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Abstract. Starch is a natural polymer which possesses many unique properties and some shortcoming simultaneously.
Some synthetic polymers are biodegradable and can be tailor-made easily. Therefore, by combining the individual advantages of starch and synthetic polymers, starch-based completely biodegradable polymers (SCBP) are potential for applications in biomedical and environmental fields. Therefore it received great attention and was extensively investigated. In this
paper, the structure and characteristics of starch and some synthetic degradable polymers are briefly introduced. Then, the
recent progress about the preparation of SCBP via physical blending and chemical modification is reviewed and discussed.
At last, some examples have been presented to elucidate that SCBP are promising materials for various applications and
their development is a good solution for reducing the consumption of petroleum resources and environmental problem.
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1. Introduction
As well known, synthetic polymer materials have
been widely used in every field of human activity
[1] during last decades, i.e. post-Staudinger times.
These artificial macromolecular substances are
usually originating from petroleum and most of the
conventional ones are regarded as non-degradable.
However, the petroleum resources are limited and
the blooming use of non-biodegradable polymers
has caused serious environmental problems. In
addition, the non-biodegradable polymers are not
suitable for temporary use such as sutures. Thus,
the polymer materials which are degradable and/or
biodegradable have being paid more and more
attention since 1970s.
Both synthetic polymers and natural polymers that
contain hydrolytically or enzymatically labile
bonds or groups are degradable. The advantages of
synthetic polymers are obvious, including predictable properties, batch-to-batch uniformity and

can be tailored easily [2]. In spite of this, they are
quite expensive. This reminds us to focus on natural polymers, which are inherently biodegradable
[3] and can be promising candidates to meet different requirements.
Among the natural polymers, starch is of interest. It
is regenerated from carbon dioxide and water by
photosynthesis in plants [4]. Owing to its complete
biodegradability [5], low cost and renewability [6],
starch is considered as a promising candidate for
developing sustainable materials. In view of this,
starch has been receiving growing attention since
1970s [7, 8]. Many efforts have been exerted to
develop starch-based polymers for conserving the
petrochemical resources, reducing environmental
impact and searching more applications [9–11]. In
this paper, the status of preparation and applications of starch-based completely biodegradable
(SCBP) polymers is reviewed and presented.
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2. Structure and properties of starch
Starch is mainly composed of two homopolymers
of D-glucose [8]: amylase, a mostly linear αD(1, 4’)-glucan and branched amylopectin, having
the same backbone structure as amylose but with
many α-1, 6’-linked branch points (Figure 1). There
are a lot of hydroxyl groups on starch chains, two
secondary hydroxyl groups at C-2 and C-3 of each
glucose residue, as well as one primary hydroxyl
group at C-6 when it is not linked. Evidently, starch
is hydrophilic. The available hydroxyl groups on
the starch chains potentially exhibit reactivity specific for alcohols. In other words, they can be oxidized and reduced, and may participate in the formation of hydrogen bonds, ethers and esters [12].
Starch has different proportions of amylose and
amylopectin ranging from about 10–20% amylose
and 80–90% amylopectin depending on the source
[13]. Amylose is soluble in water and forms a helical structure [14]. Starch occurs naturally as discrete granules since the short branched amylopectin
chains are able to form helical structures which
crystallize. Starch granules exhibit hydrophilic
properties and strong inter-molecular association
via hydrogen bonding formed by the hydroxyl
groups on the granule surface.
Owing to its hydrophilicity, the internal interaction
and morphology of starch will be readily changed

by water molecules, and thereby its glass transition
temperature (Tg), the dimension and mechanical
properties depend on the water content. Tg of native
starch can be as low as 60 to 80°C when the weight
fraction of water is in the range 0.12 to 0.14, which
allows starch to be successfully injection moulded
to obtain thermoplastic starch polymers in the presence of water [15]. On the other hand, the hydrophilicity of starch can be used to improve the
degradation rate of some degradable hydrophobic
polymers, which will be shown in 3.1.1.
Starch is totally biodegradable in a wide variety of
environments. It can be hydrolyzed into glucose by
microorganism or enzymes, and then metabolized
into carbon dioxide and water [16]. It is worth noting that carbon dioxide will recycle into starch
again by plants and sunshine. Starch itself is poor in
processability, also poor in the dimensional stability and mechanical properties for its end products
[17]. Therefore, native starch is not used directly.

