiber volume fraction (30, 35, 40, 
and 45%), 2 mm thick composites were manufactured. 

Steps for manufacture are given below:
(a)  At first, alkali treated silk fiber was weighted according to the required volume 

fraction needed. The required amount of weight of silk fiber was weighted.
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(b)  Sufficient amount of commercial PP was taken in a beaker and weighted. The 
20% MAPP was added with it. To prevent voids, water bubbles, poor fiber 
matrix adhesion, the PP was dried in an oven at about 100ºC for 3–4 hr.

(c)  Mold surface was cleaned very carefully and Teflon sheet was placed over the 
mold surface properly for the easy removal of the product. 

(d)  A layer of PP granule with MAPP was placed in a female mould and 2 mm 
thick die was placed surrounding the granule.

(e)  Then one layer of continuous fibers was aligned parallel to each other onto 
PP granule using glue at the edges of fiber (see Figure 2) and another layer 
of fibers was placed over prior layer. And so on to produce as required fiber 
volume fraction.

(f)  Finally, another layer of mixture of PP and MAPP was placed onto silk fiber 
layer.

(g)  The female mould with aligned fiber with PP was covered by a male mould 
with Teflon sheet.

(h)  Plates were placed in hot pressing machine, 185°C temperature and 85 kN 
pressure was applied simultaneously for about 15 min and then cooled slowly 
using water-cooling system.

(i)  At last, the specimen was carefully discharged from the mould.

Figure 2. Unidirectional silk fiber reinforced composite fabrication process. 

disCussioN aNd results

tensile testing of Fibers
Stress-strain curves of raw and alkali treated silk fibers (25 mm span) are shown in 
Figure 3. Also, uncorrected and corrected extrapolated curves (1/span vs. modulus, 
strain to failure and span vs. tensile strength) for the spans of 5, 15, 25, and 35 mm 
of raw and alkali treated silk fibers are shown in Figures 4–6. It seems that with an 
increase of span length, Young’s modulus increased for uncorrected curves. Some slip-
page portion occurs during tensile testing (which is called machine constant and de-
noted by (α). Larger span length helps to minimize the slippage portion (α) compared 
to smaller one as shown in Figure 7. Therefore, modulus of longer span is higher and 
strain to failure is lower than smaller span. Total slippage portion of the machine can 
be calculated by using the following equations:
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 ∆Ltotal = ∆Lfiber + ∆Lgrip (3)

 ∆Lfiber = σ Span/E0∆Lgrip = α.(A.σ) (4)

 α = (∆Ltotal – ∆Lfiber)/(A σ) (5)

Corrected modulus and strain to failure can be calculated by the following equations:

 αi = ∆Ltotal/F – L0/E0.Ai (6)

 ∆Ltotal/F = ε L0/σ Ai = 1/E L0/Ai (7)

Equations for strain correction:

 ∆Lgrip/L0 = αl (Aiσ)/L0 (8)

 ∆Lfiber/L0(Corrected) = (∆Ltotal/L0–∆Lgrip/L0) (9)

where,
αi = Machine constant for each fiber
L0 = Original span length
E = Young’s modulus (elastic modulus or E-modulus) for each fiber
E0 = Extrapolated modulus
Ai = Cross-sectional area for each fiber
F = Force 
ε = Strain
σ = Stress

On the other hand, tensile strength and strain to failure decreased with an increase 
of span length. As mentioned by Bledzki and Gassan (1999), the longer the stressed 
distance of the natural fiber, the more in homogeneity will be in the stressed fiber seg-
ment, weakening the structure. Thus, the strength decreased with fiber length. Tensile 
properties of silk fibers are summarized in Table 1. 

Figure 3. Stress-strain curves of silk fibers from tensile testing for 25 mm span length.
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Figure 4. Young’s modulus vs. 1/Span for silk fibers.

Figure 5. Strain to failure vs. span of silk fibers.

Figure 6. Tensile stress vs. span for silk fibers.

Figure 7. Alpha (α) vs. Span curve for silk fibers.
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table 1. Tensile properties of silk fiber.

Fiber types Average Tensile Stress (MPa) Average E-modulus (GPa) Average strain (%)

Raw silk 

Alkali Treated silk

227

319

9.56

15.45

23.53

25.67

surface morphology of Fibers
Surface morphology of raw and alkali treated silk fibers was observed by using SEM. 
It is shown in Figure 8. Raw silk surface contains fibroin and siricin (Figure 8(a)). 
Siricin is a hard and gummy matter that binds fibroin together. Fibroin gives the fiber 
strength. Fiber defects can be seen in Figure 8(b), which reduce the fiber strength. Silk 
fibers after treated with alkali show rather smooth surface and reduction in diameter as 
compared to raw fibers. Alkali treated silk fiber contains small amount siricin than raw 
silk. For that reason, alkali treated silk fibers give better properties than raw silk fibers.

Figure 8. Surface morphology of silk fibers (500X).

thermo-gravimetric analysis (tGa) of silk Fibers
From TGA curves of raw and alkali treated silk fibers (Figure 9), it is seen that raw silk 
fiber is stable up to 281°C and alkali treated silk fiber is stable up to 265°C.

Figure 9. Thermo-gravimetric analysis (TGA) curves of silk fibers.
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tensile testing of Composites
Stress-strain curves of unidirectional fiber-reinforced composites under longitudinal 
loading are represented in Figure 10. It is seen from this Figure that ultimate tensile 
strength (UTS), modulus and percentage elongation are maximum for fiber volume 
fraction at highest end (45%), because the load applied to the fiber direction. Longi-
tudinal strength is dominated by fiber strength. The stress-strain mode that operates 
for a specific composite will depend on fiber and matrix properties, and the nature 
and strength of the fiber-matrix interfacial bond. Figure 11 represents the comparison 
between theoretical and experimental strength and modulus; the experimental values 
are lower than theoretical values. This is due to the poor fiber-matrix interface and 
misalignment of continuous unidirectional fibers. Figure 12 shows that longitudinal 
strain increases with fiber volume fraction.

Figure 10. Stress-strain curve for composites under longitudinal loading.

Figure 11. Comparison between theoretical and experimental longitudinal strength and modulus.
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Figure 12. Comparison of longitudinal average strain.

Stress-strain curves of unidirectional fiber-reinforced composites under transverse 
loading are shown in Figure 13. With the increase of fiber volume fractions, UTS, 
modulus, and strain increases. A variety of factors will have a significant influence 
on the transverse strength; these factors include properties of the fiber and matrix, the 
fiber-matrix bond strength, and the presence of voids. Transverse UTS, modulus and 
strain is lower than longitudinal UTS, modulus and strain (Figure 14). Longitudinal 
strength depends upon the fiber strength and interfacial bonding between fiber and 
matrix. On the other hand, transverse strength depends upon the fiber-matrix interfa-
cial strength.

Figure 13. Stress-strain curve for composites under transverse loading.
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Figure 14. Comparison between longitudinal and transverse loading results.

microscopic observations of tensile specimens
The fracture surfaces of the tensile test specimens were examined by SEM. To study 
the surface morphology of the prepared composites, SEM photographs were taken 
for 30, 35, 40, and 45% fiber volume fraction, as shown in Figure 15. The SEM of 
fracture surface of composite indicates that fiber pullout occurs. This is due to lack of 
interfacial adhesion between silk and PP matrix. Due to intermolecular hydrogen bond 
formation between silk fibers and hydrophobic nature of PP matrix, hydrophilic silk fi-
bers tend to agglomerate into bundles (Figure 15(d)), and become unevenly distributed 
throughout the matrix. It is seen that for 40% fiber volume fraction composite, less 
fiber pullout happens, better interfacial adhesion between silk and PP matrix occurs.

Figure 15. SEM micrographs of fracture surface of silk fiber-reinforced composite with various fiber 
volume fractions (200X).
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Flexure testing of Composites
Stress-strain curves achieved from flexure test for four volume fractions are shown in 
Figure 16. It is observed from the Figure that the values of flexural strength, modulus, 
and strain increase with the increase of fiber loading, as shown in Figure 17 by a com-
parison. Longitudinal strength depends upon the fiber strength and interfacial bonding 
between fiber and matrix. On the other hand, transverse strength depends upon only 
the fiber-matrix interfacial strength.

Figure 16. Stress-strain curves for composites under longitudinal flexural loading.

Figure 17. Comparison between longitudinal and transverse flexural test results.

impact testing of Composites
It is apparent from the test result presented in Figure 18 that the impact strength in-
creases with the fiber loading. The impact strength is significantly more than that of 
PP polymer.
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Figure 18. Variation of impact strength with fiber volume fractions of composites.

hardness testing of Composites
It can be noticed from the hardness test results presented in Figure 19 that the hard-
ness increases with fiber loading. Hardness tests showed not very profound variation 
among all the composites.

Figure 19. Variation of hardness with fiber volume fractions of composites.

CoNClusioN

The physical and mechanical properties of raw and alkali treated silk fibers were eval-
uated first. Based on the experimental results, it can be concluded that the Young’s 
modulus of silk fibers increases when span length is increased. With an increase in 
the span length, tensile strength, strain to failure, and machine constant (α) decrease. 
In comparison of raw and alkali treated silk fibers, alkali treated ones give the higher 
Young’s modulus and tensile strength.
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Secondly, variation of properties by varying fiber volume fraction in the compos-
ites was observed. From the test results, it can also be concluded that composite con-
taining 45% volume percentage shows higher strength than other lower fiber volume 
fraction composites. It was expected that with the increase of fiber volume fraction, 
strength of the composites will increase. As fiber contains inherent defects, strength 
of single fibers is not constant and poor adhesion exists between fiber and matrix; 
strength is less than theoretical strength. Hardness measurement shows not much vari-
ation in varying fiber volume fractions. Impact energy was greater in higher volume 
fraction composites as compared to lower volume fraction ones. In conclusion, it can 
be said that silk fibers should be incorporated in highly aligned manner and parallel 
to each other to get substantial mechanical properties. Fiber volume fraction may be 
increased keeping in mind that these fibers are not entangled, defect free and do not 
impair proper wetting with the matrix phase.

KeyWords

 • longitudinal strength

 • Natural fibers

 • Polypropylene

 • scanning electron microscope

 • siricin

 • thermo-gravimetric analysis

 • ultimate tensile strength
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Chapter 8

Bionanocomposites for multidimensional Brain Cell 
signaling
Mark A. DeCoster, J. McNamara, K. Cotton, Dustin Green,  
C. Jeyasankar, R. Idowu, K. Evans, Q. Xing, and Y. Lvov

iNtroduCtioN

Cell communication in the brain is dynamic, including electrical and chemical com-
ponents. These dynamics are utilized for maintenance of the highly complex commu-
nication pathways within and between cells of the brain, both in health and disease. 
Bionanocomposites allow us to study brain cell function conceptually from 0 to 3 
dimensions (03D), with 0D representing the single cell, 1D representing a linear ar-
rangement of two or more connected cells, 2D including cellular surface areas in both 
X- and Y-dimensions, and 3D taking into consideration tissue scaffolds that include 
X-, Y-, and Z-dimensions. These considerations are shown conceptually in Figure 1.

Figure 1. Visualization of cellular networks.

Using bionanocomposites, we are investigating how both normal brain cells and 
brain tumor cells are communicating in multiple dimensions, identifying biocompat-
ible nanomaterials that can be used for experimental and modeling purposes. 
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Translational applications for this multidimensional approach include, for exam-
ple, engineered environments for assessing drug delivery to cells and tissues. For the 
brain, we are also taking into consideration the added complexity of two physiological 
factors. A first consideration is the bloodbrain barrier (BBB), which prevents passive 
diffusion of most chemicals from the bloodstream into the brain (Weiss et al., 2009). 
For this, we are including rat brain microvascular endothelial cells (RBMVECs) in 
our engineered culture environments. Second, in the brain (once past the BBB), there 
is a major interplay between multiple cell types, for example, between neurons and 
glial cells. 

We are considering the effect of the glial subtype, astrocytes on neuronal com-
munication. Using a predator-prey concept (Baxendale and Greenwood, 2010), 
where astrocytes are the predator taking up glutamate, and neurons are the prey re-
leasing glutamate, we are measuring the effect of astrocytes on intracellular calcium 
concentration([Ca2+]i)dynamics in these cultures. The ability to engineer the growth 
environments for both of these cell types will allow us to control both the ratio and 
position of these cell populations relative to each other, providing input control to the 
predator-prey model, backed up with experimental data. Using multiple nanotechnol-
ogy approaches we have been able to define engineered environments that have estab-
lished single glial cells (0D), connected networks of neurons, and networks of brain 
tumor cells (2D). In addition, we have recently used natural and bio-polymer com-
posites of gelatin and pulp and paper fibers to form 3D micro- and macro-structures 
that guide and support the growth of brain tumor cells (Xing et al., 2010). We have 
identified at least 3 major benefits of these composites for tissue engineering in 3D: 
(1) the gelatin-cellulose composites are of sufficient porosity to allow for cell invasion 
and penetration of nutrients into the matrix; (2) these composites allow light transmis-
sion for phase- and fluorescence-microscopy; and (3) the composites are of sufficient 
strength to retain 3D structure for long-term in vitro studies, which in our case was up 
to 17 days in vitro. 

From the standpoint of dynamic cell communication, we utilize fluorescent calci-
um indicators such as fluo-3 combined with digital imaging to monitor changes in both 
[Ca2+]i in the individual cell and changes that are intercellular, such as the synchrony or 
asynchrony of [Ca2+]i oscillations. We hypothesize that the ability to engineer the spa-
tial arrangement of brain cells will aid in our analysis of these dynamics. We also an-
ticipate that defining the spatial arrangement of normal and brain tumor cells will aid 
in image analysis of cell growth patterns with and without anti-cancer drug treatment. 

methods

Nanofilm printing: Glass slides for nanofilm printing were prepared by sonication 
in deionized water using a Branson model 1510 sonicator for 30 min followed by 
sonication in 75% ethanol for 30 min. Slides were then removed, washed once in de-
ionized water and blown dry using dry nitrogen. The newly cleaned slides were then 
silanized to increase covalent bonding of polymers using vapor deposition (Mandal et 
al., 2007). Silanization was accomplished by filling a micro centrifuge cap with 50 µl 
of (3-aminopropyl)-triethoxysilane (APTES; Sigma-Aldrich, USA) and then placing 
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the filled cap in the center of a glass Pyrex dish. Cleaned glass slides were then posi-
tioned around the APTES filled cap and the Pyrex dish placed in an oven and baked 
at 60°C for 2 hr. After this step, APTES was removed from the dish, and the dish with 
slides was placed back in the oven and baked for 16 hr at 100°C. After baking, slides 
were allowed to cool to room temperature and then immersed in 6% gluteraldehyde in 
1X phosphate buffered saline (PBS; Invitrogen) for 2 hr at room temperature. Slides 
were then washed with deionized water and blown dry using nitrogen.

For polymer printing using the Nanoenabler system (BioForceNanosciences, Inc. 
USA), fluorescein isothiocyanate (FITC)-labeled poly-L-lysine (PLL) was used 
(Sigma-Aldrich). To prevent premature drying, the FITC-PLL was mixed in a 1:1 
ratio with a protein loading buffer (BioForceNanosciences). A stock solution of FITC-
PLL was prepared consisting of 20 µl of FITC-PLL at 10 mg/ml with 20 µl of 1x PBS. 
This 40 µl of solution was then mixed with 40 µl of protein loading buffer, for a final 
FITC-PLL concentration of 2.5 mg/ml. The SPT-S-C30S cantilevers (BioForceNa-
nosciences) were used for surface patterning. These cantilevers were equipped with 
micro-fluidic reservoirs for holding liquids. One microliter of FITC-PLL was used to 
fill the reservoir before printing. 

[Ca2+]i Imaging: Cytoplasmic calcium was monitored using the InCytIm 1 
fluorescentsystem(Intracellular Imaging, University of Cincinnati, OH) attached to a 
DVC 340 M12-bit camera after loading cells with fluo-3 (Invitrogen) as previously 
described (DeCoster et al., 2002). 

Primary Neuronal Rat Cell Culture: The cortical rat neuronal cells were harvested 
by performing cervical disarticulation on 1-day-old rat pups. The cells were placed 
in 12- and 24-multiwell plates with a 1:1 coated surface of poly-L-lysine (Sigma Al-
drich) and deionoized water (DI) to enhance cell affinity for attachment. The neuronal 
cells were cultured in Neuronal Culture Media (NCM) comprised of Fetal Bovine 
Serum (FBS), Horse Serum (HS), glucose solution, glutamine, antibiotics, Ham’s F12-
K (ATCC) and Basal Media Eagle’s as previously described (Daniel and DeCoster, 
2004). 

Cell Culture of RBMVECs: The RBMVECs were purchased from Cell Applica-
tions Inc., San Diego, CA. The cells were grown on plates coated with Attachment 
Factor solution (Cell Applications Inc., San Diego, CA) which promoted their attach-
ment and proliferation. The plates were coated with the Attachment Factor for 30 min 
at 37°C. The endothelial cells were cultured in Rat Brain Endothelial Growth Medium 
(Cell Applications Inc., San Diego, CA) fully supplemented with FBS, growth factors, 
trace elements, antibiotics and vascular endothelial growth factor according to the 
supplier’s instructions. The cells were passaged when they reached 70% confluence, 
as they formed tight junctions at higher confluence and became difficult to trypsinate. 
Cells were used between passages 315.

Cell culture of glioma cells: Human glioma cells were obtained from ATCC 
(Manassas, VA, USA; ATCC number CRL-2020) and cultured in CRL-2020 complete 
media as indicated by the vendor. 

Calcein staining and confocal imaging: Calcein staining for viable glioma cells in 
3D biocomposites was carried out as previously described (Xing et al., 2010). 
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results aNd disCussioN

Reflecting the conceptual framework of cellular networks as shown in Figure 1, we 
have also previously described nanotechnology methods combined with cell culture 
to demonstrate micropatterning of brain cells (Mohammed et al., 2004; Shaikh et al., 
2006). Figure 2 shows the distinct morphologies of individual patterned brain astro-
cytes using new nanofilm printing methods (as described in Nanofilm printing meth-
ods section above).

Figure 2. Examples of individual patterned brain astrocytes withdefined morphologies and positions 
engineered with the adhesive polymer poly-lysine (PLL) and the NanoEnabler molecular printer. The 
printed PLL spots are 10µm in diameter.

As shown in Figure 2, biocompatible nanofilms such as the charged polymer poly-
lysine can be used to promote cell adhesion. 

Using this system, we are studying the control of [Ca2+]i oscillations in small net-
works of brain cell cultures with microscopy and intracellular fluorescent calcium in-
dicators. As shown in Figure 3, these systems often have intrinsic oscillatory behavior 
which may be modulated by pharmacological intervention. 

Figure 3. [Ca2+]
i
 dynamics in brain cell cultures treated in sequence with the inhibitory blocker 

bicuculline (50 µM), the glutamate receptor antagonist MK-801 (10 µM), bicuculline after washout 
(50 µM), and exogenous glutamate (100 µM), as indicated. Note break in time scale at washout. 
Series 1, 2, and 6 represent 3 individual neurons in the same dish.
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Numerical analysis and mathematical techniques were utilized to identify 
[Ca2+]i oscillations in mixed primary cultures of cortical neurons and astrocytes. 
We found that stimulation of cells with 50 mMKCl followed by glutamate induced 
synchronized and non-synchronized [Ca2+]i oscillations. In contrast, addition of 
the gamma-aminobutyric acid (GABA) receptor antagonist bicuculline, converted 
spontaneously oscillating neurons into highly synchronized small networks (Figure 3). 
Since, GABA receptors are inhibitory, these results indicate that bicuculline is 
causing disinhibition, revealing more excitatory behavior, in this case, as revealed 
by more synchronized [Ca2+]i oscillations.

Another level of control for the intact brain includes the blood–brain barrier 
(BBB). The BBB is a cellular structure that is composed of endothelial cells. The pres-
ence of tight junctions in the endothelial cells with support from astrocytic end feet 
makes the barrier impermeable to substances from the blood stream, thereby maintain-
ing homeostasis (Ma et al., 2005). Many neurological diseases occur as a result of the 
dysfunction of the brain endothelium. The breakdown of the barrier may result in a 
vicious cycle of brain injury (Bowman et al., 1983). The endothelium lining the brain 
microvasculature is different from other vascular endothelia by the presence of tight 
junctions and limited permeability with a unique pattern of receptors, transporters, and 
ion pumps that protect the barrier from hydrophobic substances (Abbott, 2002). Ad-
enine nucleotides like adenosine triphosphate (ATP), adenosine diphosphate (ADP), 
adenosine monophosphate (AMP) and adenosine mediate important signaling events 
like inflammatory pathways, neurotransmission, and energy-driven processes, caus-
ing calcium influx into the cell (Gordon et al., 1986). This calcium increase occurs 
in the form of a stream of calcium ions coming into the cell, called calcium waves. 
These waves provide long-range signaling and act as a control mechanism providing 
feedback to events like vasodilation. Hence, the study of these calcium waves on the 
microvasculature of the brain provides insight into the role it has on normal brain 
function, neurological diseases, and the effect it has on other brain cells (Janigro et al., 
1994). As shown in Figure 4, we are utilizing rat brain microvascularendothelial cells 
(RBMVECs) in vitro which show intrinsic morphologies such as curved and circular 
areas which may reflect their function in vivo of making up blood vessels. 

Figure 4. Rat brain microvascular endothelial cells demonstrating differentiation in vitro. Left panel 
shows cells at original magnification of 40x. Right panel shows a zoomed area of the left panel, 
original magnification= 100x.
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We anticipate that engineered environments for cell patterning to combine RBM-
VECs, astrocytes, and neurons will provide a better model and experimental testbed 
for multidimensional analysis of brain cell signaling dynamics. 

Finally, as shown in Figure 5, and as we have recently described (Xing et al., 
2010), biocomposites may be used in three dimensional matrices to grow brain cells 
over extended periods of time.

Figure 5. Confocal microscopy images of brain tumor cells grown in 3D matrices of gelatin-cellulose 
nanocomposites from wood fibers. Left panel shows the white light phase image of the 3D matrix 
with nanocomposite fibers and cells visible. Right panel shows fluorescent image of the same field 
with cells stained with the vital dye calcein. Scale bar indicates 20.55 microns.

Thus far we have utilized CRL-2020 brain tumor cells to test these 3D matrices, 
since they have intrinsic invasive behavior and high growth potential (Sehgal et al., 
1999). In their own right, these 3D matrices may provide important growth environ-
ments for modeling brain tumor growth and for testing the efficacy of drug delivery 
and diffusion in all dimensions. We chose cellulose-derived fibers from wood as an 
important component of our developed 3D matrices due to their intrinsic aspect ratio 
that includes diameters in the 1020 micron range, which may be ideal for binding 
and guiding brain cell growth. Furthermore, although we have not tested the idea, 
these cellulose fibers do have intrinsic lumen structures which might help retain 
nutrients permissive for developing cells in three dimensions. 

CoNClusioN

Putting together the different dimensions of engineered growth environments with 
[Ca2+]i dynamics experiments and modeling has benefitted from bionanocomposites 
such as gelatin-cellulose matrices shown in Figure 5, and from printed nanofilms as 
shown in Figure 2. By controlling the growth environments of cells of the brain and 
by varying which cells are present, we may better understand and model brain cell 
communication in both health and disease. For example, the release of glutamate from 
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glioma cells in brain tumors may alter neuronal network communication and lead to 
more glutamate release, exacerbating neuronal injury and favoring glioma prolifera-
tion as has been previously described (Takano et al., 2001). In our model systems, a 
3D matrix such as shown in Figure 5 may be useful to elucidate the effect(s) of brain 
tumor cells on normal brain cell function. Furthermore, in a predator-prey concept, we 
suggest that excess glutamate release from glioma cells may “swamp” the normal bal-
ance of astrocyte glutamate uptake and removal following normal neuronal glutamate 
release. This is exacerbated by the impaired uptake of glutamate by glioma cells (Ye 
and Sontheimer, 1999) and by indications that glutamate may serve as an autocrine 
factor for glioma cell growth (Lyons et al., 2007). Thus, in the three dimensional envi-
ronment of the brain during tumor growth, the normal predator-prey balance between 
astrocytes and neurons is altered by growing glioma cells which take up space and 
alter the glutamate load on the system. A better understanding of these dynamics may 
lead to better anti-cancer approaches. 

While, much work is being done on cellular calcium modeling (see, for example, 
(Falcke, 2004); (Guisoni and de Oliveira, 2005); (Means et al., 2006); and (Patterson 
et al., 2007)), little effort is focused on single compartment calcium models of brain 
cells in 0 (single cell), 1, 2, or 3 dimensions as we suggest in Figure 1, validated 
against fluorescence data. The work in Means et al. (2006) has a similar flavor to that 
presented here in that a 2D network, or lattice, is constructed to examine calcium 
dynamics. However, it must be noted that this lattice, which is made up of two sub-
lattices, one consisting of calcium channels and the other of calcium ions, is used to 
represent the calcium exchange of the endoplasmic reticulum membrane of a single 
cell, not a cellular network. 

Single compartment models are desirable in this work, because any interaction 
between the mathematical models and the corresponding experimental systems should 
be based on the same known quantities. It would not be reasonable to include vari-
ables in the models that either cannot be determined from separate equations or cannot 
be provided as an input from the available experimental data. To check and validate 
models, we are using microscopy and imaging techniques to capture dynamic calcium 
events taking place within a cell as a whole, as opposed to calcium diffusion across a 
cell or intracellular calcium waves, for example (Patterson et al., 2007). 

The work in Ventura et al. (2006), which does focus on single compartmental mod-
eling of a single cell, is of particular relevance to that described here. To address the 
inherent difficulty of numerous unknown parameters arising in traditional intracellular 
calcium modeling, Ventura et al. (2006), present a data-driven approach where models 
are simplified based on reasonable assumptions. The mathematical equations are s 
implified but not abandoned in their entirety, which is desirable due to our other re-
search interests related to control and estimation techniques. Results indicate that the 
model does reveal quantitative characteristics like amplitude and kinetics of a cal-
cium signal whenever calcium enters through “one or several distinguishable spa-
tially localized regions (channels or clusters of channels).” This requirement of the 
calcium passing through particular channels is problematic from the perspective that 
available fluorescence data does not provide this level of detail for contribution to 
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the mathematical model. Still, the positive results from Ventura et al. (2006), indicate 
that a simplified approach should not be overlooked for model consideration. Having 
multidimensional tools (including biocomposites), for placing brain cells into defined 
networks, may help in our analysis and modeling of intracellular calcium dynamics. 
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 • microvasculature

 • Neurological diseases

 • Predator-prey concept
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Chapter 9

salix Viminalis as a source of Nanomaterials 
and Bioactive Natural substances
A. Cyganiuk, A. Olejniczak, A. Kucinska, R. Klimkiewicz,  
J. P. Lukaszewicz

iNtroduCtioN

Plant Salix viminalis (Figure 1) belongs to the group of so called short-rotation cop-
pices agriculturally cultivated as a renewable source of energy (Borjesson et al., 1997). 

Figure 1. Cultivating of Salix viminalis in Poland.
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Salix viminalis is also applied for purification of soil and water as an effective 
phytoremediator, that is a plant which easily accumulates high quantities of heavy 
metal ions through capillary action involving roots and transporting tissues in stem. 
The absorbed metal ions are accumulated in the plant cells which were proved in sev-
eral studies analysing metal ion content in different parts of the plant (Lukaszewicz et 
al, 2009; Mleczek et al, 2009a, 2009b). The use of Salix viminalis for other purposes, 
beside energetic use and/or phytoremediation of waters and soil, is a unique case. 
Besides the expected and proven high tolerance to heavy metal ions, Salix viminalis 
grows very fast in the mild climate zone yielding hard wood in high quantities from 
1 ha (Labrecque et al., 1997). In light of the above statements, Salix viminalis seems 
to be a valuable but underestimated raw material for some fabrication processes. The 
high agricultural yield of Salix viminalis (Labrecque et al., 1997) will reduce consid-
erably the cost of products obtained from this source if one would like to expand the 
currently described methods to industrial scale.

Contemporary materials science puts in picture the on numerous materials of 
unique properties potentially applicable in many areas of industry and science. How-
ever, most of them are materials which are hardly accessible in larger amount which 
results either from complexity of processing and/or cost of material fabrication. For 
example, template synthesis of porous carbons and silica (Ryoo et al., 2001; Schlot-
tig et al., 1999) yields adsorbents of steerable pore dimension (pore size distribution 
function PSD) and volume but transfer of such a technology to mass scale seems to 
be rather questionable. Similar limitations may be recalled in the case of carbon nano-
tubes (CNTs) which for nearly 20 years are named as “very promising” material re-
garding an impressive number of described possible applications (Bakshi et al., 2010; 
Upadhyayula et al., 2009). However, a wide practical application has not materialized 
yet since the cost of 1 g CNTs of high purity (essential demand in most applications) 
and properly functionalized (tailoring of chemical and physical) is ranging from ca. 
hundred to above thousand of dollars (http//www.cheaptubes.com, 2011; http//www.
sigmaaldrich.com, 2011). Therefore, despite discrete pore structure (very narrow 
PSD) CNTs cannot be regarded as a practical adsorbent for large scale use despite of 
numerous papers and patents (Hu and Ruckenstein, 2004; Pilatos et al., 2010) claiming 
such a possibility.

Thus, there is an obvious need for functional materials fabricated in a low-cost 
process from widely accessible raw materials. Renewable resources are preferred due 
to environment protection. The current report should be seen in light of the above 
statement that is it describes a multidirectional chemical exploitation of Salix viminalis 
wood grown on agriculture plantations (Figure 1) with high economical efficiency. 
This suits regional policy in the area of Torun (Poland) but can be easily expandable to 
other regions of Poland and adopted by other countries, as well. The proposed elabo-
ration is practically waste-less since all main products (solid and liquid phase) of the 
process are in fact valuable and functional materials. In summary, the proposed con-
cept of Salix viminalis wood elaboration is environmentally friendly being waste-free 
and based on renewable resources.
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Thermal treatment in oxygen-free conditions is the essence of Salix viminalis 
wood processing described in the current paper. The treatment of dried wood is ap-
parently an ordinary technological measure. However in some cases, this process may 
trigger several interesting phenomena like those which may be accounted to widely 
understood nanotechnology because of the properties of materials obtained during 
pyrolysis. Two basic products may be obtained after pyrolysis of the wood: porous 
carbonaceous solid and vapors that evolve during the treatment. The first product is an 
active carbon. In general, such carbons are capable to adsorb selectively various spe-
cies from gas and liquid phase. Adsorption properties of carbons and their application 
range depend (among other) on pore size distribution (PSD) and pore volume. Nar-
rowed PSD of solid adsorbents let them consider as potential molecular sieves. Nu-
merous experiments proved that sieving properties of active carbons can be exploited 
to solve problems like (beside many other); air separation by PSA method (Hassan et 
al., 1986; Rege and Yang, 2000), noble gas separation (Gorska, 2009), hydrogen and 
carbon monoxide separation (Gorska, 2009), methane and hydrogen storage (Cheng 
et al., 1997; Dillon and Heben, 2001), and so on. Released vapors partly liquefy after 
cooling. The distillate of Salix viminalis wood has not been investigated, yet. There-
fore, there is a need to know whether the distillate is a useless waste, a hazardous 
byproduct or a valuable product containing precious organic and inorganic substances.

eXPerimeNtal

Harvested Salix viminalis stems were dried and ground into shavings ca. 1 cm long, 
then pyrolysed in inert gas atmosphere. Pyrolysis (carbonization) was carried out in 
two stages: (i) the preliminary stage 1 hr at 600°C for expelling some volatile species, 
(ii) the secondary stage 1 hr at arbitrarily chosen temperature (600, 700, 800, 900°C) 
for expelling residual volatile fractions and for the formation of micropore-rich poly-
crystalline carbon matrix. 

Micropore analyzer ASAP 2010 was applied to the collection of nitrogen adsorp-
tion data (N2 adsorption at –196°C versus relative pressure of nitrogen). Nitrogen 
adsorption data were regressed according to Horvath–Kawazoe theory (Horvath and 
Kawazoe, 1983) using commercial software provided by equipment manufacturer 
(Micromerotics, Inc.).

Volatile products were collected during the first stage of carbonization in the tem-
perature range 140–600°C. The volatiles were cooled to room temperature yielding 
a dark brown viscous liquid. The product was subjected to water and organic solvent 
extraction aiming at separation of its components (mainly polyphenols). Finally in 
this study, two phenolic fractions were isolated through solvent extraction: extract (A) 
ether-soluble and extract (B) methylene chloride-soluble. The content of extracts was 
characterized by chromatographic analysis. The GC-MS analyses were performed on 
a Autosystem XL gas chromatograph with MS TURBOMASS mass selective detec-
tor (Perkin Elmer) and a 30 m long, 0.25 mm ID, 0.25 mm thick SLB-5MS column 
(Supelco). Helium was the carrier gas. 700 MHz NMR and FT-IR spectrometers were 
used to characterize extract composition and in the experiment testing antioxidant 
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102 Natural Polymers, Biopolymers, Biomaterials, and Their Composites, Blends, and IPNs

activity of the extracts. The 1H NMR experiments were recorded on a Bruker Avance 
spectrometer operating at 700 MHz. 

Chromatographic separation of binary gas mixtures was performed using a gas 
chromatograph Schimadzu GC-14B supplied with a TCD detector kept at constant 
temperature of 110°C. Volume flow of carrier gas (helium) was set at 10, 15, 20, 25, 
30, 40, and 50 cm3/min. The flow rate value was set regarding the results of van Dem-
ter optimization procedure preformed prior to the separation tests. A. glass chromato-
graphic loop was 2.5 m long and its inner diameter was 2.6 mm. The separation tests 
were performed at several temperatures (70, 60, 50, 40, 30°C) and consisted in re-
cording of chromatograms for injected samples (pure gases, two component mixtures, 
and three component mixtures). For better separation of gases two measures were 
undertaken: 

• Instead of bar carbon molecular sieves whose average surface area is placed 
within the range 300–400 m2/g, activated carbon were obtained via conventional 
zinc chloride method (final surface above 1,400 m2/g).

• Active carbon was grained, sieved and 0.02–0.25 mm fraction was collected for 
filling of chromatographic loop.

The antioxidative effect of the obtained phenolics fractions on a selected diester 
DBS (dibutyl sebacate) was carried out following the ASTM D 4871 standard. This 
universal test allows the examination of oxidation stability of a liquid test sample. The 
samples of uninhibited DBS and after addition of ca. 1,000 ppm of a selected antioxi-
dant agent (BHT, extract A, extract B) were prepared and examined. Commercial BHT 
(2,6-ditertbutyl-4-methylphenol) was used as a standard antioxidant for comparison. 
Investigated samples with a mass of 100 g were subsequently placed in the reaction 
vessel and oxidized at 150°C by flowing air stream (100 cm3/min). 

results

The Salix viminalis originated active carbons are in fact solids containing a network of 
very tinny pores. Average calculated linear dimension (Horvath and Kawazoe, 1983) 
was below 1 nm. In practice, these pores nearly exclusively contribute to the total pore 
volume of the obtained carbons. Moreover PSD is very narrow suggesting that such 
materials are potential molecular sieves providing molecular sieving abilities (Figure 2). 
This property of the obtained carbons needed an experimental verification. 

We assumed that molecular sieving effect over a porous solid should be more ef-
ficient if the gas molecules (to be separated) are of possibly different dimensions and 
when the size of pores becomes comparable to dimensions of the molecules. In our 
study, average pore size approaches sub-nanometer range which in general is only 
few times bigger than average dimensions of some simple molecules. Dimensions of 
simple molecules and atoms in gas phase (Table 1) are given in literature (Shirley and 
Lemcoff, 2002). The dimensions were estimated basing on experimental results and 
theoretical considerations. 

Some studies (Corma, 1997; Ivanova et al., 2004) point out the importance of 
geometric factor as the main reason of gas separation leading to differentiated adsorp-
tion rate of molecules from gas phase in static condition (determination of adsorption 
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isotherms) (Emmett, 1948). Gas separation may proceed in dynamic conditions when 
a gas mixture is passing through a membrane or along the surface of a porous solid. 
For the latter phenomenon, we have selected chromatographic tests. 

Figure 2. Typical pore size distribution (PSD function) for carbon molecular sieves obtained by 
pyrolysis of Salix viminalis wood. Symbols 6, 7, 8, 9 denote carbonization temperature of 600, 700, 
800, 900°C, respectively. The PSD functions calculated basing from N

2
 adsorption data at –196°C 

and Hortvath-Kawazoe model.

table 1. Atomic and molecular dimensions of frequently used gas adsorbates.

Molecule Kinetic diameter
[nm]

MIN-1
Smallest dimension of the 
molecule [nm]

MIN-2
Intermediate dimension  
perpendicular to MIN-1 [nm]

H2O 0.27 0.29 0.32

CO2 0.33 0.32 0.33

Ar 0.34 0.35 0.36

Ne 0.28* – –

Kr 0.36* – –

O2 0.35 0.29 0.30

N2 0.36 0.30 0.31

CH4 0.38 0.38 0.39

C3H8 0.43 0.40 0.45

n-C4H10 0.43 0.40 0.45

iso-C4H10 0.50 0.46 0.60

Salix Viminalis as a Source of Nanomaterials 103

Ap
pl

e 
Ac

ad
em

ic
 P

re
ss

 

Au
th

or
 C

op
y



104 Natural Polymers, Biopolymers, Biomaterials, and Their Composites, Blends, and IPNs

Molecule Kinetic diameter
[nm]

MIN-1
Smallest dimension of the 
molecule [nm]

MIN-2
Intermediate dimension  
perpendicular to MIN-1 [nm]

SF6 0.55 0.49 0.53

CCl4 0.59 0.57 0.58

C6H6 0.59 0.33 0.66

Cyclohexane 0.60 0.50 0.66

CO – 0.28 –

We performed several separation tests targeting on separation of gases (Table 2) 
which should be incapable to specific molecular interactions like dipole orientation. 
For better illustration of separation capability of the fabricated carbons, we have cho-
sen chemically inert gases of similar symmetry that is neon and krypton. Nitrogen was 
picked-up regarding its inertia but also its specific geometry (longitudinal two-atom 
molecule) differing from a spherical shape ascribed to Ne and Kr atoms. Figure 3(a) 
and 3(b) present chromatographic peaks attributed to particular gases resulting from 
gas mixture separation (Kr/N2 and Ne/N2 respectively).

It is visible that Kr/N2 mixture undergoes separation more effectively at both tem-
peratures (30°C and 70°C) while Ne/N2 cannot be separated at 70°C (peaks overleap-
ing). The effect may be explained basing on atomic and molecular dimensions given 
in the Table 1. Minimal dimensions (MIN-1) of Kr and N2 differ considerably (0.36 
nm and 0.30 nm respectively) while minimal dimensions of Ne and N2 are very similar 
(0.30 nm and 0.28 nm respectively). Thus, the unique pore structure of Salix viminalis 
originated carbons helped to separate effectively atoms/molecules whose shape and 
size differed only by 0.06 nm size difference. The results also suggest that N2 mol-
ecules penetrate into pores of investigated carbons based on their minimal dimension.

table 2. Effectiveness of binary gas mixture separation over Salix viminalis originated carbon 
molecular sieve.

Temp 
[0C]

CH4/N2 CO/N2 Ne/N2 Kr/N2 CH4/CO Ne/CO Kr/CO CH4/Kr Ne/Kr CH4/Ne

70 + – + + + + + – + +

60 + – + + + + + – + +

50 + – + + + + + – + +

40 + – + + + + + – + +

30 + – + + + + + – + +

“+”––separation coefficient > 1
“–”––separation coefficient < 1

table 1. (Continued)
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Figure 3. Chromatographic separation of Kr/N
2
 (a) and Ne/N

2
 (b) mixture over a Salix viminalis 

originated carbon DSV.
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Figure 4. PSD function determined for a series of carbons obtained from Acer platanoides. Symbols 
6, 7, 8 denote carbonization temperature of 600, 700, 800°C, respectively. The PSD functions 
calculated basing from N

2
 adsorption data at –196°C and Hortvath-Kawazoe model.

The narrowed PSD in the case of Salix viminalis wood-originated carbon occurs in 
relatively limited range of carbonization temperatures (600–700°C) and its limited du-
ration (typically 1 hr + 1 hr). More severe carbonization conditions leads to a collapse 
of this specific system of pores (Gorska, 2009; Ohata et al., 2008) due to graphitization 
of carbon matrix.

The formation of mentioned pore structure of narrowed PSD is not a common 
phenomenon that is similar heat-treatment of other sorts of wood often leads to  
qualitatively and quantitatively different results (Lukaszewicz et al., 2009). Figure 4 
depicts the run of a PSD function determined for carbon obtained from Norway 
maple wood (Acer platanoides) in identical carbonization process. It is visible that 
the maximum of PSD is shifted towards pores of bigger diameter and is bimodal 
that is two local maxima exist: the first in sub-nanometer range and the second at 
ca. 1.2–1.4 nm.

Pyrolysis of biomass, as well as pyrolysis of Salix viminalis wood, yields volatile 
products besides the mentioned solid product—active carbon (Figure 5). Figure 5 doc-
uments that the proportions between basic products of biomass heat-treatment depend 
on process dynamics. High speed pyrolysis prefers the formation of non-condensable 
gases while slow carbonizations increase the share of solid product (char or active 
carbon).
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Figure 5. Typical composition of products obtained from pyrolysis biomass. Maximal achievable 
content of different products depends on the speed of pyrolysis.

In fact, volatile products which start to evolve intensively at 140°C during heat 
treatment of Salix viminalis wood, partially condensate after cooling in the form of a 
dark brown viscous liquid. Volatile products in condensed form seem to be useless but 
besides water, alcohols, ketones, aldehydes, acids, the condensate contains a mixture 
of polyphenols called “bio oil” (Figure 6). Volatiles evolution intensity depends on 
temperature reaching maximum in the range 260–340°C (Figure 7). Antioxidant prop-
erties are routinely ascribed to many polyphenols (Rice-Evans et al., 1995; Rosicka-
Kaczmarek, 2004) of biological origin. Within the current project authors performed 
separation of polyphenols in condensate and identified them by means of NMR, GC-
MS, and FTIR (Table 3). Finally, chemical antioxidants test were done using purified 
condensate that is extracts from “bio oil” and some test samples that is BHT and “bio-
diesel” for engines. The BHT served as a reference commercial antioxidant. 

Figure 6. Average composition of liquid condensate obtained by carbonization of Salix viminalis 
wood.
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108 Natural Polymers, Biopolymers, Biomaterials, and Their Composites, Blends, and IPNs

Figure 7. Intensity of liquid products evolution at different temperature ranges.

Figure 8. Visualization of differences in extract A and extract B composition: overlay of two 
chromatograms.
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Figure 9. Antioxidant activity of “bio oil” (extract B) and a reference commercial antioxidant (BHT 
6-ditertbutyl-4-methylphenol)-) against oxidation of DBS (2,6-di-tertbuthylo-4-methylophenol). 
Concentration of DBS oxidation products versus time of oxidation in liquid phase at 150°C in the 
presence of various antioxidants (“bio oil” and BHT) under investigation.

table 3. Polyphenols identified in A and B extracts fraction obtained during pyrolysis of Salix 
viminalis wood.
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Figure 8 presents a selected part of a gas chromatogram recorded for the extracts A 
and B. The extract B consisting of furan derivative contains more oxygen heterocyclic 
compounds compared to extract A. The excess of O-heterocycles is responsible for 
the observed (better) antioxidant activity of extract B (Figure 9). Careful analysis of 
GC, FT-IR, and NMR results let to identify more than 50 compounds which could be 
accounted to the compounds potentially exhibiting antioxidant activity. Some of them 
are listed in Table 3 which contains names, formulas and information on most typical 
MS ions observed during the GC-MS identification. In general, most of the identified 
compounds may be seen as derivatives of the three basic structures (Figure 10): (A)
cumarol alcohol, (B) coniferyl alcohol , and (C) synapine alcohol. 

Figure 10. Three basic phenolic structures occurring in “bio oil.”

Analysis on Figure 9 proves the superiority of Salix viminalis-originated “bio oil” 
over commercially available antioxidant BHT. The advantage is very spectacular since 
DBS protection time is more than 3-times longer in the case of “bio oil”. It has to be 
stated that “bio oil” fabrication is relatively simple and does require complex proce-
dures and expensive reagents. It is nearly completely environment friendly because of 
the following reasons:

• Basic raw material comes from renewable resources that is may be grown on 
low-quality soils with minor use of agriculture chemicals,

• All products of the proposed thermal treatment may be successfully applied in 
different domains of everyday life and industry,

• Solid product may serve as a sort of active carbon and/or burn as fossil fuel,
• Liquefied fraction of gas products is a source of precious chemicals including 

very efficient antioxidants,
• A part of non-liquefied gas products may be burned as a fossil fuel,
• A part of non-liquefied gas products consists of species which are not toxic (at 

level of limited concentration) for people and other forms of flora and fauna.
In literature, it is hard to find other examples of processes which produce less 

waste.
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CoNClusioN

Heat-treatment of widely accessible and inexpensive raw material that is Salix viminalis 
yields precious products of potentially wide application in practice. Solid product is 
a strictly nanoporous active carbon which resembles a perfect molecular sieve. Its 
sieving properties were successfully proved in the case of Ne/N2 and Kr/N2 mixtures 
separation. Liquefied distillate is a source of “bio oil” containing a mixture of numer-
ous polyphenols. “Bio oil” exhibits excellent antioxidation activity even if compared 
to commercial antioxidants like BHT. 

KeyWords

 • Carbon nanotubes

 • minimal dimensions

 • Pore size distribution

 • Purification

 • Pyrolysis
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Chapter 10

Properties of differently Compatibilized Bamboo 
Fiber reinforced Pe Composites
Sandeep Kumar

iNtroduCtioN

Process of “grafting” is a very useful method for making branches or chemical modifi-
cation in polymeric materials. Natural fiber reinforced thermoplastic composites graft-
ing, in context of compatabilizer, can be done by two ways: one is pre-grafting (the 
polymer is first taken and grafted as compatabilizer) and another is ----in situ grafting. 
In ----in situ grafting process, polymer is grafted during the fabrication of composites/
blends. The later kind of compatibilization is also called reactive compatibilization. 
Polyolefins are commonly functionalized with maleic anhydride (MA) to enhance ad-
hesion to polar materials and are used as a compatibilizer. The bamboo-fiber is often 
brittle compared to other natural fibers, because the fibers are covered with lignin and 
it undergoes degradation above 200°C (Seema and Kumar, 1994). Polyethylene (PE) 
and polypropylene (PP) are among the commonly used thermoplastics for the prepara-
tion of natural fiber reinforced composites due to their relatively low prices and good 
processability (Deshpande et al., 2000; Kim et al., 2006). 

The synthesis of polyolefin graft copolymers by melt processing was reviewed and 
interdependent factors (include, mixing efficiency, temperature, pressure, residence 
time, venting, polyolefins, monomer(s), initiator(s), and screw/extruder design) are 
to be optimized so as to maximize the degree of grafting (DG) and minimize the 
side reactions (Moad, 1999). Various coupling agents or compatibilizers have been 
reported in the literatures to improve the interface between the thermoplastic matrix 
and natural fibers. Among them, maleic anhydride-grafted PE or PP is the most com-
monly available compatabilized matrix because of their ability to effectively enhance 
the mechanical properties of the composites (Liu et al., 2008). The solution surface 
grafting of MA onto PP in toluene solvent by using benzoyl peroxide as an initiator in 
nitrogen atmosphere to remove dissolved oxygen has been done to prepare bamboo-fi-
ber PP composites. These composites revealed improved mechanical properties when 
compared with commercially available wood pulp composite (Chen et al., 1998). Lit-
erature reported the free radical melt grafting of glycidyl methacrylate onto a range of 
PP grade in a Haake Rheomix 600 batch mixer and then grafted product was purified 
with toluene and acetone (Chen et al., 1996). The grafted structures of MA onto PE 
have been investigated (Heinen et al., 1996). Reduction in melting temperature and 
crystallization percentage or increase in crystallization peak temperature was observed 
to be an effect of MA grafted onto PE (Martínez et al., 2004). The mechanism of 
cross-linking or grafting by melt blending technique has been discussed by researchers 
(Gaylor et al., 1989; Heinen et al., 1996; Shi et al., 2001). 
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Most of the grafting reaction studies have been carried out using different grafting 
recipes (type and amount of peroxide and MA content) and different processing condi-
tions (type of reactor, screw speed and temperature) (Machado et al., 2001; Qi et al., 
2004; Sclavons et al., 2000; Shi et al., 2001) for the polymer blend system. Consider-
able efforts have been made in producing newly polymeric composite materials with 
an improved performance/costs balance. This can be achieved by using a direct graft-
ing of MA/GMA instead of pre-grafting of MA/GMA onto existing polymers in the 
process of fabrication of natural fiber composites. From a research and development 
point of view, the direct grafting routes of monomer (MA/GMA) are usually more ef-
ficient and less expensive.

The objective of this research is to compare the thermal and tensile properties of 
----in situ (i-) grafted polymer compatibilized composites with pre (p-) grafted poly-
mer compatibilized composites. In turn, this research gives an idea of advantages and 
disadvantages of both the process in terms of the manufacturing methods employed to 
fabricate the composites.

materials aNd methods

Linear low density polyethylene (LLDPE) (G-Lene) (MFI 0.9, ρ 0.92g/cm3) was ob-
tained from GAIL (India) Limited. The LLDPE-g-maleic anhydride (TP-568/E) (MFI 
2-3@190°C-2.16Kg, MAH content (%) 0.4–0.6 and ρ 0.923 g/ml) was obtained from 
Pluss Polymers (P) Limited (India). Glycidyl methacrylate (GMA) (ρ 1.450 g/ml, 
bp142°C, Aldrich) and MA (mp 52–55°C, Aldrich) was used for ----in situ grafting. 
The MA or GMA was chosen for ----in situ melt grafting because it has been report-
ed that the anhydride or methacrylate groups strongly associates with the hydroxyl 
groups (Chen et al., 1996; Chen et al., 1998). The present research was carried out by 
using bamboo species-Ochlandra travancorica (one year old)-grown in India. The 
process of delignification of bamboo to produce deglinified bamboo fiber and their 
physical properties has been reported by earlier research work (Kumar et al., 2010). 

Composite Preparation with i-/p-grafted Polymer 
Short delignified bamboo-fiber (SDBF) having an average length of 1-2 mm were 
pre-dried for processing in an oven at 110°C for 8 hr to expel moisture. In order to 
distinguish the properties of differently compatibilized composites, the ratio of ma-
trix to fiber was kept constant in all the formulations that is, 30% w/w fiber content 
depending on the optimized properties of fiber reinforced composites at this fiber 
weight fraction (Kumar et al., 2010). To compare the properties with ----in situ grafted 
polymer as a compatibilizer, MA-g-LLDPE content have therefore converted into MA 
content. The LLDPE was replaced by pre-grafted polymer (LLDPE-g-MA having MA 
content 0.75–5%) and the effect of MA content in graft copolymer on the properties 
was investigated. ----in situ grafted composites were prepared by melt grafting of 1%, 
3%, and 5% (w/w) GMA or MA onto LLDPE with 1% dicumyl peroxide (DCP) as an 
initiator and SDBF. The low level of DCP was chosen as it gives best result for graft-
ing reaction of MA/GMA (Ho et al., 1993; Jang et al., 2001). It was considered that the 
excess of initiator results in a greater extent of degradation/side reactions. In a typical 
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melt-grafting experiment, LLDPE granular polymer was first melted by dosing into 
the Haake chamber and then bamboo-fibers were added to this molten polymer. The 
powdered MA and DCP as a radical initiator were dosed after 5 min via a hopper into 
a Haake Rheomix 600 (equipped with a pair of high shear rollers). The melt grafting 
reaction was done for i-GMA (30 min) and for i-MA (15 min) at melting temperature 
of 170°C and 50 rpm speed. The grafting reaction mechanism of GMA onto PE in melt 
phase process when DCP was used as an initiator was discussed earlier (Jang et al., 
2001). No special precautions were taken to exclude air from the rheomixing chamber. 
The mixing torque and melt temperatures were monitored on-line and recorded for all 
the samples. The ejected products before making composite sheets were heated for 30 
min to remove the unreacted MA/GMA in an oven at 190°C. The composite sheets 
(having average thickness of 3 mm) were prepared by controlled press molding at 
200°C and 6 ton pressure for 15 min. The sheets were cooled around for 15 min under 
pressure with water circulatory system and after removing from mold, cut for further 
testing.

determination of Grafting degree 
Maleic anhydride (MA)
The grafting degree (GD) of MA was determined by the back-titration method includ-
ing the dissolution of a small amount of composite sample (1.0 g) in 100 ml of boiling 
xylene in a conical flask and a few drops of water was added to hydrolyze all anhy-
dride functionability. Then, 10 ml ethanol solution of NaOH (0.1 mol/l) was added 
and mixed gently by stirrer. After refluxing for 30 min under stirring, this solution was 
back-titrated with HCl (0.1 mol/l) using methyl red as the indicator. The GDMA was 
defined (Nakason et al., 2004; Qi et al., 2004; Shi et al., 2001) as the amount of grafted 
MA as a percentage of LLDPE-g-MAH and is calculated by equation given below: 

0 g
MA

S

(V -V )×C×M
GD (%)= ×100

2W ×1000
 
  

where, V0 is the amount of HCl consumed by using LLDPE as reference (ml), 
Vg is the amount of HCl consumed by the grafted LLDPE (ml), 
C is the molar concentration of HCl (mol/l), 
M (98) is the molecular weight of maleic anhydride, 
Ws is the weight of sample (g).

Glycidyl methacrylate (GMA)
After melt grafting of GMA onto LLDPE the weight was recorded, the grafted LL-
DPE were extracted with acetone by means of a Soxhlet extractor for 48 hr to remove 
residual GMA and possible homopolymer that is poly-GMA. To evaluate the degree 
of grafting (GD) of GMA, the left over products, pure graft copolymers, were dried in 
vacuum at 60°C and weighed. The GDGMA was calculated by the following equations 
(Chen et al., 1996; Jang et al., 2001; Kim et al., 2001):
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Grafted LLDPE LLDPE
GMA

LLDPE

W -WGD (%)= ×100
W

æ ö÷ç ÷ç ÷ç ÷çè ø

where WGrafted LLDPE is the dry weight of grafted LLDPE, 
WLLDPE is the weight of LLDPE. 

Figure 1. Effect of MA/GMA content on degree of grafting (DCP1%).

Figure 1 shows the effect of monomer (MA/GMA) content on the DG using 1% 
DCP as an initiator. It was observed that the percentage of GMA grafted onto LLDPE 
was less compared to percentage of MA grafted onto LLDPE under the similar condi-
tions. This may be due to the formation of poly-GMA in the composite product.

Characterization of i-/p-grafted Compatibilized Composites 
The degradation/decomposition behavior of i-/p-grafted LLDPE/SDBF composites 
was investigated by using Perkin Elmer Pyris 6 having TG module and TG/DTG trac-
es in nitrogen atmosphere were recorded by taking the average weight (10±2 mg) of 
composite in each experiment. Dynamic TG/DTG scans were run from 50°C to 700°C 
at a heating rate of 20°C/min. Perkin Elmer Pyris 6 was used for recording DSC scans 
for composite samples (weight of 5±2 mg). The samples were heated to 150°C at a 
rate of 20°C/min, and maintained for 3 min to remove the thermal history. The samples 
were then cooled to 40°C at a cooling rate of 10°C/min, and heated again to 150°C 
at the rate of 10°C/min. The crystallinity index (CIDSC) of LLDPE was calculated as 
per discussion in literature (Kumar et al., 2010). Tensile tests were performed with 
a universal testing machine (UTM), Zwick (Z010) model. Tensile specimens of dif-
ferently compatibilized composites were machined in dumb-bell shape according to 
ASTM D638-03 type 1V. Five specimens for each composite composition were tested. 
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The cross-head speed of 5 mm/min was used for tensile specimens. Tensile proper-
ties were measured from the stress-strain curve. The tensile strength and modulus of 
composites was normalized with the neat LLDPE tensile strength and modulus. The 
interfacial morphology of the varying compatibilized composites was investigated by 
doing cryogenic fracture of tensile specimen in liquid nitrogen. Before fracture, all 
specimens were dried at a temperature of 80°C in a vacuum oven. The fractured sur-
face was analyzed using scanning electron microscopy (SEM) (Cambridge stereoscan 
360) after coating with gold to avoid the electrostatic charging and poor image resolu-
tion. The extent of interfacial adhesion between bamboo-fiber and the matrix can be 
investigated by examining the SEM microphotographs.

results aNd disCussioNs

degradation Behavior of Compatibilized Composites
Figure 2 and 3 shows the degradation behavior of i-grafted and p-grafted polymer 
composites. All the composites showed two steps mass loss. First step mass loss was 
related to the degradation of cellulose and degradation of remaining lignin (at ap-
proximately 400°C) and second step mass loss was related to matrix (at approximately 
500°C). It has been reported that LLDPE showed a single step decomposition in the 
temperature range of 400–500°C with almost no char yield. It was found that in un-
compatibilized composites, the first weight loss was increased from 11.4 to 23.9% 
and matrix loss was decreased from 87.5 to 71.6% as a function of fiber content (from 
20 to 50 weight percent). The first weight loss for 30 wt% fiber in uncompatibilized 
composite, as TGA traces reported in literature (Kumar et al., 2010), was 13.5 while 
the matrix loss was 85.0%. From the Figure 2 and 3, it is evident that the initial decom-
position temperature (IDT) of p-grafted/----in situ grafted compatibilized composites 
decrease with increase of the grafted content/compatibilizer. 

Figure 2. TGA traces of short delignified bamboo fiber reinforced composites in presence of pre-
grafted polymer as a compatibilizer ( 1W =L f irst weight loss, 2W =L second weight loss).
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Figure 3. TGA traces of short delignified bamboo fiber reinforced composites in presence of ----in 
situ melt grafting of maleic anhydride (MA)/ glycidyl methacrylate (GMA) ( 1W =L first weight loss, 2W =L
second weight loss).

The composites, reported in this chapter, are multi-component system after using 
compatibilizer and the degradation patterns depend on the extent of hydrogen bonding 
network of interface. There is no definite trend in the weight loss of composite com-
ponent as a function of p-grafted polymer while increasing first weight loss as a func-
tion of i-grafted polymer is observed (Figure 2 and 3). The thermal stability is good at 
concentration of 0.91 for i-grafted GMA as well as 0.75 for p-grafted GMA. ----in situ 
grafted MA polymer composites have slightly lower thermal stability in comparison 
to p-grafted MA. This might be due to the presence of free MA group/unreacted MA 
in the final product.

melting Behavior and Crystallinty index of differently Compatibilized 
Composites
The melting behavior curve of p-grafted MA polymer composites is shown in Figure 
4. The endothermic transition is characterized by noting the peak of melting endo-
therm (Tm) and the heat of fusion (calculated from the area under the melting peak). 
The shoulder before the melting peak in the composite increased as a function of 
p-grafted polymer. As the MA content increased, the composites started to melt at a 
lower temperature as shown in Figure 4. The melting peak increased around 4°C as a 
function of increasing MA content. Figure 5 shows the melting behavior of i-GMA/i-
MA grafted polymer composites. The melting and crystallization trend are not similar 
in the composites due to the different extent of hydrogen bonding network formation 
at the interface. The fusion peak of 30 wt% filled bamboo fiber LLDPE composite 
was at 103°C (Kumar et al., 2010). The melting peak increased around 10°C in both 
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kind of ----in situ MA/GMA compatibilized composites with the increase in the con-
tent of monomer (MA/GMA). The second heating scans were used to determine the 
crystallinity index of the matrix in the composites. The crystallinity index of uncom-
patibilized LLDPE/30 wt%-SDBF composite was 62.99% (Kumar et al., 2010). The 
crystallinity index of matrix decreased with increasing amounts of p-MA and i-GMA 
grafted polymer while it increased for i-MA grafted polymer with increasing of MA 
monomer content. With the former one, the similar result of the decrease in crys-
tallinity with the GMA graft content was observed in PCL-g-GMA polymer system 
(Kim et al., 2001). This may be due to the hindrance of LLDPE crystallization by the 
increase of chain structural irregularity caused by grafting reaction of GMA. In the 
latter case (i-MA grafted polymer composite system), the structural regularity might 
not be disturbed due to the appendage of single MA unit to the PE chain. The effects 
of p-MA and i-GMA/i-MA on the crystallization behavior of polymer composites are 
delineated in Figure 6 (left) and 6 (right). The crystallization peak temperature (Tc) 
values of composites are reported in Figure 6. The crystallization peak also increased 
around 10°C for i-MA composites and 3°C for i-GMA grafted composites. The posi-
tive change in the onset of melt crystallization, Tomc, in presence of compatibilizer 
indicate a faster crystallization process, which may be basically due to the formation 
of hard phase near the surface of fibers. There was not a substantial change in the 
crystallization process with the addition of compatibilizer excepting i-MA compatibil-
ized composites. The crystallization peak of 30 wt% filled SDBF/LLDPE composite 
was at 107°C or Tomc at 110.55°C as reported in literature (Kumar et al., 2010). The 
p-grafted composites showed an increment in their crystallization temperature, as seen 
in Figure 6 (left). This effect is basically due to the presence of the MA in the polymer 
matrix and preventing the chain folding and producing changes in the form and size 
of crystals (Martínez et al., 2004). The lower crystallinity index of compatibilized 
composites compared to uncompatibilized composites might be giving a support to the 
above mentioned fact (Figure 5). 

Figure 4. Effect of pre-grafted polymer as a compatibilizer on the melting behavior of short delignified 
bamboo fiber reinforced composites: (A) first and (B) second heating scans (χ

c 
represents crystallinity 

index).
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Figure 5. Effect of ----in situ melt grafting of maleic anhydride (MA)/glycidyl methacrylate (GMA) 
on the melting behavior of SDBF reinforced composites: (A) first and (B) second heating scans (χ

c 
represents crystallinity index).

Figure 6. Effect of pre-grafted polymer as a compatibilizer (A) and ----in situ melt grafting of maleic 
anhydride (MA)/ glycidyl methacrylate (GMA)(B) on the crystallization behaviour of SDBF reinforced 
composites.

tensile Properties of ----In situ Grafted and Pre-grafted Polymer Composites
The results of normalized strength and modulus as a function of monomer content (%) 
in compatibilized composites are shown in Figure 7. The strength first increased in 
pre-grafted LLDPE composite due to the improvement at the interface of the matrix 
and bamboo-fiber and then showed no trend with the addition of compatibilizer. It 
was clear that the p-grafted composites held good strength with the addition of 1.5% 
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(w/w) of compatibilizer. The strength was increased for ----in situ grafted composites 
with grafting content but the lower strength was observed in case of i-grafted GMA at 
similar compositional level. The modified law of mixtures equation for discontinuous 
short fiber composites is given below (Chen et al., 1998):

 *1 (1 )
2

c
c f f f m

LKV V
L

s s s = − + −  
  (1)

 
2

f
c

i

D
L

s
τ

=  (2)

where cs is the tensile strength of the composite, which is the empirical fiber effi-
ciency parameter, fV is the volume fraction of fiber, fs is the tensile strength of fiber, 

*
ms is the tensile strength of the matrix at the breaking strain of the fiber, L is the fiber 

length, cL is the critical fiber length, D is the diameter of the fiber, and iτ is the inter-
facial shear strength. From equations (1) and (2), it is seemed that the cs  value rise up 
with increasing of iτ value which in turn depends on  the improvement of interfacial 
adhesion between the fiber and matrix, when K, L, and D are assumed constant in all 
composite systems. The fiber fraction ( fV ) was also constant in all composites com-
position. It indicates that better adhesion gives higher iτ value resulting in the increase 
in the tensile strength of the composites.

Figure 7. Effect of monomer content (MA/GMA) in compatibilized composites on normalised tensile 
properties.

