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Biochemistry, the study of chemical transformations occurring within living
organisms, impacts all of the life sciences, from molecular crystallography and
genetics, to ecology, medicine and population biology. Biochemistry studies
macromolecules - proteins, nucleic acids, carbohydrates and lipids —their building
blocks, structures, functions and interactions. Much of biochemistry is devoted

to enzymes, proteins that catalyze chemical reactions, enzyme structures, mech-
anisms of action and their roles within cells. Biochemistry also studies small sig-
naling molecules, coenzymes, inhibitors, vitamins and hormones, which play roles
in the life process. Biochemical experimentation, besides coopting the methods

of classical chemistry, e.g., chromatography, adopted new techniques, e.g., X-ray
diffraction, electron microscopy, NMR, radioisotopes, and developed sophisticat-
ed microbial genetic tools, e.g., auxotroph mutants and their revertants, fermenta-
tion, etc. More recently, biochemistry embraced the ‘big data’ omics systems.
Initial biochemical studies have been exclusively analytic: dissecting, purifying
and examining individual components of a biological system; in exemplary words
of Efraim Racker, (1913 -1991) “Don’t waste clean thinking on dirty enzymes.”
Today, however, biochemistry is becoming more agglomerative and comprehen-
sive, setting out to integrate and describe fully a particular biological system. The
‘big data’ metabolomics can define the complement of small molecules, e.g., ina
soil or biofilm sample; proteomics can distinguish all the proteins comprising e.g.,
serum; metagenomics can identify all the genes in a complex environment e.g., the
bovine rumen.

This Biochemistry Series will address both the current research on biomolecules,
and the emerging trends with great promise.
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Preface

That starch is the second most abundant biomass in nature, as well as a cheap,
renewable, and biodegradable polymer is indisputable. Historically, starch finds wide
use in the food, textiles, cosmetics, plastics, adhesives, paper, and pharmaceutical
industries. Today, starch is either used in its native or modified form. It is estimated
that the starch output value is about €15 billion per year. The leading users of starch
are believed to be the brewing, baking powder, and confectionery industries. The
need for starch continues to increase and advances in its applications continue to
emerge. Starch and starch derivatives play very important roles in environmental
management, agriculture, biomedical engineering, and textiles, and this appears to
be driving the starch industry on the economic front.

As our understanding of starch and its applications continue to evolve, argument

on its properties rages among biopolymer scientists; with every discipline defining
starch from the prism or scope of such a discipline. For example, starch evolution
has succeeded in moving it from its traditional role as food to being an indispensable
medicine.

Starch - Evolution and Recent Advances is a unique collective project that brings together
authors of varying backgrounds, experiences, and expertise in starch and starch
products. It is organized into three sections: “Introduction,” “History and Evolution,”
and “Recent Advances.” Chapter 1 introduces the topic while also creating a nexus
between starch and national development. The second and third sections contain five
chapters each. Chapters 2-6 in Section 2 focus on the history, evolution, and ability
of starch to serve as an economic powerhouse of nations. This section also expounds
on the health benefits of starch as well as the effects of starch varieties and handling
on the physicochemical properties of starch. Chapters also discuss the qualitative and
quantitative morphological, chemical, and genetic properties peculiar to the source
of the starch. Section 3 includes Chapters 7-11 and examines some of the most recent
advances in starch and starch product technology, from the molecular behavior of
starch and its effects on bioavailability, current and future applications of resistant
starch as a functional food ingredient, and development of biodegradable starch
films using electrospraying technology to the application of starch and starch-based
polymeric materials in nanotechnology and environmental remediation.

This book provides the reader with excellent and rich knowledge of the history,
evolution, and recent developments in starch. It is useful for students, pharmacists,
agriculturists, chemists, biologists, chemical engineers, and health research scientists.
University professors, research professors, researchers, and their undergraduate and
postgraduate students will find this multi-authored, multi-sectoral, and multidisci-
plinary book useful when preparing their theses on starch and starch-related projects.
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Chapter1

Introductory Chapter: What We
Know about Starch

Martins Ochubiojo Emeje

1. Introduction

Several studies abound in literature expounding the meaning and frontiers of
starch, which is the major dietary source of carbohydrates, and the most abundant
storage polysaccharide in plants, occurring as granules in the chloroplast of green
leaves and the amyloplast of seeds, pulses, and tubers. Starches are polysaccha-
rides, made up of a number of monosaccharides or sugar molecules connected
with a-D-(1-4) and/or a-D-(1-6) linkages. It consists of two major structural
components: amylose, which is a linear polymer with glucose residues of a-(1-4)
linked typically constituting 15-20% of starch; and the major component called
amylopectin, which is a larger branched molecule with a-(1-4) and $-(1-6) link-
ages. The former is said to be linear or slightly branched. It is reported to have up
to 6000 and 105-106 g/mol as its degree of polymerization and molecular mass
respectively. The respective corresponding values for amylopectin are 2 million
and 107-109 g/mol.; it is thus considered one of the largest naturally occurring
molecules [1].

2. Starch and nations development

In the past two decades, the global market value for both native and modified
starches has been put at 48.5 million tons worth €15 billion per year. Since the first
century, Celsius, a Greek physician, had described starch as a healthy food, hav-
ing been added to several foods, confectioneries, and wine as well as salad dressing
ingredients in mayonnaise during the late 1800s in Germany and England. Later,
combinations of cornstarch and tapioca were used by salad manufacturers. Starch is
also used as a sweetener; Sweeteners resulting from the hydrolysis of starch with acid
were used to improve wine in Germany in the 1830s.

Between 1940 and 1995, an increase in the use of starch in the US food industry
was reported from about 30,000 to 950,000 metric tons. The main consumers of
starch are believed to be the fermentation, leavening, and confectionary industries.
A similar study in Europe in 1992 found that 2.8 million tons of starch were used in
food. The uses of starch abound in literature, and the reader is advised to refer to
reviews on the application of starch in the food industry. In fact, starch’s versatility
is unmatched by other biomaterials, making this polymer stand tall in the quest for
natural products with high potentials to contribute to national development.
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Local manufacturing is continually expanding, and there is heavy dependence on
imported pharmaceutical-grade starch as a raw material for use in the manufacturing
of various medicines used in healthcare delivery. This high dependence on foreign
sources for raw material makes cost of production of the medicines used in healthcare
delivery very high. Import dependence is the farmer’s enemy while also hurting the
country, because it replaces local production and creates unemployment, especially in
developing countries of the world. This should not be acceptable, because it is neither
economical or sustainable. Every country of the world has a number of locally avail-
able sources of starch, which if developed will reduce or eliminate heavy dependence
on importation, thereby conserving foreign reserves, and invariably affects the cost
of production of the medicines used in healthcare delivery. It is no brainer that local
production of starch will create employment and equally put smiles on the faces of
farmers. The production of pharmaceutical-grade starch will equally enable countries
to compete in the global starch production [1-4].

3. Recent advances

In the last five decades, the general tendency in the starch industry has been in
the utilization of raw materials other than maize and potato. Research has proven
that the chemical composition and physical characteristics of a starch are essentially
typical of its botanical and biological origin. It has also been found that, regardless
of their origin, native starches are undesirable for many applications because they
cannot withstand processing conditions such as extreme temperatures, variable pH,
high shear rates, and frost variations. To overcome this challenge, changes are often
made to improve or suppress the inherent properties of these native starches or to
provide new properties that meet specific application requirements; such modi-
fied starches have found usefulness in the pharmaceutical, food, paper, and textile
industries applications such as adhesives, disintegrants, fillers, emulsion stabilizers,
and adhesives.

Although various methods of starch modification have been well documented
in the literature, progress continues to be made in this area, and these changes have
led to improved functional and physicochemical parameters of starch in various
industries, especially where native starch itself cannot offer optimal performance.
Recent studies have shown that starch is not just an important biopolymer because
of its robust application in various spheres of life, but it has the potentials for
use in sensitive and precision-driven areas such as in the preparation of various
drug delivery systems; transitioning starch granules from its native micro- to the
artificial submicron levels, thereby conferring on it new properties. Although
carbohydrates are generally considered to be safe, their constituents especially
at submicron level can present some safety issues, especially in pharmaceutical
systems. It is only recently that the modified carbohydrate safety has been studied.
This book provides detailed introduction of the historical and recent developments
in carbohydrate research. It is clear that the demand for carbohydrates will continue
to increase, especially with the use of this biopolymer in other industries. For
example, in medical science, carbohydrates evolved from human food to effectively
dry skin lesions. In the field of biological science, carbohydrates are also consid-
ered essential. Starch has today evolved from its traditional role as food to more
modern roles in medicine, pharmacy, agriculture, life sciences, and the biopolymer
industries [5-7].
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4, Conclusions

In many countries of the world, especially developing countries, local drug manu-
facture is characterized by a complete dependence on importation of all pharmaceuti-
cal actives and excipients required for the manufacture of drugs and cosmetics, and
starch is key among these excipients. Many of these countries have the challenge
of not only the cost of foreign exchange in addition to the lack of infrastructure,
which not only results in a very high cost of production but also leads to low capacity
utilization. This situation can be rectified if the local raw materials available in these
countries are processed into pharmaceutical-grade raw materials. This would have a
direct impact on the national economy by enhancing natural resource utilization. The
problem of locally producing pharmaceutical grade starch can be tackled in either
of two ways, i.e. either undertake primary production of starch as required by the
pharmaceutical industry or by improving available grades of commercial starch to
officially acceptable pharmaceutical grade. It has been opined that the second option
should be cheaper, therefore, undertaking studies of locally produced starches with
aview to identifying areas where they fall short of pharmaceutical-grade and subse-
quently determine methods required to correct such that would lead to the upgrading
of locally produced starch to pharmaceutical-grade starch is a viable strategy, and this
book will serve as a veritable tool in the hands of students, researchers, and industry

players.
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Chapter?2

History, Evolution and Future of
Starch Industry in Nigeria

Obi Peter Adigwe, Judith Eloyi John
and Martins Ochubiojo Emeje

Abstract

Starch industry has progressed into a business that is worth billions of dollars
globally, as they have been found useful in the food, textile, biofuel, plastic and the
pharmaceutical industries. Nigeria can be the largest producer of starch in the world.
Her major sources are roots and tubers (cassava, yam, cocoyam and potato), cere-
als (maize, sorghum, millet and rice) and fruits (banana, plantain and breadfruit).
Although, all the starch crops are abundantly produced in Nigeria, only less than 1%
is processed into high quality starch for industrial processes. This chapter therefore
examines the past, the progression and the current state of the starch industry in
Nigeria and the roles the government and relevant stakeholders must play in order to
revolutionize the industry in Nigeria.

Keywords: starch, cassava starch, rice starch, potato starch, maize starch, industrial
uses, history, evolution, Nigeria

1. Introduction

Starch is the most abundant edible polysaccharide derived from plants [1]. They are
composed of repeating units of amylose and amylopectin that are susceptible to modifi-
cation by physical, chemical, enzymatic and other means [2]. Starch in its native form is
a multipurpose polymer, and an important raw material that finds useful applications in
both food and non-food processes [1, 3]. Native starch is susceptible to retrogradation,
syneresis, inconsistent viscosity and unordered gelation, hence, cannot withstand the
typical industrial processes such as high temperatures, pH, high shear rate, and freeze
thaw variations usually encountered during its use in food and other processes. Thus
modification transforms native starch into gels or viscous mass in water at room temper-
ature [2]. Furthermore, their properties are improved to yield starches with enhanced
pasting properties, decreased retrogradation, reduced tendency to gel, enhanced
freeze-thaw stability, improved paste clarity, and texture, and improved film formation
and adhesion. These superior properties are what finds application in the food, textile,
cosmetics, agro and pharmaceutical industries. The major sources of starch are roots and
tubers (cassava, yam, cocoyam and potato), cereals (maize, sorghum, millet and rice)
and fruits (banana, plantain and breadfruit) [4, 5]. However, commercially available
starches are cassava, maize, potato, and rice starch and they are gluten-free which can
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be tolerated by individuals who react to gluten [6]. Even though all the starch crops are
abundantly produced in Nigeria, only less than 1% is processed into high quality starch
for industrial processes, while about 10% is used as feedstock, 5% is processed into syrup
concentrates for the soft drink industry and the rest (84%) is consumed as food [2].

1.1 Cassava starch

Cassava (Manihot esculenta), is extensively cultivated as an annual crop in
tropical and subtropical regions, around the South-East, South-South and South-West
regions (Figure 1), and it serves as an important food crop and a major source of
carbohydrate for more than 70% of the Nigerian population, and provide income to
over 30 million farmers, industries and traders [7, 8]. Nigeria is the largest producer of
cassava in the world, producing over 37 million metric tons with an average yield of 12
metric tons/hectare [9]. Over 90% of these are consumed locally, and used as animal
feeds, industrial purposes in pharmaceutical and food industry and only 10% are pro-
cessed for export [3, 9]. Cassava root contains about 1% protein and 30-35% starch on
a dry weight basis, hence, regarded as a starchy food [10]. It is a perishable commodity
once harvested with a shelf life of less than 3 days [7]. The greatest potential of cassava
as an agricultural crop lies in the production of starch. Two types of starch (sweet and
sour) are produced from both varieties of cassava tubers (bitter or sweet). Both forms
of starch differ in characteristics and end use. Sweet starch is obtained after an extrac-
tion process that separates the starch from other constituents, whereas sour starch is
obtained by fermentation following extraction. Sweet starch is used as an adhesive
in the textile, paper, and battery industries, while the sour starch is used solely in the
food industry [3]. Although cassava starch serves as a cost effective raw material for
many industrial processes [1], studies show that 52% of cassava produced is wasted as
aresult of inadequate production and processing, 43% is consumed as food and 5%
is utilized as feedstock [3]. The suitability of cassava starch as a raw material in the
food industry is due to its inherent properties such as low gelatinization temperature
(71°C), its slow propensity to retrograde, does not have leftover proteinous materials
or soil residues, non-cereal flavor, high viscosity, high water binding capacity, bland
taste, translucent paste, good stability and reasonably good adhesive strength. It has
arather low lipid profile of less than 0.01%, protein content of 0.15-0.30%, ash value
of 0.08-0.15% and phosphorous content of 2.04-2.45 mg/kg. In addition, it is easy to
extract, settles rapidly and has a carbohydrate content of 73.7-84.9% [11]. In the paper
industry, cassava starch is used as an adhesive; in the cosmetic industry, it servesasa
significant raw material in the production of powders, it enhances the recovery and
stability of detergents in the soap industry, while it produces a better foaming ability
in the rubber and foam industries. In addition, cassava starch can be converted into
maltotriose, maltose, and glucose, can be used to make fructose syrups and in the
production of gelatin capsules [1]. Although, cassava starch has great potentials, only
about 2% of food industries in Nigeria utilize cassava starch and its derivatives [3].

1.2 Potato starch

Potato (Solanum tuberosum L.) belongs to the tuber crops. There are two major
types: the Irish potato which are grown through tubers, and the sweet potato (Ipoema
batata), raised through vines, along the North-Western part of Nigeria (Figure 1).
The Irish potato was introduced first in Nigeria in the late 19th Century, through
missionary activities. Encouraged by the British government during the Second

10



History, Evolution and Futuve of Starch Industry in Nigeria
DOI: http://dx.doi.org/10.5772/intechopen.102712

. Cassava

l:] Sweet Potato

. Rice ~
I:’ Maize

%

o

¢

Figure 1.
Map showing regions of some stavch-based crops in Nigeria.

World War in order to feed their troops in West Africa, Irish potato was cultivated
extensively and it became an important commodity for both local and international
trade [12]. Nigeria is known to be the fourth country in West Africa in terms of potato
production; on the African continent, it ranks the seventh. However, little effort is
made in its promotion for industrial use, as over 80% are consumed as food [13].
Starch obtained from Potato has been demonstrated as a potential raw material in the
pharmaceutical, textile, wood and paper industries as an adhesive, binder, texture
agent and filler, and by oil drilling firms to wash boreholes [12]. Sweet potato starch
can be utilized in the production of starch syrups, glucose and isomerized glucose syr-
ups, lactic acid beverages, bread and other confectionaries [5, 14]. It can also be used
to produce distilled spirits, noodles and isomerized saccharides as sweetener for soft
drinks [15]. In addition, they can be utilized in the production of citric acid, ethanol
and also used in the paper and textile industries [16]; as stabilizer in the production of
yogurt [17]; and as pharmaceutical excipients when modified [18-20]. Potato starch is
100% biodegradable and is utilized as a substitute for polystyrene and other plastics.
Hence, can be used in the production of disposable plates, dishes and knives [12].

1.3 Maize starch

Maize grains (Zea mays) are widely distributed worldwide, and grown in abundance
in the North-Western and Southern-Western parts of Nigeria (Figure 1) during rainy
seasons, however, they are subject to post-harvest wastes due to inadequate storage and
processing. More maize is produced annually than any other grain. About fifty (50)
species exist and consist of different colors, textures and grain shapes and sizes. White,
yellow and red are the most predominant types. Maize starch or corn starch is the starch
derived from the corn (maize) grain. The starch is obtained from the endosperm of the
corn kernel and is a popular food ingredient used in the food, textile, pharmaceutical and
paper industries. In the food industry, is used as a thickening agent for sauces, gravies,
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glazes, soups, casseroles, pies, and other desserts [21]. In Nigeria and other African
countries, corn starch is used in making corn syrup and other sugars like high-fructose
corn syrups, obtained from the breakdown of corn starch, utilized in the soft drink and
candy industries. And also in the production of bioplastics. It is equally the preferred anti-
stick polymer used in the manufacture of medical products obtained from natural latex,
including condoms and medical gloves. In the food industry, corn starch is used to reduce
the cost of production by adding varying amounts of corn starch to foods like cheese

and yogurt. In the production of ethanol, corn has the least expensive total cost. Here,

the yellow specie of corn is used as it contains about 62% of starch [22]. In the industrial
production of glucose, corn starch undergoes hydrolysis by a degradation process using
amylolytic enzymes found in abundance in nature. The use of enzymes in this process
produces a higher yield of pure glucose, that are more stable and environmentally friendly
[23]. In 2004 more than 50% of starch was converted to High Fructose Syrups (HFS).