3. Preparation of starch-based
biodegradable polymers
To improve the properties of starch, various physical or chemical modifications of starch such as
blending, derivation and graft copolymerization
have been investigated.

Figure 1. Molecular structure of starch
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3.1. Physical blends
3.1.1. Blend with synthetic degradable polymers
At first, starch was adopted as a filler of polyolefin
by Griffin [18] and its concentrations is as low as
6–15%. Attempts to enhance the biodegradability
of the vinyl polymers have been investigated by
incorporating starch to a carbon-carbon backbone
matrix [19]. In all these cases starch granules were
used to increase the surface area available for attack
by microorganisms. However, such a system is partially biodegradable and not acceptable from an
ecological point of view. Thus, the blends of starch
and polyolefin will not be mentioned any more in
this article.
To prepare completely biodegradable starch-based
composites by this strategy, biodegradable polymers are assumed. Usually, the components to
blend with starch are aliphatic polyesters, polyvinyl
alcohol (PVA) and biopolymers. The commonly
used polyesters are poly(β-hydroxyalkanoates)
(PHA), obtained by microbial synthesis, and polylactide (PLA) or poly(ε-caprolactone) (PCL),
derived from chemical polymerization. The goal of
blending completely degradable polyester with low
cost starch is to improve its cost competitiveness
whilst maintaining other properties at an acceptable
level [20, 21].
PLA is one of the most important biodegradable
polyesters with many excellent properties and has
been widely applied in many fields, especially for
biomedical one. PLA possesses good biocompatibility and processability, as well as high strength
and modulus. However, PLA is very brittle under
tension and bend loads and develops serious physical aging during application. Moreover, PLA is a
much more expensive material than the common
industrial polymers [22].
Many efforts have been made to develop PLA/
starch blends to reduce total raw materials cost and

enhance their degradability. The major problem of
this blend system is the poor interfacial interaction
between hydrophilic starch granules and hydrophobic PLA. Mechanical properties of blends of PLA
and starch using conventional processes are very
poor because of incompatibility [23]. In order to
improve the compatibility between hydrophilic
starch granules and hydrophobic PLA, glycerol,
formamide, and water are used alone or combined
as plasticizers to enhance the dispersion and the
interfacial affinity in thermoplastic starch (TPS)/
PLA blends. In the presence of water and other
plasticizers including glycerol, sorbitol, urea, and
formamide [24], the strong intermolecular and
intramolecular hydrogen bonds in starch can be
weakened.
To improve the compatibility between PLA and
starch, suitable compatibilizer should be added.
Besides, gelatinization of starch is also a good
method to enhance the interfacial affinity. Starch is
gelatinized to disintegrate granules and overcome
the strong interaction of starch molecules in the
presence of water and other plasticizers, which
leads to well dispersion [25, 26]. The glass transition temperature and mechanical properties of
TPS/PLA blend depend on its composition and the
content of plasticizer as well (Table 1), indicating
the compatibility between PLA and TPS is low but
some degree of interaction is formed [26].
PCL is another important member of synthetic
biodegradable polymer family. It is linear, hydrophobic, partially crystalline polyester, and can be
slowly degraded by microbes [27–29]. Blends
between starch and PCL have been well documented in the literatures [30–35]. The weakness of
pure starch materials including low resilience, high
moisture sensitivity and high shrinkage has been
overcome by adding PCL to starch matrix even at
low PCL concentration. Blending with PCL, the