The tensile modulus increased almost linearly but at higher compatibilizer content 
got decreased. The mixing time was higher in i-GMA grafted LLDPE composites 
and thus, the chances of the breakage of fibers increased which in turn reduced the 
efficiency of fibers. This may be the possible cause for the reduction of the modulus 
of these composites. 

effect of ----in situ and Pre-grafted Polymer on interfacial adhesion of 
Composites
The fracture morphology of composites modified with ----in situ and pre-grafted 
polymer as a compatibilizer was shown in the Figure 8. The morphology of 30 wt% 
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filled SDBF uncompatibilized composite was shown in literature (Kumar et al., 2010). 
Figure 8 delineated that there is a little sign of LLDPE matrix and delignified bam-
boo fiber decohesion for the ----in situ grafting or p-grafting even after increasing the 
percentage of grafted content. In ----in situ grafting, the GMA/MA molecules at the 
interface on one hand react with the hydroxyl groups on the bamboo fiber dispersed 
phase and on the other hand, they are grafted on the LLDPE chain. The reactive GMA/
MA molecules act as bridges between the matrix and reinforcement phase. Likewise 
MA-g-LLDPE on one side entangled with other LLDPE chains in the matrix phase, 
due to structural similarity while other side react with the bamboo fibers at the inter-
face. Therefore, adhesion will depend on the number of bond formed at the interface 
and the effectiveness of these entanglements which ultimately depends on the DG 
or chain length. The extent of adhesion was like in that order adhesion ----in situ 
GMA<adhesion ----in situ MA~adhesion p-MA as per tensile properties evaluation.

Figure 8. SEM photographs of ----in situ compatibilized composites [(0.91% GMA, a), (1.2% MA, b) 
and pre (p)-grafted compatibilized composites [5% MA, c].
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Comparison of ----in situ Grafting Polymer with literature Pre-grafting 
Polymer technique
The melt grafting (Chen et al., 1996; Jang et al., 2001; Kim et al., 2001)/ radiation-
induced grafting (Choi et al., 1998) of glycidyl methacrylate (GMA) or solution sur-
face grafting (Chen et al., 1998; Heinen et al., 1996; Machado et al., 2001) / UV 
pre-irradiation step grafting (Martínez et al., 2004)/ melt grafting (Heinen et al., 1996; 
Machado et al., 2001; Shi et al., 2001) /Ball- milling grafting technique (Qiu et al., 
2005) of MA onto PP/PE (various form like powder, fiber and granules) are discussed 
in literature. These pre-grafting techniques are very tedious, time taking process and 
wastage of money or energy. Therefore, it is good to fabricate composites with ----in 
situ grafting techniques. Figure 9 shows the flow chart of making bamboo-fiber com-
posites with p-grafted or ----in situ grafted polymer as a compatibilizer. The ----in situ 
grafting revealed a considerable grafted weight of MA or GMA. Finally, ----in situ 
MA grafted polymer (≥1.2%) composites showed a good tensile strength comparable 
to pre-grafted polymer composites but the thermal stability was little bit poor because 
free MA group might be present in the system while in p-grafted system free MA 
group was removed by purification technique. Hence, if better optimal control on the 
----in situ grafting is maintained in a way so that no free MA/ GMA group are present, 
the composites compatibilized with ----in situ grafting can give better properties. 

Figure 9. Flow chart of grafting technique to obtained compatibilized composites.
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CoNClusioN

In general, it can be concluded that the requirement for proper matrix adhesion is 
optimal balance between fibers, matrix and compatibilizer. Here, for 30 weight % of 
SDBF composites, it was recommended that ≥1.2% i-MA content was adequate for 
good mechanical properties and robustness of composite when compared to p-MA 
grafted polymer composites while ----in situ grafted GMA gave poor mechanical proper-
ties. The cost of i-grafted polymer composites should be lower due to the reduction in 
number of process while preparing the composites via p-grafting of polymer.

KeyWords

 • Bamboo-fiber

 • Compatibilization

 • Crystallization

 • homopolymer

 • Polyolefins
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Chapter 11

Jute/Polyester Composites
S. K. Malhotra

iNtroduCtioN

Glass, carbon, Kevlar, and boron fibers are used as reinforcing materials for fiber re-
inforced plastics (FRP), which are widely accepted as materials for both structural and 
non-structural applications. However, these materials are resistant to biodegradation 
and pose environmental problems. Natural fibers from plants such as jute, bamboo, 
sisal, coir, and pineapple have high strength and can be effectively used for many 
load-bearing applications. These fibers have special advantage over synthetic fibers 
in that they are abundantly available from a renewable resource and are biodegrad-
able (de Albuquerque et al., 2000). Also, they have low density, high toughness and 
acceptable specific strength. Among all natural fibers, jute is more promising because 
it is relatively inexpensive and commercially available in many forms (Gowda et al., 
1999). One of the most easily available forms of jute fabric is the Hessian cloth (Uddin 
et al., 1997). 

All natural fibers are hydrophilic and their moisture content ranges from 3 to 13%. 
This leads to a very poor interface between natural fiber and the hydrophobic matrix 
and very poor moisture resistance. Several fiber surface treatments are used to im-
prove the interface viz-thermal treatment, chemical treatment, and use of coupling 
agents (Bledzki and Gassan, 1999). Fillers are added to composites for technical and 
chemical reasons (Milewski and Katz, 1980). Calcium carbonate has maximum usage 
as filler in plastics and FRP due to its low cost, non-toxicity and lack of odor. Present 
work gives effectiveness of jute fabric treatment and addition of filler on properties of 
jute reinforced polyester composites (JFRP). 

Several treatments have been suggested to improve fiber/matrix interface in natu-
ral fiber composites. Also, fillers are added in composites to reduce costs with accept-
able performance. By effective treatment of readily available natural fiber fabrics and 
suitable filler addition, utilization of natural fiber composites can be increased. Present 
work examines the effectiveness of surface treatment methods when applied to whole 
fabrics. The effect of filler on performance of jute fiber composites is also investigated. 
Evaluation of mechanical properties and moisture absorption of jute fabric reinforced 
thermosetting polyester is carried out. Calcium carbonate filler up to 40% of resin 
weight was used. It is observed that mechanical properties of composite are signifi-
cantly improved by fabric treatment. Alkali treatment of jute fabric is found to reduce 
moisture absorption. It is observed that addition of calcium carbonate filler reduces 
tensile strength significantly but flexural strength is not much affected. Whole fabric 
treatment and filler addition can be effectively used to produce low cost natural fiber 
composites. 
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Jute fabric when used with general purpose polyester resin and large percentage 
of cheap filler like calcium carbonate can find many low cost applications. Some of 
the applications are grain storage silos, fishing trawlers and temporary/transportable 
shelters. For protection against environment and water one outer layer of glass fabric/
polyester can be used. Also, jute with thermoplastics matrices finds many applications 
in automotives, rail coaches, etc.

eXPerimeNtal

materials
Two types of commercially available jute fabrics were used: Hessian cloth with starch 
and Hessian cloth without starch. Isophthalic polyester resin was used as matrix. 
Methyl ethyl ketone peroxide (MEKP) and cobalt naphthenate were used as catalyst 
and accelerator, respectively. Calcium carbonate (200 mesh) was used as filler.

Fabric treatment
The above two fabrics were given two types of treatments:

Alkali treatment: Jute fabrics were soaked in 2% (w/w) NaOH solution for 2 hr. 
Then, they were washed thoroughly with distilled water and dried at 60°C for 24 hr 
in hot air oven.

Thermal treatment: Jute fabrics were dried at 100°C for 2 hr in hot air oven.
Nomenclature for composite specimens is as given below:
Hessian starch untreated/polyester-HSUNTR
Hessian starch alkali treated/polyester-HSAL
Hessian starch alkali treated with mechanical constraint/polyester-HSALMC
Hessian starch thermal treated/polyester-HSTHER
Hessian untreated/polyester-HUNTR
Hessian untreated/polyester-HAL
Polyester–POLYESTER

Processing
Hand lay-up (contact molding) method was used for preparation of jute/polyester 
composite laminates. 1.5% catalyst (MEKP) and 1.5% accelerator (cobalt naphthe-
nate) was used for room temperature cure of isophthalic polyester resin. Filler (cal-
cium carbonate) was added up to 40% by weight of resin. Fiber content in composite 
was maintained at around 30%.

mechanical testing
Mechanical properties were evaluated using an INSTRON universal testing machine 
(Model 4301). Tensile, flexural and interlaminar shear properties were determined 
according to relevant ASTM standards. Izod impact strength was determined using 
impact tester (Zwick, Germany).
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Water absorption
The test specimens (25 mm x 25 mm) were cut from the laminates and tested for water 
absorption as per ASTM-D570.

disCussioN aNd results

Tensile properties of various jute/polyester composites are given in Table 1.

table 1.

S. No. Composite type Tensile strength, MPa Tensile modulus, GPa

1 HSUNTR 48.5 9.6

2 HSAL 35.4 _

3 HSALMC 50.3 5.5

4 HUNTR 33.6 _

5 HAL 11.3 _

6 HSTHER 51.2 10.2

7 Polyester 15.2 2.1

As observed from Table 1, both tensile strength and tensile modulus are maximum 
for HSTHER.

Flexural properties of various jute/polyester composites are given in Table 2. 

table 2.

S. No. Composite type Flexural strength, MPa Flexural modulus, GPa

1. HSUNTR 54.2 3.1

2. HSALMC 55.3 2.8

3. HSTHER 68.2 4.4

4. POLYESTER 30.6 1.3

As observed from Table 2, flexural properties (both strength and modulus) are 
maximum for HSTHER.

ILSS and izod impact strength of various jute/polyester composites is given in 
Table 3.

table 3.

S. No. Composite type ILSS, MPa Izod impact strength, J/m

1. HSUNTR 4.5 103.2

2. HSALMC 6.2 123.3

3. HSTHER 5.3 85.6

4. POLYESTER _ 88.4
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ILSS and impact strength are maximum for HSALMC.
Effect of filler content on tensile and flexural strength of HSALMC jute/polyester 

composite is given in Table-4.

table 4.

S. No. Filler content, % Tensile strength, MPa Flexural strength, MPa

1. 0 47.2 65.6

2. 10 42.8 62.8

3. 20 37.6 59.5

4. 30 33.2 57.6

5. 40 28.3 54.2

It is observed from Table 4 that the effect of filler addition on tensile strength is far 
more than that on flexural strength. At 40% filler content, tensile strength is reduced 
by 40% while reduction in flexural strength is only 17.4%.

Moisture absorption by various jute/polyester composites is given table-5.

table 5.

S. No. Composite type Moisture absorption (24 hrs), %

1. HSUNTR 1.4

2. HSALMC 0.4

3. HSTHER 1.6

4. POLYESTER 0.2

Moisture absorption is the least for HSALMC.

CoNClusioN

In this chapter, the effect of fabric treatment and filler addition on mechanical perfor-
mance and moisture absorption of jute/polyester composites is investigated. Alkali 
and thermal treatments were carried out on commercially available whole fabrics. Jute 
fabric/polyester composites with calcium carbonate filler find many low cost applica-
tions.

KeyWords

 • Biodegradation

 • Filler

 • hydrophilic

 • isophthalic polyester

 • thermosetting polyester
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Chapter 12

Control of the hyaluronidase activity towards 
hyaluronan by Formation of electrostatic 
Complexes: Fundamental and application 
relevance
Brigitte Deschrevel

iNtroduCtioN

Hyaluronan (HA) is a glycosaminoglycan (GAG) widely distributed in vertebrate tis-
sues. Due to its unique biophysicochemical properties, it is involved in many bio-
logical processes under both normal and pathological conditions. In addition, HA and 
its derivatives are used in various medical and aesthetic applications. However, the 
biophysicochemical properties and biological functions of HA strongly depend on its 
chain size. By catalyzing HA hydrolysis hyaluronidases (HAases) play an important 
role in the control of the HA chain size. Our study of the kinetics of the HA hydrolysis 
catalyzed by HAase led us to the conclusion that two phenomena should be taken into 
account to properly describe the behavior of the hyaluronan/hyaluronidase system: (i) 
formation of catalytic complexes which leads to HA hydrolysis and (ii) formation of 
electrostatic hyaluronan hyaluronidase complexes in which hyaluronidase is catalyti-
cally inactive. As a consequence, the hyaluronidase activity can be strongly modulated 
by formation of electrostatic complexes involving either HA and/or hyaluronidase. 
The present report shows that this knowledge of the behavior of the hyaluronan/hyal-
uronidase system is important with respect to the detection, quantification, character-
ization, and use of hyaluronidase. It also strongly suggests that this behavior could be 
of importance under in vivo conditions, since, for example, it was shown that, accord-
ing to its concentration, a hyaladherin (protein able to specifically bind HA) is able to 
either enhance or suppress the activity of a tumoral hyaluronidase.

The HA, also known as hyaluronic acid is a polysaccharide which belongs to the 
GAG family. It is widely distributed in vertebrate tissues and fluids and is the most 
abundant GAG in mammalian tissues. In human body, HA concentration varies over 
a wide range; for example, it ranges from 1,420 to 3,600 mg l-1 in synovial fluids, it 
is around 200 mg l-1 in dermis and between 0.02 and 0.04 mg l-1 in blood serum and 
plasma (Chichibu et al., 1989; Engstrom-Laurent et al., 1985; Laurent and Fraser, 
1986). In connective tissues, HA is one of the main components of the extra-cellular 
matrix (ECM). The HA is composed by the repetition of D-glucuronic acid-b(1,3)-
N-acetyl-D-glucosamine disaccharide units linked through b(1,4) glycosidic linkages 
(Figure 1). It is unbranched, not sulfated nor modified in any other way throughout its 
length, all of which makes it the simplest of the GAGs. Under normal physiological 
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conditions, this linear polymer has high molar mass, usually exceeding 106 g mol-1 
(2,500 disaccharide units) with values reaching 10 × 106 g mol-1 (25,000 disaccharide 
units) as, for example, in synovial fluid (Noble, 2002). However, HA molar mass var-
ies according to the species and the tissue and, even in a given tissue, it can have a 
great polydipersity (Laurent, 1987).

Figure 1. Chemical structure of HA: D-glucuronic acid-b(1,3)-N-acetyl-D-glucosamine disaccharide 
units linked through b(1,4) glycosidic bonds (Deschrevel, in press).

While HA has long been considered as an inert component acting only as a space 
filler, it is now established that HA has many biological functions related to its unique 
biophysicochemical properties, among which, its viscoelastic behavior (Cowman and 
Matsuoka, 2005; Fouissac et al., 1993) and its ability to retain large amount of water 
(Laurent, 1970) and to interact with various molecular species (Hardingham and Muir, 
1972; Hascall and Heinegard, 1974; Pasquali-Ronchetti et al., 1997; Underhill and 
Toole, 1979). The HA is actually an excellent space-filling molecule able to adjust 
to surfaces and to act as a lubricant. It can undergo deformation, as required dur-
ing growth and tissue remodelling, and has energy-absorbing properties, as required 
for energy dissipation under dynamic shock imposed to articulations (Cowman and 
Matsuoka, 2005; Lapčik Jr. et al., 1998; Laurent and Fraser, 1992). The HA plays a 
significant role in the water homeostasis of the tissues and contributes to the regu-
lation of the distribution and transport of smalls ions and proteins (Gribbon et al., 
1999; Laurent, 1987; Laurent and Ogston, 1963). The HA provides a scafold on which 
various molecular species can reversibly assemble. In particular, HA forms aggregates 
with proteoglycans containing sulfated polysaccharides, such as chondroitin sulfate 
and keratan sulfate (Hardingham and Muir, 1972; Hascall and Heinegard, 1974). The 
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formation of such aggregates involves link proteins (Day and Prestwich, 2002; Yang 
et al., 1994). These laters belong to a family of proteins termed hyaladherins because 
of their ability to specifically bind HA. Hyaladherins also include membrane receptors 
such as CD44 (cluster of differentiation 44) and RHAMM (receptor for hyaluronan-
mediated motility) (Day and Prestwich, 2002; Yang et al., 1994). Binding of HA to 
such receptors can activate intracellular signaling pathways. Thus, hyaladherins play 
an important role in the involvement of HA in cell proliferation, differentiation, adhe-
sion, and migration (Evanko et al, 1999; Knudson and Knudson, 1993).

As one may have expected, the viscosity of HA solutions strongly increases as 
the HA chain length is increased (Cowman and Matsuoka, 2005). Interestingly, it was 
shown that the ability of HA to bind hyaladherins as well as the stability of the result-
ing complexes also depends on the HA chain length (Courel et al., 2002; Deschrevel et al., 
2008b). In other words, the biological functions of HA strongly vary according to its 
chain length (Stern et al., 2006). From the general point of view, HA of high molar 
mass is believed to play a homeostatic role, whereas, HA chains of low molar masses 
act as endogenous danger signals (Scheibner et al., 2006; Stern et al., 2006). For ex-
ample, it is established that high molar mass HA is anti-angiogenic, anti-inflammatory, 
and immunosuppressive, while HA chains of low molar masses (below 2.5 × 105 g 
mol–1) are pro-inflammatory and activate the innate immune system, and HA oligo-
saccharides (4–25 disaccharides units) are angiogenic (Delmage et al., 1986; Gately 
et al., 1984; Hogde-Dufour et al., 1997; Liu et al., 1996; McKee et al., 1996, 1997; 
Takahashi et al., 2005; Taylor et al., 2004; Termeer et al., 2002; Trochon et al., 1997; 
West and Kumar, 1989).

The many biological functions of HA make it plays important roles under nor-
mal conditions but also under pathological conditions since HA is involved, for 
example, in immune response (Delmage et al., 1986; Gately et al., 1984; Scheibner  
et al., 2006), wound healing (David-Raoudi et al., 2008) and tumor proliferation and 
invasion (Stern, 2008). Moreover, the absence of immunogenicity of HA, its biocom-
patibility, biophysicochemical properties, and biological functions have led to its use 
in an increasing number of medical and aesthetic applications. However, for several 
of these applications, HA have two major drawbacks: a high rate of in vivo degrada-
tion and poor mechanical properties. In order to overcome these drawbacks and to 
extend the application range of HA, the latter has been the subject of various chemi-
cal modifications (Deschrevel, in press). In the medical field, HA or its derivates are 
used in ophtalmology, osteoarthritis, laryngology, urology, embryo implantation, ad-
hesion prevention, wound healing, tissue engineering, and drug delivery engineering 
(Deschrevel, in press). Molar mass of HA has always been taken into account with 
respect to the various applications. However, as the knowledge about the influence of 
the chain length of HA on its biological functions has increased, molar mass of HA has 
become a crucial parameter and the demand of HA fragments of well-defined size has 
increased (Deschrevel, in press).

The knowledge of the pathways of HA synthesis and catabolism (Deschrevel, in 
press) strongly suggests that HA molar mass distribution is most probably regulated 
through the catabolic pathway. In addition, according to Mio and Stern (2002), such 
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regulation is kinetically and energetically more efficient through the catabolic, rather 
than the anabolic, pathway. The catabolic pathway involves HAases, enzymes that 
catalyze HA cleavage. On the basis of biochemical data, Meyer classified HAases into 
three differents categories: (i) testicular-type HAases (EC 3.2.1.35), which hydrolyze 
the b(1,4) glycosidic linkages (Figure 2), (ii) leech-type HAases (EC 3.2.1.36), which 
hydrolyze the b(1,3) glycosidic bonds, and (iii) bacterial-type HAases (EC 4.2.99.1), 
that cleave the b(1,4) glycosidic linkages by a b elimination reaction (Deschrevel, 
in press; Meyer, 1971). In the human, as in all mammals, all the HAases found until 
now are of the testicular-type. The human genome includes six HAase genes: Hyal1, 
Hyal2, Hyal3, Hyal4, PH-20/Spam1, and HyalP1 (Girish and Kemparaju, 2007; Stern 
et al., 2007). Among the products of these genes, Hyal1, Hyal2 and PH-20, or SPAM1 
(Sperm Adhesion Molecule 1), show HAase activity and are the best characterized. 
Hyal3 is widely expressed, but no enzymatic activity has yet been detected for this 
protein using the available HAase assays. Hyal4 seems to be a chondroitinase with no 
activity towards HA. HyalP1 is a pseudogene, transcribed but not translated in the hu-
man (Deschrevel, in press; Girish and Kemparaju, 2007; Stern et al., 2007). However, 
although the knowledge about HAases did not ceassed to increase over the years, the 
way by which HAases are involved in the control of the HA molar mass distribution 
is still to be elucidated. Indeed, rather little is known about the species, the parameters 
and the phenomena that control HAase activity. Mio and Stern (2002) suggest that 
HAase could be present in tissues together with inhibitors which may allow HAase 
to be rapidly activated or inactivated. However, even though some HAase inhibition 
activities have been detected in vivo, very little is known about their molecular basis 
and mechanism of action (Mio and Stern, 2002).

Figure 2. Hydrolysis of the b(1,4) glycosidic bonds of HA as catalyzed by testicular-type HAases (EC 
3.2.1.35) (Deschrevel, in press).
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In the course of the last 10 years, we have studied the kinetics of the HA hydro-
lysis catalyzed by HAase. An atypical kinetic behavior was observed whose extent 
varied according to the experimental conditions used. We then showed that, in fact, 
to properly describe the behavior of the HA/HAase system, the ability of HA to form 
electrostatic complexes with proteins, including HAase, should be taken into account 
in addition to the formation of the HA-HAase catalytic complexes. Our studies also 
showed that, as a consequence, the HAase activity towards HA can be strongly modu-
lated by the formation of electrostatic complexes involving either HA or HAase or 
both. In addition to review these results and their main conclusions, we discuss here 
their relevance under both in vitro and in vivo situations.

ha aNd haase: CatalytiC ComPleXes Versus eleCtrostatiC 
ComPleXes

For our study of the kinetics of the HA hydrolysis catalyzed by HAase, we used bovine 
testicular HAase (BT-HAase), which is commercially available, as a model enzyme. 
Indeed, this enzyme is the bovine counterpart of the human PH-20 and, like all the 
human HAases, it is of the testicular type. In addition, it was shown that the human 
HAases share 33.1–41.2% aminoacid sequence identities and a higher degree of struc-
tural similarity (Chao et al., 2007; Jedrzejas and Stern, 2005). Among the methods 
used to study the HA hydrolysis catalyzed by HAase, we chose the colorimetric assay 
for N-acetyl-D-glucosamine reducing ends, also known as the Reissig method (Reissig 
et al., 1955) or the Morgan-Elson method (Elson and Morgan, 1933), because it is the 
only one for which the measurement is directly related to the number of b(1,4) bonds 
cleaved. Indeed, each hydrolysis of a b(1,4) bond leads to a one unit increase in the 
number of HA chains and so, the same for the number of N-acetyl-D-glucosamine 
reducing ends (Figure 2). We used our improved version of the method which allows 
to deduce the turbidimetric contribution from the total absorbance measured at 585 
nm and thus, to obtain the actual colorimetric contribution. This colorimetric compo-
nent of the absorbance at 585 nm is proportional to the concentration of N-acetyl-D-
glucosamine reducing ends in the sample (Asteriou et al., 2001). Thus, for each kinetic 
experiment, the concentration of N-acetyl-D-glucosamine reducing ends was plotted 
against the reaction time. The experimental points were fitted by the bi-exponential 
equation we developed (Vincent et al., 2003) and the initial hydrolysis rate was cal-
culated as being equal to the value of the first derivative of that function at time zero. 
Initial hydrolysis rates are thus expressed in µmol of N-acetyl-D-glucosamine reduc-
ing ends released per liter of reaction medium and per minute.

Our study of the influence of the HA concentration on the initial rate of the HA 
hydrolysis catalyzed by BT-HAase under low ionic strength conditions (5 mmol l-1) 
revealed an atypical behavior (Figure 3) for increasing HA concentrations, the initial 
hydrolysis rate successively increased, reached a maximum and then decreased to a 
very low level, close to zero, at high HA concentration, instead of reaching a plateau, 
as it does for a Michaelis-Menten type enzyme (Asteriou et al., 2002, 2006). The 
same atypical behavior was observed whatever the BT-HAase concentration used 
(Figure 3). 
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Figure 3. Substrate-dependence of the HA hydrolysis catalyzed by BT-HAase in 5 mmol l-1 ammonium 
acetate, at pH 5 and at 37°C, for different BT-HAase concentrations ranging from 0.5 to 4 g l-1. The 
number average molar mass of HA was 1.45 × 106 g mol-1. Data from Asteriou et al. (2006).

However, for any HA concentration, the initial hydrolysis rate increased when the 
BT-HAase concentration was increased. In fact, analysis of the substrate-dependence 
curves obtained for various BT-HAase concentrations indicated that the atypical be-
havior depended on the ratio of the BT-HAase concentration over the HA concentra-
tion since there was a roughly constant ratio between (i) the HA concentration for 
which the initial hydrolysis rate was maximum and the BT-HAase concentration and, 
(ii) the HA concentration above which the initial rate became close to zero and the 
BT-HAase concentration (Asteriou et al., 2006). The substrate-dependence curves 
obtained under various ionic strength conditions showed that the existence and the 
extent of the atypical behavior of the HA/BT-HAase system strongly depended also 
on the ionic strength level (Figure 4). The higher the ionic strength level, the higher 
the HA concentration above which the initial hydrolysis rate decreased and, for the 
highest ionic strength, no decrease in the initial rate was observed. Moreover, for any 
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HA concentration, the initial hydrolysis rate increased when the ionic strength was 
increased. In fact, Bollet et al. (1963) already reported such a low hydrolysis rate at 
high HA concentration with rat kidney HAase in 0.10 mol l-1 acetate buffer at pH 3.8. 
Similarly, Aronson and Davidson (1967) mentioned that rat liver HAase in 0.10 mol 
l-1 acetate buffer at pH 3.9 exhibited inhibition at high HA concentration and that this 
inhibition was prevented by 0.15 mol l-1 sodium chloride. Nevertheless, these authors 
did not provide any explanation for their results.

Figure 4. Substrate-dependence of the HA hydrolysis catalyzed by BT-HAase at pH 4 and at 37°C, for 
different sodium chloride concentrations ranging from 0 to 0.3 mol l-1. The BT-HAase concentration 
was 0.2 g l-1. The number average molar mass of HA was 0.97 × 106 g mol-1. (unpublished personal 
data).

In order to explain the atypical behavior of the HA/BT-HAase system, we inves-
tigated several hypotheses including a classical inhibition by an excess of substrate, 
a steric exclusion effect so that the enzyme would not be able to get close enough to 
any cleavable bonds of the HA molecule and a viscosity effect which would reduce 
the HAase diffusion rate. However, none of these hypotheses could explain all the 
experimental results and so, they could not be responsible by themselves for the atypi-
cal behavior of the HA/BT-HAase system (Asteriou et al., 2006). In fact, the only 
one receivable explanation for the atypical behavior was based on the idea according 
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which HA and BT-HAase are able to form electrostatic complexes different from the 
catalytic complexes.

The fact that each glucuronic acid residue bears a carboxyl group makes HA chains 
behave as polyelectrolytes whose pK0 was estimated to be equal to 2.9 (Berriaud 
et al., 1998; Cleland et al., 1982). This means that, except under very acidic pH condi-
tions, HA is a polyanion. Thus, according to the ionic strength level, HA may be able 
to form electrostatic complexes with polycations. In fact, the ability of HA to form 
electrostatic complexes with proteins was shown more than 60 years ago. Indeed, 
the very first methods developed to assay HAase were based on the measurement of 
the turbidity resulting from the formation of complexes between long HA chains and 
serum proteins under acidic conditions: the lower the turbidity, the higher the HAase 
activity (Deschrevel et al., 2008a). The turbidimetric method was further developed 
by Tolksdorf et al. (1949), introducing the definition of the turbidity reducing unit 
based on the turbidity obtained when HA is mixed at pH 3.8 with the bovine serum 
albumin (BSA). This method still constitutes the current United States Pharmacopeia 
XXII assay for HAase. More recently, investigations (Gold, 1980; Grymonpré et al., 
2001; Malay et al., 2007; Moss et al., 1997; Van Damme et al., 1994; Xu et al., 2000) 
were devoted to the characterization of the complexes formed between HA and some 
proteins. For example, Xu et al. (2000) examined the influence of pH on the solubility 
of the electrostatic HA-BSA complexes and Moss et al. (1997) studied the electrostatic 
complexes formed between HA and lysozyme (LYS).

For our kinetic experiments, there was neither protein nor any other polycation 
added into the reaction media. The only one species which could form electrostatic 
complexes with HA was thus BT-HAase. By using an electrophoretic method, we 
estimated the isoelectric point (pI) of BT-HAase to be close to 7, which mean that, 
under acidic pH conditons, the net charge of BT-HAase is positive. Thus, HA and BT-
HAase should be able to form electrostatic complexes at least between pH 2.9 and 7. 
In fact, the first time we experimentally observed the ability of HA and BT-HAase to 
form electrostatic complexes under acidic pH conditions was when we investigated 
the origin of the turbidity component of the total absorbance measured at 585 nm in 
the N-acetyl-D-glucosamine reducing end assay (Asteriou et al., 2001). Then, by using 
HA and BSA, as a model system for the formation of electrostatic HA protein com-
plexes, and by performing turbidimetric measurements, we confirmed the existence of 
electrostatic HA-BT-HAase complexes under the pH conditions we used in our kinetic 
studies (Deschrevel et al., 2008a; Lenormand et al., 2008). In fact, in the case of the 
HA/BT-HAase system, study of the electrostatic complexes is complicated by the fact 
that the enzymatic hydrolysis of HA leads to a decrease in the HA chain length and, 
we showed, using the HA/BSA system, that the formation of electrostatic complexes 
depends on the size of HA chains (Lenormand et al., 2010b).

The investigations we carried out in order to explain the kinetic atypical behavior 
of the HA/BT-HAase system thus led us to the conclusion that, in fact, two phenom-
ena must be considered to properly describe the behavior of that system: on one hand, 
the formation of catalytic complexes between HA and BT-HAase which leads to HA 
hydrolysis, and, on the other hand, the formation of electrostatic complexes between 
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HA and BT-HAase in which BT-HAase is catalytically inactive (Deschrevel et al., 
2008a). Let us see how this conclusion allows us to explain the atypical shape of the 
substrate-dependence curves. When we studied the influence of the HA concentration 
on the initial rate of HA enzymatic hydrolysis, we used a fixed BT-HAase concentra-
tion. However, when using experimental conditions under which BT-HAase formed 
electrostatic complexes with HA, the higher the HA concentration, the higher the part 
of BT-HAase involved in electrostatic complexes. But, since BT-HAase involved in 
electrostatic complexes was catalytically inactive, increasing the HA concentration 
also meant a decrease in the concentration of active BT-HAase. Thus, in the first part 
of the substrate-dependence curve (Figure 5, part 1), the increase in the HA concentra-
tion enabled the initial hydrolysis rate to increase despite of the decrease in the con-
centration of active BT-HAase. On the contrary, in the second part of the curve (Figure 
5, part 2), the increase in the HA concentration was no-longer sufficient to compensate 
for the decrease in the concentration of active BT-HAase and thus, the initial hydroly-
sis rate decreased. Then, when all the BT-HAase molecules had formed electrostatic 
complexes with HA, the initial hydrolysis rate became equal to zero, which meant that 
the concentration of active BT-HAase was nil. It should be noted that if BT-HAase in-
volved in electrostatic HA-BT-HAase complexes was catalytically active, no decrease 
in the initial hydrolysis rate would have been observed at high HA concentrations 
(Deschrevel et al., 2008a).

Figure 5. Substrate-dependence of the HA hydrolysis catalyzed by BT-HAase in 5 mmol l-1 
ammonium acetate, at pH 5 and at 37°C, for a BT-HAase concentration of 2 g l-1. The number 
average molar mass of HA was 1.45 × 106 g mol-1. The dashed line allows to distinguish between the 
two characteristic parts of the atypical curve (see text). Data from Asteriou et al. (2006).
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As we have observed on Figure 3, the initial rate of HA hydrolysis catalyzed by 
BT-HAase depended on the ratio of the BT-HAase concentration over the HA concen-
tration. Indeed, the higher the ratio of the BT-HAase concentration over the HA con-
centration, the higher the concentration of active BT-HAase and the higher the initial 
hydrolysis rate. Nevertheless, the ability of HA and BT-HAase to form electrostatic 
complexes foremost depends on both pH and ionic strength conditions. As mentioned 
above, HA and BT-HAase are able to form electrostatic complexes at least between 
pH 2.9 and 7, pH domain in which simultaneously HA behaves as a polyanion and 
BT-HAase as a polycation. Moreover, the higher the ionic strength level, the lower the 
stability of the electrostatic HA-BT-HAase complexes. Indeed, an increase in the ionic 
strength level leads to an increase in the screening of the charges borne by HA and 
BT-HAase by small ions and thus, to a decrease in the ability of these two polyelec-
trolytes to form electrostatic complexes. This is in very good agreement with the fact 
that the atypical behavior tended to decrease, up to disappear, when the ionic strength 
of the reaction medium was increased (Figure 4). However, our experiments showed 
that the formation of electrostatic complexes between HA and BT-HAase can occur 
under physiological-type ionic strength since the atypical behavior was observed with 
an ionic strength equal to 0.15 mol l-1 (Lenormand et al., 2008).

eNhaNCemeNt/suPPressioN oF haase aCtiVity toWards ha By 
PolyCatioNs aNd PolyaNioNs

As mentioned above, various proteins are able to form electrostatic complexes with 
HA. We thus decided to investigate the effect of the presence of a protein with no cata-
lytic activity towards HA on the kinetics of the HA hydrolysis catalyzed by BT-HAase. 
For that purpose, we chose to first use BSA. Indeed, BSA is known as to be able to 
form electrostatic complexes with HA. In addition, BSA is a major protein of synovial 
fluid (Scott et al., 2000), a fluid which is also rich in HA (see Introduction section). 
Figure 6 shows BSA-dependence curves (that is to say, initial hydrolysis rate plotted 
as a function of the BSA concentration) obtained for various HA concentrations, at pH 
4 and at low ionic strength (5 mmol l-1). We can observe (Figure 6) that (i) the initial 
rate of HA hydrolysis catalyzed by BT-HAase strongly depended on the BSA concen-
tration and (ii) the BSA-dependence curves had all the same shape whatever the HA 
concentration (Lenormand et al., 2009).

In fact, the BSA-dependence curves can be divided into four domains (Figure 7) 
(Deschrevel et al. 2008a; Lenormand et al., 2009): 

• The first domain corresponds to BSA concentrations ranging from zero to A. 
When the BSA concentration is nil, nearly all the BT-HAase molecules form 
electrostatic complexes with HA. The concentration of catalytically active BT-
HAase is thus close to zero, which makes the initial hydrolysis rate extremely 
low. For increasing BSA concentrations up to A, the added BSA molecules use 
the space remaining free on HA molecules to form electrostatic complexes. This 
has no effect on the initial hydrolysis rate which remains close to zero. It should 
be noted however that domain 1 exists only for low values of the ratio of the 
BT-HAase concentration over the HA concentration.
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• In domain 2, the initial hydrolysis rate strongly increases when the BSA con-
centration is increased. In fact, as expected, a competition between BT-HAase 
and BSA for the formation of electrostatic complexes with HA occurs and leads 
to the release of BT-HAase molecules. So, for increasing BSA concentrations, 
the concentration of active BT-HAase increases and this allows the initial rate 
to increase. Under these conditions, the added BSA clearly acts as an enhancer 
of the BT-HAase activity. Then, when the BSA concentration is equal to B, all 
the BT-HAase molecules are free, and thus catalytically active and the initial 
hydrolysis rate reach its maximum value.

• In domain 3, all the BT-HAase molecules are free. The concentration of active 
BT-HAase is equal to its maximum value whatever the BSA concentration. Nev-
ertheless, added BSA molecules continue to form electrostatic complexes with 
HA and this leads to a progressive decrease in the b(1,4) bonds accessible to the 
BT-HAase molecules. In other words, in that BSA concentration range, when 
the BSA concentration is increased, the substrate concentration progressively 
decreases and, as a consequence, the initial rate of HA hydrolysis decreases too. 
In these cases, BSA acts as a suppressor of the BT-HAase activity.

• In domain 4, the HA molecules being saturated by the BSA molecules, the con-
centration of b(1,4) bonds accessible to BT-HAase is close to zero. Thus, al-
though all the BT-HAase molecules are catalytically active, they cannot catalyze 
the HA hydrolysis and the initial hydrolysis rate is nil. In this domain, in the 
same way as in domain 3, BSA acts as a suppressor of the BT-HAase activity.

Figure 6. BSA-dependence of the HA hydrolysis catalyzed by BT-HAase in 5 mmol l-1 sodium 
chloride, at pH 4 and at 37°C, for different HA concentrations ranging from 0.25 to 2 g l-1. The BT-
HAase concentration was 0.5 g l-1. The number average molar mass of HA was 0.97 × 106 g mol-1. 
Data from Lenormand et al. (2009).
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Figure 7. Generalized BSA-dependence of the HA hydrolysis catalyzed by BT-HAase. The dashed 
lines allow to distinguish between the four characteristic domains of the curve, and A, B and C are 
characteristic BSA concentrations corresponding to the junctions between the domains (see text). 
Model curve from Lenormand et al. (2009).

The effects of serum proteins, in particular BSA, on HAase activity were already 
reported by some authors. According to the first studies, reviewed by Mathews and 
Dorfman (1955), serum, whatever its origin, inhibited HAase. Such inhibitions may 
be explained by the fact that the total protein concentration in serum was high as com-
pared to the HA and HAase concentrations used, so that the formation of electrostatic 
complexes between HA and many serum proteins reduced the concentration of HA 
b(1,4) bonds accessible to HAase. On the contrary, Gacesa et al. (1981) observed a 
marked enhancement of BT-HAase activity upon addition of serum to incubation mix-
tures at pH below 5 and in the presence of 0.1 mol l-1 sodium chloride. These authors 
noted that the extent of activation was largely dependent upon the ratio of enzyme over 
serum quantities. They further showed that the greatest activation effect was obtained 
by using BSA or human serum albumin. Gold (1982) showed that both BT-HAase and 
human liver HAase exhibited increased activity in the presence of BSA at pH 4. All 
these observations are in total agreement with our above-mentioned results.
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Figure 8. LYS-dependence of the HA hydrolysis catalyzed by BT-HAase in 5 mmol l-1 sodium 
chloride, at pH 5.25 and at 37°C, for different HA concentrations ranging from 0.25 to 1 g l-1. The 
BT-HAase concentration was 0.5 g l-1. The number average molar mass of HA was 0.97 × 106 g mol-1. 
Data from Lenormand et al. (2010a).

Figure 9. BSA-dependence of the HA hydrolysis catalyzed by BT-HAase in 5 mmol l-1 sodium 
chloride, at pH 5.25 and at 37°C, for different HA concentrations ranging from 0.25 to 1 g l-1. The 
BT-HAase concentration was 0.5 g l-1. The number average molar mass of HA was 0.97 × 106 g mol-1. 
Data from Lenormand et al. (2010a).
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In order to verify that such a modulation of the BT-HAase activity was not specific 
to albumin, we performed experiments with LYS, another non-catalytic protein, pres-
ent together with HA in cartilage. The LYS-dependence curves obtained for various 
HA concentrations, at pH 5.25 and at low ionic strength (5 mmol l-1) are shown on Fig-
ure 8. We can observe that these LYS-dependence curves had exactly the same shape 
as the BSA-dependence curves shown on Figure 6. This means that, in the same way 
as BSA, LYS is able to either enhance or suppress BT-HAase activity according to its 
concentration. We also performed experiments with BSA by using exactly the same 
experimental conditions as those used to study the effect of the LYS concentration on 
the initial rate of HA hydrolysis catalyzed by BT-HAase. The BSA-dependence curves 
thus obtained are shown on Figure 9. Comparison between the curves on Figures 8 and 
9 clearly shows that under the experimental conditions used, LYS had a higher ability 
to form electrostatic complexes with HA than BSA since, for any given HA concentra-
tion, the concentration of non-catalytic protein giving the maximum value of the initial 
hydrolysis rate was higher for BSA than for LYS. This difference in behavior between 
LYS and BSA with respect to their ability to form electrostatic complexes with HA 
comes from the difference in their pI values: pI of LYS was estimated to 10.6 (Hoon 
Han and Lee, 1997) and that of BSA is close to 5.2 (Wang et al., 1996; Xu et al., 2000). 
Thus, at pH 5.25, the net charge of LYS is positive whereas that of BSA is nearly nil. 
In fact, the ability of BSA molecules to form electrostatic complexes with HA at pH 
5.25 was due to the existence of positive patches on the protein surface (Grymonpré 
et al., 2001). Moreover, we performed experiments by using poly-L-lysine, a synthetic 
polycation, instead of a non-catalytic protein. According to its concentration, poly-L-
lysine was able to either increase or decrease the initial rate of HA hydrolysis (Figure 
10). In other words, the presence of poly-L-lysine in the reaction medium had exactly 
the same effect on the BT-HAase activity as the addition of the non-catalytic proteins.

Figure 10. Poly-L-lysine-dependence of the hydrolysis of HA (1 g l-1) catalyzed by BT-HAase in 5 
mmol l-1 sodium chloride, at pH 4 and at 37°C, for a BT-HAase concentration of 0.5 g l-1. The number 
average molar mass of HA was 0.97 × 106 g mol-1. (Unpublished data).
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All these results clearly indicate that the BT-HAase activity towards HA can be 
either enhance or suppress by formation of electrostatic complexes. The BT-HAase 
activity can be enhance by polycations, which in vivo are mainly proteins, to the con-
dition that (i) they are able, by forming electrostatic complexes with HA, to avoid, or 
at least to limit, the formation of electrostatic complexes between HA and BT-HAase 
and, (ii) the ratio of the polycation over HA quantities in the HA-polycation complexes 
allows enough HA b(1,4) bonds to remain accessible to BT-HAase. Suppression of 
the BT-HAase activity may result from the formation of two types of electrostatic 
complexes: (i) HA-polycation complexes in which the accessibility of BT-HAase to 
the HA b(1,4) bonds is hindered because of a too high value of the ratio of the polyca-
tion over HA quantities in the complexes and, (ii) polyanion-BT-HAase complexes in 
which BT-HAase is catalytically inactive. In our study, the only one polyanion was 
HA and we showed that it is able to form electrostatic complexes with BT-HAase 
in which BT-HAase is catalytically inactive. Nevertheless, many polyanions, includ-
ing GAG other than HA (heparin, heparan sulfate, dermatan sulfate), HA derivatives 
(O-sulfonated HA) and synthetic polyanions (poly(styrene-4-sulfonate)) are known to 
inhibit HAase (Aronson and Davidson, 1967; Girish and Kemparaju, 2005; Isoyama 
et al., 2006; Mathews and Dorfman, 1955; Toida et al., 1999). In the case of heparin, 
Maksimenko et al. (2001) demonstrated that the inhibition results from the formation 
of electrostatic heparin-HAase complexes.

releVaNCe oF the ProCess oF eNhaNCemeNt/suPPressioN oF the 
haase aCtiVity By FormatioN oF eleCtrostatiC ComPleXes

The results of our studies of the BT-HAase activity towards HA clearly show that the 
enzymatic activity of BT-HAase can be strongly modulated by formation of electro-
static complexes involving either HA or BT-HAase or both. The question then is what 
could be the role of the process of enhancement/suppression of the HAase activity by 
formation of electrostatic complexes under in vitro and in vivo conditions? Concerning 
in vitro conditions, we show below that it could play an important role in the detection, 
quantification, characterization and use of HAase. In the case of in vivo conditions, 
even though it is much more difficult to unambiguously demonstrate the role of the 
process of enhancement/suppression of the HAase activity by formation of electro-
static complexes, this question is discussed below on the basis of experimental data 
related to the involvement of HA and HAase in cancer.

Detection, Quantification, Characterization and use of HAase
The ability of HA and HAase to form electrostatic complexes either with each other 
or with other polyelectrolytes very probably accounts for some of the difficulties en-
countered in attempts to detect, to quantify and to characterize HAase activity. Indeed, 
in addition to being present at exceedingly low concentration (Stern, 2005), it was 
observed by some authors that for highly purified HAase preparations no enzymatic 
activity was detectable in the absence of added proteins (Maingonnat et al., 1999; 
Mathews and Dorfman, 1955). According to our results, we may suggest that when 
these purified HAase preparations were mixed with HA, HAase underwent electro-
static complex formation with HA and was thus unable to catalyze HA hydrolysis. We 
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can observe on Figure 4 that, even in the presence of 0.15 mol l-1 ionic strength, for 
low ratios of the BT-HAase concentration over the HA concentration the initial hydro-
lysis rates became close to zero. Under the same ionic strength condition and with the 
same BT-HAase concentration, the initial hydrolysis rate could be much higher to the 
condition that the HA concentration used was lower, so that the ratio of the BT-HAase 
concentration over the HA concentration was higher (Figure 4). When HAase was 
assayed in purified preparations, the presence of added proteins such as BSA allowed 
the formation of electrostatic complexes between HA and the added protein and thus, 
prevented electrostatic HA-HAase complex formation. On the contrary, when HAase 
is assayed in biological samples, addition of proteins to the reaction mixture may be 
not appropriated. In such cases, the total protein content may be high enough for HA 
to be saturated by proteins, so that HA b(1,4) bonds are not accessible to HAase. Thus, 
although HAase is present, HAase activity may be not detected in reaction mixtures 
containing too high levels of proteins.

Concerning the characterization of the HAase activity, a matter of interest is that 
of the influence of pH. Indeed, a great diversity of pH-dependence curves of HAase 
activity were published. Considering a given HAase, as for example, BT-HAase, there 
are two main reasons for this diversity. The first one concerns the experimental meth-
ods used to assay HAase activity. Indeed various methods were used to study the ef-
fect of pH on the HAase activity and, using exactly the same experimental conditions, 
different pH-dependence curves can be obtained. For example, Hofinger et al. (2008) 
found a maximum BT-HAase activity at pH 3.5 when using the N-acetyl-D-glucos-
amine reducing end assay whereas it was around 5.5–6 with a turbid metric method. 
The second reason is that substrate-dependence curves were obtained by using a broad 
range of experimental conditions in terms of ratio of the HAase concentration over the 
HA concentration, purity of the HAase preparation, ionic strength and added species 
(buffer, BSA, …). According to our above-mentioned results, all these experimental 
conditions are precisely important with respect to the HAase activity and also to the 
HA and HAase abilities to form electrostatic complexes. During our study of the pH-
dependence of the BT-HAase activity, we performed HA enzymatic hydrolysis experi-
ments in the presence of a low ionic strength (5 mmol l-1) by adding either BSA or LYS 
at various concentrations into the reaction medium. The initial hydrolysis rates we 
determined from the kinetic curves are reported on Figures 11 and 12 (Lenormand et 
al., 2010a). We can observe that in the absence of non-catalytic protein, the BT-HAase 
activity was detectable only between pH 3.75 and 4.75, whereas, in the presence of 
BSA (Figure 11), it was detectable at least between pH 3.5 and 5.25 and, in the pres-
ence of LYS (Figure 12), BT-HAase activity could be detected in a pH domain ranging 
at least from 3 to 9. These results allow to explain those obtained by Maingonnat et 
al. (1999) when they studied the activity of a tumoral HAase produced by a cell line 
derived from a brain metastasis. They observed that, whatever the pH between 3.3 and 
4.4, the tumoral HAase activity was strongly increased in the presence of either BSA 
or an HA binding protein. Similarly, our results on Figure 11 are in total agreement 
with those of Gacesa et al. (1981) according which, in a pH domain ranging from 3 to 
5, BT-HAase activity was strongly increased by addition of human serum or albumin 
to the reaction mixtures. Moreover, results on Figure 4 make it possible to explain the 
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increase in BT-HAase activity between pH 3.5 and 5 reported by Gacesa et al. (1981) 
when they increased the sodium chloride concentration from 0.176 to 0.44 mol l-1.

Figure 11. pH-dependence of the HA hydrolysis catalyzed by BT-HAase in 5 mmol l-1 sodium 
chloride and at 37°C, for different BSA concentrations ranging from 0 to 4 g l-1. The HA concentration 
was 1 g l-1 and the BT-HAase concentration was 0.5 g l-1. The number average molar mass of HA was 
0.97 × 106 g mol-1. Data from Lenormand et al. (2010a).

In fact, to be able to characterize the intrinsic HAase activity, the formation of 
electrostatic complexes involving either HA and/or HAase should be avoided. From 
the experimental point of view, the only way to achieve this is the use of a high level 
of ionic strength. According to our results (Figure 4), ionic strength should be higher 
than 0.15 mol l-1, an ionic strength level usually considered as to be the physiological 
one. This probably constitutes one of the key reasons which allowed some authors in 
the recent years to detect BT-HAase and human testicular HAase (pH-20) activities 
at pH values equal to or higher than 7 (Franzmann et al., 2003; Hofinger et al., 2008). 
For example, by using an ionic strength of at least 0.25 mol l-1 and 0.2 g l-1 BSA, Fran-
zmann et al. (2003) found an enzymatic activity for the human testicular HAase only 
about 2.5 lower at pH 8 than at pH 4.5.
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For many years, HAases have been used as a spreading factor. The HAase prepara-
tions are used as adjuvant to increase the absorption and dispersion of injected drugs 
into the tissue ECM. On the basis of our results, we may suggest that efficiency of 
such HAase preparations would strongly depend on the composition of the ECM of 
the tissues where they are injected. Moreover, HAases are also used to prepare HA 
fragments with well-defined sizes (Deschrevel, in press). We showed that with a HA 
concentration of 5 g l-1, at pH 4 and at 37°C, HA fragments of different ranges of mo-
lar masses can be produce by properly selecting the HAase concentration, the ionic 
strength and the end reation time (Tranchepain et al., 2006). The HA fragments were 
then purified by using size exclusion chromatography followed by dialysis for salt 
elimination. More recently, we showed that BSA could be efficiently used instead of 
salt to increase the rate of HA hydrolysis catalyzed by BT-HAase. Thereby, we were 
able to enzymatically produce high quantities of HA tetrasaccharide within a rather 
short reaction time and, above all, because the reaction mixture did not contain any 
salt, purification could be rapidly and efficiently performed by using an ultra filtration 
method (unpublished results).

Figure 12. pH-dependence of the HA hydrolysis catalyzed by BT-HAase in 5 mmol l-1 sodium 
chloride and at 37°C, for different LYS concentrations ranging from 0 to 4 g l-1. The HA concentration 
was 1 g l-1 and the BT-HAase concentration was 0.5 g l-1. The number average molar mass of HA was 
0.97 × 106 g mol-1. Data from Lenormand et al. (2010a).
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Involvement of HA and HAase in Cancer: The Role of HA Binding Proteins
For several years, the involvement of the HA/HAase system in cancer have been the 
subject of many research works. Indeed, many reports indicate elevated levels of both 
HA and HAase in several tumors including carcinomas of the breast, colon, prostate, 
bladder, lung, and ovary (Auvinen et al., 2000; Bertrand et al., 1997; Hautmann et al., 
2001; Lokeshwar and Selzer, 2008; Lokeshwar et al., 1996; Paiva et al., 2005; Simp-
son, 2006; Stern, 2008). According to various results, HA and HAase are involved 
in cancer progression and invasion. Elevated levels of HAase in tumor are often cor-
related to tumor aggressiveness (Bertrand et al., 1997; Kovar et al., 2006; Lokeshwar 
and Selzer, 2008; Lokeshwar et al., 1996; Stern, 2008). The activity of HAase is higher 
in the most invasive forms of cancer and metastases than in primary tumors (Bertrand 
et al., 1997; Delpech et al., 2002). For example, HAase activity is more elevated in 
brain metastases than in primary tumors of the brain (Delpech et al., 2002). Identical 
differences are found when primary breast tumors are compared to node or muscle me-
tastases of breast tumors (Bertrand et al., 1997). Moreover, cancer cells, which regu-
larly produce metastases when grafted to nude mice, are cells that produce high HAase 
activity in culture (Delpech et al., 2001). Conversely, cell lines that do not express 
HAase activity do not produce metastases when grafted to nude mice. Quantification 
of HA in human breast carcinomas showed that it is significantly predominant in the 
peripheral invasive area of the tumor (Bertrand et al., 1992). In addition, angiogenic 
HA fragments were found in the saliva of patients with head and neck squamous cell 
carcinoma, in the urine of patients with high-grade bladder cancer and in the tissue 
extracts of high-grade prostate tumors (Franzmann et al., 2003; Lokeshwar and Selzer, 
2008). All these results strongly suggest that the HA/HAase system plays an active 
role in tissue invasion by cancer cells. The role of HAase in tumor invasion could be 
related to the angiogenic switch (Folkman, 2002): high molar mass HA could form a 
hydrated HA matrix appropriate for tumor cell attachment and enabling the flow of 
nutriments at the primary site. When simple diffusion becomes no longer sufficient, 
HAase activity generates angiogenic HA fragments that induce the neovascularization 
required for tumor progression.

In order to investigate the behavior of a tumoral HAase as compared to that we 
observed for BT-HAase, we performed experiments with a human cancer cell HAase 
(H460M-HAase) purified from cultures of a lung carcinoma cell line (H460M) by 
Delpech and his collaborators (Maingonnat et al., 1999). The substrate-dependence 
curve obtained with the H460M-HAase (Figure 13) had exactly the same atypical 
shape as that obtained with BT-HAase in the presence of 0.15 mol l-1 ionic strength 
(Figure 4). This strongly suggests that, like BT-HAase, H460M-HAase has the abil-
ity to form electrostatic complexes with HA in which it is catalytically inactive. As a 
consequence, the H460M-HAase activity decreases as the ratio of the H460M-HAase 
concentration over the HA concentration is decreased. According to these results, with 
a high HA concentration, as found in tumor tissues (Auvinen et al., 2000; Hautmann et 
al., 2001; Paiva et al., 2005; Simpson, 2006), a high HAase level is required to obtain 
a significant HAase activity.

Control of the Hyaluronidase Activity Towards Hyaluronan 147

Ap
pl

e 
Ac

ad
em

ic
 P

re
ss

 

Au
th

or
 C

op
y



148 Natural Polymers, Biopolymers, Biomaterials, and Their Composites, Blends, and IPNs

Figure 13. Substrate-dependence of the HA hydrolysis catalyzed by H460M-HAase in 0.15 mol 
l-1 ammonium nitrate, at pH 3.5 and at 37°C, for a H460M-HAase concentration of 51 U l-1. The 
H460M-HAase concentration was determined according to the procedure described in Delpech  
et al. (1995). The number average molar mass of HA was 1.45 × 106 g mol-1. (unpublished personal 
data).

Moreover, Delpech and his collaborators showed that the H460M-HAase activ-
ity, in the presence of a 0.2 mol l-1 ionic strength and at pH 3.8, was dependent on 
the BSA concentration in the reaction medium: when the BSA concentration was in-
creased, H460M-HAase activity increased reached a maximum and then decreased 
(Maingonnat et al., 1999). In good agreement with the results we obtained with LYS 
and poly-L-lysine, they found that foetal calf serum immunoglobulins, human serum 
albumin, hemoglobin and transferrin were also able to increase the H460M-HAase 
activity (Maingonnat et al., 1999). All these results clearly indicate that, in the same 
way as for BT-HAase, the enzymatic activity of the human tumoral HAase (H460M-
HAase) can be either enhanced or suppressed by non-catalytic proteins according to 
their concentration.

The group of Delpech extensively studied hyaluronectin (HN), a hayladherin 
which is the HA binding moiety of the proteoglycan versican. They showed that HN 
has a great and specific affinity for HA (Delpech et al., 1995). Like for many other 
hyaladherins, electrostatic interactions play an important role in the HN binding to HA 
(Day, 2001). Very interestingly, Delpech and his collaborators showed that, according 
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to its concentration, HN was able to either enhance or suppress the H460M-HAase 
activity (Maingonnat et al., 1999). In other words, it means that a hyaladherin behave 
exactly in the same way as a polycationic non-catalytic protein, such as BSA, with 
respect to the enzymatic activity of a human tumoral HAase towards HA.

When studying HN, Delpech and his collaborators also obtained interesting results 
about the involvement of HN in tumors. They found that HN concentrations were 
lower (i) in invasive tumors and metastases as compared to poorly-invasive tumors 
(Delpech et al., 1993) and (ii) in invasive peripheral areas than in the central areas of 
breast cancer (Bertrand et al., 1992). Similarly, using H460M cells transfected by hu-
man HN cDNA, it was shown that the HN-rich clones developed much fewer metas-
tases than HN-poor clones (Paris et al., 2006). In addition, HN was shown to be able 
to reduce the tumor growth rate of grafted human glioblastoma, while it was unable 
to do so when previously heat-inactivated so that it was unable to bind HA (Girard et 
al., 2000).

Altogether these results strongly suggest that, at rather low concentration, by form-
ing complexes with HA, HN could prevent the formation of electrostatic complexes 
between HA and tumoral HAase and thus, enable tumoral HAase to be active. HA 
hydrolysis catalyzed by tumoral HAase would thus generate angiogenic HA fragments 
which in turn would enhance tumor progression. On the contrary, high levels of HN, 
leading to the formation of dense HA-HN complexes, would hinder tumoral HAase 
accessibility to HA b(1,4) bonds. Under such conditions, even though tumoral HAase 
would be present, it could not catalyze HA hydrolysis and, as a consequence, tumor 
progression would be reduced. So, by modulating tumoral HAase activity through the 
formation of HA-HN complexes, HN could act either as a promoter of tumor growth 
and metastasis or as a metastatic spread suppressor.

The HN is not the only protein that can play a role in the HAase hydrolytic activ-
ity associated with tumor progression. Indeed, like HN, metastatin, and HA-binding 
complex from cartilage, inhibited angiogenesis, tumor growth, and metastasis (Liu et 
al., 2001). These inhibitions were not observed with heat-inactivated metastatin and 
with metastatin preincubated with HA, which suggests that metastatin must bind to 
HA to exhibit inhibition. In addition, it was shown that the binding of the link protein 
on HA molecules of the proteoglycan aggregates from cartilage protected HA from 
degradation by HAase (Rodriguez and Roughley, 2006). Inhibition of tumor growth 
and metastasis was also reported with the soluble form of CD44 and RHAMM. Over-
expression of soluble CD44 in mouse mammary carcinoma cells or in human malig-
nant melanoma cells led in vivo to inhibition of growth, local invasion and metastasis, 
while no significant effects were obtained if the soluble CD44 was mutated such that 
it could not bind to HA (Toole, 2002). All these results strongly support the idea that 
binding of various proteins to HA can control its hydrolysis catalyzed by HAase and 
thus are involved in the aggressiveness of tumors. Indeed, tumor progression and me-
tastasis is dependent on the HA size distribution, which is related to HAase activity, 
and, according to our results, the HAase activity is itself dependent on the relative 
levels of HA, HAase and proteins.
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CoNClusioN

The main conclusion of our study of the HA/HAase system is that the HA hydrolysis 
catalyzed by HAase is strongly modulated by the formation of electrostatic complexes. 
Indeed, on one hand, polyanions, such as HA, other GAGs and synthetic polyanions, 
by forming electrostatic complexes with HAase, can suppress its enzymatic activity. In 
such a case, HAase is present but is catalytically inactive. On the other hand, polyca-
tions, such as proteins or synthetic polycations, able to compete with HAase for the 
formation of electrostatic complexes with HA, can either enhance or suppress HAase 
activity according to their concentration. At rather low concentrations, by preventing 
HAase to undergo electrostatic complex formation with HA, polycations allow HAase 
to be free and thus active. At high concentrations, the electrostatic HA-polycation 
complexes are too much dense to allow the formation of catalytic complexes between 
HA and HAase. In that case, while HAase is present and catalytically active, no HAase 
activity can be detected. Moreover, it should be noted that, as shown in the present 
study, the modulation of the HAase activity by formation of electrostatic complexes 
can occur in a large pH domain, including pH 7, and at an ionic strength at least equal 
to 0.15 mol l-1, ionic strength value usually considered as the physiological one.

The role played by the formation of electrostatic complexes involving either HA 
or HAase or both in the behavior of the HA/HAase system allows to explain some 
of the difficulties encountered in attempts to detect HAase activity and some of the 
discrepancies in the results obtained when quantifying and characterizing the HAase 
activity. This knowledge about the behavior of the HA/HAase system should be useful 
for improving the selection of the experimental conditions used to detect, quantify and 
characterize the HAase activity. Concerning the use of HAase, we showed that this 
knowledge was really useful for developing efficient enzymatic methods allowing us 
to produce HA fragments of well-defined size.

The results described in the present report also allow to suggest that the process 
of enhancement/suppression of the HAase activity by formation of electrostatic com-
plexes could be of importance in vivo, as for example, in cancer invasion. Indeed, it 
was shown that the activity of a human tumoral HAase can be either enhance or sup-
press by a hyaladherin according to its concentration. Through the data related to the 
levels of HAase, HA, and the considered hyaladherin in tumors, this result was well 
correlated to tumor aggressiveness. Similar correlations, between tumor invasion and 
hyaladherin levels, were also established for several other hyaladherins. According 
to these results, rather low levels of hyaladherins would thus allow HAase to be 
able to produce angiogenic HA fragments required for tumor progression, while high 
levels of hyaladherins would suppress HAase activity and prevent tumor progession. 
If hyaladherins play such a role in the control of tumoral HAase activity and, as a 
consequence, in tumor progression, they could constitute the basis of new therapeutic 
possibilities.
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Chapter 13

spider silk-production and Biomedical 
applications
Anna Rising, Mona Widhe, and My Hedhammar

iNtroduCtioN

Spider silk is Nature’s high performance fiber with an unprecedented ability to ab-
sorb energy, due to a combination of strength and extensibility. Also, spider silk has 
been ascribed abilities to stop bleedings and promote wound healing (Bon, 1710-1712; 
Newman and Newman, 1995). These traits have made spider silk an attractive mate-
rial for biomedical applications. While the outstanding mechanical properties of spi-
der silk have been well documented (see e.g., Gosline et al., 1999; Hu et al., 2006), 
the suggested utility of spider silk has been hampered by lack of large scale produc-
tion. Spiders are territorial and produce low amounts of silk and can therefore not be 
employed as such for industrial silk production. An alternative then is recombinant 
expression of spider silk proteins (spidroins), or designed proteins with sequences 
inspired by the overall properties of spidroins. The nature of spidroins (i.e. they are 
large, repetitive, and aggregation prone) pose significant challenges to their produc-
tion. Several quite different production strategies have been described, the most com-
mon being prokaryote expression systems (e.g., Echerichia coli) and processes that 
involve use of precipitation and resolubilization procedures, cf below and (Rising et 
al.) potential applications of recombinant spider silk include implants to restore the 
function of damaged tissue (e.g., tendon repair) as well as matrices for cell culture and 
tissue engineering. In line with this, some recombinant spider silks have been used 
in cell culture studies and also there are a few reports on the in vivo tolerance of this 
material.

spider silk
Some spiders have up to seven different types of silk glands (Candelas and Cintron, 
1981), each producing a silk with a specific purpose and unique mechanical proper-
ties. The dragline silk is the most studied silk, it is a strong and extendible fiber used to 
make the framework of the webs and as a lifeline (Gosline et al., 1999). The dragline 
silk is composed mainly of two similar proteins, major ampullate spidroin (MaSp) 1 
and 2 (Hinman and Lewis, 1992). These proteins are large, approximately 3500 amino 
acid residues long and can be encoded by several gene loci (Ayoub et al., 2007; Rising 
et al., 2007). The MaSps have a tripartite composition of a non repetitive N-terminal 
domain (~130 amino acid residues) (Rising et al., 2006), an extensive repetitive region 
(Ayoub et al., 2007), and a non repetitive folded C-terminal domain of ~110 residues 
(Hagn et al., 2010). In the repetitive region, tandem repeat units of a glycine rich 
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repeat followed by an alanine block appear consecutively about 100 times (Ayoub et 
al., 2007). 

The MaSps are produced by a single layered epithelium in paired major ampullate 
glands that are connected via secretory ducts to the spinnerets on the ventral surface 
of the abdomen (Kovoor, 1987). The spidroins can be stored in the glandular lumen 
until they are converted into a solid fiber in the end of the secretory duct (Chen et al., 
2002; Work, 1977). Even though the dragline silk proteins are prone to assemble, the 
spider manages to keep them in soluble form at very high concentrations (30-50%, 
w/v)(Chen et al., 2002; Hijirida et al., 1996). The fiber forming process is well con-
trolled, enabling an almost instantaneous formation of the fiber in a defined segment of 
the duct, thus avoiding a fatal spread of the assembly process to the dope in the gland 
(Work, 1977). This process probably involves shear forces, dehydration, a drop in pH 
and changes in the ion composition along the duct (Chen et al., 2002; Dicko et al., 
2004; Knight and Vollrath, 2001).

