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     The environmental impact of persistent plastic wastes is raising general global 
concern, and disposal methods are limited. Incineration may generate toxic air 
pollution, satisfactory landfi ll sites are limited, and recycling methods for com-
mingled waste are expensive and often energy - intensive. In addition, petroleum 
resources are fi nite and are becoming limited. It will be important to fi nd durable 
plastic substitutes, especially in short - term packaging and disposable applications. 
The continuously growing public concern in the problem has stimulated research 
interest in biodegradable polymers as alternatives to conventional nondegradable 
polymers such as polyethylene and polystyrene etc. 

 Several concerns must be addressed prior to commercial use of biobased primary 
packaging materials. These concerns include degradation rates under various 
conditions, changes in mechanical properties during storage, potential for micro-
bial growth, and release of harmful compounds into packaged food products. 
Furthermore, the biopackaging must function as food packaging and meet the 
requirements of particular food products. 

 In Europe, the biopackaging fi eld is regulated primarily by two EU directives: 
 “ Plastic Materials and Articles Intended to Come into Contact with Foodstuffs ”  
(90/128/EEC), with later amendments, and  “ Packaging and Packaging Waste 
Directive ”  (94/62/EEC). Biopackaging often has diffi culties in complying with the 
migration requirements of the directive on  “ Plastic Materials and Articles Intended 
to Come into Contact with Foodstuffs ” . Furthermore, several of the raw materials 
and additives used to produce biopackaging materials are not included in the list 
of approved components. Polymers derived from renewable resources ( “ biopoly-
mers ” ) are broadly classifi ed according to the method of production. This gives 
the following three main categories: 

   •      Polymers directly extracted/removed from natural materials (mainly plants):     
Examples are polysaccharides such as starch and cellulose and proteins such as 
casein and wheat gluten.  
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   •      Polymers produced by  “ classical ”  chemical synthesis from renewable bio - derived 
monomers:     A good example is polylactate, a biopolyester polymerized from 
lactic acid monomers. The monomer itself is produced by fermentation of 
carbohydrate feedstock.  

   •      Polymers produced by microorganisms or genetically transformed bacteria.      

 The best known biopolymer types are the polyhydroxyalkanoates, mainly 
poly(hydroxybutyrates) and copolymers of  hydroxybutyrate  ( HB ) and  hydroxyvaler-
ate  ( HV ). Such copolymers are produced by Monsanto and are better known by 
the generic trade name  “ Biopol2 ” . Polyhydroxyalkanoates function in microorgan-
isms as energy substrates and for carbon storage. 

 Most commonly available natural polymers (category 1 above) are extracted from 
agricultural or forest plants and trees. Examples are cellulose, starch, pectins, and 
proteins. These are cell - wall, plant - storage (starch), or structural polymers. All are 
by nature hydrophilic and somewhat crystalline; all factors may cause processing 
and performance problems. 

 Starch may offer a substitute for petroleum - based plastics. A renewable degra-
dable carbohydrate biopolymer that can be purifi ed from various sources by envi-
ronmentally sound processes, starch, by itself, has severe limitations due to its 
water solubility. Articles made from starch will swell and deform upon exposure 
to moisture. To improve some of its properties, in the past decades a number of 
researchers have often blended starch with hydrophobic polymers in the form of 
petroleum polymers, both to increase biodegradability and to reduce the usage of 
petroleum polymer. 

 Fully biodegradable synthetic polymers, such as  poly(lactic acid)  ( PLA ),  polyc-
aprolactone  ( PCL ), and  poly(hydroxybutyrate - valerate)  ( PHBV ), have been com-
mercially available since 1990. However, these synthetic polymers are usually 
more expensive than petroleum - based polymers and also have slow degrada-
bility. Blending starch with these degradable synthetic polymers has recently 
become a focus of researchers. Advanced research results obtained by many 
scientists have established that blending of starch with poly(vinyl alcohol) and 
ethylene vinyl alcohol   can be used for production of degradable fi lms, and that 
biodegradable plastic substitutes can be produced by blending of starch with 
degradable poly(hydroxybutyrate - valerate) (PHBV). Preparation of new degrada-
ble polymers by blending of starch with degradable polycaprolactone (PCL) was 
the base for commercial trials. Unfortunately the mechanical strength proper-
ties of these blends were very limited. Of these biopolymers, because of its 
biodegradability and tissue compatibility, PLA has been extensively studied in 
medical implants, suture, and drug delivery systems since the 1980s. PLA is 
attractive for disposable and biodegradable plastic substitutes, due to its better 
mechanical properties, although it is still more expensive than conventional plas-
tics. Also, its degradation rate is still low in relation to the waste accumulation 
rate.  



 1.1 Natural Polymers  3

  1.1 
 Natural Polymers 

 Biopolymers are defi ned as polymers formed under natural conditions during the 
growth cycles of all organisms. Therefore they are also named natural polymers. 
They are formed within cells by complex metabolic processes. For materials appli-
cations, cellulose and starch are most interesting. However, there is an increasing 
attention in more complex hydrocarbon polymers produced by bacteria and fungi, 
particularly in polysaccharides such as xanthene, curdlan, pullulan, and hyduro-
mic acid. 

 Starch is a polymer of hexacarbon monosaccharide    –     D  - glucose. It is extremely 
abundant in corn seeds, potato tubers, and the roots and stems of other plants. 
The  D  - glucose structure can exist both in open - chain and in ring forms; the ring 
confi guration is ascribed to  D  - glucopyranose. The pyranose ring is a more ther-
modynamically stable structure and it constitutes the sugar structure in the 
solutions. 

 Starch is mainly composed of  D  - glucopyranosis polymers bound by  α  - 1,4 -  and 
 α  - 1,6 - glycoside links. These links are formed between the fi rst carbon atom (C1) of 
one molecule and the fourth (C4) or sixth (C6) of the second one  [1 – 5] . As the alde-
hyde group on one end of a starch polymer is always free, these starch polymers 
always possess at least one reducing tip. The other end of the polymer is an irreduc-
ible tip. Depending on the degree of polymer branching occurring in a starch 
molecule, there may be great numbers of irreducible tips. The formation of  α  links 
in a starch molecule enables some parts of starch polymers to generate helix struc-
tures; this is determined by the orientations of hydroxy ( – OH) groups on the fi rst 
carbon atom (C1) and the pyranose ring. Studies on starch ’ s chemical properties 
and structure have established that it is composed of two components, both also 
polysaccharides: amylose (20 – 35%) and amylopectin. The ratio of these compo-
nents varies, subject to the source of origin. Amylose is a linear polymer, whereas 
the amylopectin molecule is substantially bigger and branched. These structural 
differences cause marked differences in starch ’ s characteristics and functions. 

 Starch appears in plants as granules (reserve material), the sizes, shapes, and 
structures of which depend on their sources of origin. Although the main compo-
nents of all kinds of starch are the polymers amylose and amylopectin, there is 
considerable recorded diversity in the structures and characteristics of the natural 
starch granules  [4] . The granule diameters vary from under 1    μ m up to over 100    μ m 
and their shapes may be regular (round, oval, angular) or totally irregular. Potato 
starch obtained from potato sprout tubers  Solanum tuberosum  L. has granules of 
varied size (from 10 up to 100    μ m) and of different shapes (round, oval, oviform, 
oblong, shell - shaped, and other irregular   forms). 

 Starch is employed in the cosmetics and pharmaceutical industries for produc-
ing dusting powders and powders and as a fi ller. In addition, it serves as a means 
to obtain glucose, ethyl alcohol, and dextrins, as well as for stiffening and binding 
in these industries. Wheat starch from wheat grains ( Triticum vulgare  Villars) exists 
as single granules of two types: large ovals of 15 – 45    μ m in diameter and smaller, 
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more rounded forms of 2 – 7    μ m in diameter. This type of starch is applied as a 
neutral dusting powder or as an ingredient in pharmaceutical preparations. In 
some plants    –    in oats or rice, for example    –    complex starch granules develop 
through binding of single molecules in an organized way  [6] . 

 The distribution of amylose and amylopectin inside a starch granule is well 
ordered. However, during heating in the presence of water, the packing of the two 
polymers becomes chaotic. This loss of internal order occurs at different tempera-
tures, depending on the starch type. With persistent warming in water, the natural 
granules swell and fi nally their structure gets destroyed. The polymers are then 
released into the water surroundings  [4] . 

 The starch degradation process proceeds very slowly: fi rst dextrins are formed, 
and these in turn undergo hydrolysis to maltose disaccharide, to be eventually 
broken down into two glucose molecules  [7] . 

 Starch is a strongly hygroscopic, chemically neutral substance. It swells greatly 
in water, due to penetration of water molecules into its branched structure. As 
mentioned above, long boiling makes it dissolve in water or in weak acids, as well 
as in solutions with hydroxides of potassium, rubidium, cesium, or francium and 
concentrated solutions of chloral hydrate. 

 Soluble starch ( Amylum solubile ) is obtained as a result of long boiling of starch 
with water or weak acid; link cleavage at the amylopectin chain branching sites is 
then observed, and eventually a water - soluble product is formed. It is employed 
as an indicator in chemical analysis (iodometry)  [6] . 

 Studies on starch include examination of: water absorption, chemical modifi ca-
tion of molecules, behavior under agitation, and high - temperature, thermome-
chanical abrasion resistance. Although starch is a polymer, its strength under 
stress appears to be low. At temperature above 150    ° C, the glycoside bonds start 
cracking and over 250    ° C starch granules subside endothermally. At low tempera-
tures, however, some reorganization of hydrogen bonds is observed together with 
straightening of the molecule chains during the cooling process (retrogradation). 
In some extreme cases, under 10    ° C, precipitation is reported. Starch may be hot -
 water - soluble and formed in thin fi lms; its molecular orientation causes brittleness 
in both foils and solid packages produced in this way  [3 – 5, 8 – 16] . 