1.4 Rice starch

There are two main species of rice that are cultivated in Nigeria, the African
specie, Oryza glaberrima L. and the Asian specie, Oryza sativa L., of which 120,000
varieties are known [24]. Rice is the world’s second most important cereal crop after
maize, based on the volume of production and cultivated mainly along the North-
West and South-West regions of Nigeria. Nigeria currently consumes about 7.9 million
metric tons of rice annually while production is presently at 5.8 million metric tons.
The FAO’s report show that rice generates more income for Nigerian farmers than any
other cash crop in the country, with small scale farmers accounting for the largest
volume in sales of 80% while the remaining 20% is consumed. An average of 7-8 tons
of rice can be obtained per hectare. But up to 12 tons per hectare can be obtained
depending on the variety of seeds planted. Although rice has been the topic for dis-
cussions, it has not benefited from the kind of value-added research required for eco-
nomic competitiveness on an international scale, in terms of production. Hence, rice
producers in the country are peasant farmers who are left to keep the sub-sector afloat
against all odds. Industrialists can be encouraged to engage in large-scale production
of rice as functional ingredients can be developed from Nigeria local rice cultivars
and that these ingredients would stand the world market competitiveness. Of these,
rice is starch is the major component of rice constituting about 90% of its dry matter
[25]. Another major product obtained from rice starch is liquor, usually called Rice
Wine, and it can be made at home or in a processing facility from the fermentation
of rice starch that has been converted to sugar. It is widely consumed in Asia, and has
an average alcohol content of 18-25%. At the present, this area of investment is yet to
be explored in Nigeria [26]. Traditionally, there have been basic attributes associated
with rice starch that makes it stand out above other cereal and non-cereal starches.
These properties include hypoallergenicity, digestibility, bland flavor, small granule
(3-10 pm), white color, greater acid resistance, greater freeze—thaw stability of pastes
and a wide range of amylose/amylopectin ratios. These exceptional features are
manifested in the different applications of rice starches.

2. History of starch industry in Nigeria

In Nigeria, in 1940, starch began gaining popularity when cassava starch was
produced in response to the demand by the British government during an outbreak
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of war. In May 1940, starch samples from cassava roots were sent to the Ministry
of Food and to Starch Products Limited in London for further experiments [27],
and 300 tons of starch was purchased. Following the successful sale of starch and
its increased demand by the British government, 10,000 tons of starch was further
exported in July, August, and September 1940. However, in October, 1940, there
was a drawback in the export of starch due to lack of quality, as a result of delay in
processing cassava roots, inadequate washing of the starch after settling, the use of
dirty water or dirty utensils, the use of exposed peeled roots to the atmosphere for
undue time before grating, storage of starch with high moisture content [27].

By June, 1941, the Ministry of food in London purchased starch “irrespective of
quality”; and by September the UK was buying the entire production obtainable [28].
Trade continued in 1942, with the demand of monthly supply set at 300 tons by the
Ministry of Food, this continued into 1943, and from January to April, starch was
produced in large quantities and became a priceless commodity [27]. In April, 1943,
exportation of starch from Nigeria was abolished as a result of a new demand for palm
products by the UK. Therefore, in 1943, Nigeria was required to ensure the maximum
production of palm products, and to achieve this sole objective, a strategy was imple-
mented to stop the production of starch [29]. Likewise, the oil and kernel producing
areas in Nigeria were barred from producing starch, instead, they were encouraged to
cultivate cassava enough for local consumption [27, 30]. In May, 1943, the purchase of
starch for export ceased and the notice on prohibition was repeated in 1944 and 1945
[27, 31]. Since then, low quality starch was refined and sold locally to be consumed as
food or adulterated with cassava flour or garri and sold in the markets [32].

3. Evolution of starch industry in Nigeria

Starch industrial application has evolved into a multibillion dollar business world-
wide and as such, many more industries, mostly within Africa, have now developed
multipurpose applications for starch especially cassava starch. The demand for starch
in Nigeria alone has recently been estimated to be around 67,100 tons per year and
the amount of fresh cassava roots needed to produce that amount of starch is 350,000
tones [1]. The production of cassava has been stagnant since independence to the
mid-1980s. however, an increase in production was observed from the mid-1980s
to early 1990s where it remained constant again until 1999, at the beginning of the
civilian era, where an increase was observed. Although, the Nigerian cassava market
is centered on consumption patterns, an industrial market is now evolving (where
cassava starch is used in the food, pharmaceutical and other industries) that needs to
be explored and utilized. Starch derived from cassava for industrial purposes reveals a
great potential for increased earnings for cassava farmers. Howbeit, in order to achieve
global competitiveness on the production of cassava, the Obasanjo administration
in 2002 established an ordinance on cassava production that led to a 73% growth, an
excess in cassava production, which eventually led to wastage and massive financial
loss due to poor storage, inadequate distribution and underdeveloped downstream
sector [33, 34]. This led to investments in new factories (MATNA foods in Ondo state,
built in 2005, Dutch Agricultural Development Company Nigeria Limited, Benue
State, built in 2006, and Ekha Agro Farms, Ogun State, a glucose syrup factory built
in 2007). These companies used improved production and processing machineries to
enhance cassava starch production and also in the production of glucose, sweeten-
ers and ethanol that could meet international standards [33]. Likewise, the annual
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production of rice in Nigeria increased from 2.8 million in 2010 to 4.9 million metric
tons in 2019, while rice importation decreased by about 60% within the time frame,
indicating Nigeria’s readiness to achieve self-sufficiency. The improved development
warranted product diversification of rice to other value-added products like ethanol,
glucose syrup, and starch by making use of the underutilized native rice varieties that
had undesirable physical features (short grain length, poor color, etc.), poor cooking
quality (soft and sticky grain), and poor consumer acceptability [35].

4. Prospects of starch industry in Nigeria

Native starch is undesirable for many industrial applications, irrespective of the
source. They are susceptible to retrogradation, syneresis, undesirable viscosity and
gelation as a result of their inability to withstand high temperatures, pH, high shear
rates, and freeze thaw variations when used for food and other applications. Hence,
the need for modification by physical, chemical or biological means to yield starch
with improved pasting properties, decreased retrogradation, decreased tendency
to gel, increased paste freeze-thaw stability, improved paste clarity, film formation,
adhesion and gel texture [36].

4.1 The food industry

The food industry is one major industry that utilize starch and starch-based
products. Modified starches have been used as sweeteners, and to improve the
texture of gums and pastes, and also to obtain products that thicken in cold water
without the addition of heat [2]. They are also used as binders to solidify the mass
of food to prevent it from drying out during cooking especially in sausages and
processed meats; and as a stabilizer in creams, due to its high water-holding capacity
[37, 38]. As thickeners, they are used in soups, baby foods, sauces and gravies. In
addition, glucose produced from starch are also used in the production of caramel
that are extensively utilized as coloring agents in foods, confectionaries and liquor
[39]. Glucose syrup is a solution of glucose, maltose and other nutritive saccharides
obtained from edible starch. Although, glucose syrup is not adequately produced
in Nigeria as 800 million naira was used to import glucose in 2003 [4]. However,

a surge in private sector investments in the large-scale production of starch as
reported by the Federal Ministry of Agriculture, Nigeria was observed and com-
panies like the Nigeria starch mills, and the glucose factory in Ogun State began
to invest in large-scale production of cassava and processing of its by-products by
utilizing improved techniques in the machineries used to peel, grate, dry, fry and
mill the raw materials [40].

4.2 The pharmaceutical industry

In the pharmaceutical industry, starches are one of the most important excipients
that have been widely used in the formulation of tablets. They are inert, inexpensive
and have been utilized as fillers, binders, disintegrants and glidants. The use of
modified starch improves the physicochemical properties of the tablets and other
pharmaceutical formulations [36, 41]. Over 1500 tons of starch hydrolysates are used
in the pharmaceutical industry annually and about 80% of starch are imported [8].
In addition, crystalline and liquid glucose are imported for the production of cough

14



History, Evolution and Futuve of Starch Industry in Nigeria
DOI: http://dx.doi.org/10.5772/intechopen.102712

syrups, yet, this high demand for starch-based products can be met from the inexpen-
sive and high quality starch found in cassava that is richly available in Nigeria [1].

4.3 The textile industry

In the textile industry, modified starch (oxidized starch) is employed in the
sizing and dyeing of fabrics to improve the weight, clarity and hardness of the fabric
[1, 36]. Cassava starch is the most preferred for this application as it gives a better
finishing compared to other starches. In addition, modern laundries use soluble
starch, incorporated into a suitable propellant sprays for application during steam
ironing. In the early 1990; only about 700 tons of cassava starch was produced per
annum because the starch was considered to be of low quality. However, maize
starch was imported for use in the textile industry which was later replaced with
over 67,000 tons of cassava starch [8]. Again, the downturn of the economy dur-
ing the military era led to the near collapse of the textile industry which further
decreased the market prospect for cassava starch. Nevertheless, this industry can be
restored if successive leadership can establish and promote the starch industry [42].

4.4 The plastic industry

Starch has been used in the production of plastics since 1970s based on their
biodegradability, renewable nature and freely abundant. Starch is easily dispersed
in cold water, however, it thickens when heated to its near boiling point to form a
colloidal suspension that gels when cooled. Polymer blends in the presence of plas-
ticizers like water and glycerol, can be distributed or transported to normal plastic
converters, which can process the blends to products using normal injection or
blow molds [43]. Such biopolymers (consisting of 40% starch and 60% low-density
polyethylene) using cassava starch has been produced and commercialized [1]. There
are roughly 30 plastic companies in Nigeria, among which are: The Black Horse Plastic
Industry Limited, OK Plast Limited, Abbey-Fem Plastics, Celplas Industries Nigeria
Limited, among others. Since Nigeria is the largest producer of cassava, the utiliza-
tion of cassava starch by these companies to produce biodegradable biopolymers is
achievable. This will not only protect the environment from the harmful effects of
petroleum derived plastics, but will also generate an economic alternative for cassava
agriculture [44, 45].

4.5 The biofuel/chemical industry

In the production of alcohol, starch is hydrolyzed by a two-step process to glucose
and then is further diluted and converted to ethanol by the action of yeast [3].
Bioethanol is a form of soi-disant-renewable energy that can be manufactured from
agricultural crops like corn, potatoes, cassava, rice and sugar cane [46, 47]. Cassava
starch has a much higher yield (150 L/ton of fresh roots) than sugar cane (48 L/ton),
a source that was previously used in the production of ethanol without much success
in Nigeria. However, difficulty in the local production of cassava in 2001 halted the
production of ethanol and since then, all the ethanol used in Nigeria was imported.
Although current interests in investment in the Nigerian ethanol industry is increas-
ing, encouraging small industrial production using cassava will lead to the economic
growth of the industry [8]. Other starch-derived products such as D-glucose and
maltose, butanol, acetone, glycerol acetic, citric, itaconic, gluconic and lactic acids
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can also be produced from these starch-based crops by the process of fermenta-
tion when the starch is modified [2]. According to Amenaghawon et al. [48], the
projected yearly production of citric acid is about 1.4-1.5 million tons and this is
expected to increase to about 3.5-4.0% yearly. Of this amount, roughly 70% is used
by the food industry for its pleasant acid taste, high solubility in water, its chelating,
antioxidant and buffering actions. Approximately 12% is used by pharmaceutical
industries as liquid elixirs, flavoring agents, anti-coagulant and as preservatives
while 18% is used by other industries (cosmetics, toiletry, detergent, textile, oil
recovery, paper).

4.6 Other starch-based products

Other uses of starch are in the production of adhesives; starch (converted to
dextrin) is the major raw material in the manufacture of glues and adhesives [1, 42]. In
the 1990s, 58,000 tons of adhesives were used in the wood, cable, paper and printing,
packaging and footwear industries in Nigeria. Regrettably, they were imported either
as adhesives or as dextrin. Adekunle et al. [49-52] demonstrated the potentials of using
cassava starch as a raw material in the large-scale manufacture of adhesives in Nigeria.
Hence, expanding the starch industry for use in the manufacture of adhesives for these
industries would put over 60,000 tons of cassava into use for this industry alone in
Nigeria [8]. In the soap and detergent industries, starch is used as a filler to obtain a better
yield and enhance the shelf-life of the products; in the production of sugar syrups, starch
is subjected to enzyme hydrolysis using a-amylase. Cassava, corn and rice starch have
been used in the production of fructose and glucose syrups, and in the manufacture of
gelatin capsules [42, 53]. The food and beverage industries in Nigeria depend heavily on
glucose syrups and crystalline sugars, and cassava starch are used in the production of
candies, in the soft drink industries and in traditional medicines. However, the syrup
concentrates are currently imported as cassava starch derivatives (hydrolysates e.g.
glucose, sucrose, fructose, maltose, and syrup) are not presently developed in Nigeria
[1, 8]. In the production of yeast, starch is enzymatically hydrolyzed to glucose and this
leads to the production of certain yeasts that utilize this glucose to produce microbial
cellular substances. According to Taiwo et al. [3], this aspect of producing yeast from
simple sugars is yet to be exploited in Nigeria, as majority of the yeast used in the food and
beverage industries are imported.

5. The future of starch industry in Nigeria

To achieve sustainable progress in the starch industry in Nigeria, the government,
private sectors and key stakeholders must of necessity put all hands on deck to ensure
the improvement of the agricultural sector in Nigeria [54]. This can be achieved by
implementing programs and policies that will foster the production of starch producing
crops, conversion of unused lands into cultivation of starch-based crops, establishment
of industries for local production of starch, and improvement in the processing and stor-
age of starch-based crops [1]. Thus, the local industrial products will not only meet local
demands but also have the potential of becoming a source of income generation. This
demand will aid in the improvement of industry, national and international standards,
quality and global supplies leading to a gradual approach to export-oriented production.
In addition, private investors may be encouraged to participate in improving the produc-
tion and conversion of these crops to high quality starch and derivatives, by supporting
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market linkages, organizing trainings for farmers, support and development of proces-
sor groups, build capacity in quality and standards in product development and intel-
lectual property rights [55]. Government on the other hand can strengthen the policy
on the development of starch and starch-based products from the available sources that
can be effectively used in the food, feed, textile and pharmaceutical industries [56].
Infrastructure especially electricity supply, railway transport, and water supply can also
be improved to achieve success [57].

6. Conclusion

Nigeria is endowed with starch crops, and ranks third after wood and vegetable
oil. it is highly beneficial and an invaluable commodity to the pharmaceutical, textile,
food, paper, adhesive, drinks, beverages and the confectionery industries. It can com-
pete favorably on international scale, however, starch in Nigeria is underutilized. The
cassava starch is preferred over the corn starch in Nigeria as it is the driving force for
the conservation of foreign exchange and to reduce import dependency. The opportu-
nities in the starch industry is incredible and the demand for starch is on the rise, this
can create income-generating opportunities for youths and small-scale farmers in the
country. Hence, efforts should be made by the government and relevant stakeholders
to convert starch-based crops from low-yielding famine crops to high-yielding cash
crops in order to foster the economic development of the country.
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Chapter 3

Starch: A Veritable Natural Polymer
for Economic Revolution

Obi Peter Adigwe, Henry O. Egharevba
and Martins Ochubiojo Emeje

Abstract

Amidst growing concerns for environmental degradation by anthropologic
activities and use of non-biodegradable materials for industrial and household
purposes, a focus on natural polymeric materials offers the veritable prospects for
future survival. Although some synthetic polymers are biodegradable, the process of
production that is usually non-green adds to environmental pollution. Natural poly-
mers are naturally occurring organic molecules such as cellulose, starch, glycoproteins
and proteins. They are mostly obtained from plant sources, but are also produced in
animal and microorganisms. One of the most abundant natural polymers of multi-
dimensional and multifaceted application is starch. Starch is used across wide-range
applications spanning engineering, food and beverages, textile, chemical, pharma-
ceuticals and health, etc. This is because it can readily be modified into products
of desired physicochemical characteristics, thus making starch a potential tool for
industrial and economic revolution. The global trade balance for starch and derived
products is about $1.12 trillion, presenting a huge opportunity for more investment in
starch production. Africa’s negative starch trade balance of about $1.27 trillion makes
it a potential investment destination for starch production. This chapter discusses
the use of starch in various industrial sectors, its potentials for sustainable economic
development and as a veritable natural polymer for economic revolution.

Keywords: starch, natural polymers, environmental protection, green economy,
industrial uses, sustainable development, economic revolution

1. Introduction

The major form of stored energy as carbohydrate in plants is Starch. It is a naturally
occurring biopolymer consisting of a mixture of highly branched amylopectin and lin-
ear amylose residues. The two alpha-glucan residues make up 98-99% of the total net
weight of starch [1]. Amylopectin residue is made up of linear D-glucopyranose chains
linked by O-a-(1 — 4) glycosidic bonds and branching occurring as O-a-(1 — 6)
glycosidic bonds. Amylopectin biopolymers are brittle. On the other hand, amylose
residue has O-(1 — 4)-a-Dglucan linkages and is film-forming [2].