Production of recombinant spidroins in different hosts 
Two strategies have been most commonly used for recombinant production of spidro-
ins; to express parts of the native sequences, example (Arcidiacono et al., 1998; Stark 
et al., 2007), or iterated consensus repeats, example (Bini et al., 2006; Huemmerich et 
al., 2004a). Both these strategies have lead to problems such as truncations, translation 
pauses and rearrangements (Arcidiacono et al., 1998; Fahnestock and Irwin, 1997). 
Moreover, impoverishment of certain tRNA, proteolysis and low solubility of the pro-
tein has been observed (Fahnestock and Irwin, 1997; Prince et al., 1995; Winkler et al., 
1999). There are no known essential post translational modifications of spidroins, al-
though phosphorylation of tyrosine and serine residues in spidroins have been reported 
(Michal et al., 1996). Therefore, several expression hosts, including prokaryotes, have 
been attempted (reviewed in (Rising et al.)). From the Gram-negative enterobacterium 
Escherichia coli (E. coli), several successful fermentation processes have been report-
ed (Arcidiacono et al., 1998, 2002; Bini et al., 2006; Brooks et al., 2008; Fukushima, 
1998; Huang et al., 2007; Huemmerich et al., 2006; Slotta, 2006; Slotta et al., 2008; 
Stephens et al., 2005; Winkler et al., 2000; Zhou et al., 2001). However, low yields 
(Arcidiacono et al., 1998; Prince et al., 1995), accumulation of inclusion bodies 
(Liebmann, 2008) and low protein solubility (Bini et al., 2006; Fukushima, 1998; Mello 
et al., 2004; Szela et al., 2000; Winkler et al., 2000; Wong Po Foo et al., 2006) often 
occur. Moreover, the outer membrane of Gram-negative bacteria such as E. coli con-
tains lipopolysaccharides (LPS) that are endotoxic and thus often have to be removed 
before the product is used in biomedical applications. Gram-positive bacteria, exam-
ple Bacillus subtilis and Staphylococcus aureus, lack an outer membrane and therefore 
LPS (Sandkvist and Bagdasarian, 1996). This trait also simplifies secretion of recom-
binant proteins, although genetic manipulations are not as easy as with E. coli (Wong, 
1995). Since expression in yeast gives rise to less translation stops, this host system 
might be more suitable than bacteria for long and repetitive sequences, although the 
production rate is slower. The methylotrophic yeast Pichia pastoris has been used in 
order to produce spidroins as well as amphiphilic silk-like protein (Fahnestock and 
Bedzyk, 1997; Werten et al., 2008). Recombinant expression of spidroins in various 
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plants (tobacco, potato, Arabidopsis) has also been attempted (Scheller et al., 2001; 
Scheller et al., 2004) (Menassa et al., 2004; Patel et al., 2007; Yang et al., 2005). How-
ever, rather low expression levels are often reported (Scheller et al., 2001; Scheller et 
al., 2004; Patel et al., 2007; Yang et al., 2005) and large scale production of spidroins 
has so far only resulted in fairly low yields (Menassa et al., 2004). For biomedical ap-
plications, plant antigens, mycotoxins, pesticides, and herbicides can be problematic 
(Doran, 2000). Various mammalian cell systems have been used for expression of 
spidroins, the most promising being a 60 kDa ADF-3 protein secreted from cell lines 
grown in a hollow fiber reactor (Arcidiacono et al., 2002). Since most mammalian 
cells require complex media with biological supplement, this production system may 
cause contamination by virus, prions, and oncogenic DNA (Ma et al., 2003). Spidroin 
production in mammary glands and secretion into milk has been tried in mice (Xu et al., 
2007) and goats (Williams, 2003), although potential contaminations are also a ma-
jor drawback with production in transgenic animals. So far, cytocompatibility studies 
have been performed on recombinant spidroins produced in bacteria, yeast, and plants 
(see Table 1).

table 1. Recombinant spider silk proteins in cytocompatibility studies.

Construct 
name

Size

(kDa)

Production 
host

Type of  
silk

Species Added 
motif

Steril-
ization 

technique

Tested cell 
type

References

SO1 51 Tobacoo Dragline  
silk 

(MaSp1)

Nephila clavipes ELP filtration human 
primary 
chondro-

cytes, 
CHO-K1

Scheller et al 
2004

4RepCT 21 E.coli Dragline 
silk 

(MaSp1)

Euprosthenops 
australis

none filtration, 
autoclaving

HEK 293, 
human 
primary 

fibroblasts                      

Stark et al 
2007, Hed-

hammar et al 
2008, Widhe 

et al 2010

IF9 94 E.coli Dragline 
silk 

(MaSp1)

Nephila clavipes none 96% ethanol 3T3 fibro-
blasts

Agapov et al 
2009

15mer 51 E.coli Dragline 
silk 

(MaSp1)

Nephila clavipes RGD, 
RGD-R5 

(from 
silaffin)

ethylene 
oxide, 70% 
ethanol, UV

hMSC, 
MC3T3-E1 

osteo-
blastic 

precursors,  
mesen-
chymal 

stem cells 
(hMSCs)

Bini et al 
2006, Morgan 

et al 2008, 
Mieszawska 
et al 2010

p N S R 1 6  
pNSR32

not  
specified

E.coli Dragline 
silk

not specified RGD not specified 3T3 fibro-
blasts

Wang et al 
2009

Control of assembly of recombinant spidroins
As mentioned above, expression of recombinant spidroins has often resulted in wa-
ter insoluble products. Often the purification processes in these cases are obligated 
to include solubilisation steps using urea, guanidine hydrochloride, lithium bromide, 
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hexafluoroisopropanol (HFIP) or formic acid (Agapov et al., 2009; Arcidiacono et al., 
1998; Arcidiacono et al., 2002; Bini et al., 2006; Bogush et al., 2008; Exler et al., 
2007; Fahnestock and Bedzyk, 1997; Fahnestock and Irwin, 1997; Fukushima, 1998; 
Geisler et al., 2008; Huemmerich et al., 2004a; Huemmerich et al., 2006; Junghans, 
2006; Lammel, 2008; Lazaris et al., 2002; Lewis et al., 1996; Liebmann, 2008; Lin 
et al., 2009; Mello et al., 2004; Rammensee et al., 2008; Scheller et al., 2001; Slotta, 
2006; Slotta et al., 2008; Teulé et al., 2009; Wong Po Foo et al., 2006; Zhou et al., 
2001). After removal of the solvents used for solubilisation, it has generally been dif-
ficult to control assembly of the denatured spidroins into solid structures. The spider 
can store the spidroins in an aqueous solution and precisely regulate the conversion 
into fibers during spinning. Several strategies have been tried in order to mimic this 
process; to first prevent and then promote assembly and thereby avoid resolubilisa-
tion steps. For example introduction of methionine residues for controlled oxidation/
reduction ( Szela et al., 2000; Valluzzi et al., 1999; Winkler et al., 1999) have been 
utilised. A kinase recognition motif has also been used for controlled assembly via 
enzymatic phosphorylation (Winkler et al., 2000). When fused to the solubility tag 
thioredoxin a miniature spidroin composed of four poly-Ala/Gly-rich co-segments 
and the C-terminal domain, 4RepCT, has been successfully produced in soluble form 
(Stark et al., 2007). Upon proteolytic release from the solubilising thioredoxin partner 
the miniature spidroin 4RepCT spontaneously forms macroscopic fibers that resemble 
native spider silk (Stark et al., 2007). Together with minispidroins recombinantly pro-
duced in the cytosol of insect cells (Huemmerich et al., 2004b) this is so far the only 
report of spontaneous self assembly into silk-like fibers, indicating the importance of 
non-denaturing conditions during production. 

Processing into solid spidroin structures
Several different methods to convert denatured recombinant spidroins into fibers 
have been used, example wet spinning (Arcidiacono et al., 2002; Bogush et al., 2008; 
Brooks et al., 2008; Lazaris et al., 2002; Lewis et al., 1996; Teulé et al., 2007; Teulé et 
al., 2009; Yang et al., 2005), hand drawing (Exler et al., 2007; Teulé et al., 2007), spin-
ning though microfluidic devices (Rammensee et al., 2008) and electrospinning ( Bini 
et al., 2006; Bogush et al., 2008; Stephens et al., 2005; Wong Po Foo et al., 2006; Zhou 
et al., 2008). Other formats than fibers are preferred for some applications, example 
matrices for cell culture and tissue engineering. Therefore, materials have been pro-
cessed into films (Arcidiacono et al., 2002; Bini et al., 2006; Fukushima, 1998; Huang 
et al., 2007; Huemmerich et al., 2006; Junghans, 2006; Metwalli, 2007 Scheller et al., 
2004; Slotta, 2006; Szela et al., 2000; Valluzzi et al., 1999; Winkler et al., 1999; Wong 
Po Foo et al., 2006), microbeads (Liebmann, 2008), microspheres (Lammel, 2008; 
Slotta et al., 2008), and microcapsules (Hermanson et al., 2007). Three-dimensional 
porous scaffolds have also been produced by salt leaching methods (Agapov et al., 
2009). Most of these techniques require post treatment in dehydrating or salting-out 
solvents, to increase the β-sheet contents and stability. In contrast, the recombinant 
miniature spidroin 4RepCT can be used to produce fibers directly in physiological 
buffers (Figure 1). The self-assembled fibers form bundles of varying thickness with a 
surface with lengthwise pattern of irregular grooves and ridges. The 4RepCT can also 
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be casted into a coherent and flexible film with a mostly smooth surface. A stable 3D 
structure with heterogeneous mounds and craters can also be produced by foaming the 
4RepCT protein (Figure 1) (Widhe et al., 2010). 

If the intended use of the recombinant spidroin involves biomedical applications, 
the scaffolds should be sterilized before usage. This has been achieved by using filtra-
tion, ethanol, ethylene oxide or by autoclaving (Table 1). In some cases, the scaffolds 
have been pre-incubated in cell culture medium before cell culture. Whether traces of 
the agents used during production still remain in the scaffolds has not been investi-
gated. However, the processes seem to result in scaffolds suitable for cell culture (see 
further below).

Figure 1. Scaffolds of recombinant spider silk. Upper row: photograph of a wet fiber (left) and 
scanning electron micrograph of a dried fiber (right). Lower row: photograph of a wet foam (left) and 
scanning electron micrograph of a dried foam (right). All scaffolds were made from the miniature 
spidroin 4RepCT (see Table 1). 

spider silk for in vitro applications
Native spider silk has been shown to support the growth of cells in vitro, for example 
chondrocytes (Gellynck et al., 2008b), Schwann cells (Allmeling et al., 2006) and 
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mouse fibroblasts (Kuhbier et al., 2010). Recombinant spider silk has several benefits 
over the native silk, not only the better supply, but also the greater possibility to pro-
cess it into scaffolds of different formats, for example film, foam and porous scaffolds. 
Such scaffolds offer a three dimensional (3D) structure and mechanical properties that 
differ substantially from the plastic surfaces traditionally used for cell culture. Since, 
substrate stiffness has been suggested to play a major role in cell responses (Nemir 
and West, 2010), softer substrates than cell culture plates are probably beneficial, mak-
ing recombinant spider silk an interesting material. Recombinant spider silk scaffolds 
prepared from 4RepCT have been shown to support the growth of human primary 
fibroblasts (Widhe et al., 2010). These scaffolds, in formats of film, foam, fiber and 
fiber mesh, differ substantially in 3D structure and surface topography, but all provide 
a suitable in vitro environment for these cells. Another recombinant spider silk pro-
tein, IF9, can be used to form porous 3D scaffolds with good interconnectivity by salt 
leaching, allowing for proliferation of mouse fibroblast (Agapov et al., 2009). Cells 
attach to the scaffolds, proliferate and migrate into the deeper layers of the scaffolds 
within one week. Both these types of recombinant spider silk originate from dragline 
silk, and scaffolds prepared from them are apparently stable, cytocompatible and can 
offer a 3D microenvironment. To further improve the cell supporting capacity, recom-
binant spider silk has been genetically engineered by the introduction of cell binding 
domains or motifs originating from proteins of the extracellular matrix (see Table 1). 
Most studied is the introduction of the cell binding motif RGD (Arg-Gly-Asp) into re-
combinant spider silk derived sequences. The effects of this motif have been evaluated 
regarding cellular growth or differentiation using mesenchymal stem cells (Bini et al., 
2006), murine osteoblastic cell line (Morgan et al., 2008) and mouse embryonic fibro-
blasts (Wang et al., 2009). Also, two larger peptides have been tried, that is an elastin 
like peptide (ELP) (Scheller et al., 2004) and a silaffin-derived peptide from a silica 
producing diatom (Mieszawska et al., 2010). The ELP was combined with the drag-
line silk derived from recombinant spider silk protein SO1, and was shown to support 
growth and prevent dedifferentiation of human chondrocytes (Scheller et al., 2004). 
The silaffin-derived peptide R5 was introduced in order to increase osteogenesis of 
mesenchymal stem cells growing on recombinant spider silk films (Mieszawska et al., 
2010). Generally, it seems possible to prepare scaffolds from functionalized recombi-
nant spidroins, and they are apparently cytocompatible.

Though, so far relatively sparsely explored, functionalized recombinant spider silk 
scaffolds for cell culture might provide a broad  range of solutions for in vitro cell 
culture and possibly also for tissue engineering applications.

spider silk for in vivo applications
There are only a few studies available on native spider silk implanted in living tissue. 
In one of these, spider dragline silk from Nephila clavipes was used as a component 
in artificial nerve constructs. The grafts were used to replace a 2 cm deficit of the 
sciatic nerve in rats, and shown to promote regeneration of peripheral nerves with 
high functionality, while the controls that received similar grafts without spider silk 
gained nearly no myelinated nerve fibers and showed distinctive muscle degeneration 
(Allmeling et al., 2008). Furthermore, no signs of inflammatory response or foreign 
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body reaction were found, indicating in vivo tolerance of the silk (Allmeling et al., 
2008). Another type of spider silk, egg sac silk, has been implanted subcutaneously 
in rats (Gellynck et al., 2008a). This study showed that during the first four weeks of 
implantation, egg sack silk treated with Proteinase K and/or trypsin evoked the same 
degree of inflammation as the widely used suture material Vicryl® (polyglactin). Egg 
sack silk that had not been subjected to enzymatical treatment evoked a severe inflam-
matory reaction, suggesting that the egg sack silk contains an immunogenic coating 
and/or was contaminated with agents that was removed by proteolysis. Also, Vollrath 
et al. (2002) have shown that both native dragline silk and swathing silk are degraded 
with time when implanted subcutaneously in pigs (Vollrath et al., 2002). 

For the recombinantly produced spider silks, there are two studies where the in 
vitro cytocompatibility has been complemented with in vivo studies (Baoyong et al., 
2010; Fredriksson et al., 2009). In the first one, recombinant spider silk fibers were 
implanted subcutaneously in rats (Fredriksson et al., 2009). The fibers did not give rise 
to any macroscopic signs of inflammation, and the histological examination revealed 
an inflammatory reaction at the same level as observed for the control (silk worm 
silk suture, Mersilk®). Surprisingly, newly formed capillaries could be detected in the 
centre of the recombinant spider silk fiber bundle already after one week of implanta-
tion. This suggests that the recombinant spider silk may have angiogenic properties, 
which would be beneficial in example tissue engineering and wound dressings. In line 
with this, recombinantly produced spider silk (pNSR-32 and pNSR-16, both contain-
ing the tripeptide RGD) used as dressings of deep burns in rats, have been suggested 
to be as efficient in promoting healing as clinically used collagen sponges (Baoyong  
et al., 2010).

CoNClusioN

Recombinant spider silk represents an interesting material for cell culture matrices, 
implants and other medical devices. Both in vitro and in vivo studies show that the 
material is cytocompatible and tolerated when implanted. However, the nature of spi-
der silk proteins still makes them difficult to produce–a problem that must be solved 
before the material can be used in any commercial application.
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Chapter 14

New Nanocomposite materials Based on 
Cellulose Fibers and other Biopolymers
Carmen S. R. Freire, Susana C. M. Fernandes, Armando J. D. Silvestre, 
Alessandro Gandini, and Carlos Pascoal Neto

iNtroduCtioN

The use of natural (cellulose) fibers as reinforcing components in polymeric composite 
materials has been extensively explored during the last few years (Belgacem, 2008), 
mainly in response to the economic and environmental concerns associated with the 
extensive exploitation of petroleum-derived products. The main advantages of natural 
fibers, when compared with their synthetic or inorganic counterparts, are their biode-
gradability, high availability, diversity, abundance, renewability, low cost, low energy 
consumption, low density, high specific strength and modulus (with fibers possessing 
an adequate aspect ratio), high sound attenuation and comparatively easy processing 
ability, due to their flexibility and non-abrasive nature (Bledzki, 1999; Pommet, 2008). 
Additionally, cellulose-based composites are also very attractive materials because of 
their good mechanical properties sustainability and environmental-friendly connota-
tion, and have been used in a wide range of applications, such as in building, engineer-
ing, and automobile industries, as well as for the processing of furniture, packaging 
materials, recreation boats and toys, among others (Bledzki, 1998).

In addition to “conventional” vegetal cellulose fibers (Figure 1A), other forms of 
cellulose have been assessed in the last few years. The use of micro and nano-cellulose 
fibers, namely whiskers, obtained from a marine species (Samir, 2005), bacterial cel-
lulose produced by some bacterial strains (Pecoraro, 2008) as well as micro- or nano-
fibrillated cellulose prepared by mechanical, enzymatic or chemical treatments of the 
vegetal fibers (Nakagaito, 2004), for the development of high performance composite 
materials is attracting researchers from diverse fields (Dufresne, 2008; Lee, 2009), as 
the addition of very modest amounts of nano fibers leads to new composite materi-
als with superior mechanical properties and new functionalities (Klemm, 2009) when 
compared with their conventional cellulose fibers counterparts. 

Nanofibrillated cellulose (NFC) (Figure 1B) can be obtained from conventional 
cellulose fibers by different methods as mentioned before, in the form of aqueous 
suspensions bear the appearance of highly viscous, shear-thinning transparent gels. 
The fibrils have high aspect ratios and specific surface areas combined with remark-
able strength and flexibility. Depending on the disintegration process, their dimensions 
vary, and fully delaminated NFC consists of long (in the micrometer range) nanofi-
brills (diameter =10–20 nm) (Dufresne, 2008; Nakagaito, 2004). 
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Bacterial cellulose (BC) (Figure 1C), also known as microbial cellulose, is pro-
duced by the biosynthesis of different genus of bacteria, for example of the Glucona-
cetobacter genus. The BC is generated as a three-dimensional network of cellulose 
nano- and microfibrils with 10–100 nm diameter, that is about 100 times thinner than 
typical vegetal cellulose fibers. The microfibrillar structure of bacterial cellulose is 
responsible for most of its properties. Bacterial cellulose possesses very high purity 
(free of lignin, hemicelluloses, and the other natural components usually associated 
with plant cellulose) a high degree of polymerization and crystallinity, extremely high 
water binding capacity, high tensile strength and of course a higher surface area, as 
compared to the widespread plant-based counterparts (Pecoraro, 2008).

Figure 1. (A) Visual and SEM micrographs of vegetal cellulose, (B) nanofibrillated, and (C) bacterial 
cellulose.

The use of cellulose in different forms as reinforcing agent for matrices of other 
polysaccharides that bear promising functional properties but, poor mechanical fea-
tures opened wide perspectives on the preparation of a wide range of promising func-
tional materials through simple and green processes: due to the structural similarity of 
both cellulose fibers and polysaccharide matrices, the former can be used as reinforc-
ing elements without any chemical modification. Two of the most interesting examples 
of polysaccharides matrices in which various cellulose forms can play an interesting 
role as reinforcing agents are starch and chitosan. 

Starch (Figure 2), a mixture of amylose and amylopectin, is also one of the most 
abundant natural polymers and is considered as a promising raw material for the de-
velopment of novel materials, including biocomposites. It can be converted into a 
thermoplastic material, known as thermoplastic starch (TPS), through the disruption 
of the molecular chain interactions under specific conditions, in the presence of a plas-
ticizer (Carvalho, 2008). Water and glycerol are the most widely used plasticizers in 
the production of TPS. 
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New Nanocomposite Materials Based on Cellulose Fibers 163

Figure 2. Visual (A) and SEM micrographs (B) of starch.

Chitosan (CH) (Figure 3), the major, simplest, and least expensive chitin deriva-
tive, is a high molecular weight linear polymer obtained by deacetylation of chitin and 
is therefore composed of 2-amino-2-deoxy-D-glucose units linked through b (1®4) 
bonds. Chitin, on its hand is the main component of the exoskeleton of crustaceans 
and considered as the second most abundant natural polymer on earth (Peniche, 2008). 
Chitosan exhibits unique physicochemical properties like biocompatibility, antimicro-
bial activity, biodegradability and excellent film-forming ability, which have attracted 
scientific and industrial interest in fields such as biotechnology, pharmaceutics, bio-
medicine, packaging, cosmetics, among others (Peniche, 2008).

Figure 3. Chitosan sample (A) and its chemical structure (B).

A brief overview of composite materials based on cellulose fibers (vegetal cellu-
lose, bacterial cellulose and nanofibrillated cellulose) with other natural polymers such 
as chitosan and starch will be presented.

Cellulose-Chitosan Nanocomposites Films 
A significant number of studies dealing with the combination of chitosan with cel-
lulose (Hasegawa, 1992; Lima, 2000; Shih, 2009; Twu, 2003), in solution or using 
the cellulose fibers in solid state, and its derivatives (Mucha, 2003, 2005), have been 

Ap
pl

e 
Ac

ad
em

ic
 P

re
ss

 

Au
th

or
 C

op
y



164 Natural Polymers, Biopolymers, Biomaterials, and Their Composites, Blends, and IPNs

published. One practical application of chitosan-cellulose mixtures is their processing 
into films, having high strength parameters and also good biocompatibility, biodegrad-
ability and hydrophilicity. More recently, the incorporation of micro and nanofibers 
cellulose into several polymeric matrices, gave materials with superior mechanical, 
thermal and barrier properties and transparency when compared with the conventional 
fibers. Some studies have been published dealing with the preparation and character-
ization of NFC or BC based-nanocomposites with chitosan (Ciechanska, 2004; Dubey, 
2005; Fernandes, 2009, 2010; Hosokawa, 1990, 1991; Nordqvist, 2007).

Transparent films have been obtained from mixtures of chitosan and both BC and 
NFC nanofibers (Fernandes, 2009, 2010). The chitosan solutions were shown to be an 
efficient media to prepare stable suspensions of NFC or BC, and to produce transpar-
ent films with a very homogeneous distribution of BC and NFC (Figure 4).

Figure 4. Images and AFM/SEM micrographs of transparent nanocomposite films of chitosan with 
BC (A) and NFC (B). 

Chitosan- and water-soluble chitosan-cellulose nanofiber nanocomposite films 
were prepared by a simple and green procedure based on casting water (or 1% acetic 
solutions) suspensions of chitosan with different contents of NFC (up to 60%), and BC 
(up to 40%). The transparency of the films obtained indicated that the dispersion of 
the NFC and BC into the chitosan matrices was quite good. The nanocomposite films 
prepared with BC showed higher transmittance than the corresponding films prepared 
with NFC, because of the higher purity of BC. 

The ensuing materials were in general very homogenous and presented better 
thermo-mechanical and mechanical properties than the corresponding unfilled chito-
san films. With the NFC and BC addition to the chitosan’s matrices, tensile strength 
and Youngs modulus were completely dominated by the NFC and BC network. The 
superior mechanical properties of all nanocomposite films, compared with those of 
the unfilled CH films, confirmed the good interfacial adhesion and the strong interac-
tions between the two components. These results can be explained by the inherent 
morphology of BC with its nanofibrillar network, the high aspect ratio of NFC and 
the similar structures of the two polysaccharides. The nanocomposite films presented 
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better thermal stability than the corresponding unfilled chitosan films. The nanocom-
posites prepared with the water soluble chitosan derivative are particularly interesting 
for future studies, since they have an attractive combination of properties, including a 
high optical transparency.

Globally, the properties of CH/NFC nanocomposite films were better than those 
displayed by similar chitosan films reinforced with BC Nano fibrils. This behavior 
could be due to the better dispersion of NFC into the chitosan matrices, related to the 
individual fiber morphology, contrasting with the tridimensional network fibers struc-
ture of BC, as well as to the higher aspect ratio of the NFC compared with BC. 

The prominent properties of these nanocomposite films could be exploited for sev-
eral applications, such as in transparent functional, biodegradable and anti-bacterial 
packaging, electronic devices and biomedical applications. 

Cellulose-starch Composites
The preparation and characterization of TPS-based composites with different cellu-
lose substrates have been strongly explored, namely commercial regenerated cellulose 
fibers (Funke, 1998), vegetable fibers (Alvarez, 2005; Curvelo, 2001; Funke, 1998;), 
microcrystalline cellulose (Ma, 2008), microfibrillated cellulose (Dufresne, 2000) and 
cellulose nanocrystallites (Weng, 2006). Apart from the enhanced mechanical proper-
ties of these reinforced TPS materials, a significant improvement in water resistance 
is also obtained by adding cellulose crystallites (Lu, 2005) or microfibrillated cellu-
lose (Dufresne, 2000). In general, these TPS/fiber composites also displayed improved 
thermal stability due to the higher thermal resistance of cellulose fibers (Curvelo, 
2001). The preparation and characterization of bacterial cellulose-starch nanocompos-
ites has been also developed (Grande, 2008; Martins, 2009; Orts, 2005). 

Plasticized starch/bacterial cellulose nanocomposite sheets have been obtained by 
hot-pressing (Grande, 2008). The ensuing films were characterized in terms of their 
morphology, whereas other important parameters, such as their mechanical and ther-
mal properties, were not investigated. The incorporation of bacterial cellulose microfi-
brils, obtained by the acid hydrolysis of the cellulose network, into extruded TPS and 
starch-pectin blends was also studied (Orts, 2005). However, in this work, the pecu-
liarity of this cellulose substrate was not fully exploited, since the nano- and micro-
fibril three-dimensional network morphology was partially destroyed during the hy-
drolysis step. Indeed, the microfibrils derived from bacterial cellulose did not improve 
the modulus to the same extent as cotton or softwood counterparts. 

The work developed by Martins et al. (2009) described the preparation and char-
acterization of biocomposite materials obtained by the incorporation of bacterial cel-
lulose into a TPS matrix during the gelatinization process. Similar composite materials 
reinforced with vegetable cellulose fibers were also prepared for comparison purposes. 

The starch-BC nanocomposites were prepared in a single step with cornstarch by 
adding glycerol/water as the plasticizer and bacterial cellulose (1 and 5% w/w) as 
the reinforcing in a melting mixer. All nanocomposites showed good dispersion of 
the nanofibers and a strong adhesion between the fibers and the matrix (Figure 5), as 
well as improved thermal stability and mechanical properties. For example, the Young 
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modulus increased by 30% (with 5% BC), while the elongation at break was reduced 
from 144 to 24%. These results can be explained by the inherent morphology of BC 
with its nano- and micro-fibrillar network.

Figure 5. Images of composites (A) and SEM micrographs of TPS nanocomposites with 5 wt% of VC 
(B) and BC (C).

This study provides an initial insight into the use and characteristics of bacterial 
cellulose in starch-based composites. Bacterial cellulose acts efficiently as reinforce-
ment, even in relatively low quantities, since 5% produced a significant increase in 
both modulus and tensile strength. These materials are promising candidates in appli-
cations like food packaging and biodegradable artifacts. However, the ensuing com-
posites displayed a strong sensitivity to high relative humidity. 
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CoNClusioN

The development of new polymeric materials based on cellulose nanofibers and other 
polysaccharides is a promising strategy within the context of new sustainable and 
environmental-friendly materials. As exemplified in this brief review, the properties of 
these materials suggest that they could be successfully applied in such areas as pack-
aging materials, particularly because bacterial cellulose is becoming a progressively 
more available raw material at reasonable price.
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 • Polysaccharides
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Chapter 15

Cross-linking Chemistry of type i and type iii 
Collagen with anionic Polysaccharides
A. Gnanamani, Tapas Mitra, G. Sailakshmi, and A. B. Mandal

iNtroduCtioN

The present study describes cross-linking chemistry of Type I and Type III collagen 
with anionic polysaccharides (alginic acid), followed by characterization of the resul-
tant cross-linked material for, degree of cross-linking, thermal, and mechanical stabil-
ity. Required concentration of alginic acid (AA) and collagen (Type I and Type III) 
was optimized. Results reveal, irrespective of the nature of collagen, 75% degree of 
cross-linking was observed with AA at 1.5% concentration (w/v). Cross-linking with 
AA increases the mechanical strength and thermal stability of both Type I and Type III 
collagen. About 5–6-fold increase in tensile strength compared to plain collagen was 
observed upon cross-linking with AA. The nature of bonding pattern and the reason 
for thermal stability of AA cross-linked collagen biopolymer was discussed in detail 
with the help of bioinformatics.

Collagen, the most abundant body protein and a biopolymer, till date, identified 
as 28 different types and grouped under collagen super family. Fibrillar collagen, one 
of the subfamily comprises, Type I, II, III, V, and XI as members. About 40% of 
skin, 10–20% of bone and teeth and 7–8% of blood vessel shared by fibrillar collagen 
(Kadler et al., 2007). Fibril-forming collagen, Type I, II, and III (Van der Rest and 
Garrone, 1991) constitute the majority of the internal structure of the body. Type I col-
lagen comprises two α1 chains and one α2 chain whereas, Type III collagen comprises 
of three α1 chains. Collagen is an important biomaterial finding several applications 
as prosthesis, artificial tissue, drug carrier, cosmetics, and in wound healing and in all 
these applications stable collagen is required. 

However, the low denaturation temperature of collagen restricts the applica-
tion as suitable biopolymers for clinical applications (Ru et al., 2005). As a re-
sult, most of the research is focused on to increases the thermal stability of the 
biopolymer materials. Recently, use of cross-linking agent to increase and also 
to improve the mechanical properties and thermal stability is reported by num-
ber of researchers (Sung et al., 1997).Collagen cross-linked with glutaraldehyde 
introduced by Carpentier in the year 1960 showed high stability and after him, 
almost all the biopolymer materials prepared from collagen is cross-linked with 
glutaraldehyde. Nevertheless, realization on various demerits such as; calcifica-
tion, induction of local cytotoxicity due to depolymerization; release of unreacted 
glutaraldehyde monomer; incomplete suppression of immunological recognition 
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and their negative effect on osteoblast attachment and proliferation, necessaciates 
the requirement of suitable cross-linking agent for the preparation of biopolymer 
with required thermal stability. As an alternative, attempt was made on to exploit 
the cationic and anionic polymers of both synthetic and natural polymers for cross-
linking with collagen. Though, reports on interaction of cationic polysaccharides 
with collagen are available, however, the available reports on anionic polysaccha-
rides involve additional chemical agents to enhance the cross-linking ability of AA 
with collagen. Furthermore, in the said study, sodium alginate was used as a source 
material. Nevertheless, in order to avoid the use of external agent for induction, in 
the present study, we made the attempt on to use plain AA for cross-linking with 
collagen. The results of our study demonstrate, cross-linked biopolymer has high 
thermal and mechanical properties. Thus, the detailed description of the study has 
been summarized below; 

The AA, a linear anionic copolymer of 1, 4 linked β- D- mannuronic acid (M) 1,4 
linked α- guluronic acid (G) arranged as homopolymeric or heteropolymeric block 
(GG, MM and GM), constitutes major structural polysaccharide of brown seaweeds 
(Phaeopyta), found non-toxic, non-carcinogenic, biocompatible, sterilizable, and of-
fers cheap processing technique. The AA and its sodium/calcium salts have long been 
used in food, cosmetics, drugs, drug delivery, tissue engineering, and so on. Alginate 
wound dressing has recently been introduced for heavy exudation wounds as occlu-
sive dressing by Pharmacy industries. It is reported that exchange of ions by calcium 
salts of AA and wound exudates accelerates the healing process (Albarghouthi et al., 
2000). Further, retaining the moist condition during wound healing and increases the 
reepithelization process and healing rate by the use of salts of AA is also in reports 
(Gombotz and We, 1998). Salts of AA also found application as dewatering agent for 
the collagen films used for food casings. The mixture of collagen, sodium alginate 
and konjac glucommnnan increases the thermal stability of the mixture appreciably 
according to Wang et al. (2007).

eXtraCtioN aNd reCoNstitutioN oF tyPe i CollaGeN

Type I collagen from bovine skin was extracted as per the method of Mitra et al (in 
press) and reconstituted according to Nomura et al. (1997). Since collagen was ex-
tracted using acetic acid, the resultant collagen was designated as acid soluble collagen 
(ASC) and all the cross-linking studies were carried out only with reconstituted ASC 
(RASC).

eXtraCtioN oF reCoNstitutioN oF tyPe iii CollaGeN 

Type III Collagen from avian intestine was extracted as per the steps followed in the 
flow chart given below; 
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Flow chart for extraction of Collagen from Avian intestine

Avian intestine obtained from slaughter house

Washed and cleaned the waste materials inside the intestine

Washed with chloroform for complete removal of fat materials

Chopped in to pieces

Soaked in 0.5(M) Sodium acetate buffer with continuous stirring at 4ºC for 12-24h

Homogenized with 0.5 (M) Acetic acid

Centrifuged at 10,000rpm for 20 min at 4ºC

Supernatant precipitated with 5% NaCl

Centrifuged at 10,000rpm for 20 min at 4ºC

Residue collected & Re-dissolved in 0.05(M) acetic acid

Dialyzed against 0.005(M)acetic acid

Lyophilized

Acid soluble collagen

The molecular profile of Type I and Type III collagen were shown in Figure 1(a) 
and 1(b), and it demonstrate, presence of two types of α chains (α1 and α2) (100Kda) 
and β dimer (200 Kda) in Type-I collagen and one type of α chain (α1) (100 KDa) and 
β dimer (200 KDa) for Type-III collagen ( Kuga et al., 1998; Lin and Liu, 2006).

Figure 1. The molecular profile of (a) Type I and (b) Type III collagen.
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PreParatioN oF Cross-liNKed BioPolymer material

Different concentrations (0.5, 1.0, 1.5, 2.0, 3.0, 4.0, and 5.0%) of homogenized solu-
tion of AA were prepared by dissolving the required quantities in 70 (mM) sodium 
phosphate buffer (pH 6.5) under stirring for overnight at room temperature. About 
0.5% (w/v) RASC (dissolved in 0.005M acetic acid) was mixed with different con-
centration of AA at 3:1 (RASC:AA) ratio respectively and the homogenized solution 
obtained upon stirring for 30 min at room temperature, incubated for overnight at 4ºC. 
Followed by incubation, the reaction mixture was then transferred to a polypropylene 
plate (Tarson, India) and air-dried at 37°C for 12 hr. The biopolymer material obtained 
in the form of sheets from the above process was designated as AA cross-linked Type I 
(AACC 1) and Type III collagen (AACC 3). In addition, a separate collagen sheet ma-
terial without cross-linker was also made accordingly and used for comparative analy-
ses. The dried polymer sheets were further subjected to percentage of cross-linking 
degree, FT-IR, TGA, and Tensile strength analyses.

Figure 2 demonstrated, degree of cross-linking measurements (Bubnis and Ofner, 
1992) of AA cross-linked biopolymer material with increasing concentration of AA. 
Maximum degree of cross-linking of 75% was observed with 1.5% concentration of 
AA with 0.5% of either Type I or Type III collagen. No further increase in degree of 
cross-linking with increasing concentration of AA was observed.

Figure 2. Degree of cross-linking measurements.

The FT-IR studies were conducted to monitor the chemical modifications in col-
lagen structure due to cross-linking with AA. Figure 3 illustrate, FT-IR spectral details 
of AA, Type I collagen, Type III collagen, AACC 1, and AACC 3. When comparing 
the FT-IR spectral details we observed a complete different spectrum for AACC 1 and 
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AACC 3. In general, the amide I, II and, III peaks of Type I collagen was located at 
1,658, 1,556, and 1,240 cm–1. However, after cross-linking with AA, a sharp intense 
peak at 1,658 disappears with the overlapping peak of –C=O and –N-H bands in the 
range of 1,600–1,650 cm–1 in AACC 1 were observed. This might be due to the forma-
tion of covalent linkage between –COOH group of AA and ε-NH2 group of collagen 
(Pavia et al., 2001). In addition, deep and sharp intense peak observed at 1,556 cm–1 in 
Type I collagen and the related overtone of 1,553 at 3,081 cm–1 was reduced without 
any overtone peaks in AACC 1. Simultaneously, the intensity of amide III was also 
reduced in AACC 1 compare to Type I collagen. However, in Type III collagen the 
amide I, II and III peaks were located at 1,655, 1,546, and 1238 cm–1 and after cross-
linking with AA these three sharp amide signals have been reduced due to the above 
said reason. In addition, one significant change was observed for Type III collagen, 
that is, the overtone peak at 2,924 cm–1 which, was remarkably reduced in AACC 3 
spectrum, suggests, the interaction of both types (Type I and Type III) of collagen with AA.

Figure 3. Illustrate, FT-IR spectral details of alginic acid, Type I collagen, Type III collagen, AACC 1 
and AACC 3.
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The derivative peaks obtained from TGA for all the experimental samples at opti-
mized concentration (1.5% of AA) were illustrated in Figure 4(a) and 4(b). In Figure 
(a) and (b) maximum weight loss of AA was observed at 252°C and for Type I and 
Type III collagen it was 327°C whereas in AACC 1 and AACC 3 it was observed at 
345 and 370°C respectively. When AA were cross-linked with Type I and Type III 
collagen at different concentrations, thermal stability increases as the percentage of 
AA increased up to 1.5%. Further increase in AA reduces the thermal stability of the 
resulting material. 

Figure 4. (a) and 4(b) in maximum weight loss of AA was observed at 252°C and for Type I and Type 
III collagen

table 1. Tensile strength measurements of Type I, Type III collagen, AACC 1and AACC 3 by Universal 
Testing Machine (INSTRON model 1405) at a crosshead speed of 5mm/min.

Material Type Tensile Strength (MPa) Young’s modulus (Gpa) Elongation at break (%)

Type I collagen

Type III collagen

2.110

2.10

7.8

7.3

31.99

30.89

AACC 1 11.56 47.08 5.31

AACC 3 10.73 45.12 5.21

With regard to mechanical property, about 5 to 6-fold increase in tensile strength 
was observed after cross-linking with AA. The tensile strength measurements of na-
tive, AACC 1 and AACC 3 were taken and the ultimate tensile strength (MPa) and 
Young’s modulus (Gpa) values were represented in Table 1.

iNtermoleCular h-BoNd iNteraCtioN BetWeeN tyPe i, tyPe 
iii CollaGeN aNd aa By BiNdiNG eNerGy CalCulatioN usiNG 
BioiNFormatiCs tool soFtWare 

For binding energy and bonding pattern assessment, docking study was followed. 
For the docking study, chemical structures were generated using ACD/ChemSketch 
(ACD/ChemSketch Version 12 Advanced Chemistry Development, Inc., Toronto, ON, 
Canada. 2009.). The 3D structure of collagen was generated using gencollagen pro-
gram (http://www.cgl.ucsf.edu./cgi-bin/gencollagen.py). To find out the interaction 
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between collagen with AA, AUTODOCK software has been used and AutoDock 4.2 
used to calculate (Morris et al., 2009) the free energy of binding between the AA and 
collagen. Results on binding energy calculations based on bioinformatics tools for the 
cross-linking of Type-I, Type III collagen with AA using AutoDock software (Figure 
5(a), 5(b) and 6(a), 6(b)) and, Table 2, 3 depicts the values for the binding energy, in-
teraction sites, hydrogen bond sites, and bond distance of Type I and Type III collagen 
respectively. 

In AACC 1, the binding energy of –7.28 was observed when Ala (11) residue of 
A chain of collagen interacting with AA through Nitrogen of alanine and forming 
three hydrogen bond with bond distance of about 3.08, 2.97, and 2.92. Glycine (7) of 
C chain of collagen interacted with AA through oxygen (of –OH group) and forming 
three hydrogen bonds with the bond distance of 3.98, 2.67, and 2.55. Similarly Serine 
(9) of C chain of collagen also forms one hydrogen bond through Nitrogen with bond 
distance of 3.15.

table 2. Interaction sites, binding energy, hydrogen bond sites, and bond distance, calculated based 
on the bioinformatics tool for the cross-linking between collagen (Type I) and alginic acid.

Interaction site Binding energy 
(kcal/mol)

H-bond Bond distance (Å)

Thirteenth residue Gly of A-
chain (α1)

–6.0 Gly A 13-(Cα)-O H-O(AA) 3.13

Fifteenth residue Ala of A-chain 
(α1)

Ala A 15-(Cα)-N H-O(AA) 2.88 & 2.89

Thirteenth residue Gly of A-
chain (α1)

–6.17 Gly A 13-(Cα)-O H-O(AA) 2.91 & 2.62

Eleventh residue Ala of B-chain 
(α1)

–6.31 Ala B 11-(Cα)-N H-O(AA) 2.83 & 3.11

Tenth residue Gly of A-chain 
(α1)

Gly A 10-(Cα)-O H-O(AA) 2.61 & 3.39

Seventh residue Gly of C-chain 
(α2)

–6.51 Gly C 7-(Cα)-O H-O(AA) 2.44

Eleventh residue Ala of A-chain 
(α1)

Ala A 11-(Cα)-N H-O(AA) 3.17

Eleventh residue Ala of A-chain 
(α1)

–7.28 Ala A 11-(Cα)-N H-O(AA) 3.08,2.97 & 2.92

Seventh residue Gly of C-chain 
(α2)

Gly C 7-(Cα)-O H-O(AA) 3.98,2.67 & 2.55

Nineth residue Ser of C-chain 
(α2)

Ser C 9-(Cα)-N H-O(AA) 3.15

In the case of AACC 3, binding energy of –7.14 observed when Alanine (11) resi-
due of A chain of collagen interacting with AA through Nitrogen of alanine and form-
ing three hydrogen bond with bond distance of about 3.29, 3.04, and 2.85. Alanine (9) 
of C chain of collagen interacted with AA through oxygen (of –OH group) and form-
ing two hydrogen bonds with the bond distance of 3.54 and 2.78. Similarly glycine 
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(7) of C chain of collagen also forms one hydrogen bond through Nitrogen with bond 
distance of 2.88 and 2.68. 

table 3. Interaction sites, binding energy, hydrogen bond sites and bond distance, calculated based 
on the bioinformatics tools for the cross-linking between collagen (Type III) and alginic acid.

Interaction site Binding energy 
(kcal/mol)

H-bond Bond distance 
(Å)

Eleventh residue Ala of A-chain 
(α1)

–7.14
Ala A 11-(Cα)-N H-O(AA)

3.29,3.04,2.85

Ninth residue Ala of C-chain (α1) Ala C 9-(Cα)-N H-O(AA) 2.78,3.54

Seventh residue Gly of C-chain 
(α1)

Gly C 7-(Cα)-O H-O(AA) 2.88,2.68

Seventh residue Gly of C-chain 
(α1)

–6.89 Gly C 7-(Cα)-O H-O(AA) 3.27

Eleventh residue Ala of A-chain 
(α1)

Ala A 11-(Cα)-N H-O(AA) 3.02,2.97,3.03

Eleventh residue Ala of A-chain 
(α1)

–6.5 Ala A 11-(Cα)-N H-O(AA) 3.08,2.98

Ninth residue Ala of C-chain (α1) Ala C 9-(Cα)-N H-O(AA) 2.78

Seventh residue Gly of C-chain 
(α1)

Gly C 7-(Cα)-O H-O(AA) 2.57

Twelfth residue Lys of A-chain 
(α1)

–6.07 Lys A 12-(Cα)-N H-O(AA) 2.88,3.10

Thirteenth residue Gly of A-chain 
(α1)

Gly A 13-(Cα)-O H-O(AA) 2.89,3.12

Thirteenth residue Gly of A-chain 
(α1)

–5.92 Gly A 13-(Cα)-O H-O(AA) 3.22,2.79,2.59

Fourteen residue Pro of A-chain 
(α1)

Pro A 14-(Cα)-N H-O(AA) 3.53

Twelfth residue Lys of A-chain 
(α1)

Lys A 12-(Cα)-N H-O(AA) 3.25,3.32

Figure 5. (a) and (b).
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Figure 6. (a) and (b).

Chemistry BehiNd the Cross-liNKiNG meChaNism oF CollaGeN 
With aa

From the above schematic representation, we found collagen and AA cross-linked 
through covalent linkage (chemical cross-linking). When the required concentration of 
collagen and AA (I) was mixed, the reaction starts from the ester formation in AA (II) 
due to loss of water according to Anson et al. (2009). Since the resultant lactones are 
biologically active, ready to interact with free –NH2 group of lysine in collagen chain 
(III) and (IV) as shown above.

With regard to the thermal analyses of cross-linked biopolymer material (AACC 
1 and AACC 3) and the plain (native) material, we observed an increase in thermal 
stability upon cross-linking with AA. Salome Machado et al. (2002) observed similar 
results for the cross-linking of collagen with chitosan. Derivative information’s shown 
in Figure 4(a) and 4(b) emphasizes, sharp peak at 252ºC corresponds to AA alone and 
a broad peak at 327ºC corresponds to collagen alone. When collagen was mixed with 
AA at optimized concentration, the peak shifted towards right side for the cross-linked 
polymer material. This implies the cross-linking between Type I, Type III collagen, and 
AA. Nevertheless, when the concentration of AA increased to more than 1.5%, there 
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was no appreciable increase in stability due to the non-availability of free molecules 
of collagen to interact with higher concentration of AA. Wu et al. (2007) observed 
the covalent linkages between glutaraldehyde and collagen. Further, with reference to 
chitosan (a natural polycationic polymer) cross-linking with collagen, bond formation 
was between -NH2 groups of chitosan with –COOH group of amino acids of collagen. 
However, in the case of AA (a polyol) (Yang et al., 2007), having more number of 
–OH groups, ready to interact with both types of collagen (Type I, Type III) through 
intermoleculer multiple hydrogen bonds as shown in Figure 5(a), 5(b) and Figure 6(a), 
6(b). The inter molecular multiple hydrogen bonding observed between AA and Type 
I, Type III collagen in the present study was similar to the observations made by Mad-
han et al. (2005) for the reaction between collagen and catechin. Further, the binding 
energy calculations (Table 2 and Table 3) received from the bioinformatics tools also 
confirm the intermolecular multiple hydrogen bonding. Thus, reverse to the bonding 
pattern of chitosan with collagen, both covalent and hydrogen bonding interactions 
occurs between collagen and AA, which in turn increases the stability and mechanical 
property (tensile strength) of the resulting biopolymer material appreciably. 

To further understand the mechanism of stabilization of cross-linked collagen, we 
carried out experiments on measurements of percentage of cross-linking degree using 
TNBS. The procedure adopted in the present study reveals; TNBS interact only with 
the free amino groups as shown below;

As we discussed earlier, due to covalent bonding (between –COOH group of AA 
and –NH2 group of amino acid residue of collagen), the amino groups get interacted 
with AA which is reflected in the percentage of cross-linking degree (75%) at 1.5% of 
AA. When the concentration of AA increases, there was no further increase in percent-
age degree of cross-linking. As shown schematically below, the –NH2 groups in lysine 
residue of collagen was out of site when the concentration of AA increases, which 
results with no further increase in percentage degree of cross-linking (Figure 2).

Ap
pl

e 
Ac

ad
em

ic
 P

re
ss

 

Au
th

or
 C

op
y



Followed by the preparation and characterization of the cross-linked biopolymer 
material using collagen and AA.

CoNClusioN

In the present study the choice for the preparation of thermally stable and mechani-
cally stable biopolymer material was Type I and Type III collagen of bovine skin and 
avian intestine with a natural polymer AA.The reason for the selection of Type I and 
Type III collagen was due to its interaction with number of cells and its involvement 
in most of the human and animal diseases. Though numbers of studies were available 
for the different use of AA, its cross-linking potential with collagen has not yet in re-
ports.The present study describes, the cross-linking ability and chemistry of collagen 
with AA was assessed using FT-IR, TGA, and degree of cross-linking measurements 
using standard procedures. The results obtained and the schematic representation of 
the reaction mechanism summarized proves, AA was cross-linked with collagen in 
two pathways one through multiple intermolecular hydrogen bonding (proved by bio-
informatics study) and second is by covalent linkage (proved by TNBS/percentage of 
cross-linking degree assay).The biopolymer material (sheet) prepared upon cross-link-
ing of AA was the green method of preparation. No toxic compounds were involved in 
this preparation and the resultant material found application as wound dressing sheet 
in clinical applications.

KeyWords

 • acid soluble collagen

 • alginic acid

 • anionic polysaccharides

 • Collagen

 • Cross-linking
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Chapter 16

Cellulose Fiber reinforced Poly(lactic acid) (Pla) 
Composites
Nina Graupner and Jörg Müssig

iNtroduCtioN

The demand for environmentally friendly products based on renewable raw materials 
has increased in the last years. Examples of biodegradable materials include natural 
fiber reinforced biopolymers (Anonymous, 2007; Avella et al., 2009; Bhardwaj and 
Mohanty, 2007; Bledzki et al., 2009; Bodros et al., 2007; Cheung et al., 2009; 
Nampoothiri et al., 2010). As an alternative to natural fibers, man-made fibers based 
on renewable resources can be used as reinforcement. The advantage of the man-made 
over the natural fibers is their reproducible quality; a disadvantage is the higher price 
in comparison to for example bast fibers. An example of a man-made cellulose fiber 
is lyocell which is regenerated from 100% wood cellulose in the NMMO process us-
ing an organic solvent N-methyl-morpholine-N-oxyde. The NMMO process is based 
on the ability of amino oxide to dissolve cellulose under specific conditions. The cel-
lulose can be regenerated out of these solutions and the fibers are produced by a wet 
fiber formation process (Albrecht et al., 1997). Lyocell fibers display special force 
elongation characteristics. They combine a high tensile strength and a high elongation 
at break in one fiber which is an advantage for the production of composites which 
must display high tensile and impact strength at the same time. A typical force-elon-
gation curve of lyocell fibers in comparison to kenaf (bast fiber) and cotton (seed hair 
fiber) is shown in Figure 1. 

Figure 1. Force-elongation characteristics of kenaf, cotton and lyocell fibers.
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One biopolymer that is already used as a matrix for composite production is 
poly(lactic acid) (PLA). The PLA is a thermoplastic biopolymer with lactic acid which 
is derived from starch by a fermentation process as its basic monomer. High molecular 
weight PLA is polymerized by the lactide ring opening polymerization to PLA 
(Garlotta, 2001; Gupta et al., 2007; Lim et al., 2008). 

While cellulose fiber reinforced polypropylene (PP) is already used by default for 
example in the automobile industry for interior parts (Karus and Kaup, 2005), the con-
ventional use of cellulose fiber reinforced PLA is still at the beginning. But there are 
also some products such as biodegradable urns, mobile phone shells or prototypes of 
spare tyre covers made from natural fiber reinforced PLA at the market (Anonymous, 
2007; Iji, 2008; Grashorn, 2007). Many studies deal with the use of natural fibers as 
reinforcements in PLA composites. An overview about the mechanical characteristics 
and application areas of natural fiber-reinforced PLA can be found for example in 
Bhardwaj and Mohanty (2007), Avella et al. (2009), Ganster and Fink (2006), Jo-
noobi et al. (2010), and Graupner et al. (2009). For the improvement of the composite 
characteristics it is still necessary to carry out optimization processes for fibers, PLA 
matrix and the interactions of both. Moreover the processing parameters, force elonga-
tion characteristics of fibers and matrix as well as the use of additives like plasticizers 
or adhesion promoters have decisive influences on the mechanical characteristics of 
the composites. 

For improving the mechanical characteristics of cellulose fiber reinforced PLA 
some studies have been carried out which deal with an improvement of fiber/matrix 
interactions. An important factor is the optimization of the fiber surface by modifica-
tion methods. Examples for surface treatments on natural fibers and their effects on 
the mechanical PLA composite characteristics are given for example in the studies of 
Tokoro et al. (2008), Cho et al. (2007), Hu and Lim (2007), Lee et al. (2009), Masirek 
et al. (2007), Yu et al. (2010) and Huda et al. (2008). Beside fiber surface treatments, 
the bonding between fiber and matrix can be optimized by additives. A well known 
additive for improved fiber reinforced PP composite characteristics is anhydride ma-
leic acid (MA). Some studies tested the use of MA in cellulose fiber reinforced PLA 
composites. But the most studies reported no improved tensile strength by using MA 
(Bourmaud and Pimbert, 2008; Plackett, 2004). Lee and Ohkita (2004) used bamboo 
fiber esterifies malefic anhydride reinforced PLA in the presence of dicumyl perox-
ide as a radical initiator. These results proved improved tensile characteristics of the 
composites. Lee and Wong (2006) studied the effects of lysine-based diisocyanate 
(LDI) as a coupling agent for compression molded bamboo fiber PLA composites. 
The results showed improved tensile characteristics of the composites. And a study 
of cotton fiber reinforced PLA with a fiber load of 40 mass% has shown that lignin 
as a natural additive increased the tensile strength by 9% and the Young´s modulus 
by 19%, whereas the impact strength was decreased by 17% in comparison to the 
pure PLA sample (Graupner, 2008). A previous study has also shown that a mixture 
of brittle and stiff hemp fibers and ductile lyocell fibers lead to improved composite 
characteristics (Graupner, 2009). 
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The admixture of lyocell fibers as a force elongation modifier for kenaf fiber rein-
forced PLA composites as well as the optimization of the processing parameters and 
the use of lignin as a kind of natural additive for improved fiber/matrix interactions 
will be described in the present chapter. The study is focused on compression molded 
lyocell and kenaf fiber reinforced PLA composites.

materials aNd methods

Fibers and matrix
For the composite production regenerated cellulose fibers (lyocell) provided by the 
Lenzing AG (Lenzing, Austria) with different fineness values (1.3, 3.3, 6.7, and 15.0 
dtex) and yield retted kenaf fibers (Holstein Flachs, Mielsdorf, Germany) were used 
as reinforcements. As matrix PLA fibers (Ingeo fibers, type SLN 2660D (Far Eastern 
Textile Ltd., Taipai, Taiwan)) with a fiber fineness of 6.7 dtex and a density of 1.24 g/
cm³ (produced from a Nature Works PLA type 6202D; Cargill Dow LLC, Minnetonka, 
Minnesota, USA) were used. The PLA and cellulose fibers were mixed during the 
carding process with 20 and 40 mass% reinforcing fibers. 

Fiber Characteristics
Fibers and fiber bundles were tested for their tensile characteristics and width values. 
Prior to the investigations the fibers were conditioned for at least 24 hr in a standard 
climate at 20°C and 65% relative humidity according to DIN EN ISO 139.

The tensile characteristics of single elements (single lyocell fibers and single 
kenaf fiber bundles) were tested by a testing instrument Fafegraph M (Textechno, 
Mönchengladbach, Germany) working with a load cell of 100 cN (lyocell fibers) and 
10,000 cN (kenaf fiber bundles), respectively. Fibers and bundles were clamped into 
clamps covered with PVC under a pressure of approximate 3–4 bar under a preload of 
200 mg. They were tested at a gauge length of 3.2 mm with a testing speed of 2 mm/
min. At least 80 single elements were tested per sample. 

For the investigation of the fiber width the Fiber shape image analyzing system 
was choosen. The elements were distributed on a slide frame (40 x 40 mm², glass 
width of 2 mm; company Gepe, Zug, Switzerland). Four slide frames were prepared 
per sample and scanned with a Canoscan scanner FS 2710 (Canon, New York, USA) at 
a resolution of 4,000 dpi. The images were analyzed with the image analysis software 
Fiber shape 4.1 (IST AG, Vilters, Switzerland). The evaluation was done with an IW-
TO-wool calibrated measuring mask based on a standard long-fiber measuring mask. 

Composite Production
To investigate the influence of the kind of semi finished product composites were pro-
duced from multilayer webs or needle felts. Multilayer webs were produced by using 
a lab roller card (company Anton Guillot, Aachen, Germany) with a working width 
of 30 cm. The fibers were oriented predominantly in length direction to the machine 
direction (MD). The area weight per unit of the multilayer webs used for composite 
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production was approximate 2,000 g/m². For the needle felt production one part of 
the multilayer webs was processed on an industrial machine to needle felts with an 
approximate area weight per unit of 2,000 g/m². The multilayer web was pre-needled 
with the needling density at the rate of 10 punches/cm² by a Heuer & Sohn (Tespe, 
Germany) pre-needle machine (type ROV 12S/250/11/900; one needle board, 800 
needles per m working width, 7 needle lines, 320 pinpricks per minute) with a work-
ing width of 2,600 mm. For the pre-needling process needles of the type 15 x 20 x 4 
R333 G 1012 (Groz & Beckert KG, Gummersbach, Germany) were used. The main 
needle felt production was carried out by a Fehrer (Linz, Austria) needle felt machine 
type NL1226 with a working width of 2,600 mm (two needle boards, 312 needles per 
line, 14 lines per needle board, feeding rate of 1.6, and 672 pinpricks per minute). 
Needle-punching density in the main needle process was per throughput 74 punches/
cm². The roller carded webs were punched twice (from both sides, 148 punches/cm²). 
For the needle-punching process needles from the type 15 x 16 x 36 x 3 R222 G 53437 
(Groz & Beckert KG, Gummersbach, Germany) were used.

The influence of the compression moulding step was analysed using two different 
compression moulding techniques: 

CP-1: Ten minute pre-heating of the semi-finished product in the open press at 
180°C (instead of a pre-drying step), 10 min compression moulding at 3.2 MPa (hy-
draulic press type KV 214.01 (Rucks Maschinenbau GmbH, Glauchau, Germany) and 
cooling at room temperature (20–25°C) for at least 30 min (Graupner and Müssig, 
2009). 

CP-2: The semi-finished products were pre-dried for 2 hr at 105°C in a forced 
air oven (Thermicon® (Heraeus GmbH, Hanau, Germany), compression molded at 
180°C for 5 min at 5.8 MPa in a Joos hot press (hydraulic press type HP-S10, Joos, 
Pfalzengrafenweiler, Germany) and cold pressed for 3 min at 25°C at 5.8 MPa in a 
Joos cold press (hydraulic press type HP-S60, Joos, Pfalzengrafenweiler, Germany).

The treatment of one part of the multilayer webs with lignin was carried out by 
using lignin of the plant Eukalyptus globulus (type Hardwood kraft eucalyptus; BFH, 
Hamburg, Germany). One gram lignin was solved in 100 ml ethanol (96%) and the 
lignin solution was sprayed on and between the single layers of the multilayer webs 
by an aerosol can.

Composite Characteristics
From the resulting composite boards different test specimens were manufactured. The 
investigation of the tensile characteristics of the composites was carried out with a 
Zwick/Roell testing machine type Z 020 (Ulm, Germany) working with a load cell of 
20 kN and pneumatic clamps according to DIN EN ISO 61. The testing speed was set 
to 2 mm/min. Unnotched Charpy impact characteristics were analyzed using a Zwick 
impact tester type 5,102 with a bearing distance of 40 mm, a pendulum length of 225 
mm and a pendulum size ranging between 0.5 and 4 J according to DIN EN ISO 179.

Morphological examinations were carried out using a Zeiss DSM 940A scanning 
electron microscope (SEM) manufactured by Zeiss (Jena, Germany). All specimens 
were sputtered for 90 sec. with 56 mA with a layer of gold prior to SEM observations 
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(Bal-Tec sputter coater SCD 005, Bal-Tec, Liechtenstein) and mounted on aluminium 
holders using double-sided electrically conducting carbon adhesive tabs. A high volt-
age of 10 kV was used for making the photographs. The SEM investigation was used 
to study the fracture surface of the tensile specimens.

disCussioN aNd results

Fiber Characteristics
The characteristics of lyocell and kenaf were investigated by determining fineness and 
tensile properties. The results show clear differences. Figure 1 gives an overview of 
the tensile characteristics and the width. 

Figure 2. Tensile strength (left) and fineness measured as fiber and fiber bundle width (right) of lyocell 
and kenaf (mean values, standard deviations are shown as error bars; dots show the dimension of 
the fiber diameter).

The best tensile characteristics were achieved by lyocell fibers with 0.33 tex with 
a tensile strength of 555 N/mm², followed by lyocell 0.13 tex with 519 N/mm², lyocell 
0.67 tex with 442 N/mm² and lyocell 1.5 tex with 332 N/mm². The highest tensile 
strength was measured for the kenaf fiber bundles with a tensile strength of 653 N/
mm². Due to the bigger fiber diameter and the probability of more defects in the cross-
section the tensile strength decreases in trend with an increasing fiber diameter for the 
lyocell fibers (Vetrotex, 1995). 

Composite Characteristics
Influence of the Semi-finished Product
Composites reinforced with multilayer webs and needle felts were produced by the 
compression molding technique CP-1 with fiber reinforcements of 20 and 40 mass%.

The tensile characteristics have shown clear influences of the composites whether 
multilayer webs or needle felts were used for the composite production, while the 
Charpy impact strength has shown lower differences. Considering the tensile strength 
a better reinforcement effect to the pure PLA sample was achieved by using the needle 
felts as reinforcements in comparison to multilayer web reinforced composites (Figure 
3). As shown in Figure 3 a higher tensile strength was proved with increasing fiber 
fineness for a fiber reinforcement of 40 mass%. For the multilayer webs a reinforce-
ment effect could only be measured for the webs produced from the lyocell 1.3 fibers 
with 42 N/mm². The tensile strength of the pure PLA matrix was determined to be 
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40 N/mm². Composites reinforced with lyocell 6.7 and lyocell 15.0 multilayer webs 
reached values of 36 N/mm² and 28 N/mm² respectively. For the needle felt reinforced 
composites clear reinforcement effects were determined (lyocell 1.3-PLA = 63 N/
mm², lyocell 6.7-PLA = 61 N/mm² and lyocell 15.0-PLA = 57 N/mm²). These results 
lead to the assumption that the kind of the semi-finished product has a clear influ-
ence on the mechanical characteristics of the composites produced by the compression 
molding technique CP-1. This effect could be attributed to a more homogeneous fiber 
distribution in the PLA matrix due to the additional needling process and the lower 
thickness of the needle felts compared to the multilayer webs. It is assumed that the 
lower thickness lead already in the pre-heating phase to a better heat conductivity and 
drying in the press. 

Figure 3. Tensile strength of 40 mass% lyocell fiber reinforced PLA in dependence of the fiber 
fineness. Composites reinforced with needle felts (left); Composites reinforced with multilayer webs 
(right) (mean values, standard deviations are shown as error bars; dots show the dimension of the 
fiber diameter).

By a reduction of the reinforcing fibers from 40 to 20 mass% significant better 
reinforcement effects were measured (compare Table 1). This phenomenon is in con-
trast to the composite theory because the higher value should be measured for the 
composites with the higher fiber load (Bunsell and Renard, 2005; Vetrotex, 1995). For 
the lyocell 1.3-PLA composites the tensile strength could be increased from 42 to 51 
N/mm² and for lyocell 15.0-PLA from 28 to 54 N/mm². This effect can be explained 
by the worse coating and the bad interfacial interactions between the lyocell fibers 
and the PLA matrix due to the lower degree of compaction of the multilayer web 
reinforced composites with higher fiber loads. Because of the low degree of compac-
tion the reinforcing fibers can act as weak spots and the reinforcement effect can be 
decreased by higher fiber loads. The SEM investigations approve the assumptions that 
the 40 mass% multilayer web reinforced composites show a lower degree of compac-
tion which lead to a high number of fiber pull-outs in comparison to the 20 mass% 
reinforced composites (Figure 4). 
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Figure 4. The SEM micrographs of tensile fractured surfaces of 40 (left) and 20 mass% (right) 
reinforced multilayer web reinforced composites. 

Ibrahim et al. (2010) investigated similar trends. They investigated compression 
molded kenaf fiber reinforced PLA with fiber loads ranging between 10 and 50 mass%. 
The tensile strength decreased from 27 N/mm² measured for the 20% kenaf PLA com-
posites to 16 N/mm² measured for the 40% kenaf PLA composites. And Oksman et 
al. (2003) described similar effects for compression molded flax-PLA. The tensile 
strength of 40% flax-PLA decreased compared to 20% flax-PLA. They partially at-
tribute this behavior to poor adhesion between fiber and matrix.