Table 1. Thermal and mechanical properties of thermoplastic starch/polylactide (TPS/PLA) blends
Content of TPS
[wt%]
100 (TPS1)a
090 (TPS1)
075 (TPS1)
100 (TPS2)a
090 (TPS2)
075 (TPS2)
0

Tg [°C]
PLA
–
47
53
–
NF
NF
58

Tensile Strength
[MPa]
3.4
2.9
4.8
19.5
14.1
12.0
68.4

TPS
10
NFb
NF
43
NF
NF
–

athe
bTg

content of glycerol and water in TPS1 and TPS2 are 18 and 12, 10 and 16 wt% respectively
value is not found in the literature
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Elongation at Break
[%]
152.0
48.8
5.7
2.8
1.3
0.9
9.4
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Table 2. Thermal and mechanical properties of thermoplastic starch/polycaprolactone (TPS/PCL) blends
Content of TPS
[wt%]
100 (TPS1)a
075 (TPS1)
100 (TPS2)a
075 (TPS2)
060 (TPS2)
0

Tg [°C]
PCL
–

Tensile Strength
[MPa]
3.3
5.9
21.4
10.5
9.0
14.2

TPS
08.4
31.0

–

43.4
41
NFb

–61.5

–

Elongation at Break
[%]
126.0
62.6
3.8
2.0
2.4
>550.0

athe
bT
g

content of glycerol and water in TPS1 and TPS2 are 18 and 12, 10 and 16 wt% respectively
value is not found in the literature

impact resistance and the dimensional stability of
native starch is improved significantly. The glass
transition temperature and mechanical properties of
TPS/PCL blend are varied with its composition and
the content of plasticizer (Table 2) [32]. As can be
seen, TPS/PCL blend is similar to TPS/PLA blend
in both the compatibility and the role of components.
PCL/starch blends can be further reinforced with
fiber and nano-clay respectively. Moreover, the
other properties of the blends such as hydrolytic
stability, degradation rate, and compatibilization
between PCL and starch are also improved [34, 35].
PVA is a synthetic water-soluble and biodegradable polymer [36]. PVA has excellent mechanical
properties and compatibility with starch. PVA/
starch blend is assumed to be biodegradable since
both components are biodegradable in various
microbial environments. The biodegradability of
blends consisting of starch, PVA, glycerol and urea
is performed by bacteria and fungi isolated from the
activated sludge of a municipal sewage plant and
landfill, which indicate that microorganisms consumed starch and the amorphous region of PVA as
well as the plasticizers [37]. Meanwhile, the blend
is expected to exhibit good mechanical and process
properties [38, 39]. Owing to the strong interaction
among hydroxyl groups on PVA and starch chains,
all the Tg of the starch/PVA blends of different
compositions are lower than that of PVA. The
excellent compatibility of two components make
the tensile strength of the blend increases with
increasing PVA concentration, and the elongation
at break of the blend is almost kept constant [37].
In addition, PVA can be used to enhance the compatibility of starch/PLA blends. Because both
starch and PVA are polyols, starch will form continuous phase with PVA during blending. As a
result, the mechanical properties of the starch/PLA

blends are improved in the presence of PVA [40].
As for the blend system without PVA, starch acts as
filler in the PLA continuous matrix. PLA acts as the
main load-bearing phase because of the weak interaction between starch and PLA.
3.1.2. Blend with biopolymers
Natural polymers such as chitosan and cellulose
and their derivatives are inherently biodegradable,
and exhibit unique properties. A number of investigations have been devoted to study the blend of
them with starch.
Starch and chitosan are abundant naturally occurring polysaccharide. Both of them are cheap,
renewable, non-toxic, and biodegradable [41]. The
starch/chitosan blend exhibits good film forming
property, which is attributed to the inter- and intramolecular hydrogen bonding that formed between
amino groups and hydroxyl groups on the backbone of two components. The mechanical properties, water barrier properties, and miscibility of
biodegradable blend films are affected by the ratio
of starch and chitosan [42].
Extrusion of the mixture of corn starch and microcrystalline cellulose in the presence or absence of
plasticizers (polyols) is used to produce edible
films [43]. By increasing the content of the cellulose component, the rupture strength is increased,
whereas the elongation at break and the permeability of films for water vapor are decreased. Starch
can form thermodynamically compatible blend
films with water-soluble carboxymethylcellulose
(CMC) when the starch content is below 25 mass%
[44]. Such films are biodegradable in presence of
microorganisms.
Starch-based nanocomposite film is obtained by
casting the mixture of plasticized starch and flax
cellulose nanocrystals. The mechanical properties
369
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and water resistance are greatly improved. The tensile strength of nanocomposite and unreinforced
films are 498.2 and 11.9 MPa respectively [45].