 Both amylose and amylopectin consist of glucopyranosis molecules, yet the 
structural differences between these two polymers determine their different prop-
erties. Amylose is mostly a linear polymeric molecule, consisting of  α  - 1,4 - linked 
 D  - glucopyranose ( Figure    1.1  ). The molecular weight of amylose varies from 500 
 anhydroglucose unit s ( AGU ) in high - amylose maize starch to more than 6000   AGU 
in potato starch  [6, 7] . Recent research, though, suggests that amylose also contains 
some branchings. For purposes of simplifi cation, the polymer structure is pre-
sented as a normal chain, but amylose is often characterized with a helix structure. 
The helix structure contains C – H bonds  , due to which it is hydrophobic, allowing 
a type of additive complexes with free fatty acids, fatty acid glycerides, some alco-
hols, and iodine to be generated  [4] .   

 Iodine addition proves to be an important diagnostic method for starch charac-
terization. Amylose absorbs up to 20% iodine and stains blue. Bonding with lipids, 
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especially mono -  and diglycerides, is a well - known property of amylose helix. The 
confi guration and structural indivisibility of amylose – lipid complexes are affected 
by numerous factors such as temperature, pH, fatty acid structure, or glyceride, 
as well as by the contact time and/or agitation time between an amylose  “ carrier ”  
and a linked molecule. A developing complex can change the features of starch. 
Bonding of amylose to fats or to food emulsifi ers such as mono -  and diglycerides 
can change the starch gelatinization temperature or the textural and viscous pro-
fi les of the formed mass and can impede the retrogradation process. 

 After starch granules have been boiled, amylose possesses a gel formation capac-
ity that allows rebinding   of the dissolved amylose polymers. This property is 
noticeable in the behavior of some kinds of amylose - rich starch (wheat, rice, and 
high - amylose maize). 

  Amylopectin , dominant in most starch kinds, is a branched polymer of substan-
tially larger size than amylose. Amylopectin consists of  α  - 1,4 - bonded glucose 
segments, linked by  α  - 1,6 bonds at the branching sites ( Figure    1.2  ). Estimates are 
that around 4 – 6% of bonds in a standard amylopectin molecule appear to be  α  - 1,6 
links, which results in over 20   000 branchings in a molecule, although the branch-
ings are not large. Studies suggest a bimodal size distribution of polymer chains: 
namely small and large chains. Small chains have a average  degree of polymeriza-

     Figure 1.1     Amylose structure  [9] .  

     Figure 1.2     Structure of amylopectin  [9] .  
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tion  ( DP ) of about 15, whereas the bigger chains have DPs of around 45. This 
unique confi guration contributes to the crystalline nature of amylopectin and to 
ordered arrangements of amylopectin molecules within the starch granule. The 
branched chains of amylopectin behave just like those of amylose, but in the case 
of amylopectin whole chains    –    or more often their fragments    –    can be twisted 
spirally  [4, 12] .   

 Owing to this strongly branched structure of amylopectin, its properties differ 
from those of amylose: because of the large size of the amylopectin molecules and 
their structure, for example, retrogradation proceeds more slowly than in amylose 
and gel formation is inhibited. Starches consisting mainly of amylopectin (wax 
starches) are considered not to be gelating, but they usually show compact and 
rubbery textures. Amylopectin heated in water swells and forms a paste, it absorbs 
iodine poorly (around 0.6%), and stains violet or red - brown. 

  Amylose  from different botanic sources shows varying degrees of polymeriza-
tion (DPs), about 1500 – 6000, whereas the considerably bigger amylopectin mol-
ecules exhibit DPs from around 300   000 – 3   000   000. From these fi gures and from 
the  molecular weight  ( MW ) of anhydrous glucose (162), the MW of amylose can 
range from 243   000 up to 972   000. Reports say, however, that amylose from potato 
starch is of 1   000   000 MW, but its mean molecular weight is usually under 500   000. 
The MW of amylopectin varies between 10   000   000 and 500   000   000. The differ-
ences in the MWs of amylose and amylopectin are directly connected with their 
plant origins, methods of polymer isolation, and MW determination method    [4] . 

  Cellulose  was isolated for the fi rst time around 150 years ago. It is different from 
other polysaccharides produced by plants because the molecular chains forming 
it are very long and are made up of a single repeating unit. This structure is 
observed in the crystalline state. Isolated from the cell walls in microfi brils by 
chemical extraction, cellulose in all forms is a highly crystalline polymer of high 
molecular mass and is infusible and insoluble. As a result of this it is usually 
converted into derivative substances to make it easier for processing  [17] . 

  Chitin and chitosan : Chitin is a skeletal polysaccharide making up a basic shell 
constituent of crabs, lobsters, shrimps, and insects. Chitin can be degraded by 
chitinase. It is insoluble in its native form, although chitosan, a partly deacetylated 
form of chitin, is water - soluble. The materials are biocompatible and demonstrate 
antimicrobial activity as well as heavy metal absorptivity. They are widely used in 
the cosmetics industry, due to their water - retaining and moisturizing capacities. 
Used as carriers, chitin and chitosan allow the synthesis of water - soluble prodrugs. 
Chitinous fi bers serve in the manufacture of artifi cial skin and absorbable sutures 
 [18 – 20] . 

  Proteins , used as materials, are mostly insoluble and infusible without prior 
modifi cation, and so are used in natural form. This description is especially true 
for the fi brous proteins wool, silk, and collagen. All proteins are specifi c copoly-
mers with regular arrangements of different kinds of  α  - amino acids; protein 
biosynthesis is thus an extremely complex process demanding many enzymes of 
different types. 

  Gelatin , animal protein, consists of 19   amino acids joined by peptide linkages. 
It can be broken up by a variety of proteolytic enzymes to obtain its constituent 
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amino acids or peptide components. Gelatin is a water - soluble, biodegradable 
polymer with wide industrial, pharmaceutical, and biomedical applications. In 
addition, it is also used for production of coatings and for microencapsulating 
various drugs and biodegradable hydrogels  [21 – 25] . 

 A method for gelatin application to produce thin fl exible artifi cial skin adherent 
to an open wound to protect it from infection and fl uid loss has been developed. 
This material was obtained as a blend of commercial gelatin and polyglycerol, 
either natural or after its epoxidation with epichlorohydrin, formed into thin fi lms 
by casting on trays covered with Tefl on. The fi lms were tough and spontaneously 
adhered to open wounds. The fi lms can contain bioactive molecules such as 
growth factors or antibiotics that will be released for a couple of days. The skin 
substitute prepared in this way could be sterilized with  γ  - rays or produced under 
sterile conditions  [26] . 

 In research into biodegradable materials, increasing interest has been reported 
in natural polyesters generated by various bacteria as reserve materials, due to fact 
that they are melt - processable polymers obtained from some renewable sources. 
The members of this thermoplastic biopolymer family, the general structure of 
which is shown in  Figure    1.3  , exhibit variation in their material properties from 
rigid brittle plastics through fl exible to hard elastomers, subject to the alkyl group 
R and the polymer composition  [27, 28] .    

  1.2 
 Polymers with Hydrolyzable Backbones 

 Aliphatic polyesters are almost the only synthetic chemical compounds of high 
molecular weight that have been shown to be biodegradable. This is the result of 
the extremely strongly hydrolyzable backbones of these compounds. It has been 
stated that polyesters, being derivatives of diacids of medium - sized monomers 
(C 6  – C 12 ), are more easily degraded by fungi ( Aspergillus niger  and  Aspergillus fl avus ) 
than those derived from longer or shorter monomers. If synthetic polymers are to 
be biodegraded under enzyme catalysis, a chain of the polymer needs to fi t into 
the active site of the enzyme; for this reason fl exible aliphatic polymers can get 
degraded, whereas their rigid counterparts might not  [29, 30] . 

   Polyglycolic acid   ( PGA ) is the simplest linear aliphatic polyester ( Figure    1.4  ). Both 
PGA and the copolymer  poly(glycolic acid - co - lactic acid)  ( PGA/PL ) are used as 
degradable and absorbable sutures. Their vital advantage is degradability through 
simple hydrolysis of the ester backbone in aqueous surroundings, such as body 
fl uids. Moreover, breakdown products are fi nally metabolized to carbon dioxide 
and water or are voided from an organism through the kidney  [31] .   

     Figure 1.3     Structure of bacterial polyester (R   =    – (CH 2 )  x   –  CH 3 ,  x    =   0 – 8 or more).  
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  Polycaprolactone  (PCL) has been thoroughly examined as a biodegradable 
medium and as a matrix in controlled drug - release systems. PCL is predominantly 
produced in the  ε  - caprolactone polymerization process  [32 – 35] . Tokiwa and Suzuki 
 [36]  studied the hydrolysis process and PCL biodegradation by fungi and showed 
that polycaprolactone can be broken down enzymatically. 

  Polyamides  contain the same amide linkage as polypeptides, but their biodegra-
dation rates are so slow that they are regarded as undegradable. However, their 
degradation to low - molecular - weight oligomers under the infl uence of enzymes 
and microorganisms has been reported. Introduction of benzyl, hydroxy, and 
methyl substituents greatly improves polyamide biodegradation  [37, 38] . 