A more detailed presentation of the influence of the semi-finished product on the 
mechanical composite characteristics is given in Graupner and Müssig (2009).

Lignin Treatment
An improvement of the tensile characteristics of the multilayer web reinforced com-
posites produced by compression molding technique CP-1 was reached by the treat-
ment of the multilayer webs with lignin. While the pure PLA sample and the lignin 
treated PLA sample showed no clear differences between tensile strength, Young´s 
modulus and Charpy impact strength (Table 1) clear influences of the lignin treat-
ment were determined for the composites. This supports that the lignin interacts just 
between fiber and matrix or improves the compatibility of the molded composites and 
has no influence on the mechanical characteristics of the pure PLA matrix.

Mechanical investigations of 40 mass% lignin treated multilayer web reinforced 
PLA composites have shown improved tensile strength and Young’s modulus values 
in comparison to the untreated composites. Considering the tensile strength the values 
increased from 28 to 57 N/mm² for the lyocell 15.0-PLA composites, from 36 to 53 
N/mm² for the lyocell 6.7-PLA composites and from 42 to 52 N/mm² for the lyocell 
1.3-PLA composites (compares Figure 5, Table 1).
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Figure 5. Multilayer web reinforced PLA composites (40 mass%) reinforced with untreated (left) and 
lignin treated fibers (right) (mean values, standard deviations are shown as error bars; dots show the 
dimension of the fiber diameter).

In contrast to the untreated composites the tensile strength decreased with reduced 
fiber diameters. It is assumed that this phenomenon is based on the low lignin con-
centration. The concentration (0.01 g lignin/ml ethanol) used could be too low to coat 
the big specific surface of the finer fibers while a better and more homogenous coating 
took place on the smaller specific surfaces of the coarser fibers. It is supposed that a 
raising lignin concentration could lead to a better coating of the finer fibers and thus a 
similar trend as described for the untreated fibers should be determined. The fractured 
surfaces of lignin treated composites show less and shorter fiber pull-outs. This effect 
is demonstrated in Figure 6. Which shows the fractured surface of a 40% Lyocell 6.7-
PLA composite next to a fractured surface of a lignin treated 40% Lyocell 6.7-PLA 
composite. 

Figure 6. Tensile fractured surface of lyocell 6.7-PLA composites (40 mass%). Left: untreated, right: 
lignin treated.
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In contrast to the untreated composites higher tensile strength values were proved 
for the lignin treated composites with a higher fiber load. Due to a better compaction of 
the composites and better fiber/matrix interactions a higher reinforcement effect was 
measured for 40 mass% fiber reinforced multilayer web PLA composites compared 
to the 20 mass% reinforced composites. According to statistical investigations with 
U- and t-tests (α = 0.05) the tensile strength values were increased significantly by the 
lignin treatment (Table 1). The tensile strength of 40% lyocell 1.3-PLA was increased 
from 41.9 to 51.0 N/mm², 40% lyocell 6.7-PLA from 35.6 to 52.7 N/mm² and 40% 
lyocell 15.0-PLA was increased from 28.2 to 56.7 N/mm². A similar trend was ob-
served in a previous study for cotton-PLA composites reinforced with 4 mass% fibers. 
In contrast to the present study, the lignin used was in the form of powder with a higher 
concentration (2.5 g/100 g sample). The tensile strength of the cotton-PLA composites 
was increased by adding lignin. A disadvantage of these composites was the high odor 
intensity caused by the lignin (Graupner, 2008). Due to this in the present study the 
lignin concentration was reduced (1 g/100 g sample) and the powder was dissolved 
in ethanol. No atypical odor development was observed but similar improvements of 
tensile strength values were also measured with a lower lignin concentration.

table 1. Mechanical characteristics of PLA composites and lignin treated PLA composites produced 
by compression moulding technique 1 CP-1 (mean values, standard deviations are given in brackets).

Kind of Composite Lignin 
treatment

n Tensile 
strength in 

N/mm²

Young´s modu-
lus in N/mm²

Elongation at 
break in %

n Charpy impact 
strength in kJ/m²

PLA reference sample No 11 39.6 (±1.8) 2243.9 (±62.2) 2.2 (±0.2) 9 15.8 (±3.8)

PLA reference sample Yes 13 39.5 (± 1.8) 2299.0 (± 92.3) 2.2 (± 0.2) 7 15.6 (± 4.0)

20% Lyocell 1.3-PLA No 7 50.9 (±3.2) 4199.4 (±260.9) 2.0 (±0.5) 8 18.1 (±4.4)

20% Lyocell 1.3-PLA Yes 7 60.3 (± 2.4) 4271.8 (± 149.1) 2.2 (± 0.2) 5 22.6 (± 5.7)

40% Lyocell 1.3-PLA No 7 41.9 (±2.6) 4142.1 (±292.8) 3.3 (±0.4) 7 33.1 (±5.5)

40% Lyocell 1.3-PLA Yes 6 51.0 (± 3.6) 5457.3 (± 504.9) 2.6 (± 0.5) 7 31.6 (± 3.4)

20% Lyocell 6.7-PLA No 6 35.3 (±4.3) 3648.5 (±328.5) 3.3 (±0.6) 8 23,7 (±5.2)

20% Lyocell 6.7-PLA Yes 6 38.5 (± 6.5) 4388.5 (± 452.3) 2.1 (± 0.5) 10 18.7 (± 4.1)

40% Lyocell 6.7-PLA No 7 35.6 (±7.3) 5164.4 (±485.6) 3.5 (±0.4) 7 38.8 (±5.6)

40% Lyocell 6.7-PLA Yes 6 52.7 (± 10.8) 6221.8 (± 200.3) 3.9 (± 0.5) 9 28.0 (± 6.5)

20% Lyocell 15.0-PLA No 7 53.9 (±3.4) 4611.8 (±248.5) 2.2 (±0.1) 7 26.9 (±7.1)

20% Lyocell 15.0-PLA Yes 7 54.5 (± 3.7) 4877.1 (± 268.8) 2.0 (± 0.3) 5 20.3 (± 4.4)

40% Lyocell 15.0-PLA No 6 28.2 (±4.4) 4293.5 (±239.8) 4.6 (±0.9) 5 30.5 (±3.4)

40% Lyocell 15.0-PLA Yes 7 56.7 (± 3.1) 6144.9 (± 292.3) 2.7 (± 0.4) 5 23.7 (± 1.2)

In contrast to the tensile strength a clear reinforcement effect was achieved for the 
Young´s modulus in comparison to the neat PLA sample. As observed for the tensile 
strength, higher Young´s moduli were measured with the lignin treated composites 
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(Table 1). According to statistical investigations with the U-test, t-test and Lord-test (α 
= 0.05) there was a significant increase of the Young´s modulus for all composites in 
comparison to the pure lignin treated PLA sample. The highest values were achieved 
for the untreated and lignin treated 40% lyocell 6.7/PLA composites. The Young´s 
moduli of the Lyocell-PLA composites were increased significantly apart from 20% 
Lyocell 1.3-PLA due to the lignin treatments. This result was also similar to that pre-
sented in a previous work (Graupner, 2008) where lignin was added to cotton-PLA 
multilayer webs with a fiber load of 40 mass%. 

The progress of the Young´s modulus of composites without lignin treatment 
shows no uniform trend. For lyocell 1.3 and lyocell 15.0 a lower value was measured 
for the composites with a higher fiber load. As discussed previously, for the tensile 
strength weak interactions between fibers and matrix and a low degree of compaction 
caused this result. As shown in Figure 7, with the lignin treated composites a higher 
reinforcement effect was achieved for the composites with the higher fiber load. Simi-
lar to the tensile strength, the highest Young´s modulus values were achieved in the 
composites reinforced with the coarsest lyocell fibers. The Young´s modulus of the 
lignin treated composites with fiber loads of 20 and 40 mass% was slightly decreased 
with increasing fiber fineness due to the better lignin accretion and the better coating 
of the fibers with the matrix on the coarser fibers. 

Figure 7. Young´s modulus of the lyocell-PLA composites with lignin treatment reinforced with 20 
and 40 mass% (mean values, standard deviations are shown as error bars; dots show the dimension 
of the fiber diameter).

In contrast to the tensile characteristics which are strongly influenced by good in-
terfacial interactions between fibers and matrix good impact characteristics are mainly 
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based on the energy absorption by using fibers with high elongation, like lyocell fibers, 
and fiber pull-outs from the matrix (Gassan and Bledzki, 1999; Mieck et al., 2000). 
The lignin leads to better interfacial interactions between fibers and matrix and stronger 
bonding, so less energy can be absorbed by fiber pull-outs and debonding, and impact 
strength values were decreased. Due to this, the lignin treatment leads to a decline 
of the impact strength. However, the lignin treated composites showed still a clear 
reinforcement effect compared to the pure PLA sample with an impact value 16 kJ/
m². The impact strength of the 40 mass% reinforced lyocell 1.3-PLA composites was 
reduced from 33 to 32 kJ/m², of lyocell 6.7-PLA from 39 to 28 kJ/m² and of lyocell 
15.0-PLA from 31 to 24 kJ/m² (Table 1). Similar to the untreated PLA composites, 
the better impact strength values were measured for the composites with higher fiber 
loads (Figure 8).

Figure 8. Unnotched Charpy impact strength of the untreated (left) and lignin treated (right) lyocell/
PLA composites with fiber loads of 20 and 40 mass% (mean values, standard deviations are shown 
as error bars; dots show the dimension of the fiber diameter).

Due to the low elongation at break of the PLA matrix (2.2%) and the high elonga-
tion of the Lyocell fibers (10–15%), a direct investigation of the fiber matrix interac-
tions by using the single fiber fragmentation test could not been carried out. But a 
better adhesion between cotton fibers and a PP matrix by the addition of lignin could 
be proved through a single fiber fragmentation test according to Huber and Müssig 
(2008). For the lignin treatment the cotton fibers were stored for 30 min in a lignin so-
lution (1 g lignin in 100 ml ethanol). Figure 8 shows the results of the fragment lengths 
of raw cotton in the PP matrix and lignin treated cotton in the PP matrix. It can be seen 
that the fragment length of raw cotton of up to 10 mm is significantly longer than the 
fragment length of lignin treated cotton fibers which is of approximate 7 mm (proved 
by the t-test with α = 0.05). This proves a better adhesion of the lignin treated cotton 
fibers in the PP matrix compared to the raw cotton fibers. Due to the great structural 
and chemical differences of PLA and PP it cannot be proved that the same effect exists 
for PLA but the higher mechanical values of the lignin treated composites and lower 
fiber pull-outs allow us to assume that there is an influence of the lignin on the fiber/
matrix interactions.
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Figure 9. Fragment lengths of raw and lignin treated cotton fibers in a polypropylene matrix 
determined by the single fiber fragmentation test (standard deviations are given as error bars).

Modified Process Parameters
In the general outline it is obvious that the mechanical composite characteristics of the 
composites produced by compression moulding technique CP-1 were not improved as 
much as possible. This was mainly caused by the suboptimal process parameters used 
in the study. A previous study (Graupner et al., 2009) has shown tensile strength values 
more than twice as high for 40 mass% Lyocell 1.3 fiber reinforced PLA produced us-
ing other process parameters (3 hr pre-drying at 105°C in a forced air oven, 20 min. 
compression molding at 180°C). According to a model given by Moser for stereo-
scopic, randomly oriented fiber layers (Moser, 1992) a theoretical Young´s modulus 
of 7,105 N/mm² could be calculated for 40 mass% Lyocell 1.3 fiber reinforced PLA. 
In the previous study a value of 6,784 N/mm² could be achieved while in the present 
study a value of only 4,142 N/mm² was measured. The aim of the changed processing 
parameters was a reduction of cycle time and process complexity. So, the pre-drying 
step which was used in the previous work was changed into a 10 min pre-heating 
step in the open press at 180°C and the press time was reduced from 20 to 10 min 
(compression moulding technique CP-1). Our results prove that these processing pa-
rameters affect the mechanical composite characteristics negatively (compare chapter 
Influence of the semi-finished product and Lignin treatment).

A clear improvement of the mechanical characteristics with regard to tensile and 
impact characteristics of multilayer web reinforced PLA composites was achieved 
by using modified process parameters (compression moulding technique CP-2). In 
comparison to the processing technique CP-1 a pre-drying step was inserted (2 hr at 
105°C) and the compression molding time in the hot press was reduced to 5 min. The 
cooling of the composites occurred in a cold press for 5 min at 25°C.
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The tensile strength of the composites reinforced with fiber loads of 40 mass% 
reached 99 N/mm² for the lyocell 1.3-PLA composites, 100 N/mm² for the lyocell 6.7-
PLA composites and 85 N/mm² for the lyocell 15.0-PLA composites (Figure 10). The 
Charpy impact strength increased from 33 to 66 kJ/m² for lyocell 1.3-PLA composites, 
from 39 to 43 N/mm² for the lyocell 6.7-PLA composites and from 31 to 54 kJ/mm² for 
the lyocell 15.0-PLA composites. 

Figure 10. Influence of the processing parameters on the multilayer web reinforced PLA composites 
and the neat PLA matrix (mean values, standard deviations are shown as error bars; dots show the 
dimension of the fiber diameter).

A comparison of the mechanical characteristics of 40 mass% lyocell 1.3-PLA 
composites produced by different compression molding techniques is shown in Figure 
11. The highest mechanical characteristics were achieved by using compression mold-
ing technique CP-2 followed by the compression molding technique used in the study 
Graupner et al. (2009). By far the lowest composite characteristics were measured for 
the composites produced by compression molding technique CP-1 due to a low degree 
of compaction and weak interfacial interactions in the composites.

Figure 11. Comparison of the mechanical characteristics of 40 mass% multilayer web reinforced 
lyocell 1.3-PLA composites (highest values = 1).
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Lyocell as an Admixture for Kenaf Fiber Reinforced PLA Composites
Due to the brittle character of the most bast fibers and the PLA matrix the resulting 
impact strength of bast fiber reinforced PLA composites is mostly worse than that of 
the pure PLA matrix (Bax and Müssig, 2008). Based on the lower price and the wish 
to produce stiff components of bast fibers like hemp, flax or kenaf they are used for 
many applications in the automobile industry like indoor panels (Anonymous, 2007; 
Karus et al., 2006). A limiting factor for some applications is the bad impact behavior 
of composites produced from bast fibers and a polymer matrix. Hence, an admixture 
of lyocell fibers to bast fibers in a PLA matrix with regard to the impact characteristics 
was investigated. The composites were produced by the carding technique with fiber 
loads of 40 mass% with a following compression molding step (compression mould-
ing technique CP-2). Different fiber mixtures in a PLA matrix were investigated: 36% 
kenaf + 4% lyocell 3.3, 30% kenaf + 10% lyocell 3.3, 20% kenaf + 20% lyocell 3.3, 
40% kenaf, and 40% lyocell 3.3. 

The results of the impact characteristics are shown in Figure 12. Composites pro-
duced from 40 mass% kenaf fibers show impact strength values of 14 kJ/m² which 
are significant (Welch test, α = 0.05) lower than that of the pure PLA matrix (16 kJ/
m²) while composites produced from 40 mass% lyocell 3.3 fibers show significantly 
(Welch test, α = 0.05) the highest Charpy impact strength with a value of 85 kJ/m². 
Mixing 36% kenaf with 4% lyocell 3.3 lead to values on the level of the pure PLA 
matrix (Welch test, α = 0.05). A mixture of 30 mass% kenaf and 10 mass% lyocell 
3.3 lead to a significant (U-test, α = 0.05) increase up to a value of 25 kJ/m². The 20 
mass% kenaf mixed with 20 mass% lyocell 3.3 resulted in an impact strength more 
than 2.5 times higher (37 kJ/m²) than the values measured for 40 mass% kenaf-PLA. 

Figure 12. Unnotched Charpy impact strength of kenaf, lyocell and mixed kenaf/lyocell reinforced 
PLA composites (mean value as column, standard deviation as error bars).
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A similar trend was described by Mieck et al. (2000). They investigated the influ-
ence of the admixture of lyocell fibers with different fiber loads on the mechanical 
characteristics of flax fiber reinforced PP composites. The impact strength values in-
creased with a rising fiber load ranging between 0 and 40 mass%. By the admixture of 
40 mass% lyocell the impact characteristics could be nearly tripled.

Figure 13 shows the tensile characteristics of the composites. A significant (U-test, 
α = 0.05) reinforcement by adding the fibers could be proved with regard to the pure 
matrix shown as black line. A smal increase of the tensile strength with increasing 
lyocell fiber load was measured. The differences between the 40% kenaf/PLA com-
posites and 20% kenaf + 20% lyocell 3.3/PLA composites were significant according 
to a Weir test with α = 0.05. At the first view this looks a bit curious because the kenaf 
fiber bundles have the higher tensile strength. But this effect could be based on the 
higher specific surface of the finer lyocell fibers in comparison to the coarser kenaf 
fiber bundles (Vetrotex, 1995; comparison for glass fibers).

Figure 13. Tensile strength of kenaf, lyocell and mixed kenaf/lyocell fiber reinforced PLA composites 
(mean value as column, standard deviation as error bars).

CoNClusioN

The investigations have shown a great reinforcement potential for cellulose fibers in 
PLA matrices. The kind of semi-finished products as well as the composite production 
parameters has a big influence on the mechanical composite characteristics. Results 
proved a clear increase of the tensile strength by a modification of the process pa-
rameters up to values more than double as high (A pre-drying step was inserted for 2 
hr at 105°C, the compression moulding time was reduced from 10 to 5 min and the 
cooling was carried out in a cold press at 25°C for 3 min instead of 30 min at room 
temperature). 
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Lignin as a natural additive has shown a potential for improving tensile charac-
teristics in cotton or man-made cellulose fiber reinforced PLA composites and lead to 
composites with a higher degree of compaction. The tensile strength of lignin treated 
composites could be improved by a factor of up to 2.0 and Young´s modulus values by 
a factor of up to 1.4 compared to untreated PLA composites. The unnotched Charpy 
impact strength was decreased but the values are still higher than those of many bast fi-
ber reinforced PLA composites. In comparison to a previous study dealing with lignin 
treated cotton fiber reinforced PLA, the odor behavior could be improved by reducing 
the lignin concentration and using the lignin in an ethanol solvent rather than in pow-
der form. Despite the lower lignin concentration similar improvement effects for the 
tensile characteristics could be measured. 

Brittle bast fiber reinforced composites were improved with regard to the impact 
characteristics by using lyocell fibers as additives. The combination of 20% kenaf and 
20% lyocell in a PLA composite leads to stiff and strong composites reaching im-
pact properties double as high as the pure matrix. In the general outline the presented 
PLA composites with their good mechanical characteristics are well suitable for higher 
stressed automotive applications if problems with regard to the temperature resistance 
are solved in the future.
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Chapter 17

isolation of Cellulose Nanowhiskers from Kenaf 
Fiber
Hanieh Kargarzadeh, SitiYasmine, Z. Z., Ishak Ahmad,  
and Ibrahim Abdullah

iNtroduCtioN

Recently, there has been wide interest in producing nanocellulose from natural fiber 
to replace the synthetic fiber. This phenomenon is caused by the urge and awareness 
from the society towards the green environment. Furthermore, the excitement is due 
to the extraordinary properties of the materials because of the nanosize effect of the 
reinforcement. 

Natural fibers usually consist of cellulose, hemicelluloses, lignin, pectin, and waxy 
materials. It has good mechanical properties and can compete the strength and mod-
ulus of the synthetic fiber (Mallick, 1988; Mohd. Sapuan, 1999). Unlike synthetic 
fiber, natural fiber has more advantages such as low density, lightless, non-toxic, non-
abrasive, biodegradable, high flexibility level, good dynamic mechanical, electrical 
and thermal properties to compared with other commercial fibers and available as 
abundant nature materials in large quantity which makes the interest for the researcher 
to replace the synthetic fiber (Bondeson and Oksman, 2007; Fahmy and Mobarak, 
2008; Franco and Gonzalez et al., 2005; Kentaro et al., 2007; Roohani et al., 2008; 
Seydibeyoğlu and Oksman, 2008; Sun Young Lee et al., 2009).

Kenaf or Hibiscus cannabinus is a plant that belongs to the Malvaceae family. In 
Malaysia, kenaf is cultivated for its fiber due to the good weather, and the support and 
encouragement from the government to replace the tobacco plantation. This plant has 
a single, straight, and branchless stalk. Kenaf stalk is made up of a core and an outer 
fibrous bark surrounding the core. The fiber derived from the outer fibrous bark is also 
known as bast fiber. Kenaf bast fiber has superior flexural strength combined with its 
excellent tensile strength that makes it the material of choice for a wide range of ex-
truded, molded and non-woven products. 

Cellulose is the main component in natural fiber which this linear semi crystallite 
polysaccharide is built up of repeating unit of D-glucopyranose that consist three hy-
droxyl groups. The diameter of this fibril is ranged from 5 till 10 nm, meanwhile, the 
length depends on source from which the cellulose is obtained (Xue Li et al., 2007; 
Yousef Habibi et al., 2008). Extraction of cellulose from the natural fiber and applied 
as filler in nano range sized has find its place not just among the researcher but also to 
the industry sector. 

One way to obtain cellulose whiskers is by acid hydrolysis where the cellulose is 
exposed to sulfuric acid for a controlled period of time and temperature. This process 
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removes the amorphous parts of the cellulose, leaving single and well-defined crystals 
in a stable colloidal suspension. The rod-like cellulose particles from different sources 
have a diameter and length ranging from 5 to 20 nm and 100 nm to several microm-
eters, respectively, after the acid hydrolysis (Candanedo, Roman, and Gray, 2005). 
The introduction of sulfate groups along the surface of the crystallites will result in a 
negative charge on the surface as the PH is increased. This anionic stabilization via the 
attraction/repulsion forces of electrical double layers at the crystallites is probably the 
reason for the stability of the colloidal suspension of crystallites (Figure 1) (de Souze 
Lima and Brosali, 2004).

Figure 1. Esterification of cellulose chain in hydrolysis process.

The whiskers with high stiffness, surface area, and crystallinity are suitable for ap-
plication in polymeric matrices, acting as reinforcing element (Gardner et al., 2008). 
Also, it can be used as a rheology modifier in foods, paints, cosmetics, and pharmaceu-
tical products (Turbak et al., 1983).

The aim of this study was extraction of cellulose from kenaf fiber which is avail-
able in Malaysia and preparation of nanocellulose whiskers from extracted cellulose in 
controlled hydrolysis condition. Chemical composition, size of particles, morphology, 
crystallinity, and thermal analysis of cellulose whiskers were investigated.

materials aNd methods

materials
The materials used for the study includes raw kenaf bast (Hibiscus cannabinus) fibers 
were supplied by KFI Sdn. Bnd. (M). Sodium chlorites, sodium hydroxide, sulfuric 
acid, glacial acetic acid used were purchased from SYSTERM (M) Bhd.

Preparation of Cellulose Fibers
Kenaf fibers were cut into small pieces before treated with a 4 wt% NaOH solution at 
130°C, under mechanical stirring, followed by washing with adequate distilled water 
to remove all alkali soluble components. A subsequent bleaching treatment was carried 
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out to bleach the fibers. The solution used in this treatment consisted of equal parts of 
acetate buffer (a mix solution of 2.7g NaOH and 7.5 ml glacial acetic acid in 100 ml 
distilled water), aqueous chlorite (1.7% w/v) and distilled water. The bleaching treat-
ment was performed at 130°C for 4 hr and 3 times, under mechanical stirring. The 
bleached fiber were washed respectively by distilled water and subsequently air-dried.

Preparation of Cellulose Nanowhiskers
Colloidal suspension of cellulose whiskers in water prepared as described elsewhere 
(Azizi Samir et al., 2004). Acid hydrolysis was done at 45°C with 65 wt% H2SO4 
(pre-heated), for 40 min, under mechanical stirring. The suspension was diluted with 
ice cubes to stop the reaction and washed with water until neutrality before succes-
sive centrifugation at 10,000 rpm at 10°C for 10 min each step and dialyzed against 
distilled water in the sequence. The dispersion of whiskers was completed by an ul-
trasonic treatment. The resulting suspension was subsequently stored in a refrigerator 
after adding several drops of chloroform in order to avoid bacterial growth.

Characterization
Chemical Composition
Chemical compositions of fibers were estimated after various stages of chemical treat-
ment. α-cellulose content was calculated by further treating the cellulose fibers with 
NaOH after the holocellulose content determination (ASTM D1103-55T and ASTM 
D1104-56). The difference between the values of holocellulose and α-cellulose gives 
the hemicelluloses content of the fiber. The lignin content was measured according to 
ASTM D1106-56. 

Fourier Transform Infrared (FTIR) Spectroscopy
The Fourier transform infrared (FT-IR) spectroscopy (Perkin-Elmer, GX Model) was 
used to examine the changes in functional groups that may have been caused by the 
treatments. The samples were ground and mixed with KBr. The resultant powder was 
pressed into transparent pellets and analyzed in transmittance mode within the range 
of 4000600 cm-1.

Field Emission Scanning Electron Microscope (FESEM)
The morphology of fibers after each treatment was investigated by using field emis-
sion scanning electron microscopy (FESEM) Zeiss Supra 55VP model with the magni-
fication of 400x and all samples had been sputter-coated with gold to avoid changing.

X-Ray Diffraction Analysis (XRD)
The X-ray diffraction (XRD) measurements were performed on a Bruker AXS-D8 
Advance model system. The diffracted intensity of Cu Kα radiation (0.154 nm, 40 kV 
and 40 mA) was measured in a 2θ range between 10º and 70º. Ground kenaf fibers and 
hydrolyzed cellulose sample were subjected to crystallinity analysis.

Termogravimetric Analysis (TGA)
The thermal stability of kenaf fibers after each treatment was characteraized using 
Mettler Toledo, SDTA 851e model TGA under linear temperature conditions. The 
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samples were heated from room temperature up to 500°C at a heating rate of 10°C/
min under a nitrogen atmosphere. 

Transmission Electron Microscopy (TEM)
A Transmission Electron Microscope (TEM) observation was performed using a Phil-
ips CM30 to study the morphology of cellulose nanowhiskers. One droplet of 1% sus-
pension was put on a Cu-Grid covered with a thin carbon film. To enhance contrast in 
TEM, the nano-saized whiskers were negatively stained in a 2 wt% solution of uranyl 
acetate (a heavy metal salt) in de-ionized water for one min.

results aNd disCussioN

Chemical Composition 
The chemical compositions of kenaf fiber at different stages of alkali and bleaching 
treatments are presented in Table 1. It is clear that raw kenaf fiber has the highest 
percentage of hemicelluloses and lignin and the lowest percentage of α-cellulose. 
When, the fiber is subjected to alkali and bleaching treatments, the percentage 
of hemicellulose and lignin decrease, whereas, the percentage of α-cellulose in-
creased. The NaOH was found to be efficient in removing hemicellulose from 
kenaf fibers with the reduction of less than half of raw kenaf from 34.7 to 13.3 
wt% after alkali treatment while the amount of lignin was reduced from 11.5 to 
9.3 wt%. 

table 1. Chemical composition of kenaf fibre after each stage of treatment.

Materials Cellulose (%) Hemicelluloses (%) Lignin (%)

Raw kenaf fiber 43.7±1.2 34.7±1.2 11.5±0.5

Alkali treated kenaf fiber 65.7±0.3 13.3±0.3 9.3±0.5

Bleached kenaf fiber 91±0.2 6±0.2 0

The bleaching process helps to remove the majority of the lignin component. As 
shown in Table 1, a further reduction in the percentage of hemicellulose and lignin 
contents is observed. Nevertheless, the percentage of α-cellulose content increased 
from 43 to 91%. The final fibers obtained after bleaching process is found to have the 
highest percentage of cellulose content.

Therefore, the reinforcement ability of these fibers is expected to be much higher 
than other fibers, which have less percentage of cellulose content. Figure 2, shows 
the optical micrographs of kenaf fibers after each stage. It is clear that the color of 
raw kenaf fiber turns to be lighter after alkali treatment and completely white after 
bleaching treatments. This indicates that there is still a significant amount of lignin 
after alkali treatment and removal of most of the hemicelluloses and lignin is by 
bleaching.
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Figure 2. (a) Photo of raw fiber, (b) alkali treated fiber, and (c) bleached fiber.

Ftir spectroscopy
The efficiency of the chemical treatments on the fibers was studied by FTIR (Figure 
3). The absorbance peak at 3,4003,300 cm-1 region and 1,6341,640 cm-1 were attrib-
uted to the stretching and bending vibrations, respectively, of the hydrogen bonding –
OH groups of cellulose, while those around 2,9002,800 cm-1 were due to the stretching 
of C-H (Sain and Panthapulakkal, 2006). The prominent peak at 1,731 cm-1 that is seen 
in the spectrum of raw fiber was assigned to the C=O stretching of the acetyl group 
and uranic ester groups of the hemicelluloses or the ester linkage of carboxylic group 
in the ferulic and p-coumeric acid of lignin and/or hemicelluloses (Rongji et al., 2009). 
This peak disappeared completely in the spectrum of alkali treated fiber and bleached 
fiber. Therefore, it showed that most of hemicelluloses and lignin were removed with 
chemical treatment.

The peak at 1,250 cm-1 (Figure 3(a)) corresponds to the C-O stretching of the 
aryl group in lignin which disappeared in other spectra due to the removal of lignin 
after chemical treatment (Troedec et al., 2008). The peaks observed in the range of 
1,4201,430 cm-1 and 1,3301,380 cm-1 in all spectra are attributed to the CH2 symmetric 
bending and the bending vibration of C-H and C-O groups of aromatic ring in polysac-
charides, respectively.

Figure 3. (a) FTIR spectra of raw kenaf fibre, (b) Alkali treated fiber, Bleached fiber (c), and cellulose 
nano whiskers (d).
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Finally, the absorbance peaks in range of 1,0281,161 cm-1 were due to C-O stretch-
ing and C-H rocking vibration of pyranose ring skeletal (Alemdar and Sain, 2008). 
The differences in the FTIR spectrum between raw kenaf fiber and CNW illustrates 
that CNW has been extracted successfully from kenaf fiber by hydrolysis treatment. 
No obvious changes were observed in the FTIR spectrum of the CNW at different time 
of hydrolysis.

morphological analysis
Figure 4 shows the FESEM micrograph and surface morphology of kenaf fibers after 
chemical treatments. It is clearly seen in Figure 4(a) that raw kenaf fiber bundles are 
composed of individual fibers linked together by massive cement material. Figure 4(b) 
reveals the morphology of alkali treated fiber. At high temperature alkali treatment, the 
hemicelluloses were hydrolyzed and became water soluble and lignin was depolymer-
ized. It can be seen that all impurities around the fibers was removed and causes the 
fiber bundles to separate into individual fibers. Figure 4(c) illustrates the micrograph 
of bleached kenaf fiber. Bleaching process helps to remove most of the lignin present 
in the kenaf fiber, which helps in further defibrillation. Sodium chlorite and sodium 
acetate buffer allow the removal of lignin. Lignin is rapidly oxidized by chlorine. 
Lignin oxidation leads to lignin degradation and to the formation of hydroxylcarbonyl 
and carboxylic groups, which facilitate the lignin solubilization in an alkaline medium 
(Bibin Mathew Cerian et al., 2010).

Figure 4. FESEM images from raw kenaf fiber (a), Alkali treated fiber (b), Bleached fiber (c).

Furthermore, the image analysis demonstrated a significant reduction in the diam-
eter of fiber from between 40170 to 2060 μm and 512 μm in raw fiber, alkali treated 
and bleached fiber, respectively.

Acid hydrolysis of kenaf fibers after bleaching, not only helps to disintegrate the 
fibers, but also helps in defibrillating the fibers diameter to nano range. Figure 5 shows 
the TEM micrograph of obtained cellulose whiskers. The cellulose whiskers displayed 
diameter between 6 and 22 nm. Moreover, the length of nanofibers was in 90150 nm 
range whereas for the raw fiber, the length was around 12.5 mm. The aspect ratio 
is one of the most important parameters in determining reinforcing capability of the 
nanofibers. Aspect ratio for obtained cellulose whiskers based on the average diameter 
and length was calculated to be around 13.
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Figure 5. TEM image of cellulose nano whiskers kenaf fiber.

Xrd analysis
In order to analyze the crystallinity of the cellulose obtained in this work x-ray dif-
fractometry was carried out (Figure 6). The crystallinity index was determined based 
on the empirical method by using the following equation (Mwaikambo and Ansell, 
2002; Segal et al., 1959).

CIr(%) = (I200 – Iam) / I200 × 100

where I200 is the peak intensity corresponding to the crystalline material and Iam to the 
amorphous material in cellulose fibers. Results show an increase in the crystallinity 
from the raw kenaf fiber to the cellulose fiber which indicates the removal of hemicel-
luloses and lignin that have random amorphous structure (Rongji et al., 2009). The 
pattern indicated that cellulose obtained from kenaf fiber presented a typical form of 
cellulose I since there was no doublet in the main peak at 2θ=22.5° (Klemm et al., 
2005). The crystallinity index for raw kenaf fiber after alkali treatment, after bleach-
ing treatment and cellulose nanowhiskers were found to be 60.8%, 68.2%, 72.8%, and 
81.8%, respectively.
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Figure 6. X-ray diffraction pattern of (a) Rae kenaf fibre, (b) Alkali treated kenaf fibre, (c) Bleached 
kenaf fibre, (d) cellulose nanowhiskers.

Moreover, after hydrolysis, the hydronium ions could penetrate into the amor-
phous regions of cellulose promoting the hydrolytic cleavage of glycosidic bonds and 
finally releasing the individual crystallines (de Souze Lima and Brosali, 2004) and 
increase the degree of crystallinity. It is believed that the higher crystallinity leads to 
higher tensile strength of the fiber and thereby improved mechanical properties of the 
corresponding nanocomposites (Alemdar and Sain, 2008).

tGa analysis
The thermal degradation behavior of raw fiber, alkali treated fiber, bleached fiber and 
CNW investigated from TGA and DTA measurements (Figure 7). The TGA curve il-
lustrates an initial weight loss about 4% during heating to 100°C which corresponds 
to vaporization and removal of water in fibers. Due to the differences in the chemical 
structure between hemicelluloses, cellulose and lignin, they usually decompose at dif-
ferent temperatures (Yang et al., 2007).
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Figure 7. TG and DTG curves of raw kenaffiber, alkali treated kenaffibre, bleached kenaffiber and 
cellulose nanowhiskers.

There is an earlier weight loss started at around 230°C in raw fiber curve due to 
low decomposition temperature of hemicelluloses (Morán et al., 2008). A dominant 
peak at 328°C on the DTA curve accounts for the pyrolysis of cellulose. It is known 
that the hemicelluloses decompose before lignin and cellulose. The low thermal sta-
bility of hemicelluloses is due to the presence of acetyl groups (Shebani et al., 2008). 
On the other hand, by removing most amounts of hemicellulose and ligning in alkali 

Ap
pl

e 
Ac

ad
em

ic
 P

re
ss

 

Au
th

or
 C

op
y



206 Natural Polymers, Biopolymers, Biomaterials, and Their Composites, Blends, and IPNs

treated and bleached fiber, the decomposition temperature increases to 350°C in the 
DTG curve of bleached fiber which corresponds to the thermal decomposition of cel-
lulose. The higher amount of residue in the raw kenaf fiber as compared to fiber after 
alkali and bleaching treatment was due to the presence of ash as well as lignin (Ashori 
et al., 2006).

The cellulose whiskers show significantly different degradation behavior. There 
are two degradation stages in TGA curve starting from 198°C before the main peak 
at 335°C. The lower temperature stage may corresponds to the degradation of more 
accessible, and therefore more highly sulfated amorphous regions, whereas the higher 
temperature stage is related to the breakdown of unsulfated crystal. In fact, the in-
troduction of sulfated groups into the crystals in the sulfuric acid hydrolysis process 
could reduce the thermal stability of whiskers (Kim et al., 2001). On the other hand, 
the increased weight residue of cellulose whiskers is because of the sulfate groups act-
ing as the flame retardants (Maren and William, 2004).

CoNClusioN

The study has been done to extract cellulose and to prepare cellulose nanowhiskers 
from kenaf bast fiber. Results from morphological studies confirmed that the strong 
effects of extraction method and a significant decrease in the size of fibers to na-
noscale. The FTIR results not only supported the results from FESEM analysis but 
also revealed that the chemical structure of obtained cellulose nanowhiskers did not 
change during hydrolysis process. Crystallinity was also increased by removal of the 
amorphous part of fiber during cellulose extraction as well in cellulose nanowhiskers 
by releasing individual cellulose crystals during hydrolysis process. Finally, thermo-
gravimetry analysis showed that thermal stability of fiber is also increased due to the 
removal of lignin and hemicelluloses from raw fiber. However, the thermal stability 
after hydrolysis is reduced due to the formation of sulfated group at surface of cellu-
lose which has low thermal degradation.
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Chapter 18

Bio-hybrid Nanocomposite roll-to-roll Coatings for 
Fiber-based materials and Plastics
Jari Vartiainen, Vesa Kunnari, and Annaleena Kokko

iNtroduCtioN

Development of innovative products starts from the raw materials. Packaging industry 
relies heavily on oil-based materials in certain applications. Replacing the oil-based 
material with bio-based products might give a competitive advantage due to more sus-
tainable and greener image. In addition, nanotechnology in food packaging is expected 
to grow strongly over the next 5 years as the increased globalization sets demands for 
shelf life enhancing packaging. Recently, a lot of effort has been aimed at developing 
new bio-based polymer containing films and nanocomposites which can act as for ex-
ample barriers in packaging materials (Arora and Padua, 2010; Lagarón and Fendler, 
2009; Vartiainen et al., 2010a, 2010b). Unlike synthetic plastics, in dry conditions, the 
films and coatings from natural polymers exhibit good barrier properties against oxy-
gen and grease due to the high amount of hydrogen bonds in their structure. However, 
natural polymers are hydrophilic in nature, thus films and coatings produced from 
these materials are often hygroscopic, resulting in partial loss of their barrier proper-
ties at high humidity (Hansen and Plackett, 2008). A major challenge for the packaging 
developers is to overcome the inherent hydrophilic behavior of biomaterials. Among 
the potential fillers for nanocomposites, clay platelets have attracted a particular inter-
est due to their high performance at low filler loadings, rich intercalation chemistry, 
high surface area, high strength and stiffness, high aspect ratio of individual platelets, 
abundance in nature, and low cost (Blumstein, 1965). Clays are naturally occurring 
materials composed primarily of fine-grained minerals. Nanoclays (or nanolayered 
silicates) such as hectorite, saponite, and montmorillonite are promising materials 
with high aspect ratio and surface area (Lan et al., 1994; Messersmith and Giannelis, 
1995; Yano et al., 1997). Because of their unique platelet-like structure nanoclays 
have been widely studied regarding the barrier properties. Such nanoclays can be very 
effective at increasing the tortuosity of the diffusion path of the diffusing molecules, 
thus significant improvement in barrier properties can be achieved with the addition 
of relatively small amounts of clays (Pavlidou and Papaspyrides, 2008). When the 
nanoclay layers are completely and uniformly dispersed in a continuous polymer ma-
trix, an exfoliated or delaminated structure is obtained. Full exfoliation (single platelet 
dispersion) of nanoclay by using existing/traditional compounding techniques is very 
difficult due to the large lateral dimensions of the layers, high intrinsic viscosity of the 
polymer and a strong tendency of clay platelets to agglomerate (Hussain et al., 2006). 
Most of the clays are hydrophilic, thus mixing in water with water-soluble polymers 
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results good dispersion, especially when the sufficient amount of mixing energy is 
used. The degree of exfoliation can be improved by the use of conventional shear 
devices such as extruders, mixers, ultrasonicators, ball milling, fluidizators, and so on. 

materials aNd methods

Natural polysaccharides (chitosan and pectin) were used as continuous polymeric 
matrixes in which an inorganic nanosized material, >98% montmorillonite, was dis-
persed. In order to ensure the sufficiently defoliated and nanosized structure of the 
nanoclay platelets, the ultrasonication and high pressure fluidization were used for 
homogenization polysaccharide-nanoclay dispersions. Coatings and films were pre-
pared by wet coating of chitosan onto plasma-activated LDPE coated paper (coatings) 
and solvent casting of pectin on Petri dishes (films). Oxygen transmission rates were 
measured with Oxygen Permeation Analyser Model 8001 (Systech Instruments Ltd.). 
The oxygen transmission tests were carried out at 23°C and 0%, 50%, and 80% rela-
tive humidity. 

Chitosan Coatings
Nanoclay (0.2, 1, and 2 wt%) was swelled in 30 ml of distilled water and dispersed 
using ultrasonification tip (Branson Digital Sonifier) for 10 min. The dispersion was 
added into 30 ml of 1% chitosan in 1% acetic acid, followed by sonication for 10 
min. For reducing the surface tension and increasing the wettability, 60 ml of ethanol 
was added and mixed under rigorous mixing. For coated multilayer structures, the 
solutions were applied onto plasma-activated LDPE coated paper using the standard 
coating bar no. 6 (wet film deposit of 60 µm). Chitosan solutions with initial nanoclay 
concentrations of 0, 17, 50, and 67 wt%, and total coating dry weight of 0.2–0.6 g/m2 
were used.

Pectin Films
Aqueous solutions of pectin were prepared into distilled water by mixing pectin and 
glycerol at final concentrations of 5 and 1.75 wt%, respectively. The pH of the mixture 
was adjusted to pH 4.5 and the mixture was heated at 60°C for 2 hr to increase fluidity. 
0.5, 1 or 2 wt% nanoclay was added to pectin solutions and immersed for 2 days un-
der constant mixing. Fluidizer (Microfluidics M110Y) was used for homogenization 
of nanoclay/pectin dispersions. Feed solutions were pumped from inlet reservoir and 
pressurized by an intensifier pump to high pressure (900–1350 bars) and fed through 
fixed geometry chambers with inside micro channel diameter varying between 100 
and 400 µm. Films of pectin and nanoclay were prepared by casting 15 ml of each 
solution in polystyrene Petri dish (Ø 8.5 cm) and dried for 2 days at room temperature. 
Final nanoclay concentrations in the solvent cast hybrid films were 10, 20, and 30 
wt%.

disCussioN aNd results 

Nanoclay was delivered as dry powder with particle size of 2–15 µm. Nanoclays typi-
cally tend to be agglomerated when mixed into water. The agglomerates are held 
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together by attraction forces of various physical and chemical natures, including van 
der Waals forces and water surface tension. These attraction forces must be overcome 
in order to deagglomerate and disperse the clays into water. Ultrasonication and high 
pressure fluidization were used to create alternating pressure cycles, which overcome 
the bonding forces and break the agglomerates. As can be seen in Figure 1(a), dry 
nanoclay powder consisted of round particles with coarse and platelety surface. By 
ultrasonic dispersing (Figure 1(b)), and high pressure fluidization (Figure 1(c)) the 
nanoclay platelets were effectively ripped off and distributed on the surface. The di-
ameter of the intercalated nanoplatelets varied between 100 and 500 nm. 

        
Figure 1. The SEM images of (a) large undispersed nanoclay aggregates. The excerpt shows the 
surface structural features: laminar fine structure can be seen on the aggregate surfaces, (b) spincoated 
nanoclay platelets after dispersing with the ultrasonic microtip, and (c) spincoated nanoclay platelets 
after high pressure fluidizer treatment.

Nanocomposite chitosan coatings effectively decreased the oxygen transmission 
of LDPE coated paper under all humidity conditions (Figure 2). In dry conditions, 
over 99% reductions and, at 80% relative humidity, almost 75% reductions in oxygen 
transmission rates were obtained. Highest concentration of nanoclay (67 wt%) of-
fered the best barrier against oxygen, whereas the 17 wt% concentration of nanoclay 
performed almost as good as 50 wt% of nanoclay. Barrier effects of nanoclay became 
less evident in dry conditions. Presumably higher nanoclay concentrations were partly 
agglomerated, which hindered the crystallization and hydrogen bonding formation be-
tween chitosan chains, especially in dry conditions. 

Figure 2. Oxygen transmission rates of chitosan coatings (< 1 µm) with different amounts of nanoclay. 
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Nanoclay addition also clearly improved the oxygen barrier properties of pectin 
films in high humidity conditions (Figure 3). Oxygen transmission rate was reduced 
by 80% with pectin films containing 30 wt% of nanoclay as compared with the pectin 
film without nanoclay. Water vapor transmission results indicated the improved bar-
rier properties as well. However, the water-soluble pectin was lacking the capability 
of fully preventing the transmission of water vapor, and thus, total barrier effect of 
films with 30 wt% nanoclay was not more than 23%. Pectin itself formed an excel-
lent barrier property against grease and nanoclay addition did not improve this barrier 
property anyhow. All films were totally impermeable to grease under the conditions 
tested. Barrier improvements are explained using tortuous path theory which relates 
to alignment of the nanoclay platelets. As a result of the sufficient defoliation, the 
effective path length for molecular diffusion increases and the path becomes highly 
tortuous to reduce the effect of gas transmission. 

Figure 3. Oxygen transmission rates of pectin films (100 µm) with different amounts of nanoclay.

up-scaling the Production with roll-to-roll Pilot line
The VTT has a roll-to-roll surface treatment concept that can be used for coating and 
surface treatment of fiber-based webs and plastics. It consists of separate one me-
ter wide operational units build from aluminum frames. Each frame has four wheels 
placed under the frame. All operational units are placed on rails to eliminate need for 
leveling of units after changing the order of the units. Rails also eliminate need for 
guidance and other roll alignment after re-arranging the units. The units are attached 
together by a system called Click and Coat developed by manufacturer of equipment, 
Coatema and Germany. The concept includes several coating methods, pre-treatments 
and curing options. Coating methods include flexo-type roll coating, soft bar coating, 
kiss type coating and spray coating. All three first mentioned methods can be followed 
by spray coating to make wet on wet coatings. The sealable coating unit followed by 
exhaust air removal during drying makes it possible to test also coatings containing 
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harmful volatile substances. Surface treatments can be cured using cold or hot air 
drying, IR-drying or UV-curing. The main benefits are low cost, low coating material 
demand and versatility of used substrates including plastics, paper and carton board. 
Basic layout including all units of the SUTCO surface treatment concept is shown in 
Figure 4. 

     

Figure 4. (a) Basic layout of the SUTCO surface treatment concept with configuration of 13 units, (b) 
drying section and rewinding, and (c) unwinding. 

Pectin solutions were roll-to-roll flexo-coated onto argon/nitrogen plasma-activat-
ed oriented polypropylene (OPP) film (thickness 25 μm, roll width 38 cm) obtained 
from Amcor Flexibles Oy, Lieksa, and Finland. Plasma-activation was carried out in-
line to increase the surface energy of OPP film prior the coating with water-based 
pectin solution. Effects of plasma-activation on water contact angle and surface energy 
can be found from Figure 5. Pectin was easily spread onto activated OPP surface form-
ing an even and smooth dry coating (Figure 6).

Figure 5. Effects of corona and Ar/N
2
 plasma pre-treatments on water contact angle and surface 

energy of OPP film.

Bio-hybrid Nanocomposite Roll-to-roll Coatings 211
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Figure 6. The SEM images of cross-section and surface topography of roll-to-roll coatings. Uncoated 
OPP film (a and b) and pectin coated OPP film; pectin thickness ~1 µm (c and d).

CoNClusioN

As a conclusion, montmorillonite nanoclay was successfully dispersed in aqueous 
polysaccharide solutions using ultrasonication and high pressure fluidization. Nano-
composite coatings and films showed improved barrier properties against oxygen, 
water vapor and UV-light transmission. Materials were also totally impermeable to 
grease. The developed bio-hybrid nanocomposite materials can be potentially exploit-
ed as safe and environmentally sound alternative for synthetic barrier packaging ma-
terials. The SUTCO surface treatment concept was used for up-scaling the production 
of pectin coatings. Pectin coating improved the smoothness as compared to uncoated 
OPP film surface.

KeyWords

 • Food packaging

 • montmorillonite

 • Nanoclays

 • Plasma-activated

 • ultrasonication
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Chapter 19

advances in Collagen-based tissue engineering
Krystyna Pietrucha

iNtroduCtioN aNd BaCKGrouNd

Transplantation of organs or tissues is a widely accepted therapy to treat patients with 
damaged organs or tissues as a result of an accident, trauma, cancer or disease. How-
ever, autologous transplantation is limited because of donor site morbidity and in-
fection or pain to patients because of secondary surgery. Alternative tissue sources 
that have origins from other humans remain problematic mainly due to immunogenic 
responses by the patients upon implantation and a shortage of donor organs. Each 
year, millions of people die still due to shortage of organs to transplantation. Tissue 
engineering, which applies methods from engineering and life sciences to create arti-
ficial constructs to direct tissue regeneration, has attracted many scientists, surgeons 
with hope to treat patients in a minimally invasive and less painful way. The aim of 
tissue engineering, with an interdisciplinary approach, is to break through the barri-
ers which have limited the performance and application of artificial biomaterials over 
past decades. The research examinations lead to develop, design and synthesize novel 
multi-component structures, using biocompatible and biodegradable natural/synthetic 
polymers with/without bioactive molecules that may be used as efficient scaffolds 
for engineering tissue. For this ambitious purpose mainly collagen, poly(lactic-co-
glycolic acid) (PLGA), cellulose and glycosaminoglycans (GAG) such as hyaluronic 
acid (HA) and chondroitin sulfate (CS), which have different physicochemical proper-
ties and degrade at different rates in human body have been used. The components of 
scaffolds are cross-linked/grafted by chemical, physical, and radiation methods. These 
scaffolds mimic closely the molecular and structural properties of native extracellular 
matrix (ECM). This review focuses on the progress in using some of the scaffolds 
for the specific regeneration of tissues. Among it, an advanced tissue engineering of 
collagen based materials for therapeutic treatment of injuries to central and peripheral 
nervous systems is presented

some asPeCts oF tissue eNGiNeeriNG

Tissue engineering applies scientific principles to the development, design, and con-
struction of biological substitutes that restore, maintain, and improve natural tissue or 
organ function (Morrison, 2009). Its scientific input is derived from materials science, 
cell biology, physics, chemistry, and importantly, from clinical research. Restoration 
of the normal tissue structure and function occurs through the production of new tis-
sue with replicates exactly that which has been lost as a result of degenerative disease, 
cancer, an accident or trauma. The restorative process depends on a balanced combina-
tion of cell culture growth with biomaterial/scaffold to support it and with bioactive 
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agents to enhance and direct it (Jagur-Grodzinski, 2006). There are several approaches 
to creating tissue constructs. A well known one is to isolate specific cells through a 
small biopsy from the patient, to grow them on a three dimensional (3D) biomimetic 
scaffold, under precisely controlled culture conditions and to deliver the construct to 
the appropriate site in the patient’s body, and to direct new tissue formation into the 
scaffold that would itself disappear, in due course, through biodegradation.

strateGy For CoNstruCtioN oF Biomaterials/sCaFFolds

In this way, biomaterials or scaffolds play a pivotal role in tissue engineering (Ma, 
2008). They serve matrices for cell migration, spreading, in growth, proliferation, and 
stereo formation of new tissue. An ideal artificial scaffold should resemble the struc-
tural and functional profile of the natural ECM (Wen et al., 2005; Williams, 2006).

selection of Polymer for scaffold
The strategy for the tissue engineering is to select a polymer with the best biocompat-
ibility, extend its time-scale of biodegradation, increase its mechanical strength and 
convert it into nano-fiber structure resembling the structure and properties of natural 
tissue.

Collagen
Many natural and synthetic polymers have been extensively studied for preparation 
of biomaterials/scaffolds for tissue engineering applications but collagen occupies a 
unique place in the way it interactions with body tissues. Collagen is an essential 
component of ECM in many tissues such as skin, bone, cartilage tendon, and so on. 
General reviews of this natural polymer for biomedical applications, with references 
to numerous review papers dealing with various specific aspects of this subject have 
been published (Kolacna et al., 2007; Wess, 2008). Collagen is the primary structural 
material of vertebrates and is the most abundant mammalian protein accounting for ~ 
30% of total body proteins. Reconstituted collagen from xenogeneic sources due to it 
is the excellent biocompatibility and due to its biological characteristic, is regarded as 
one of the most useful biomaterials. Collagen has a unique structure and amino acid 
sequence. Among the 29 isotypes of collagen, type I is composed of two α1 chains and 
one α2 chain. The underlying α chains that form these natural polymers are arranged 
into repeating motif exhibits a 67 nm interval that forms a coiled structure. The col-
lagen molecule consists of three polypeptide chains twined around one another as in 
a three-stranded rope. The specific complement of α subunit present within the fibril 
defines the material properties of the polymer. Besides, in native ECM, collagen exists 
in a 3D network structure composed of multi-fibrils in the nano-fiber scale of 50–500 
nm. The fibrillar structure of Type I collagen has been known for a long time to play 
an important part in cell attachment, proliferation, and differentiated function in tissue 
culture. 

Collagens from different species and living environments have various properties. 
An alternative to mammalian collagen is fish collagen. Production of fish collagen is 
actually not new it has been produced for many years (Zhang et al., 2009). Nowadays, 
the importance of fish collagen is growing and there is growing number of possibilities 
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to use it in medical application. One major advantage of collagen from aquatic organ-
ism sources in comparison to land animals is that they are not associated with the risk 
of outbreak of bovine spongiform encephalopathy. Unfortunately, the great differences 
exist between fish collagen and bovine collagen. The relatively fast biodegradation 
rate and low thermo-stability of fish collagen in comparison to bovine collagen has 
been one of the crucial factors that limit the usage of fish collagen in tissue engineer-
ing. There have been few reports on the modification of fish collagen by chemical and 
physical methods (Nalinanon et al. 2011; Pietrucha and Banas, 2010; Yunoki et al., 
2007). The attention has been particularly paid to the cross-linking efficiency, hydro-
thermal stability and porosity of the new class of matrix.

Glycosaminoglycans
In creation of functional scaffolds for tissue engineering the role of both collagen 
and GAG such as HA and CS are important (O’Brien et al., 2005; Pieper et al., 2000; 
Zhong et al., 2007) HA and CS belong to the connective-tissue mucopolysaccharide 
group of substances that are present mainly in articular cartilage, vitreous humour and 
synovial fluid but they are widely distributed in other tissues and most body liquids. 
They have unique physicochemical properties and distinctive biological functions. 
Composites collagen-GAG has been used for a wide variety of in vitro studies of cel-
lular migration, contraction, and tissue growth.

Other Components for Scaffolds
Cellulose is a linear homopolymer of glucose and is the most widespread polymeric 
material in nature. It is degradable by enzymes and its solubility in water depends on 
its chain length. The biocompatibility of cellulose and good match of their mechani-
cal properties with those of hard and soft tissue accounts for its medical applications 
(Czaja et al., 2007; Fatimi et al., 2008). It has been used in research in both bone 
and cartilage tissue engineering. Cellulose derivatives such as carboxymethylcellu-
lose (CMC), hydroxypropylmethylcellulose (HPMC) and oxidized cellulose are also 
known to have good biocompatibility. The biocompatibility of methylcellulose (MC) 
in the peritoneum is not known, but the mixture of MC and HA has been reported to 
be biocompatible in intrathecal injection. Many work has been done on application of 
poly(lactic acid) (PLA) and poly(lactic-co-glycolic acid) (PLGA) in medical applica-
tion (Kuo and Yeh, 2011).

To summarize, the materials for tissue engineering are based on optimized com-
position of several types of natural/synthetic, biocompatible, and biodegradable com-
ponents:

• Collagen: low mechanical strength, relative rapid biodegradation, good cell ad-
hesion, migration, and proliferation;

• Cellulose, or a cellulose derivative: good mechanical strength, slow degrada-
tion, poor cell adhesion;

• Glycosaminoglycans: The HA and CS: special function in assisting cell migra-
tion and cell differentiation during the healing process. Through its high water 
absorption, resists forces of compression, while collagen and cellulose with-
stand tensile forces;
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• Poly(lactic acid) (PLA) and Poly(lactic-co-glycolic acid) (PLGA) with relative-
ly high mechanical strength, but their hydrophobic surface is not favorable for 
cell seeding.

Preparation of Parallel-oriented Nano and micro-diameter Fibrils
The natural ECM has fibrillar structure, with submicron to micron sized fibers (Wess, 
2008). Thus, alternative methods of scaffolds fabrication that are more homogenous 
and biomimetic are needed. For the first time, there is an evidence that construction 
of nano- and micro-fibrillar biomaterials/scaffolds may be possible. Implants based 
on such materials are the next frontier of bioengineering. The basic building blocks of 
nano- and micro-fibrillar materials are likely to be nanofibers. One of the potential ad-
vantages of this method is that it should be capable of scaling up to produce nanofibers 
in quantities required to mimic the ECM. There has been significant increase, recently, 
in research on electrospinning of collagen fibers for tissue engineering (Powell et al., 
2008; Yang et al., 2008).

Electrospinning and Coaxial Electrospinning
Several laboratory techniques for producing nanofibers are being developed. For ap-
plication in tissue engineering, good progress has been made with the technique of 
electrospinning (Matthews et al., 2002). In the electrospinning apparatus, a pump 
feeds a solution of collagen into a long narrow tube, like a syringe needle. The flow 
through this tube results in formation of a longitudinally oriented solution filament, 
with collagen molecules oriented in direction of flow. A high DC voltage applied to the 
tube, leads to formation of an electric charge in the polymeric filament emerging from 
the tube. The charge generates forces of repulsion within the filament and neutralizes 
the effect of surface tension. At sufficiently high voltage, the emerging solution fila-
ment ceases to be held together by surface tension and splits into nano-fibrils. These 
are collected on an earthed drying––drum and on solvent evaporation become collagen 
nanofibrils. The diameter of the nanofibrils is related to the solution viscosity. A sol-
vent composition will be found experimentally, to ensure stable nano-scale homogene-
ity in the polymer solution at the required viscosity. The choice of solvents is limited 
by the requirement for rapid evaporation from the nanofilaments. Since electric charge 
formation is fundamental to the process, the solution will have to meet strict require-
ments with respect to the dielectric constant and resistivity. There are several variables 
in the process, the effect of which will have to be investigated experimentally. It will 
be of paramount importance to confirm that no traces of solvents have been left in 
nanofibrils, which might be in a long term cytotoxic. A potential advantage of the 
electrospinning process is that, when proven to be successful, it can be scaled-up for 
larger scale production. Complex scaffold architecture is possible by using several 
spinnerets in parallel, extruding fibrils at different angles. Some information on the 
electrospinning methods in collagen nanofiber fabrication and its great potential for 
tissue regeneration is published (Zheng et al., 2010).

Electrospinning provides an important step in producing basic construction ele-
ments for the scaffolds. It also provides the preferred way of achieving two specific 
objectives: regulating the rate of biodegradation of the scaffolds and producing scaffolds 
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for instant use. Moreover, coaxial electrospinning can be carried out using a solution 
of mixed collagen-based polymers (Thomas et al., 2007; Zhou et al., 2010). 

Ultrasonic Fiber splitting
The alternative method of preparing parallel––oriented nano-diameter fibrils is using 
ultrasonic splitting of collagen micro-diameter fibers (Zhao and Feng, 2007). This 
technique has not been proposed before for use in tissue engineering, but if successful, 
it has advantages over electrospinning. Purified collagen fibers, dispersed in an aque-
ous medium are treated with powerful ultrasonic, which split the fibers into constitu-
ent, nano-diameter fibrils. The fibrils are parallel oriented by extruding the aqueous 
dispersion of the fibrils through a long, narrow tube onto a drying drum. An important 
advantage of this technique over electrospinning is that it avoids the process of dissolv-
ing collagen in an organic solvent. The mechanical and surface properties of the fibrils 
should be better and there will be no need for laborious removal of the last traces of 
an organic cytotoxic solvent. Although the technique is simple in principle, it requires 
considerable effort to develop. The technique can be used for producing scaffolds with 
modified rate of biodegradation and/or mechanical properties. This would be done by 
preparing nanofibrils from two or more biopolymers, extruding a dispersion of mixed 
nanofibrils, forming mixed fibril mats and cross-linking by chemoradiation reactions. 

hyBrid sCaFFolds resemBliNG struCture aNd ProPerties oF 
Natural tissues

In order to perform its function well, after implantation a scaffold must have the best 
achievable biocompatibility, it should also have a microstructure resembling that of 
natural tissue (for cell seeding, ingrowth and proliferation), adequate mechanical 
strength and biodegradability matching the time-scale of tissue regeneration.

Restitution of skin loss is the oldest and still not totally resolved problems in 
the field of surgery. In severely burned patients, the prompt closure of full thickness 
wounds is critical for survival. Many different materials including collagen sponges 
and cellulose have been used to stimulate granulation tissue in wound base after deep 
burns and traumatic injures. Since spontaneous healing of the dermal defects does not 
occur, the scar formation for full thickness skin loss is inevitable, unless some skin 
substitutes are used. Recently, promising results have been obtained utilizing electros-
pun collagen scaffolds as skin substitutes in athymic mice (Powell et al., 2008). Elec-
trospun collagen scaffolds have been shown to produce skin substitutes with similar 
cellular organization, proliferation and maturation to the current, clinically utilized 
model, and were shown to reduce wound contraction, which may lead to reduced 
morbidity in patient outcomes. The 3D biodegradable porous scaffolds that combined 
the advantages of natural Type I collagen and synthetic PLGA knitted mesh have been 
also developed for cartilage engineering tissue (Dai et al., 2010). 

Collagen hydrogels as substitutes of dura mater
Other problem exists in the case of dura mater. Injury of dura mater may result from 
many causes, including cranio-cerebral trauma, destruction by tumor, surgical remov-
al, and various congenital malformations. For almost 100 years various artificial 
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materials such as synthetic or collagenous tissues as well as collagen covered vicryl 
mesh have been employed for dural repair. 

A commercially available substitute for dural repair is DuraGen® (Integra Life-
Sciences Corporation, US) (Narotam et al., 1999). DuraGen® is made by acid pre-
cipitation, freeze drying, and thermal/chemical cross-linking of collagen in combina-
tion with chondroitin 6-sulfate. Another one, Promogran (Jonson &Jonson Medical) 
is designed for wound healing (Vin et al., 2002). Promogran is freeze dried composite 
of oxidized regenerated cellulose (45%) and collagen (55%). Recently, TissuDura® 
with equine collagen as dura mater has been developed (Parlato et al., 2011). Unfortu-
nately, the great differences exist between natural (ECM) and manufactured synthetic 
implants. It is important to realize that up to now no ideal dural implant is available. 
Muscle fascia remains the most accepted autologous implant in general use. 

Over 20 years ago the author of this review in collaboration with surgeons ob-
tained collagen substitute of dura mater (Pietrucha, 1991). Collagen type I was derived 
from purified bovine Achilles tendons by pepsin digestion and acetic acid treatment to 
prepare dispersion. Whereas native collagen tissue possesses significant strength, this 
is lost when collagen products are made from collagen solution. These reconstituted 
products may therefore require treatment with cross-linking agent, so as to increase the 
strength for particular applications. Cross-linking agents (physical or mostly chemical 
treatments) are used to stabilize biological products. Cross-linking procedure can de-
crease biodegradation rate and immunogenicity. However, most cross-linking agents 
(i.e., aldehyde family) used to stabilize biological molecules produce toxic byproducts 
which are detrimental to the wound healing process. That is why reaction cross-linking 
of collagen and preparation hydrogels was carried out by irradiation with electron 
beam. However, even extensively radiation cross-linked collagen hydrogels have poor 
physical strength for the preparation of dural substitute. For that reason collagen, hy-
drogels were reinforced with poly(ethylene terephthalate) (PET) mesh. The key fea-
tures which had to be achieved were: (a) an elastic hydrogel of defined stable structure, 
(b) optimized range of network pore sizes, (c) covalent bonding to the synthetic fiber 
net, and (d) freedom from harmful chemical residues.