Naturally occurring starch has limited industrial applications its poor functional-
ity such as poor water solubility at room temperature, retrogradation of its paste or
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gel, texture and taste. The functionality of starch can be modified through physical,
chemical and/or genetic processes [3]. Due to the reactive nature of its monomers
which is mainly as a result of their free hydroxyl (~OH), starch is easily modified to
attain required functionalities for industrial purposes. For instance, if heated to high
temperatures and in the presence of a plasticizer like glycerol, it exhibits comparable
melt and flow characteristics as regular synthetic thermoplastic [4]. Undesirable
characteristics such as hydrophilicity and low tensile strength are mitigated by
introduction of hydrophobic fillers and materials that could enhance tensile strength.
Likewise, different materials are used to improve thermal stability, plasticity and
mechanical strength required in packing/packaging materials Advancement in mate-
rial science which created thermoplastic starch has made starch a veritable resource
with tensile applications in packaging and mechanical parts [5].

The ability to modify starch into biomaterials of different functionality has made
it one of the most versatile and renewable natural polymer in existence. As a major
type of food, it could be modified to enhance flavor, texture, thickness, taste, stabil-
ity and/or shelf-life. Thus, it has found industrial application in food and beverage
industry as food products or additives for enhancing the texture, stability, shelf-life
and quality of products. It malleability with new technologies such as nanotechnology
has expanded its scope of application in health and pharmaceutical and cosmetics.
Starch could be used as both excipients and drug delivery vehicle [6].

The starch industry is at the very heart of food production: supplying hundreds of
ingredients for use in thousands of food products and animal feed. At the same time,
starches play a vital role in a wide variety of products beyond food. Natural and modi-
fied food starches can be found in products and processes in the consumer products,
pharmaceutical, energy, industrial and chemical sectors. With the world beginning
a gradual shift away from fossil fuels as the primary engine of economic prosper-
ity, there will be a larger opportunity for starch producers to contribute renewable,
sustainable materials through the bioeconomy [7]. This chapter discusses the various
industrial application of starch which if exploited economically could provide strong
foundation for economic revolution.

1.1 Starch sources

Starch is the second most abundant renewable bioenergy resources after cellulose,
with an estimated global production of over 56 million tons per annum since 2006
[8, 9]. A variety of plant serves as the sources of starch consumed by humans. Starch
storage in these plants occurs in grains or root tubers. Although the list of these plants
which are either cultivated or found in the wild are endless, the major sources of food
starch include corn, cassava, sweet potato, wheat, and potato. Sorghum, barley, rice,
millet, yam etc. serve as minor sources in different parts of the world [10, 11]. A huge
number of unexploited sources exist and majority is in the wild. Table 1 shows the
starch contents of some of these sources.

1.2 Contemporary application of starch and its derived products

By 2050, the population of the world is projected to exceed 9 billion and the
demand for food is expected to rise by 70%. With growing environmental concerns
and concept of green economy, reliance on fossil resources for energy and raw
materials for industrial use etc. has attracted critical evaluation, and the prospect of a
new trajectory for bio-based raw materials has become more imminent. Starch which
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Source Plant storage part % starch content References
Soft wheat Cereal grain 7790 [10]
Hard wheat Cereal grain 7740 [10]
Waxy rice Cereal grain 74.76 [10]
Millet Cereal grain 70.00 [12,13]
Fonio millet Cereal grain 68.00 [10]
Sorghum Cereal grain 67.70 [10]
Cassava Root 65.71 [10]
Taro/cocoyam Corm 63.74 [10, 14]
White yam Tuber 58.02 [10]
Rye Cereal grain 58.00 [10]
Lesser yam Tuber 54.70 [10]
Barley Cereal grain 53.60 [10]
Sweet potato Root 52.54 [10]
Yellow yam Tuber 41.72 [10]
Potato yam Tuber 38.10 [10]
Sweet corn Cereal grain 36.23 [10]
Water yam Tuber 3190 [10]
Bitter yam Tuber 20.48 [10]
Table 1.

Starch sources.

is one of the most abundant and affordable natural polymer poses a more reliable
and sustainable substitute to the non-renewable, non-green, and exhaustible fossil
sources. This opens prime opportunities for starch-based bio-economic revolution
especially for countries with the right cultivation and production technologies for
starch sources and starch-based products, respectively [7].

Starch can be used as biopolymers in many ways including as a raw material for
human foods and animal feeds/feedstock, as bioethanol for food and fuel, as particu-
late filler and adhesive in paper and textile sizing, as well as bioplastics in packaging
materials (Figures 1and 2) [8, 9, 15]. It is also deployed in a wide array of other
consumer goods in health and pharmaceuticals, and chemical sector. Corn starch
product is used in 3-D printing inks, and emerging reports indicates its potential for
nanomedicine technology as a tool for delivering treatments to specific sites. Some
other categories of products include starch-based detergent products, starch-based
binders, starch in biodegradable polymers, starch-based products for pharmaceuticals
and cosmetics, and starch hydrolysates for fermentation [15].

1.3 Foods

The food industry is very large and diverse, and includes the raw unprocessed
food and the processed and modified ones. Central to world food production and
sustainability is the starch industry. Native starch is eaten in unprocessed raw or
cooked form as grain or cereal meals, and flour dough or mashes with soups and
other forms of condiments, in many developing countries. In West Africa, cooked
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Fermented and refined products from starch. (source: [15]).
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Figure 2.
Industrial application of starch. (source: [15]).

and mashed cassava (fufu) or fried cassave (garri) meals, corn grains and other
starches from millet etc. are the bases for food security.

The food industry is very mindful of safety of chemical residues hence not all
types of native or modified starches are used in the foods. Some modified starches
are used as binder in assaulted foods, ready-made meat and snack seasonings. Others
are used as anti-sticking agents and dustings for chewing gum and bakery products,
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crisping coating for fried snacks, fillers to replace fats and in sauces or creams to
enhance lusciousness in ice cream and salad dressings. Modified starches are also used
as flavor encapsulating agents and emulsion stabilizers in beverages. They are used as
creamers, in canned foods, foam stabilizer in marshmallows, gelling agents in gum
drops and jelly gum, and as expanders in baked snacks and cereal meals [2]. Starch
derived products are used for the production of animal feeds [15]. About 10-15% of
corn produced in the US is processed annually for starch derived products by corn
refiners. These starch derived products are used in across the food, beverage, health-
care, pharmaceutical and other sectors. This has a dominant multiplier effect on the
United States economy [7].

2. Sweeteners (syrups and sugars)

The CRA 2019 report put US production volume of sweeteners from corn starch
refining for 2018 at 14.45 mMt d.w. These include glucose syrups, high fructose corn
syrups maltodextrins, dextrose, corn syrup solids etc. [16]. The many other forms
of starch are now been adopted as substitute raw material for corn. These products
find applications in foods, beverages and pharmaceuticals for taste, flavor, color and
texture enhancements.

2.1 Bioethanol

Ethanol is one of the most important organic solvent in the chemical industry.
It is also the basic raw material for the wine, brewery and beverage industries. Due
to energy fuel sustainability concern, the world is focusing on renewable energy
include energy for renewable biological materials like starch. According to the World
Integrated Trade Solution (WITS) data of the World Bank, the global volume of
ethanol export in 2020 was over 14.2 billion liters, with a net weight of over 13.3 bil-
lion kg, valued at over $10.2 billion USD. While the volume of imports was 9.3 billion
liters of 9.2 billion net weight and valued at $10 billion USD, with the top 10 importers
as Netherlands, European Union, Germany, USA, Canada, Japan, Brazil UK, France
and Korea Republic [17].

The production of ethanol from biological materials such as starch has gained
interest in recent years because of the low-cost raw materials, starch, and the uncom-
plicated process involved. These processes, either chemically or biotechnologically
based, are environmentally friendly. Bioethanol is already being used in many coun-
tries as octane enhancer for gasoline to produce gasohol. Starch from corn and cassava
can be used for ethanol production. Due to concerns on quality, corn starch maintains
a premium as the primary source of food and pharmaceutical grade starch and may
not be very feasible for use as biofuel based on demand. However, sources like cassava
may offer a ready source. Nigeria is currently the world’s biggest producer of cassava
starch although almost 100% of it is consumed locally as food. The rising demand
for biofuel offers countries like Nigeria opportunity for economic revolution in the
production of biofuel from cassava. Adeleye et al. [18] has report an ethanol yield of
1.5 L of 78% (v/v) from 2.5 kg wet weight of cassava. Countries like South Africa and
China are already at advance stages of developing cassava plantations for production
of starch for industrial uses [19, 20]. According to the 2019 Corn Refiners Association
(CRA) report, the US produced about 6.06 billion liters of Ethanol, and about 3.37
mMrt of Starch in 2018 [21].
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2.2 Adhesives

Adhesives are mostly used in wood panels production, leather works and paper
and packaging. The global volume of adhesive consumed annually is over 3 billion
kilograms, mostly from petroleum derived feedstock and other synthetic materials.
Due to environmental and safety concerns, a lot of studies have been ongoing to
develop bio-material based hot melt adhesives (HMAs) from starch and its modifica-
tion derivatives, (poly)lactic acid, soy protein, lignin and tannin [22].

Wood panels are composite products made by bonding wood particles or fibers
with adhesive binders to form a board, which may be medium density fiberboard
(MDF) or high density fiberboard (HDF). These panels find applications in home,
office and industrial building construction. Wood panel makers currently almost
depend exclusively on formaldehyde and amino-based adhesives with high formalde-
hyde emission, and polymeric 4,4-diphenylmethane diisocyanate, which are synthetic
products. Concerns for indoor emission of formaldehyde, a known human carcino-
gen, led to the development of low-emission melamine-fortified urea-formaldehyde
adhesives and other adhesive that exclude formaldehyde. Urea has been the primary
formaldehyde scavenger for wood-based panels. Environmental consideration has
raised interests for more green adhesives from biodegradable polymers like starch, lig-
nin, tannin and protein. Organic scavengers like tannin powder, charcoal and wheat
flour have shown promising potentials in reducing formaldehyde emission. Bio-based
adhesive for industrial use are few and expensive. Tannin and starch adhesive, soy
protein based adhesive and lignin-based adhesive are available for limited application
in panel production [23].

Adhesives from native starch rely on hydrogen bonds which is weaker than chemi-
cal bonds. Due to their hydrogen bonding, they easily bond with water molecules and
are therefore readily soluble and not-water resistant. Crosslinking starch produced
with synthetic reagents such as epoxy chloropropane, sodium borate, hexamethoxy-
methylmelamine, formaldehyde, and isocyanates, tends to give better bonding force
and water resist [23, 24]. Although no economically viable bio-based crosslinker
reagents for starch are available, research on hot melt adhesives prepared by cross-
linking modified propionyl starch with glycerol and polyvinyl alcohol (PVOH) has
shown improved tensile strength of up to 2.0 MPa. Hence starch still offers a viable
potential for future researches in 100% bio-based adhesive for wood-based panels
industry [22].

The global volume of production and consumption of hot melt adhesive is on the
increase and is about 15-21%, with an annual consumption growth rate which is 1.5-2
times higher than other adhesives [22]. This presents a huge market potential for
starch-based HMAs.

2.3 Pharmaceuticals and cosmetics

They separate corn kernels into their component parts to make hundreds of prod-
ucts that touch consumer lives in countless ways every day. For years, those ingredi-
ents have been used to make food taste better, cosmetics last longer, pharmaceuticals
easier to swallow and plastics environmentally-friendly [7].

The fundamental physiochemical and functional properties of natural starches
for instance their good biodegradability and safety, make them suitable for a wide
array of health and pharmaceutical applications. Several types of modified starch
polymers and their application in bone tissue technology as bone tissue engineering
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scaffolding [25, 26], drug delivery system as biodegradable nanomedicine-carrier
based delivery system and implants [27, 28], and hydrogels have been studied by
different scientists over the past few years [6]. Starch has also been demonstrated as
a viable material for capping of nanoparticles from different metals like Au, Ag and
Pt, because of their bio-tolerance and cost effectiveness [29]. It has also been dem-
onstrated to have potentials for use as nanoparticles to stabilize emulsions, Pickering
emulsions, which are useful in cosmetics, pharmaceuticals and foods [30]. Also,
pharmaceutical grade starch from corn is use as coating and filler excipients in tablets
and caplets as well as syrups in many pharmaceutical products. It is also applicable as
disintegrating agents, carriers, lubricants, matrices for controlled release [15]. For its
good qualities of being odorless, decolourisable, environmentally biodegradable and
skin friendly, it is used in cosmetics and beauty products as emollients, humectants,
thickeners, film forming agents and emulsifiers [15]. Many sources of natural starch
have been study and found to be effective for the production of pharmaceutical
grade starch.

Starch and its modified derivatives have been used in medicine as biodegradable
films, inexpensive cure for athlete’s foot, anti-sticking agents, relief rashes caused
by prickling heat, relief skin itches caused by shingles, relieves rash caused by baby
diapers, wound dressing and bandages and used to treat gastric dumping syndromes
in children. It is considered a safe alternative to cancer causing talcum baby powder,
and used to remove excess oil from scalps and relieves itching in children [31].

3. Thermoplastics and bioplastics

Plastic pollution and the global push for a more sustainable environment towards
eliminating the use of non-biodegradable materials and reduction of hazardous
emission form toxic materials has refocused the worlds efforts towards the use of
biodegradable plastics based on natural polymers such as starch, cellulose, lignin and
chitosan [32]. The current global annual production of plastics is estimated at about
368 million tonnes, out of which about 1% is bioplastics. It is estimated that bioplastic
production capacity will increase from 2.11 million tonnes in 2020 to about 2.87 mil-
lion tonnes in 2025 [33].

The starch-based bioplastics thermoplastic starch (TPS or TS) is produced
obtained from gelatinize starch and plasticizers which is subsequently tuned pellets
by extrusion is useless as a material. It can also be produced from polymerization of
polylactic acid obtained from starch-derived sugars fermentation. Bioplastics from
starch can be used for producing compost bags and disposable plastic household
wares [32]. The desire for more ecofriendly plastics gives a huge economic prospect to
the growth of biodegradable natural polymer-based bioplastics market [33].

3.1 Carbon/carbonaceous foams

Carbonaceous foams (CFs) are used all over the world and find application in
military, industrial and domestic use, such as heat exchanger, electrode materials,
catalyst carrier, adsorption, vibration damping and impact or sound absorption,
electromagnetic shielding, radar absorption, filtration, and aerospace material, etc.
Carbon/carbonaceous materials are generally made from non-renewable raw materi-
als like coal tar pitch, mesophase pitch and synthetic materials, at high temperature
(above 1000°C) and high pressure (in MPa). Although other materials such as sucrose
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and tannin have been used, more cost effective biomaterials have been successfully
investigated. A more energy efficient process of producing CFs with excellent com-
pressibility and mechanical strength has been demonstrated by using starch as raw
material. The production requires much lower temperature (<500°C) and lower pres-
sure (about 190 Pa) than conventional approaches [34]. The world annual production
of polysaccharides is in excess of 150,000 million tonnes. But the production of CFs
from polysaccharides such as starch is still very much at low level. This gives good
opportunity for economic exploitation.

3.2 Other industrial uses

In the industry, starch powder is used in textiles, paper, inks and paints. They
serve as fast absorbent polymer in water treatment, as cleaning agent in detergents, as
desiccants to prevent mildew from ruining paper documents in storage, as fabric stiff-
ener and yarn sizing, remove wax from wooden furniture, and as organic pesticide
[6, 15]. Starch based alkylpolyglucosides (APG) are used in detergents with superior
skin compatibility.

3.3 Economy of starch

The economy of the starch industry largely depends on the availability of suf-
ficient volumes of raw materials and the value of the so-called co-products. During
corn starch processing, for example, all components of the maize grain are valorized:
after steeping and coarse crushing the germ is separated and yields the valuable
maize germ oil while the steeping water is concentrated and sold as nutrient for
fermentations. The oil press cake together with the corn gluten (protein) and the
hulls (fiber), which are separated after fine grinding in additional refining steps
from the pure starch granules, are utilized as components in animal feed. The starch
as the main product is either dried and sold as native starch, or chemically modi-
fied to make it more suitable for more demanding end uses, or hydrolyzed to yield
refinery products such as hydrolyzates (dextrin), glucose syrups, and high fructose
syrups [31].

In wheat starch processing, the value of the vital gluten is an essential source of
income and could be regarded as the head product. In contrast to cereal and pulse
starch production, the extraction of root and tuber starches does not deliver co-
products of comparable value. As the processes for the extraction are different for the
mentioned crops the starch industry cannot easily switch from one source to the other
in order to adapt to fluctuating market conditions both on the raw material and on the
end products.

Statistics on starch production and export are only available for the US, UK,
the European Union and a few other countries. According to a 2014 report, Africa
consumes the least starch per capita, and accounts for just about 2% of the global
consumption market of starch and its derivatives. The two leading raw materials,
cassava and maize are mainly consumed as food. Production of derived products is
concentrated in few countries, Nigeria, Egypt and South Africa, with South Africa
in the lead. While maize is the general source of starch for food in Egypt and South
Africa, cassava starch plays an equally significant role as food in Nigeria and the West
African region [19, 35, 36].

Importation and cultivation of Manihot esculenta for Cassava starch in commercial
quantities for production of derived products for industrial use is now a major trade in
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Asia countries of Thailand and China. A 2018 FAO report put the global production of
cassava at 277 million tonnes (fresh root equivalent) and was project to rise by 0.5%
annually. The 85.7 million tonnes production from Africa represents about 31%. Only
277 million tonnes were traded in same year. Wheat production and trade was 727.9
million tonnes and 173.2 million tonnes respectively. No country in Africa is among
the top 10 importers and exporters of starch products [37].