 Higher crystallinity of polyamides caused by strong interchain relations is 
responsible for the low observed biodegradation levels. Copolymers containing 
both amide and ester groups are easily degraded. As would be expected, the deg-
radation rates increase with increasing ester content. 

  Natural protein  structures are seldom composed of repeated units. Owing to this 
the substances do not tend to pack into highly organized morphologies, and for this 
reason enzymes can readily attack them. On the other hand, synthetic polyamides 
have short and regular repeating units. Their higher symmetries and strong hydro-
gen interchain bonds give rise to highly ordered crystalline morphologies that 
decrease their accessibility to enzyme attack. It was shown that polyamide esters 
and polyamide urethanes with long repeating chains undergo degradation at rates 
intermediate between those of proteins and of synthetic polyamides  [39, 40] . 

  Polyurethanes  can be regarded as compounds combining the structural charac-
teristics of polyesters and polyamides. Their susceptibilities to biodegradation are 
by some measure, as would be expected, similar to those of polyesters and polya-
mides and depend on their structures. Generally, it has been found that poly-
urethane biodegradation is conditioned by the matter of whether a basic polymer 
is a polyester or a polyether. Polyurethanes with structures based on polyethers 
are resistant to biodegradation, whereas polyester polyurethanes are susceptible 
to it. Many microorganisms ( Aspergillus niger, Fusarium solanii, Cryplococcus lac-
irentii,  etc.) and enzymes are highly effective in polyurethane degradation  [41, 42] .  

  1.3 
 Polymers with Carbon Backbones 

 Generally, vinyl polymers are, with some exceptions, not susceptible to hydrolysis. 
For their biodegradation, if any at all, an oxidation process is needed. Most of the 
biodegradable vinyl polymers contain readily oxidizable function groups. 

     Figure 1.4     Structure of polyglycolic acid (PGA).  
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  Polyvinyl alcohol  ( PVA ) undergoes biodegradation most easily. Microbiological 
and enzymatic degradation of PVA was studied under the infl uence of the soil 
bacterium  Pseudomonas . It was shown that the fi rst step of polyvinyl alcohol bio-
degradation is oxidation of the secondary alcohol groups to ketone groups. Subse-
quent ketone group hydrolysis results in polymer chain cleavage  [43] . 

 Polyvinyl alcohol can form complexes with many components, and so it can 
detoxify organisms. It is applied in low - molecular - weight form    –    below 15   000    –    and 
is voided from the organism through the kidney. In addition, it is also used as a 
polymer carrier for plant protection (herbicides and pesticides)  [44] .  

  1.4 
 Practical Applications of Biodegradable Polymers 

 The biodegradable polymers are used in three main areas: medical, agricultural, 
and goods packaging. Intensive research in these fi elds has resulted in the 
development of commercial products. Because of their high specialization and 
greater unit values, medical applications have developed more rapidly than the 
others. 

  1.4.1 
 Medical Applications 

 The developed biodegradable synthetics serve as surgical implants in the blood 
vessels, in orthopedic surgery as implantable matrices for controlled long - term 
drug release in an organism, and as absorbable surgical sutures, as well as for eye 
treatment. Recently the term “biomaterial” has been defi ned as a non - living   mate-
rial used in medical device applications for interaction with a biological system. It 
is important that the term “biocompatibility” was also formulated; it determines 
how a tissue responds to foreign material. Biocompatibility is the ability of a mate-
rial to coexist with some host ’ s reactions in a specifi c use  [45, 46] . 

  1.4.1.1   Surgical Sutures 
 Tissue damage causes loss of structural integrity: a deep cut in soft tissue or a 
bone fracture, for example, may or may not be capable of spontaneous healing. 
Insertion of material or an instrument to hold the wound edges together may 
facilitate the therapy. The classic example is application of sutures to hold both 
deep and surface wounds together. When the healing is complete, the sutures are 
redundant and may disturb healthy tissues. It is then helpful for the material to 
be removable from the site either physically or by degradation. 

 Synthetic, absorbable sutures were developed in the 1960s, and thanks to their 
good compatibility in tissues are widely used in general and tracheobronchial 
surgery. The sutures used most often are multifi lament, with good handling char-
acteristics. The most popular and commercially available are the sutures made 
from PGA, PLA and their   copolymers. For laying continuous sutures, however, 
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braided sutures with nonsmooth surfaces are not useful. In such cases only mono-
fi lament sutures with smooth surfaces are useful, because PGA or PLA proved to 
be too stiff and infl exible. The more fl exible polydioxanones and polyglyconates 
can be used as sutures thanks to their low bending moduli. In addition, polymers 
of polycaprolactone are also bioabsorbable, elastic materials, so their clinical use 
is under study  [47, 48] . 

  Dexon  is made of poly(glycolic acid), the fi rst synthetic polymer developed espe-
cially for producing surgical thread. The fi bers of the yarn obtained are precisely 
woven into a high - fl exibility thread, very easily handled and with high knot secu-
rity. This material undergoes hydrolytic decomposition in humans, causing 
minimal tissue reaction. The minimum absorbing period was observed 15 days 
after implantation, complete absorption took place within 60 – 90 days. 

  Polygalactin 910  is a copolymer of glycolide and lactide, obtained from glycolic 
and lactic aid in 9:1 ratio. The multi - fi ber threads, called Victyl or Polisorb, are 
coated, transparent, or dyed purple. For Vicryl Rapid threads a material with 
smaller relative molecular mass is used, and as a result is absorbed more rapidly. 

  Mexon  is a synthetic single - fi ber thread with slow absorption characteristics, 
made of a copolymer of glycolic acid and trimethyl carbonate. Three weeks after 
implantation it retains about 55% of its initial resistance; compete absorption takes 
place after 26 – 30 weeks. The products of hydrolytic thread decomposition are: 
carbon dioxide,  β  - hydroxybutyric acid, and glycolic aid. 

  Monocryl  (Poliglecaprone 25) is a glycolide and  ε  - caprolactone copolymer. The 
thread is nontoxic, but causes   a delicate reaction during absorption, which take 
place in vivo by way of hydrolysis. 

  Polydioxanone  (PDS) is a polyester of ( p  - dioxanone). Its key feature is essential 
mechanic resistance after implantation: after 14 days it retains 70% of the initial 
resistance, but after only six months it has undergone almost complete absorption 
by way of hydrolysis. 

 As well as natural threads (silk, fl ax, cotton), nylon (the general name of polya-
mides) is also biodegradable. Polyamide 6,6, polyamide 6, and their mixtures with 
other polyamides are used for thread production. Nylon sutures are water - absorb-
able and they cause moderate tissue reaction. After implantation they undergo 
slow biodegradation and fragmentation. After two years they have lost about 25% 
of their mechanic resistance.  

  1.4.1.2   Bone - Fixation Devices 
 Although metal fi xation is an effi cient method for undisturbed bone treatment, 
bone and metal have completely different mechanical properties. The elasticity 
constant of bone is only a tenth that of implanted steel, whereas its tensile strength 
is 10 times lower. Because of this, removal of metal implants can bring about bone 
weakness and refractures. 

 In contrast, biodegradable implants can adapt to the dynamic processes of bone 
healing through decreasing amounts of weight - bearing material. Over a few 
months the introduced material disappears and there is no need to operate on a 
patient to remove it. In this fi eld, PGA, PLA, PHD, and polydioxanone can poten-
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tially be used. Polydioxanones have been recommended for clinical use to protect 
ligament augmentation, for securing ligament sutures, and as a sort of internal 
splinting suture to allow early motion after an operation. 

 Biodegradable polymers are also helpful in other applications. A marrow spacer 
can help to save autologous bone material. Plugs to close bone marrow are applied 
in the case of endoprosthetic joint replacement. To fi ll large bone defects, polymer 
fi bers are used in order to avoid mechanical load  [49] .  

  1.4.1.3   Vascular Grafts 
 A great number of studies have been undertaken to develop acceptable vascular 
prostheses of small diameters. Nilu  et al .  [50]  designed such small - diameter vas-
cular prostheses with matrices that were absorbable into a growing anastomotic 
neointima  . It was shown that a gelatin - heparin complex, when adequately 
crosslinked, can simultaneously function as a temporary antithrombogenic surface 
and as a perfect substructure for an anastomotic neointima  .  

  1.4.1.4   Adhesion Prevention 
 Post - operation tissue adhesion can occasionally cause serious complications. 
Materials for tissue adhesion prevention should be fl exible and tough enough to 
provide a tight cover over the traumatized soft tissue. In addition, they should be 
biodegradable and reabsorbable after the injured tissue has been completely regen-
erated. Matsuda  et al .  [51, 52]  developed photocurable mucopolysaccharides for 
tissue adhesion prevention materials. These meet numerous requirements, such 
as nonadherent surface characteristics, biocompatibility, and biodegradability in 
accordance with the wound healing rate and nontoxicity. 

 Mucopolysaccharides partially functionalized with photoreactive groups, such 
as cinnamate or thymine, underwent UV irradiation to form water - insoluble gels 
through intermolecular photodimerization of the photoreactive groups. The photo-
cured fi lms with lower degrees of substitution and of high swellability and fl exibil-
ity prevented tissue adhesion and showed enhanced biodegradability. It was 
assumed that newly developed gels might promote healing of injured tissues in a 
bioactive way.  

  1.4.1.5   Artifi cial Skin 
 Artifi cial skin substitutes and wound dressings made of biodegradable polymeric 
materials have been developed to treat burns. So far, most of the commercially 
available artifi cial skins have been composed of biodegradable polymers, such as 
collagen and chitin, which are enzymatically degradable polymers  [53, 54] . 