All the key features were achieved by the use of high energy radiation under op-
timized and strictly controlled conditions. The radiation process produced a sterilized 
implant which could be stored for at least a year. It could be implanted without any 
additional treatment. The implant material underwent with good success three stages 
of evaluation: biochemical in vitro, pre-clinical on animals and clinical. This collagen 
composite material has been used in neurosurgery, plastic, and reconstructive surgery 
to replace, complete or strengthen the cerebral and spinal cord dura mater as well as 
other soft tissues. Satisfactory results have been also obtained in short-term and long-
term (8 years) studies with dural substitute on over 100 patients in several independent 
clinics. The prostheses had been implanted in patients with posttraumatic CFC-leak-
age and with intracranial neoplasms as well as in the surgical treatment of meningo-
encephalocele, meningomyelocele, and various dystrophic defects on central nervous 
system of children (Figures 1–4) (Pietrucha, 2010a; Pietrucha and Polis, 2009; Pietru-
cha et al., 2000; Polis et al., 1993). Moreover, the biomaterial was used for closure of 
abdominal wall defect in new-born (Figure 5) (Chilarski and Pietrucha, 1996).
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Figure 1. The large hernias on disqualified for operation so far.

Figure 2. The child from Figure 1 after operation with dural substitute.

Figure 3. The child from Figure 1, 4 years after operation. 
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Figure 4. Myclomeningocele covered by substitute of dura mater.

Figure 5. The child after closured by collagen abdominal wall defect.

After implantation as dural substitute, collagen gradually degrades and cells syn-
thesize their own dura mater. The non-degradable PET mesh remains in organism as 
unnecessary ballast. It is very important that collagen biomaterials can be effectively 
cross-linked and simultaneously sterilized by radiation technique, which does not pro-
duce toxic by-products detrimental to wound healing. 

Modified collagen hydrogels first appeared to be promising for skin. Unfortunate-
ly, their extensive contraction and their poor mechanical properties constituted major 
disadvantages toward their utilization as permanent graft. Recently, it has been shown 
that concentrated collagen hydrogels can be considered to be new candidates for der-
mal substitution because they are easy to handle, do not contract drastically, favor cell 
growth and can be quickly integrated in vivo (Helary et al., 2010; Yunoki et al., 2010). 

the effect Cross-linking on Properties of scaffolds 
In collaboration with research workers from Laval University, Quebec, Canada 
we have obtained very interesting results that show for the first time that activated 
poly(ethylene glycols) (PEGs) can be grafted onto collagen using radiation method 
(Doillon et al., 1994, 1999). Collagen was extracted from adult bovine hide using 
a series of acid dispersions and salt precipitations. In specific experimental condi-
tions, in vivo tissue ingrowth was observed within a stable porous structure. It 
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has been demonstrated that chemically activated or radiation modified monometh-
oxy poly(ethylene glycol) (MPEGs), derivatives conjugated to collagen decreased its 
biodegradability, immunogenicity and antigenicity while maintaining its biological 
activity. These biomaterials have been used as templates for tissue ingrowth assisting 
wound healing. The results obtained show unambiguously that some of the collagen-
polymers compositions give rise to the appearance of formation of an ether link and 
modification of the protein secondary structure as determined by the analysis of the 
amide I and amide II infrared bands. Furthermore, using irradiation, it is possible to 
offer both a biodegradable implant with stable structure and a well-suitable implant for 
surgery in a sterile and ready–to-use state. Additional advance in this manner is that 
the collagen structure can be stabilized without any impurities in catalysts or chemical 
initiators.

The other type of collagen-based material is a new family of tri––component hy-
drogel consisting of water-soluble, substantially biocompatible synthetics, and bioac-
tive collagen (Pietrucha and Banas, 2009; Pietrucha and Verne, 2010). The concept 
in the preparation of a copolymeric hydrogel is to incorporate in the system a slowly 
degradable, bio-inert poly(vinyl alcohol) (PVA) of high glass transition temperature, 
Tg, a highly biocompatible and hydrophilic MPEG of low Tg, and biodegradable, bio-
active natural macromolecule collagen. These hydrogels were synthesized by using 
a two-stage process: multiple freeze-thaws followed by irradiation with an electron 
beam.

It has been shown that repetitive freeze-thawing of PVA solutions containing colla-
gen and MPEG results in formation of physically cross-linked hydrogels. The mecha-
nism by which these physical cross-links are formed may involve hydrogen bonding, 
formation of crystallites or a liquid-liquid phase separation process and chains entan-
glements. The immediate effect of irradiation of above polymer systems, in water and 
under oxygen-free atmosphere, is radiolysis of water and formation of polymers free 
radicals. The structure of these free radicals is shown in Figure 6. 

Figure 6. Schematic description of products radiolysis of H
2
O, PVA, MPEG, and collagen.
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The main species of water radiolysis reacting with the mentioned polymers are OH 
radicals. They attack the macromolecules and abstract hydrogen atoms. The structure 
of resulting macro radicals depends on the type of polymers. Mutual recombination 
of macroradicals induces intra- and inter-molecular cross-links. Then semi- and inter-
penetrating INP 3D sterile polymer network without any additional chemical cross-
linking agents are formed. Cross-linking was also found to improve the mechanical 
and morphological properties of the hydrogels. Small amounts of collagen and MPEG 
in structure of PVA lead to an unexpected improvement of porosity and strong me-
chanical integrity of PVA-collagen-MPEG hydrogel. Beneficial effects of PEG on the 
stability of pores of PVA have been also observed by others (Bodugoz-Senturk et al., 
2008). From the viewpoint of biomedical application it seems that addition of collagen 
and MPEG to PVA would produce a highly elastic and strong scaffold that would fa-
cilitate high levels of cell attachment and growth. PVA-MPEG-Collagen hydrogels are 
promising materials to use as scaffolds in tissue engineering as well as a biomaterial 
for osteochondral defect repair or as artificial cartilage.

Work on many composite systems of collagen sponge-shape matrix with GAG 
has been reported in research papers, published in the last 10 years. Among them the 
author of this publication explored preparation of new composite of collagen with HA 
and CS to develop innovative biological scaffolds for tissue engineering (Pietrucha, 
2005, 2007, 2010). In these studies, particular attention has been paid to the prepara-
tion and characterization of cross-linked collagen-HA/CS matrices with potential for 
use in tissue engineering. To prepare collagen modified by HA/CS two complementary 
cross-linking methods, dehydrothermal (DHT) pre-treated and 1-ethyl-3-(3-dimethyl 
aminopropyl) carbodiimide (EDC) have been introduced. 

Modifications in molecular organization of collagen-HA/CS scaffold induce varia-
tions in the material application properties, and more particularly of their thermal, 
mechanical, and dielectrical properties. The typical differential scanning calorimetry 
(DSC) and termogravimetric analysis (TGA) of collagen and collagen cross-linked by 
mixture EDC and NHS in the presence of HA are shown in Figure 7. The thermograms 
obtained by DSC for both collagen modified with HA and collagen alone evidenced 

Figure 7. DSC (■) and TGA (▲) thermograms of collagen unmodified (A) and (B) modified by HA.
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three different endothermal peaks: the first one related to temperature of thermal de-
naturation (Td) of collagen and the other two were connected with a complex phenom-
enon of collagen modified by HA compared to unmodified collagen is significantly 
shifted to the region of thermal modification, finally leading to the destruction of ma-
terials. However, the maximum of the peak for collagen modified by HA compared to 
unmodified is significantly shifted to the region of higher temperatures (from 69.5 to 
85°C).

It is known that intra- and inter-molecular hydrogen bonds as well as hydrogen 
bound water are responsible for the stability of the triple helix conformation of col-
lagen macromolecules. The mechanism of the EDC/NHS reactions with collagen/CS 
was presented previously in Figure 8 (Pieper et al., 1999).

Figure 8. Scheme of cross-linking reactions of collagen by EDC and NHS.

These findings suggest that similar reactions may occur between collagen and HA, 
because the chemical structure of HA is similar to other GAGs except that HA is un-
sulfated disaccharide. Hence, the most important reactions occurring in the collagen-
HA system with the mixture of EDC and NHS can be schematically presented as in 
Figure 9.

N

O

O

OHA C
O

NH2 HA C

O

N
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OH+ +

coll (NHS)coll

Figure 9. Scheme of covalent attachment of HA to collagen using EDC and NHS. 

Ap
pl

e 
Ac

ad
em

ic
 P

re
ss

 

Au
th

or
 C

op
y



224 Natural Polymers, Biopolymers, Biomaterials, and Their Composites, Blends, and IPNs

It has been suggested (Park et al., 2003) that the carboxyl group of HA reacts not 
only with amino groups of collagen but also with hydroxyl groups of collagen or HA 
resulting in the formation of ester linkages. However, it is worth noticing that an es-
sential part of the scaffold is collagen therefore the most important reactions result in 
the formation of the collagen network. The EDC is not incorporated into the amide 
cross-links and it and other cytotoxic substitutes are completely rinsed out from the 
matrix. The architecture of scaffolds should also provide appropriate porosity spatial 
cellular organization. Spatial cellular organization determines cell-cell and cell-matrix 
interactions, and is crucial to the normal tissue and organ function. Otherwise, poros-
ity and pore size of scaffolds play a vital role in tissue formation in vitro and in vivo 
(Pietrucha, 2010b). Results of distribution and pore size in collagen-based scaffolds 
prepared by mercury porosimetry are listed in Table 1. 

table 1. Characterizations of the porous structure of the collagen-based scaffolds.

Nr Collagen-based scaffold Pore size [μm]

1-10 10-100 100-350

Pore volume [%]

1. Collagen unmodified 6.8 71.9 20.0

2. Collagen cross-linked by EDC 8.0 76.6 14.0

3. Collagen modified by HA with EDC 22.2 65.5 11.0

The addition of HA influenced the density and the pore size of collagen-HA matrices. 
That was verified by SEM (Figure 10).

Figure 10. (a) The SEM of unmodified collagen scaffold, (b) collagen cross-linked by EDC, and (c) 
collagen with HA cross-linked by EDC.

It was observed that HA reduces the porosity of scaffolds with minimum about 
68%. After cross-linking the pore size and porosity of the composite scaffold became 
smaller and a 3D network structure with incorporated HA was formed. 

Generally, the cross-linking by different agents leads to the formation of 3D net-
work structure with different pore size. This original approach might provide new 
insights into the structural differences between natural tissue and novel class of 3D 
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network structure of collagen-based scaffold for tissue engineering. It has been shown 
(Miron-Mendoza et al., 2010; Murphy et al., 2010) that collagen translocation ap-
peared to depend primarily on matrix stiffness, whereas cell spreading and migration 
is less dependent on matrix stiffness and more dependent on collagen matrix porosity.

In creation of functional scaffolds for tissue engineering their dielectric properties 
also play an important role. It is known that all the physiological processes are accom-
panied by the flow of electric current through such structural elements as intra- and 
extra-cellular fluids and charge accumulation at the interface, for example of collagen 
and water in the skin, tendon or bone. These conduction and polarization mechanisms 
in the tissues are possible thanks to their dielectric properties. So, in the tissue en-
gineering the dielectric properties of scaffolds should be similar or even better than 
those of the regenerating tissues and organs. The results of the studies performed by 
the dielectric spectroscopy over a wide range temperatures provide new information 
on molecular interactions in cross-linked collagen (Marzec and Pietrucha, 2008; Pietrucha 
and Marzec, 2005, 2007). For collagen-HA or collagen-CS systems cross-linking is 
an effective way not only to decrease the biodegradation rate but also to optimize the 
dielectric properties of these systems. In fact, in the whole temperature range (22–
230°C) the dielectric parameters are much higher for collagen-HA and collagen-CS 
scaffolds than for unmodified collagen because of the greater number of sites among 
which protons can jump and mobility of these carriers in the former.

To summarize, the result of the thermal and dynamic viscoelastic measurements 
supports strongly the conclusion that the collagen modified with HA/CS using EDC/
NHS makes the materials stiffer and gives rise to a marked increase in their structure 
thermostability. The influence of cross-linking on the permittivity of collagen is signif-
icant over the entire temperature range. This may be ascribed to the possible simulta-
neous occurrence of two reactions: collagen-collagen cross-links and covalent grafting 
of HA to the collagen backbone, resulting in the formation of semi- interpenetrating 
polymer network (IPN). The results suggest that these collagen/HA and collagen-CS 
matrices as an analog of the natural 3D ECM may be useful in vitro investigation to 
support the attachment and proliferation of a variety of cells. 

strateGy For NeW aPProaCh to tissue eNGiNeeriNG 

In the recently proposed projects, foundations are established for an entirely new ap-
proach to tissue engineering by constructing artificial scaffolds based on combination 
of cells, biodegradable multi-component matrix, and bioactive molecules (selected 
growth factors and genes) to recapitulate natural processes of tissue regeneration and 
development. Cooperative interplay of these components is imperative to achieve bio-
logically functional engineered tissue. 

scaffolds with Bioactive molecules
The researchers believe that combined nano- and micro-fibrous scaffolds, with high 
surface area to volume ratio, loaded with genes of growth factors will be a good sys-
tem for treatment of chronic wounds. The chronic wounds are characterized with low 
proliferation activity of cells and increased of metalloproteinases activity. Delivery of 
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the genes to chronic wounds and successful transfection allows the increased continu-
ous synthesis of growth factors in wounds and acceleration of cells proliferation or 
angiogenesis that increases speed of healing. At application of the selected angiogenic 
growth factors for example vascular endothelial cell growth factor (VEGF) basic fi-
broblast growth factor (bFGF or FGF-2) and epidermal growth factor (EGF) may be 
useful for enhancing angiogenesis (Gerard et al., 2010; Lee and Shin, 2007) and in 
vivo wound healing of diabetic ulcers (Choi et al., 2008). The achievement of combin-
ing high loadability with controlled release of growth factors still represents a major 
challenge in the field tissue engineering (Pang et al., 2010). 

Bacterial Collagen-like Protein
Predominantly, collagen-based scaffolds are constructed from bovine Type I collagen. 
It has weak immunogenic tendencies and of crucial importance, it bears great resem-
blance to human collagen. The Word Heath Organization (WHO) allows the use of 
bovine collagen in medical applications, providing that specified safety procedures 
are adhered to. However, when substances of animal origin are used it is not impos-
sible for transmission of pathogens to occur, mainly BSE and TSE (animal transmit-
table spongio-encephalitis), from infected animal to man. The researches believe that, 
although the risk is small, it is appropriate for tissue engineering to develop scaffolds 
based on alternative to animal’s collagen. Significant progress has been made in pro-
duction of recombinant human collagen in yeasts to circumvent this and other issues. 
However, the use of yeast systems is complicated and difficulties in achieving large 
scale production. Recently, the new realistic prospect of a remedy has appeared from 
the latest advances in production of bacterial collagens (Peng et al., 2010). There is 
a conviction that bacterial collagens are an excellent source of collagen for use as 
biomaterials and as a scaffold for tissue engineering. The recombinant bacterial col-
lagen can be produced in large quantities in E. coli without any animal contamina-
tion. In particular, it is non-immunogenic, supports cell attachment, can be made with 
additional functional domains and can be fabricated into fibrous structures and into 
formats such as sponges suitable for wound repair or other medical applications.

Neural tissue eNGiNeeriNG

Damage of the central nervous system (nerves of spinal cord) can be caused by disease 
or trauma and often results in paralysis, which at present can not be cured. Every year, 
more than 11,000 individuals sustain spinal injury in the USA. These are mostly young 
men, median age 26. Of the quarter of a million people living in the USA after spinal 
cord injury, nearly half have irreversible loss of neurologic function below the level of 
injury (with either lower limbs or all four limbs paralyzed). (Madigan et al., 2009). It 
is known, that in Europe it is comparable number but complete data is not available. 
The aim of a lot researches is to pave the way for reversing this loss of neurologic 
functions, which is still perceived as “irreversible”.

The new, realistic prospect of a remedy has emerged from the latest advances in 
tissue engineering. Tissue engineering progresses by applying newly developed scien-
tific methods and concepts to techniques of regeneration of lost, damaged or diseased 
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body tissue or organ. In the last few years, such new scientific methods and concepts 
have emerged in two relevant areas. One is the progress in the study and manipulation 
of stem cells. The other is the progress in research on repair of damaged spinal cord 
systems of animals (Okada et al., 2007; Yoshii et al., 2009).

The use of stem cells as a biological basis for tissue engineering has opened up an 
entirely new chapter in medicine and revealed the possibility of breakthrough in at-
tempts to repair and regenerate damaged parts of nervous systems. Stem cells have ca-
pacity for self-renewal they can differentiate into multiple cell types and have capabil-
ity of in vivo reconstitution of a given tissue. Both embryonic and adult (somatic) stem 
cells have shown great promise. Rapidly accelerating rates of progress are evident in 
more effective ways of controlling cell differentiation, in understanding the mecha-
nisms of cell engraftment into host tissue and in growing cell cultures in bioreactors.

The future of use of stem cell therapy will depend on the availability of means of 
delivering the cells to the location of nerve damage. No applicable scaffold is currently 
available for implantation in the spinal cord and there is no evidence of an advanced 
state of development of such a scaffold (Tanaka and Ferretti, 2009). The requirement 
is for an implantable scaffold, biologically, chemically and physically compatible with 
the spinal cord environment. It will have to be designed to deliver preselected neural 
stem cells to the location of nerve damage and then to support, guide and co-ordinate 
the regeneration of the nerve and of the damaged tissue. In addition to stem cells, the 
scaffold will have to deliver therapeutic factors and cells identified as essential or help-
ful to reconstruction of nerves. Looking further ahead, a requirement may emerge for 
the scaffold to act also as a genetic delivery tool, for non-viral and viral gene delivery, 
with or without targeted genomic integration. The underlying therapeutic concept is 
that combination strategies will maximize the ability to recreate nerve connections and 
regenerate spinal cord tissue. 

To summarise, a tissue engineering device for repair and regeneration of spinal 
cord nerves will consist of two components: stem cells which are in an advanced state 
of development and scaffold, which is yet to be developed. The aim of this program 
is to design and develop the required scaffold. The design stage will be preceded by 
research to establish the principal design parameters which are not yet known.

scaffolds for therapeutic treatment of injuries to Central and Peripheral 
Nervous systems
The tissue engineering scaffolds for repair and regeneration of brain and spinal cord 
protective dura mater, designed and developed by the author of this chapter, have 
outstanding clinical success. But they were constructed, like virtually all clinically 
successful scaffolds for implanting into connective tissue. For this reason, they had 
structure resembling that of connective tissue. In connective tissue, the fibrillar col-
lagen ECM is more plentiful than the cells and surrounds individual cells on all sides, 
determining the physical properties of the tissue. The tissue engineering scaffolds for 
connective tissue are constructed to have similar internal structure, where individual 
cells are surrounded by biopolymer on all sides, while providing conditions for cell 
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diffusion and proliferation. The ECM is virtually absent from the spinal cord. The ma-
jor part of the tissue of the spinal cord consists of large neurons which are responsible 
for the receptive, integrative and motor functions of the nerve system. The second 
component is neuroglial cells, smaller but more numerous than neurons. They are re-
sponsible for supporting and protecting neurons. The scaffold for implanting in spinal 
cord will have to be biologically and physically compatible with the environment of 
the spinal cord. It’s structure will need to have directional orientation for both guid-
ing the ends of the severed nerves and for guiding stem cells and neurotrophic factors 
to the location of the nerve repair process. A supply of stem cells from outside to the 
repair area is essential, because mature neuron cells do not divide and once the adult 
complement of neurons has been generated, no stem cells persist to generate more, or 
to repair damage. Two main forms of elongated nerve cells will need accommodation 
in the scaffold. The first is neuron, the nerve cell which may be 5–150 μm in diam-
eter. The second is axon, a thin, about 15 μm in diameter, extension growing out of 
neuron; its function is to conduct signals towards distant target, which may be up to 
1 m away. Axons are more frequently severed than neuronsand research on animals 
has shown that they are much easier to re-grow and regenerate. A newly generated or 
repaired axon will tend to grow along a directionally oriented fibril or pore channel 
of the scaffold. Structural support of axonal regeneration will be combined with tar-
geted delivery systems for stem cells and also for therapeutic drugs and neurotrophic 
factors to regionalize growth of specific nerve cells. In relation to blood, the cerebral 
and spinal fluids are low in cellular nutrients. Scaffold permeability to a wide range 
of molecular sizes will be crucial for access of oxygen and nutrients and for removal 
of metabolic waste. 

The author of this review has credible means, supported by experimental evidence, 
of adjusting the values of the known parameters of the scaffold. She has developed 
experimentally techniques for adjusting either or both of these properties by co-po-
lymerization/grafting of collagen with minor proportions of other biopolymers. These 
include the internal surface area-to-volume ratio, the ranges of dimensions of inter-
connecting pores, diameters and orientation of fibrils and pore channels, as well as 
the equilibrium water content. Two additional properties of the scaffold may require 
adjustment: the rate of biodegradation after implanting and the mechanical strength. 
The results of these experiments will be accessible in another original publication. 

Regeneration of peripheral nerve is also important topic in regenerative medicine. 
Ideally, a nerve guide material, first of all, should provide guidance and support for 
regeneration axons, exhibit biodegradability properties and have a shelf-life appro-
priate to the nerve trauma (Alluin et al., 2009; Parenteau-Bareil et al., 2010; Wang 
et al., 2009). Among the known nerves guides collagen-based composite materials 
such as CultiGuide®-composite poly-caprolactone and porous collagen-based beads, 
RevoNerv®-bioresorbable porcine collagen Type I+III nerve conduit and bovine col-
lagen type I tube from Integra Life Sciences Cor. are developed. Although surgery 
techniques improved over the years, the clinical results of peripheral nerve repair re-
main unsatisfactory. 
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CoNClusioN

This review highlights current tissue engineering and novel therapeutic approaches 
to axonal regeneration following spinal cord injury. An important role in creation of 
functional, biological scaffolds for tissue engineering play theirs stiffness, thermosta-
bility, porosity and dielectric properties.

The results also showed that it is possible to produce ideal replacement for dura, 
the tough protective membrane of brain and spinal cord. The dura substitute is capable 
of regenerating the tough protective membrane, but also of bringing about regeneration 
of blood vessels. Regenerated blood vessels will enable restoration of natural func-
tions of regenerated, replaced or supplemented tissues. The replacement composite 
scaffolds are effective in regenerating other types of tissues. Enhancing angiogenesis 
is effected by introducing specific bioactive growth factors. Matrix with incorporated 
bioactive molecules may become a way of introducing genes into selected locations 
in the body for “release-on-demand” therapy. Electrospinning is a process that can be 
used to fabricate collagen-based scaffolds economically at large scales. Furthermore 
using irradiation, it is possible to offer both a biodegradable implant with stable struc-
ture and a well-suitable implant for surgery in a sterile and ready-to-use state. The 
novel nano- and micro-structured collagen with minor proportions of other biopoly-
mers will provide new possibilities in the field of regenerative medicine as a new path 
for applications of tissue engineering. Using several new technologies should open 
new horizons for tissue engineering and for an important branch of medical science.
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Chapter 20

Pectic Polysaccharides of Fruits: Characterization, 
Fractional Changes and industrial application
Kausik Majumder

iNtroduCtioN

Cell wall is a unique feature in a plant cell. This extra-protoplasmic entity is a funda-
mental distinguishing feature that makes a mark on a plant cell from the correspond-
ing unitary biological material of the animal kingdom. The somatic cells of plants are 
characterized by three peripheral layers and this come to the vision of the scientist long 
before the underlying material that is the protoplasm was discovered. This structural 
barrier of a plant cell, which is looked upon as a secretory product of protoplasm is 
however, destined with a number of important functions to perform. In addition to pro-
viding the skeletal support, cell walls are known to participate in a number of physi-
ological functions and have an important role in the carbon economy of the biosphere 
(Goodwin and Mercer, 1988). 

Structurally, the cell wall is equipped with several complex organic compounds, 
chemically recognized as cellulose, hemicellulose, lignin, and the pectic substances. 
Among these polymers, pectic substances find their location in the middle lamella and 
also the primary wall of the cell wall. The proportion of the pectic material in the cell 
wall however, depends much on the type of layers present in it. For it is known that 
the amount of this component extracted from meristemetic or parenchymatous tissues 
may comprise of 15–30% of the wall material in contrast to 0.5–1.5%, that is extract-
able from tissues, which are highly lignified (Tarchevsky and Marchenko, 1991). This 
review aims to give insight into how the various structural changes that occur in the 
pectic polymers during fruit development and ripening. To the end, a brief note on 
industrial significance and application of this natural polymer are discussed.

struCture, ClassiFiCatioN aNd NomeNClature oF PeCtiC 
suBstaNCes

Pectic polysaccharides or substances are polygalacturonate molecule in which 1→4, 
α-D-galacturonic acid chains are linked with branches of L-rhamnopyranosyl resi-
dues with neutral side chains of L-arabinose, D-galactose, and D-xylose (Saulnier and 
Brillouet, 1998). The carboxyl groups of galacturonic acid are partially esterified by 
methyl groups and partially or completely neutralized by sodium, potassium or am-
monium ions (Kashyap et al., 2001). Some of the hydroxyl groups on C2 and C3 may 
be acetylated and the monomer is thought to have the C1 confirmation (Pilnik and 
Voragen, 1970). The primary chain consists of α-D-galacturonic units linked α-(1→4), 
with 2–4% of L-rhamnose units linked β-(1→2) and β-(1→4) to the galacturonic units 
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(Whitaker, 1970). The most abundant component of the pectic polysaccharides is 
polyuronic acids. In the case of higher plants, these polymers are built up mainly 
by α-D-galacturonic acid residues. However, in the marine brown algae, the poly-
uronic acids are structurally different and are usually called alginic acids. Some pectic 
polysaccharide domains, such as homogalacturonate have a relatively simple primary 
structure. This polysaccharide are also called polygalacturonic acid, a (1→4) linked 
polymer of α-D-galacturonic acid residues. Another abundant pectic polysaccharide is 
rhamnogalacturonan (RG II), which has a long backbone of alternating rhamnose and 
galacturonic acid residues. This molecule is very large and is believed to carry long 
side-chains of arabinans and galactans. Much further up on the scale of molecular 
complexity is highly branched pectic polysaccharides, rhamnogalacturonan (RG II), 
which contains a homogalacturonan of at least ten different sugars in a complicated 
pattern of linkages (Carpita and McCann, 2001). The rhamnogalacturonans are nega-
tively charged at pH ≥ 5. The side chains of arabinans, galactans, arabinogalactans, 
xylose or fucose are connected to the main chain through their C1 and C2 atom (vander 
Vlugt-Bergmans et al., 2000; Sathyanarayana and Panda 2003). Albersheim (1976) 
reported that there are three different polyuronic acids in the primary wall of suspen-
sion cultured sycamore cells. The two of which do confirm are a homogalacturonan 
composed of at least 25 D-galacturonic acid residues linked α (1–4) glycosidic link-
ages and a high molecular weight rhamnogalacturonan. It consists of segments com-
posed of about 8 α- 1,4 linked D-galacturonic residues separated from one another 
by a trisaccharide nade up of L-rhamnopyranose (1→4), D-galacturonic (α,1→2), L-
rhamnose. The terminal D-galacturonic residues of the pure galacturonan segments 
in linked to the L-rhamnose containing trisaccharide by an α,1→2 linkages cause the 
chain to zigzag. The polyuronic acids which does not conform to the usual pattern is 
also closed as a rhamnogalacturonan but appears to be a much branched structure con-
taining in addition to D-galacturonic acid and L-rhamnose, a variety of other monosac-
charides, some of which are quite rare.

Figure 1. (a) A repeating segment of pectin molecule and functional groups; (b) carboxyl; (c) ester; 
and (d) amide in pectin chain (Sriamornsak, 2001).
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Classification of the pectic substances is an area that grabbed much attention of the 
polymer biochemistry. Pectic polysaccharides are in fact, recognized in several forms 
and accordingly, they have been classified into distinct groups. The American Chemi-
cal Society classified pectic substances into four main groups as follows (Kertesz, 
1951).

1. Protopectin: the term protopectin is applied to the water insoluble parent pectic 
substances, which occurs in plants and which upon restricted hydrolysis, yields 
pectinic acids

2. Pectinic acid: the term pectinic acid is used for colloidal polygalacturonic acid 
containing more than a negligible proportion of methyl ester groups

3. Pectin: the term pectin designates those water-soluble pectinic acids of varying 
methyl ester content and degree of neutralization which are capable of forming 
gels with sugar and acids under suitable condition

4. Pectic acid: the term pectic acid is applied to pectic substances, mostly com-
posed of colloidal polygalacturonic acids and essentially free from methyl es-
ter groups. Normal or acid salts of pectic acids are called pectates.

However, it needs mentioning in this context that classification and nomenclature 
of pectic substances in consideration to their chemical solubility in different solvents 
has also been emphasized. In this context, pectic substances are classified broadly into 
the following groups (Barnier and Thibault, 1982).

1. Water-soluble pectic substances (WSP)––are those pectic substances which 
are soluble in water and include pectin and colloidal pectinic acids of high 
methyl ester content.

2. Oxalate-soluble pectic substances (OXP)––include pectic acids and the col-
loidal pectinic acids of low methyl ester content

3. Acid-soluble (HP) and Alkali-soluble pectic substances (OHP)—are the groups 
includes protopectin of having methyl ester content.

FraCtioNal ChaNGes oF PeCtiC PolysaCCharides iN deVeloPiNG 
Fruits

Pectic substances are the major components of cell wall and middle lamella of plant 
tissues which undergo structural changes during development and ripening of the 
fruits and thereby contributing significantly to textural softening of ripening fleshy 
fruits (Proctor and Peng, 1989). Solubilization of pectic polysaccharides which oc-
curs to different extent among fruits and fruit tissues, are involved with enzymic and 
physical mechanism (Gross, 1990), such as hydrolysis of polygalacturonate backbone, 
modification of side chains and disruption of ionic or hydrogen bonds (Liyama et al., 
1994). The participation of cell wall modifying enzymes that is pectin methyl esterase 
and polygalacturonase in pectic metabolism during fruit ripening (Majumder and Ma-
zumdar, 2002) causes molecular mass downshift, decreased methyl esterification, and 
glycosylation (Malis-Arad et al., 1983), which in turn alters the physical properties 
of the cell wall (Klein et al., 1995). The change-over of pectic substances from cell 
wall bound to soluble form has been well documented in a number of fruits, although 
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the ripening phenomenon reflected by solubilization of pectic polymer is not uniform 
throughout tissues in a fruit. The reviewer would like to point out at the outset that 
researches done by the scientists on pectic compounds in fruits are much extensive and 
the studies have covered fruits of a large number of species with particular reference 
to those of economic importance. The pertinent works done on majority of such fruits 
have been brought in and discussed in the following under the respective headings.

Citruses (Citrus species) Fruits
Among the edible species belong to the genus Citrus, the mandarin orange (Citrus 
reticulate Blnco.) and the sweet orange (Citrus sinensis Osbeck) are known to have 
supreme importance as table or desert fruits all over the world. In Satsuma mandarin 
oranges, the water-soluble pectins in the pulp increased rapidly during advanced ma-
turity condition and decreased gradually in ripening phase (Daito and Sato, 1984). 
The acid and water-soluble pectins as well as the total pectin had consistently steeped 
up in developing lemon (Citrus limon Burm.) pulp (Soni and Randhawa, 1969), al-
though a regular increase of pectin content of lemon peel during ripening was also 
observed (Ramadan and Domah, 1986). The granulation of juice sometimes appears to 
be a great problem in many Citrus fruits. The changes of the different pectic fractions 
may be responsible for this granulation (El-zeftawi, 1978). The reduction of NaOH-
soluble fraction of pectin accompanied with an increase in water-soluble pectin was 
also observed in process of juice granulation (El-zeftawi, 1978). In order to unfold the 
mechanism of hardening of juice-sacs during granulation, the stoichiometric relation-
ship between pectic substances and the level of calcium ions in the healthy, gelated and 
granulated juice-sacs from Citrus sulcata fruits were investigated by Goto (1989) and 
the amount of calcium ions per unit amount of pectic substances in the EDTA-soluble 
fractions had higher in gelated and granulated juice-sacs than in the healthy juice-sacs. 
The crystallization of pectic substances as a result of increased levels of calcium ions 
in the middle lamella was a cause for hardening of the juice-sacs and collapsed juice 
vesicles of grape-fruit (Hwang et al., 1990) and was also associated with a modifica-
tion of water-soluble and chelator-soluble pectin molecular weight. 

mango (Mangifera indica l.)
The pectic compounds and pectic degrading enzymes in mango pulp is a subject of 
study, undertaken by some Researchers. The level of pectin along with other constitu-
ents continued to increase in the fruits during their growth as opposed to the reverse 
trend for the acidity level in fruits (Gangwar and Tripathi, 1973). The water- and alka-
li-soluble pectic fractions were reported to decrease in contrast to ammonium oxalate-
soluble pectin fraction in ripening stage of mango fruits, irrespective of cultivars vari-
ation (Tandon and kalra, 1984). The polygalacturonase activity markedly increased 
during ripening and the loss of fruit firmness is well correlated with this increased 
enzyme activity (El-Zoghbi, 1994). The rate of marked changes during fruit ripen-
ing could exert on important influence on storage life and export potentials of mango 
fruits. Pectic polymers become less tightly bound in the cell walls during ripening and 
this wall loosening phenomenon is involved with hydrolysis of galactose containing 
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polysaccharides (Seymour et al., 1989). However, a close relation between changes in 
β-galactosidase activity, tissue softening and increased pectin solubility and degrada-
tion was also observed (Ali et al., 1995). 

Guava (Psidium guajava l.)
Guava is not only a rich source of vitamin C but also stakes its claims to be one of 
the top ranking fruits in respect of pectin of high jelly-grade, for which a considerable 
part of guava produced is made use of in making fruit jelly in commerce, The amount 
of pectin content in fruits was found as maximum in the ripe stage (Pal and Selvaraj, 
1979). However, there is a variation of pectin content among the cultivars of the fruit. 
A direct relationship on the increase of soluble pectin with an inverse trend between 
protopectin and softening in developing fruits has also been observed (El-Buluk et al., 
1995; Esteves et al., 1984). Salmah and Mohamed (1987) observed a sigmoid curve in 
regards to the changes of total pectin content during development of fruits while, the 
water-soluble pectin followed a linear change (El-Buluk et al., 1995). However, pectin 
content is also affected by cropping season and higher amount of polysaccharides 
remain persistent with the winter crops (Dhingra et al., 1983). The fractional changes 
of pectic polysaccharides in developing fruits revealed that the extent of pectic solu-
bilization was more pronounced in inner pericarp region as compared to outer and 
middle pericarp zone of the fruit tissue (Das and Majumder, 2010). A review on pectic 
polysaccharides of guava (Marcelin et al., 1990) discussed the metabolism of various 
forms of polygalacturonates and pectic degrading enzymes in guava fruits as well as 
importance of the levels of these substances for processing industries.

apple (Mallus pumilla mill)
Plenteous researches have in fact, being done on examining the pectic substances of 
apple fruits. Earlier reports (Efimova, 1981; Surinder Kumar et al., 1985; Tischenko, 
1973) stated that pectin content decreased during ripening with an increase of poly-
galacturonase activity. Mangas et al. (1992) reported that the alcohol-insoluble solids 
decreased with ripening while water-soluble or the chelator-soluble pectin elevated in 
the final stage of fruit ripening. However, the galactose and arabinose residues were 
lost both from alcohol insoluble residues and different pectic fractions during ripening 
of fruits (Fischer and Amado, 1994; Fischer et al., 1994; Redgwell et al., 1997).

Prune Fruits
The rate of fruit softening in peach fruits was negatively correlated with the pectin 
associated sugars and the chelator-soluble pectin exhibited a decreasing galacturonic 
acid and rhamnose ratio during fruit ripening (Fishman et al., 1993; Maness et al., 
1993; Selli and Sansavani, 1995). In plum fruits (Prunus domestica L.), the ethanol-
insoluble solids elevated up to a certain level and then fell down and pectin content 
parallel; the change in weight of insoluble solids (Boothby, 1983). Batisse et al. (1994) 
reported that the oxalate and water-soluble pectic fractions increased while the acid-
soluble part tended to decrease in ripening cherry fruits.
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other Fruits
The ratio of pectinic acid to that of the total pectin increased consistently with ripening 
of pear (Pyrus species) fruits (Yamaki and Matsuda, 1977). Ning et al. (1997) reported 
the increase of water-soluble pectin and decrease of hydrochloride-soluble pectin dur-
ing ripening of Chinese pear fruits. The decrease of hydrochloric acid-soluble pectin 
that is protopectin was also reported in ripening strawberry (Fragiria sp.) fruits (Sato 
et al., 1986; Spayd and Morries, 1981). In kiwi (Actinidia deliciosa) fruits, the ripening 
and softening of fruits is accompanied with an increase of highly methylated pectin, a 
loss of protopectin and an increase of polygalacturonase activity (Fuke and Matsuoka, 
1984; Miceli et al., 1995; Wang et al., 1995). Platt-Alolia et al. (1980) reported that the 
initial wall breakdown is involved with the degradation of pectin in middle lamella in 
ripening Avacado (Persea americana Mill.) fruits. Ripening of persimmon (Diospyros 
kaki) fruits is always accompanied with the reduction of water-soluble pectin and the 
concomitant increase of low molecular weight pectin (Inkyu et al., 1996; Matsui and 
Kitagawa, 1991). In blueberry (Vaccinium cyanococcus Camp.), a reduction of alkali-
soluble pectin corresponding to an increase of water-soluble and chelator-soluble pec-
tins are associated with fruit ripening (Proctor and Peng, 1990). The total pectin con-
tent was increased during ripening in litchi (Litchi chinensis Sonn.) (Singh and Singh 
1995), banana (Musa paradisiaca L) (Tripathi et al., 1981) and water-melon (Citrullus 
lanatus Schrad.) (Vargas et al., 1991), while the amount of total pectin was reported 
to decrease in Figure (Ficus carica L.) (Tsantili, 1990), date (Phoenix dactylifera L.) 
(Bukhavev et al., 1987), bael (Aegle marmelos L.) (Pandey et al., 1986) and ber (Zizy-
phus mauritiana Lann.) (Abbas et al., 1988). However, there is a difference of pectin 
content in ripening pine-apple (Ananas cosmosus Merr.) (Trukhiiya and Shabel’skaya, 
1983), between dry and wet season, as well as in the peel and pulp of tamarind (Tam-
arindus indica L.) (Hernandez-Unzon and Lakshminarayana 1982). The molecular 
weight of pectin polymers decreased during ripening of musk-melon (Cucumis melo 
Naad) fruits (Ranawala et al., 1992). Although the amount of pectic material extracted 
with NaOAc buffer increased consistently during ripening of olive (Olea europaea 
cv Koroneiki) fruits, the molecular weight distribution and the sugar composition of 
the pectic polymers remains unchanged (Vierhuis et al., 2000) The pectic fractions in 
the ripening Figure (Ficus carica L.) fruits has higher uronic acid content in addition 
to Ara, Gal and Rha (Owino et al., 2004). In cape-gooseberry (Physalis peruviana 
L.) fruit ripening, the increased level of polygalacturonase activity is correlated with 
the increase of water-soluble and oxalate-soluble pectic substances (Majumder and 
Mazumdar, 2002), while ethylene and auxin increase the solubilization of pectin, the 
increased accumulation of water-soluble pectic fraction (Majumder and Mazumdar, 
2005), and gibberellin partially blocked the degree of pectin solubilization (Majumder 
and Mazumdar, 2001).

CharaCteriZatioN oF PeCtiN deriVed From diFFereNt Fruits

The examination of physical and chemical properties of pectic polysaccharides, ex-
tracted from fruits, peels of the fruits has an important area since pectin is extensively 
used in industries, particularly in fruit processing sector. The objective of the review 
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in this line is to provide fundamental knowledge on the chemical composition and 
qualitative parameters of the fruit pectin which are useful for industrial purposes. A 
comparative characterization of the pectin isolated from the peels of lime, sour orange, 
sweet orange, and grapefruits showed that the yield of pectin (dry weight basis), jelly 
grade, setting time, esterification value, equivalent weight, methoxyl content, acetyl 
content, molecular weight, and intrinsic viscosity in the Citrus species had ranged 
as 14.5–17.2%, 180–225, 1.0–5.0 min, 56.1–63.2%, 859–1452, 7.40–8.62%, 0.32–
0.46%, 67,000–92,600 and 3.2–4.4, respectively (Alexander and Sulebele, 1980). 
The albedo of Spanish lemons represents 61.3, 12.4, and 10.4% galacturonic acid for 
three different fractions respectively that is chelating-soluble, alkali-soluble and the 
residues (Ros et al., 1996). The de-esterification pectin of Citrus unishiu was further 
degraded by endo-polygalacturonase and the degradation products yields high and 
low molecular fractions of 39.5 and 1.8% respectively as esterification values (Mat-
suura, 1987). The labeling study on the chemistry of pectic substances in grapefruit 
provided evidence that (Baig et al., 1980) galacturonic acid was the only uronic acid 
with about 76% by weight of pectic polysaccharides. The remaining 24% was ac-
counted for by neutral sugars viz. rhamnose, arabinose, xylose, mannose, galactose 
and glucose, mannose and glucose, which were in equal properties constituted 5% of 
the total neutral sugars and rhamnose, arabinose, xylose and galactose, and glucose 
constituted 16.3, 33.3, 13.4, and 31.5% respectively of the total neutral sugars com-
ponents of the labeled polysaccharides. The water extract of cell wall polysaccharides 
of Limonia acidissima contains pectic polymers substituted with side chains compris-
ing mainly of 1,5 – 1,3,5- linked arabinose together with 1,4→, 1,6→, 1,3,6→ linked 
galactose and lesser amounts of 1,2,4→ and 1,3→ linked galactose residues (Mondal 
et al., 2002). The citrus peel consists of homogalacturonans (HGs) stretches of similar 
length and similar number of galacturonic acids (Yapo et al., 2007). Low-pressure an-
ion exchange and size-exclusion chromatography fractionations of xylose-rich pectin 
of yellow passion fruit (Passiflora edulis var flavicarpa Degener) reveals that HGs 
are the predominant polymer though rhamnogalacturonans accounts about 17% of the 
pectin (Yapo and Koffi, 2008). 

The molecular weight, esterified carboxyl group contents, anhydrouronic acid con-
tent and the intrinsic viscosity of the pectin, extracted from mango are varied between 
the varities cultivated. The weight average molecular weights of pectin from Alphan-
so, Kitchener and Abu Samaka varieties of mango were found as 1.6 × 104, 2.1 × 164, 
2.7 × 104, and the intrinsic viscosity are 0.60, 0.89, and 1.22 respectively (Saeed et al., 
1975). However, the fruit peel of mango contains an appreciable amount of pectin and 
also it varied among the varieties of mango fruit. For example, the pectin yield, me-
thoxyl content, anhydrouronic acid content, value of esterification, molecular weight, 
jelly-grade of three mango varieties viz. Dasheri, Langra, and Alphanso had ranged 
from 13 to 19, 8.07 to 8.99, 58.40 to 61.12, 83.38 to 85.93, 1,05,000 to 1,61,700, and 
155 to 200%, respectively (Srirangarajan and Shrikhande 1977). Neukom et al. (1980) 
and O’beirne et al. (1982) reported that all pectic substances of apple fruits are not 
rhamnogalacturonan and the galacturonic acid rich polymer of chelator-soluble pectin 
are of lower in amount of arabinose, galactose and rhamnose residues. The analysis on 
the cellulosic residue pectin of apple fruits reveals that it has a highly ramified RG I 
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backbone containing an equal number of galacturonic acid (1,4-GalAp) and rhamnose 
(sum of 1,2-Rhap and 1,2,4-Rhap)residues (Oechslin et al., 2003). The arabinan-rich 
pectic polysaccharides from the cell walls of Prunus dulcis seeds has an arabinan gly-
cosidic linkage composed of T-Araf: (1→5)- Araf: (1→3,5)-Araf: (1→2,3,5)-Araf in 
the relative proportions of approximately 3:2:1:1 (Dourado et al., 2006). This polymer 
has also a lymphocyte stimulating effect. Cardoso et al. (2007) reported that the Ara-
binan-rich pectic polysaccharides accounts about 11–19% of the total pectic polymer, 
extracted from olive (Olea europaea L.) fruit pulp. The FTIR spectroscopic studies of 
the olive fruit pulp cell wall polysaccharides stated that the pectic polysaccharides are 
rich in uronic acid, arabinose, arabinose-rich glycoproteins, xyloglucans, and glucuro-
noxyalans (Coimbra et al., 1999).

The pectic substances extracted from the pulp of unripe fruits of papaya (Carica 
papaya L.) showed that D-glucose, D-galacturonic acid, and L-arabinose are the ma-
jor constituent sugars with a trace amount of rhamnose (Biswas and Rao, 1969). The 
study on cherry fruits (Prunus avisum) revealed that the pectic fractions are com-
posed of neutral sugarsviz. Rhamnose, fucose, ribose, arabinose, xylose, mannose, 
glucose, galactose, and 2-deoxyglucose, which account as 13.9–42.8% of the total 
carbohydrates (Barnier and Thibault, 1982). However, the neutral sugars of pectic 
substances of plum (Prunus domestica L.) fruits are completely esterified (Boothby, 
1980). An appreciable amount of pectic material as of 0.85% on fresh weight basis 
was extracted from kiwi fruits (Actinidia deliciosa L.), which also exhibited a highly 
jellying temperature of 90°C, compared with 63°C for apple pectin. The cell wall 
polysaccharides of kiwifruit (Actinidia deliciosa) contain the pectic polysaccharides 
of the GTC- and KOH-soluble fractions which has more highly branched rhamnoga-
lacturonan backbones than the CDTA- and Na2CO3-soluble polymers (Redgwell et al., 
2001). The swollen peduncle of cashew nut (Anacardium occidentalae L.), known as 
cashew apple contains the pectic substances which has the methoxyl content of 3.5%, 
anhydrouronic acid of 45.10% and jelly-grade of 75. The acidic water soluble fraction 
of the polysaccharides of Indian gooseberry (Phyllanthus emblica L.) was reported 
to contain a pectin with D-galacturonic acid, D-arabinosyl, D-xylosyl, L-rhamnosyl, 
D-glucosyl, D-mannosyl, and D-galactosyl residues (Nizamuddin et al., 1982). The 
analysis on the cell walls of loquat (Eriobotrya japonica L.) fruit tissues reveals that 
the major component polysaccharides are the pectic polysaccharides, accounted up to 
70% of the total cell wall polysaccharides (Femenia et al., 1997).

iNdustrial siGNiFiCaNCe oF PeCtiC PolysaCCharides

Over the years, pectin has been used in conventional food processing industrial pro-
cesses such as preparation of jam, jelly, and so on. Pectin was first isolated in 1825 
by Henri Braconnot, though the uses of pectin for making jams and marmalades was 
known long before. However, in 1930s, pectin was commercially extracted from dried 
apple pomace and citrus peels. They have also pharmaceutical and textile applications. 

Fruit Processing application
The most important use of pectin is based on its ability to form gels. High methoxyl pec-
tin forms gels with sugar and acid. Oakenfull (1991) reported that hydrogen bonding 
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and hydrophobic interactions are important forces in the aggregation of pectin mol-
ecules. Gel formation is caused by hydrogen bonding between free carboxyl groups on 
the pectin molecules and also between the hydroxyl groups of neighboring molecules. 
The rate of gel formation is also affected by the degree of esterification. A higher ester-
ified pectin (i.e., pectin with a DE of above 72%) causes gel at lower soluble solids and 
more rapid setting than slow-set pectins (i.e., pectin with a DE of 58–65%). However, 
low methoxyl pectin requires the presence of divalent cations for proper gel formation. 
This unique property of this biopolymer has made it a very important food additive 
for the food processing industries (Pilnik and Voragen, 1970). Pectin is extensively 
used in the preparation of jam, jelly and marmalade. Pectin is also an indispensable 
ingredient in other food preparations like sweetmeat, salad dressing, ketchup, sauce, 
ice-cream, pudding, and so on. (Cruess, 1977). Pectin can also be used to stabilize 
acidic protein drinks, such as drinking yogurt, and as a fat substitute in baked goods. 

Pharmaceutical application
Pectin has a wide application in the pharmaceutical industry. Pectin has been reported 
to help in reducing blood cholesterol (Sriamornsak, 2001). Pectin acts as a natural 
prophylactic substance against poisoning with toxic cations. It has been shown to be 
effective in removing lead and mercury from the gastrointestinal tract and respiratory 
organs (Kohn, 1982). Pectin combinations with other colloids have been used exten-
sively to treat diarrheal diseases, especially in infants and children. Pectin has a light 
antimicrobial action toward Echerichia coli (Thakur et al., 1997). Pectin hydrogels 
have been used in tablet formulations as a binding agent (Slany et al., 1981) and also 
have been used in controlled-release matrix tablet formulations (Naggar et al., 1992). 
Pectin has a promising pharmaceutical uses and is presently considered as a carrier 
material in colon-specific drug delivery systems (Sriamornsak, 2001). Pectin is used 
as a carrier of a variety of drugs for controlled release applications. Techniques on the 
manufacture of the pectin-based drug is a promising subject for the future pharmaceu-
tical industries (Sriamornsak, 2001)

other uses
Pectin is commonly used as a demulcent in throat lozenges. Pectin is used in manufac-
turing of many healthcare products such as lotions, facial creams, and other types of 
makeup. In the cigar industry, pectin is considered an excellent substitute for vegetable 
glue and many cigar smokers and collectors will use pectin for repairing damaged 
tobacco wrapper leaves on their cigars. Among other uses, mention may be made to 
the preperation of adhesives sizing of textiles, hardening of steel and so on. (Cohn and 
Cohn, 1996).

CoNClusioN

A number of reports are in record on the chemistry, characterization, functional physi-
ological properties, and applications of the pectic polysaccharides, a natural polymer. 
The foregoing discussion divulge that the long chain polymer of α-D-galacturonic 
acids, which find their existence outside the protoplasm of a plant cell have a number 
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of important functions to perform. However, the function of the arabinan and galac-
tan side-chains of pectin remains unknown. The basic properties of pectin have been 
known for nearly 200 years, but recently there has been tremendous progress in the 
fine structure of pectic polymer by application of the advanced techniques including 
high-throughput microarray analysis, enzymatic fingerprinting, mass spectrometry, 
NMR, molecular modeling and using of monoclonal antibodies. The phase diagrams 
of pectin-calcium systems showed that gelation is possible because of the strong inter-
actions of calcium with pectins. An increase in the ionic strength, a neutral pH, and a 
decrease in the setting temperature and the degree of methylation lower the amount of 
calcium required for the gel formation. However, the complex physico-chemical prop-
erties of the pectic polymer are not yet well understood. Future studies would highly 
require to unfold the molecular mechanism of pectic polymer in sol-gel synthesis for 
more applicability in various novel applications. Moreover, new sophisticated design-
er pectin with specific functionalities would have a major impact on fruit processing 
and pharmaceutical industries.
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Chapter 21

synthesis and Characterization of alkyd resin 
microcapsules 
Hariharan Raja, Swarupini Ganesan, Gokulnath Dillibabu,  
and Ravisankar Subburayalu 

iNtroduCtioN

Microencapsulation enables storing of reactive components in a hollow sphere which 
has been used for variety of applications such as pharmaceuticals, textiles, adhesives, 
cosmetics, nutrient retention, and advanced coatings. Recently, microcapsules in the 
form of microscopic spheres containing “Healants” or “coating repairing” compounds 
are involved in self-healing mechanism (Ashok Kumar et al., 2006; Dong Yang Wu 
et al., 2008). Upon damage-induced cracking, the microcapsules containing heal-
ing agents are ruptured by the propagating crack fronts resulting in the release of the 
healing agent into the cracks by means of capillary action. These microcapsules can 
be manufactured by various methods of polymerization techniques (Erin B. Murphy  
et al., 2010).

Poly(urea-formaldehyde) (UF) microcapsules prepared by in situ polymerization 
of urea and formaldehyde meet the demanding criteria required for use in self-healing 
materials (Suryanarayanaa, 2008). These criteria includes excellent bonding to the 
matrix, sequestration of the healing monomer from the surrounding environment, and 
rupture and release of the monomer into the crack plane upon matrix damage (Blaiszik 
B. J., 2009).

Here, we report on the development of urea-formaldehyde microcapsules filled 
with fast drying alkyd resin and xylene as a solvent for its use in self-healing. Not all 
resins are suitable for self-healing. Alkyd resin has fast drying property, film forming 
ability by atmospheric oxidation, self-healing property, surface transparency, and low 
flammability. Alkyd resin, being cost effective and commercially available resin it 
could be the suitable replacement for other resins which had been used for self-healing 
coatings. 

eXPerimeNtal ProCedure

microcapsule materials
Fast drying alkyd resin obtained from soya oil is used as a core material and mixed 
xylene is used as a solvent (to reduce the viscosity of the resin). Urea, formaldehyde, 
resorcinol and ammonium chloride were the wall forming materials. Polyvinyl alcohol 
as a surfactant and n-octanol as an anti-foaming agent supports to achieve high yield 
of microcapsules without any air filled capsules. 
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encapsulation technique
The encapsulation method was adapted from that of (Brown et al., 2003). Microcap-
sules containing a mixture of resin and solvent were prepared by in situ urea-form-
aldehyde microencapsulation procedure. 260 ml of deionised water is mixed with 10 
ml of 5 wt% aqueous solution of polyvinyl alcohol in a 1000 ml beaker and is kept 
over a hot plate. The solution is agitated using REMI Mechanical stirrer consisting of 
4 bladed low shear mixing propeller each of 40mm diameter, placed above the bot-
tom of beaker. Under agitation, 5 g of urea, 0.5 g of ammonium chloride and 0.5 g of 
resorcinol were added to the solution. After agitation for 5 min, pH was adjusted to 
approximately 3.5 by using 5wt% solution of hydrochloric acid in deionised water. 
One to two drops of n-octanol was added to reduce foam. 

A slow stream of 60 ml of alkyd resin and solvent containing 0.05 wt% cobalt 
octoate, 0.5 wt% lead octoate and 0.05 wt% manganese octoate driers were added 
slowly to form an emulsion and allowed to stabilize for 10 min under agitation. After 
stabilization, 12.67 g of 37 wt% aqueous solution of formaldehyde was added. The 
temperature is increased at a rate of 1°C/min upto 45°C under stirring at 200 rpm and 
maintained at this temperature for 4 hr. Contents were cooled to ambient temperature. 
Microcapsules from the suspension were recovered by sieve filtration through a stack 
of 3 sieves: 450, 650, and 1000 μm. A wet-sifting technique was performed by rinsing 
the set of sieves under a running faucet of deionised water, in order to remove better 
the urea-formaldehyde debris. The collected microcapsules were then dried at room 
temperature for approximately 24 hr as in Figure 1.

Figure 1. Microcapsules after sieve filtration.
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infrared spectroscopy
In order to ascertain UF encapsulation of resin, spectra of original alkyd resin is com-
pared with the spectra of soxhlet extracted resin. The purpose of Soxhlet apparatus is 
to extract core material from the outer membrane. The core material collected after 
soxhlet extraction was mixed with Potassium Bromide and palette was prepared for 
recording spectra using fourier transform infra red spectroscopy (FTIR).

analysis of shell morphology
Scanning Electron Microscopy was performed to analyze surface morphology and 
shell wall thickness of the capsule. A dried microcapsule was placed on a conduc-
tive carbon tape attached to a mounting piece for imaging. Few microcapsules were 
ruptured with a razor blade to confirm the presence of alkyd resin inside the UF shell. 

thermal analysis of microcapsules
Microcapsules were analyzed using thermo gravimetric analyzer (SDT Q600V8.0, Ta 
instrument) in nitrogen environment with a sample weight of about 4.6170mg. Heat-
ing rate was maintained at 10°C/min in the temperature range of 30–800°C. Simi-
larly samples were also analyzed by using differential scanning calorimeter(DSC Q10 
V9.0, TA instruments) in oxygen environment with sample weight of about 6.2mg at 
heating rate of 10°C/min, between 30 and 400°C.

results aNd disCussioN

Urea-formaldehyde capsules are formed by the reaction of urea and formaldehyde 
to obtain methylol ureas, which condenses under acidic conditions to form the shell 
Material. Alkyd Resin encapsulation takes place simultaneously during formation of 
cross-linked urea-formaldehyde polymer. When the pH is changed to acidic and heat-
ed to 55°C, urea and formaldehyde reacts to from poly (urea-formaldehyde).

Ftir analysis
The FTIR spectra of original alkyd resin and soxhlet extracted resin are shown in  
Figure 2 which shows the characteristic peaks of ester stretching (COOR) at 1729.49 
cm-1, unsaturated fatty acid at 1266.23 cm-1 and aromatic CH deformation at 730cm-1 

closely matches thus establishing that alkyd resin has been successfully encapsulated 
within urea-formaldehyde shell. 

thermal analysis
Thermal analyses of microcapsules were carried out to prove encapsulation of alkyd 
resin inside UF Shell. The TGA of microcapsule is done and the curve is shown in 
Figure 3. The first endothermic peak at 229.2°C corresponds to UF decomposition 
temperature (Suryanarayanaa et al., 2008) and the endothermic peak at 350°C cor-
responds to the start of alkyd resin decomposition temperature which ends at 450.5°C. 
These results establish that microcapsules contain alkyd resin as core and UF resin as 
the shell. The weight loss of the sample was found to be 4.5 mg (98.11%)
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Figure 2. (A) FTIR spectra of original Resin and (B) Soxhlet extracted Resin.

Figure 3. TGA curve.
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The DSC curve of the microcapsule is shown in Figure 4. The endothermic peak at 
115.7°C corresponds to melting of UF resin and at 199.4°C corresponds to melting of 
alkyd resin whereas at 147.4°C it corresponds to evaporation of solvent xylene. Devia-
tions in the base line are said to be glass transition temperature

Figure 4. DSC curve.

shell Wall morphology
Scanning electron microscopy was performed to analyze capsule surface morphology 
and shell wall thickness. Figure 5 shows a resin-solvent filled microcapsule with rough 
exterior shell wall and size in the range of 450 µm.

Figure 5. SEM image of a microcapsule.
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Figure 6. Shell wall morphology of a ruptured microcapsule.

Some microcapsules were ruptured with a razor blade to allow for viewing of the 
inner shell wall morphology. Figure 6 shows the shell wall morphology comprising of 
two distinct regions of thin continuous inner shell wall and rough exterior shell wall.

The thickness of UF shell wall was found as 5.16 µm. Continuous inner shell wall 
is formed due to reaction between urea and formaldehyde in aqueous phase and rough 
exterior is formed as colloidal UF particle coalesce and deposits along interface.

CoNClusioN

Alkyd resin along with solvent has been successfully encapsulated inside UF shell 
by In situ encapsulation technique. The SEM analysis shows that microcapsules were 
comprised of a thin continuous shell wall and a rough exterior shell wall. The FTIR 
spectra of original and soxhlet extracted resin proves the encapsulation of alkyd resin 
inside the shell. Moreover DSC and TGA analysis shows that the microcapsules con-
tain both resin-solvent mixture as core and UF as shell material. These microcapsules 
incorporated in paints or coatings release the healing material when scratched which 
in turn heals the scratches and cracks. 

KeyWords

 • deionised water

 • morphology

 • octoate

 • Polyvinyl alcohol

 • urea-formaldehyde
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Chapter 22

environmental recovery by magnetic 
Nanocomposites Based on Castor oil
Souza, Jr. Fernando Gomes, Oliveira, Geiza Esperandio,  
and Lopes Magnovaldo Carvalho

iNtroduCtioN

In spite of the great efforts related to the petroleum consumption reduction, our society 
remains depending on this resource as an energetic source besides raw material for 
the production of several commodities. In addition, petroleum is principally carried 
through long distances, increasing the chances of accidents, mainly on the aquatic 
environments, as those shown in Figure 1. These accidents involving oil spill pro-
duce devastating impacts on the environment, since the lipophilic hydrocarbons of the 
petroleum make a strong interaction with the similar tissue of the higher organisms. 
This assimilation produces intoxication and even death. Unfortunately, some of the 
traditional cleanup process, which involves the use of dispersants and surfactants––see 
the reports about the Torrey Canyon (Bellamy et al., 1967) and the Alaska (Bragg et al., 
1994) cases––presents a greater impact to the environment than the spill, since the 
absorption of the dispersed oil by organisms, leads to a much greater time to the bio 
recovery of the degraded environment (Barry, 2007).

Not considering the harmful side of the subject, the polymers can be engineered to 
produce chemical and physical properties which make them useful tools to the environ-
ment recovering process. Among these materials some are from petrochemical sources, 
such as poly(divinylbenzene) and poly(methyl methacrylate) (Queiros et al., 2006) and 
other ones from natural resources, such as the chitin, the chitosan and its derivates 
(Carvalho et al., 2006). In addition, the environmental recovery goal can be more easily 
reached through changes in the aliphatic/aromatic character of the used polymeric ma-
terials, allied to a magnetic induced behavior, making possible to create new magnetic 
materials able to remove petroleum from the water. 

In this specific context, our group has dedicated some efforts to obtain polymer 
materials completely or partially “green” from renewable resources such as the ca-
shew nut shell liquid (CNSL); the glycerol, byproduct of the production of biodiesel 
by transesterification process; and the lignin removed by the Kraft process. Resources 
of these chemicals are shown in Figure 2. These polymers are useful in the environ-
mental recovery which involves the oil spill cleanup process. In addition, seeking for 
the raising of the clean up efficiency, magnetic nanoparticles are incorporated to these 
polymers, allowing for the use of electromagnetic devices to catch the composite im-
pregnated with petroleum (Lopes et al., 2010; Souza et. al., 2010 a, 2010b).
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(a)

(c)

(b)

(d)
Figure 1. (a) Oil spilled on the ocean (Atom, 2010), (b) and on the beach (Schambeck, 2010), (c) bird 
(Biagini, 2010), and (d) and dead whale (Marcelino, 2010) covered by oil.

(a)

(b) (c)
Figure 2. (a) Cashew and cashew nut––a source of cardanol (Ramos, 2010; Juraci Jr., 2010), (b) 
flaxseed––a source of lignin (Tristão, 2010), (c) and castor beans––a source of castor oil and glycerin.
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Environmental Recovery by Magnetic Nanocomposites 249

In this work, the experimental design technique (DoE) was used to find out the bet-
ter way to produce maghemite nanoparticles, seeking to reach the smaller size associ-
ated with the larger magnetic force. The analyzed factors were the stirring speed, the 
digestion time of the precipitated and the temperature used in the thermal treatment. In 
addition, the DoE was also used to study the influence of the amount of the glycerol, 
castor oil and phthalic anhydride on the magnetic force and on the oil removal capabil-
ity of the composite.

maGNetiC resiNs ProduCtioN

maghemite Nanoparticles Production
The synthesis of the maghemite particles were performed as shown in Figure 3. Initial-
ly, aqueous solutions of hydrochloric acid (2 M), ferric chloride (2 M), and sodium sul-
fite (1 M) were prepared. In a typical procedure, 30 ml of the ferric chloride solution 
and 30 ml of deionized water were added into a beaker under continuous agitation. 
Soon afterwards, 20 ml of the sodium sulfite solution was added to the beaker and also 
under continuous agitation. The reaction product was precipitated by slowly adding 
51 ml of concentrated ammonium hydroxide into the beaker under continuous agita-
tion. After 30 min, the medium was filtrated and the obtained particles were washed 
several times with water and finally dried at 60°C in an oven. Magnetite was converted 
into maghemite through annealing at 200°C along 1 hr (Souza Jr. et al., 2009a). The 
maghemite nanoparticles are shown in Figure 4. These maghemite nanoparticles were 
chosen because they present a good magnetic behavior. It means that these maghemite 
nanoparticles have residual magnetization close to zero, after removing the applied 
magnetic field. It is possible to notice that in the presence of the magnetic field the 
nanoparticles were aligned (see Figure 4(a)) and after removing the applied magnetic 
field, they lose the alignment (see Figure 4(b)).

Figure 3. Scheme of maghemite preparation.
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Figure 4. (a) Maghemite nanoparticles in the presence and (b) absence of the magnetic field.

The influence of temperature, stirring speed and time of reaction on the magnetic 
force and size of particles was evaluated using a three factor experimental design at 
two levels plus a central point (23 + 0). The lowest levels used for the stirring speed, 
the time of reaction and the annealing temperature were equal to 1,000 rpm, 15 min, 
and 150°C, respectively. The highest levels used for the previously mentioned factors 
were equal to 3,000 rpm, 45 min, and 250ºC, respectively. The central point experi-
ments were performed in triplicate, adjusting the factors at 2,000 rpm, 30 min, and 
200ºC, respectively.