The starch consumption per capita for 2012 was in the order of Africa < South
America < Asia < Europe < North America. Country-wise is Nigeria < Egypt < Mexico
< Turkey < Russia < UK < South Africa < China < US. Africa also consumes the least
sweetener per capita. This is followed by Asia, South America, Europe and North
America. Africa consumed less than 1 kg per person while North America consumed
over 40 kg per person in 2012 [36]. This scenario has not changed significantly. South
Africa produces over 280,800 tons of corn starch annually and is experimenting
on local cultivation of M. esculenta for local production of cassava starch [19]. Itis
estimated that about 72% of Africa’s population have yet to participate in the formal
starch and syrup market. Apart from few cassava production plants, ethanol plants are
springing up in Nigeria that targets cassava starch as raw material for production of
ethanol for industrial use and biofuel.

According to the International Federation of Starch Association (IFSA), starch and
its derived products accounts for an annual revenue of $47.50 billion in the United
States in 2020, and supported about 167,786 jobs to the tune of about $10.01 billion
wages. It accounted for about $1.91 billion worth of US export with the value of starch
only products amounting to about $339.62 million [7]. The overall industry impact on
US economic output (direct and indirect impact) was estimated by the Corn Refiners
Association (CRA) to be about $7.16 trillion annually with an average growth rate of
about 6% between 2017 and 2019 (Figure 3), while the value of impact on export was
about $149.19 billion annually with an average growth rate of about 0.77% (Figure 4).
However, the industry impact of export actually grew at 4.5% between 2017 and 2018.
The impact on jobs (Figure 5) and wages (Figure 6) was actually higher in terms of
growth. Capital investments in starch manufacturing were about $20.62 billion and
$20.28 billion annually in 2018 and 2019, respectively [16, 21]. The US data presents a
good indication of the potential of starch-economy as an economic revolutionary tool

B Year 2019
H Year 2018
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Figure 3.
Output economic impact of starch in the US, 2017-2019. (source: [16, 21, 38]).
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Starch and derivative export value of the US, 2017-2019.
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Impact of starch industry on jobs in US, 2017-2019.
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Figure 6.
Impact of starch industry on wages in the US, 2017-2019.

for job creation and export revenue. This potential is estimated to be higher for devel-
oping economies with higher opportunities for more investment in both upstream
and downstream starch products value chain.
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In 20 of the 28 EU member states, the European starch industry’s 28 member com-
panies process 24 million tons of EU agricultural raw materials into 11 million tons
of starch-based ingredients and five million tons of proteins and fibers. Of starch-
based ingredients, approximately 60% go to the food and beverage industry, and
40% to industrial applications (mainly to the paper, cardboard, pharmaceutical,
and chemical industries as a renewable alternative to fossil fuel ingredients). Of the
proteins and fibers, approximately 90% go to the animal feed industry and 10% to
the food industry. The EU has 75 producers or plants and rely on Maize, wheat and
starch potatoes, barley, rice, peas as feed stock to produce Native maize, wheat and
potato starches, modified starches, maltodextrins, glucose syrups, dextrose, glucose
fructose syrups, polyols, wheat gluten, other proteins. The industry supports 15,000
direct jobs, supports 100,000 indirect jobs, exports 1.6 billion Euros, and the annual
industry turnover is 7.4 billion Euros [7]. The EU uses starch and starch products for
confectionery, drinks, processed food, animal feeds, corrugating and paper making,
pharmaceuticals and chemicals, as well as other non-food applications (Figure 7).

The Turkish starch industry contributes to local farming by processing 25% of
locally grown maize from thousands of local farmers each year. The industry sepa-
rates its starch from corn, drying it to native and modified starches or breaking it
down to its sugars and other value-added products. Almost 100% of corn kernels are
converted to economically valuable products. The industry supplies edible oils, fish,
calf, lamb and poultry meat, paper, textiles and more to local and international food
and beverage industries. With its wide-ranging portfolio, from basic to high-end
products, the Turkish starch industry is competitive and has the capacity to grow.
There are 9 producers which use maize as feed stock and produces Glucose and fruc-
tose syrups, native corn starch, modified corn starches, crystalline fructose, polyols,
maltodextrins, corn gluten and feed, and ethanol. The industry supports 1,900 direct
jobs and export over 400,000 tons annually.

Mexico has an evolving industry with annual output of between $300 million and
$500 million USD. The industry supports 2,500 direct jobs and 7,500 indirect jobs.
The brewing and paper markets depend largely on corn-based starch. The industry is
growing due to investments in brewing capacity [7].

H Confectionery & Drinks

® Processed Food

= Feed

B Corrugating & Paper Making
= Pharma. & Chemicals

m Other non-food

Figure 7.
Uses of starch in the European Union (source: [15]).
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Founded in 1984, the China starch industry association has 280 members.
Revolution in starch development has rebound in progressive development in the
food, medicine, biology and chemical industries. It has also significantly contributed
to growth of the national economy especially in agriculture where it has helped to
sustain livelihood of local farmers through agro-economy. The annual industry output
for starch and starch-based deep-processing products is estimated at 30.1 million tons
and 16.3 million tons, respectively, from 170 producers. Major products include native
starch, pregelatinized starch, chemically modified starch, starch sugar, polyols and
ethanol, from feed stocks of corn, potato, cassava, sweet potato and wheat [7].

Starch development in Russia has put the country in an upward trajectory for
economic revolution. For instance, the industry has 30 starch enterprises and 23
production plants. Ten of the Russia’s 23 plants are responsible for 90% of all starch
products from Russia. Annual production of starch and derivatives rose from less
than 180,000 tons in 2013 to over 1.3 million tons in 2020. 70% of this production
figures were sweeteners (Figure 8). The industry has a cumulative average growth
rate (CAGR) of 8.65, 8.69 and 8.65 for starch, sugary products and total starch-based
products, respectively. Corn accounts for about 800 thousand tons, wheat about
500 thousand tons, and potatoes about 30 thousand tons. The industry has invested
about $358.4 million between 2013 and 2020 (Figure 9). Table 2 provides Russian
industry statistics on starch production and derived sugary products as obtained from
Russian Federation Starch Union (RFSU) for 2013-2016 [39]. The 2015 import and
export data is as provided in Table 3. The industry supports 4,000 jobs, has an annual
output of $600 million and exports worth $28.5 million. The major products include
native corn, wheat and potato starches, modified starches, glucose syrups, HFS,
dextrins, maltodextrins, wheat and corn gluten, from the feed stock of corn, wheat,
potatoes [7].
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Figure 8.

Russian industry development indicators in the period 2013—2020 (according to the strategy for the development of
the food and processing industry of the Russian Federation for the period up to 2020) [39].
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Figure 9.
The volume of investments in the development of the Russian industry for the period 2013-2020.

Tons 2013 2014 2015 2016

Dextrin 2547 2314 5216 7023

Starches, except modified 173,340 197,605 213,452 224,214

Starch syrup 372,383 173,340 437,033 464,349
Table 2.

Production in 2013—2016.

3.4 Global starch trade and opportunities

The value of starch and starch derived products imported and exported globally
in year 2020 was $20,367,050,000 and $19,251,015,000, respectively according to
figures from Trade Map [35]. African import and export were $1,921,266,000 and
$652,628,000 (Figure 10), respectively, representing about 9.4% and 3.3%, of global
figures respectively. This deficit represents a huge investment opportunity in starch
production for the entire world. Table 4 provides details of the starch products
considered.

The high four years AGR of 10 for the global trade in flour (1105) and 7 for both
cereal flour (1102) and inulin (1108) is a pointed to rising demands for these products.
The imbalance in trade in wheat (1101) and malt (1107) for Africa expose the gap in
export and import to Africa (Table 4). These rising demands and trade deficits could
be bridged through more investments in starch production.
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Products Exportin 2015 Rubles Importin2015
Corn Starch 12,538,346 11,404,606
Glucose Syrup (Patoca Starch Glucose) 8,812,834 7,699,115
Other Starch 0.988 141,900
Potato Starch 708,104 14,878,026
Maniok Starch — 2,368,000
Rice Starch 159,900
Starches transformed into complex or simple ether 353,555 62,628,181
Wheat starch 341,147 3,181,534
Isoglucose — 2400
Other, including syrup maltose 154,178 2,177,381
Dextrins 79,205 448,292
Other 50,720 1,919,326
Other starches modified 2,090,376 8,583,020
Other rice starch 300 —

Table 3.
Starch products export and import in 2015 in Russia federation.

25,000,000.00 -

20,000,000.00 -

15,000,000.00 -

Thousand USS

10,000,000.00 -

5,000,000.00 -

World

Africa

Starch import and Export for Year 2020

Figure 10.

Comparison of value of imported and exported in year 2020.

B Import "000 USS
B Export '000 USS

.

Products Imported  Exported Trade Import Exported Trade AGR
code by Africa by Africa  balance— by The by The balance— 2016—
Africa World World World 2020
1101 615,881 302,215 —313,666 4,577,813 4,663,167 85,354 1
1102 164,983 61,057 -103,926 1,224,723 1,061,272 -163,451 7
1103 244,138 188,835 -55,303 1,228,918 1,141,939 —86,979 4
1104 95,193 15,921 ~79,272 1,953,073 1,852,332 —-100,741 6
1105 123,077 1598 —121,479 913,775 764,468 —149,307 10

36



Starch: A Veritable Natural Polymer for Economic Revolution
DOI: http://dx.doi.org/10.5772/intechopen.102941

Products Imported  Exported Trade Import Exported Trade AGR
code by Africa by Africa  balance— by The by The balance— 2016

Africa World World World 2020
1106 11,303 15,724 4421 622,918 691,942 69,024 3
1107 471,918 24,550 —447,368 3,692,577 3,424,305 —268,272 1
1108 161,796 42,328 119,468 4,712,232 4,348,129 —364,103 7
1109 32,977 400 -32,577 1,441,021 1,303,461 —-137,560 0

1,921,266 652,628 -1,268,638 20,367,050 19,251,015  -1,116,035

Products code: 1101 (Wheat or meslin flour); 1102 (Cereal flours excluding wheat or meslin); 1103 (Cereal groats, meal
and pellets); 1104 (Cereal grains otherwise worked, e.g. hulled, volled, flaked, pearled, sliced or kibbled; germ); 1105
(Flour, meal, powder, flakes, granules and pellets of potatoes); 1106 (Flour, meal and powder of peas, beans, lentils
and other dried leguminous vegetables of heading); 1107 (Malt, whether or not voasted); 1108 (starches; inulin); 1109
(Wheat gluten, whether or not dried). AGR means global annual growth vate for the products’ trade between 2016 and
2020 (% p.a).

Table 4.
Table of Africa and global starch trade in year 2020 in thousand US § [35].

4, Conclusion

Starch is an abundant natural polymer with great industrial versatility. Various
sources including maize, wheat, cassava, potato, rice and millet, abound in differ-
ent countries of the world. Many countries especially those in Africa have not fully
realized their starch production capacity and export potentials for international trade.
The negative world trade balance of about $1.12 trillion for starch means opportunity
for more investment in starch production. Starch and inulin with the highest world
trade imbalance, and Malt, cereal and wheat gluten with relatively high world trade
imbalance, could benefit more in future investment prospect (Table 4). A closer
analysis shows that Africa has a higher negative trade balance of about $1.27 trillion
than the world. As bad as this may look for Africa, it presents a huge opportunity for
investments in global starch production. But Africa will have to do more to reduce the
widening trade imbalance in starch products, especially in wheat and malt.
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Chapter 4
Health Benefits of Starch

Teodoro Suarvez-Diéguez and Juan Antonio Nieto

Abstract

In recent years, scientific research has focused on evaluating the relationship
between consumption and the effect of food components on the body, with the
aim of improving the health condition of the population. In particular, starch is the
main component in grains and provides most of the energy in the diet. It is classi-
fied according to its nutritional characteristics as rapidly digestible starch (RDS),
slowly digestible starch (SDS), and non-digestible starch (RS). Several studies have
reported that different starch fractions show a correlation between digestibility and
assimilation with physiological effect and metabolic impact. Each type of starch
fraction consumed shows a different postprandial response, such that SDS and RS
generate a slower absorption rate and lower serum glucose concentration, leading to a
gradual uptake of glucose into the tissue, as well as a probiotic effect. Current reports
suggest that consumption of SDS- and RS-rich products can generate a postprandial
response of prolonged glucose uptake without hyperglycemic peaks, and improve
the efficiency of modulation of carbohydrate metabolism. In this regard, there isa
growing interest in carbohydrates with functional effects generating an emerging
area of study. The aim of this chapter is to describe the potential functional effect and
metabolic impact of consumption of the SDS and SR fractions of starch.

Keywords: starch, digestion, gradual energy, functional properties, health benefits

1. Introduction

Several research has been focused on investigating the relation between the
intake of the different compounds existing in food and their health benefits [1]. A
special emphasis has been paid to study their potential benefit effects on chronic and
metabolic diseases, such as diabetes or obesity, in order to improve the life quality
of the individuals with these pathologies [2, 3]. In this context, carbohydrates (CH)
are the main macronutrient in food and contribute 45-55% of the required energy
[4]. Specifically, starch is the main CH of the diet, and therefore, it provides the
majority of the required energy. Starch is content on cereals, legumes, roots, nuts,
and their derived products. During gastrointestinal digestion, starch is first hydro-
lyzed in the mouth by the activity of the salivary o amylase, able to hydrolyze the
glucose-glucose bonds with direction a(1-4), releasing diverse dextrins and maltose
[5]. The starch digestion is completed in the intestine by the digestive action of the
intestinal enzymes o amylase, isomaltase, and glucoamylase, that provoke the starch
debranching on the a(1-6) bonds and the hydrolysis of the a(1-4) bonds, releasing
high amounts of glucose [6, 7]. These glucose are absorbed in the intestine by the
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Sodium-Dependent Glucose Transporter 1 (SGLUT-1), causing a glycaemia increase
that provokes the release of insulin [8, 9]. However, the various botanical and indus-
trial starches show different behaviors during the gastrointestinal digestion process,
as a consequence of their different structural characteristics and physicochemical
properties [7]. Therefore, regarding their digestion behavior, the diverse starch
fractions can be classified as rapidly digestible starch (RDS), slowly digestible starch
(SDS) [7, 10] and a crystallized starch fraction non-digestible denominated resistant
starch (RS) [11-13]. The botanical origin shows a great influence in starch digestibil-
ity since it set up their structural characteristics and physicochemical properties, and
therefore, the amount of each starch fraction [5, 7, 10].

The consumption of food rich in SDS is associated with a progressive release of
glucose, maintaining a sustained energy source along the time compared with prod-
ucts with low SDS amounts and higher RDS contents [6, 10, 12, 13]. As consequence,
the metabolic response generated by foods with higher SDS content shows a clear
association with better postprandial metabolic parameters in healthy people but also
in diabetic and obese individuals [13-16]. Thus, it is necessary to study and identify
the mechanisms that relate the differences between the total glucose intake under
starch form and the total absorber glucose after starch intake in order to understand
the glycaemia response and metabolic profile of the different starches [14, 15]. The
kinetic of the intestinal absorption of the released glucose can be used as valuable
information to predict the postprandial changes in the blood glucose concentration
and plasmatic insulin circulation [17, 18]. In this context, the diverse postprandial
glycemic responses have been associated with the different starch fractions, where
SDS and RS fractions show a slower glucose absorption rate, and therefore, attenu-
ated glycemic response as well as less intense insulinemic responses [15, 19, 20].
Since high glycemic and insulinemic responses are associated with chronic diseases,
mainly with the development of type 2 diabetes, a growing interest in the study of the
CH and their metabolic responses exists, principally focused on the CH associated
with a lower and maintained glucose absorption and therefore a mitigated glycemic
response, characterized by the lack of hyperglycemic peaks and a maintained
provided energy [19, 20].

2. Digestibility

Starch is largely digested among the gastrointestinal tract, being hydrolyses and
absorbed at least 75% of the intake molecules [7, 21]. However, starch digestibility
is conditioned by diverse factors, such as the acidity of the medium (a factor that
reduces the activity of the amylase) or the cooking process, which gelatinize and
solubilize the starch, increasing the accessibility of the digestive enzymes [4, 7, 9].
The starch digestion in the gastrointestinal tract occurs in diverse steps with the
contribution of different digestive enzymes [8, 9, 16].

The first digestion step occurs in mouth digestion. Together with the reduction of
the particle size of the intake of food by the chewing process, the release of salivary o
amylase rules the digestion in the mouth. This enzyme shows a specific endo-hydro-
lytic activity on glucose-glucose a-(1,4) bonds but without activity on a-(1,6) bonds
[10, 16, 22]. The endo-hydrolytic activity allows to hydrolyze the a-(1,4) bonds within
the polymeric molecule, releasing lower glucose chains with direction a-(1,4), such as
oligomers, maltotriose, or maltose [9, 18]. The mouth phase of the starch digestion is
a short event because of the few time that takes the chewing and swallowing process,
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even though the first digestion products appears at 10-20 s after ingestion, increasing
the digestion products as the mouth digestion progress. It is important to point that

in contrast to other substrates, the starch size is higher than the digestive enzymes
a-amylases, allowing many possible points within the molecule for the enzyme union,
thus facilitating the enzyme activity [4, 9, 22].