3.2. Chemical derivatives
One problem for starch-based blends is that starch
and many polymers are non-miscible, which leads
to the mechanical properties of the starch/polymer
blends generally become poor. Thus, chemical
strategies are taken into consideration.
Chemical modifications of starch are generally carried out via the reaction with hydroxyl groups in the
starch molecule [46]. The derivatives have physicochemical properties that differ significantly from
the parent starch but the biodegradability is still
maintained. Consequently, substituting the hydroxyl
groups with some groups or chains is an effective
means to prepare starch-based materials for various
needs.
Graft copolymerization is an often used powerful
means to modify the properties of starch. Moreover, starch-g-polymer can be used as an effective
compatibilizer for starch-based blends [47–49].
PCL and PLA are chemically bonded onto starch
and can be used directly as thermoplastics or compatibilizer. The graft-copolymers starch-g-PCL and
starch-g-PLA can be completely biodegraded under
natural conditions and exhibit improved mechanical performances. To introduce PCL or PLA segments onto starch, the ring opening graft
polymerization of ε-caprolactone or L-lactide with
starch is carried out [17, 31, 50, 51].
Starch-g-poly(vinyl alcohol) can be prepared via
the radical graft copolymerization of starch with
vinyl acetate and then the saponification of the
starch-g-poly(vinyl acetate). Starch-g-PVA behaves
good properties of both components such as processability, hydrophilicity, biodegradability and gelation ability [52–56].
Starch can be easily transformed into an anionic
polysaccharide via chemical functionalization [57].
For instance, a carboxylic derivative of starch,
maleic starch half-ester acid (MSA), has been prepared via the esterification of starch with maleic
anhydride in the presence of pyridine [58]. MSA is
an anionic polyelectrolyte, consequently it can perform ionic self-assembly with chitosan in aqueous
solution and forms a polysaccharide-based polyelectrolyte complex [59].

4. Applications of starch-based
biodegradable polymers
4.1. In food industry
Food packaging and edible films are two major
applications of the starch-based biodegradable
polymers in food industry.
The requirements for food packaging include
reducing the food losses, keeping food fresh,
enhancing organoleptic characteristics of food such
as appearance, odor, and flavor, and providing food
safety [60]. Traditional food packaging materials
such as LDPE have the problem of environmental
pollution and disposal problems [61]. The starchbased biodegradable polymers can be a possible
alternative for food packaging to overcome these
disadvantages and keep the advantages of traditional packaging materials. However, the components in the conventional starch-based polymer
packaging materials are not completely inert. The
migration of substances into the food possibly happens, and the component that migrates into food
may cause harm for the human body. In view of
this, new starch-based packaging materials are
being developed. For instance, a starch/clay
nanocomposite food packaging material is developed, which can offer better mechanical property
and lower migration of polymer and additives [62].
Starch-based edible films are odorless, tasteless,
colorless, non-toxic, and biodegradable. They display very low permeability to oxygen at low relative humidity [63] and are proposed for food
product protection to improve quality and shelf life
without impairing consumer acceptability [64].
In addition, starch can be transformed into a
foamed material by using water steam to replace
the polystyrene foam as packaging material. It can
be pressed into trays or disposable dishes, which
are able to dissolve in water and leave a non-toxic
solution, then can be consumed by microbic environment [65].
Evidently, the starch-based biodegradable polymers are attractive for food industry and will make
great progress in the future.