The AFM was used for determination of the characteristic diameter of the pro-
duced maghemite particles. The AFM was performed in a DI Nanoscope IIIa mi-
croscope (LNLS, Brazil––AFM#8421/08 and AFM#9637/10), at non-contact mode, 
NSC-10-50, 20N.m–1 and 260 kHz.

The WAXS/SAXS measurements were performed using the beam line of the 
Brazilian Synchrotron Light Laboratory (LNLS, Brazil D11A-SAXS1-8507). This 
beam line is equipped with an asymmetrically cut and bent silicon (111) monochroma-
tor (λ = 1.743Å), which yields a horizontally focused X-ray beam. A linear position-
sensitive X-ray detector (PSD) and a multichannel analyzer were used to determine 
the SAXS intensity I(q) as function of the modulus of the scattering vector q = (4π/λ) 
sin θ, 2θ being the scattering angle. All SAXS scattering patterns were corrected for 
the parasitic scattering intensity produced by the collimating slits, for the non-constant 
sensitivity of the PSD, for the time varying intensity of the direct synchrotron beam 
and for differences in sample thickness. Thus, the SAXS intensity was determined 
for all samples in the same arbitrary units, so that they can be directly compared to 
each other. Since the incident beam cross-section at the detection plane is small, no 
mathematical deconvolution of the experimental SAXS function was needed (Souza Jr. 
et al., 2009b, 2007).

The SAXS results, shown in Figure 5, indicate that all different maghemites, ob-
tained of each experiment of experimental design, present similar dimensions around 
(31.3 ± 0.7) nm. It shows that size of nanoparticles do not depend on these parameters. 
This result is according to AFM results, shown in Figure 6. The probability density 
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function (PDF) of the maghemite nanoparticles showed that, with 95% of confidence, 
the diameters of the particles ranges between 14.1 and 46.0 nm. In addition, the most 
probable observed value is equal to 27.9 nm.

Figure 5. The SAXS of the maghemite particles.

      
Figure 6. (a) The AFM micrograph of the maghemite nanoparticles (b) and probability density 
function (PDF) of diameters of maghemite.

Magnetic force was determined using a very simple experimental setup, consti-
tuted by an analytical balance and a digital caliper, shown in Figure 7. Two removable 
supports were used: the first one was placed on the plate of the balance, while the 
second and highest one was settled outside the balance. The distance between the low-
est and highest tops was equal to 25.9 ± 0.2 mm. Tested materials were placed on the 
support located on the plate of the balance, as shown in Figure 7. Balance was unset 
and a neodymium N42 magnet––external Gauss strength and energy density equal to 
13.2 kG and 42 MGOe, respectively - was placed on the highest support. Then, the 
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apparent variation of mass was recorded and magnetic force calculation (opposite to 
gravitational one) was calculated according to 

 .MF m g=D  (1)

In Equation (1) MF is the magnetic force, Δm is the apparent variation of mass in 
the presence of the magnetic field and g is the acceleration of gravity.

Figure 7. Experimental setup to determinate the magnetic force (Lopes et al., 2010; Marcelino, 2010).

The calculated effects of the factors over the magnetic force are shown in Table 1. 
This table also showed the standard deviation and confidence degree (p). The results 
that present p < 0.05 are statistically significant and they are marked in bold. As one 
can see, only time and temperature influence the magnetic force. How bigger this 
factors, higher the nanoparticles magnetic force. It can be easier observed in Figure 
8, which presents the magnetic force as a temperature and time function. This Figure 
makes obvious that the biggest magnetic force is achieved when the time of prepara-
tion and the annealing temperature are equal to 60 min and 250ºC, respectively.

table 1. Calculated effects of the studied factors over the magnetic force of the maghemites.

Factor Effect Standard Deviation p

Average 1.8253E+2 1.5016E+1 1.1990E-3

Curvature –1.3612E+2 5.7509E+1 9.8775E-2

(1)Stirring Speed 8.6621E+1 3.0033E+1 6.3312E-2

(2)Time 1.0003E+2 3.0033E+1 4.4698E-2

(3)Temperature 2.1055E+2 3.0033E+1 5.9610E-3

1 by 2 -8.0325E+1 3.0033E+1 7.5398E-2

2 by 3 8.1612E+1 3.0033E+1 7.2708E-2

Ap
pl

e 
Ac

ad
em

ic
 P

re
ss

 

Au
th

or
 C

op
y



Figure 8. Magnetic force as a function of the temperature (T) and time (t).

alkyd resin Production
The polymeric resin was prepared using the castor oil obtained from castor beams. 
The castor oil possesses large amounts of triglycerides, Figure 9. These triglycerides 
react with an alcohol, in a basic medium, to produce biodiesel and glycerin, as shown 
in Figure 10. 

               
(a) (b)

Figure 9. (a) Castor oil from castor beams (behind) (Proquinor, 2010), (b) triglycerides structure.
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Figure 10. Biodiesel production reaction.

The resin was prepared using castor oil and phthalic anhydride (1:1 in moles). 
These reactants were poured into a three-necked flask under continuous stirring. Soon 
afterwards, the medium was acidified with 0.2 ml sulfuric acid to each gram of the cas-
tor oil. The system was heated until 230°C and kept at this temperature along 1 hr under 
constant nitrogen flow. The highly viscous organic medium obtained was removed 
from the flask using a spatula. The polymerization reaction is shown in Figure 11, 
while the Figure 12% an optical micrography of the alkyd resin obtained through this 
reaction.

Figure 11. Alkyd resin polymerization reaction.
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Figure 12. Optical micrography of the obtained alkyd resin. 

The resin preparation was carried out using an experimental design, where the 
studied factors were the amount of the castor oil amount and the phthalic anhydride. 
The glycerin amount was always kept constant. This DoE was performed using a two 
factor experimental design at two levels plus a central point (22 + 0), yielding eleven 
experiments, where the lowest and highest levels were performed in duplicates and the 
central point in triplicate.

The obtained resins were analyzed by FTIR spectroscopy. The obtained spectra 
do not show significant differences among the resins and two of them are presented in 
Figure 13. The characteristic bands of resins are showed in the Table 2.

Figure 13. The FTIR spectra of alkyd resins.
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table 2. Characteristic bands of alkyd resins.

Region (cm–1) Phenomenon

1720 C=O axial deformation; carbonyl group

1600–1580 Aromatic ring–Axial deformation doublet

1266 C-O axial deformation

1070 Aromatic ring “in plane” deformation

741–705 Aromatic def. associated with the presence of polyester

All bands are typical of the alkyd resins (Souza Jr. et al., 2010b; Lopes et al., 
2010). The spectrum of the pure resins present characteristic bands at 1720 cm–1, re-
lated to the C=O axial deformation of the carbonyl group; at 1,600 and 1,580 cm–1, 
related to axial deformation of the aromatic ring; at 1,266 cm–1 related to the C-O axial 
deformation; at 1,070 cm–1, related to the “in plane” deformation of the aromatic ring 
and at 741–705 cm–1, related to the aromatic deformation associated with the presence 
of polyester (Souza Jr. et al., 2010b).

Composite Production
To prepare the composite, each one of the obtained alkyd resin was milled and fused. 
Afterwards, maghemite nanoparticles were mixed with the resin to obtain a com-
posite containing 5 wt% of maghemite. This proceeding is schematically shown in 
Figure 14.

Figure 14. Schematic proceeding to obtain the magnetic composite containing 5 wt% of maghemite 
nanoparticles.
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The obtained composites were analyzed by FTIR spectroscopy and their spectra 
were compared to pure alkyd resin ones, as shown in Figure 15. The characteristic 
bands of the composites are presented in Table 3. 

Figure 15. The FTIR spectra of composite (RAM01) and pure alkyd resin (RA01A and RA01B).

table 3. Characteristic bands of composite and alkyd resin.

Region (cm–1) Phenomenon

3420 O-H stretch related to hydrogen bond

2900 C-H axial deformation of the C-H (CH2 and CH3 groups)

1727 C=O axial deformation.

1215 C-O axial deformation

1045 Axial deformation of the C-O-C bonding

The spectra of the biocomposites do not present any significant differences, when 
compared to the spectrum of the matrix, probably indicating the absence of significant 
chemical interactions between the matrix and the filler (Lopes et al., 2010).

The XRD results, shown in Figure 16, suggest that the mono-domains of the par-
ticles are not changed, since the crystallite size (calculated using the 311 plane @ 2θ 
= 37.2°) of the pure maghemite and of the particles present inside the resin, obtained 
using the Scherrer equation, are equal to (17 ± 2) nm and (21 ± 2) nm, respectively.

As previously said, each one of the resins obtained from the DoE was used to  
prepare the composites. Therefore, the effect of the studied factors––castor oil and 
phthalic anhydride amounts over magnetic force of the composites was evaluated. The 
Table 4 and the Figure 17 show that the increasing of castor oil amount increases the 
magnetic force. On the other hand, the same effect is caused by the decreasing of 
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phthalic anhydride amount. In this case, as previously mentioned, the results that present  
p < 0.05 are marked in bold.

Figure 16. (a) XRD of the maghemite, (b) composite containing 5 wt% of maghemite, (c) and resin.

table 4. Calculated effects of the studied factors over the magnetic force of the composites

Factors Effect Standard Error P

Average 1.8286E+0 2.1838E-2 0.0000E+0

Curvature -1.2414E-1 6.6717E-2 8.1268E-2

(1)Anhydride -2.5334E-1 4.3677E-2 2.7000E-5

(2)Castor oil 5.2404E-1 4.3677E-2 0.0000E+0

1 by 2 6.0748E-2 4.3677E-2 1.8331E-1

Figure 17. Magnetic force as a function of the castor oil amount and phtalic anhydride amount.
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The magnetic tests were performed as described to maghemite nanoparticles. The 
Figure 17 makes clear that, among the tested conditions, the one which used the lowest 
amount of the phtalic anhydride and the highest amount of the castor oil produced the 
highest magnetic force. It is also important to notice that the composites containing 5 
wt% of the maghemite presented a magnetic force equal to (2.2 ± 0.1) mN/g. This mag-
netic force is enough to the proposed cleanup process (Souza Jr. et al., 2010b). 

The obtained magnetic force results seem to be related with the superstructure of 
the composite materials. The SAXS results of the composites showed that the condi-
tion of the best magnetic force (lowest level of the anhydride and highest level of the 
castor oil) presents superstructures composed by 23 particles of radius equal to eight 
nm, Figure 18(a). On the other hand, the composite prepared according the condition 
which yields the lowest magnetic force (using the highest level of the anhydride and 
the lowest level of the castor oil), as shown in Figure 18(b), presents no obvious spatial 
correlation. This result may be related to the presence of rigid polymer structures which 
make more difficult the formation of the superstructures, decreasing the magnetic force.

Figure 18. (a) The SAXS of the composites with the highest (b) and the lowest magnetic force among 
tested materials.
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oil removal Capability of Composites
The oil removal tests were performed according to the analytical procedure estab-
lished in our laboratory (Lopes et al., 2010; Souza Jr. et al., 2010b). In spite of different 
magnetic forces, all the composites were used in the cleanup processes. These tests 
were performed according to Figure 19. The first one shows the oil spilling, Figure 
19(a). The second one shows the deposition of the nanocomposite on the oil, Figure 
19(b). The third picture shows the magnet, Figure 19(c), and the fourth shows the re-
moval of the petroleum, Figure 19(d).

Table 5 shows the oil amount removed by each one of the obtained nanocompos-
ites. It is possible to notice that the increase of the oil mount on the water produces a 
larger amount of oil removed from the medium. Therefore, from this table, it is pos-
sible to infer that, in the best case, the 1 g of the composite is able to remove (18.03 ± 
0.80) g of the petroleum from the water.

        

      
Figure 19. Oil removal testing (a) spilling oil on the water, (b) adding magnetic nanocomposite, (c) 
approaching the magneto, and (d) removing oil from the water.

table 5. Oil removal capability with different petroleum amounts.

Composite Removed mass using one gram of the resin (g/g)

Petroleum (8) Petroleum (12) Petroleum (16)

RAM1 9.3 ± 0.4 12.7 ± 0.1 16.9 ± 0.4

RAM2 8.6 ± 0.2 12.5 ± 0.2 16.7 ± 0.8

RAM3 9.0 ± 0.3 12.8 ± 0.0 17.0 ± 0.3
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Composite Removed mass using one gram of the resin (g/g)

Petroleum (8) Petroleum (12) Petroleum (16)

RAM4 8.6 ± 0.2 13.2 ± 0.5 17.9 ± 0.4

RAM5A 9.0 ± 0.3 14.6 ± 0.6 17.3 ± 0.5

RAM5B 9.3 ± 0.7 13.0 ± 1.0 17.1 ± 0.5

RAM5C 9.7 ± 0.2 13.6 ± 1.1 18.0 ± 0.8

The effect of the amount of the oil, phthalic anhydride, and castor oil on the pe-
troleum removal capability of the resins was evaluated using the DoE technique. The 
obtained results are shown in Table 6. 

table 6. Oil removal answers to the composites from different alkyd resin.

Factors Effect Standard Error p

Average 1.3128E+1 7.6107E-2 0.0000E+0

(1) Petroleum(L) 8.1358E+0 1.8307E-1 0.0000E+0

Petroleum(Q) –7.9000E-2 1.5854E-1 6.2018E-1

(2) Anhydride(L) 2.9614E-1 1.9773E-1 1.3974E-1

Anhydride.(Q) 4.7381E-1 1.5102E-1 2.6970E-3

(3) Castor oil (L) 6.2100E-2 1.9773E-1 7.5461E-1

The obtained results show that the phthalic anhydride amount presents a quadratic 
effect on the oil removal capability, while the petroleum amount presents a linear effect. 

Figure 20 shows the oil removal capability as a function of the petroleum and an-
hydride amount. It is easier to observe that the increase of the anhydride amount leads 
to the increase of the oil removal capability possibly associated with a best aromatic/
aliphatic balance. In addition, the increase of the petroleum amount leads to the in-
crease of the oil removal capability.

Figure 20. Oil removal capability as a function of the petroleum and phtalic anhydride amounts.

table 5. (Continued)
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This information leads to one conclusion: the maximum oil removal capability was 
not reached yet. This result is very encouraging since several commercial products are 
able to remove only 5 g of the petroleum from the water (Souza Jr. et al., 2010b).

CoNClsioN

A new magnetic and green nanomaterial was produced using castor oil. This material 
possesses a good magnetic force and a considerable oil removal capability, which al-
lows its use in oil spill cleanup processes. Thus, the prepared material contributes to 
the environment encouraging nobler uses to some of the available renewable resources 
besides reducing the environmental anthropogenic impact on areas degraded by oil spill 
accidents, being, possibly, an important tool against environmental disasters related to 
the oil spill on the water.

KeyWords

 • Cashew nut shell liquid

 • magnetic force

 • Nanocomposites

 • Petroleum

 • Probability density function
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Chapter 23

magnetic Biofoams Based on Polyurethane applied 
in oil spill Cleanup Processes
Oliveira, Geiza Esperandio, Souza Jr., Fernando Gomes,  
and Lopes, Magnolvaldo Carvalho

iNtroduCtioN

Humanity is still very dependent on crude oil. In spite of the large efforts related to 
the reduction of the petroleum consumption, our society remains depending on this 
resource as an energetic source besides raw material for the production of several com-
modities. In addition, petroleum is, principally, carried through far distances, increas-
ing the chances of accidents. These accidents involving oil spill produces devastating 
impacts on the environment, such as the ones shown in Figure 1, since the lipophilic 
hydrocarbons of the petroleum present a strong interaction with the similar tissue of 
the higher organisms. This assimilation produces intoxication and even death. Unfor-
tunately, the traditional cleanup process, which involves the use of dispersants and 
surfactants (Bellamy et al., 1967; Bragg et al., 1994), often presents a larger impact 
to the environment than the spill. This larger environmental impact is related to the 
absorption of the dispersed oil by organisms, which leads to a greater time for the 
biorecovery of the degraded environment (Barry, 2007).

Figure 1. (a) Several impacts caused by spilled oil: Man removing oil spilled on the beach (Porto, 
2010); (b) Aerial view of oil spill in the ocean (Bouza, 2010); (c) Bird covered in oil spilled on 
environmental accident (CPDA NEWS, 2010); and (d) dead fish on oil spill (Caetano, 2010).
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Therefore, seeking to overcome the humanity addiction on crude oil, energy from 
alternative resources is being researched by scientific community around the world. 
Among them, the biodiesel production is very promising and it is encouraged by the 
Brazilian Government. The Brazil possesses many sources to produce biodiesel, such 
as those shown in Figure 2. Nowadays, all diesel from petroleum produced in Brazil 
receive 4% of biodiesel, and the resulting mixing is named B4. Furthermore, there is 
the prediction, that diesel will receive 5% of biodiesel (B5) in 2013.

Figure 2. Several Brazilian’s resources to the biodiesel production (Flexor, 2010).

However, the biodiesel production yields large amounts of glycerin as byproduct, 
as one can see in Figure 3. Therefore, innovative uses for this new glycerin source 
must be researched, avoiding the collapse of the animal glycerin chain. Among them, 
the production of resins is interesting due to the likeness between these polymers and 
the petroleum, promoting these resins as potential spill cleanup agents. Therefore, 
the polymers can be engineered to produce chemical and physical properties which 
make them useful tools to the environment recovering process. Among these materi-
als there are the ones from petrochemical sources, such as poly(divinylbenzene) and 
poly(methyl methacrylate) (Queirós et al., 2006) and other ones from natural resourc-
es, such as the chitin, the chitosan, and its derivates (Carvalho et al., 2006). In addi-
tion, the environmental recovery goal can be more easily reached through changes in 
the aliphatic/aromatic character of the used polymer materials, allied to a magnetic 
induced behavior, making possible to create new magnetic materials able to remove 
petroleum from the water.
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Figure 3. Produced biodiesel and glycerin in laboratory scale (Deboni, 2010).

In this specific context, our group has dedicated great efforts to obtain polymer 
materials completely or partially “green” from renewable resources such as the ca-
shew nut shell liquid (CNSL); the glycerol, byproduct of the production of biodiesel 
by the transesterification reaction; and the lignin removed by the Kraft process. These 
polymers are useful in the environmental recovery which involves the oil spill clean-
up process. In addition, seeking for the raising of the clean up efficiency, magnetic 
nanoparticles are incorporated to these polymers, allowing the use of electromagnetic 
devices to catch the composite impregnated with petroleum (Lopes et al., 2010; Souza 
Jr. et al., 2010 a, b).

maGNetiC BioFoams

Biofoams Production
Magnetic biofoams can be prepared using different contents of water and toluene 
diisocyanate. In our experiments, we used the compositions shown in Table 1. The 
optical micrographs of the produced biofoams are shown in Figure 4. It can be no-
ticed that the sample PU-1 has large pores connected, which presents a most open 
aspect. Moreover, it is possible to infer that the sample PU-2 also has large pores, 
but one can see that these pores are smaller and posses thicker walls. The increase 
of the pore walls becomes more visible as more water is used, as observed in the 
sample PU-3.
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table 1. Composition of the biofoams.

Sample Castor Oil
(mL)

Toluene Diisocyanate
(mL)

Water (mL)

PU-1 2.0 2.0 0.25

PU-2 2.0 2.0 0.35

PU-3 2.0 2.0 0.45

PU-4 2.0 1.0 0.25

Figure 4. Biofoams obtained from the compositions shown in Table 1: (a) PU-1, (b) PU-2, (c) PU-3, 
(d) PU-4.

Nanoparticles Production
Nanoparticles can be produced from several materials. Among them, iron oxide has 
shown great versatility. To obtain magnetic biofoams, it was used maghemite nanopar-
ticles, which is a kind of iron oxide nanoparticles. These nanoparticles were prepared 
through the homogeneous precipitation technique. In a typical procedure, the ferric 
chloride solution and the deionized water were added into a beaker under continu-
ous agitation. Soon afterwards, the sodium sulfite solution was added to the beaker, 
still under continuous stirring. The reaction product was precipitated by the slow  
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addition of concentrated ammonium hydroxide into the beaker under continuous agitation.  
After 30 min, the medium was filtrated and the obtained particles were washed several 
times with water and finally dried at 60°C in an oven. Magnetite was converted into 
maghemite through annealing at 200ºC along one hour. The maghemite nanoparticles 
are shown in Figure 5. These maghemite nanoparticles were chosen because they pres-
ent a good magnetic behavior. It means that, after removing the applied magnetic field, 
these maghemite nanoparticles have residual magnetization close to zero. It is possible 
to notice that in presence of the magnetic field the nanoparticles were aligned (Figure 
5a) and after removing the applied magnetic field, they lose their alignment.

Figure 5. (a) Maghemite nanoparticles in the presence and (b) absence of the magnetic field.

magnetic Biofoam Production and Characterization
The opened porous volumes of the prepared resins are presented in Table 2. Generally 
speaking, it can be seen that the increase of water amount cause a weakening of the 
walls, evidenced by porosity decrease from PU-1 to PU-4. This is due to fewer avail-
able diisocyanate to react with the hydroxyl groups of castor oil. It caused the collapse 
of several cells, leading to the decrease of the internal volume. Among the prepared 
bioresins, the values presented in Table 2 show that PU-1 was the most porous mate-
rial (2.6 ± 0,2 cm3

 of opened pores volume). It means that this material has the thinnest 
walls, been perfect to prepare particulated material useful to the environmental recov-
ered processes. So, the PU-1 foam was chosen to prepare the composite containing 
the maghemite nanoparticules, sample PU-5. This magnetic biofoam was prepared 
through fusion and mixture of polyurethane resin and maghemite nanoparticles, gen-
erating a material containing 5wt% of the maghemite, shown in Figure 6. It can be 
noticed that PU-5 sample presented pores smaller than the ones presented by the PU-1 
one. The nanoparticules presence generated a decrease in the open porous volume. It 
is related to an increase of the thickness of the walls. However, the reddish composite 
remains easily processable.
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Figure 6. Magnetic biofoam contained 5%wt of maghemite nanoparticules.

table 2. Opened porous volumes of the obtained biofoams (PU-1 to PU-4) and biocomposite (PU-5.)

Sample Volume (cm3)

PU-1 2.6 ± 0.2

PU-2 2.0 ± 0.2

PU-3 1.2 ± 0.1

PU-4 0.7 ± 0.1

PU-5 2.0 ± 0.2

The FTIR spectra of the prepared materials can be seen in Figure 7. It can be 
noticed that all spectra are similar, indicating that the biocomposites are chemically 
comparable, independent on water and toluene diisocyanate amounts. Moreover, the 
biofoam PU-4 has more intense characteristic bands.

Figure 7. FTIR spectra of the (a) PU-1, (b) PU-2, (c) PU-3, (d) PU-4, and (e) PU-5 samples.
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The characteristic bands of the biofoams are the axial deformation related to 
hydrogen bonds of NH group, at 3,300cm-1. The doublet, around 2,900 cm-1, corre-
sponds to the axial deformation of C-H bond of the CH2 and CH3 groups. The intense 
characteristic band that appears at 1,727cm-1, is correlated to the axial deformation 
of the C=O bond conjugated with the amide I band. Characteristic bands at 1,600 
and 1,512 cm-1 are due to angular deformations of N-H bonds, named amide II band. 
The axial deformation of the C-N bond appears at 1,411cm-1, while, the angular 
deformation of the N-H bond is at 1,300 cm-1. The characteristic band at 1,215 cm-1 
corresponds to axial deformation of the (C=O)-O group. Finally, the characteristic 
band, around 700 cm-1, is related to angular deformation out-of-plane of the N-H 
bond.

The diffractograms of the maghemite nanoparticles, bioresins and nanocomposite 
samples, presented in Figure 8, show that maghemite nanoparticles were not changed 
by the bioresins. The crystallinity values are shown in Table 3 and they were calcu-
lated using the Ruland method. (Souza Jr., F. G. et al., 2010b) It can be noticed that 
crystallinity of pure foams is always low, independent of their preparing method. In 
addition, these values are, statically, equals. It can be seen that the bioresins presented 
crystallinity values around 10%, while, the maghemite nanoparticles presented 70% 
of crystallinity. On its turn, the biocomposite showed an intermediate crystallinity 
around 20%.

Figure 8. Diffractograms of the maghemite nanoparticles, bioresins (PU1-PU4) and nanocomposite 
(PU5) samples.
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table 3. Crystallinity degree of the maghemite nanoparticles, bioresins (PU1-PU4), and 
nanocomposite (PU5) samples.

Sample Crystallinity (%)

PU-1 9 ± 2

PU-2 12 ± 1

PU-3 13 ± 1

PU-4 12 ± 4

PU-5 21±3

Maghemite 70±1

Figure 9 shows the SAXS analysis of the maghemite nanoparticles inside the bio-
foam matrix. The Figure detail shows the Gaussian deconvolution of the SAXS data. 
This Gaussian deconvolution allowed several calculations, of which main results are 
shown in Table 4. These SAXS results showed two main kinds of scattering centers. 
These centers are related to superstructures, which present diameters equal to 60 and 
38 nm, spaced from each other by 23 and 15 nm, respectively.

Figure 9. SAXS analysis of the maghemite nanoparticles inside the biofoam matrix (the detail of the 
figure show the Gaussian deconvolution).
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table 4. Main results obtained from SAXS analysis.

Peak Center (nm-1) FWHM (nm-1) ds (nm) Lc (nm)

1 0.27 0.21 23.3±0.2 59.8±0.6

2 0.42 0.33 15.0±0.1 38.1±0.4

maGNetiC ForCe oF maGNetiC BioFoams

The magnetic force of composite material was measured by weighting in two distinct 
moments: in the absence of the magnetic field and in the presence of the magnetic 
field. In both cases it is used a known distance between the magnet and the sample. 
There is an exponential increase in the magnetic force when the magnet gets close to 
the maghemite and magnetic biofoam samples. The empiric model to describe this 
behavior is

 2. da
1MF = F + a e¥  Eq.1

In the Eq. 1, MF is the magnetic force; F ∞  is the force exercised by the mag-
neto over the sample with the distance tending to infinite; a1 is the amplitude, a2 
is the decay constant and finally d is the distance between the magneto center and 
the sample.

Using this model is possible to determinate the previously mentioned parameters 
and the correlation between the experimental data and the model, shown in Table 5. 
This model allows extrapolating the magnetic force to obtain its value when the dis-
tance between the magneto and the samples is zero, this value is named initial mag-
netic force or MF0, which corresponds to the sum of F ∞  and a1. The values found to 
MF0 for the magnetic biofoam and the maghemite are equal to (2.0 ± 0.4) × 10-2 and 
(9 ± 8) × 10-3 N, respectively. It indicates that the maghemite nanoparticles, dispersed 
into the polymer matrix, are attracted by magneto with a force around 110% higher, in 
comparison with the pure maghemite nanoparticles, shown in Figure 10. It is possibly 
due to high dispersion degree that nanoparticles own in the polymer matrix, which 
allows the increasing of the attraction capability. These results are in agreement with 
the SAXS ones.

table 5. Parameter values and correlations of the model.

Parameter PU-5 Maghemite

F∞ (3.4 ±0.4) x 10-5 (3 ± 2) x 10-6

a1 (2.0 ± 0.4) x 10-2 (9 ± 8) x 10-3

a2 (7.6 ± 0.3) x 10-1 (1.2 ± 0.3) x 100

R2 0.9997 0.9959
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Figure 10. Magnetic force as function of the distance between the magnet and the sample to the 
magnetic biofoam (PU-5).

oil remoVal CaPaBility oF the maGNetiC BioFoam

As proposed, the magnetic biofoam can be used to remove spilled oil over the water. 
The obtained results are shown in Figure 11, which allowed performing the linear 
regression of the data. The results are shown in the empirical model described by the 
Eq. 2.

 ( ) ( )3 01.81 2.19 10 4.1 0.1 10RO = ± + ± MB- ´ ´ ´  Eq.2

In the Eq. 2, RO is the removed oil amount and MB is the amount of the magnetic 
biofoam used in the test.

The results shown in Figure 11 and in the Eq. 2 allow to infer that, inside the tested 
interval, each gram of the magnetic biofoam is able to remove (4.1 ± 0.1)g of the petro-
leum from the water. Thus, a small portion of maghemite inside polyurethane biofoam 
produces a strong magnetic attraction, enough to remove, completely, the mass of 
biofoam soaked by petroleum. Therefore, these materials may be used in environmen-
tal recovery processes related to the oil spill on the water, besides providing nobler 
uses to some of the renewable resources available. It produces a new perspective to 
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environmental recovery of degraded aquatic environments, besides it presents a new 
alternative to use the castor oil.

Figure 11. Oil removal capability test using biocomposite (PU-5).

CoNClusioN

A new magnetic and more ecologic material was obtained using castor oil and ma-
ghemite nanoparticles. This material joins magnetic properties of the maghemite with 
low density characteristic of the foams. This specific polyurethane foam, obtained 
from castor oil and toluene diisocyanate, shows a good oil removal capability. It makes 
possible to use this material for cleaning up spilled oil in aquatic environments.
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Chapter 24

self-assembly of lipid a-phosphates: 
supramolecular liquid Crystals
Henrich H. Paradies, Chester A. Faunce, Hendrik Reichelt,  
and Kurt Zimmermann

iNtroduCtioN

Self-assembly takes place through both a reversible non-covalent interaction and a 
unique recognition involving a variety of building blocks. The components involved 
in the formation of two-dimensional (2-D) and three-dimensional (3-D) nano-or µm 
scaled periodicities such a cubic, cylindrical, or mesophases are van der Waals and 
electrostatic forces, hydrogen bonding as well as p-p stacking forces (Gazit, 2010). 
The various observed phases have been investigated extensively for example surfac-
tant water (Seddon, 1996), block copolymers (Matsen and Bates, 1996), and ther-
motropic materials (Tschierske, 2001). Lyotropic materials can provide templates for 
porous inorganic materials (Attard et al., 1997) and lyotropics such as double chained 
N-cationic lipids (Clancy and Paradies, 1997; Clancy et al., 1995). These materials are 
also capable of forming complexes with DNA and neutral lipids as well as being use-
ful as carriers in gene therapy and other pharmaceutical formulations (Koltover et al., 
1998; Paradies, 1992; Thies et al., 1996). Other important materials in self-assembly 
are dendrons (Rosen et al., 2009) and nanostructural soft matter which show a tapered 
shape and account for the formation of bulk phases such as lyotropic materials (Bates 
and Fredrickson, 1999) or block copolymers (Anderson et al., 1988). Recently, Ungar 
et al. (2003) showed that a self-organized supramolecular dendrimer nanostructure 
possessed a noncubic phase and established a relationship between the chemical struc-
ture and the self-assembly composed of tapered dendrons. These materials reveal s 
and BCC phases with an increase in temperature. Subsequently, dodecahedral quasi-
crystals were formed, displaying wedge-shaped dendrimer molecules that self-assem-
bled into virtually spherical particles. It was established that each spherical particles 
from the branched compounds contained on average 11.6 molecules, on a tetragonal 
lattice with 30 particles per unit cell. Similar hierarchical structures, though not identi-
cal, have been found for colloidal crystals of lipid A-phosphates from the bacterial E. 
coli source (Faunce and Paradies, 2010). Understanding the characteristics of jammed 
lipid A-phosphate packings provides basic insights into the structural arrangements of 
lipid A-phosphate liquid crystals and bulk properties of these supramolecular liquid 
crystals, glasses, and selected aspects of their biological actions. This contribution 
also covers recent advances in understanding jammed packings of polydisperse sphere 
mixtures, non-spherical particles for example ellipsoids within the assembly and poly-
hedra for example by “E.coli Autovaccines” (Zimmermann et al., 2003)
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The most conserved component in lipopolysaccharides (LPS) from gram-negative 
bacteria is lipid A. Lipid A is linked to a core of oligopolysaccharides (Raetz and 
Whitefield, 2002), and in its di-phosphorylated form consists of a b-1,6-linked D-
glucosamine disaccharide carrying six saturated fatty-acid residues and two negatively 
charged phosphates at the reducing and non-reducing end of the glucosamine (Figure 
1). Approximately 1,00,000 patients die in the United States every year from infec-
tions acquired while in the hospital or nursing homes due to the presence of LPS from 
gram-negative bacteria. The lipophilic part of LPS, lipid A-diphosphate is associated 
with lethal endotoxicity, pyrogenicity, specific immune response. It is also responsible 
for triggering a cascade of cellular mediators, for example tumor necrosis factor (TNF) 
α, interleukins, leukotrienes, thromboxane A2 from monocytes and macrophages. A 
detailed insight into the spatial-structure and the packing of toxic and non-toxic lipid 
A phosphates will aid in the understanding of the following: self-assembly, physi-
cal interactions with gram-negative bacteria, biofilm associations, LPS components, 
antibiotic resistance, membrane components, cationic antimicrobial (CAM) peptides, 
membrane fusion, and divalent cations, particularly Mg2+ and Ca2+ ions (Ernst et al., 
1999; Faunce et al., 2005). From specular neutron scattering studies it is observed 
that these divalent counterions modulate the mechanical properties of interacting LPS 
membranes (Schneck et al., 2009).

Figure 1. Chemical structures of lipid A-diphosphate (a) and two antagonistic lipid A-diphosphate 
molecules, (B and C). Lipid A-diphosphate from E. coli is a 1,4-di-phosphorylated b-1,6-linked 
D-glucosamine disaccharide with four residues of amide-and esterified R-(-)-3-hydroxy fatty acids (* 
denotes the chiral centers in the hydroxy fatty-acid esters, apart form the chiral and epimeric carbons 
in the disaccharide moieties which are not marked). The antagonistic lipid A-diphosphate molecules 
shown in (B) and (C) contain the same disaccharide as in (A); however, they differ in the number 
anchored carbohydrate positions and the number of chiral fatty-acid chains but the chain lengths is 
the same (C

14
). The corresponding monophosphate of lipid A is only phosphorylated at the reducing 

end of the disaccharide. 

Until recently the self-organization of charged particles, like lipid A-diphosphate, 
its analogues and their effects on complex fluids received little attention. In addition, 
charged particle dispersions in nano-size the regime such as lipid A-diphosphate can 
influence the stability of the system. This is a result of a segregation of domains near 
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large uncharged colloidal particles, especially in systems with charged small spheres 
or large asymmetry in shape and/or charge.

The present contribution is concerned with nm scaled ordered assemblies of a 
unique composition of nontoxic lipid A-phosphate analogs which can be obtained from 
non-pathogenic and non-replicating Gram-negative bacteria. The lipid A-phosphate 
analogs are acquired according to a strongly defined protocol under non-denaturing 
conditions, by applying purification steps using preparative HPLC. The structural 
characterization is carried out using a MALDI-TOF mass spectroscopy, NMR and 
FT-IR. Where the starting materials consist of inactivated, non-replicating gram-neg-
ative commensal bacteria for example Enterobacteriaceae such as E. coli grown and 
harvested in vitro or in reactors for up-scaled production of the desired and specified 
material. These preparations reveal strong attenuating immune-regulating responses 
on the interleukin, 

Figure 2. (A) Changes in determined clinical parameters during the administration of “E. coli 
autovaccines” to patients (n = 78) suffering from chronic sinusitis over a period of time of between 4 
and 6 weeks (Rusch et al., 2001; Zimmermann et al., 2003). The various levels of the stimulation of the 
cellular and humoral immunological defense are shown: IFN-γ: interferon-γ; GM-CSF: granulocyte-
macrophage colony factor; IL-6: interleukin-6; IL-1b: interleukin-1b; CRP: C-reactive protein; s-IL-
2R: soluble interleukin-2 receptor; IgX: the various immunoglobulins, (B) Randomized double-blind 
and placebo controlled clinical study encompassing 114 patients suffering from chronic sinusitis 
before and after treatment with “E. coli autovaccines” (p = 0.0003).

table 1. Endotoxicity and TNF induction in murine bone marrow macrophage cultures of various 
lipid A-phosphates. Results obtained according to the protocol of Sayers et al. (1987).

Source Concentration
µg/mL

TNF units
(-) interferon-g

TNF units
(+) interferon-g 
(100 units)

Lipid A-diphosphate
+ compound B 
+compound C
+compound B & C
Lipid-4 phosphate
+Compound B
+Compound C
+Compound B & C

1.0
0.1
0.01
0.01
10.0
1.0
10.0
1.0

1,700 ± 20 
850 ± 20 
120 ± 25
10 ± 5
350 ± 22
100 ± 20
500 ± 22
50 ± 9

3,900 ± 35 
2,750 ± 30
1,300 ± 20
900 ± 20
890 ± 22
310 ± 20
790 ± 20
100 ± 18
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Source Concentration
µg/mL

TNF units
(-) interferon-g

TNF units
(+) interferon-g 
(100 units)

Mixture compounds B & C 100
50
10
5
1

4.0 ± 0.5
1.0 ± 0.3
0.4 ± 0.5
0.2 ± 0.6
< 0.2

6.0 ± 0.8
2.0 ± 0.4
7.0 ± 0.5
4.0 ± 0.5
1.0 ± 0.5

LPS, from E. coli positive control 0.1
0.01
0.001

850 ± 20
140 ± 20
8 ± 2

3,100 ± 28
1,000 ± 21
100 ± 20 

E.coli autovaccine 0.01
0.001
0.0001

≤ 0.4
< 0.2 
< 0.2

≤ 3.0
< 3.0
< 2.0 

Antibody and on cellular levels in humans (Figure 2) because of their chemical 
entities and unique supramolecular assemblies on the µm and nm scale. The different 
lipid A-diphosphates molecules which are associated with endotoxicity and pyroge-
nicity and the corresponding nontoxic lipid A-phosphate molecules, to which the lipid 
A-monophosphate belongs, were investigated as models for potential “E. coli 
auto-vaccines” (Zimmermann et al., 2003). The activity of the auto-vaccines modu-
lates the innate immunity (Wehkamp et al., 2007), environmental changes in bacte-
ria populations, changes in nutrition and chronic inflammation (Zimmermann et al., 
2003). Note: The fecal microbial composition of an irritable bowel syndrome patient 
differs significantly from that of a healthy subject. 

Figure 3. (A) SAXS profiles I(Q) versus Q, with Q = (4p/l)×sinq/2), of BCC (Im3m) type colloidal crystals 
(l = 1.54 nm) with a = 37.6 nm. The black dotted scattering profile is for the lipid A-diphosphate 
phase at f = 3.5 x 10–4, I = 0.5 mM NaCl, the solid-redline is the profile for an equimolar mixture of 
the antagonistic molecule depicted in (B) of Figure 1 for lipid A-diphosphate with a = 35.5 nm, (B) 
SAXS profiles of colloidal crystals of the FCC type (Fd3m), the black-dotted line corresponds to lipid 
A-diphosphate with a = 57.5 nm. The red-solid line is for the colloidal mixture of lipid A-diphosphate 
and antagonistic lipid A-diphosphate (Figure 1(B)) both are at f = 5.4 x 10–4, I = 0.5 mM NaCl. 
The green solid SAXS profile represents the results from a mixture of lipid A-diphosphate with the 
corresponding monosaccharide of lipid A-diphosphate (inset) with two fatty-acid chains but at f = 
3.4 x 10–4, I = 0.5 mM NaCl. Insets: Crystal morphologies and corresponding TEM images.

table 1. (Continued)
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Self-assembly of Lipid A-phosphates: Supramolecular Liquid Crystals 279

Colloidal clusters from dispersions with low polydispersity in shape, size and 
charge of lipid A-diphosphate and antagonists of lipid A-diphosphate were investi-
gated using small-angle X-ray scattering, light scattering (LS), and electron micros-
copy. These aqueous dispersion and colloidal crystalline phases were tailored with 
different chain lengths (C12–16) with even or odd numbers of covalently attached chiral 
(R-[-])-fatty-acid chains, or the number of chains (Figure 1(A)). The clusters were 
successfully prepared by self-assembly at very low ionic strength (I @ 10–4 M, at 25°C) 
and physically analyzed and studied for their clinical efficacy. The colloidal crystalline 
phases of lipid A-diphosphate were identified by the presence of resolution-limited 
Bragg peaks that were indexed according to their structures which were as follows: 
a BCC (Im3m) lattice (a = 37.5 ± 2.0 nm) at f = 3.5 × 10–4, an FCC (Fd3m) lattice (a 
= 57.5 ± 2.5 nm) at f = 5.0 × 10–4 with I = 5.0 mM NaCl and a second FCC (Fm3m) 
lattice (a = 55.0 ± 2.5 nm) at f = 2.5–4.0 × 10–4 with 1.0–10.0 µ M HCl (Figure 3). 

The peaks observed, for lipid A-diphosphate dispersion (f = 3.5 × 10–4), which 
were assigned a BCC lattice (h2 + k2 + l2: 2, 4, 6, 8 and 10, and h + k + l = 2n) with a = 
37.6 nm. A possible space group was Im3m (Figure 2(A)). The molecular weight cal-
culations for this phase of lipid A-diphosphate were made using the (110) diffraction 
planes, d = d110 = a/(2)1/2. For this BCC lattice type, the estimated molecular weight 
was approximately 10.1 × 106 g/mol (formula monomer molecular weight @ 1,950 g/
mol). Under these experimental conditions the observed cubic phases were all non-
lamellar and none belonged to the space group Pn3m, with a spacing ratio of 1, 1:√2, 
1:3; 1:√4, 1:6, and so on, or to the Pm3n structure with diffraction lines of the fol-
lowing ratios: √2, √4, √5, √6, √8 and √10, and so on. Both the Im3m and Pm3n struc-
tures were possibilities and the overall structure consisted of disconnected clusters of 
lipid A-diphosphate separated by a continuous film of water. The body-centered cubic 
phase was generally present at higher water contents and low ionic strengths. The 
structure could be modeled by the packing of clusters of identical rigid spheres which 
were embedded in water. The closest packing of the spheres took place in the array and 
the radius of the closely packed rigid sphere was Rsp = (√3/4×a) = 16.4 nm. In contrast 
to the Im3m structure, the phase represented by the space group Pm3n was thought to 
contain two types of clusters. 

Interestingly, when employing colloidal dispersions prepared from lipid A-diphos-
phate and the antagonistic molecules from either 1(B) or 1(C), using the same protocol 
and at low ionic strength (I @ 10–4 M), like results were obtained. For low volume 
fractions of lipid A-diphosphate (Figure 3(A)), very similar SAXS-diffraction spectra, 
high resolution transmission images (TEM) and LS profiles were observed (Figure 4). 
These assemblies were consistent with a colloidal assembly for a BCC lattice (Im3m) 
with a = 35.5 nm. However, a mixture of equimolar concentrations of the two antago-
nistic molecules 1(B) and 1(C), revealed a SAXS-powder diffraction pattern and a LS 
profile that could be indexed for a much larger face-centered (Fd3m) unit cell, with a 
= 58.0 nm. For dilute solutions the LS profile conformed to a hydrodynamic sphere of 
radius of R = 34.7 nm, similar values were found for lipid A-diphosphate dispersions 
at high volume fraction f = 5.4 × 10–4. An investigation of another aqueous preparation 
which contained lipid A-diphosphate and each of the antagonistic molecules B and C 
in Figure 1 was carried out at volume fractions 2.5 £ f ≤ 3.4 × 10–4. Here, a primitive 
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cubic lattice was revealed with a = 26.8 nm, and the space group Pm3n. A different 
colloidal crystals phase was found for the volume-fraction range 4.0 × 10–4 ≤ f ≤ 6.5 
× 10–4 and successfully indexed as an FCC structure with a = 39.6 nm (Fd3m), differ-
ent from one found previous (Figure 3(B) and (C)). According to chemical analyses, 
colloidal dispersions and the colloidal crystals contained added molecules; however, 
in different molar ratios as identified by MALDI-TOF-MS, and ion-spray-MS. The 
dispersions containing these molecules shown in Figure 1 (B) and (C) tested in an in 
vitro assay were the most potent ones. A significant reduction in endotoxicity and the 
induction of TNF was observed in the presence or absence of g-interferon in the mu-
rine bone marrow macrophage assay (Table 1). These molecules also acted strongly on 
the main inflammatory cytokines. 

Figure 4. (A) Light scattering (LS) profiles of intensity I(Q) versus. Q ((l = 637.8 nm) for the liquid 
phase of the aqueous lipid A-diphosphate dispersions (dark crosses). The crosses with the red 
solid line represent the scattering profile of an equimolar mixture of lipid A-diphosphate and the 
antagonistic molecule depicted in Figure 1(B) as well as lipid A-diphosphate. The two dispersions 
are at f = 3.5 x 10–4, I = 0.5 mM NaCl. The profiles conform to a polydispersity of s = 5.2% 
and R = 35 nm. The arrows show the positions of the first, second, and third minima in the RGD 
approximation. Inset: Colloidal crystals observed on SEM images, bar = 1 µm, (B) Experimental X-ray 
powder diffraction profiles of the Pm3n cubic phase with a = 26.5 nm (see text); (¾) corresponds to 
the effective colloidal structure factor, S

eff
(Q), calculated from the scattered light intensities revealing 

a strong (200) peak. The ionic strength was 0.154 M NaCl (0.9 w/w%), and (C) An experimental 
X-ray powder diffraction profiles of the FCC phase with a = 39.6 nm with a possibly space group of 
Fd3m. The solid-red line (¾) represents S

eff
(Q) the (222) peak at of 0.154 M NaCl. Inset: A TEM image 

of the assembly and bar = 10 nm.

Sharp peaks were recorded from SAXS experiments on lipid A-diphosphate at a 
volume fraction f = 5.0 × 10–4 with an ionic strength I = 0.5 mM NaCl, indicating the 
presence of long-range order (Figure 2(B)). 

It was possible to assign virtually all of the peaks to the reflections of an FCC lat-
tice (h2 + k2 +l2: 3, 8, 11, 12, and 16) as indicated in Figure 2, with a = 57.5 nm, corre-
sponding to the space group Fd3m. The systematically absent reflections were the h + 
k, k +l and h + l ≠ 2n, for the general reflections (hkl) and k + l ≠ 4n for the (0kl) zone. 
The absence of these reflections reinforced the argument that the lattice type was face-
centered cubic, therefore, two space groups were possible, namely Fd3 and Fd3m. The 
two space groups were also centrosymmetric and belong to the Laue classes m3 and 
m3m. Note: Fd3m corresponds to special positions of Fd3.The observed and calculat-
ed hkl sets of Bragg reflections were consistent with a combination of different sites in 
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the Pm3n (a and d), or of sites a and d in the Fd3m (Figure 5). This could be attributed 
to two different space-filling packings: (i) two dodecahedra on site a and six tetrakaid-
ecahedra on site d, forming a Pm3n lattice; (ii) or sixteen dodecahedra on site d and 
eight hexadecahedra on site a, forming an Fd3m lattice. The space-filling network of 
lipid A-diphosphate consisting of slightly distorted polyhedra was similar to known 
basic frameworks of gas-hydrates and sodium silicon sodalites. The final geometry of 
the “spheres” that is whether they were rounded or faceted in shapes, was established. 
The equilibrium separation distance between the interfaces of the “spheres” suggested 
that they repel each other as a result of electrostatic, steric, van der Waals forces as 
well as water layer surrounding the spheres. 

Figure 5. (A) Packing of Fd3m and Pm3n tetrahedrally close-packed (tcp) lipid A-diphosphate and 
lipid A-monophosphate structures for two cubic crystalline phases. For both structures, aqueous 
bilayer compartmentalizes the hydrophobic portion of the lipid A-phosphates into tetrahedrally 
networks. This network is a combination of a pentagonal dodecahedron (blue) with 14-face 
polyhedra (green) in Pm3n and with 16-face polyhedra (green) in Fd3m, (B) possible stacking of 
tetrakaidecahedra along the [001] and along the [100], and [010] in cubic (Pm3n) assuming in-plane 
orientation of the fatty acid chains. (C)–(E) possible polygon representations assuming polyballs of 
different lipid A-phosphates as multiple components, shown as Wigner-Seitz cells as derived from 
X-ray diffraction and electron microscopy. Multiplicity and Wyckoff positions, coordination number 
are 2b and 12 in (C), 4f and 15 in (D), and 8i and 12 in (E).

The cubic Pm3n structure, which was seen in the lipid A-monophosphate clusters 
Faunce and Paradies 2009), materialized as a result of a space-filling combination 
of two polyhedra, a dodecahedra and a tetrakaidodecahedra. This is in contrast to 
the tetrakaidecahedra (Im3m) or rhombodo-decadecahedra (Fd3m) packings observed 
for the lipid A-diphosphate assemblies (Faunce et al., 2005). The lipid A-diphosphate 
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structures may be reconciled as credible structures of compressed emulsions (De 
Geyer at al., 2000). Thus, it may be argued that favorable space filling packings will 
be achieved when satisfactory geometrical conditions were fulfilled (Plateaus’s law). 
For the lipid A-phosphates this resulted from minimizing the surface area between 
the aqueous films and so achieving a high homogeneous curvature. However, in the 
case of the lipid A-monophosphate, rhombodo-decadecahedra (Fd3m) packing seems 
to be suppressed a result of instability in the mean curvature between the tetrahedral 
and the octahedral nodes. Tetrakaidodecahedra packing shows only tetrahedral nodes. 
However, the tetrahedral angle (109.47°) can only be restored between all of the edges 
if the hexagonal faces of the truncated octahedron change and generate change and 
generate planer surfaces with no mean curvature and form Kelvin’s minimal polyhedra 
(Weaire and Phelan, 1994).

Furthermore in case of the lipid A-monophosphate, the flat-faced lipid A mono-
phosphate cluster observed in position “c” implies space-filling combinations with 
at least two different polyhedra. This was shown by Rivier and Aste (1996) for tcp 
ensembles, as well as in a study of lipid A-diphosphate (Faunce et al., 2003a). The 
structure reported by Rivier and Aste (1996), face and edge angles was close to the 
ideal values of 120° and 109.47°. In the Pm 3 n and Fd3m cellular networks there were 
two examples of 24 tcp structures. One structure with A15 tcp packing was comprised 
of two dodecahedra and eight tetradecahedra showing a Pm 3 n symmetry. The other 
structure with C15 tcp packing consisted of 16 dodecahedra and eight hexakaideca-
hedra with a space group Fd3m. However, a similar spatial arrangement may be as-
sumed for lipid A-monophosphate clusters and other comparable assemblies (Faunce 
and Paradies, 2009), producing two types of cells with different volumes by reduction 
in the total surface area (Ziherl and Kamien, 2001). In the case of lipid A-monophos-
phate this would cause an ideal structure to coarsen, by either particle diffusion, where 
small nanocrystals form larger nanocrystals or by growth of the larger nanocrystals 
at the expense of the smaller ones (Ostwald ripening). However, unlike the reported 
foam systems, the lipid A-monophosphate system revealed both the A15 and the C15 
structures to be stable and which and possessed polyhedral cells each of different vol-
umes. These cells corresponded to an A15 structure, displaying space-filling packing 
and polyhedra with very little distortion.

Glass Phases

Glass phase were found recently, which could play a crucial role in the preparation 
of pharmaceuticals, adjutants and vaccine formulation (Reichelt et al., 2008). The 
glassy phase occurred in almost all of the humoral-biochemical, cellular activities, 
and studies; nevertheless, the phase went unnoticed because the solutions were buff-
ered. Furthermore, a loss of ergodicity was observed with either an increase in volume 
fraction or ionic strength and by the addition of HCl at 20°C. All of these factors hindered 
particle motion as a result of cluster formation with the neighboring lipid A-diphosphate 
particles (attractive glass). It was also possible, that at a temperature ~40°C and at a 
high-volume fraction f @ 5.8 × 10–4, the system experienced a re-entrant liquid-glass 
transition.
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Therefore, if either of these two conditions occurs independently or simultane-
ously the system evolves to form a vitreous state known as a repulsive glass. The 
distinction between the glass and liquid transitions observed in different regions of the 
phase diagram was made on the basis of the height and width of the S(Q) peaks. The 
structure factors of the glass phase, which appear like an “enlarged” FCC structure, 
displayed a measured peak width (FWHM) ranging between 0.06 nm–1 and 0.073 nm–1 
for the first peak of Seff(Q) for lipid A-diphosphate. The width of liquid phase peak 
was greater than 0.013 nm–1 with the glass phase showing a structure-factor peak well 
above Hansen and Verlet (1969) criteria for the volume-fraction range 1.5 × 10–4 ≤ f 
≤ 3.5 × 10–4 and 1.0–10.0 µM HCl. The dynamic-light scattering and shear-viscosity 
results also agreed well with the calculated values obtained from the mode coupling 
theory (Bosse et al., 1978). A dramatic reduction in the low shear viscosity occurred 
for this sample if the surface charges were neutralized or protonated. Also observed 
for this system was a substantial decrease in stress at the onset of shear thickening. 

After weeks or months crystallization took place in the system if a polydisper-
sity of 5.5% existed in the charge or the sphere radii. At high-volume fractions and a 
polydispersity of ~7.5%, a glass phase formed. For a system like lipid A-diphosphate, 
which contained a single species interacting with a spherical symmetric potential, a 
glass phase will normally form if quenched at a sufficiently rapid rate. Such a system 
was heavily dependent on deionization time, requiring several days (or weeks) to form 
a solid phase from a liquid-stock solution. The fundamental time steps in the crystal-
lization of atomic materials were the inverse of the phonon frequency @ 10–13 s. For a 
system of lipid A-diphosphate with a polyball morphology, an interparticle spacing of 
55 nm, a Stokes-Einstein diffusion coefficient D0 = 4.0 × 10–8 cm2s–1and in an aqueous 
solution at 20°C, the value calculated for a2/D0 @ 1.0–1.5 s. The deionization process 
on a time scale of between 3 and 4 days would be equivalent to a 10–4 s quench from 
the liquid to the solid phase. It was much easier to attain the crystalline state when 
the liquid-phase boundary was approached through an increase in the volume fraction 
and/or by slowly changing the ionic strength. Phonon frequencies in colloidal systems 
are small because of the large particle mass and long spacing distances (0.05–1.5 µm). 
The Phonon frequencies scale with m-0.5 ×a–1 and are 105 times smaller for colloidal 
crystals than for normal solids. The links of the onset of melting to the thermally 
driven rms displacements, dr, of particles about their mean positions roughly approach 
0.15×a when the crystal melts (Lindemann criterion): This results in a movement of 
~6.5 nm, a distance considerably less than the spacing between the surfaces of the 
colloidal spheres and less than the screening length. Therefore, if either of these two 
conditions occurred independently or simultaneously the system would evolve to form 
a vitreous state known as a repulsive glass. Constructing a phase diagram for for ex-
ample lipid A-diphosphate, for behavior at a low, moderate and high volume frac-
tions (f) in the pH range 5.6–7.0, revealed additional phases. The disclosed phases 
which formed in an acidic pH were; another cubic structure and two glassy forms. 
In the experiments, the bare lipid A-diphosphate charge was not constant when the  
particle number density, n, changed, because of the formation of distinct cubic struc-
tures (FCC, BCC, and S.C.). Three main effects could be responsible for the obser-
vation: (i) counter ion condensation, (ii) self screening and (iii) many-body effects 
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appearing as macro ion shielding. Furthermore, for lipid A-diphosphate assemblies in 
the presence of Na+, K+, and Ca2+, and Mg2+, condensation of counterions at the par-
ticle surface might occur for large surface charge densities but without a change in the 
particle number density, n. For sufficiently large particle number densities, the lipid 
A-mono and diphosphate initiated crystallization in distinct cubic lattices (Faunce and 
Paradies, 2007, 2009, 2011; Faunce et al. 2003b, 2007). Crystallization occurred with 
an increased in effective particle charge, Zeff and in effective temperature T* = kB×T/V 
( d ) at low ionic strength. Note: The elasticity charges were significantly lower than 
the conductivity charges, indicating the presence of macroion shielding.

A decrease in crystal stability was observed at pH 5.5 with the occurrence signifi-
cant deviations in large bare charges. This was seen for lipid A-diphosphate complexes 
with ERI-1 (Aschauer et al., 1990) and other nontoxic lipid A-analogues (Christ et 
al., 2003), when examining the charge from conductivity measurements. The system 
first freeze and then re-melted through modifying the charge by adding OH-, or after 
complex formations with the following: single chained N-cationic lipids (Paradies and 
Habben, 1993; Thies et al., 1996) and double chained N-cationic surfactants (Alonso 
et al., 2009; Thies et al., 1996), nontoxic lipid A-phosphates or CAM peptides (de-
fensins). High packing density and volume fractions of f = 0.3–0.5 were essential in 
generating short-range order. It was not possible to achieve this condition for lipid 
A-phosphate dispersions because the nearest neighbors were generally located at a 
distance of one molecular diameter. Dispersions of particles exhibiting long-range re-
pulsive interactions also undergo a less apparent order-disorder transition, providing 
the ionic strength is very low. If the repulsion between the particles is large and low 
polydispersity is achieved, the transition from liquid-like to ordered solid-like behavior 
occurs over a very narrow volume-fraction regime f. Consequently, it was possible 
for interactions to take place between colloidal lipid A-phosphate particles as well 
as assemblies comprised of for example lipid A-diphosphate and non-toxic lipid A-
phosphate analogues. These may have different chain lengths, numbers of chains and 
disaccharides. The tuning of these systems was made possible by modifying either 
the particle surfaces or the properties of the matrix in which they were suspended. As 
long as at pH of between 5.5 and 7.0 and temperatures of between 5 and 25°C were 
maintained various lipid A-phosphate crystalline cubic and trigonal assemblies formed 
for example Im3m, Fdm, R3m, Pm3m, and Ia3d, and R32.

BiomiNeraliZatioN iN the PreseNCe oF liPid a-PhosPhates

With the presence of lipid A-diphosphate, in vitro crystallization of various forms of 
CaCO3 took place for example calcite, vaterite or aragonite. This demonstrated that 
lipid A-diphosphate induced and stabilized the metastable vaterite phase above a vol-
ume fraction f = 7.8 × 10–4, at low ionic strength, a pH 5.8 and at ambient tempera-
ture. The morphology of the vaterite phase did not change with an increase in volume 
fraction. The calcite phase formed at significantly lower volume fraction value, f = 
5.8 × 10–4, at pH 8.5, and in the presence of 1 mM Ca2+. An elemental analysis of the 
supersaturated bicarbonate solution showed that the Mg2+ concentration was too low 
with respect to the Ca2+ concentration to allow the nucleation of significant amounts 
of aragonite. In the light of the considerable influence of Ca2+ and Mg2+ ions on the 
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structure and activities of lipid A-diphosphate, the experiments were repeated in the 
presence of 150 µM Mg2+ in the same crystallization environment. Even at this Mg2+ 
concentration no changes in the above findings were observed. However, recrystal-
lization experiments in the presence of higher amounts of Mg2+ (150 mM) revealed 
aragonite to be the major polymorph of the precipitated CaCO3 (Faunce and Paradies, 
2008). 

The crystalline CaCO3 particles that formed remained well separated between the 
interfaces of the lipid A-diphosphate assemblies and the aqueous surrounding. The 
CD spectrum between 210 and 500 nm did not change with time or [Ca2+] at either 
pH. This indicated that no changes in the secondary structures of the template oc-
curred upon crystallization. Accordingly, no contamination of lipid A-diphosphate by 
the CaCO3 crystals was detected from MALDI-TOF-MS and LC-MS analyses. Inter-
particle interactions at a well-defined screening length k–1/2 ~ 9.5 nm (surface charge 
density) between the template, crystals and water may have arisen. This would be from 
a balance between long-range attractive and repulsive forces at the above screening 
length. Roughness-induced capillary effects (Hashmi et al., 2005) and irregular menis-
cus defects may explain the prevalence of the observed vaterite cluster at high-volume 
fractions, in the subphase. Loose aggregates of vaterite formed at high-volume frac-
tions by suppressing the growth of calcite. 

The development of a specific well-formed mineral layer by the various poly-
morphs of CaCO3, with lipid A-diphosphate as a template may cause direct resistance 
to viral and bacterial invasion and/or penetration with respect to CAM activity. The 
CAM activity was not changed in the presence of 10 µM to 5 mM CaCl2 at pH 8.5, 
thus underlining the importance of the physical behavior of lipid A-diphosphate at 
high pH. However, it was significantly altered in the presence of 10 mM CaCl2 but 
revealed no further increase in CAM activity.

lipid a-phosphate assemblies at ph 8.0-9.0
The solution structure of lipid A-diphosphate at an alkaline pH that is pH 8.5–9.0 was 
of considerable importance for a number of reasons, which are as follows: (i) potential 
production of vaccines; (ii) compounds known to bind to LPS or lipid A-diphosphate 
at pH 8.0; (iii) chain length-dependent agglutination of oligosaccharide clustering at 
alkaline pH by multivalent anion binding (Christ et al., 1994), (iv) inactivation of 
endotoxins by cationic surfactants in the textile, cleaning and disposal processes in 
hospitals and nursing homes, and (v) neutralizing the endotoxic structure of lipid A-
diphosphate with cationic complexes (Paradies et al., 2003). The solutions of lipid 
A-diphosphate at pH 8.5 showed significantly lower solubility than organic salts with 
for example cetylpyridinium, cetyltrimethyl-ammonium, triethylamine, dihexadecyl-, 
or didecyldimethylammonium than one would expect. The physical behavior of dis-
persions of lipid A-diphosphate at alkaline pH was highly warranted, therefore, pre-
liminary results of this system at pH 8.0 at 25°C presented. The influence of a variable 
charge on lipid A-phosphates, particularly, for lipid A-diphosphate, was more subtle to 
study and difficult to access experimentally because of the chemical instability at an 
alkaline pH over certain time periods. Counterion condensation played a significant 
role as shown for example micelles by Bucci et al. (1991), Yamanaka et al. (1999) 
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and Wette at al. (2010) for charged silica particles supported the idea that a counterion 
condensation took place at the particle surface, over large surface charge densities 
with an increase in pH to 8.5 or 9.0. Changes in the NaOH concentrations from µM 
to mM raised the pH but did not necessarily raise the particle surface charge density. 
However, this concentration adjustment resulted in a change form a spherical to a 
rod-like assembly (Faunce and Paradies, 2008). Two current models explain the con-
centration-dependent findings at pH 8.0. At C @ C* the orientational entropy and the 
electrostatic repulsion terms of the free-energy expression for a dispersion of charged 
rods favor anti-parallel alignment. The anti-parallel alignment of the rods, gives rise 
to a cubic lattice-like interparticle structure. However, for C >> C*, a hexagonal pack-
ing of parallel rods was anticipated to be an appropriate model, Where C* denotes 
the critical concentration of lipid A-diphosphate, C* = particle/l3, which amounts to 
1.5 × 1012 particles per mL. Both models would fulfill the conditions at C >> C* be-
cause the separation between rod-like particles must be considerably less than the rod 
length, the rods may be considered to be infinitely long. The rods were charged and 
consequently the surfaces must be as far apart as possible. For both models, Qmax

 L = 

2pg (C/C*)1/2 scales with g = 0.58 for a cubic structure, and for a hexagonal structure 
with g = 0.93. The experimental values obtained of 0.57 for C @ C* and 0.90 for C 
>> C* were close to the theoretical values. If the correlation of nearest-neighbor rods 
of lipid A-diphosphate were considered, then parallel alignment of nearest-neighbor 
rods occurred, with a local ordering parameter S = 0.071 at C = 2.7 C*. Accordingly, 
monodisperse rod-like particles with a standard deviation of < 5.5% and an L/d range 
from 20–25 were seen on the TEM and SEM images (Figure 6). 