The stomach digestion does not release specific enzymes with digestive action
for the starch molecule. However, the swallowed saliva together with the alimentary
bolus may exert a residual activity until reaching an acid pH able to inactivate the
salivary o amylases. Consequently, the digestion of the complex CH can undergo
total hydrolysis of 10-40% before reaching the small intestine [4, 22, 23]. During the
intestinal digestion, starch is hydrolyzed by the activity of the intestinal o amylase,
other endo-hydrolytic enzymes with activity on the glucose-glucose a-(1,4) bonds.
However, this enzyme is not able to hydrolyze the a-(1,6) bonds existing in the
branching amylopectin [10, 16, 18, 23]. Because of that, the activity of this enzyme
is complemented with the activity of the isomaltase (able to hydrolyze the a-(1,6)
bounds) and the glucoamylases, that hydrolyze a-(1,4) bounds mainly of glucose
oligomers, such as dextrins. The combined action of these three enzymes becomes
the successive digestion products, such as dextrins, oligosaccharides, and maltotriose,
into maltose and glucose molecules. Besides, the action of the maltase enzyme of the
intestine brush border becomes maltose into two glucose molecules [9, 16, 22]. The
result of the complete digestion process of the ingested starch is a high amount of
released glucose, being transported into the enterocytes by the transporter SGLUT-1
and excreted to the portal vein by the intestinal Glucose Transporter 2 (GLUT-2),
provoking an increase of the glycaemia and an insulinemic response [14, 22, 23].

Starch digestibility is a factor of the food quality. The effect of the different starch
fractions on the postprandial metabolism depends on the velocity and degree of the
starch digestibility. SDS and SDS are categorized as glycemic starches and constitute
the digestible starch fraction (DS). This DS fraction is hydrolyzed along the gastroin-
testinal tract whereas a fraction of the starch remains non-digestible, corresponding
to the RS [4, 6-8]. The DS fraction is completely assimilated in the small intestine,
responsible for the increase of the postprandial glycaemia [13, 14, 16, 24]. RS is
characterized by a crystalline structure that avoids the digestibility of the molecule
by the human digestive enzymes. As consequence, this fraction reaches the colonic
tract, being fermented by the bacteria of the colonic microbiota, releasing short chain
fatty acids (SCFA), such as butyric acid [11, 12, 25, 26]. The different digestibility
found in the NS of the diverse botanical species has been explained as the interaction
of various factors, such as the botanical source that condition the amount of each
starch fraction, the starch granule size, the presence or absence of superficial pores
on the starch granules, the relation amylose/amylopectin, the crystallinity degree on
the molecule (correlated with the X-ray diffraction pattern) [24, 27], the association
degree between diverse starch chains, the distribution and length of the branched
chains of the amylopectin or the existence of interior channels and fractures on the
starch molecule [24, 27, 28]. In addition, the industrial processing and cooking of
starchy food can alter the starch properties, influencing the digestibility properties
and also, the amount of each starch fraction [6, 7, 22, 29].

The rate and degree of starch amylolysis is determining factor in establishing the
magnitude and duration of the postprandial glycaemic response. Currently, different
in vitro tests have been considered to evaluate the rate and degree of starch hydrolysis
as predictors of the physiological effect of food consumption [8, 17, 18, 23]. However,
establishing the comparison of digestibility values found in the literature is a
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complicated task due to the variability in the methodology [8, 23, 27, 28, 30], as well as
the variability of the type of enzyme used for the starch hydrolysis [16, 17, 28, 30]. In
this context, the susceptibility level of the hydrolysis of retrograde samples depends
on the type of a-amylase used (bacterial, fungal, pancreatic), enzyme concentration,
hydrolysis time, and purity of the enzyme [17, 18, 28, 30, 31].

Among the aspects to consider studying and interpreting the in vitro digestibility
of starch, and thus being able to establish postprandial physiological predictions, the
understanding of the mechanics of action of digestive enzymes on starch hydrolysis
should be studied. Currently, a kinetic model has been established that follows a
pseudo-first order reaction for the analysis of starch hydrolysis, using as a tool the
graph from the “logarithm-of-slope” (LOS) plot [17, 18]. This model allows conduct-
ing an analysis to be performed to classify the RDS, SDS, and RS fractions based on
kinetic behavior in terms of a rate constant and the degree of hydrolysis. The in vitro
hydrolysis level of starch is a frequently used indicator to determine the degree of
total digestibility in starch samples. This parameter is represented by the equilibrium
concentration (Coo) at the end time of the kinetics of amylolysis, represented by the
digestograms [16-18, 23]. Digestion rates are measured by the kinetic rate constant
(k) (pseudo-1st order rate constants for starch amylolysis).

The kinetic constants of amylolysis in native starches (NS) and gelatinized, as in
the case of cereals such as corn and legumes such as beans and broad beans, present
a similar degree of level of enzymatic activity and affinity of the enzyme for the
substrate [32]. In general, the gelatinized NS LOS plots of corn, beans, and broad
beans show similar kinetic behavior. This implies that in the fastest phase the easily
accessible starch is hydrolyzed, presenting a relative duration of 30 min, and later
it simultaneously passes to a slower phase, which shows that the behavior of the
graphics tends to be of a single phase. This implies that the easily accessible fraction
is more available to the action of a-amylase, resulting in an increase in the degree of
digestibility expressed as Coo. The LOS graphs show a single linear phase hydrolysis
process, considering a constant k with a similar behavior between the different variet-
ies obtained by this method. Hydrolysis of gelatinized starches generally occursin a
single phase as gelatinization makes the starch fully accessible to the enzyme [33].

In the case of RS obtained by debranching and subsequent retrogradation of corn,
beans, and broad beans, the LOS graphs show the behavior of an initial fast phase
that inevitably has a prolongation. This implies that the reaction is characterized by a
slower phase, and represents the fraction of starchless available, which is reflected in
the values of k and Coo [32]. Thus, the slopes of the LOS graphs of the RS are notably
lower than the NS, consequently, lower values of k are obtained in the RS samples
compared to the NS samples that reflect a slow phase of hydrolysis, showing a lower
affinity of the enzyme for the substrate.

Studies in NS of these varieties have shown that hydrolysis is faster in the first
phase because the enzyme more easily accesses the starch fractions of the amorphous
regions [16, 18, 34]. Type A starch, which is characteristic of cereal starches, shows
a high proportion of short chains in the cluster, due to a large number of branches,
which are more widely dispersed within the cluster, increasing the number of access
points for amylase and substrate [24, 35, 36]. In addition, it has been considered that
the crystallinity pattern of starches conditions their digestibility. NS with type A
crystallinity patterns have pores and channels, whereby the enzyme penetrates into
them and the hydrolysis reaction starts from the hilum region towards the outside of
the granules, thus favoring the degree and speed of starch hydrolysis [35, 36]. On the
other hand, NS with a type B crystallinity pattern does not present pores, showing a
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non-porous surface, thus giving a different hydrolysis pattern than type A, because
the enzymatic digestion starts from the starch surface. This promotes the degree and
rate of hydrolysis to be lower [24, 33, 37]. Likewise, it has been observed that legume
NS with a crystallinity pattern of type C (A + B) shows a lower degree of hydrolysis.
It has been reported that the difference in the degree of amylolysis in starches with
type C patterns, is influenced by the presence of fissures or cracks on the surface of
the granule that some varieties of legumes present. These cracks would allow the
enzymes to have a higher diffusivity and to penetrate more quickly into the granule,
hydrolyzing more easily the starch chains close to the granule surface [34, 36, 37].

This phenomenon would explain the difference in RDS levels between the dif-
ferent legume varieties. Likewise, the levels of SDS and RS depend on the degree of
structural organization of the double helices within the crystalline lamellae and the
distribution of these lamellae in the granule [38, 39]. A starch with higher SDS and RS
content is characterized by a decreased level of susceptibility to hydrolytic enzymes
and consequently lower digestibility, generating a moderate postprandial response
without hyperglycemic peaks [13, 19, 20, 40]. This type of starch is the most suitable
for consumption in the diet, especially in diabetic situations [13, 14, 19, 20]. In the
case of RS, they have a lower k constant compared to the digestion kinetics of NS and
represent a decrease in the catalytic efficiency of a-amylase due to the high degree of
crystallinity of RS [11, 12, 25]. A low value of k is estimated to reflect a lower diffu-
sion and a slower phase in the hydrolysis process by a-amylase, due to the degree of
crystallinity of the different fractions of RS which inhibits the action of a-amylase
[16-18, 28].

3. Nutritional characteristics of the starch

Starch is constituted by two different CH polymers, amylose, and amylopectin.
Amylose consists of linear chains of glucose molecules linked by «(1-4) bounds,
whereas amylopectin is constituted by linear chains of glucose molecules linked by
a(1-4) bounds, with branching points linked by a(1-4) bounds every 15-30 glucose
molecules [24, 35, 36]. Regardless of the botanical origin of starch, it is always
composed of these two polymers, changing their amylose/amylopectin ratio in rela-
tion to their botanical origin [24, 35, 36]. Therefore, the differences in the nutritional
characteristics of the diverse starches are a consequence of their bioaccessibility and
bioavailability that depends on their composition on RDS, SDS, and RS.

3.1 Factors that influence bioavailability

The starch digestibility is a consequence of intrinsic factors, such as the starch
morphology and physicochemical properties, and of extrinsic factors, determined by
the physiological conditions of the individuals [6, 7, 9, 28], with a variability regard-
ing genetic factors [41].

The intrinsic factors are referred to the structural and physicochemical charac-
teristics. These properties are related to the granule and highly influenced by the
botanical origin [6, 7, 9], or are the result of applied processes during the industrial
processing or cooking processes. These factors condition the ability and accessibil-
ity of the digestive enzymes to starch molecule, influencing the hydrolysis degree
[41, 42], and therefore, the intrinsic properties condition the bioaccessibility and
bioavailability degree of the molecule [40-42]. Since these factors directly modulate
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the digestibility, condition also postprandial response [39-41]. Diverse processes
modify starch assimilation. The grinding of the grain provokes ruptures of the starch
molecule, enhancing the efficiency of the gelatinization and allowing a greater
interaction of the digestive enzymes, increasing the starch bioavailability. The food
products elaborated with grinding grains are characterized by faster starch hydrolysis
and an immediately postprandial response [6, 7, 9, 34, 40].

The extrinsic factors are referred to the physiological conditions of the individuals
that determined the bioaccessibility and bioavailability of the starch. These factors
include age, gender, metabolic conditions, pathological alterations of the digestive
tract, the efficiency of the digestive process, gastrointestinal transit time, and genetic
variations, among others [9, 22, 42]. Due to the genetic variation in the expression
of the digestive enzymes [22, 41, 42] or because of specific physiological conditions,
some individuals do not completely absorb the glucose release from the starch hydro-
lysis [6, 41, 42]. The food emptying from the stomach is a consequence of the gastric
emptying, regulated by diverse factors such as the amount and volume of the ingested
food, the type of macronutrient, the energy density of the intake, the particle size
of the food matrix, the viscosity, the osmolality and the pH [7, 9]. Once the gastric
content is released to the intestine, factors such as the viscosity influence the acces-
sibility of the digestive enzymes to the chime and the nutrient releasing [9, 22]. In
this context, the gastrointestinal transit time of the starch is inversely correlated
with the amount of ingested starch and the contact time of the enzymes with the
substrate [41, 42].

3.2 Classification of the diverse starch fractions

The digestibility and bioavailability of the starch vary depending on the intrinsic
and extrinsic factors, closely related to the starch type and the botanical origin
[6, 7, 9]. As consequence, starch can be classified according to their digestibility
degree and releasing velocity of their constituent CH [6, 8, 10, 19, 21, 22, 43]. In
this context, the diverse starch fractions can be classified according to these two
parameters, the digestibility and assimilation degree, in three different fractions:
rapid digestible starch (RDS), the slow digestive starch (SDS), and the resistant
starch (RS) [6, 21, 28, 43]. All the starches are naturally constituted by an RSD and
an SDS fraction, and a minor fraction of RS. The whole digestibility of the starch is
a consequence of these three fractions and can be determined in vitro by measuring
the glucose release of each fraction, as a predictor of their potential postprandial
response [39, 40, 43].

The RDS is characterized to be the first completely digested fraction, showing
a characteristic high velocity of glucose release, occurring the whole hydrolysis of
this fraction within the first 20-30 min [6, 27, 28, 30]. The digestion of this fraction
release oligosaccharide that are quickly hydrolyzed to glucose molecules [44]. This
fraction is completely assimilated, being digested, and absorbed in the proximal
duodenum [7, 24, 27, 28]. The behavior of this starch fraction during gastrointestinal
digestion is a consequence of the amorphous structure of this starch fraction and
the high gelatinization degree, being easily hydrolyzed by the digestive enzymes
[6, 27, 28]. The RDS generate a fast increase of the glucose concentration in the blood
after the starch intake and frequently provoke a hyperglycemic response. These highly
fluctuant glucose levels generate increased stress on the regulatory systems of the
glucose homeostasis with possible alterations or damages in cells, tissues, and organs
[44]. Food with this characteristic (rich or enriched in RDS fraction) are the products
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with a high refinery degree, such as cereals flours used for bakery, pastries, biscuits,
breath or fried foods, among others [24, 27, 29, 39].

Conversely, the SDS fraction is characterized by slow and progressive digestion,
showing an intestinal absorption of the almost entire starch fraction. This starch frac-
tion is composed of an amorphous but rigid structure, generating a more inaccessible
structure that hinders the enzyme accessibility and an imperfect crystalline structure
that limits the action of the digestive enzymes. As a consequence of this more complex
accessibility for the digestive enzymes, the hydrolysis velocity is dramatically reduced,
showing a slower digestion velocity [16, 39, 45]. The progressive release of glucose
molecules resulting from its hydrolysis, allowing a progressive intestinal absorption
of the glucose products, avoids high glycemic peaks, showing a lower but maintained
postprandial response. This glycemic response is beneficial for healthy people but
especially for diabetics [13, 14, 19, 30, 44]. The slow digestion and assimilation are
related to several intrinsic factors of the starch molecule, as well as to structural
changes that occurred during industrial processing or cooking [4, 6, 19, 27, 29, 44].

The structural properties of the food matrix may play an important role during
starch digestion. When starch is contained internally in the food matrix, it plays an
important role in reducing the velocity of the starch digestion because it get caught on
the food matrix or by a barrier action of the rigid cell walls. This events are commons
in legumes [7, 10, 27, 29, 45]. This coughed starch fraction is especially interesting for
people with metabolic or chronic diseases, particularly type 2 diabetic or hyperlipi-
daemic ones [45].

RS is the starch fraction characterized by not be hydrolyzed by the digestible
enzymes, reaching entirely the colonic tract [6, 11, 12, 21, 24, 25]. The European
Research Project on Resistant Starch (EURESTA) defines RS as “the sum of starch and
products of starch degradation not absorbed in the small intestine of healthy individu-
als” [11, 12]. When RS reaches the colonic tract, it is fermented into diverse SCFA,
especially propionic and butyric acids, or conversely, it is eliminated through the fecal
material [11-13, 25, 26]. Regarding their chemical nature, RS can be classified into
diverse categories. Table 1 summarizes the diverse types of RS currently identified
and their main characteristics. Some RS occurs naturally in food, existing in the starch

Type Source Digestibility

AR-L Whole grains and/or Poor grade and velocity of
Physically inaccessible starch, encapsulated partially grinded raw assimilation

into the morphological structures of the grains grains

AR-IL Raw potatoes, bananas Low digestibility and poor
Granules of NS highly crystallized and and legumes assimilation
non-gelatinized

AR-IIL Bread and baked goods Low digestibility and poor
Crystallized starch o retrograded assimilation

AR-IV. Specific ingredients Resistant or partially
Modified starch with chemical processes (such chemically developed digestible

as interlinking process or esterification)

AR-V. Bread and baked goods Resistant to the digestion
Amylose-lipid complex (type V) as process

consequence of food processing

Table 1.
Classification of the diverse types of RS.
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granule, whereas others RS are the result of a structural reorganization on the molecule
or the molecule interaction with other compounds, as a consequence of industrial
processing, cooking, or intentioned chemical modifications [11, 12, 24, 25]. In any case,
the RS formation is due to a structural reorganization of the amylose linear chains and
their association with the amylopectin [25, 46, 47]. Accordingly, RS frequently occurs
in starch molecules with a higher amylose/amylopectin ratio, increasing the available
lineal chains of a-glucans to form crystalline and organized structures [24, 25, 46-48].
The molecular weight of these RS crystalline structures is close to 100 kDa.

4. Functional properties of the starch fraction
4.1 Functional properties of the SDS and RS

The functional properties of a compound are defined by the way to modify the
metabolic patterns, generating a beneficial property. Diverse compounds present
in plants show functional properties [2, 49]. In this context, the possible functional
properties of SDS and RS have been specially studied in the last years because of their
capacity to provide a maintained source of energy avoiding hyperglycemic responses,
especially beneficial for diabetic patients. It is important to note that the attenuated
glycemic response during starch consumption is dependent on the digestibility behav-
ior that depends on the starch composition and physicochemical properties [50]. The
influence on the variability in the glycemic response is considered as an important
factor to control the glycemic response in diabetic and obese patients, frequently
measured as the concentration of glycated hemoglobin (HbA1c) [51, 52].