 Koide  et al .  [55]  developed a new type of biomaterial in the form of a sponge 
that combines  fi brillar collagen  ( F - collagen ) with gelatin. The sponge was physi-
cally and metabolically stabilized by introduction of crosslinks. Although some 
types of collagen - based artifi cial skin have been developed, some unfavorable 
qualities of native collagen have still been reported; these mainly involve introduc-
tion of rodlike shapes and expression of collagenase genes to fi broblasts. New 
materials have been developed to cope with these problems. 



 12  1 Biodegradable Polymers and Their Practical Utility

 Yasutomi  et al .  [56]  developed a biosynthetic wound dressing with drug delivery 
capability. This medicated wound dressing consists of a spongy sheet based on a 
mixture of chitosan and derivatized collagen, laminated with a polyurethane mem-
brane impregnated with antibiotics. From in vitro research it appeared that this 
wound dressing is capable of suppressing bacterial growth and of minimizing 
cellular damage. The studies on this new material were carried out in 80 clinical 
cases including superfi cial and deep second - degree burns, donor sites, and pres-
sure sores and were very successful. 

 Another important goal in biomedical engineering is the development of hybrid 
artifi cial skins. Here, efforts are being made to combine synthetic polymers and 
cell cultures to form synthetic - biological composites. In such cases biodegradable 
polymers can be useful as media for growing cells and tissue cultures in vitro.  

  1.4.1.6   Drug Delivery Systems 
 Polymeric materials have been given a new dimension for use as drug delivery 
devices by the introduction of biodegradable polymers. Many degradable poly-
mers, including various synthetic and natural substances, are potentially useful in 
this respect. The use of specially developed degradable polymers in medicine has 
been highlighted with the appearance of some innovations in drug delivery 
systems. The restrictions of classic methods for drug administration (by injection 
or tablet) are widely known. As a dose is applied, the plasma levels will go up but 
they will fall drastically when the drug has been metabolized and soon be below 
therapeutic levels. The next dose will make the plasma level high again and a 
cyclical pattern may be established. Therefore, in classical drug administration, 
most of the drug plasma levels can be outside the optimal range. The drug usually 
permeates throughout the body and is not targeted to the site where it is specifi -
cally required. 

 One of the possible solutions to this problem is to use a system of controlled 
drug delivery in which the drug is released at a constant, preset rate, preferably 
close to the specifi c location. One of the most notable approaches is when the drug 
is contained in a polymer membrane (or encapsulated in a polymer matrix), from 
which it diffuses out into the tissue in which the membrane/matrix is implanted  . 
In some cases the mechanism of drug release is affected by erosion or polymer 
dissolution. Degradable polymers such as poly(lactic acid) or polyorthoesters can 
be used for drug delivery systems of this type  [57, 58] . 

 Some soluble polymers may be used as carriers for drugs. Duncan and Kapecek 
 [59]  reported the use of various polymers to which were attached, through lateral 
groups, certain drugs that could be released after cleavage of the bonds attaching 
them to the backbone. The drug targeting was achieved through the use of bonds 
that are cleaved only under certain conditions (e.g., by liver enzymes), thus allow-
ing drug release only at the specifi c site of action. 

 Attempts have been made to obtain plastic biodegradable polymer materials. 
Lactic acid oligomers were plasticized with 1,2 - propylene glycol and glycerol. 
Glycerol showed low compatibility, whereas glycol showed high polymer compat-
ibility up to high concentrations. The prepared mixtures exhibited a substantial 
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decrease in their processing temperatures and enhanced delivery of salicylic acid 
in the early stages of release. It therefore proved feasible to obtain easy and safe 
systems that can be injected into a body without the need for surgical retrieval 
after completion of the administration. Furthermore, the differential rates of drug 
release may be of great benefi t in cases in which an increased drug dose is neces-
sary at the beginning of therapy  [60] .   

  1.4.2 
 Agricultural Applications 

 Since the introduction in the 1930s and 1940s of plastic fi lms for greenhouse 
covering, chemical plant protection, and mulching in fi elds, polymer use in agri-
culture has developed at a great rate. All the main classes of polymers    –    that is, 
plastics, coating, elastomers, fi bers, and water - soluble polymers    –    are nowadays 
used for controlled release of pesticides and nutrients, soil fertilization, seed coat-
ings, and plant protection. Degradable plastics are also of serious interest as 
materials for crop mulching in fi elds or as agricultural plant containers. Their 
biodegradation mode (i.e., composting) is of great signifi cance because it allows 
various biodegradable materials to be combined and processed into useful materi-
als to improve the state of the soil. 

  1.4.2.1   Agricultural Mulches 
 Agricultural mulches help farmers with crop growth. They are commonly used to 
reduce weeds, to maintain constant moisture level, and to increase soil tempera-
ture, improving the plant growth rate. It was reported that, thanks to the use of 
black polyethylene mulch, a two -  to threefold increase in yield was achieved at a 
6   ha melon farm, with ripening two weeks earlier. Thanks to application of mulches 
the weed growth was inhibited and soil compaction avoided, so the need for certain 
cultivation practices was eliminated. At the same time, root damage and plant 
stunting or dying were reduced, as were the fertilization and water requirements 
of the plants  [61] . 

 Transparent polyethylene is more effi cient in heat trapping than black or smoke -
 gray fi lm. Soil temperatures can increase by 5.5    ° C under clear fi lms, as against to 
1.7 – 2.7    ° C under black ones. The polymer fi lms reduce radiative heat loss at night 
when the soil cools. In some cases inhibition of weed growth owing to solar 
heating of the polyethylene mulches has been reported. However, conventional 
fi lms left in the fi eld can cause some serious problems at harvest or during agri-
cultural practices the next year. Film removal or disposal is troublesome and costly, 
and because of this, interest in the development of fi lms that are biodegradable 
or have short service lifetimes has been noted. Despite a huge number of polymer 
types that can be designed for controlled degradation, only a few of them can be 
commercialized. The materials used usually contain light - sensitizing additives 
that make the material photodegradable  [62 – 64] . 

 The plastics used for mulch fi lms are mainly low - density polyethylene, polyvi-
nyl chloride, polybutylene or ethylene copolymer, and vinyl acetate. Especially 
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interesting photogradable systems are composed of nickel and ferric dibutyl-
dithiocarbamates in a ratio adjusted so that protection can be provided at specifi c 
growth periods. The material ’ s stability is tuned, and when the growing period 
ends the material undergoes photodegradation. A further proposed system 
involves   a combination of substituted benzophenones and titanium or zirconium 
chelates. 

 Biodegradable fi lms based on starch with addition polyvinyl alcohol, copolymers 
of polyethylene  , acrylic acid and polyvinyl chloride have been developed in labora-
tories in the USA. Films made from polylactone and polyvinyl alcohol readily 
degrade under the infl uence of soil microorganisms, whereas iron or calcium 
additives enhance polyethylene breakdown. The degradable mulches should break 
down into small, brittle pieces that will easily pass through harvesting machines 
without any negative interference with the following crops  [46, 65 – 67] . 

 Effective fumigant mulches need fi lms of decreased porosity that reduce the 
potential escape of volatile chemicals (insecticides, herbicides) and therefore let 
lower doses be applied.  

  1.4.2.2   Controlled Release of Agricultural Chemicals 
  Controlled release  ( CR ) is a method by which active chemicals are provided to 
specifi c plant species at preset rates and times. Polymers are mainly used to control 
the delivery rates, mobilities, and periods of effectiveness of the chemicals. The 
main benefi t of the CR method is that if fewer chemicals are used for the protected 
plants over the predetermined period, then the effect on the other plant species is 
less, while leaching, volatilization, and degradation are reduced. The macromo-
lecular character of polymers is the key to reduction of chemical loss throughout 
the production. 

 CR polymer systems can be divided into two categories. In the fi rst, the active 
agent is dissolved, dispersed, or encapsulated within the polymeric matrix or 
coating. Its release takes place through diffusion or after biological or chemical 
breakdown of the polymer. In the second category, the active agent either itself 
constitutes a part of the macromolecular backbone or is attached to it. Here its 
release is the result of biological or chemical cleavage of the bond between the 
polymer and bioactive agent. 

 Physical systems into which agricultural chemicals have been introduced include 
microcapsules, physical blends, and dispersions in plastics, laminates, hollow 
fi bers, and membranes. Kinetic models for chemical release have been developed 
for each of the above systems. 

 Of the natural polymers, starch, cellulose, chitin, alginic acid, and lignin are 
used in CR systems. Their advantages are availability, relatively low cost, and 
biodegradability. Although these materials have functionality for derivatization 
they have one signifi cant drawback: that is, their insolubility in standard solvents 
for formulation, encapsulation, and dispersion. This drawback is overcome when 
a chemical is encapsulated in situ, with, for instance, gelatinized starch cross -
 linked with a chosen pesticide by calcium chloride or boric acid. As a consequence, 
the pesticide is trapped within the granular particles formed  [68 – 71] . 
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 One of the most important applications of CR technology in agriculture is fer-
tilization. Urea, a main nitrogen source, readily reacts with formaldehyde to form 
a polymer. The subsequent hydrolysis of polymer releases urea, so it is a simple 
and inexpensive CR system  [72, 73] . 

 A small niche for degradable plastics is the use of polycaprolactone for small 
agricultural planting containers. It is not a broad fi eld for use of biodegradable 
synthetics, but it is one of the few applications in which the polymer used under-
goes biodegradation within a reasonable period. Polycaprolactone planting con-
tainers have been used in automated machine planting for tree seedlings. It was 
found that the polycaprolactone had undergone substantial degradation after being 
in soil for six months, having lost 48% of its original weight, with 95% weight loss 
within a year  [74] .   