4.2. In agriculture
Starch-based biodegradable polymers have found
three major applications in agriculture: the covering of greenhouse, mulch film and fertilizers con-
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trolled release materials [66]. The consumption of
agriculture films is abundant. Generally, the disposal methods of tradition films are landfill, recycling or burning. But they are time-consuming, not
economic and lead to environmental pollution [67].
On the other hand, the utilization efficiency of fertilizers is the key element of the development of
agricultural productions. However, due to surface
runoff, leaching and vaporization, the fertilizers
escape to environment to cause diseconomy and
environmental problems [68, 69].
The development of starch-based biodegradable
polymers offers a possibility to overcome the mentioned problems. They can be used as the fertilizers
controlled release matrices to release the fertilizers
slowly or in controlled way. As a result, the loss of
fertilizers and environment pollution can be
avoided or reduced [50, 70].
After using, starch-based films can be ploughed
into soil and disposed directly. Moreover, no toxic
residues formed after the degradation of starchbased biodegradable polymers [71, 72]. Thus, the
development of starch-based materials for agriculture applications is being continued. For example,
to enhance the mechanical properties and solvent or
gas resistance, starch-based biodegradable materials are mixed with some nano-grade additives such
as TiO2, layered silicate and MMT to form bionanocomposites [73–75].

4.3. In medical field
Starch-based biodegradeable polymers have some
advantages to be medical polymer materials
[76–81]:
a) good biocompatibility
b) biodegradable and its degradation products are
non-toxic
c) proper mechanical properties
d) degradation as requirement
Starch-based biodegradeable polymers have been
widely investigated in bone tissue engineering.
Starch-based biodegradable bone cements can provide immediate structural support and degrade
from the site of application. Moreover, they can be
combined with bioactive particles, which allow
new bone growth to be induced in both the interface
of cement-bone and the volume left by polymer
degradation [82]. In addition, starch-based biode-

Figure 2. SEM photograph of strach-g-PVA/HA hydrogel
(scale bar 3 µm)

gradeable polymer can also be used as bone tissue
engineering scaffold [83].
Starch-based biodegradable polymers, in the form
of microsphere or hydrogel, are suitable for drug
delivery [84, 85]. There is no need for surgical
removal of the device after drug depletion.
The unique properties, such as hydrophilicity, permeability, biocompatibility, and to some extent
similar to soft biological systems, of starch-based
hydrogels make them useful for various biomedical
applications [86]. The 3D structure of starch-based
hydrogels enable them absorb and reserve a plenty
of water and keep good enough mechanical property at the same time. Starch-based hydrogels have
received growing interest for biomedical applications. In our lab, physically cross-linked starch-gPVA and starch-g-PVA/hydroxyapatite hydrogel
are obtained via repeated freezing/thawing circles,
and hydroxyapatite (HA) can be well dispersed in
such a matrix (Figure 2) [55, 87]. The water content
in the fresh starch-g-PVA/HA hydrogel is comparable to that of PVA/HA hydrogel, and the dried
starch-g-PVA/HA films can re-adsorb water soon
and reach swelling equilibrium within 12 minutes.

5. Conclusions
Starch is renewable from carbon dioxide, water and
sunshine. It is biodegradable, cheap and to be physical or chemical modified easily. This means someday it is unnecessary to rely on petroleum to
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prepare polymers, people may ‘plant’ polymers of
suitable performances from the earth, and the environmental problems will be no longer as severe as
today. At present and in the near future, different
physical and chemical approaches are effective
strategies to develop starch-based completely
biodegradable polymers of appropriate biocompatibility, degradation rate and physical properties for
various applications.
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