Diverse investigations support the evidence of this beneficial effect of the SDS
or RS fractions. Hasek et al. [53] studied the effect of the consumption of SDS using
obese rats how experimental animal models fed with high fat diet (HFD). A group
supplemented with SDS was compared with a group with RDS supplementation. The
experimental group fed with SDS reduced the total daily intake of food compared
with the RSD group. In addition, when evaluating the expression levels of (mRNA) of
hypothalamic orexigenic neuropeptide Y (NPY) and Agouti-related peptide (AgRP),
they observed that their expression was significantly reduced in the group fed SDS, as
well as an increase in the hormone that produces anorexigenic corticotropin-releasing
hormone (CRH). These researchers suggest that SDS can contribute to modulating
the frequency of food consumption by activating the gut-brain axis, in addition to
generating a reduction in the expression of genes of appetite-stimulating orexigenic
neuropeptides and an increase in hypothalamic appetite-suppressing neuropeptide.
Therefore, SDS may exert beneficial functional properties.

Breyton et al. [S0] compared the effect of the consumption of a diet high or low in
SDS in a group of diabetic patients. They observed a reduction in the variability of the
glycaemia as well as the lower postprandial area under the curve (AUC) of the glycae-
mia when the high SDS consumption was considered. These authors consider that the
modulation of the starch digestibility may be used as a useful tool for controlling the
postprandial glycemic response in diabetic patients. Similar results were reported by
Lambert-Porcheron et al. [54], that evaluated the postprandial response and digest-
ibility of a product based on cereals with high or low SDS content in patients with
overweight o metabolic risk. They observed a 2 h postprandial glycemic and insuli-
némica response lower in the group of patients that consumed the product with high
SDS compared to the other group.

50



Health Benefits of Starch
DOI: http://dx.doi.org/10.5772/intechopen.101534

Considering the effect of RS consumption, diverse studies have reported benefi-
cial effects on human health [11-13, 26, 50] (Table 2). In this context, the physiologi-
cal effect of the RS consumption shows a great dependence on the biological origin,
the total amount intake and the type of RS consumed [11, 12, 24-26]. In general,
it can be considered that the RS consumption reduces the postprandial glycemic
response and improve the glucose metabolism and homeostasis [11, 12, 14, 26] asa
consequence of not being digested in the upper human tract [12, 45, 47, 50] and by
contributing to a lower but maintained postprandial glucose in the diet [11-13]. These
properties are especially beneficial for type II diabetic patients allowing better control
of the glycaemia [11-13, 26], as well as for healthy individuals [12, 13, 26]. In addition,
RS can exert a modulation effect on the satiety by modifying the secretion of adipo-
kines and peptides responsible for this physiological process [12, 13, 26], such as an
increase of the release of ghrelin, leptin, adiponectin, glucagon-like peptide 1 (GLP-
1), peptide tyrosine (PYY) and gastric inhibitor peptide (GIP). The satiety promotion
reduces the total food and calories intake preventing the excess of calories and the
accumulation of fatty acids in the adipose tissue [12, 47, 50, 53]. Therefore, RS can be
used as a useful tool to prevent and manage obesity [12, 13, 21, 26].

Other beneficial effect attributed to RS is its capacity to act as a prebiotic com-
pound. Since RS is low or not digested in the upper gastrointestinal tract, it reaches
the colon as part of the dietetic fiber [24, 25, 28, 46]. RS is fermented by the colonic
microbiota bacteria releasing SCFA, especially butyric acid, an essential compound
to maintain the intestinal epithelium permeability and associated with colon cancer

Physiological effect Mechanism Beneficial effect
Improve the The lower digestibility reduces the glucose absorption Diabetes
insulinemic response and glycaemia response Insulinemic response

Metabolic syndrome

Improve the intestinal
epithelial health

Contribute to reverse neoplastic changes on the
colon epithelium by the production of organic acids
(butyric, propionic and acetic) as a product of RA
fermentation.

Colorectal cancer
Ulcerative colitis
Intestine inflammation
Intestinal constipation

Improves the lipid

Contribute to reduce the cholesterol and triglyceride

Cardiovascular disease

profile blood levels Metabolic syndrome
Lipid metabolism
Promote the satiety Reduce the total calories intake since RS is not Obesity
process digested in the upper gastrointestinal tract Diabetes
Promote the secretion of the hormones related with
the satiety process
Increase the nutrient Improves the intestinal absorption of minerals like Osteoporosis
bioavailability intestinal absorption of minerals like iron or calcium
Prebiotic effects Promotes the growth of microbiota bacteria Colon health
associated with healthy microbiota (Bifidobacteiurm Metabolic syndrome
and Lactobacillus)
Dietetic fiber effects Reduces the atrophy of the colon epithelium, Improves the intestinal
contribute to prevent the intestinal constipation health
Improves the intestinal
peristalsis
Table 2.

Physiological effect of the RS consumption.
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prevention. In addition, the SCFA can modulate satiety and lipid metabolism and
are also substrates of the intestine gluconeogenesis. This process is associated with a
reduction of hepatic gluconeogenesis and therefore a direct impact on the postpran-
dial glycemic response [12, 13, 21, 25, 26, 50].

The prebiotic effect of the RS is associated with the RS fermentation by
Bifidobacterias and Lactobacillus species allowing to promote the growth of this
beneficial bacteria in terms of total amount and diversity [12, 25, 26]. Dysbiosis,
defined as a negative alteration of the microbiota population, is generally associated
with a reduction of the microbiota diversity and especially with the alteration of the
Bacteroidetes and Firmicutes phyla, characterized in general by the increase of the
Firmicutes/Bacteroidetes ratio and the reduction of the Bifidobacterias group. These
microbiota alterations are associated with intestinal complications and the increase
of the incidence of chronic diseases such as obesity, type 2 diabetes, cardiovascular
diseases, and also with cancer [55-57]. The prebiotic effect of RS promotes the growth
of Bifidobacterias and Lactobacillus species, contributing to maintaining a healthy
microbiota, a continuous production of SCFA, maintaining the integrity of the intes-
tinal epithelium, and as consequence, reducing the intestinal absorption of bacterial
lipopolysaccharide (LPS) and therefore, reducing and preventing the endotoxemia,
metabolic stress and chronic systemic inflammation, responsible or contributors of
many chronic metabolic diseases [56, 57].

This prebiotic action of RS may exert an effect on glucose metabolism through dif-
ferent mechanisms, such as decreasing the gastric emptying, decreasing the glucose
absorption in the intestine, favoring or promoting the production of GLP 1, as well as
decreasing the expression in the transcriptional factors that intervene in the oxidation
of fatty acids and lipogenesis, generating a decrease in the free fatty acids levels in the
blood [56, 57].

4.2 Modulation of the glycaemia homeostasis by SDS and RS

As was exposed before, the nutritional characteristics of starch depend on its
structural and physicochemical properties, responsible for the different digestibility,
bioavailability, and postprandial glycemic and insulinemic response [4, 14, 15, 19].
Starches with higher SDS and RS fractions show a slower digestibility, progressive
assimilation, and therefore a lower glycemic response. Conversely, high RDS contents
are characterized by rapid digestion, assimilation and an elevated glycaemic response
[19, 44, 50, 53, 54]. Therefore, the starch characterized by high SDS or RS contents
can be used to avoid hyperglycemia [19, 26, 44, 45] and get a higher control of the
postprandial glycemic response and glucose homeostasis in metabolic syndrome dis-
eases, especially for diabetic patients [13, 54, 56]. The replacement of natural starchy
foods by starches with higher SDS and RS content together with the commonly
prescribed drug is an adequate strategy to get an integral control of the glycaemia
response [4, 13, 15, 19, 26, 44, 47, 50, 54, 56].

Diverse in vivo studies show that RS consumption is associated with benefits in
glucose homeostasis [13, 54, 56, 58]. Sun et al. [58] evaluated the consumption effect
of RS-II in rats with type 2 diabetes, fed with a diet high in lipids and glucose for
4 weeks. The experimental group showed a reduction trend in glycaemia compared to
the diabetic control group (without RS-II). Also, higher glycogen levels were deter-
mined in the liver and muscle of the experimental group compared to the diabetic
control but similar levels that the non-diabetic group fed without RS-II. Similar results
were determined by Zhou et al. [59] when RS from high amylose maize were evaluated
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during 4 weeks. The experimental group of diabetic rats fed with RS significantly
reduced the glucose cholesterol and triglycerides blood levels compared with the
control diabetic rats (non-fed with RS) and even HDL levels were determined twice
as high in the first group. Zhou et al. [59] and Sun et al. [58] suggest that the biologi-
cal mechanism responsible for the beneficial RS effects in the glycemic response is
mediated by the promotion of the hepatic glycogen and the gluconeogenesis inhibition
together with higher efficiency in the glucose intake by the muscular tissue [13, 59].
Gluconeogenesis is the metabolic pathway responsible for the endogenous synthesis
of glucose molecules through the use of non-carbohydrates precursor molecules such
as pyruvate, alanine, or glycerol. The phosphoenolpyruvate carboxykinase enzyme
(PEPCK) converts the oxaloacetate to phosphoenolpyruvate during the gluconeogen-
esis pathway, whereas during the last step of this pathway the glucose-6-phasphatase
(G6Pase) removes the phosphorous group in the 6 positions of the glucose-6-phas-
phate releasing glucose [13, 60, 61]. Diabetic patients are characterized by continuous
activation of the PEPCK and G6Pase enzymes as a response to the low glucose intake
by the muscle tissue as a consequence of an inadequate insulinemic response, causing
hyperglycemia under fasted state [13, 61, 62]. In this context, diverse in vivo studies
have observed a reduced expression of the PEPCK and G6Pase enzymes in diabetic
rats treated with RS and therefore, a reduction of the gluconeogenesis activation

[58, 59]. The glucose intake by the muscle tissue and the inhibition of gluconeogenesis
provokes the activation of the AMP-activated protein kinase (AMPK) restoring the
cell energy or ATP. Both mechanisms have been associated with SDS consumption
since in vivo studies show the activation of the AMPK with SDS intake [13, 62, 63].

Other authors suggest that the benefits in the glucose homeostasis derived from
the RS intake are a consequence of improved lipid homeostasis. The improvement in
lipid metabolism is modulated through the promotion of muscular lipid oxidation and
cholesterol homeostasis, both related to the improvements in glucose homeostasis.
Whereas, other authors suggest that the improvement of the glucose homeostasis is
a consequence of the SCFA released, contributing to promote the satiety process and
improving the serum lipid profile, both related to an improvement in the prognostic
of the insulin resistance [56, 58, 59, 61].

Many researchers suggest that SDS or RS consumption improves the glycaemia in
diabetics through the activity reduction of the enzymes of the hepatic gluconeogene-
sis and the augmentation of the glucose intake by the muscle tissue [58, 59, 61], as well
as by the improvement of the lipid homeostasis consequence of the release of SCFA
during colonic fermentation of RS [26, 53, 57]. The improvement of glucose homeo-
stasis is an efficient mechanism to reduce the long-term complications consequence of
diabetes, mainly related to oxidative stress and cell damage [61-63]. In this context,
the glycemic response in healthy individuals and type 2 diabetic patients is corre-
lated with the type and amount of RS ingested [63, 64]. Other biomarkers related to
glucose modulation are the C peptide, leptin, PYY, GLP-1, GIP, and some inflamma-
tory cytokines. The RS consumption is associated with the increase of plasmatic levels
of GLP-1, GIP, and PYY, responsible for the insulinemic response, glucose regulation,
and satiety process. The released SCFA during RS colonic fermentation could be
associated with the increase in the expression of PYY and GLP-1 genes, establishing
arelation between RS consumption and intestinal hormones production [63, 64].
Maziarz et al. [65] demonstrated that RS consumption reduces leptin production
probably a consequence of augmentation on the fatty acids oxidation since serum
circulating levels of leptin are associated with the total body fat mass and negatively
correlated with fatty acids oxidation.
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5. SDS and RS as potential functional ingredients

As a consequence of the improved awareness of the consumers in the relation
of diet and health, the food industry has focused on the production of functional
foods based on cereals, legumes, and other products with low glycemic index (GI)
[11-13, 25, 29, 32]. Currently, new sources for RS obtention or production have been
investigated as alternatives to the conventional sources (maize, wheat, rice, among
others) since RS beneficial effects are dependent on the botanical origin, type of RS,
and total intake amount [12, 25, 29, 32]. RS is shown as a great potential functional
ingredient because of their great techno-functional properties such as small particle
size, color, soft flavor, well properties for the extrusion process, high temperatures of
gelatinization, and low water retention capacity, together with their low caloric values
(1. 6-2.8 keal/g) [5, 11, 25]. In addition, may improve the lifespan of dry products and
avoid the ice crystals during the ice creams production [5, 25, 29, 46]. These proper-
ties allow to incorporate RS as an ingredient in many different food matrixes such as
dairy products, bakery products, or pastas [5, 11, 25, 46].

RS can be used also to increase the total fiber content of food products or to reduce
the low available CH contents in the production of dietetic food products focused on
reducing the bodyweight through a lower caloric content [25, 46]. The incorporation
of RS to the food formulation does not change the flavor neither produce significant
changes in the texture, whereas may improve the product sensorial properties com-
pared with many available fibers such as brans or gums [11, 25, 46], also, the final
product texture can be improved by using RS because of their low water retention
capacity [29, 46-48]. RS has been also used as a cover ingredient during probiotics
microencapsulation to be incorporated into dairy products, allowing increasing the
viability of the probiotics. Also, RS has been used to encapsulate fish oils to reduce
the odor and lipid oxidation [5, 25, 46, 47]. RS can be used in bakery products and
breakfast cereals as a functional ingredient and fiber source but attention to the tech-
nological properties of the products should be observed to ensure to reach the desir-
able properties on the product [5, 11, 25, 29, 46]. The addition of RS-III to sourdough
breaths may improve the toasted color and the crunch properties of the product
[25, 46, 47]. However, the addition of green banana flour (rich in RS-II) to pasta may
provoke a weaker mass as a consequence of the gluten dilution effect but less oil is
required to fry these products [5, 25, 46]. The addition of RS-III ha can generate in the
flour tortillas lower flexibility, rolling capacity, and cohesion. High concentrations of
RS-III reduce structural integrity and therefore product quality [5, 25, 29, 32, 46].

On the other hand, the evaluation of the impact and benefits in the consump-
tion of SDS as a functional ingredient for the elaboration of products that improve
the postprandial glycemic response has increased in recent years. Rebello et al. [66]
evaluated the effect of the consumption of SDS as a functional ingredient in a Snack,
with the purpose of improving the postprandial response, the degree of satisfaction,
and appetite in people with overweight and obesity. The consumption of the snack
with SDS at breakfast improved the postprandial glycemic and insulinemic response
by decreasing the concentrations of glucose and serum insulin in the blood per unit
of time (minutes), compared to a control product without SDS. In addition, they
estimated that the relative glucose responses in the evaluated products were 40%
lower compared to the control product. They attribute this effect to the characteristics
and type of CH ingested, and to a lower rate of digestion and absorption of the same.
These results are consistent with that reported by Péronnet et al. [67], where they
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evaluated the consumption of a cereal product with different SDS contents (high and
low) to evaluate the type of glycemic response in relation to the underlying changes in
the kinetics of plasma glucose, on the increase in the rate of production (appearance)
and consumption (disappearance) of serum glucose in the blood in healthy young
women. They observed that the consumption of the product with a high content of
SDS generated a significant reduction in the absorption and consumption kinetics of
plasma glucose concentrations, compared to the consumption of the control products.
This group considers that the consumption of the product with a high content of SDS
generates a slow absorption of glucose, reducing its availability, and promotes a con-
tinuous gradual effect, attenuating sudden changes in concentration in the kinetics of
plasma glucose, improving its homeostasis.

6. Conclusions

The impact of starch consumption on the human health is dependent on the starch
composition and physicochemical properties, highly dependent on the botanical
origin of the starch or the processes applied. In this context, the major factor associ-
ated with the impact of starch consumption on the human health is the hydrolysis
behavior during the gastrointestinal tract, and therefore, with the composition and
amount of RDS, SDS, and RS fraction in the starch molecule. Starches with high RDS
amounts are characterized by rapid and high glycaemic and insulinemic peaks, being
arisk for further diabetes and other chronic diseases. Conversely, SDS and especially
RS are associated with low or very low but maintained glycemic and insulinemic
responses, and therefore, are associated with benefits for the glucose homeostasis in
diabetics but also in healthy people. RS is shown as a promising functional ingredient
since this molecule, depending on its morphological structure and physicochemical
characteristics, is low or non-digested and shows other potentially beneficial proper-
ties. The majority of RS is fermented by the colonic microbiota allowing to growth
of the Bifidobacterias and Lactobacillus species, acting as a prebiotic compound.
Also, SCFA is released from their colonic fermentation, associated with the increase
in the expression of satiety hormones such as GLP-1, GIP, and PYY, contributing to
reducing the total calories intake. It has been suggested that RS and SDS consumption
is also associated with the glucose homeostasis, contributing to reduce the expres-
sion of the gluconeogenic enzymes (PEPCK and G6Pase) and improving the glucose
intake by the muscle tissue. In addition, RS and SDS may contribute to lipid homeo-
stasis, increasing HDL release and lipid oxidation. However, more detailed studies
are required to clarify the capacity of RS and SDS to modulate glucose and lipid
homeostasis. In conclusion, starches with high SDS and especially RS are associated
with health benefits such as low insulinemic responses, glucose homeostasis control,
prebiotic effects, and satiety, being RS as a promising but low exploited functional
ingredient.
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Chapter 5

Potato Starch as Affected by
Varieties, Storage Treatments and
Conditions of Tubers

Saleem Siddiqui, Naseer Ahmed and Neeraj Phogat

Abstract

Potato is among the widely grown crop of the world. It is likely that a large portion
of the crop is consumed fresh but majority of it is processed into various products,
starch being the predominant one. Starch can greatly contribute to the textural
properties of many foods and is widely used in food industry as raw material. Since
raw potatoes are perishable and accessible only for few months of the year, the food
and starch industry has to rely on stored potatoes during off-season. The various
varieties of the crop available in the region, storage conditions, pre and post-storage
treatments given to the tubers, packaging materials used, etc. are influencing the
physical, chemical and functional characteristics of starch extracted from it. The
extraction technology from tubers is also having a significant effect on the quality of
starch. The knowledge of physical, chemical and functional characteristics of potato
starch as affected by varieties, storage treatments and conditions of tubers will help
in ensuring uniform and desirable quality of starch for food industry and also provide
information for breeding programs and developing the proper postharvest manage-
ment practices of potatoes.