  1.4.3 
 Packaging 

 Physical characteristics of polymers for packaging are greatly affected by their 
chemical structures, molecular weights, crystallinities, and processing conditions. 
The physical characteristics required in packaging equally depend on the items to 
be packed and the environments in which the packages will be stored. Products 
to be stored frozen for some time require specifi c packaging. Foods demand 
stricter package requirements than solid products. 

 Intensive studies on the usability of starch - based materials for food packaging 
are being carried out. Holton  et al . evaluated regular PE fi lm and PE fi lm with 5% 
maize starch content for packaging of broccoli, bread, and beef stored under 
standard conditions. Apparently the type of packaging fi lm did not infl uence the 
assessed quality parameters, such as bread staling, broccoli color, and lipid oxida-
tion in beef. In the case of PE fi lm with starch content, however, a signifi cant 
decrease in elongation was recorded. This may have been caused by interactions 
between fi lm and free radicals produced during lipid oxidation in beef at frozen 
storage. Inconsistent results were obtained in the cases of broccoli and bread 
packaging in starch fi lm. Owing to this fact it was suggested that PE fi lms with 
starch content should be used for packaging of wet and dry low - lipid foods. Moreo-
ver, use of these materials for foods with high fat contents was not advised, due 
to possible interactions between the fi lm and free radicals originating from lipid 
oxidation  [75 – 77] . 

 Over the past two years, packaging suppliers have introduced various forms of 
biodegradable plastics made from a variety of plants, mainly corn. This was driven 
by projections of growing demand for environmentally friendly packaging, a trend 
driven by environmentally conscious consumers and recycling regulations  [78] . 
Some companies predict that the market will grow by about 20% annually, and 
bio - based packaging is increasingly being used as a replacement for petroleum -
 based plastics such as the widely used  polyethylene terephthalate  ( PET ),  polyeth-
ylene  ( PE ) resin, which is produced from natural gas, and  polypropylene  ( PP ), 
which is derived from crude oil. All these polymers are used to make a variety of 
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containers and fi lms for the food and beverage industries. Like PET, corn - based 
plastics permit a multitude of varied and complex bottle shapes and sizes that draw 
the attention of the consumer. 

 Many analysts believe that biodegradable packaging has a bright future. Growing 
environmental awareness and consumer power, coupled with the inexorable rise 
in pre - packaged disposable meals, means that food manufacturers and packagers 
are increasingly being targeted to improve their environmental performances. The 
demand is also being driven by anti - pollution legislation (e.g., traceability of com-
postable and degradable polymers). 

 The number of manufacturers of bioplastic products worldwide is strongly 
increasing, and more competition should give further momentum to the develop-
ment of the sector. A growing number of food industry companies, including 
supermarkets and processors, have turned to biodegradable packaging as a means 
of meeting consumer demand for such ecofriendly products. 

 Two types of materials are included in the group of biodegradable polymers: 

   •      polymers from renewable plant raw materials, which do not easily decompose, 
and  

   •      polymers formed by chemical synthesis reactions, which are easily decomposed 
and mineralized by microorganisms.    

 In some important areas, technical developments have allowed bioplastic mate-
rials to achieve the quality of conventional products made of mineral oil. A new 
trend is the combination of commercialized biomaterials, thus creating new func-
tional characteristics and special benefi ts. Other development efforts are focused 
on multi - layer fi lms with altered characteristics that could, for example, improve 
the barrier characteristics of packaging materials. Another factor will be legislative 
support for the sector. There is less support for products made of renewable raw 
materials than there is for renewable energies and biofuels. Compostable or bio-
degradable plastic is usually made from plant - based starch or from fossil oil with 
additives that enable it to break down into CO 2  and water. Tests show that com-
postable packaging will break down more quickly than a banana skin, yet it takes 
many years for plastic packages or carrier bags to do the same. 

  1.4.3.1   Starch - Based Packaging Materials 
 Starch - based plastics are mostly made from maize, sugar - cane, or corn and potato 
starch. Corn is the operative word in packaging today, with more and more proces-
sors turning to biodegradable materials made from the crop and from other plants 
for packing their food products. Such packaging materials, which have appeared 
on the market for use by food companies, naturally break down in a garden 
compost heap, eradicating the need for packaging to be binned or bagged and sent 
to landfi ll.  High - amylose corn starch  ( HACS ) can produce fi lms with higher 
barrier properties and physical strength than fi lms made from a normal corn 
starch. 

 InnoWare Atlanta, USA, is producer of Expressions - ECO    –    effective, high - per-
forming containers. They are more durable than typical compostable packagings 
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and feature the ability to withstand higher temperatures, which is important 
during transport and storage. Solid bases and lids are safe up to 49    ° C, whereas 
clear lids are safe up to 41    ° C. These are ideal for cold applications such as salads, 
sandwiches, wraps, snacks, desserts, fruits, and more. Corn is harvested and 
broken down into dextrose. Dextrose is fermented and distilled into lactic acid, 
which is then modifi ed with other biobased materials to reinforce its molecular 
structure. The result is an eco - friendly resin that is converted into Innoware ’ s 
Expressions - ECO food containers. Expressions - ECO containers are recyclable and 
entirely compostable. The containers compost completely in 60 – 180 days, leaving 
no toxic residue. 

 Belu Mineral Water launched its compostable bottle ( Figure    1.5  ), the UK ’ s fi rst 
bottle made from Ingeo TM  alternative bioplastic, in May 2006. Ingeo TM  bioplastics 
are ingenious materials made from plants, not oil. NatureWorks, Ingeo TM , and the 
Ingeo logo are trademarks or registered trademarks of NatureWorks LLC in the 
USA and other countries. The revolutionary  “ Bio - bottle ”  is the latest initiative 
from London - based Belu, an environmental initiative that contributes 100% of its 
net profi ts to clean water projects. Through a collaboration with WaterAid, every 
bottle of water purchased in the UK provides someone in India or Africa with 
clean water for one month. KPMG (an audit, tax, and advisory fi rm) has been 
authorized to verify Belu ’ s charitable donations. The bottle can be commercially 
composted back to soil in 12 weeks. Belu was formed in response to a challenge 
set by the UN ’ s Global Compact, a movement to engage the business community 
in solving global social and environmental problems. Belu visited every natural 
mineral source in the UK to fi nd the cleanest, freshest water. By sourcing its water 
in the UK, Belu minimizes long - distance transportation and the related environ-
mental impact.   

 Amcor and Plantic Technologies (both from Australia) have teamed up to 
develop biodegradable, fl exible plastic packaging for confectionary. Plantic will 
provide its patented material, a plastic created from plants that dissolves rapidly 
on contact with water. Plantic is based on corn fl our, a renewable and biodegrad-

     Figure 1.5     Ingeo TM  compostable bottles ( with permission of Belu Water ).  
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able raw material ideal for composting. Without contact with water the Plantic 
material starts to degrade after six months (according to EN1343). 

 Amcor intends to use the Plantic material to undertake trials of the resin in a 
commercial packaging fi lm operation. Plantic materials have been used as rigid 
plastics in confectionery and biscuit trays. The goal of Plantic ’ s collaboration with 
Amcor is to develop a thin and durable plastic for the fl exible packaging of food 
and confectionery, such as chocolate bar wrappers and overwrap. Plantic is also 
developing its portfolio of resins to include injection - molding grades. Bottles made 
from biodegradable polymers for non - saturated drinks, milk, and plant oils have 
also been applied in the industry. 

 Australian scientists have developed revolutionary packaging materials that are 
fully biodegradable. Shopping bags based on wheat starch blended with other 
biodegradable materials will compost down fully in around 30 to 60 days. As well 
as for shopping bags, the materials could also be used to pack vegetables, in place 
of polystyrene trays for baked goods, and for other purposes such as mulch fi lm 
for farming and gardening. 

 Modifi ed starches such as cross - linked starch, substituted starch, acid - hydro-
lyzed starch, and pregelatinized starch have several functional uses as viscosity 
modifi ers, thickeners, texture enhancers, and fl avor encapsulation agents, in a host 
of products including soups, sauces, bakery products, dairy products, and confec-
tionery. Dwindling non - renewable fossil fuel resources and the negative environ-
mental impact of use of plastics has led researchers to focus efforts on utilizing 
starch as a biodegradable and virtually inexhaustible raw material for producing 
packaging materials including fi lms, foams, and molded packages. 

 The utilization of TPS for the production of biodegradable plastics has increased 
and has been the object of several studies in the last decade. However, TPS has 
two main drawbacks: namely its water affi nity and its poor mechanical properties. 
To overcome these problems, the addition of other materials to TPS is necessary. 
In order to increase its water resistance, TPS has been blended with synthetic 
polymers and modifi ed by cross - linking agents such as Ca and Zr salts. Substances 
such as waxes and lignin have also been tested to decrease the water uptake of 
starch - based materials. TPS ’ s mechanical properties have usually been improved 
by addition of synthetic polymers, such as ethylene - acrylic acid and ethylene - vinyl 
alcohol copolymers. Another approach requires the use of natural fi bers and 
mineral fi llers. The inclusion of reinforcing fi llers such as fi bers could, however, 
enhance the degradation of thermoplastic starch because of the increase in the 
melt viscosity  [79 – 81] . 