Figure 6. The TEM images of various lipid A-diphosphate assemblies at pH 8.0 in the presence of 100 
µM NaOH. (A) Rod-like lipid A-diphosphate assemblies comprising of lipid A-diphosphate (Figure 
1(A)) and nontoxic but antagonistic lipid A-diphosphate (Figure 1(C)). Scale bar is 10 nm, (B) A 3-D 
assembly of an antagonistic lipid A-diphosphate analog (Figure 1(B)) modeled from TEM images and 
arranged in a hexagonal packing (R3), (C) TEM image of a 3-D assembly with two antagonistic lipid 
A-phosphates (Figure. 1(B) and 1(C)) and endotoxic lipid A-diphosphate. Scale bar is 5 nm, and (D) 
Single lipid A-diphosphate (Figure 1(A)) particles forming a highly ordered chain-like structure at pH 
8.5 in the N-phase. The scale bar is 100 nm. (D) 
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Before the lipid A-diphosphate specimens were dried for TEM or SEM inspection, 
the initial concentration of the dispersions was C = 0.5C*. From C = 0.5 C* to C = 0.85 
C* an isotropic phase appeared as rod-like clusters, some of which form individual 
particles, while others were aligned side by side and/or head to tail. With increasing 
particle density more clusters appear, grew, and finally formed Sm structures. Below 
an ionic strength of I = 5 mM NaOH at pH 8.5 the nematic region increases at the 
expense of the I-phase. With an increase in the particle-number density it is possible 
to observe the Sm-phase and the formation of the N-phase, which is induced with a 
dilution of the Sm phase. The N-phase forms in a lipid A-diphosphate suspension with 
an ionic strength of I = 1.5 × 10-4 M NaCl, but at pH 5.6, spherical particles of diam-
eters of 90–100 nm are noticed, and at higher concentrations (C @ 11.0 C*) colloidal 
crystals are observed, which have a cubic FCC structure with a = 57.3 nm. Individual 
elongated lipid A-diphosphate particles may be seen, oriented in a direction approxi-
mately normal to the arrow. When the particle-number density is increased, lateral 
cluster growth takes place and the contours becoming clearer and cluster layering 
becomes more apparent. These simulations predicted a critical minimal L/d ratio of 
4.5–5.0 for the stable I-phase where the I-N-triple point was also located. The Sm layer 
period and in-layer particle separation were found to be 2.0 and 2.8 nm, respectively 
(C = 5C*). The packing-particle fraction h for this Sm phase was estimated to be 0.38, 
smaller than the 0.45 predicted if electrostatic interactions are taken into account. This 
can only be explained (adding NaOH) as being due to an increase in the number of 
free counterion upon charging the particles for example self-screening implying like 
charge attraction and many-body effects which might be attributed to macroion shield-
ing but not in enhancing aggregation.

Moreover, high-resolution electron microscopy and electron diffraction on lipid 
A-diphosphate rods (length of the order of µm and diameter of several nanometers) re-
vealed that the rods were held to the truncated polyhedral with a 5-fold symmetry (see 
also Figure 7 and legend). It was possible to show that most of the lipid A-diphosphate 
particles were orientated in the [001] direction with respect to the substrate for one of 
the five deformed tetrahedral subunits that is the 5-fold axis was parallel to the surface 
of the substrate.

CuBiC mimiCry oF the selF-assemBly aNd deNse PaCKiNG oF liPid 
a-PhosPhate

Both 2- and 3-D assemblies of lipid A-mono or diphosphate constructed from single 
or multiple chemical entities of known chemical composition (“coded subunits”) were 
quite complex. These assemblies were very unlikely to be loose or unordered combi-
nations of lipid A molecules or of their analogs. The “coded subunit” addresses the 
chemical appearances of single or identical chemical structures of lipid A-phosphate. 
However, they were non-identical and differed in chemical structure for example num-
ber of chiral fatty acid chains, length of the hydrocarbon chain (number of carbons), 
inserted double bonds in the hydrocarbon chain, and hexose compositions (Christ et 
al., 2003). The assemblies were characterized by being comprised of two phosphates 
residues: one at the reducing end and the other one at the non-reducing end for the 
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diphosphate. In the case of the monophosphate, the phosphate was located only at 
the reducing end of the disaccharide. From known chemical and physical data it ap-
peared that stoichiometric ratios existed between the different chemical entities of 
lipid A-phosphate, but they have not yet been elucidated. However, on the basis of 
the experimental X-ray diffraction, LS, and quantitative electron microscopy data the 
structures were found to be lipid A-phosphate “quasicrystals” (Faunce and Paradies, 
2006; Faunce et al., 2003b, 2011; Torquato and Stillinger, 2010). These quasi crystals 
can also demonstrate non-crystallographic packing of non-identical lipid A-phosphate 
spheres. A spatial packing of these spheres in for example cuboctahedron or icosahe-
dron represent reasonable physical models. Other possible spatial arrangements (Tor-
quato and Stillinger, 2010) may also exist. Many aperiodically ordered materials are 
known to possess 5-, 7-, 8-, 10-, and 12-fold symmetry most of these were prepared 
by supercooling multi component liquids or melts (Lee et al., 2010), which show a s 
phase (Kasper and Frank, 1959). A BCC phase was also discovered following an in-
crease in temperature which gave rise to subsequent dodecagonal quasicrystals which 
form spherical particles. It is possible that the distinct formation of discrete (self)-
assemblies, formed by large and thermodynamically stable quasicrystals may add 
information on for example local icosahedral ordering. This would also be the case 
for single component lipid A-phosphates (identical subunits) or for example, a two 
component system where another component acts as a copolymer or a non-identical 
subunit. The equilibrium structures of such systems with respect to lipid A-phosphates 
built from coordinated spherical or ellipsoidal polyhedral, as described by Frank and 
Kasper in 1959, may also be controlled by components of the molecular shape and 
branching, and applicable to the various subunits of lipid A-phosphates. 

From X-ray diffraction traces and the electron diffraction pattern obtained for for 
example lipid A-diphosphate (identical subunits), the material crystallizes to form a 
BCC cubic lattice (a = 36.1 nm). This BCC lattice was associated with the spatial 
accommodation of identical spherical (or slightly ellipsoidal) particles in the first ap-
proximation. According to the form-factor scattering at high Q, there was a spherical 
domain of size R = 7.31 nm. Assuming identical spherical lipid A-diphosphate mor-
phologies and a mass density of 1.02 g/cm3 (Faunce and Paradies, 2008), there were 
on the average 28–30 lipid A-diphosphate clusters present in the initial BCC lattice, 
according to the Bragg scattering. Therefore, each spherical lipid A-diphosphate clus-
ter contains approximately 514.5 lipid A-diphosphate molecules or 18.4 molecules per 
aggregate. The spatial domain of R = 7.31 nm can incorporate almost 32.9 hexagons 
when applying the previously determined unit cell dimensions of a = 3.65 nm, c = 1.97 
nm and α = 120° (space group R32), with eight lipid A-diphosphate molecules per unit 
cell, or three molecules per rhombohedral unit cell with arh = 2.25 nm and αrh = 66.7°. 
Real space electron density maps constructed form X-ray diffraction and selected area 
electron diffraction data and using the Rietveld method, the space group R32 (Faunce 
et al., 2003b), for a cluster domain R = 7.31 nm. This was for a set of 30 cluster in the 
BCC unit cell, where 12 have the coordination number 12, (Wyckoff positions 2b and 
8i), and 16 have the coordination number 14 (8i and 8j), and four with the coordina-
tion number 15 (4g). In a comparison between the simulated and experimentally I(Q) 
versus Q pattern, good agreement was revealed between the modeled and experiment 
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results (Figure 7). The resulting lipid A-diphosphate model consists of a complex peri-
odic structure built from fused dodecagonal cells with layers originating from hexago-
nal cylinders which developed as columns of spherical lipid A-diphosphate. 

The I(Q) versus Q simulations (Figsure 3 and 4) showed noticeable differences in 
the shape and the magnitude of the maxima and the minima of the main peaks with re-
spect to the Wyckoff positions. These peaks are related are related to the Wigner-Seitz 
cell volumes; an effect especially related to the low Q region. Interestingly the differ-
ent Wigner-Seitz polyhedra which make up the overall volume of the Frank-Kasper 
phase unit cells as depicted in Figure 5 range from between 90 and 98% of the average 
cell volumes. The lipid A-diphosphate arrangement constructed from a mixture of an 
icosahedron and truncated octahedron (BCC) symmetry follows the Landau theory 
(De Gennes and Prost 1993; Witten and Pincus 2004) and appears to add further pack-
ing frustration thus reducing the system entropy.

Another packing possibility exists, particularly for the aforementioned E. coli au-
tovaccines, assuming an assembly of equal spheres where each sphere was surrounded 
by its first coordination polyhedron, which might consists of 12 spheres at the vertices 
of a cuboctahedron. A second layer of spheres packed over the first layer may require 
42 spheres. In general the nth layer consists of (10n2 + 2) spheres of for example 
lipid A-phosphate molecules, where each sphere may be an identical or non-identical 
subunit (Figure 7). The self-assembled lipid A-phosphate chemical formulas for the 
various “identical” component lipid A-phosphates are shown in (Figure 1). Discrete 
combinations of for example lipid A-diphosphate with compound B or C are revealed 
in and they were positioned over the first layer. The spheres were in contact along the 
5-fold axes. Spherical lipid A-diphosphate subunits within the icosahedron a maximum 
packing was reached at a volume fraction (f = p√18 = 0.74). The packing maximum 
was attained by stacking single or multiple lipid A-phosphates layers in FCC, HCP 
arrays or in random sequences. The ellipsoidal multiple lipid A-phosphate molecules 
pack more efficiently than spherical multiple lipid A-phosphate molecules, revealing 
dense packing, generating both random and colloidal crystalline arrangements. At the 
least a spherical aspect ratios x = a/b = ± √3 of these ranges, the ellipsoidal centers lie 
on an FCC lattice with the ellipsoidal axis parallel to any face-centered square plane, 
however, rotated by 90° from Figure 1(C and D) and conform to BCC or FCC cubic 
lattices (Batista and Miller, 2010). This was dependent upon the volume fractions f 
and ionic strength in aqueous dispersions although with different unit cell dimensions. 
It was possible to accommodate the lipid A-phosphate anions by lowering the sym-
metry from cubic to rhombohedral and finally to a monoclinic structure (Faunce et al., 
2011). Here the strategic outline follows laws from nature, using the geometric and 
energetic characteristics of icosahedral symmetry (Williams, 1979). 

Furthermore, an icosahedron composed of 12 spherical (identical or non-identical 
subunits) lipid A-phosphate clusters can be constructed and arranged around a central 
sphere. The sphere was surrounded by a second icosahedral shell twice the size of the 
first. The shell contained 42 spheres one layer to the next one. This implies in light of 
multiple lipid A-phosphate molecules packed as deformable spheres that the adoption 
of an HCP arrangement was only possible for the high volume fractions mentioned 
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previously. When multiple component lipid A-particles were constrained by their 
neighbors to form a permanent ellipsoidal cluster, denser colloidal crystal of the lipid 
A-phosphate assemblies developed (Batista and Miller, 2010). 

Figure 7. (A) A cubic lipid A-diphosphate colloidal crystal of single component self-assembled 
cluster with a unit cell dimensions of a = 36.5 nm. This cubic quasicrystal can be subdivided into 
rhombohedral unit cells (one unit cell is shown in G) used to construct the icosahedral quaisicrystal 
packing, In (B) a process is shown by which a cuboctahedron (in shape as noticed in Figure 3 (E) and 
(H)) of 12 rods of various lipid A-phosphates, jointed at their ends (thin lines) in the self-assembly can 
be moved by rotations of its triangular faces about their normal to yield a regular icosahedron (thick 
lines and dotted lines), (C) Icosahedral packing of equal spheres for lipid A-diphosphate encountering 
multiple lipid A-phosphates (shown in the last row as colored spheres representing different single 
lipid A-phosphates present in the E. coli autovaccines), and only the third layer is shown. On each 
triangular face the layers of spheres succeed each other in cubic close-packing sequence by applying 
a distorted tetrahedron. This arrangement follows the suggestions proposed by Mackay (1962), (D) 
Shows an idealized 3-D colloidal crystal composed of identical and non-identical lipid A-phosphates 

Ap
pl

e 
Ac

ad
em

ic
 P

re
ss

 

Au
th

or
 C

op
y



Self-assembly of Lipid A-phosphates: Supramolecular Liquid Crystals 291

subunits (E. coli autovaccines) arranged in icosahedral cubic symmetry. A layer packing can be 
arranged which corresponds to a Penrose local isomorphism class, where a decomposition may 
include addition of rhombohedra above and below layer packing, (E) Model packing of lipid 
A-diphosphates for non-identical lipid A-phosphates in a random order for a cubic icosahedron 
(yellow, blue, red, and green), in (F) a similar packing is depicted for a BCC cubic lattice (as in A), 
but in an ordered array of the non-identical lipid A-phosphate subunits, (G) Rhombohedral packing 
(a = 1.55 nm, α = 67°, space group or R32) of identical lipid A-phosphate molecules (Figure 1(A)). 
The inset shows the shape of a cubic crystal (a = 36.5 nm, red), in which a rhombohedral unit cell 
has been fitted (blue), and (H) A 3-D packing of the lipid A-diphosphate (Figure 1(A)) is shown similar 
as in Figure 6(B), derived form rhombohedral symmetry assuming that the lipid A-diphosphate anion 
is completely orientationally ordered, and lowering the symmetry from cubic to rhombohedral and 
finally to monoclinic (P2

1
 or C2). A rope model of lipid A diphosphate (Figure 1(A)) is shown, based 

on an image of lipid A-diphosphate aligned along the 2-fold axis screw axis, the b-axis of the unit cell 
with 2a = 3.78 nm, 4b = 7.11 nm, c = 3.94 nm, and b = 62.5°. Atoms are presented as stick models: 
Phosphorus violet, oxygens red, carbons black, and hydrogens white.

The polyhedral shapes of the lipid A-phosphates, E.coli autovaccines and stoichio-
metric mixtures of lipid A-diphosphate and antagonistic lipid A-diphosphates (Figure 
1) in general, may be attributed to the deformable nature of the fluid clusters. The clus-
ters were composed of a small high electron density core (460 e/nm3) approximately 
1.95 nm in diameter. These were surrounded by a large, flexible, aliphatic fatty-acid 
chain shell 2.70 nm in diameter. The polyhedra deformations conform to the different 
symmetry sites in Pm3n, or icosahedrons and truncated octahedron structures. This 
leads to a space-filling arrangement consisting of dodecahedra and tetrakaidodecahe-
dra networks (Figure 5). For clusters that exhibit flattened surfaces, the film curvature 
will be distributed along the cell edges and at all of the vertices.

CoNClusioN

It was possible to construct different Wigner-Seitz polyhedra that make up the over-
all volume of the Frank-Kasper type unit cells with complexes comprised of lipid 
A-diphosphate, antagonistic and non-toxic lipid A-phosphate analogs depending on 
volume fraction and nature of the counterions (Faunce et al., 2005). They form by 
spontaneous self-assembly and appear to obey the principles of thermodynamically 
reversible self-assembly but once self assembled strongly resists disassembly. Base 
on the principles outlined in this contribution, lipid A-phosphate assemblies can be 
designed which form large unit cells by containing more than hundred lipid A-phos-
phates. The range of lipid A-phosphate structures may also be increased further by 
employing various different (“non-identical subunits”) and identical subunits of lipid 
A-phosphate in analogy with block copolymers. 

The rational design of such assemblies including those of biocompatible quantum 
dots for biological imaging, nucleation of polymorphic inorganic minerals, production 
of suitable aerosols for immunization, and structure-function relationships will be im-
pacted by a theoretical and practical understanding of these spherical assemblies, rod-
like assemblies and the mixtures thereof. Given the theoretical and practical impor-
tance of this system, we expect that the attention given to it will substantially increase 
our knowledge on LPS, innate immunity, mineral nucleation, the driving forces for the 

Figure 7. (Caption Continued)
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ordered assemblies as well as their interactions with CAM, and the resistance against 
antibiotics where gram-negative bacteria are involved. Furthermore, the structure of 
the lipid A-diphosphate rod as prepared at pH 8.0 can be explained as truncated large 
dodecahedra. Due to the low ionic strength and pH 8.0, at the decahedral site nucle-
ation started and the growth is suppressed and can only take place along the direction, 
that is the 5-fold axis, resulting in well ordered long rods.

KeyWords

 • a-diphosphate

 • Cationic antimicrobial

 • Gram-negative

 • lipopolysaccharides

 • tumor necrosis factor
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Chapter 25

Bone mechanical stimulation with Piezoelectric 
materials
J. Reis, C. Frias, F. Silva, J. Potes, J. A. Simões, M. L. Botelho,  
C. C. Castro, and A. T. Marques

iNtroduCtioN

Fukada and Yasuda were the first to describe bone piezoelectrical properties, in the 
1950s. When submitting dry bone samples to compressive load, an electrical potential 
was generated, an occurrence explained by the direct piezoelectric effect (Fukada and 
Yasuda, 1957). The nature of the piezoelectric effect is closely related to the occur-
rence of electric dipole moments in solids. In connective tissues such as bone, skin, 
tendon and dentine, the dipole moments are probably related to the collagen fibbers, 
composed by aligned strongly polar protein molecules (ElMessiery, 1981; Fukada and 
Yasuda, 1964; Halperin et al., 2004). The architecture of bone itself, with its aligned 
concentric lamellae, concurs for the existence of potentials along bone structure (El-
Messiery, 1981).

Bone piezoelectric constants, that is the polarization generated per unit of mechan-
ical stress, change according to moisture content, maturation state (immature bone has 
lower piezoelectric constants when comparing to mature bone) and architectural orga-
nization (samples from osteossarcoma areas show lower values due to the unorganized 
neoplastic changes) (Marino and Becker, 1974). 

Early studies concentrated on dry bone and because collagen’s piezoelectricity 
was described as nearly zero with 45% moisture content, there were doubts that wet 
bone could, in fact, behave as a piezoelectric material, but further studies confirmed 
it in fact does (Fukada and Yasuda, 1957; Marino and Becker, 1974; Reinish and No-
wick, 1975). Some of the published studies reinforce the importance of fluid flow as 
the main mechanism for stress generated potentials in bone, and piezoelectricity’s role 
was, and still is, quite unknown (Pienkowski and Pollack, 1983). 

More recently, bone piezoelectrical properties have rouse interest, in the context 
of bone physiology and electro-mechanics. It has been associated to bone remodel-
ing mechanisms, and to streaming potential mechanisms (Ahn and Grodzinsky, 2009; 
Ramtani, 2008). Piezoelectricity explains why, when under compression, collagen re-
organizes its dipole and shows negative charges on the surface, which attract cations 
like calcium. Conversely, if tensed, collagen yields predominance of positive charges, 
thus obviously influencing the streaming potential and mineralization process (Noris-Suárez 
et al., 2007).

The commercially available biomaterials for bone replacement and reinforce-
ment do not take into account the bone natural piezoelectricity and the mechanism of 
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streaming potential, and thus its use is accompanied by a break in bone natural electro 
physiologic mechanisms.

On the other hand, so far orthopedic implants only perform fulfill primary func-
tions such as mechanical support, eliminating pain and re-establishing mobility and/
or tribologic/articular contact. Arthroplasty is liable to cause intense changes on strain 
levels and distribution in the bone surrounding the implant, namely stress shielding. 
Metal stiffness is much higher than that of bone, so the rigid stems tend to diminish the 
amount of stress transmitted to the surrounding bone and produce stress concentration 
in other areas, depending on geometry and fixation technique. Stress shielding leads 
to bone resorption, which in turn may cause implant instability and femoral fracture, 
and make revision surgery more challenging (Beaulé et al., 2004; Huiskes et al., 1992; 
Mintzer et al., 1990; Sumner and Galante, 1992). Ideally, the bone implant should 
present sensing capability and the ability to stimulate bone, maintaining physiological 
levels of strain at the implant interface.

The work here summarized explores in vitro and in vivo use of a piezoelectric 
polymer for bone mechanical stimulation.

Piezoelectric materials for mechanical stimulation of Bone Cells––the in 
vitro study 
Osteocytes and osteoblasts are essential for mechanosensing and mechanotransduc-
tion, and cell response depends on strain and loading frequency (Kadow-Romacker 
et al., 2009; Mosley et al., 1997). We explored the use of piezoelectric materials as a 
mean of directly straining bone cells by converse piezoelectric effect.

The MCT3T3-E1 cells were cultured under standard conditions and on the surface 
of Polyvinylidene Fluoride (PVDF) films, subjected to static and dynamic conditions, 
as described by Frias et al. (2010). 

Polymeric piezoelectric films (PVDF) were used as substrate for cell growth. These 
thin films consisted of a 12 x 13 mm active area, printed with silver ink electrodes on 
both surfaces in a 15 x 40 mm die-cut piezoelectric polymer substrate, polarized along 
the thickness. In dynamic conditions the substrates were deformed by applying a 5 V 
current, at 1 Hz and 3 Hz for 15 min.

To guarantee adhesion of osteoblasts to the device surface and electric insulation, 
the surface was uniformly covered with an electric insulator material. The chosen ma-
terial for covering was an acrylic, poly (methyl methacrylate) (PMMA), (PERFEX®, 
International Dental Products, USA), used alone in the first three layers and a in forth 
layer along with 4% of Bonelike® (250–500 µm) particles added (kindly offered by 
INESC Porto). The coating was performed by dip-coating at constant velocity of 0, 
238 mm/sec. Impedance was measured both in saline and culture medium, in non-
coated and coated devices, and electric insulation achieved. The coating procedure 
aimed improvement of cell adhesion and electrical insulation. Electrically charged 
particles are known to improve osteoblast proliferation and it was important to prevent 
cell damage and other means of stimulation other than the mechanical (Dekhtyar et al., 
2008; Kumar et al., 2010; Nakamura, 2009).
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To estimate the magnitude of stress/strain, finite numerical models were applied 
and theoretical data was complemented by optic experimental data. The finite nu-
merical method estimated displacement varying from 6.44 to 77.32 nm in uncoated 
films, with strain levels around 2.2 μ strains along the surface. The Electronic Speckle 
Pattern Interferometry (ESPI) method showed the displacement in coated films was 
lower, and the maximum substrate displacement was 0.6 μm, in the central area of the 
coated devices; displacement was minimum in the encastre (clamped) region.

Piezoelectric substrates (standing on culture dishes, TPP) and controls (standard 
culture dishes, TPP) were seeded with 16 × 104 cells, with a total volume of 100 µl of 
cell suspension. Cells were allowed to adhere to the substrate, then the rest of culture 
medium added (n = 6); and cells grown in both static and dynamic piezoelectric sub-
strates. The MCT3T3-E1 cells were cultured in standard conditions, using α-MEM 
medium (Cambrex), 2 mM L-Glutamine (Cambrex), 10% of bovine fetal serum (Gibco), 
0.5% gentamicin and 1% amphotericin B (Gibco). 

The statistical analysis was done using software Origin Pro 8 (OriginLab Corpora-
tion, USA).

Normal distribution of the results was verified using the Kolmogorov–Smirnov 
test, homogeneity of variance assessed through the Levene test and differences be-
tween groups tested using one-way ANOVA (at a level of 0.05). 

Cell viability and metabolic activity was accessed through the resarzurin method, 
after stimulation of dynamic group; viable cells reduce resarzurin, producing resoru-
fin, a highly fluorescent product. Previous studies indicated PVDF affects negatively 
adherent cell lines’ viability (Hung et al., 2006; Tabary et al., 2007).

The assessment of cell viability and proliferation evidenced a material’s poorer 
performance than control standard culture vessels, in spite of the coating procedure 
(Table 1). The results are expressed as percentage of the value of controls (considered 
as 100%) ± standard error of the mean and show higher viability values on mechani-
cally stimulated substrates, although the differences are not statistically significant.

table 1. Cell viability 24 hr and 48 hr after seeding and daily stimulation of the dynamic group, 
results are expressed in percent related to controls (standard cell culture dish), assumed as 100%. 
Means and Error bars show Means ± Standard Error of the Mean.

Proliferation and  Viability Static Dynamic

24 hours post-seeding 49.9 ± 5.25 59.7 ± 15.7

48 hours post-seeding 76.4 ± 16.9 83.4 ± 25.1

Nitric oxide (NO) is a messenger molecule produced in response to mechanical 
stimulation of osteoblasts and osteocytes, with a large variety of biological functions 
(Smalt et al., 1997; Van’t Hof, 2001). In this study, culture medium samples were 
collected immediately after stimulation and NO measured, using NO Assay Kit 
(Biochain), based on the Griess reaction, after sample deproteinization, and according 
to the manufacturer’s instructions (Figure1). Culture medium NO measurements in the 
samples subjected to mechanical stimulation were of 3.7 ± 0.65 and 3.2 ± 0.54 µmol/ml,  
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respectively at 24 and 48 hr post-seeding. The nitric oxide values in static conditions 
were significantly lower, 2 ± 0.35 µmol/ml, 24 hr post-seeding and 1.7 ± 0.3 µmol/ml, 
48 hr post-seeding (Figure 1).

Figure 1. Nitric oxide measurement (µmol/ml) in culture medium in static versus dynamic conditions, 
24 and 48 hr after seeding MC3T3 on the devices, and immediately after stimulation at 1 and 3 Hz. 
NO values are significantly higher in the dynamic group.

The NO measurement results of culture under dynamic conditions versus static 
conditions, suggest osteoblasts detect and respond in a reproducible way to small dis-
placements and strain levels.

Changes induced by mechanical stimulation on the cytoskeleton were qualitatively 
assessed through indirect immunofluorescence. Primary antibodies against actin, lam-
inin and tubulin were used; stains show stronger fluorescence on mechanical stimu-
lated cells, clearer images of the cytoskeleton elements and nucleus delimitation and 
prominent cytoplasmatic extensions (Figures 2 to 4). 

Figure 2. MC3T3 cells on the active area of the device immediately after mechanical stimulation. 
Indirect immunofluorescence using primary antibody against actin (Actin, pan Ab-5, Thermo 
Scientific, used at 1:50) and secondary antibody (Chromeo™ 488 conjugated Goat anti-Mouse IgG, 
Active Motif 1:500); (400X, microscope Olympus BX41, Olympus Cell A Imaging Software).
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Bone Mechanical Stimulation with Piezoelectric Materials 297

Figure 3. MC3T3 cells on the active area of the device immediately after mechanical stimulation. 
Indirect immunofluorescence using primary antibody against actin (Laminin, Ab-1, Thermo 
Scientific, used at 1:50) and secondary antibody (Chromeo™ 488 conjugated Goat anti-Rabbit IgG, 
Active Motif 1:500); (400X, microscope Olympus BX41, Olympus Cell A Imaging Software).

Figure 4. MC3T3 cells on the active area of the device immediately after mechanical stimulation. 
Indirect immunofluorescence using primary antibody against actin (Tubulin b, Thermo Scientific, 
used at 1:50) and secondary antibody (Chromeo™ 488 conjugated Goat anti-Rabbit IgG, Active 
Motif 1:500); (400X, microscope Olympus BX41, Olympus Cell A Imaging Software).
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The in vitro study showed evidence of effective bone cell mechanical stimulation, 
and the concept was further explored in vivo. The in vivo implantation of piezoelectric 
actuators for tissue mechanical stimulation is innovative and a potential use in the 
development of smart implants.

Piezoelectric materials for Bone mechanical stimulation–the in vivo study
The actuator device was developed, composed of a micro-board containing a ultra-low 
power 16-bit microcontroller (eZ430-RF2500, Texas Instruments, USA), powered by 
lithium battery and encapsulated in polymethylmetacrilate (PMMA) and a set of six 
actuators composed of PVDF and silver electrodes, electrically insulated by dip-coat-
ing as previously described. A similar, but static, control device was also developed, 
sterilized and implanted.

The sterilization of the device posed a challenge in itself. The devices included a 
16-bit processor, which corrupted its memory when submitted, in a Co-60 source, to 
25 kGy at a dose rate of 2 kGy/hr. On the other hand, it was not possible to sterilize by 
moist or dry heat since the PVDF actuators depolarize at temperatures equal or above 
60ºC. An alternative sterilization method, which ensured absence of toxic residues, 
was developed. The methodology of its development and validation was based on ISO 
11737-1 and ISO 14937, as described elsewhere (Reis et al., 2010).

The actuator device was implanted in the left hind limb and the control static de-
vice was implanted in the right hind limb of a 4 year old merino ewe, with 45 kg 
body-weigh, under general inhalatory anaesthesia. Two osteotomies were made on 
the medial surface of the tibial proximal physis using an especially metal designed 
guide to make two regular and well orientated osteotomies using an oscillating saw. 
The bone was continuously irrigated with a sterile saline solution during the process 
of low speed drilling and cutting. The same procedure was followed with a different 
design guide for the distal femoral physis, where four osteotomies were done. The 
portion of the devices containing the microprocessor and the power supply were left 
in the subcutaneous space.

One week after implantation calcein (Sigma, USA) was injected subcutaneously 
(15 mg/kg) and 1 week prior to sacrifice the same procedure was done with alizarin 
complex one (25 mg/kg) (Sigma). Thirty days after implantation the ewe was sacri-
ficed by intravenous sodium pentobarbital injection. The present study was authorized 
by competent national authorities and conducted accordingly to FELASA’s guidelines 
for animal care. Proper analgesia procedures began before the surgery and were main-
tained through a week. 

Both hind limbs were dissected, the implanted materials and surrounding tissue 
removed and fixed in 4% paraformaldehyde for 2 weeks. Bone samples were cut trans-
versally to the long axis of the bone, each including a piezoelectric film and the sur-
rounding bone

Specimens were dehydrated through an ascending ethanol series. Soft tissues (lo-
cal lymph nodes and samples of the fibrous capsule surrounding the implants) were 
routinely processed and embedded in paraffin. Undecalcified bone samples of each 
of the implants were included in resin (Technovit® 9100, Heraeus Kulzer, Germany) 
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according to the manufacturer’s instructions and 80 μm thick sections cut with a saw 
microtome (Leica 1600, Germany) parallel to the piezoelectric film long axis. A mini-
mum of five sections of each resin block was cut. Sections were then appropriately 
processed for routine staining (Giemsa Eosin), mounted for fluorescence microscopy.

The prepared slides were evaluated qualitatively. For histomorphometric studies 
the interface between the bone and implant was divided in four distinct areas: A1, A2, 
A3, and A4, from cortical towards bone surrounding the free extremity of the piezo-
electric film (Figure 5). 

Figure 5. Tibia section the osteotomy where the piezoelectric film was placed. The figure shows 
example of bone section prior to inclusion and how the areas for histomorphometry were distributed; 
A1 corresponds to the film encastre (clamped) region.

Pictures were taken from the bone surrounding both sides of the film in areas A1 
to A3 and A4. 

For immunohistochemistry, bone sections were decalcified in formic acid 5% for 
3 weeks, dehydrated in ethanol, cleared in xylene and embedded in paraffin wax and 3 
µm sections cut. After deparaffinization and rehydration, immunohistochemistry sec-
tions were treated with 3% hydrogen peroxide for 10 min.

Primary antibodies for Proliferating Cell Nuclear Antigen (PCNA) (NeoMarkers, 
USA, Mouse Monoclonal Antibody, Ab-1, Clone PC10, Cat. #MS-106-P0), Osteo-
pontin (NeoMarkers, Rabbit Polyclonal Antibody, Cat. #RB-9097) and Osteocalcin 
(Abcam, Mouse monoclonal [OC4-30], Cat. ab13418) were diluted to 1:200, 1:50, 
and 1:40, respectively. Prior to immunostaining the sections were pretreated for anti-
gen retrieval at 100ºC in 10 mM citrate buffer, pH 6, for 20 min in microwave oven, 
followed by cooling for 30 min at room temperature. For double staining of PCNA 
and osteopontin, immunohystochemistry was done using a double staining kit Pic 
TureTM (Zymed Laboratories Inc, USA.), according with the manufacturer’s instruc-
tions. Slides were counterstained with Mayer’s hematoxilin and Clearmount used to 
mount the slides. 
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Osteocalcin immunohystochemistry was performed with resource to kit Pic 
TureTM-MAX Polymer (Invitrogen, USA.). Slides were counterstained with May-
er’s hematoxilin, dehydrated, mounted with Entellan® (Merck, Germany), and cov-
ers lipped. For all sections positive controls were made simultaneously. As negatives 
controls adjacent sections were incubated: (a) without primary antibody and, (b) with 
rabbit/rat normal serum (similar concentration as that of primary).

After one month implantation period, there were statistically significant differ-
ences. Total bone area around the actuators was significantly higher, when comparing 
to static controls (39.91 ± 14.08% vs 27.20 ± 11.98%) (Figure 6).

Figure 6. Microphotograph of undecalcified sections, Giemsa-Eosin stain, of A3 area of static control 
(on the right) and actuator (on the left). Both were implanted in the same position in the tibia. A 
fibrous capsule was present on the bone/film interface. Scale bar represents 200 µm.

The increment of bone occupied area was due to new bone formation, as evidenced 
in Figure 7. In actuators the area occupied by woven bone and osteoid was 64.89 ± 
19.32% of the total bone area versus. 31.72 ± 14.54% in static devices. With the aid of 
the fluorochrome labeling, we measured bone mineral deposition rate in the distal third 
of the piezoelectric devices. Bone deposition rate was significantly higher around ac-
tuated devices (4.44 ± 1.67 µm/day) than around static devices (2.70 ± 0.95 µm/day).

Figure 7. Microphotograph of undecalcified sections, unstained; the fluorochromes calcein (green) 
and alizarin complexone (red) signal the areas of newly formed bone around one of the actuators 
placed in the femur; picture on the left shows A4; picture on the right shows A3. Scale bar represents 
200 µm.
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Newly formed bone and increase in total bone area were unevenly distributed 
along the length of the actuators; significant differences when comparing actuators to 
static controls arose from the two distal thirds of the devices. No differences in total 
bone area and new bone area were found in the actuators encastre region (clamped 
region). These findings are in agreement with the previous Finite Numerical Method 
and ESPI method studies on the displacement of the piezoelectric films under the ex-
perimental conditions.

Immunohistochemistry shows a marked elevation in osteopontin detection around 
actuators, in A3 and A4 (Figure 8). Since it is known that OPN production is increased 
in association with mechanical loading (Harter et al., 1995; Perrien et al., 2002), the 
increased expression we found around actuators’ areas of higher deformation, when 
comparing to static controls, is most likely associated with mechanical stress. No 
marked differences were found in PCNA detection. 

Figure 8. Microphotograph of decalcified sections, double Fast-Red and DAB immunohistochemistry 
staining for osteopontin and PCNA, respectively. Picture shows A3 areas of actuator (on the left) and 
static control (on the right), evidencing much more extensive osteopontin labelling around actuator. 
Scale bar represents 100 µm.

Osteocalcin detection was also increased around actuators, when compared to con-
trols (Figure 9). Osteocalcin is a non-collagenous protein and a major constituent of 
bone matrix; it is produced by osteoblasts and binds strongly to hydroxyapatite; osteo-
calcin is considered a sensitive marker of bone formation, and it has been described as 
rising as consequence of mechanical stimulation-induced cell differentiation (Mikuni-
Takagaki, 1999; Pavlin et al., 2001).

We observed that all the devices were separated from neighbouring bone by a 
fibrous capsule with an average thickness of 292 µm. This is probably due to the mate-
rial itself, since the fibrous capsule was obvious both in actuators and static devices, 
with no statistical significant differences in capsule thickness between the two groups 
(289.59 ± 131.20 µm in actuated films vs 293.93 ± 84.79 µm). It would be mandatory 
to develop and test a material with improved biocompatibility to evaluate accurately 
the bone material interface.
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Figure 9. Microphotograph of decalcified sections, DAB immunohistochemistry staining for 
osteocalcin, respectively. Picture shows A3 areas of actuator (on the left) and static control (on the 
right), evidencing more extensive osteocalcin labelling around actuator. Scale bar represents 20 µm.

The results are very clear in evidencing qualitative and quantitative statistically 
significant differences when comparing static and actuated films but it would be nec-
essary to enlarge the animal study. However, considering the limitations evidenced 
by the material itself, we feel this could be ethically questionable unless alternative 
electrodes and materials with piezoelectric properties are developed.

CoNClusioN

The huge potential of piezoelectric materials as a mean to produce direct mechanical 
stimulation lies also on the possibility of producing stimuli at a high range of frequen-
cies and in multiple combinations, in order to avoid routine loading accommodation. 

The use of piezoelectric material based actuators to produce bone mechanical 
stimulation seems promising in theory and the present in vitro and in vivo studies were 
a first step towards the validation of the concept.

Taking into account what is already known on bone physiology, and particularly, 
bone mechanotransduction, developing materials for bone regeneration that are able 
to respect bone electrophysiology seems like a logical move towards better clinical 
results whenever treatment of bone defects is being considered.

KeyWords

 • actuator device

 • Nitric oxide

 • osteoblasts

 • osteocytes

 • Piezoelectric effect

 • Polymeric piezoelectric films
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Chapter 26

role of Water in dielectric Properties of starch 
membranes
Perumal Ramasamy

iNtroduCtioN

There are different kinds of polarization namely electronic, atomic, orientational, and 
ionic polarization. These polarizations vary in their frequencies. The behavior of the 
orientation polarization in time-dependent fields can, as a good approximation, be 
characterized with respect to their relaxation times. This behavior is generally denoted 
as dielectric relaxation. Dielectric spectroscopy can be used to probe the dynamics of 
local motions that are of dimensions less than 1 nm, segmental motions that are of di-
mensions 1–10 nm and dynamics of chain contour that are of dimension ~ 10–100 nm. 
Some of the useful properties that can be measured using dielectric measurements are: 
(i) Dielectric constant, (ii) Loss factor, (iii) Dissipation factor, (iv) Relaxation time, 
(v) Relaxation strength, and (vi) Conductivity. Dielectric spectroscopy can be used to 
study a wide variety of materials such as water, glass forming liquids, clusters, ice and 
porous materials and colloids. It can be used to study biological materials like lipids, 
proteins, cells, DNA, RNA, and tissues.

Biological materials have the advantage of being environmentally friendly materi-
als. Dielectric relaxation spectroscopy (DRS) has been found to be a very useful tool 
in studying the polymer dynamics of polysaccharides (Butler and Cameron, 2000; 
Einfiled et al., 2001, 2003;.Majumder et al., 2004; Moates et al., 2000; Smits et al., 
2001; Viciosa et al., 2004). In this chapter the usefulness of dielectric spectroscopy 
for understanding the dynamics of molecules in starch samples containing varying 
water contents will be discussed. Starch is emerging as a useful biomaterial in the 
field of energy science. It is an abundantly available biomaterial that is used for energy 
storage in plants. Application of starch as membranes for solid state batteries would 
greatly help the environment as it is a biodegradable material. Making of membranes 
usually involves solvents like water. Water also acts as a plasticizer. The incorpora-
tion of water in membranes can affect the transport of ions in the membranes. It is 
therefore essential to learn about the role of water in membranes that contain water. 
Also, temperature will affect the transport of charges in the membranes. Hence, in this 
chapter, the modifications in the dielectric properties of starch films as a function of 
temperature and water content will be discussed. 

materials aNd methods

Amioca starch (corn starch) was used for this study. Samples were made by hot press-
ing starch between two brass plates of diameter 30 mm at 1900 bar. The thickness of 
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the discs obtained were ~ 0.4–0.5 mm. In order to make samples with 0% humidity, the 
discs were annealed at 100ºC in oven for 24 hr. Discs were also placed inside sealed 
containers having MgNO3 and NaCl salt for at least 2 weeks to achieve a relative hu-
midity of 51% and 75%, respectively. The samples were quickly transferred (less than 
10 min) from the sealed containers to the sample holder in the DRS machine so as to 
minimize absorption of atmospheric moisture. 

Dielectric relaxation spectra were collected isothermally using a Novocontrol 
GmBh Concept 40 broadband dielectric spectrometer in the frequency range 0.1–106 
Hz. Temperatures were controlled within 0.2°C. The diameter of the top electrode 
was 15 mm while the diameter of the bottom electrode was 30 mm. In order to better 
resolve the spectra due to high values for dielectric loss caused by high conduction 
loss, the dielectric loss was calculated using the expression (1) (Wubbenhorst and 
Turnhout, 2002).
 ε’’der = -(π/2)(∂ε’(ω)/ ∂ln ω) (1)

The relaxation positions were determined using WINFIT software.

dielectric Constant as a Function of Water Content
The variation of ε’ with respect to the frequency for various temperatures for starch 
stored at 0% humidity is as shown in Figure 1a and 1b. From Figure 1a and 1b, it 
is observed that the dielectric constant reaches a maximum of ~10 at 100°C. From 
Figure 1a, it is observed that a relaxation (a broad peak) exists at temperature range 
–100–0°C. Another relaxation is observed at temperatures close to 100°C. 

 
 Figure 1a Figure 1b

The variation of ε’ with respect to the frequency for various temperatures for starch 
stored at 51% humidity is as shown in Figure 2a and 2b. A relaxation is observed at 
temperatures –100–0°C. Another relaxation is observed at higher temperatures. The 
dielectric constant at low frequencies is observed to increase rapidly as temperature 
increases. The value of the dielectric constant is large at low frequencies due to elec-
trode polarization.
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 Figure 2a Figure 2b

The variation of ε’ with respect to the frequency for various temperatures for starch 
stored at 75% humidity is as shown in Figure 3a and 3b. The value of the dielectric 
constant for any given temperature or frequency for starch in 75% humidity is larger 
than that for dry starch or for starch in 51% humidity. The dielectric values increases 
rapidly with increasing temperatures at low frequencies. It has very high values (~ 
105) at low frequencies and high temperatures due to electrode polarization. Also, the 
curves have almost the same value at high temperatures indicating the loss of water at 
higher temperatures.

 Figure 3a Figure 3b

dielectric loss as a Function of Water Content
The variation of the dielectric loss (ε’’) as a function of frequency for various tempera-
tures for starch in 0% humidity is shown in Figure 4a and 4b. At low temperature, it 
is observed that a very prominent relaxation is observed with its frequency maxima 
increasing in its intensity and position as the temperature increases from –100 to 0°C. 
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The value of the maximum value for the dielectric loss is small at low temperatures (~ 
0.2 at 0°C). As the temperature increases yet another relaxation is observed. When the 
sample is held at high temperature at 150°C, the dielectric loss still exist showing that 
the starch is not disintegrated at such temperature.

 Figure 4a Figure 4b

The variation of the dielectric loss (ε’’) as a function of frequency for various 
temperatures for starch in 0% humidity is shown in Figure 5a and 5b. In this case, the 
dielectric loss values are higher than that for starch in 0% humidity. At low tempera-
tures, a broad relaxation is observed. The position of the frequency maxima increases 
with increasing temperatures. As the sample approaches 0°C yet another relaxation is 
observed. ε’’der was used instead of ε’’ to better resolve the spectra due to high values 
for dielectric loss caused by high conduction loss. The spectra had nearly the same 
values at high temperatures (~ 80°C).

 Figure 5a Figure 5b
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Role of Water in Dielectric Properties of Starch Membranes 307

The variation of the dielectric loss (ε’’) as a function of frequency for various 
temperatures for starch in 0% humidity is shown in Figure 6a and 6b. Two relaxations 
are observed one at temperatures –100–0°C and another at –20–100°C. Here at –20°C, 
the beginning of the presence of the second relaxation can be observed. The values of 
the dielectric loss are found to be highest for starch in 75% humidity. The values for 
dielectric loss at 60 and 80°C are nearly the same, while that for 100°C is found to 
be lesser. This indicates the evaporation of the water from the sample. It is nearly the 
same as that at 20°C this indicates that relaxations are very much dependent upon the 
availability of water in the local environment of the starch molecules.

 Figure 6a Figure 6b

relaxation Frequencies
The relaxation frequencies were determined by estimating the frequency maxima from 
the dielectric loss spectra. The relaxation frequencies for starch with different water 
contents is shown in Figure 7. At low temperatures (–100–0°C), it was observed that 
dry starch, starch in 51% humidity and starch in 75% humidity had nearly the same 
values. They also showed an Arrhenius behavior. At low temperatures, the relaxation 
frequencies increased with increase in temperature as the water content increased. The 
effect was found to be more at higher temperatures (0–100°C). It was observed that 
the relaxation frequencies were highest for samples with 75% humidity. This indicates 
that the presence of water facilitates the response of the molecules to the applied field. 
It is also observed that for starch with 51 and 75% humidity, the frequencies increases 
with increasing temperatures and then decreases after attaining a peak at ~80°C. This 
indicates the stiffening of the membranes due to evaporation of water. The activation 
energies can be calculated using the Arrhenius relation. It is found that the activa-
tion energy for dry starch and starch in 51 and 75% humidity is ~46 kJ mol-1. This is 
indicative of presence of bound water. The corresponding dielectric strength values 
were found to be low (<10) indicating that it is a local relaxation process. At higher 
temperatures, it was observed that the activation energies were ~86 kJ mol-1. Also, the 
dielectric strength values for water containing starch was found to be ~15–20 indicative 
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of Maxwell–Wagner–Sillars (MWS) relaxation that arises from the charge carriers ac-
cumulated at the interphase between amorphous and crystalline regions.

Figure 7

Conductivity measurements
The conductivity of the samples at 20°C is shown in Figure 8. It is observed that at 
high frequencies the conductivity of dry starch is greater than that of starch with water 
in it. It is also observed that the conductivities for starch with 51 and 75% humidity 
coincide at high frequencies (> 105 Hz). The conductivity at low frequency (~ 1 Hz) 
increases as the water content increases. 

Figure 8
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The DC conductivity is given by the conductivity values at 0 Hz. The conductivity 
for dry starch at 80°C was found to be ~10-12 S/cm. Figure 9 shows the variation in 
conductivity at 0.05 Hz for starch in 51 and 75% humidity. It is observed that the con-
ductivity increases with increasing temperatures and it reaches a maximum at ~80°C. 
The profiles look similar for starch containing 51 and 75% humidity. At low tempera-
tures ~ –80°C, the conductivities are nearly the same. The conductivity reaches maxi-
mum value at ~80°C for starch in 75% humidity. The decrease in the conductivity at 
temperatures >80°C is due to evaporation of water at higher temperatures. 

Figure 9

CoNClusioN

The dielectric characteristics of starch are highly modified in the presence of water. 
In the absence of water the dielectric spectra shows a local relaxation at low tem-
peratures regions. Inclusion of water shows the presence of yet another relaxation at 
higher temperatures. The relaxation observed at higher temperatures is indicative of 
Maxwell-Wagner-Relaxation that arises from the charge carriers accumulated at the 
interphase between amorphous and crystalline regions. This indicates that the addition 
of water gives rise to both crystalline and amorphous regions in the starch films. The 
relaxation frequencies increase with the increase in the water content in the samples 
indicating that the presence of water increases the flexibility of the polymer chains. 
The conductivities also increase as the water content increases. The decrease in the 
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conductivity at temperatures greater than 80°C, the decrease in the relaxation fre-
quencies at temperature greater than 80°C and the reduction in the dielectric loss for 
samples having high water content at temperatures greater than 80°C are explained as 
a result of the evaporation of water from the starch samples at temperatures close to 
boiling point of water leading to stiffening of the starch membrane. 
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Chapter 27

tribo Performance of t-BFrP Composite subjected 
to dry/Wet Contact Conditions
Umar Nirmal, Jamil Hashim, Dirk Rilling, P.V. Brevern, and B. F. Yousif

iNtroduCtioN

Recently, new and more stringent environmental regulations coupled with the deple-
tion of oil resources have evoked a concern among researchers to find a substitute for 
synthetic fibers in polymeric composites (Yousif and El-Tayeb, 2008a). As an alter-
native, natural fibers are becoming an attractive alternative due to their advantages 
over the synthetics such as recyclability, biodegradability, renewability, low cost, light 
weight, high specific mechanical properties, and low density (Corbiere et al., 2001; 
Gowda et al., 1999; Joshi et al., 2004; Yousif and El-Tayeb, 2008a; Wambua et al., 
2003). Nowadays, applications of natural fiber reinforced polymeric composites can 
be found in housing construction material, industrial and automotive parts (Baiardo et 
al., 2004; Huda et al., 2008; Liu et al., 2004; Nishino et al., 2003).

It is known from the literature that, untreated oil palm (Yousif and El-Tayeb, 2007a, 
2008a, 2010), sugarcane (El-Tayeb, 2008a, 2008b), banana (Pothan et al., 2003) and 
coir (Yousif, 2008) fibers have very poor interfacial adhesion strength with the matrix 
by nature. The poor interfacial adhesion is due to foreign impurities/substances which 
prevent the matrix to bond firmly with the fibers. Interestingly, betelnut fibers have 
many tiny hairy spots termed trichomes which protrude from the outer layer of the 
fiber surface (Nirmal and Yousif, 2009). The presence of trichomes may results in high 
interfacial adhesion with the polymer matrix and may prevents pulling out processes 
during tribological and single fiber pullout tests (SFPT).

From the tribological point of view, few works have been pursued on jute (Thomas 
et al., 2009), cotton (Hashmi et al., 2007), oil palm (El-Tayeb, 2008b; Yousif and El-
Tayeb, 2007a, 2008a), sugarcane (El-Tayeb, 2008a, 2008b), coir (Yousif, 2008) and 
bamboo (Tong et al., 1998, 2005) fibers regarding their usage for tribo-polymeric com-
posites. For instance, wear and frictional characteristics of oil palm fiber reinforced 
polyester composite (Yousif and El-Tayeb, 2007a, 2008a) revealed that oil palm fibers 
enhanced the wear performance of polyester by three to 4-folds. This was due to the 
presence of oil palm fibers at the surface of the composite forming a mixed layer of bro-
ken fiber and polyester debris which protected the polyester regions during the sliding. 

Considering fiber orientation, the effect of sugarcane fiber has been studied on 
tribo-characteristics of polyester composites (El-Tayeb, 2008a). It has been found that 
fiber mats oriented parallel to the sliding direction showed lower wear performance 
than fibers oriented anti-parallel under the same test conditions. This was because in 
the parallel orientation, the path ahead of the wear debris is exposed, thus easing the 
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fragmentation of fibers and removal of abrasive particles (El-Tayeb, 2008a). In anti-
parallel orientation, abrasive particles were moving through different interfaces alter-
nately, that is were more hindrance in the path of abrasive particles which constitutes 
resistance and traps wear debris which in turn, reduces wear. 

Contact conditions (dry/wet) have an equal important role which controls the tribo 
performance of polymeric composites (Borruto et al., 1998; El-Tayeb, 2008b; Pothan 
et al., 2003; Sınmazcelik and Yılmaz, 2007; Sumer et al., 2008; Wu and Cheng, 2006; 
Yamamoto and Takashima, 2002; Yousif, 2008; Yu et al., 2008). It has been reported 
that tribo performance of some polymeric composites were improved under wet con-
tact condition compared to dry (Wu and Cheng, 2006; Yamamoto and Takashima, 
2002). It is known that increased interface temperature during adhesive dry loading 
conditions caused high damaged on the composite surface during sliding especially 
at the resinous regions due to thermo-mechanical loading conditions (Yousif and El-
Tayeb, 2010). As such, the cooling effect introduced by water prevents the pullout of 
oil palm fibers from the polyester matrix as opposed to dry contact, that is wear is only 
controlled by mechanical loading (Yousif and El-Tayeb, 2008b, 2010).

In previous work by the participating authors (Nirmal and Yousif, 2009; Yousif 
et al., 2008), untreated betelnut fiber reinforced polyester (UT-BFRP) composite was 
used to study the wear and frictional behavior of the composite under dry contact 
condition. The work revealed that the average wear and friction coefficient of the 
composite were reduced by 98 and 73% compared to neat polyester namely when the 
fibers were oriented parallel to the sliding direction. 

Thus, through the author’s knowledge, there is no work reported on polymeric 
composites based on treated betelnut fibers under dry and wet contact conditions. 
Hence, the current work aims to study the effect of treated betelnut fibers on the tri-
bo-behavior of polyester composites. The interfacial adhesion strength of the treated 
fiber with the polyester was determined using single fiber pullout test. The sliding 
wear and frictional characteristics of the developed composite were evaluated using a 
Block-On-Disc (BOD) machine under dry/wet contact conditions. The tests were con-
ducted at different applied loads (5–200 N) and sliding distances (0–6.71 km) against 
a smooth stainless steel counter face with sliding velocity; 2.8 m/s.

materials PreParatioN

Preparation of Betelnut Fibers 
The preparation of betelnut fibers was explained in a past publication done by the au-
thor (Nirmal and Yousif, 2009). The length and diameter of individual fiber were in the 
range of 30–50 mm and 150–200 μm respectively. However, the prepared fibers were 
soaked in a 6% Natrium Hydroxide (NaOH) solution mixed with tap water at tempera-
ture of 26 ± 5ºC for 48 hr. The fibers were rinsed and left to dry at room temperature 
before being put in an oven for 5 hr at 45ºC. 

One can see from Figures 1(a) and (b) that significant modifications occurred when 
betelnut fiber was treated. Very rough fiber surface can be seen on the treated one, 
Figure 1(b). Moreover, the trichome in Figure 1(b) seems to be rougher than in Figure 
1(a). This could improve the interaction between the betelnut fibers with the polyester 
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matrix. In previous works (Yousif and El-Tayeb, 2008a, 2010), the interfacial adhesion 
of oil palm fibers was highly improved when the fiber was treated with 6% NaOH. 
For the current work, the effect of treatment on the interfacial adhesion property of 
betelnut fiber and its effect on the tribological behavior of the polyester composite will 
be explained. 

The prepared fine fibers (Nirmal and Yousif, 2009) were arranged and pressed into 
uniform mats and the mats were then cut into the dimensions of the composite fabrica-
tion mould. The density of the fibers in mat sheets was determined to be about 200 ± 
10 g/m2. Figure 1(c) shows a micrograph of a randomly oriented treated betelnut fiber 
mat. The average distance of the fiber in the mat was about 83 ± 5 μm.

(a) Micrograph of a single untreated fibre

(b) Micrograph of a single treated fibre

(c) Micrograph of treated fibre mat

Figure 1. Micrographs of betelnut fiber. (a) Micrograph of a single untreated fiber; (b) Micrograph of 
a single treated fiber; (c) Micrograph of treated fiber mat.
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Fiber Pullout test 
The SFPT were conducted on universal test system (100 Q Standalone) to determine 
the interfacial adhesion characteristics of treated betelnut fiber with the polyester ma-
trix. Figure 2 shows the schematic drawing of the pullout test. Further detail on the 
sample preparation and the test procedure were explained in the past publication done 
by the author (Nirmal and Yousif, 2009). The loading speed was 1 mm/min. It should 
be mentioned here that the tensile properties of single betelnut fiber were studied for 
dry and wet fibers. Under wet conditions, the fibers were soaked in tap water (hardness 
120–130 mg/l) for 24 hr and then tested.

Figure 2. Schematic illustration of single betelnut fiber pullout test.

The pullout result for single fiber (dry/wet) is presented in Figure 3(a). The Figure 
shows that both trends (under dry/wet) are the same. The maximum stress for the dry 
fiber is about 280 MPa which is almost similar to the single fiber strength. Similarly, 
the wet fiber reached to about 250 MPa. This indicates that there is no pullout of fiber 
took place during the test. Moreover, the strength is also the same as the single tensile 
result. This shows that the interfacial adhesion of the treated fiber under dry/wet con-
ditions is very high preventing the pulling out process. The microscopy of the pullout 
samples are shown in Figures 3(b) and (c) which explain the above results.
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(a) Stress / Strain diagram of a single fibre

(b) Micrograph of fibre breakage after pull-out for dry test

(c) Micrograph of fibre breakage after pull-out for wet test

Figure 3. Stress/Strain diagram and corresponding micrographs for Single fiber pull-out test under 
dry/wet conditions (a) Stress/Strain diagram of a single fiber; (b) Micrograph of fiber breakage after 
pull-out for dry test; (c) Micrograph of fiber breakage after pull-out for wet test.
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The main reason of higher interfacial adhesion of the fiber is due to the presents 
of trichomes and rough surface of the fiber after treating with 6% NaOH. This is a 
promising result which has not been reported before on natural fibers such as oil palm, 
sugarcane, coir and jute fibers (El-Tayeb, 2008a, 2008b; Navin and Dwivedi, 2006; 
Pothan et al., 2003; Thomas et al., 2009; Yousif, 2008; Yousif and El-Tayeb, 2007a, 
2008a, 2010).

Preparation of Composite
Unsaturated polyester (Butanox M-60) mixed with 1.5% of Methyl Ethyl Ketone Per-
oxide (MEKP) as catalyst was selected as a resin for the current work. Treated betelnut 
fiber reinforced polyester (T-BFRP) composite was fabricated using hand lay-up tech-
nique. In composite preparation, a metal mould (100 × 100 × 12 mm) was fabricated. 
The inner walls of the mould were coated with a thin layer of wax as release agent. 
The first layer of the composite was built by pouring a thin layer of polyester. A pre-
pared mat was placed carefully on the polyester layer. Steel roller was used to arrange 
the mat and eliminate trapped bubbles. This process was repeated until the composite 
block was built containing 13 layers of fiber mats and 14 layers of polyester. The pre-
pared blocks were pressed at approximate pressure of 50 kPa in order to compress the 
fiber mats and to force out the air bubbles. The blocks were cured for 24 hr and then 
machined into specimens in the size of 10 × 10 × 20 mm.

triBoloGiCal eXPerimeNtal ProCedure

Figure 4 shows a schematic drawing of BOD machine which was used for the current 
work. Under wet contact condition, water system was adopted at the machine. Water 
was supplied to the counterface by a pump at a flow rate of 0.4 l/min. Water flowing 
to the counterface was collected by a container. A filter was placed in the water flow 
and cleaned from wear debris after each test. Accutec B6N-50 load cell was adapted 
to the BOD load lever to measure the frictional forces between the specimens and 
counterface while a weight indicator was integrated in order to capture the frictional 
forces simultaneously.

Figure 4. Schematic drawing of a newly developed Block-On-Disc (BOD) tribological machine 
operating under dry/wet contact conditions.
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The tests were performed at a sliding velocity of 2.8 m/s, different sliding dis-
tances (0–6.72 km) and different applied loads (5–200 N). All specimens after the wet 
test were dried in an oven at temperature of 40ºC for 24 hr. The specific wear rate was 
computed using Equation (1) where the weight lost of the specimens was determined 
using Setra weight balance (± 0.1 mg). Figure 5 illustrates the sliding direction with 
respect to the fibers mats under dry/wet contact conditions.

 
DF

VW
N

S .
∆=  (1)

where;
Ws = Specific wear rate [mm3/N.m]
∆V = Volume difference [mm3]
FN = Normal applied load [N]
D = Sliding distance [m]

Figure 5. Schematic illustration of T-BFRP composite showing the sliding direction.

disCussioNs aNd results

Wear performance of t-BFrP Composite
Specific wear rate of T-BFRP composite as a function of sliding distance at different 
applied loads are presented in Figure 6 under dry/wet contact conditions respectively.

Under dry contact condition; Figure 6(a), specific wear rate (Ws) of the composite 
has less influence by sliding distance especially at higher range of applied loads. How-
ever, at an applied load of 5 N, there is an increase in Ws until 5 km of sliding distance 
that is a steady state reached after 5 km of sliding distance. On contrary, Figure 6(b) 
shows similar trends of specific wear rate. One can see that the curves are divided 
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into two regions; “running in” and “steady state”. From the Figure, as sliding distance 
builds up, specific wear rate gradually reduces until a steady state transition (6.72 km). 
Surprisingly, the steady state specific wear rate was much shorter (≈ 4.2 km) as com-
pared to the dry test (≈ 5 km); cf. Figure 6(a). The presence of water helped to cool the 
interface that is reducing the thermo mechanical loading of the composite during the 
sliding. This enhanced the wear (low values of specific wear rate) namely under wet 
contact conditions. From Figure 6(b), one can see that superior improvement on Ws 
was achieved compared to the dry tests; cf. Figure 6(a). It is suggested that introduc-
ing water at the interface served two main purposes; as a cleaning and cooling agent 
(Baley et al., 2006; Bijwe et at., 2002). As such, in wet contact conditions, the specific 
wear rate of the composite was low by about five times compared to the dry tests.

Figure 6. Specific wear rate (Ws) of T-BFRP composite vs. sliding distance at different applied loads 
and 2.8 m/s sliding velocity under dry/wet contact conditions.
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Frictional Performance of t-BFrP Composite 
The frictional performance of T-BFRP composite at different applied loads against 
sliding distances is presented in Figure 7 under dry/wet contact conditions. In general, 
Figure 7(a) shows that T-BFRP composite exhibits lower friction coefficient values 
approximately in the range of 0.4–0.7 at all applied loads. Figure 7(b) however shows 
a tremendous drop in friction coefficient values as compared to the dry test. One can 
see that the friction coefficient values were in the range of 0.01 ~ 0.08 respectively. 
The drastic reduction in friction coefficient under wet contact condition is due to the 
presence of water at the interface which assisted to wash away the generated wear de-
bris and to reduce the interaction between asperities in contact during sliding. Similar 
results were reported on polyester composites based on glass fiber (Yousif and El-Tayeb, 
2007b, 2008b).

Figure 7. Friction coefficient of T-BFRP composite vs. sliding distance at different applied loads and 
2.8 m/s sliding velocity under dry/wet contact conditions.
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Worn surfaces of the Composite morphology
Dry Contact Condition
Figure 8(a) shows evidence of fiber debonding micro-cracks associated with generat-
ed fine debris. At longer sliding distance (5 km), Figure 8(b), the wear mechanism was 
predominant by plastic deformation, detachment and debonding of fibers. The Figure 
shows the end of fibers which is covered by polyester associated with plastic deforma-
tion indicating high intimate contact between asperities (composite and counterface) 
leading to higher friction coefficient values, cf. Figure 7(a). Due to the side force being 
anti parallel to the sliding direction, there was evidence of softened polyester (marked 
SP) causing higher material removal when the sliding escalates. It was reported that 
a high friction coefficient is possible when the contact of rubbing was between neat 
polyester and stainless steel (Yousif et al., 2008). Moreover, the softened polyester 
regions had modified the roughness of the counterface (cf. Figure 10(b)) compared to 
the virgin one (cf. Figure 10(a)).

Figure 8. Micrographs of worn surfaces of T-BFRP composite under 30 N at different sliding distances 
for dry contact condition (a) 1.68 km; (b) 5.0 km.
(Crack: crack, De: debonding, Dt: detachment, Fd: fine debris, Pd: plastic deformation, R: resinous, 
Sp: softened polyester)
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Wet Contact Condition
From Figure 9(a), when the composite is subjected to low applied load (70 N) and longer 
sliding distance (6.72 km), the fibers were squeezed parallel to the sliding force caus-
ing debonding of fibers. The SEM image also concludes that the fibers were torn apart. 
However, the fibers were still in good shape that is no delamination. Consequently at 
higher applied loads (200 N) and shorter sliding distance (1.68 km); cf. Figure 9(b); the 
wear was initiated by debonding of fibers especially the ones close to the resinous re-
gions associated with torn fibers which eventually formed wear debris during the sliding. 
The wear debris could have left very fine grooves on the worn surfaces of the composite 
as evidenced in Figure 9(b) marked ‘Fg’. When the wear escalates to 6.72 km of sliding 
distance; Figure 9(c), the predominant wear mechanism is due to debonding and delami-
nation of fiber mats. The Figures also confirm that there were no signs of fine grooves 
evidenced on the worn surfaces as the water had washed away the generated wear debris 
during longer sliding distance, that is 6.72 km. This may be the main reason why Ws was 
significantly lower at higher applied loads; 200 N which is confirmed by Figure 6(b).

Figure 9. Micrographs of T-BFRP composite under 70 N and 200 N at different sliding distances for 
wet contact condition (a) 70 N, 6.72 km; (b) 200 N, 1.68 km; (c) 200 N, 6.72 km
(De: debonding, Dl: delamination, Dt: detachment, Fg: fine grooves, Fd: fine debris, Tf: torn fiber)
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effect of sliding on surface roughness
Before test, the average roughness profile of the stainless steel counterface was Ra 
= 0.052 μm; Figure 10(a). After test under both dry/wet contact conditions, there 
were slight modifications on the counterface roughness. The roughness profiles of 
the counterface are presented in Figures 10(b) and (c). The roughness of the wear 
track was measured in the presence of film transfer. The film transfer was removed 
by acetone, where the polyester is soluble in acetone and the results are displayed in 
Figure 11.

From Figure 11, one can see that the average roughness values were slightly 
lower when the T-BFRP composite that was subjected to wet contact condition as 
compared to the dry test. As discussed previously, water played an important role to 
wash away trapped/generated wear debris between the contacting interface and thus 
lowering the Ra values in wet contact conditions. For dry tests, the higher roughness 
is due to the trapped wear debris from the fibrous and resinous regions on the coun-
terface which contributed to increase the Ra values for all three orientations. From 
Figure 11, it can be said that the counterface roughness increased for both dry and 
wet contact conditions after testing the composite in the three orientations. However 
in dry contact condition; after cleaning the counterface, the roughness decreased 
noting that the counterface roughness is still higher than the virgin one. This indi-
cates the presence of rough film transfer during the sliding. Interestingly, under wet 
contact conditions, there were not many changes in the Ra values of the counterface. 
It can be observed that the wear track roughness after testing before cleaning and 
after cleaning was not highly remarkable. This could have been because of water 
introduced at the interface which washed away all trapped wear particles by the 
T-BFRP composite test specimen during the sliding. In spite to this, the reduction 
of counterface surface roughness under wet contact condition was about 21% as 
compared to the dry test.