Keywords: curing, extraction methods, functional properties, packaging potato
starch, sprout suppressants, storage conditions, varieties

1. Introduction

Potato (Solanum tuberosum L.) is the most important food crop in the world
after wheat, rice, and maize. UNESCO (United Nations Educational, Scientific
and Cultural Organization) declared potato as the food of the future during the
‘International Year of Potato 2008’ and stated potato as the third most important
world food crop. Potato production increased significantly in India during the
last six decades and it became the second-largest producer of potatoes after China
[1]. Potatoes contain 70-80% water, 16-24% starch (85-87% dry mass), and trace
amounts of proteins and lipids [2].

Potatoes are a perishable crop, and due to insufficient, expensive, and widely
dispersed refrigerated storage facilities, there are frequent instances of market over-
supply, resulting in significant economic damage to farmers and agricultural wastage.

63 IntechOpen



Starch - Evolution and Recent Advances

Various storage treatments and technologies have been proposed to extend the shelf
life of potato tubers. Because raw potatoes are accessible only for few months of the
year, the food and starch industry has to rely on stored potatoes during off-season. A
proper storage climate helps keep potatoes in excellent condition by avoiding exces-
sive weight loss, microbial spoilage, sprout development, and quality degradation.
Potatoes are often stored in long-term postharvest cold storage (8-12°C, 85-90% RH)
to retard physiological processes and extend shelf life. Maintaining low temperatures
during the storage time is dependent on the tubers’ intended usage

Prolonged storage of potatoes requires sprout inhibition either by use of irra-
diation or sprout inhibitor chlorpropham (CIPC, isopropyl 3-chlorocarbanilate)
treatment [3, 4] or the usage of heat treatment [5]. The CIPC alternatives for sprout
inhibition are maleic hydrazide (MH), 1,4-Dimethylnaphthalene, and ethylene [6].
Heat treatment, essential oils of some herbs and spices—also effectively reduce
sprouting and can be applied to organically grown potatoes [7, 8]. The sprout inhibit-
ing treatments besides affecting the physiology of tubers also alter the properties of
starch [9].

Starch plays a major role in the sensory characteristics of a wide variety of foods
and is extensively used in agro-industrial applications as a thickener, colloidal stabi-
lizer, gelling agent, bulking agent, and water retention agent. Because of the higher
granule size and purity of potato starch, as well as the amylose and amylopectin
chain lengths and the presence of phosphate ester groups on amylopectin, it stands
apart from other cereal starches (corn, wheat, rice, etc.). Potato starch is an excellent
texture stabiliser and regulator in food production systems.

The adaptability of starch in a wide range of food items makes it a hot topic
among researchers studying carbohydrate polymers. As the genetic basis of the
starch changes, so do its physicochemical attributes and functional features, as well
as how unique they are in different foods and drinks [10]. Even within the same
botanical species, cultivars of the same plant grown in different environments and
cultural settings have vastly different starch structures and functions. This diversity
results in a wide variety of starches with varying cooking, textural, and rheological
characteristics that are linked to their physicochemical, morphological, and thermal
properties. The following sections of the chapter deal with the starch characteristics
as influenced by extraction methods, cultivars, curing, sprout inhibitors and storage
conditions of potato tubers.

2. Effect of extraction methods

Depending on the plant source and intended application for the starch, several
techniques can be used to extract it. Different researchers have utilized a variety
of extraction methods to separate starch, including steeping periods, extraction
temperatures, chemical concentrations and nature, enzymes, and so on. The chemi-
cal composition and physical characteristics of starch are both influenced by the
extraction processes. To procure a pure product with maximum yield and recovery,
lowest cost, and application of a series of interrelated stages allowing the non-starchy
fraction to be removed without affecting the granule native structure and minimal
incidence on its physico-chemical and mechanical properties, selecting an appropri-
ate starch extraction method is desirable.

The chemical and physical characteristics of starch are altered throughout the
extraction process. According to Neeraj et al. [11], water temperature affected
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potato tuber starch extraction. Extraction temperatures of 30°C and 60°C produced
improved starch yields, water absorption capacity (WAC), and whiteness. The use of
0.25% NaOH for chemical extraction increased WAC while decreasing ash content.
The combination of sodium dodecyl sulphate (SDS) and mercaptoethanol (ME)

to remove lipids increased amylose and starch purity while reducing amylopectin,
moisture, and fat. Whiteness values were greater in the extraction employing NaOCl
bleaching agent, while starch yields were higher in the enzymatic extraction by
cellulose. The combination treatment of NaOH, SDS-ME, Na-hypochlorite and
cellulase produced significantly higher starch yield and WAC than the simple cold
water extraction method. It also resulted in significantly higher swelling power and
solubility, light transmittance and whiteness, as well as trough and final viscosity of
the extracted starch.

The different extraction techniques resulted in varying proportions of tiny and big
starch granules. The Na-bisulphite treatment had the highest percentage of small-
sized particles, whereas the other methods had no noticeable variations in particle
size. Intact starch granules with smooth surfaces were found in the water-treated
starch, but granules of starch treated with Na-bisulphite or propanol-water had some-
what rough and pitted surfaces, as well as fractures inside the granules (Figure 1)
[11]. Lin et al. [12] reported that alcohol treatment caused not only the disappearance
of ‘Maltese cross’ pattern in the center of granule but also the occurrence of cracks
inside the granule. Betancur et al. [13] observed that Na-bisulphite treatment resulted
in acid hydrolysis, with the hydroxonium ion attacking the glycosidic oxygen atom
and hydrolyzing the glycosidic linkage, altering the physicochemical properties of
starch and causing the formation of some cracks on the starch surface.

Phosphorus is present as phosphate monoesters and phospholipids in potato
starches [14]. Phosphorus alters the functional characteristics of starches, which is
significant both technologically and nutritionally. The phosphate monoesters are
covalently linked to the starch’s amylopectin portion. The majority of the phosphate
groups are covalently linked to the amylopectin fraction at the C-6 (70%) and C-3
(30%) locations of the glucose units. It has been demonstrated that the phosphate
concentration of starches has an effect on their physicochemical qualities and end
applications, including starch pasting capabilities, gel strength and clarity, sticki-
ness and viscosity [15]. Neeraj et al. [11] reported that starch extracted by water had
higher, while extracted by Na-hypochlorite lower phosphorus content. The decrease
in phosphorus content by Na-hypochlorite (NaOCI) was attributed to acid hydrolysis
of amylose and amylopectin chains, reducing the ash content of starch and hence its
mineral content. NaOCl may have caused oxidative degradation of amylopectin and
amylose chain and thereby reducing the phosphorus content [16].
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Figure 1.

Effect of various methods of extraction on potato starch granule (source: [11]).
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The variations in WAC between different starches are attributable to the degree
to which water binding sites are available in their granules. The hydroxyl groups and
inter-glucose oxygen atoms are thought to be the binding sites. The capacity of these
starches to interact with water is determined by their ultrastructural (molecular
arrangement, amorphous and crystalline regions) and compositional variations
(primarily amylose and amylopectin). The capacity of commercial starches to bind
water is critical to the quality and texture of some food items because it protects them
from effects such as syneresis, which can occur during retorting or freezing [15].

It has been reported that different extraction techniques significantly affected WAC
of potato starch. The alkali treatment with NaOH resulted in a greater WAC, but the
NaOCl extraction technique resulted in a lower WAC [11, 17]. The increased WAC

in alkali treated starch might be due to ions (Na*) diffusing into the amylose-rich
amorphous areas of the granules, destroying intermolecular interactions, altering

the starch’s crystalline structure, and leading the granules to absorb more water

[18, 19]. Fat and protein that are located on the surface of starch granules are crucial
for maintaining its structural stability [20]. Additionally, their presence has been
demonstrated to significantly slow the rate of starch retrogradation [21]. Lipids have
also been observed to form complexes with amylopectin’s outer branches, therefore
inhibiting starch retrogradation. It has been reported by Neeraj et al [11] that dif-
ferent extraction techniques have an effect on the protein and fat content of potato
starch. The combined treatment of NaOH, SDS-ME, Na-hypochlorite and cellulose
resulted in low protein content, but the cold water extracted potato starch had high
protein content. The decreased protein content seen in combination treatment may be
aresult of the alkali, SDS, and protease present. Because NaOH is an excellent solvent
and can solubilize the main protein enclosing the starch, alkaline steeping technique
softens the protein-starch matrix, resulting in a starch deficient in protein and lipids
[22]. SDS treatment was also found to be effective in removing the protein and lipids
from the surface of starch granules [20].

Different extraction treatments resulted in significant variations in swelling
power and solubility index of the extracted starch. Neeraj et al. [11] reported that the
swelling power and solubility were maximum for starch extracted by NaOH, while it
was minimum in Na-bisulphite. Wang and Wang [23] reported that NaOH treatment
caused the removal of protein and lipids from the surface of the starch granules and
then allowed the starch granules to swell more and open up the small pores or crevices
on the granule surface. Sajeev and Moorthy [24] reported that reduced swelling power
of sulphite-treated starches may be owing to the fact that sulphite interacts stoichio-
metrically with oxygen (2 moles of sulphite to 1 mole of oxygen), forming sulphite
free radicals and the superoxide ion (0%).

The freeze-thaw stability (syneresis) of starch is a helpful indication of its retro-
grade tendency. Syneresis is a critical characteristic that is used to determine a starch’s
capacity to survive unfavourable physical changes that occur during freezing and
thawing. Extraction procedures also have a major influence on syneresis. Neeraj et al
[17] reported that the maximum synerisis was observed in potato starch extracted by
Na-bisulphite and minimum in starch extracted by combined treatment of NaOH,
SDS-ME, Na-hypochlorite and cellulose. The enhanced syneresis induced by starch
following Na-bisulphite treatment may be attributed to the acid-thinning process
increasing the fraction of linear chain starch in the sample, which enhanced the
inclination to retrograde.

Granule swelling, granule remnants, leached amylose and amylopectin, as well as
the molecular weights and chain lengths of amylose and amylopectin, have all been
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reported to vary with granule size, resulting in the development of turbidity and
reduced light transmittance in refrigerated starch pastes [25]. It has been reported
by Neeraj ez al. [11] that the potato starch extracted by Na-hypochlorite treatment
showed higher transmittance than native starch because the oxidized starch had

a lower tendency for molecular re-association. The presence of hydrophilic func-
tional groups in oxidised starches, particularly carboxyl groups, may account for
the increased transmittance. It can also be ascribed to the chemical replacement
of carbonyl and carboxyl functional groups for the hydroxyl groups in starch mol-
ecules, leading to repulsion between neighbouring starch molecules and decreased
inter-chain interaction, allowing for increased transmittance [26].

3. Effect of potato varieties on starch

Tuber starches from different potato breeds vary in terms of crystallinity, granule
shape, and other physical and chemical characteristics. The reactivity of the starches
in various potato genotypes varied significantly [27]. The accumulation of starch in
potatoes is genotype- and environment-dependent, as well as genotype-environment
interaction dependent [28]. Due to the variations in tuber development rates amongst
cultivars, the harvest dates and hence the dry mater accumulation varied for differ-
ent potato cultivars. Early maturing cultivars showed lower dry matter content and a
lower starch content than late maturing types. Kufri Chipsona-4 produced the most,
followed by Kufri Badshah, Kufri Sindhuri, and Kufri Bahar; and Kufri Pushkar
produced the least amount of starch. Since Kufri Chipsona-4 is a medium to late
maturing variety, it produced more starch than other cultivars [11].

Kaur et al. [29] screened 21 different potato varieties and reported lowest amylose
content of 15.0% for Kufri Ashoka (Patna) and the highest of 23.1% for Kufri Badshah
(Jalandhar) starch. Singh et al. [30] compared the starch amylose content among the
potato varieties and reported that Kufri Jyoti starch had the highest amylose content,
whereas Kufri Sindhuri starch had the lowest. The variations in amylose concentra-
tion across types of starch granules have been attributed to the activity of enzymes
involved in the production of linear and branching components inside the starch
granules during plant development [11].

Singh and Singh [31] reported that Kufri Badshah (KB) and Kufri Jyoti (KJ)
starch paste showed higher light transmittance and lower turbidity values than Kufri
Pukhraj (KP) potato starch pastes. Kaur et al. [32] observed that starches separated
from varieties KJ and KB had lower transition temperatures (To; Tp and Tc), peak
height indices (PHI), higher gelatinization temperature range (R) and enthalpies of
gelatinization (AHgel) than KP. The swelling power, solubility, amylose content, and
transmittance values of KJ and KB potato starches were found to be greater, whereas
turbidity values were found to be lower. KP starch showed the highest WAC, while it
was lowest for KJ starch, which can be attributed to the variation in granular structure
and loose association of amylose and amylopectin molecules. Singh and Kaur [33]
reported that large-size fractions from Kufri Sutlej (KS) and Kufri Jyoti (KJ) starch
showed the highest retrogradation, while the same fraction from Kufri Chandermukhi
(KC) starch showed the lowest retrogradation.

The water absorption capacity (WAC) has been reported to be different for the
starches extracted from different varieties. Singh and Kaur [33] reported that Kufri
Chandermukhi small granule fraction showed the highest WAC as compared to Kufri
Sindhuri and Kufri Jyoti. Kaur et al. [29] observed that pasting temperature (PT) of
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different potato starches ranged from 64.5 to 69.5°C, the highest for Kufri Sindhuri
and the lowest for Kufri Bahar. Neeraj et al. [11] maximum WAC in Kufri Chipsona-4
followed by Kufri Sindhuri, while it was minimum in Kufri Badshah. Differences

in WAC across cultivars may be related to their starch’s amylose and amylopectin
levels. Additionally, it can be ascribed to granular structural variation. The pres-
ence of a significant number of phosphate groups on the amylopectin molecule may
help explain the variations in WAC between starches isolated from various potato
types [34].

The phosphorous content of extracted starch was found to be different for differ-
ent potato varieties. It was minimum in Kufri Pushkar followed by Kufri Sindhuri,
while it was maximum in Kufri Chipsona-4 [11, 17]. Pineda-Gomez et al. [35] studied
the starch of potato cultivars growing in the Andean region in the south of Colombia.
It was observed that the apparent amylose and phosphorus concentrations of starches
extracted from Mambera, Ratona, and Pastusa cultivars of potato were much greater
than those recovered from Unica and Roja-huila. Kaur et al [29] reported that the
phosphorus content of starch granules is positively linked with the phospholipid
concentration. Phospholipids are often abundant in phosphorus-rich starch granules,
either adhering to their surface or enclosed within.

There were marked differences in swelling power (SP) of extracted starch from
different potato varieties. It was maximum in Kufri Chipsona-4 followed by Kufri
Bahar, while it was minimum in Kufri Badshah [11, 17]. Additionally, it was observed
that Kufri Chipsona-4 included the least amylose and the most phosphorus, indicat-
ing a greater swelling power; however, Kufri Badshah contained the most amylose and
the least phosphorus, indicating a lesser swelling power. The difference in SP between
starches from various potato cultivars indicates that the affective bonding forces
between granules are stronger in certain. The swelling ability of starch is directly
proportional to its amylopectin concentration, since amylose functions as a diluent
and swelling inhibitor.

Starches’ swelling ability and solubility are strongly linked. Neeraj ez al. [11]
reported that maximum solubility was for the starch extracted from Kufri Chipsona-4
followed by Kufri Pushkar, while it was minimum in Kufri Badshah. The variations
in swelling power and solubility of the starches among different varieties can be
attributed to the differences in granule size, amylose content, molecular structure of
amylopectin and the crystallinity as well as the granule organization.

Neeraj et al. [11] observed maximum light transmittance in starch extracted from
Kufri Chipsona-4 followed by Kufri Bahar, while it was minimum in Kufri Pushkar.
Higher transmittance led to greater starch paste clarity. The clarity of the paste varied
significantly depending on the starch source, amylose/amylopectin ratio, chemical or
enzymatic changes, and solute inclusion. Potato cultivars with a substantial increase
in transmittance may be used in the jelly, beverage, and fruit paste sectors to get the
appropriate consistency.

Syneresis, or freeze-thaw stability, is a critical characteristic used to assess a
starch’s capacity to survive the undesired physical changes that occur during freez-
ing and thawing. Syneresis was discovered to be least in starch extracted from Kufri
Pushkar, followed by Kufri Bahar, and to be most in Kufri Chipsona-4 [11, 17].