 One commercially processed TPS mixture is named Mater - Bi and it is shaped 
by pressing or extrusion techniques. This thermoplastic polymer is based on 
starch, natural plasticizers, and hydrophilic biologically degradable substances 
from synthetic polymers. This biopolymer is degradable, either in the presence of 
oxygen or in its absence. Another popular TPS biopolymer material is BIOPLAST, 
useful for Biofl ex materials. Depending on processing methods it may be formed 
by fi lm - blowing, thermoforming, or injection - molding  [75, 76] .  
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  1.4.3.2    PLA  - Based Packaging Materials 
 Applications of PLA include its use in compostable sugar - cane trays and in punnets 
or pallets. A starch derivative, PLA can be produced from maize and other plants 
and is a biodegradable, compostable plastic material. The material is available in 
a range of blends and can be used in sheet or fi lm form for a diverse range of 
products including food containers. PLA can be used for rigid thermoforms, fi lms, 
labels, and bottles, but because of its biodegradable features it cannot be used for 
hot - fi ll and gaseous drinks such as beer or sodas. PLA can also be used for non -
 carbonated beverages such as water, juices, and milk, as well as for edible oil 
products. It provides a fl avor and aroma barrier comparable to that provided by 
PET and readily accepts coatings, inks, and adhesives. Its stiffness allows for a 
smaller thickness than is required with   materials such as PET without any loss of 
strength. Heat seals can be made at temperatures as low as 80    ° C, resulting in 
faster packaging times and increased output. Monolayer PLA bottles can be formed 
on the same injection - molding and stretch blow - molding equipment as used for 
PET, with no sacrifi ce in production rate. 

  Poly -  L  - lactic acid  ( PLLA ) is formed by chemical condensation of lactic acid 
monomers; its breaking stress is about 47 – 70   MPa and its elongation 85 – 105%. 
PLLA could be used as packaging material, especially for garbage and shopping 
bags, wrappings, or fast - foods plates and cups. Nowadays, packaging manufac-
tured from PLLA mainly consists of grocery and rubbish bags, coatings, six - pack 
rings, and fast - food containers. 

 Purac has invested in new lactides that should potentially provide the food, 
pharma, and cosmetics industries with cheaper and more effective bioplastic 
packaging. Netherlands - based Purac, a producer of lactic acid for the food sector, 
has stated that the new lactides will contain  L  - (+) -  and  D  - ( − ) - lactic acids. The new 
lactides will be sold to companies that will use them to make bioplastics that can 
withstand greater heat than ever before. The new materials will be suitable for 
applications as diverse as hot - fi ll bottles, microwaveable trays, temperature - resist-
ant fi bers, and electronics, and will withstand temperatures of up to 175    ° C. 

 In order to solve the problem of the inherent brittleness of poly(lactic acid) 
(PLA), which is due to poor elongation at break and impact strength, researchers 
at Michigan State University have recently developed biodegradable materials 
based on nanoscale hyperbranched organic particles (i.e., Boltrorn TM  H2004 from 
the Swedish fi rm Perstorp) or on a poly(lactic acid) (PLA) matrix (i.e., Biomer ®  
L9000 grade supplied by the German fi rm Biomer). This innovative modifi ed PLA 
material exhibits an improvement in elongation at break of about 800 to 1000% 
in relation to traditional PLA grades with minimal impact on tensile strength and 
modulus. 

 NEC Corporation has developed a biodegradable plastic composite that is suit-
able for personal computer case applications. The composite material is made 
from poly(lactic acid) with fi bers of the kenaf plant, a herbaceous annual related 
to cotton, incorporated to provide both increased strength and heat resistance. The 
material ’ s heat resistance, processability, and strength are comparable to those of 
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fi ber - reinforced polycarbonate. It can withstand temperatures up to 120    ° C before 
it begins to deform, which is 80% higher than normal poly(lactic acid). The mate-
rial is also 70% stronger in terms of its ability to withstand bending forces. NEC 
plans to use the plastic in cases for its laptop computers and aims to have 10% of 
its line of laptops biodegradable by 2010. NEC uses commercial PLA sourced from 
several producers. The company has secured a source of kenaf fi bers from Aus-
tralia and is working to lower the manufacturing cost of the plastic. 

 Whereas scientists estimate that petroleum - based plastic products require thou-
sands of years to decompose, PLA degrades under commercial composting condi-
tions in 75 to 80 days. The compost can then be used to fertilize the next year ’ s 
crop of corn, completing the cycle of a totally renewable resource. Since 2000, 
when NatureWorks PLA was introduced, the European market has been an early 
leader in adopting renewable resource - based products. Heightened environmental 
awareness in European countries, including Italy, France, Germany, Belgium, 
and the UK, has been the key for bringing nature - based plastics into the 
mainstream. 

 New BioPeel peelable lid fi lm can be used for trays and pots. The fi lm is made 
from corn - based PLA from the US - based NatureWorks, part of Cargill and one of 
the main movers behind the biodegradable packaging trend. The concept behind 
NatureWorks is relatively simple. Cargill essentially  “ harvests ”  the carbon from 
corn, which plants remove from the air during photosynthesis and store in grain 
starches. This is achieved by breaking down the starches into natural plant sugars. 
The carbon and other elements in these natural sugars are then used to make PLA 
through a simple process of fermentation, separation, and polymerization. Packag-
ing made from NatureWorks is therefore 100 percent nature - based. 

 PLA is biodegradable and compostable and it can be free of genetically modifi ed 
ingredients. PLA thus has wide appeal within the packaging industry, helping food 
packagers to meet EU waste targets. A few companies in the US (e.g., Naturally 
Iowa) have been using PLA for packaging of products such as organic milk. 

 BioPeel is a clear, peelable PLA lidding or fl ow - wrap fi lm, suitable for use with 
chilled and frozen products such as fruit, vegetables, salads, and sandwiches. 
BioPeel has a broad sealing window and clarity, is available with antifog, and can 
be perforated. BioPeel can be tailored to seal and peel to any type of container. 

 The German - based BASF has also announced that it intends to launch a biode-
gradable plastic based on renewable raw materials in a bid to meet the growing 
demand for environmentally friendly packaging. BASF ’ s Ecovio plastic is made up 
of 45% PLA from NatureWorks. Ecovio can be used to produce fl exible fi lms from 
which biodegradable carrier bags or other packaging can be made. Food packaging 
for products such as yogurt can be produced if other components are added to 
Ecovio. Biodegradable plastics are completely degraded within a few weeks under 
compositing conditions and may be produced from either petrochemical or renew-
able raw materials. The other component is the existing biodegradable plastic 
Ecofl ex, which is derived from petrochemicals. 

 Huhtam ä ki Oyj, an international producer of consumption products packages, 
introduced BioWare products    –    disposals and one - use packages fabricated from 
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renewable and compostable materials    –    as fi rst on the market. BioWare is 
Huhtam ä ki Oyj ’ s range of biodegradable products ( Figure    1.6  ). BioWare fresh 
produce containers (drink cups and salad trays) are made from NatureWorks ®  
corn starch biopolymers. The technology of NatureWorks ®  PLA is based on 
transformation of starch into natural sugars, with subsequent fermentation and 
separation; after composting the products are transformed into water, carbon 
dioxide, and organic materials. They can be processed on standard technological 
lines.   

 In the UK, Europackaging makes fi lm bread bags from PLA. The bags allow 
steam to escape, so bakers can package items while still hot. A natural, biodegrad-
able food packaging based on starch, called Starpol 2000, is also produced by the 
UK - based Stanelco. 

 Treofan uses PLA to make a packaging fi lm branded as Biophan. The company 
intends to work on marketing Biophan to the food, cosmetics, and offi ce materials 
markets and to promote Biophan as a fi lm with  “ extraordinary ”  gloss and transpar-
ency, printability, and good sealing characteristics. Biophan laminated fi lm is 
currently used for food packaging in the EU. The material is also being used for 
labels: for bottles in the US, for example. In an industrial composting plant, 
Biophan is completely transformed into carbon dioxide and water within 45 days.  

  1.4.3.3   Cellulose - Based Packaging Materials 
 Innovia Films produces the NatureFlex NVS line of fi lms, which can be used for 
packaging of fresh foods. In addition to being biodegradable, the fi lm is also com-
postable. It provides improved dimensional stability under chill conditions. This 
high - gloss fi lm with enhanced transparency has inherent anti - static properties and 
is semipermeable to moisture, providing good anti - mist properties. NatureFlex 
fi lms ( Figure    1.7  ) are made from cellulose, which is derived from wood pulp from 
plantations operating under good forestry management standards. NatureFlex 
fi lms also perform well on the packing line and have a wide heat sealing 
range    –    values from 70    ° C to 200    ° C are claimed. This means that the packaging 
fi lm can be used on faster processing lines with no loss of seal performance. 
NatureFlex fi lms are stiffer and more oriented than some other biopolymers, 

     Figure 1.6     BioWare products ( with permission of Huhtam ä ki Oyj ).  
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which makes them suitable for use on standard fl ow - wrap and form - fi ll - seal equip-
ment, the company claims. They are also static - free for easier handling. Innovia 
is able to add specially formulated biodegradable coatings to the fi lm, giving proc-
essors a choice of packaging with varying levels of thickness to meet the demands 
of different foodstuffs. The fi lm is certifi ed to meet both EU and US standards for 
compostable packaging. The fi lm is fi rst printed with the compostable logo and 
reference numbers before being micro - perforated, in order to tailor gas permeabil-
ity to the products ’  requirements. The fi lm can be used to fl ow - wrap a wide range 
of own - brand organic fruit and vegetables. NatureFlex NVS is currently available 
in 23 and 30 micron thicknesses.   