The optical microscopy images of the virgin counterface and after the test 
are shown in Figure 12 for dry/wet contact conditions. In Figure 12(b), compos-
ite experienced film transfer on the counterface. However, there was much worn 
polyester debris from the resinous region of the composite which caused greater 
surface roughness on the counterface due to the fact that the worn polyester debris 
are brittle by nature. When the composite was subjected to wet contact condition, 
the counterface was polished with the presence of water during sliding. As a re-
sult, there was no evidence of film transfer which is confirmed by Figures 12(d) 
and (e). Therefore, this can be the reason why the specific wear rate under wet 
contact condition for the three orientations was significantly lower compared to 
the dry test.
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Figure 10. Roughness average profiles of the virgin counterface and after testing at 30 N applied load, 
(a) Virgin counterface, Ra = 0.052 µm; (b) DRY: AP-O, Ra = 0.079 µm; (c) WET: AP-O, Ra = 0.068 µm.
3.36 km sliding distance and 2.8 m/s sliding velocity under dry/wet conditions

Figure 11. Roughness averages (Ra) of the counterface before and after the test under dry/wet contact 
conditions
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Before testing

Figure 12. Optical microscopy images of counterface before and after testing the composite at 
applied load of 30 N and sliding distance of 3.36 km at sliding velocity of 2.8 m/s under dry/wet 
contact conditions; (a) Virgin counterface; (b) Before cleaning; (c) After cleaning; (d) Before cleaning; 
(e) After cleaning.

CoNClusioN

After conducting the experimental work and discussing the results, few points can be 
drawn as follows:
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1. The 6% NaOH fiber treatment enhanced the wear resistance of the T-BFRP 
composite under dry/wet contact conditions compared to the untreated ones 
which was conducted previously by the participating authors (Nirmal and 
Yousif, 2009).

2. The presence of treated betelnut fibers in the matrix improved the wear and 
frictional performance of polyester, that is the average wear and friction coef-
ficient was reduced by about 54 and 95% respectively under wet contact condi-
tions compared to the dry.

3. The effect of introducing water at the interface served two main purposes; as 
a cleaning and cooling agent. As such, the Ws of the T-BFRP composite under 
wet test were lower by about five times compared to the dry tests. 

4. Significant improvement on wear and frictional performance of the T-BFRP 
composite was achieved under wet contact conditions compared to dry. This 
was due to the tremendous reduction in the thermo mechanical loading during 
the sliding in wet contact conditions. In addition, higher loads up to 200 N can 
be applied under wet contact conditions.

5. The wear mechanism under dry contact conditions was predominated by mi-
cro-cracks, plastic deformation, debonding and detachment of fibers. Under 
wet contact conditions, the wear mechanism was predominant by debonding, 
delamination and detachment of fibers associated with loose and torn fibers.

6. The counterface surface roughness was increased after testing the T-BFRP 
composite under dry/wet contact conditions. For dry contact conditions, there 
was evidence of film transfer on the counterface meanwhile for wet contact 
conditions, there was no evidence of film transfer but instead the continuous 
rubbing by the T-BFRP composite on the counterface modified the initial sur-
face roughness of the counterface.

KeyWords

 • Betelnut fiber

 • Block-on-disc

 • Natural fiber

 • single fiber pullout tests

 • tribological
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Chapter 28

Properties and Nano-observation of Natural rubber 
with Nanomatrix structure
Yoshimasa Yamamoto and Seiichi Kawahara

iNtroduCtioN

“Nanomatrix structure” is a novel phase separated structure for a multi component 
system, which may provide outstanding properties such as high elastic property and 
high proton conductivity (Akabori et al., 2009; Kawahara et al., 2008, 2007, 2003; 
Pukkate et al., 2007; Suksawad et al., 2009, in press; Yusof et al., 2008). It is defined 
to consist of dispersoid of a major component and matrix of a minor component. The 
nanomatrix structure may be formed by covering particles with a nanolayer followed 
by coagulation of the resulting nanolayer-covered particles. In this case, the particles 
are required to chemically link to the nanolayer, in order to stabilize the nanomatrix 
structure in equilibrium state. Especially, for the polymeric materials, the chemical 
linkages may be formed by gaft copolymerization of a monomer onto polymer par-
ticles in latex stage, since the particles in the latex are dispersed in water. In this re-
gard, natural rubber has attracted much attention, since natural rubber is isolated from 
Hevea brasiliensis in latex stage (Steinbchel et al., 2001). However, natural rubber 
contains proteins on the surface of the rubber particle (Creighton, 1984; Steinbchel 
et al., 2001). Since, the proteins trap radicals to inhibit the graft copolymerization 
of vinyl monomer, it is important to remove the proteins from natural rubber latex 
(Tuampoemsab et al., 2007). This chapter will discuss the deproteinization of natural 
rubber latex, formation of nanomatrix structure, and properties and morphology of 
natural rubber with nanomatrix structure. 

deProteiNiZatioN oF Natural ruBBer lateX

Removal of proteins from natural rubber (NR) may be essentially concerned with 
methods on how to control interactions between the rubber and proteins in the latex 
stage (i.e., chemical and physical interactions). The former is cleaved with proteo-
lytic enzyme such as alkaline protease (Eng et al., 1993) and the latter is denatured 
with urea, which may change conformation of the proteins (Creighton, 1984). In the 
previous work (Eng et al., 1992; Fernando et al., 1985; Fukushima et al., 1998), the 
removal of proteins was mainly made in the latex stage by enzymatic deproteinization 
to remove proteins present on the surface of the rubber particle as a dispersoid. After 
the enzymatic deproteinization, the nitrogen content of NR was reduced to less than 
0.02 wt%, which was about 1/20 of that of the untreated NR. Despite the significant 
decrease in the nitrogen content, however, problems still exist, that is, both a long 
incubation time necessary for the enzymatic deproteinization (i.e., more than 24 hr), 

Ap
pl

e 
Ac

ad
em

ic
 P

re
ss

 

Au
th

or
 C

op
y



328 Natural Polymers, Biopolymers, Biomaterials, and Their Composites, Blends, and IPNs

and remaining proteins, peptides, or amino acid sequences. It is, thus, quite important 
to establish a novel procedure to remove the proteins from NR rapidly and efficiently.

The structure of NR has been proposed to consist of α-terminal, two trans-1,4-
isoprene units, long sequence of cis-1,4-isoprene units, and ω-terminal, aligned in this 
order (Tanaka, 1983, 1989a, b). The α-terminal was inferred to be a modified dimeth-
ylallyl group that can form hydrogen bonds between proteins, while the ω-terminal 
was comprised of a phospholipid that may form chemical crosslinks with ionic link-
ages. According to the proposed structure of NR, it is expected that there is little pos-
sibility to form chemical linkages between NR and the proteins.

In previous work (Allen et al., 1963; Tangpakdee et al., 1997), NR coagulated from 
fresh NR latex, just after tapping from Hevea brasiliensis, was found to be soluble 
in toluene, cyclohexane, and tetrahydrofuran. In contrast, the rubber from latex pre-
served in the presence of ammonia contained about 30–70% gel fraction, which was 
insoluble in the solvents. The formation of the insoluble fraction would be concerned 
with the interactions of rubber and proteins, because the gel fractions are reported to 
be soluble in the solvents after the enzymatic deproteinization (Eng et al., 1994; Tang-
pakdee et al., 1997). If the interactions are physical but not chemical, it is possible to 
remove the proteins from the rubber after denaturation of the proteins with urea. Here, 
the removal of the proteins from fresh NR latex and preserved high-ammonia latex 
was investigated with urea in the presence of surfactant.

deproteinization of Nr with urea
Total nitrogen content, X, of both untreated and deproteinized rubbers, is shown in Ta-
ble 1. The total nitrogen content of HANR was reduced to 0.017 wt% after enzymatic 
deproteinization (E-DPNR), as reported in the previous study (Tanaka et al., 1997). On 
the other hand, it was reduced to 0.020 wt% after the treatment with urea, being similar 
to the nitrogen content of E-DPNR. This implies that most proteins present in NR are 
attached to the rubber with weak attractive forces. To remove further the proteins, the 
treatment with urea was carried out after the enzymatic deproteinization of HANR la-
tex. The nitrogen content of the resulting rubber, EU-DPNR, was 0.008 wt%, less than 
that of E-DPNR and U-DPNR. This suggests that the most of proteins are removed by 
denaturation with urea, whereas the residue must be removed with proteolytic enzyme 
in conjunction with urea.

To assure the difference in the role between the proteolytic enzyme and urea, the 
treatment of fresh NR latex was made as well as HANR latex. The total nitrogen con-
tent of both untreated and deproteinized rubbers, which were prepared from fresh NR 
latex, is also shown in Table 1. The total nitrogen content of fresh NR was reduced 
to 0.014 wt% after enzymatic deproteinization (fresh E-DPNR), and 0.005 wt% after 
enzymatic deproteinization followed by the treatment with urea (fresh EU-DPNR), as 
in the case of HANR. On the other hand, after treatment with urea (fresh U-DPNR), 
the total nitrogen content of fresh NR was 0.004 wt%, being the least among the de-
proteinized rubbers. This may be explained in that most proteins present in fresh NR 
are attached to the rubber with weak attractive forces, which are able to be disturbed 
with urea. Thus, it is possible to expect that almost all proteins present in fresh NR are 
removed rapidly from the rubber by urea treatment.
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table 1. Nitrogencontent and incubation time for HANR, Fresh NR, and Deproteinized NR.

Specimens Incubation time (min) X (wt %)

HA-NR
E-DPNRa

U-DPNRb

EU-DPNRc

Fresh NR
Fresh E-DPNR
Fresh U-DPNR
Fresh EU-DPNR

0
720
60
780
0

720
60
780

0.300
0.017
0.020
0.008
0.450
0.014
0.004
0.005

a E-DPNr; enzymatically deproteinized HA-NR.
b U-DPNR:urea-treated HA-NR.
c EU-DPNR: urea-treated E-DPNR.

A plot of total nitrogen content versus time, t, required for the deproteinization of 
HANR and fresh NR with urea at 303 K is shown in Figure 1. The nitrogen content 
of HANR and fresh NR decreased suddenly to 0.022 and 0.005 wt% after 10 min, 
respectively, after adding urea. The difference in the nitrogen content between HANR 
and fresh NR may be attributed to the amount of the proteins that are weakly attracted 
to the rubber, as mentioned above. It is quite important to note that the nitrogen content 
of fresh NR decreases to and reaches a definite value of 0.004 wt% within 10 min, 
expressing an advantage of urea compared to proteolytic enzyme in view of the rapid, 
efficient deproteinization. The dependence of the total nitrogen content on temperature 
is also shown for fresh NR in Figure 1. The nitrogen content decreased to 0.004 wt% 
within 10 min at all temperatures, ranging from 303 to 363 K. This may be in part due 
to the ability of urea to form hydrogen bonds with the proteins and detach themselves 
from the rubber particles with urea, based upon the previous work (Creighton, 1984). 
Consequently, urea is proved to be more effective to remove the proteins from fresh 
NR, rather than the proteolytic enzyme.

Figure 1. Nitrogen content of HA-NR at 303 K (◊), andfresh U-DPNR at 303 K (○), 333 K (□), and 363 
K (Δ) versustime for incubation.
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Concentration of urea for deproteinization
It is quite important to determine the amount of urea necessary to remove the proteins 
from NR. Figure 2 shows the relationship between the total nitrogen content of fresh 
NR latex versus concentration of urea after treatment with urea. The nitrogen content 
was dependent upon the concentration of urea and was found to be the lowest (i.e., 
0.005 wt%, at urea concentration of 0.1 wt%). The higher nitrogen content of 0.007 
wt% at 0.05wt% urea may be due to a lesser amount of urea that interacts with the 
proteins present in the rubber. In contrast, the higher nitrogen content at higher con-
centration of urea may be expected to be due to the residual urea that interacts with 
the rubber, because the nitrogen content increased linearly as the concentration of urea 
increased.

Figure 2. Nitrogen content of fresh U-DPNR versus urea concentration.

Figure 3(A) shows FTIR spectra for fresh U-DPNR, in which the peak at 3,320 
cm-1is identified to mono- or dipeptides, as reported in the previous study (Eng et al., 
1994). In the spectrum of Figure 3(A)a–d, a small peak was observed at 3,450 cm-1in 
addition to the peak at 3,320 cm-1, the intensity of which increased as the concentra-
tion of urea increased. A mixture of synthetic cis-1,4-polyisoprene with urea showed 
a peak at 3,450 cm-1characteristic of urea in addition to the peak at 3,320 cm-1, which 
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is identified to an antioxidant as a mixture, as shown in Figure 3(B). Thus, we esti-
mated the concentration of residual urea present in fresh U-DPNR from the intensity 
of the peak at 3,450 cm-1, using a calibration curve made with the mixture of synthetic 
cis-1,4-polyisoprene with urea. 

Figure 3. (A) FTIR spectrums of fresh U-DPNR at various urea concentrations: (a) 0.05 wt% urea, 
(b) 0.1 wt% urea, (c) 0.5wt% urea, and (d) 1.0 wt% urea; (B) FTIR spectrums of synthetic cis-1,4-
polyisoprene and its mixture (a) syntheticcis-1,4-polyisoprene, and (b) synthetic cis-1,4-polyisoprene 
mixed with urea.

A plot of the concentration of the residual urea versus urea concentration is shown 
in Figure 4. The residual urea increased as the urea concentration increased. Further-
more, the nitrogen content estimated from the concentration of the residual urea was 
similar to that shown in Figure 2. Thus, the increase in nitrogen content of the depro-
teinized rubber was proved to be due to not only the mono- or dipeptides but also the 
residual urea. In the present study, a suitable condition of urea for the deproteinization 
was determined to be 0.1 wt%.

Figure 4. Concentration of residual urea in fresh U-DPNRversus urea concentration.
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FormatioN oF NaNomatriX struCture

Nanomatrix structure was formed by graft-copolymerization of styrene onto deprot-
einized natural rubber. To form the nanomatrix structure, 1.5 mol/kg-rubber of styrene 
is fed into natural rubber latex after adding an initiator (Akabori et al., 2009; Kawahara 
et al., 2008, 2007, 2003; Pukkate et al., 2007; Suksawad et al., 2009, in press; Yusof et 
al., 2008). The resulting graft-copolymer, DPNR-graft-PS, was characterized through 
1H-NMR spectroscopy. A typical 1H-NMR spectrum of DPNR-graft-PS, is shown in 
Figure 5. Signals characteristic of cis-1,4-isoprene units appeared at 1.76, 2.10, and 
5.13 ppm, which were assigned to methyl, methylene and unsaturated methyne pro-
tons of isoprene units, respectively. Broad signals at 6–7 ppm were assigned to phenyl 
proton of styrene units, whose intensity was dependent upon the feed of styrene as a 
monomer. Thus, we estimated a content of styrene units in the DPNR-graft-PS and 
conversion of styrene from a ratio of signal intensity of phenyl proton to methyl proton 
and the feed of styrene. 

Figure 5. Typical 1H-NMR spectrum for DPNR-graft-PS.

The estimated content of styrene units and conversion of styrene are shown in 
Figure 6. Both of the content and conversion were dependent upon the feed of styrene; 
for instance, the higher the feed of styrene, the higher is the content of styrene units. In 
contrast, a locus of convex curve was drawn for the conversion, in which a maximum 
is shown at 1.5 mol/kg-rubberstyrene-feed. This suggests that the most significant 
feed of styrene is 1.5 mol/kg-rubber in the case of graft-copolymerization of styrene 
onto DPNR with tert-butyl hydroperoxide of 3.3×10-5 mol/g-rubber with tetraethylene 
pentamine at 30°C. 
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Figure 6. Conversion and content of styrene for DPNR-graft-PS.

To estimate the grafting efficiency, free polystyrene, which was a mixture present 
in the graft-copolymer, was removed by extraction with acetone/2-butanone 3:1 mix-
ture. The grafting efficiency, ν, was estimated as follows:

ν =
Mole of PS linked to DPNR

Mole of PS produced by reaction
× 100

The estimated value of grafting efficiency of styrene is shown in Figure 7. The 
grafting efficiency was significantly dependent upon the feed of styrene and it showed 
a maximum at 1.5 mol/kg-rubber feed of styrene, as in the case of conversion of sty-
rene. This may be explained to be due to deactivation and chain transfer of the radi-
cals. At 1.5 mol/kg-rubber feed of styrene, almost all polystyrene, thus produced, was 
proved to link up to natural rubber as a grafting polymer.

Figure 7. Grafting efficiency for DPNR-graft-PS.
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morPholoGy oF NaNomatriX struCture

Recently, a serious problem on TEM images was suggested by Jinnai and co-workers, 
on the basis of computer simulation and observation of the phase separated structure 
of a block-copolymer through transmission electron micro-tomography, TEMT (Kato 
et al., 2007). The transmitted electron beam throughout an ultra-thin section made an 
apparent two-dimensional image, different from a real object, because of a thickness 
of the section (Kaneko et al., 2005; Kawaseet al., 2007). In other words, the TEM 
image is just a projection of three-dimensional entity; hence, structural information 
along a beam-through direction, perpendicular to the plane of the specimen, that is, 
Z-direction, may be lost. To obtain the real image of the phase separated structure, 
therefore, we must perform the three dimensional observation for the nanomatrix 
structure. The three dimensional image is made by stacking tomograms reconstructed 
from a series of tilted transmitted two dimensional images, which are taken by TEM. 
Although a resolution along the Z-direction is known to be less than that in the speci-
men plane, we may recognize the real structure through the Z-direction. Furthermore, 
we have to take a notice of a diameter of the dispersoid of the nanomatrix structure, 
which is about a micro-meter in diameter. Since, the thickness of the ultra-thin section 
is less than several hundred nm, the three-dimensional image is not obtained for the 
nanomatrix structure as long as we adapt TEMT; that is, the TEMT image is similar 
to the two-dimensional TEM image. To observe the nanomatrix structure in a range of 
nano-metric scale and micro-metric scale, thus, we have to apply not only TEMT but 
also recently proposed dual beam electron microscopy, that is field-emission scanning 
electron microscopy equipped with focused ion beam, FIB-SEM (Beach et al., 2005; 
Brostow et al., 2007; Kato et al., 2007). Using these techniques, we shall investigate a 
relationship between the properties and three-dimensional structure for the nanomatrix 
structured material.

After alignment of the observed images of surfaces of DPNR-graft-PS, which 
were sliced with the focused ion beam at each 102 nm interval, a three-dimensional 
image was made for the nanomatrix structure, as shown in Figure 8. Since the sur-
faces were completely flat, without damage or void, we successfully constructed the 
three-dimensional image of the nanomatrix structure in micro-metric scale. At this low 
magnification, the brighteach other in all directions. The natural rubber particles were 
positively confirmed to be dispersed into the nanomatrix of polystyrene.

The TEMT observation at high magnification makes possible to investigate the 
matrix, precisely. The three-dimensional TEMT image is shown in Figure 9. A curva-
ture of the natural rubber particles was well-shown in the image, in spite of a limitation 
of thickness of the ultra thin section, that is about 100 nm. The natural rubber particles 
of various dimensions were randomly dispersed in the polystyrene matrix, reflecting 
a broad distribution of the particle dimension, that is 50 nm–3 µm in volume mean 
particles diameters (Kawahara et al., 2001). The three-dimentional image reveals not 
only the connected matrix but also it defect, at which rubber particles are fused to each 
other.
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Figure 8. FIB-SEM image of DPNR-graft-PS with the nanomatrix structure before annealing. After 
aligning the observed surfaces sliced with the focused ion beam at each 102 nm interval, a three-
dimensional image in micro-metric scale was made for the rubber with nanomatrix structure. Box 
size of the three-dimensional image is 6045 nm, 4123 nm and 5000 nm in X, Y, and Z directions, 
respectively.

Figure 9. Three-dimensional TEMT image. To focus on the nanomatrix, the film was stained with 
RuO

4
 and the matrix was colored in the image; hence, transparent domains represent natural rubber 

and light yellow domains represent polystyrene. A mirror image indicates a three-dimensional 
picture. Scale bar shows 1 mm. Box size of the three-dimensional image is 3740 nm, 3740 nm, and 
472 nm in X, Y, and Z directions, respectively.
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In order to focus on the defect to understand a reason why the dramatic increase in 
the plateau modulus occurs after annealing the rubber with the nanomatrix structure, 
we made the three-dimensional image of the nanomatrix at extremely high magnifi-
cation. Figure 10 and Figure 11 show the three-dimensional TEMT images of nano-
matrix structure before and after annealing the rubber with nanomatrix structure at 
130°C, respectively. The image of a through view in Figure 10 apparently showed the 
connected nanomatrix before annealing. However, the edge views revealed that a part 
of the nanomatrix was disconnected; that is, many lumps of granular polystyrene gath-
ered to form the nanomatrix structure. A distance between the polystyrene-granules 
was less than several nm, suggesting a flocculation of the granules. In contrast, after 
annealing, the granules were partly fused to each other (Figure 11). Thus, the anneal-
ing may bring about the connected nanomatrix. 

Figure 10. Orthogonal cross-sectional views and three-dimensional TEMT image of the rubber with 
the nanomatrixstructure. Box size is 289 nm, 434 nm, 65 nm, where dark domains represent natural 
rubber and bright domains represent polystyrene. In a XY through view, the nanomatrix is confirmed 
to be about 15 nm in thickness, which is disconnected to each other in XZ and YZ edge views. 
The three-dimensional TEMT image reveals that a part of the matrix was connected to each other, 
whereas the other was disconnected, before annealing.
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Figure 11. Orthogonal cross-sectional views and three-dimensional TEMT image of the rubber with 
the nanomatrixstructure after annealing at 130oC. Box size is 362 nm, 362 nm, 139 nm, where dark 
domains represent natural rubber and bright domains represent polystyrene. In a XY through view, 
the nanomatrix of about 15 nm in thickness is shown to be connected each other. XZ and YZ edge 
views reveal that the thin nanomatrix is connected to each other after annealing. We may see the 
fused nanomatrix in three-dimensional TEMT image.

ProPerties oF Natural ruBBer With NaNomatriX struCture

elastic Property of Natural rubber
A storage modulus at plateau region (plateau-modulus) versus frequency for natural 
rubber, the rubber with the nanomatrix structure (DPNR-graft-PS) and the rubber with 
the island-matrix-structure is shown in Figure 12. The value of the plateau-modulus 
of natural rubber was about 105 Pa, as in the case of that reported in the literature 
(Roberts, 1988). When the nanomatrix structure was formed in natural rubber, the 
plateau-modulus of the rubber increased about 10 times as high as that of natural 
rubber. In contrast, the plateau-modulus increased a little, about 1.3 times, when the 
island-matrix-structure was formed in natural rubber. The 1.3 times increase in the 
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338 Natural Polymers, Biopolymers, Biomaterials, and Their Composites, Blends, and IPNs

plateau-modulus is the same as an ideal increase of 1.3 times estimated from the mod-
uli of natural rubber and polystyrene by the following expression (Takayanagi, 1966);

1
(1 )PS NR PS

E

E
E E E

s g

l l
f f

=
ì üï ï-ï ï= +í ýï ï+ -ï ïþî

where λ and φ represent volume fractions of the fragments in series and parallel mod-
els, respectively, and Ei is a storage modulus of i component, that is, ENR=105 Pa and 
EPS=109 Pa. The large increase in the plateau-modulus is an advantage of the nano-
matrix structure, compared to the island-matrix structure, in which a ratio of natural 
rubber to polystyrene is the same, that is, about 90:10. We find a further increase 
in the plateau-modulus of the rubber with nanomatrix structure after annealing it at 
130°C, above glass transition temperature of polystyrene. The 35 times increase in 
the plateau-modulus is a remarkable virtue characteristic of the nanomatrix structure.

Figure 12. Storage modulus at plateau region versus frequency for (A) natural rubber, (B) DPNR-graft-
PS (PS: ca 10%) with island-matrix structure, (C) DPNR-graft-PS (PS: ca 10%) with the nanomatrix 
structure annealed at 30oC and (D) DPNR-graft-PS (PS: ca 10%) with the nanomatrix structure 
annealed at 130oC. The plateau modulus characteristic of the rubbery material increased a little 
with the island-matrix-structure and dramatically with the nanomatrix structure, respectively. As for 
the nanomatrix structured material, the plateau modulus increased about 35 times as high as that of 
natural rubber, after annealing it at 130oC.

Figure 13 shows a plot of loss tangent, tand, versus frequency at plateau regain. 
The value of tand of natural rubber was in a range of 0.1 to 0.15, as in the case of lit-
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erature value (Roberts, 1988). When we form the nanomatrix structure, the tand of the 
product increased dramatically at high frequency region but a little at low frequency 
region. After annealing the product at 130°C, the tand increased significantly over 
whole frequency range at plateau region. This may be explained to be due to the well-
connected nanomatrix at 130°C but less-connected one at 30°C. Thus, the product 
was proved to accomplish not only high storage modulus but also outstanding loss 
modulus, where tand is a ratio of loss modulus to storage modulus. The difference in 
the storage modulus and loss tangent at the plateau region must come from a change 
in the morphology.

Based upon the three-dimensional observation at low and extremely high mag-
nifications, the 10 times increase in the storage modulus may be associated with the 
flocculation of the polystyrene-granules to form the nanomatrix structure, which is 
distinguished from the isolated dispersoid in the island-matrix structure. The less than 
several nano-metric spaces between the granules in the nanomatrix enable them to 
interfere to increase the storage modulus. The further increase in the plateau-modulus, 
that is 35 times, may be explained to be due to the connected nanomatrix after anneal-
ing. In an ordinary circumstance, the minor hard-component in the multi component 
system, consisting of hard and soft components, is known to become the island phase 
in the island-matrix-structure for polymer blends or block- and graft-copolymers. In 
this case, little increase in the modulus is anticipated for the multi component systems. 
In contrast, it is difficult to form co-continuous structure for the natural rubber/poly-
styrene 90:10 blend. Only by forming the nanomatrix of the minor component, we will 
create tough, functional materials, which we have never seen.

Figure 13. Loss tangent at plateau region versus frequency for (A) natural rubber, (B) DPNR-graft-PS 
(PS: ca 10%) with the nanomatrix structure annealed at 30oC and (C) DPNR-graft-PS (PS: ca 10%) 
with the nanomatrix structure annealed at 130oC. The loss tangent increased at high frequency region 
after forming the nanomatrix structure, and it increased significantly after annealing it at 130oC.
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electric Property of Natural rubber
Figure 14 shows TEM images for (a) DPNR-graft-PS-1.5, (b) DPNR-graft-PS-4.5 
and (c) DPNR-graft-PS-5.5. The ultra thin sections of the DPNR-graft-PS-1.5, the 
DPNR-graft-PS-4.5 and the DPNR-graft-PS-5.5 were stained with OsO4, in which 
the bright domains represent polystyrene and the dark domains represent natural 
rubber. As for the DPNR-graft-PS-1.5, the natural rubber particles of about 1 µm in 
average diameter, ranging from 50 nm to 3 µm in volume mean particle diameter, 
were well dispersed in polystyrene matrix of about 15 nm in thickness. In contrast, 
for the DPNR-graft-PS-4.5 and the DPNR-graft-PS-5.5, the natural rubber particles 
of about 1 µm in average diameter were dispersed intouncontinuous matrix of con-
densed polystyrene particles of about 60 nm in diameter that are densely close to each 
other in the matrix. On the other hand, Figure 14 (d) shows TEM imagesfor thesul-
fonated DPNR-graft-PS-5.5, which was prepared bysulfonation of the DPNR-graft-
PS-5.5 (32 wt% polystyrene) with 0.8 N chlorosulfonic acid. The ultra thin section of  

Figure 14. TEM images for (a) DPNR-graft-PS-1.5, (b) DPNR-graft-PS-4.5 (c) DPNR-graft-PS-5.5 and 
(d) DPNR-graft-PS-5.5 sulfonated with 0.8 N chlorosulfonic acid 30 °C for 5 h. The ultra thin sections 
of about 100 nm in thickness for (a) DPNR-graft-PS-1.5, (b) DPNR-graft-PS-4.5 (c) DPNR-graft-PS-5.5 
were stained with OsO

4
 at room temperature for 3 min, in which gloomy domains represent natural 

rubber and bright domains represent the PS. On the other hand, the ultra thin section of about 100 
nm in thickness for (d) sulfonated DPNR-graft-PS-5.5 was stained with RuO

4
 for 1 min, in which 

bright domains represent natural rubber and gloomy domains represent the PS.
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hesulfonated DPNR-graft-PS was stained with RuO4, in which the bright domains rep-
resent the DPNR and the gloomy domains represent polystyrene. The sulfonation of 
DPNR-graft-PS-5.5made connecting the PS particles to form completely continuous 
nanomatrix, since the PS particles were dissolved into chloroform before sulfonation 
with chlorosulfonic acid, but the DPNR particles were not due to three-dimensional 
network structure. Thickness of the connected nanomatrix is about 80 nm, reflecting 
that several PS particles of about 60 nm in diameter fuse to each other after sulfona-
tion. A volume fraction of the resulting sulfonated PS is estimated by image-analysis 
to be about 35 vol% in the sulfonated DPNR-graft-PS-5.5. The estimated value of 
the volume fraction is quite similar to 36 vol% of fed styrene for graft copolymeriza-
tion, as expected from more than 90 mol% conversion and about 80 mol% grafting 
efficiency of styrene.

Figure 15 shows solid state 13C CP/MAS NMR spectra for (a) DPNR-graft-PS-5.5 
and (b) DPNR-graft-PS-5.5 sulfonated with 0.8 N chlorosulfonic acid. As for the 
DPNR-graft-PS-5.5 (Figure 15 (a)), signals at 23.4 (5), 26.5 (6) and 32.4 (7) ppm in 
aliphatic region are assigned to methyl and methylene carbon atoms of cis-1,4-iso-
prene units, whereas the signals at 125.2 (9) and 134.8 (10) ppm in olefinic region are 
assigned to C=C of cis-1,4-isoprene units. Furthermore, three signalssignals appeared 
at 40.0 (8), 127.1 ppm (11) and 145.7 ppm (12), respectively, which are assigned to ali-
phatic carbon of methylene group and aromatic carbons of styrene unit, respectively. 

After sulfonation, signals characteristic of DPNR and PS disappear, whereas broad 
signals spectrum appear to overlap to each other in aliphatic region and new signal 
appears in olefinic region, as shown in Figure 15 (b). The new signal at 139.5 ppm (3) 
in Figure 15 (b), appears after sulfonation, which overlapped with the signals at 127.2 
(2) and 149.4 (4) ppm. According to the previous literatures (Kawahara et al., 2003), 
the signal at 139.5 ppm (3) is assigned to aromatic carbon substituted with sulfonic 
acid group, whereas the broad signals in aliphatic region ranging from 10 ppm to 40 
ppm were assigned to methyl and methylene carbons of cyclized cis-1,4-isoprene units 
(Patterson et al., 1987). Therefore, the overlapped broad signals, marked as no.5 in 
Figure 15 (b), are explained to be due to the cyclization of DPNR, which is supported 
by a dramatic increase in glass transition temperature, Tg, and gel content (Table 2). 

Electrochemical properties of the sulfonated DPNR-graft-PS are summarized in 
Table 2. A conversion of the sulfonation, estimated from a sulfur content (mol%) of 
the sulfonated DPNR-graft-PS-5.5, is 75 mol% at 0.8 N chlorosulfonic acid. The value 
of the ion exchange capacity (IEC) of the sulfonated DPNR-graft-PS-5.5 is 2.4 meq/g 
at 75 mol% sulfur content, which is larger than the value of the IEC of sulfonated PS, 
itself, and Nafion®117. On the other hand, the value of the proton conductivity of the 
sulfonated DPNR-graft-PS-5.5 was 9.5 × 10-2 Scm-1 at 75 mol% sulfur content, which 
was about third as large as that of the sulfonated PS. The large values of the IEC and 
the proton conductivity may be attributed to the formation of the nanomatrix structure 
as a channel for the ion-transpotation, since the well-connected nanomatrix of the sul-
fonated PS is formed between the cyclized DPNR particles. 
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Figure 15. 13C CP/MAS NMR spectra for (a) DPNR-graft-PS-5.5 and (b) DPNR-graft-PS-5.5 sulfonated 
with 0.8 N ClSO

3
H.

The water uptake of the sulfonated DPNR-graft-PS-5.5 at 75 mol% sulfur content 
was 1/15 times as low as that of the sulfonated PS. It was comparable to the water 
uptake of Nafion®117. This may be explained to be due to an effect of the nanomatrix. 
The nanomatrix structure was found to play an important role in not only the excellent 
proton conductivity but also less water uptake, which were necessary for the proton 
conductive polymer electrolyte. 

table 2. T
g
, sulfur content, and electrochemical properties of sulfonated DPNR-graft-PS, sulfonated 

PS and Nafion®117.

Sample name Tg°C Gel content 
wt%

Sulfur  
content wt%

IEC meq/g Conductivity 
S/cm

Water 
uptake wt%

Sulfonated DPNR-
graft-PS 0.8 N

140.6 90.4 75 2.43 9.5 × 10-2 24.3

Sulfonated PS – – – 1.50 3.2 × 10-2 340.0

Nafion®117 169.2 90.6 – 1.02 8.0 × 10-2 18.6

CoNClusioN

Natural rubber with the nanomatrix structure was found to possess the outstanding 
viscoelastic properties and the excellent proton conductivities. Natural rubber with 
the nanomatrix structure was prepared by graft-copolymerization of styrene onto 
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DPNR. The increases in storage modulus (G′) for the DPNR-graft-PS-1.5 and the 
DPNR-graft-PS-4.5, which were about 10 and 100 times as high as that of natural 
rubber, were attributed to the formation of nanomatrix structure. After sulfonation of 
the DPNR-graft-PS-5.5, the values of the proton conductivity and water uptake was 
9.5 × 10-2 and 24.3 wt%, which were higher than those of the sulfonated PS itself and 
corresponded to the commercial proton conductive polymer electrolyte. 

KeyWords

 • deproteinization

 • deproteinization

 • Nanolayer

 • Nanomatrix

 • Proteolytic enzyme
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semi-crystalline structure, 74
water concentration, 74

Biodegradable polymer, microbial origin
natural plastic

aliphatic polyesters, 47
cellulose based, 47
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polylactic acid (PLA), 47
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physical characteristics, 45
plastics production, 45
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methods, 210
nanoclays, 207

agglomerates, 208–209
fluidization, 209
oxygen barrier properties, 210
particle size, 208
SEM images of, 209
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water contact angle and surface energy, 
211
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properties of, 65
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65
sources, 65

Biosynthesis of PHB
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enzymatic mechanism, 55
groups, 55
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production, biological pathway, 56

Blood-brain barrier (BBB)
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C
Cashew nut shell liquid (CNSL), 247
Castor oil, magnetic nanocomposites

alkyd resin production
aromatic deformation, 256
biodiesel production reaction, 253, 
254
castor oil, 253
characteristic bands, 255, 256
FTIR spectra of, 255
polymerization reaction, 254
triglycerides, 253

analyzed factors, 249
CNSL, 247
composite production

characteristic bands of, 257
FTIR spectra of, 257
magnetic force, 257, 258, 259
matrix and filler, 257
oil removal capability, 260–262
rigid polymer structures, 259
SAXS of, 259
schematic proceeding, 256
Scherrer equation, 257
studied factors, 257, 258

design technique, 249
maghemite nanoparticles production

AFM micrograph of, 250, 251
diameters of, 250–251
effects of studied factors, 252
magnetic behavior, 249
magnetic force, 251–252, 253
magnetic force and size of particles, 
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scheme of, 249
WAXS/SAXS measurements, 250

magnetic materials, 247
oil removal testing, 260
petrochemical sources, 247
petroleum devastating impacts, 247, 
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source of cardanol, 247, 248
transesterification process, 247

Catalytic complexes and electrostatic com-
plexes, HA and HAase
atypical curve, 137
atypical shape, 137

BT-HAase concentration, 134
diffusion rate, 135
electrophoretic method, 136
initial hydrolysis rates, 133, 134–135, 
137–138
ionic strength level, 134–135
isoelectric point, 136
kinetic experiments, 136
lysozyme (LYS), 136
model enzyme, 133
physiological-type ionic strength, 138
polyanion and polycations, 136
polyelectrolytes, 136
Reissig method, 133
substrate-dependence curves, 133, 134, 
137
testicular type, 133
turbidimetric method, 136

Cellulose fiber reinforced poly(lactic acid) 
(PLA) composites
anhydride maleic acid (MA), 182
biodegradable materials, 181
characteristics

fiber, 185
long-fiber measuring mask, 183
relative humidity, 183
slide frame, 183
tensile strength, 183

composite characteristics
influence of semi-finished product, 
185–187
kenaf fiber, 194–195
lignin treatment, 187–192
modified process parameters, 
192–193
morphological examinations, 
184–185
pendulum length and size, 184
tensile strength, 184
testing speed, 184

composite production
compression moulding techniques, 
184
Eukalyptus globulus, 184
Fehrer needle felt machine, 184
multilayer webs / needle felts, 
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needle-punching density, 184
needling density, 184

coupling agent, 182
fermentation process, 182
fiber/matrix interactions, 183
fiber surface treatments, 182
force-elongation characteristics, 181
lactide ring opening polymerization, 
182
lyocell fibers, 181
lysine-based diisocyanate (LDI), 182
man-made fibers, 181
mechanical characteristics, 182
retted kenaf fibers, 183
surface treatments, 182
tensile strength, 181
uses, 182
wet fiber formation process, 181
Young’s modulus, 182

Cellulose fibers and biopolymers
applications, 161
bacterial (BC), 162
cellulose-chitosan nanocomposites 
films, 163, 164

applications, 165
nanofibrillar network, 164
NFC and BC network, 164
optical transparency, 165
practical application of, 164
thermal stability, 164–165
thermo-mechanical and mechanical 
properties, 164

cellulose-starch composites
acid hydrolysis, 165
applications, 166
gelatinization process, 165
hot-pressing, 165
modulus and tensile strength, 166
morphology, 165
thermal stability, 165

chitosan (CH), 163
conventional, 161
mechanical properties, 161
micro/nanofibrillated, 161
nanofibrillated cellulose (NFC), 161
polymerization and crystallinity, 162
reinforcing agent, 162

starch, 162, 163
thermo-mechanical and mechanical 
properties, 164
thermoplastic starch (TPS), 162
uses of, 162
vegetal, 161–162
visual and SEM micrographs of, 
161–162

Cellulose nanowhiskers
chemical composition, 199
crystallinity index, 203
degradation behavior, 206
degree of crystallinity, 204
diameter and length, 198
esterification of, 198
functional groups, 199
Hibiscus cannabinus (Kenaf), 197
hydrolysis, 197–198
morphology of, 199, 200
peak intensity, 303
preparation of, 199
reinforcing element, 199
TEM image of, 202, 203
thermal stability, 199–200, 206

Chitin
molecular weight, 25
natural biopolymer, 25
potential applications, 25

Chitosan and derivatives
adsorption isotherms models

equilibrium concentration, 12
equilibrium parameter, 12
Freundlich model, 12–13
Langmuir model, 12
liquid phase sorption system, 12
Redlich–Peterson equation, 13

alkaline deacetylation process, 1
blends, 33–34
carbonyl containing derivatives, 8

adsorption capacity, 9
cinnamoyl chloride and cinnamoyl 
isothiocyanate, 10
equilibrium data, 10
isothermal behavior, 9
Langmuir isotherm model, 9
techniques, 9
vanilin-based ligand, 8–9
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characteristics of, 1
chelating ability, 2
chelating agents

atomic density, 3
coagulation-flocculation processes, 3
environmental pollution, 3–4
medicament/nutriment, 2
metal complexation, 2
soft acid–base theory, 3
sorption kinetics, 3
transition metal, 2
wastewater treatment, 2–3

chemically modified derivatives
adsorption behavior, 10
alkaline-earth metals, 10
catechol-type, 10
chloromethyloxirane (CMO), 10
ionophores, 11
Langmuir equation, 11
sorption efficiency, 11–12
transition and rare-earth metals, 10

chemical modifications, 29
chitosan-phosphate derivatives

coagulation/neutralization effect, 7
Langmuir isotherm model, 7
pseudosecond order kinetic model, 7

composites of, 32–33
cross-linked, 30–31
degree of deacetylation, 25
derivatives, 29–30
EDTA/DTPA-modified derivatives, 7

adsorption efficiency, 8
intraparticle diffusion, 8
plasma–mass spectrometry, 8
sample pretreatment method, 8
transition metals, 8

electrostatic attraction, 2
grafted, 31–32
hetero biopolymer, 1
kinetic models

diffusion rate constant, 14
equilibrium rate, 13–14
integral equation, 13
intra-particle diffusion, rates of, 14
mass transfer resistance, 14
pseudo-first-order, 13

medical applications, 2

metal ion adsorption
acidity of, 5
equilibrium data, 6

kinetic parameters, 6
Langmuir isotherm, 6
mass transfer, 6
pseudo-second order exothermic spon-
taneous reaction, 5

schematic representation of, 5, 6
Schiff’s base, 5, 6
wastewater treatment, 7

metal ion uptake
adsorbents, 4–5
adsorption selectivity, 4
cross-linking method, 5
crown ether resins, 4
elemental analysis, 4
structure of (CTS-B15) and (CTS-
B18), 4

metal uptake capacity, 1
molecular weight, 25
multiple modifications, 30
physical modifications

chitosan beads, 27–28
fibers, 29
flakes, 28
hollow fibers, 29
membrane, 28

polymerization and deacetylation, 1
potential applications, 25
structure of, 1
wastewater treatment

amine groups, 25
binding ability, 25, 26
binding mechanism, 26
solid sorbent, 25
spectrometry measurements, 26–27

Chitosan composites, biomedical applica-
tions
alginate, 20–21
aminopolysaccharide, 16
antimicrobial activity, 16
Bombyx mori, 15–16
fibrous protein silk, 18–20
functional properties, 15
hemostatic agents, 15, 17
hydrogel properties, 16
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natural silk fiber, 15
neovascularization, 16–17
oligomeric derivatives, 18
permeability and blood compatibility, 
18
pharmaceutical applications, 15
silk fibroin (SF), 15
uses, 16–17

Collagen, anionic polysaccharides
alginic acid (AA), 169, 170
applications, 169
binding energy calculation

AutoDock software, 175, 176–177
bioinformatics tools, 175, 176
bond distance, 175
docking study, 174
gencollagen program, 174–175
hydrogen bond, 175

body protein, 169
cationic polysaccharides, 170
cros-linked biopolymer material, prepa-
ration of

chemical modifications, 174
covalent linkage, 173
degree of cross-linking measure-
ments, 172
FT-IR spectral details, 172–174
polymer sheets, 172
polypropylene plate, 172
solution concentration, 172
thermal stability, 174
weight loss of AA, 172

cros-linking mechanism, chemistry
concentration of AA, 177–178
covalent bonding, 178
covalent linkages, 178
degree of cross-linking, 178–179
ester formation, 177
multiple hydrogen bonding, 178
schematic representation, 177
thermal analyses of, 177

degree of cross-linking, 169
denaturation temperature, 169
extraction and reconstitution of type I, 
170

α-chains, 171
molecular profile, 171

family of, 169
glutaraldehyde monomer, 169–170
sodium alginate, 170
tensile strength measurements, 204
thermal stability, 169
type I and III, extraction of reconstitu-
tion of, 169

flow chart, 170, 171
molecular profile, 171

Collagen-based tissue engineering
artificial constructs, 213
aspects of, 213–214
autologous transplantation, 213
bacterial collagen-like protein, 226
bioactive molecules, 225–226
conduction and polarization mecha-
nisms, 225
dielectric properties, 225
dynamic viscoelastic measurements, 
225
extracellular matrix (ECM), 213
hybrid scaffolds, structure and proper-
ties

cross-linking effect, 220–225
mechanical strength and biodegrad-
ability, 217
substitutes of dura mater, 217–220

neural tissue engineering, 226–228
parallel-oriented nano and micro-diam-
eter fibrils, 216–217
polymer selection for scaffold, 214–216
tissue regeneration, 213

Composite characteristics
influence of semi-finished product

Charpy impact strength, 185
degree of compaction, 186
heat conductivity, 186
kenaf PLA, 187
mechanical characteristics, 186
reinforcement effects, 186
tensile fractured surfaces, SEM 
micrographs of, 186, 187
tensile strength, 185–186

kenaf fiber
admixture of, 195
applications, 194
bast fiber, 194
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Charpy impact strength of, 194
tensile strength of, 193

lignin treatment
Charpy impact strength, 187, 191
compatibility, 187
compression molding technique, 187
fiber diameters, 188
fragment lengths, 191, 192
interfacial interactions, 191
mechanical characteristics, 187, 189
multilayer web reinforced PLA com-
posites, 187, 188
single fiber fragmentation test, 191
tensile fractured surface, 188
tensile strength, 187, 188, 189
Young’s modulus, 187, 189–190
modified process parameters

Charpy impact strength, 193
compression molding techniques, 
193
compression molding time, 192
processing parameters, 192, 193
suboptimal process parameters, 192

morphological examinations, 184–185
pendulum length and size, 184
tensile strength, 184
testing speed, 184

F
Fibrous protein (silk)

biocompatibility and functionality, 19
biological applications, 19
Bombyx mori, 18
mechanical properties, 19
oxygen permeability, 20
silk fibroin (SF), 18, 19, 20

G
Gamma aminobutyric acid (GABA), 95
Glycidyl methacrylate (GMA), 115–116, 

123

H
HAases

in cancer
brain metastases, 147
enzymatic activity, 148

foetal calf serum immunoglobulins, 
148
human breast carcinomas, 147
human glioblastoma, 149
hyaluronectin (HN), 148–149
lung carcinoma cell line, 147
metastasis, 149
metastatin, 149
neovascularization, 147
proteoglycan, 149
proteoglycan versican, 148
substrate-dependence curve, 147, 
148
tumors, 147

catalytic complexes and electrostatic 
complexes, 238–138
categories, 132
characterization and use

electrostatic complex formation, 143
enzymatic activity, 143
human testicular, 145
ionic strength, 144
kinetic curves for initial hydrolysis 
rates, 144, 145, 146
pH-dependence curves, 144
preparations, 146
spreading factor, 146
turbid metric method, 144
ultra filtration method, 146

detection and quantification
electrostatic complex formation, 143
enzymatic activity, 143
ionic strength, 144

enhancement and suppresion, polyca-
tions and polyanions

activation effect, 140
BSA-dependence curves, 138–139, 
141, 142
domains of curve, 138–140
electrostatic complexes, 138
heparin, 143
initial hydrolysis rate, 142
LYS-dependence curve, 141, 142
poly-L-lysine-dependence, 142
serum proteins effects, 140
types of electrostatic complexes, 143

hydrolysis of HA, 132–233
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testicular-type, 132
Hyaluronan (HA)

biological functions, 129, 130, 131
biophysicochemical properties, 129
in cancer

brain metastases, 147
enzymatic activity, 148
foetal calf serum immunoglobulins, 
148
human breast carcinomas, 147
human glioblastoma, 149
hyaluronectin (HN), 148–149
lung carcinoma cell line, 147
metastasis, 149
metastatin, 149
neovascularization, 147
proteoglycan, 149
proteoglycan versican, 148
substrate-dependence curve, 147, 
148
tumors, 147

catalytic complexes and electrostatic 
complexes, 133–138
chemical structure of, 129, 130
concentration range, 129
energy-absorbing properties, 130
extra-cellular matrix (ECM), 129
genes, 132
glycosaminoglycan (GAG), 129
HAases enzymes, 132–133
as hyaluronic acid, 129
kinetic behavior, 133
lubricant, 130
medical and aesthetic applications, 129
molar mass, 131
pathological conditions, 131
polydipersity, 130
synovial fluid, 130
synthesis and catabolism, 131–132
testicular-type HAases, 132
tumoral hyaluronidase, 129
viscoelastic behavior, 130
viscosity of, 131
water homeostasis, 130

Hybrid scaffolds, structure and properties 
of natural tissues
cross-linking effect

biomaterials, 217

biomedical application, 222
characterizations of porous structure, 
224
collagen-based material, 221
covalent attachment of HA, 223
density and pore size of, 224
endothermal peaks, 222–223
mechanism, 221, 223
mutual recombination, 222
osteochondral defect repair, 222
radiation method, 220
schematic description of products 
radiolysis, 221
spatial cellular organization, 224
structure of free radicals, 221
thermograms of, 222
triple helix conformation, 223
water radiolysis, 222

mechanical strength and biodegradabil-
ity, 217
substitutes of dura mater

after operation, 218, 219
collagen, 218
collagen abdominal wall defect, 218, 
220
cross-linking agent, 218
DuraGen®, 218
evaluation, 218
injury of, 217
key features, 218
large hernias on disqualified, 218, 
219
myclomeningocele, 218, 220
radiation technique, 220
repair, 217–218
surgical treatment, 218

I
In situ and pre-grafted polymer technique. 

see also Bamboo fiber reinforced PE 
composites
glycidyl methacrylate (GMA), 115–116, 
123
LLDPE matrix, 122
matrix phase, 122
morphology, 121–122
SEM photographs of, 122

Index 415

Ap
pl

e 
Ac

ad
em

ic
 P

re
ss

 

Au
th

or
 C

op
y



416 Natural Polymers, Biopolymers, Biomaterials, and Their Composites, Blends, and IPNs

tensile properties, 120–121

J
Jute/polyester composites

catalyst and filler, 126
fabric treatment, 126
fiber reinforced plastics (FRP), 125
filler content effect, 128
flexural properties, 127
hand lay-up method, 126
Hessian cloth, 125, 126
hydrophobic matrix, 125
ILSS and izod impact strength, 
127–128
isophthalic polyester, 126
mechanical properties, 125
mechanical testing, 126
moisture absorption, 128
natural fibers, 125
polyester resin, 126
surface treatment methods, 125
tensile properties, 127
thermoplastics matrices, 126
water absorption, 127

K
Kenaf fiber

chemical composition, 199
alkali and bleaching treatments, 200
α-cellulose, 200
hemicelluloses and lignin, 200
optical micrographs of, 200, 201

chemical treatments, 201–202
crystallinity

analysis, 199
index, 203

FTIR spectra of, 201
morphological analysis

acid hydrolysis of, 202
bleaching process, 202
defibrillation, 202
diameter, 202

thermal degradation
decomposition temperature, 
205–206
TG and DTG curves of, 204, 205

L
Lipid A-phosphates self-assembly

aqueous dispersion, 279
biomineralization, 284–285
bowel syndrome patient, 277
Bragg reflections, 280–281
cellular levels, 277, 278
cellular networks, 282
chemical instability, 285
chemical structures of, 276
colloidal clusters, 279
cubic mimicry

Bragg scattering, 288
chemical and physical data, 288
chemical composition, 277
coded subunit, 287
colloidal crystal of, 290–291
dodecagonal quasicrystals, 288
electron density core, 291
icosahedron, 289
monoclinic structure, 289
non-crystallographic packing, 289
polyhedra deformations, 291
Wigner-Seitz polyhedra, 289
Wyckoff positions, 289

dispersions, concentration of, 287
dodecahedral quasicrystals, 275
E.coli autovaccines, 275, 277
endotoxicity

and pyrogenicity, 278
and TNF induction, 278–289

equimolar concentrations, 279
free-energy expression, 286
gene therapy, 275
glass phases

crystallization, 283–284
diagram for, 283
effects, 283–284
loss of ergodicity, 282
oupling theory, 283
phonon frequency, 283
polydispersity, 284
repulsive glass, 283
role in, 282
spherical symmetric potential, 283
structure factors, 283
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homogeneous curvature, 282
inflammatory cytokines, 280
ionic strength, 279
Kelvin’s minimal polyhedra, 282
lipopolysaccharides (LPS), 276
lyotropic materials, 275
molecular weight, 279
packing-particle fraction, 287
periodicities, 275
pharmaceutical formulations, 275
phases, 275
purification steps, 278
segregation of domains, 276–278
self-screening implying, 287
solution structure of, 285
space-filling packings, 281–282
surface charge density, 286
TEM images of, 286
tetrakaidodecahedra packing, 282
tumor necrosis factor (TNF), 276
volume fraction, 280

M
Magnetic biofoams in oil spill cleanup 

processes
biodiesel

and glycerin, 264, 265
production, 264

biofoams production, 265, 266
Brazilian’s resources, 264
chemical and physical properties, 264
composition of, 265, 266
devastating impacts, 263
dispersants and surfactants, 263
glycerin source, 264
Kraft process, 265
magnetic force

magneto center and sample, 271, 
272
parameter values, 271

nanoparticles production, 266–267
oil removal capability

aquatic environments, 272–273
castor oil, 273
empirical model, 272
magnetic attraction, 272

petroleum consumption, 263

production and characterization
angular deformations, 269
axial deformation, 269
bands of, 269
crystallinity degree of, 269, 270
diffractograms of, 269
environmental recovered processes, 
267
FTIR spectra of, 268
Gaussian deconvolution, 270
opened porous volumes, 267, 268
polyurethane resin and maghemite 
nanoparticles, 267
SAXS analysis, 270, 271

Maize–natural fiber
advantages, 38
alkali treated maize fiber, micrograph 
of, 41
chemical constituents, 39
chemical treatment, 41
composite laminates, 38
as corn, 38
cross-sectional view, 40, 41
DTGA curves, 42
fiber structure and properties, 38
industrial applications, 38
lignocellulosic, 40
producing countries, 38
scanning electron micrographs, 40
stalk fibers, 38
stress–strain diagram, 39
styrene, 38
synthetic fibers, 37
TG/DTG curve, 42
thermal properties, 37
thermosetting resins, 37
uses, 38
VARTM processing, 39–40

Maleic anhydride (MA), 113

N
Nanomatrix structure formation

conversion and content of, 332, 333
graft-copolymerization, 332
grafting efficiency, 333
1H-NMR spectrum, 332
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morphology
annealing, 336
FIB-SEM image of, 334, 335
orthogonal cross-sectional views, 
335, 336
phase separated structure, 334
plateau modulus, 336
polystyrene matrix, 334
three-dimensional TEMT image, 
346, 347

signal intensity, 344
styrene, 332

Natural plastic
aliphatic polyesters, 47
cellulose based, 47
PHB and polyhydroxyalkanoates, 
48–49
polyamide 11 (PA 11), 48
polylactic acid (PLA), 47
starch based, 47

Natural rubber, nanomatrix structure
deproteinization

attractive forces, 328
HANR latex, 328, 329
hydrogen bonds, 329
nitrogen content and incubation 
time, 328, 329
proteolytic enzyme, 328
urea concentration, 330–331

deproteinization of
alkaline protease, 326
denaturation of proteins, 327
enzymatic, 326–328
structure of, 328

elastic property
island-matrix-structure, 338, 339
loss tangent, 326–327
plateau-modulus, 337–338
storage modulus at plateau region, 
337, 338

electric property of
electrochemical properties, 341
graft copolymerization, 340
polystyrene matrix, 340
proton conductivity, 341, 342
spectra for, 341, 342
sulfonation, 341

sulfur content, 341, 342
TEM images for, 340

gaft copolymerization, 327
Hevea brasiliensis, 327

Neural tisue engineering
deliver therapeutic factors, 230
neurologic functions, 239
regeneration of lost, 239–230
regeneration of spinal cord nerves, 230
stem cell therapy, 230
therapeutic treatment

axonal regeneration, 231
cell diffusion and proliferation, 
230–231
peripheral nerve regeneration, 221
spinal cord, 221

O
Oriented polypropylene (OPP), 211

P
Parallel-oriented nano and micro-diameter 

fibrils
electrospinning and coaxial electrospin-
ning, 216–217
scaffolds fabrication, 216
ultrasonic fiber splitting, 217

Pectic polysaccharides of fruits
cell wall, 231
characterization of

chemical composition, 236–237
FTIR spectroscopic studies, 238
homogalacturonans (HGs) stretches, 
237
molecular fractions, 237
molecular weight and viscosity, 237
physical and chemical properties, 
236

classification and nomenclature of 
pectic substances

alginic acids, 232
galacturonic acid, 231
groups, 233
hydroxyl groups, 231
polygalacturonate molecule, 231
polyuronic acids, 232
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repeating segment and functional 
groups, 232
rhamnogalacturonan (RG II), 232

as demulcent, 239
extra-protoplasmic entity, 231
fractional changes in developing fruits

apple (Mallus pumilla Mill), 235
citruses (Citrus species) fruits, 234
enzymic and physical mechanism, 
233
guava (Psidium guajava L.), 235
mango (Mangifera indica L.), 
234–235
other fruits, 236
physical properties of, 233
prune fruits, 235
solubilization of, 233, 234

fruit processing application
degree of esterification, 239
gel formation, 239
methoxyl pectin, 238
stabilize acidic protein drinks, 239

healthcare products, 239
pharmaceutical application, 239
somatic cells, 231
structure of pectic substances

alginic acids, 232
galacturonic acid, 231
hydroxyl groups, 231
polygalacturonate molecule, 231
polyuronic acids, 232
repeating segment and functional 
groups, 232

Polar polyester (PEA), 65
Poly b-hydroxybutyrate (PHB), 45–46

application
agricultural, 59
disposable personal hygiene, 59
medical field, 59
packaging, 59
tissue engineering scaffolds, 59

Bacillus megaterium, 48
biodegradable substitute, 48
biosynthesis, 55–56
classes

on carbon chain, 49

on molecular weight, 48
conditions and nutrient sources, for 
production

carbon sources, 52
culture systems, 54
growth phase, 51–52
microorganisms producing poly-
mers, 52–54

detection of
Nile blue staining, 50
Sudan black B staining, 50

growth and production in Pseudomo-
nas, 50–51
growth curve and intracellular accumu-
lation, 50–51
isolation and purification

enzymatic extraction, 58–59
recovery methods, 58
solvent extraction, 58

molecular expressions
animal cells, 57
in bacteria, 56–57
eukaryotic cells, 57
in plants, 57

physical characteristics, 49
physiological role, 50, 51
production from waste material, 54
properties, 49
stereochemical configuration, 48

Polycaprolactone (PCL), 65
Polymer selection for scaffold

cellulose, 215
collagen

advantage of, 215
biocompatibility and biological char-
acteristic, 214
biomedical applications, 214
ECM, 214
mammalian protein, 214
production of, 214
thermo-stability, 215

glycosaminoglycans, 215
materials for, 215–216
methylcellulose (MC), 216

Polymethylmetacrilate (PMMA), 298
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S
Salix viminalis

atomic and molecular dimensions, 102, 
103–104
binary gas mixture separation, 104
bio oil, 109–110
carbon nanotubes (CNTs), 100
chromatography analysis, 101

gas chromatogram, 108, 110
gas separation, 102–103
peaks, 104, 105
separation, 102

composition of liquid condensate, 107
cultivation of, 99
distillate of, 101
fabrication processes, 100
geometric factor, 102
Horvath-Kawazoe theory, 101
intensity of liquid products, 107, 108
micropore analyzer, 101
molecular sieving abilities, 102, 103
molecular sieving effect, 102
neon and krypton, 102
phenolic structures, 110
polyphenols, 109, 110
pore size distribution (PSD), 101

function, Norway maple wood, 106
pyrolysis, 101

biomass, 106–107
renewable resources, 99–100
solvent extraction, 101
thermal treatment, 101
use, 100
volatiles evolution intensity, 107

Silk fibers and unidirectional polymer 
composites
collection of, 79
composites fabrication, 80–81
composites hardness testing, 89
composites, tensile testing of

fiber-matrix interfacial strength, 86
longitudinal average strain, 85–86
longitudinal strength and modulus, 
85
modulus and strain, 86–87
stress-strain curve, 85

transverse loading, stress-strain 
curves, 86

flexure testing of composites, 88
impact testing of composites, 88–89
maleic anhydride grafted polypropylene 
(MAPP), 79
microscopic observations, tensile speci-
mens, 87
polypropylene (PP), 79
reinforcing fibrous, 79
renewable resources, 79
specimen preparation, tensile testing, 79

stress-strain curve, 80
tensile strength, 80
Young’s modulus, 80

surface morphology, 84
tensile testing

alpha and span curve, 81, 83
modulus and strain, 82
slippage portion, 81–82
span length, 81
strain and span, 81, 83
stress-strain curves, 81, 82
tensile properties, 82, 84
tensile strength and strain, 82
tensile stress and span, 81, 83
Young’s modulus and 1/span, 81, 83

thermo-gravimetric analysis (TGA), 84
Spider silk

ampullate glands, 154
ampullate spidroin, 153
dragline, 153
gene loci, 153
glandular lumen, 154
mechanical properties, 153
recombinant spidroins, production of

assembly control, 155–156
Bacillus subtilis, 154
biomedical applications, 155
cytocompatibility studies, 155
Escherichia coli, 154
hollow fiber reactor, 155
lipopolysaccharides (LPS), 154
in mammary glands, 155
Pichia pastoris, 154
proteolysis and solubility, 154
Staphylococcus aureus, 154
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truncations and translation pauses, 
154

solid spidroin structures
applications, 156
biomedical applications, 157
hand drawing, 156
heterogeneous mounds, 156–157
salt leaching methods, 156
scaffolds of, 157
wet spinning, 156

spidroins, 153
spinnerets, 154
types of glands, 153
in vitro applications

cell binding motif, 158
chondrocytes, 157
human chondrocytes, 158
mesenchymal stem cells, 158
native silk, 158
scaffolds, 158
Schwann cells and mouse fibro-
blasts, 157–158
substrate stiffness, 158
tissue engineering, 158

in vivo applications
collagen sponges, 159
egg sac, 159
inflammatory reaction, 159
muscle degeneration, 158
Nephila clavipes, 158
peripheral nerves, regeneration of, 
158
proteolysis, 159
tissue engineering and wound dress-
ings, 159

wound healing, 153
Starch membranes

water in dielectric properties
amioca, 303–304
biomaterial, 303
conductivity measurements, 
308–309
dielectric constant, 304
dielectric loss, 304, 305–307
dielectric measurements, 303
DRS, 303
electrode polarization, 304, 305

frequency maxima, 306
humidity, 304, 305
Maxwell-Wagner-Sillars (MWS), 
307–308
plasticizer, 303
polarization, 303
relaxation frequencies, 307–308
WINFIT software, 304

SUTCO surface treatment concept, 303
Synthetic plastic

families of, 47
types

chemical structure, 46
semi-crystalline plastics, 46–43
thermoplastics, 46
thermosetting polymers, 46

uses, 46

T
T-BFRP composite, tribo performance

betelnut fibers, preparation of
interfacial adhesion, 311
length and diameter, 312
micrographs of, 301–313
trichome, 312, 313

contact conditions, 312
fiber pullout test

loading speed, 314
maximum stress, 314
natural fibers, 316
schematic drawing of, 314
stress/strain diagram, 314, 315

frictional behavior, 312
frictional characteristics, 311
frictional performance

coefficient, 319
sliding distances, 319

interfacial adhesion, 311
natural fiber, 311
optical microscopy images of, 322, 324
polyester matrix, 312
preparation of, 316
roughness average, 322, 323
single fiber pullout tests (SFPT), 311
sliding effect on surface roughness, 
322–324
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thermo-mechanical loading conditions, 
312
tribological experimental procedure

BOD machine, 316
flow rate, 316
frictional forces, 316
sliding velocity, 317
specific wear rate, 317

wear performance of
sliding distance, 317, 318
specific wear rate (Ws), 317–318
thermo mechanical loading, 317

worn surfaces of
dry contact condition, 320
wet contact condition, 321

Tortuous path theory, 212

W
Waste water treatment, chitosan-based 

materials
adsorption, 32–24
chitin, 25
chitosan, 25–27

blends, 33–34
composites, 32–33
cross-linked, 30–31
grafted, 31–32
modifications of, 27–30

industrial wastes, 23
limitations, in using natural materials, 
34
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