 A metalized biodegradable fi lm targeting the confectionery business has been 
launched by Innovia Films. This is because biodegradable and recycled packaging 
may soon become viable alternatives for more food companies as the increasing 
price of plastics begins to be passed on by suppliers. NatureFlex NM is a unique 
cellulose - based fi lm, manufactured from renewable wood pulp and metalized in -
 house. The fi lm is printable with solvent and with water - based and UV inks and 
has an excellent luster and sheen for pack presentation. NatureFlex NM builds on 
the longstanding performance of cellulose fi lm and has been designed to over-
come the various issues commonly associated with polymeric fi lms. The fi lm is 
also static - free regardless of climatic conditions or contact with machinery or sugar 
dust. Not only does this mean that no static reduction equipment is required on -
 line, but it also prevents wrapped sweets from clinging to one another and to 
conveyor systems, which can often lead to unwrapped sweets. This anti - static 
performance, combined with the inherent stiffness of the fi lm, also gives enhanced 
bag - fi ll, because products such as sweets do not slump to the bottom of a bag. 

 Biodegradable packaging material made from cellulose paper impregnated with 
wheat gluten boosts the shelf life of cultivated mushrooms, according to research 
conducted by scientists in Montpellier, France. The packaging is biodegradable, 
gas - selective, and permeable. Packaging of cultivated mushrooms with the mate-

     Figure 1.7     NatureFlex fi lm for vegetable wrapping ( with permission of Innovia Films ).  
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rial allows storage at 20    ° C for four days, rather than for one day when using 
conventional synthetic fi lm, according to France ’ s  Institute for Agronomy Research  
( INRA ). Cultivated mushrooms packaged in trays give off high levels of moisture 
and are sensitive to carbon dioxide, both situations that rapidly give rise to opening 
of the cap and discoloration. The synthetic fi lms currently used to package mush-
rooms in trays do not solve these problems. The poor permeability of synthetic 
fi lms to water vapor causes condensation and the appearance of brown marks on 
the mushrooms. Preliminary studies by a sister unit in Avignon had demonstrated 
the usefulness of gluten fi lms for the storage of plant products, enabling the 
maintenance of an atmosphere with low levels of both O 2  and carbon dioxide. 

 However, the weak mechanical properties of the materials did not allow their 
use for packaging. The use of paper as a substrate considerably improves the 
mechanical properties of the wheat gluten fi lm, while still ensuring its biodegrad-
ability. Packaging of cultivated mushrooms with this composite material corre-
sponds to  “ modifi ed atmosphere packaging ” , providing an atmosphere containing 
low levels of both O 2  and carbon dioxide and preventing condensation. 

 The thermoplastic cellulose acetate Bioceta is a transparent granulate processed 
at 170    ° C, and modifi ed by addition of high amounts of liquid plant - based plasticiz-
ers to improve the complete biodegradability of acetylcellulose. Bioceta is slowly, 
but fully, biologically decomposed. Its forming can be accomplished by injection, 
pressing, or    –    in the case of fi lm production    –    calendering or fi lm blowing.  

  1.4.3.4   Pullulan - Based Packaging Materials 
 Pullulan is composed primarily of maltotriose units linked in  α  - 1,6 fashion and 
is produced as an extracellular secondary metabolite of some fungi. Pullulan was 
commercialized in Japan as a food source, due to its natural origin, and has been 
accepted as a coating material for foods. It is a water - soluble polymer that provides 
transparent fi lms of low oxygen permeability for foods. The fi lm can be obtained 
by casting a 1 – 20% aqueous solution of pullulan on a metal plate roller, or, like 
starch, Pullulan can be molded with heat and pressure if a suitable amount of 
water is added as plasticizer  [17, 82] . The challenge in biodegradable packaging 
materials is the development of completely biodegradable polymers for fi lms or 
laminates with properties similar to those of synthetic polymers. For food applica-
tions pullulan can be use as a wrapping and as an edible fi lm with limited oxygen 
permeability, with PHBV as an outside fl exible cover with limited moisture perme-
ability. The addition of pullulan to PHBV may reduce the oxygen permeability and 
improve product biodegradability because it increases the PHBV surface after the 
solution of pullulan in water. 

 Some other polysaccharides from cultivated plants are also being studied for 
fi lm and coating production. One example of this is conjac fl our from tubers of 
the perennial herb  Amorphophallus , grown in Asia. The fl our comprises around 
1.6 mannose units to 1 glucose unit with  β  - 1,4 linkages and randomly distributed 
acetyl groups. The polysaccharide is obtained as a fl our termed Nuticol  ®   conjac 
fl our. Conjac fl our (1%) is mixed with aqueous glycerol (1%) solution at 60    ° C in 
the blender for 15   min and is then calendred into a fi lm. Treatment of the conjac 
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fl our/glycerol mixture with 0.1% potassium carbonate or 0.2% sodium carbonate 
before casting can modify the fi lm characteristics. Depending on the production 
process a fi lm may be from transparent to opaque, from gelatinous to strong in 
hot water, and can demonstrate low to high tensile strength. The physical and 
chemical properties of the fi lms have not been fully examined, but conjac fl our 
has been recognized as safe according to the US Federal Food, Drug, and Cosmetic 
Act, so may in the future be used as food coating or packages  [17] . 

 ADM and Metabolix, a biotechnology company that has developed a form of 
PHA, intend to begin production of what they call a new generation of high - per-
formance natural plastics.  PHA s    –     polyhydroxyalkanoate s    –    are polymers that are 
synthesized in the bodies of bacteria fed with glucose, such as corn sugar, in a 
fermentation plant. The process produces a range of plastics that are durable 
during use, but are compostable and biodegradable. ADM ’ s plant will produce 
PHA natural plastics that have a wide variety of applications in products currently 
made from petrochemical plastics, including coated paper, fi lm, and molded 
goods.  

  1.4.3.5   Other Bio - Packaging Solutions 
 Zip - Pak intends to feature a new line of biodegradable zippers, to allow fi lm and 
bag converters to produce packaging that can help them meet the requirements 
with the convenience of a press - to - close format for easy storage. Brand owners can 
now specify zippered degradable packaging for food products such as produce, 
nuts, breads, and cheeses. 

 The packaging offered by RPC has been produced from PHAs    –    polyhydroxyal-
kanoates, polymers made from organic sugars and oils that break down in soil, 
composting installations, waste treatment processes, river water, and marine envi-
ronments. The only products generated during decomposition are carbon dioxide 
and water. This means that, because these are the materials used to make the 
material, the life cycle is effectively a closed loop. The resulting moldings have, to 
date, proved to be far more heat - stable than the more familiar biodegradable 
polymer PLA, which according to   RPC proves PHA ’ s suitability for the cosmetics 
packaging market. The successful application of PHAs indicates that fully biode-
gradable cosmetics packaging can be a reality. 

 An example of a commercial biodegradable polyester is Biopol      –    a copolymer of 
hydroxybutyric and hydroxyvaleric acids, achieved during fermentation of sugars 
from sugar beet in the presence of bacteria that transform glucose into polymer. 
Biopol is one of the polymers with an ideal biodegradability profi le, decomposing 
into carbon dioxide and water. Because of its stiff nature it is useful for bottles 
and canisters.  

  1.4.3.6   Partially Biodegradable Packaging Materials 
 In addition to completely biodegradable polymers, partly biodegradable polymers, 
such as mixtures of synthetic polymers with added starch, are also presented. The 
disadvantage of these materials is that only the starch is biodegradable and the 
rest is dissipated in the environment. The degradation of the synthetic fi lm can 
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be accelerated by means of starch used as fi lling.  Low Density Polyethylene  ( LDPE ) 
blends containing up to 10% maize starch have been produced by conventional 
techniques and the end products were used in bags for shopping or rubbish  [83] . 

 A challenge in the fi eld of biodegradable packaging development is the combina-
tion of truly biodegradable polymers into blends of fi lms or laminate fi lms with 
qualities as good as in synthetic laminates. For instance, for food use, products 
may be coated with pullulan, an edible material of very low oxygen permeability 
and utilized as an outer packaging of high fl exibility, thus acting as a moisture 
barrier. Pullulan fi lm can be produced because it and the blending polymer can 
both undergo the same processing when   melted under controlled moisture condi-
tions. Pullulan as an additive reduces oxygen permeability. Some biopolymers 
based on polysaccharides are applied as coating materials or packaging fi lms. They 
include starch, pullulan, and chitosan. 

 The Danish - based Danisco produces an additive from hardened castor oil and 
acetic acid. It is colorless, odorless, and completely biodegradable. The Toronto -
 based Diamant originally marketed its polystyrene - based stretch fi lm as a non -
 plasticized food wrap that was eco - friendly and recyclable. The company developed 
the technology over the course of ten years as an alternative to PVC. Bioplastics 
were formed to develop and acquire new products and technologies for the manu-
facturing of totally biodegradable products. Diamant uses EPI Environmental 
Technologies ’   TDPA  ( Totally Degradable Plastic Additive ) product for manufactur-
ing the pallet wrap. When incorporated into commodity plastic resins, such as 
polypropylene (PP), polyethylene (PE) and  polystyrene  ( PS ), the TDPA additives 
render the plastics degradable and ultimately biodegradable. This product will 
degrade and ultimately biodegrade, and once biodegrading is complete all that 
remains is carbon dioxide, water, and biomass, all which are part of the normal 
biocycle. 

 The Californian - based company Cereplast claims that its biopropylene resin is 
an industry fi rst and could replace traditional polypropylene in the vast majority 
of applications. These bio - resins replace a signifi cant portion of petroleum - based 
additives with materials such as starches from tapioca, corn, wheat, and potatoes, 
meeting the demand from consumers and manufacturers for sustainable plastics. 
Also notable is Cereplast ’ s already existing line in compostable resins in which 
bio - based starch products, such as corn, wheat, and potato starches, replace nearly 
100 percent of petroleum - based additives. This results in products that will 
compost in commercial facilities within 180 days, leaving no chemical residue. 

 Cereplast Compostables ®  resins are renewable, ecologically sound substitutes 
for petroleum - based plastic products, replacing nearly 100% of the petroleum -
 based additives used in traditional plastics ( Figure    1.8  ). Cereplast Compostables ®  
resins are starch - based, made from corn, wheat, tapioca, and potato starches that 
come primarily from the Midwest. Resin manufacturing begins once the Cereplast 
production team has selected the right biopolymer matrix made from renewable, 
cost - stable resources. These biopolymers include poly(lactic acid) (PLA), soy pro-
teins, PHA, PHBs, or starch from corn, wheat, or potatoes. The selected biopoly-
mer is blended with other biodegradable components to reinforce its molecular 



        Figure 1.8     Cereplast 
Compostables ®  process (a) and 
its applications (b) ( with 
permission of Cereplast Inc. ).  
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structure through a proprietary process developed by Cereplast. The blend is then 
polymerized and treated with nano - composites for surface optimization and 
further reinforcement. The entire green composite process is high - speed and low -
 cost. The fi nal product is then packaged and shipped to converters, which are able 
to process the resin using traditional equipment. Cereplast manufactures ten 
grades of resins for various applications: injection - molding, extrusion, and more. 
Cereplast proprietary resins are a cost - competitive alternative to traditional fossil -
 fuel - based resins. Cereplast can be substituted in a wide range of applications for 
manufacturing. There are currently 12 resin formulations available to manufac-
turers. All Cereplast resins are made from renewable resources and are certifi ed 
as 100% compostable.   

 Cereplast Hybrid Resins TM  products are bio - based, with 50% or more of the 
petroleum content in traditional plastic products being replaced with bio - based 
materials such as starches from corn, tapioca, wheat, and potatoes. Cereplast 
Hybrid Resins TM  products can be processed with the same cycle times as tradi-
tional plastics, but require less energy in the production process thanks to the use 
of signifi cantly lower machine temperatures. The fi rst product from the Cereplast 
Hybrid Resins TM  family (Biopolyolefi ns TM ) is Biopropylene 50 TM  (CP - BIO - PP - 50), 
a 50% petroleum and 50% starch - based resin exhibiting physical characteristics 
similar to those of traditional polypropylene. Biopropylene TM  resin can be used in 
a variety of manufacturing processing including injection - molding, thermoform-
ing, profi le extrusion, and extrusion blow - molding. 

 The Harvest Collection TM  from Genpak (USA) is a new and exciting line of 
compostable plates, compostable food containers, and compostable cups produced 
from naturally occurring, annually renewable resources such as corn, rice, and 
wheat. They will completely compost and biodegrade in a commercially run com-
posting facility. The compostable products in the Harvest Collection TM  line look 
and feel just like traditional top - of - the - line plastic items, but have the added benefi t 
of being produced from annually renewable resources. The Harvest Collection 
offers a wide variety of biodegradable products including compostable food con-
tainers, compostable cups, and compostable dinnerware items for food service 
applications. 

 Starch mixed with polyethene is also known as biobased (hydrodegradable) 
material and reaches the American Standards for Testing Materials as well as the 
European norms for compostability degrading in 60% under 180 days. 

 Polymers that usually use starch are polycaprolactone (PCL), polyvinyl alcohol 
(PVA), and poly(lactic acid) (PLA), all used to control the microbial breakdown, 
only allowing breakdown in the presence of microbes, heat, moisture, and proper 
aeration, such as those conditions found in traditional compost piles. Additive -
 based plastic bags, on the other hand, are our traditional plastic bag fi lms with a 
special chemical adjustment so as to make them breakdown more readily under 
certain conditions. In the fi rst stages of decomposition  , oxygen, light, heat, and/
or stress react on a molecular level, fragmenting the fi lm in such a way that water 
can wet and surround its molecules, thus making it readily biodegradable, leaving 
only CO 2 , water, and biomass once microorganisms get a hold of it. These oxode-
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gradable/photodegradable plastic bags may make things easier without causing 
much change in the consumer ’ s lifestyle today and right now cost a little less. 

 Nowadays, industrial processing of partly biodegradable polymers containing 
starch includes: Mater - Bi by Novamont, Bioplast by Biotec, Greenpol and Eslon 
Green by Yukong LTD and Cheil Synthetics Int., Starpol 2000 by the UK - based 
Stanelco, Cargill ’ s NatureWorks, and many others.  

  1.4.3.7   Protective Loose - Fill Foams 
 As an alternative to very popular polymer foams such as  expanded polystyrene  
( EPS ), loose - fi ll (foamed chips for fi lling space around goods within a packing box) 
extruded from thermoplastic starch is probably the most successful application of 
starch - based material in cushion packaging. Starch - based loose - fi ll foams are bio-
degradable and have competed well with EPS - based loose - fi ll even though starch -
 based loose - fi ll costs approximately $21 per cubic meter delivered, which is about 
30% higher than the price of EPS - based loose - fi ll  [84] . Several patents relating to 
extruded foams based on starch and blends of starch with various additives have 
been fi led  [85 – 88]  and the material is commercially available. Considerable effort 
has been made to study the infl uence of extrusion conditions, moisture content, 
and composition on the physical properties of starch - based foams  [84, 89, 90] . 

 Extruded starch foams are generally water - soluble, and their properties are 
sensitive to moisture content. Greatest expansion and lowest densities are gener-
ally achieved through the use of modifi ed high - amylase starches. Various synthetic 
polymers, such as poly(vinyl alcohol) or polycaprolactone, have been blended with 
unmodifi ed starches to produce foams with lower densities and increased water 
resistance. 

 Although the use of starch in loose - fi ll products gives advantages in the form of 
biodegradability and environmental protection, these products have been criticized 
for their imperfection in relation to EPS loose - fi ll products. EPS -  and starch - based 
foams have differences, but the differences do not compromise performance. 

 These products differ with respect to composition and method of manufacture. 
Foam and bulk densities, which are higher than those of EPS - based foams by 
factors of two to three, are attributable to the density of starch, which is 50% higher 
than that of polystyrene homopolymer, and to the direct water - to - steam expansion 
process, which creates a predominately open cellular structure that stops foam 
expansion. Starch - based foam loose - fi ll is very hygroscopic. The foam densities of 
starch - based products signifi cantly increase, between 10 and 30%, after condition-
ing at high humidity. 

 The compressive stresses of most starch - based foams do not differ signifi cantly 
from those of EPS products. Chemically modifi ed starches gives foams with good 
retention of compressive stress over a broad humidity range. 

 The resiliencies of starch - based foams, with values between 69.5 and 71.2%, are, 
as a group, about 10% lower on a relative basis than those of EPS foams. Although 
starch - based foams absorb 13 to 16 wt% moisture after conditioning at 80%  r.h.  
( relative humidity   ) and 23    ° C, these products retain between 62 and 67% 
resiliency. 
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 Fragmentation of both starch -  and EPS - based foam amounts to 2 to 6   wt%, but 
starch - based foams break down into fi ne dust, whereas EPS - based foams break 
into large fragments. 

 All starch - based foams have signifi cantly higher foam and bulk densities and 
open - cell and moisture contents than EPS - based foams. Both product types have 
similar compressive stresses, resiliencies, and friabilities. Starch - based foams are 
more sensitive to changes in relative humidity and temperature than EPS - based 
foams, but the larger amounts of absorbed moisture do not compromise mechani-
cal integrity. 

 Generally, extrusion techniques can be successfully employed for production of 
starch - based foams. The physical properties of loose - fi lls, such as density, porosity, 
cell structure, water absorption characteristics, and mechanical properties, are 
highly dependent on the raw materials and additives. The mechanical behavior of 
foamed pellets can be adjusted effectively by controlling the cell structure through 
use of different additives. At room temperature and 50% relative humidity, some 
mechanical properties, such as compressive strength or compressive modulus of 
elasticity, are comparable to those of commercial EPS foams. 

 Starch - based foams can be prepared from different starch sources, with 70% of 
the polystyrene being replaceable with biopolymer starch. Functional starch - based 
plastic foams can be prepared from different starch sources, depending on their 
availability. 

 Starch - based foams with polymer addition (e.g., PS, PM, PHEE) show improved 
properties in comparison with 100% starch foams. The addition of polymers sig-
nifi cantly increases radial expansion and gives low - density foams. Compressive 
strength depends primarily on foam density, and not on starch type or polymer 
structure. Friability is reduced when polymer is present in the foam. 

 PLA/starch foams can be successfully prepared by using water as a blowing 
agent in the presence of talc, which acts as an effective nucleation agent. Water is 
a good blowing agent for the PLA/starch system. Talc at 2% gives the PLA/starch 
foam a fi ne foam cell size and uniform cell size distribution. 

 The addition of Mater - Bi  ®   affects the foam expansion characteristics. High 
levels of MBI result in low radial expansions and high densities. The resiliency 
improves as the levels of MBI and moisture contents are increased. The MBI -
 starch foams have the potential to be used as an environmentally friendly loose - fi ll 
packaging material.    
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