Kaur et al. [32] reported that endothermic peaks for several potato cultivars
ranged from 59.96 to 68.89°C, the peak temperature was 63.37-64.58°C, and the final
temperature was 67.4-68.9°C.
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4. Effect of curing treatment of tubers

Freshly harvested potatoes have very short shelf life due to thin skin. Curing is
accomplished by holding potatoes in dark at ~22°C and RH 90% for 10—15 days.
During curing potatoes utilize the reserved food material to provide energy and
metabolites to heal bruises and cracks and to develop periderm layer making the
peel thick and impermeable to water. The various changes taking place in the char-
acteristics of extracted starch from different varieties of potato due to curing of
tubers was studied in detail by Neeraj et al [11]. It was reported that curing of tubers
resulted in decreased starch yield, amylose content, swelling power, and solubility;
but increased phosphorus content, WAC, and light transmittance of the extracted
starch. The lower starch content in cured potatoes compared to fresh potatoes may be
due to its utilisation in the process of periderm layer formation [36]. Van Der Maarel
et al. [37] reported a decrease in amylose content in cured potatoes as a result of
increased activity of the debranching enzyme glucoamylase, which breaks the -1,6
glycosidic bonds present in amylose to form linear amylose. The amylase, pullulanase,
glucoamylase, and isoamylase further breakdown amylose into sugars. The increased
phosphorus concentration in cured tubers might be attributed to the poor starch
recovery from cured tubers that resulted in a greater phosphorus content per unit of
recovered starch. The greater WAC content of cured potato starch can be attributed
to its reduced amylose and higher phosphorus content. Liu et al. [38] found a negative
connection between WAC and amylose and a positive correlation between WAC and
phosphorus in starches. Reduced swelling power, solubility, and light transmittance
of cured potato starch were attributed to its decreased amylose and high phosphorus
concentrations.

Curing did not significantly affect the size of the starch particles and syneresis
[39]. The syneresis exhibited a significant positive correlation with amylose content.
Though the amylose content was slightly reduced by curing, still the syneresis was not
affected [11, 17]. This might be because the amount of the change in amylose concen-
tration was too little to have a meaningful influence on syneresis, or because other
variables such as crude fibre, fat, protein, and granular structure also playing a role in
syneresis [18].

5. Effect of sprout inhibiting treatments

The sprout inhibiting treatments besides affecting the physiology of tubers also
alter the properties of various biochemical constituents. CIPC, also referred as chlor-
propham is the most commonly used sprout suppressant on potatoes when stored at
8-12°C. Potatoes can also be stored for at least 12 weeks at either 8 or 18°C without
sprouting, if tubers are dipped in hot water (57.5°C and 20 or 30 min) [5, 40]. It was
reported by Hu et al. [40] that there were no significant differences in the pasting
properties and onset (To), peak (Tp) and endset (Tg) temperatures of gelatinisation
of sweet potato starch among heat treated (HWT) and non heat-treated samples.
Peak viscosity decreased gradually and fluctuated around 310-357 RVU in variety
Kanoya control samples, while it increased gradually and fluctuated around 209-308
RVU in Kanoya hot water treated samples, indicating that heat treatment reduced the
peak viscosity of potato starch.
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Potatoes treated with CIPC to inhibit sprouting contained greater amounts of total
starch as well as resistant starch (RS) than untreated potatoes tubers [41]. Luet al. [4]
investigated potato varieties treated with CIPC and stored at 8°C for 5 months and
found that the least shifting of gelatinization peaks to lower temperature for CIPC
treated samples. Ezekiel and Singh [42] studied starch properties of potato cultivars
treated with CIPC. Swelling volume of starch decreased significantly with CIPC in all
varieties.

Neeraj [43] studied the effect of various sprout inhibiting treatments viz., hot
water dip treatment (HWT, 57.5 + 0.1°C for 20 min) and single spray of 50% for-
mulation of CIPC treatments on the characteristics of starch extracted from Kufri
Chipsona 4 variety of potato stored at low temperature (12 + 1°C). It was observed
that significantly higher starch yield was observed in CIPC treated tubers followed by
hot water treatment and untreated. The CIPC treated tubers retained higher starch
than other treatments until the end of the storage period, which can be attributed
to inhibited sprouting and low respiration rates. Hot water treatment may also have
resulted in higher starch yield because of its inhibitory role on sprouting of tubers.
Kyriacouet al. [44] also observed that CIPC and HWT retained higher starch concen-
trations during the storage period.

There was no significant effect of HWT on particle size, however, CIPC treatment
significantly increased the percentage of small size particles of starch from LT stored
tubers [43]. Ezekiel et al. [45] reported that CIPC treated potatoes subsequently
stored at 12°C for 90 days showed an increase in the proportion of small size granules.
The granule diameter ranged from 18 to 25 pm.

The effects of CIPC and HWT were found to be non-significant with respect to
untreated tubers for extracted starch’s moisture content, protein content, fat content,
crude fiber, ash content, purity, WAC and colour whiteness values; while starch yield,
amylopectin, phosphorus content, swelling power, solubility, light transmittance and
peak viscosity were higher for starch extracted from tubers treated with CIPC than
HWT [43]. The nonsignificant effect on purity of starch was attributed to nonsig-
nificant changes in moisture, fat, crude fibre, protein and ash contents of the starch
extracted from tubers subjected to various sprout inhibiting treatments.

Hot water dip treated tubers resulted in significantly lower swelling power
than untreated tubers at RT storage, however, significantly higher swelling power
was observed in CIPC treated tubers stored at LT [43]. Additionally, Luet al. [4]
discovered that tubers treated with CIPC exhibited a greater swelling capacity of
the extracted starch. The considerably increased phosphorus content of the CIPC-
treated tuber starch might account for its relatively strong swelling power. The lack
of internal structure produced by negatively charged phosphate ester groups inside
starch granules has been attributed to potato starches’ greater swelling potential
[46]. Eerlingen et al. [47] attributed increased swelling power to the amorphous AM
being transformed into a helical shape, increased contacts between AM chains, and
altered interactions between crystallites and the amorphous matrix. The develop-
ment of cross links in the amorphous area and consequent rise in crystallinity during
HWT might possibly account for the decrease in swelling power and solubility of the
extracted starch [48].

Significantly lower syneresis was observed in the starch extracted from CIPC
treated tubers followed by HWT tubers and untreated tubers [43]. Singh et al. [14]
reported that lower amylose content and high percentage of small size granules
caused lower syneresis. Thus, lower amylose content and higher percentage of
small size granules may be responsible for lower syneresis exhibited by the starch
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extracted form CIPC treated potatoes. Hu et al. [49] reported that HWT reduced
the setback viscosity value of sweet potato starch during storage that decreased its
syneresis.

Verma et al. [50] observed that increasing gamma () irradiation dosage resulted
in a substantial drop in the apparent amylose content, swelling index, enthalpy
of gelatinization, transition temperature, and overall crystallinity of the starches.
Similarly, increasing the ionising dosage resulted in a substantial decrease in the
pasting characteristics (peak, trough, setback, ultimate viscosity, and pasting tem-
perature) of the extracted starches. On the contrary, the enhanced solubility index of
the starch was caused by gamma irradiation. Irradiation treatment increased the total
free glucose content of potato and lowered the starch thermal transition and pasting
temperatures. Starch crystallinity reduced substantially in irradiation potatoes, which
may account for the lower resistant starch concentration.

6. Effect of storage conditions and packaging

The starch content of potatoes has been reported to decrease during storage due to
conversion of starch to sugar and its utilization in respiration [51]. The rate of starch
depletion and sugar buildup vary with cultivar and storage temperature, presumably
due to variations in enzyme activities [52]. Johnston et al. [53] observed an increase
in amylose to amylopectin ratio in the starch granules during storage of tubers.
Golachowski [54] studied the properties of starch separated from potato tubers
stored at 20°C, 8°C, 4°C and 0°C. The study included also potato tubers having been
frozen, thawed and refrozen as well as potato tubers before storage. Starch separated
from the stored potato tubers showed differences in chemical composition, reducing
power, granularity, whiteness and viscosity as well as gelatinization temperatures
in comparison with the starch separated from potato tubers before storage. Ridley
and Hogan [55] reported a reduction in the viscosity of starch isolated from potatoes
that were stored at 1.7 and 7.2°C for three months. Peak viscosity was reduced after
90 days of storage at 8°C but increased at 16°C, with no significant change at 4 or
12°C. Separated starches from potatoes kept at a higher temperature demonstrated
increased transition temperatures and decreased pasting temperatures, and vice
versa. Separated starch from potatoes kept at 8°C exhibited increased peak, trough,
and breakdown viscosity, as well as a reduced setback. After storage at 4, 8, and 20°C,
the fraction of large size granules decreased and the proportion of smaller granules
increased.

Cottrell et al. [56] investigated the physicochemical properties of starch produced
from several potato cultivars and kept at temperatures of 4, 8, 10, and 20°C. At
harvest, the surface of the starch granules was smooth but during storage the surface
of the granules became progressively more pitted. Potato starches kept at 4°C had
reduced To, Tc, and Hgel values, as well as lower transmittance values. The peak
viscosity and setback of starches isolated from potatoes stored at a higher temperature
(20°C) were the greatest.

Kaur et al. [57] reported that the starches extracted from potatoes kept at 4°C had
significantly greater proportion of tiny granules, pitted with rougher surfaces lower
commencement and conclusion gelatinization temperatures than those held at 8
and 20°C.

Ezekiel et al. [52] detected a substantial reduction in the amylose content of starch
with increase storage period of tubers. Separated starch from potatoes that had been
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kept at a higher temperature demonstrated a lower pasting temperature. Potato starch
kept at 8°C had a larger peak, trough, and breakdown viscosity, as well as a lower set-
back. Peak viscosity rose as storage temperature increased, whereas swelling volume
dropped. After 90 days of storage of tubers at 4°C, a substantial decrease in swelling
volume but no significant changes in phosphorus content of the extracted starch were
observed.

Neeraj [43] reported that as the storage time for tubers increased, the moisture,
fat, ash, crude fibre, amylopectin, phosphorus, water absorption capacity, light trans-
mittance, and peak viscosity of the extracted starch increased; while yield, purity,
amylose, swelling power, solubility, syneresis, and colour whiteness value decreasedIt
has been reported that pastes prepared from potato starches with higher percentages
of small granules exhibit lower syneresis. The decrease in syneresis of starch extracted
from stored tubers could be due to the decreased amylose, and increased amylopec-
tin, phosphorus and percentage of small size particles [17, 18].

Neeraj [43] reported that the starch extracted from the tubers stored at low tem-
perature (LT) with different packaging viz., nylon mesh bags or MAP or vacuum did
not show significant differences in its moisture, fat, protein, ash, crude fiber, purity,
amylose, amylopectin, WAC, swelling power and whiteness values; while minimum
syneresis and maximum starch yield, phosphorus content, solubility, light transmit-
tance and peak viscosity were observed for starch extracted from tubers packed in net
bags followed by vacuum and modified atmosphere packaging. Significantly higher
peak viscosity of starch was observed for starch extracted from net bag packed tubers
followed by vacuum, while it was minimum in modified atmospheric packaging. The
various packaging methods did not significantly affect the starch yield from tubers
stored at room temperature, however, for tubers stored at low temperature, maximum
starch yield was observed for tubers packed in net bags, while modified and vacuum
packed tubers were showing at par but lower starch yields. Similarly, it was reported
by Mare and Modi [58] that Taro cormels of Dumbe-dumbe and Pitshi packaged in
mesh bags also displayed higher starch content compared with those packaged in
polyethylene bags and boxes.

7. Conclusion

The growing starch markets have led to food industries to a constant demand for
starches with specific properties that meet the demands of applicability. The quality
of extracted starch form potato tubers, however, are significantly affected by envi-
ronmental, cultural and storage conditions. The available information of the various
physico-chemical and functional characteristics of potato starch as affected by
extraction methods, varieties, curing, sprout inhibitors, and storage conditions. Some
more information still need to be generated with respect to the effect of preharvest
cultural practices, organic raising, extent of sprouting of tubers, application of other
sprout suppressants (irradiation, isopropyl phenylcarbamate, ozone, ethylene, MH,
carvones, etc) and various storage structures on the quality of extracted potato starch.
The information w.r.t. verities may be helpful in identifying phenotyping trait(s)
in potato breeding processes to create special potato genotypes for manufacturing
of starch with the characteristics specially tuned for certain industrial processing
technologies. On the basis of information, the potato starch industry may also select
specifically pre- and postharvest treated stored potatoes of a given variety for extract-
ing starches having the desired functional characteristic.
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Acronyms and abbreviations

AM amylose

AP amylopectin

CIPC isopropyl N-(3-chlorophenyl) carbamate
HWT hot water treatment

LT low temperature

RS resistant starch

XRD  X-ray diffraction

SP swelling power

T gelatinization endset temperature
To gelatinization onset temperature
Tp gelatinization peak temperature

Tvdi  temperature at which viscosity development is initiated
WAC  water absorption capacity

PHI  peak height indices

AHgel enthalpies of gelatinization.
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Abstract

Due to the increase of search for new promising ingredients with interesting
properties to develop new industrial food products, the valorization of undervalued
resources became a challenge. Considering this, various species of genus Quercus
acorns represent new resources of highly-valued food ingredients such as starch
which encourage its extraction and valorization in food industries. In this regard,
collected data from the literature provide an evidence review on the physiochemical
and techno-functional properties of different acorn starches extracted from Tunisian
species, especially; Quercus ilex L. and Quercus suber L. The reported data on X-ray
diffraction analysis are, also, discussed. Data highlighted the possibility of using the
extracted Quercus starches to develop new functional food products and improve
technological properties and shelf life of products solicited by consumers.

Keywords: acorn starch, physiochemical composition, techno-functional properties,
X-ray diffraction analysis

1. Introduction

Genus Quercus acorns belong to the family Fagaceae, which includes several
species such as Quercus robur, Quercus petraea, Quercus suber, Quercus ilex, and
Quercus pubescens [1]. These species produce a widely known fruit, named acorns,
which are of vital importance for both humans and animals. The acorn fruits compo-
sition varies with species and origin. Acorn fruits are good source of carbohydrates
(starch), proteins, fats, minerals, essential amino acids, vitamins (mostly A and C),
unsaturated fatty acids (oleic acid) and sterols [2]. The nutritional composition of
acorn fruit is comparable to many cereal grains. Moreover, acorns are a good source
of active compounds, such as phenolic acids, and flavonoids, with an interesting
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antioxidant activity [1]. Acorns also contain a high content of tannic acid, a mild
toxin giving them a bitter taste that can be removed by many methods such as soak-
ing in water, boiling, or roasting [3]. Traditionally, acorns were used in the human
diet, generally as flour for bread production, or as a coffee substitute beverage (after
aroasting process) [4]. Recently, acorn fruit flour was included in many other food
preparations such as pasta, biscuits, hot beverages, cakes, and cookies [5]. Among

all the nutrients present in acorn fruit, starch was the predominant component with
content ranging from 31 to 55% [1]. Thus, further interest must be given to acorn
starch extraction and valorization. Starch is a biodegradable carbohydrate polymer
which has been widely studied due to its availability, price, and extensive industrial
use. Recent research has shown that acorn starch can be used as an ingredient for food
and nonfood applications [6, 7]. Acorn starch was used in many industrial applica-
tions like in the cases of paper, plastics, textile, pharmaceutical, and cosmetic indus-
tries [8]. Also, starch is a raw material representing the principal component of many
food formulations being responsible for important functional and textural properties
and nutritional characteristics of the many food products [9]. Owing to its interesting
properties such as high resistance and paste consistency, acorn starch can be used as
thickening and stabilizing agents in food formulations [2, 7]. The chemical composi-
tion and physicochemical features of starch are mainly characteristic of their biologi-
cal origin. Starch from all plant sources has many similar properties but they do also
differ in many aspects. Variation in structure, crystallinity, chemical composition and
functional properties of starch granules are depending on their botanical origin and
growth conditions. For the selection of the specific use of acorn starch, it is necessary
to understand the physicochemical and functional properties of extracted starches
from various acorn species. From all the above, collected data related to the chemical
and technological properties of acorn starches extracted from Q. ilex L. and Q. suber
L. species as well as characteristics of other starches obtained from various botanical
sources such as corn, potato and cassava are discussed to highlight the importance to
valorize acorn starches and their potential applications. Thus, it will be interesting to
valorize acorn known as a Tunisian under valuated resource by providing promising
new ingredients to formulate new food products.

2. Starch extraction methods

Generally, fresh acorn fruits were manually collected from the North West of
Tunisia. Q. ilex L. is abundant in Bizerte (north east of Tunisia) region, while,

Q. suber L. is provided from the mountainous region of Ain Drahem from Jendouba in
the north west of Tunisia. Due to their short shelf life, acron fruits are, first, hand-
peeled, dried in mild conditions and then milled into fine flour.

The extraction technologies of acorn starch consist of dry and wet methods. The
use of dry methods is shown unsucceful for the elimination of protein, fat, and tan-
nins from acorn flour, which need to use some other absorbents.

The acorn flour is used for starch extraction using different methods as alkaline
washing, hot-water soaking, ultrasonic-assisted ethanol soaking and ultrasonic-
assisted hot-water soaking [10]. The three later methods lead to starch granules with
similar internal structure. However, starch granules isolated using hot-water methods
are complete and glossy with a few numbers of pits. It’s important to know that the
ultrasonic technology became the most effective in food applications compared with
conventional technologies.
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3. Starch extraction yield

Numerous studies have already been conducted on the starch yield of acorn spe-
cies originating from countries all over the world. It is stated in previous studies that
starch is the main component of acorns and usually constitute more than 50% of the
kernel [11]. The yield of starch extracted from acorn species cultivated in Tunisia and
other countries of the world as reported in different studies is presented in Table 1.
The starch yield varied from 17.3 to 89.83% in acorn species. The starch content in
Q. ilex L. and Q. suber L. were reported to vary from 48.93 to 89.83% [14] and 86.9 to
88.5% [12], respectively. The values indicated that acorn fruits are promising crops as
an alternative source of starch. In general, the authors concluded that starch content
in Q suber. L is higher than that in Q. ilex L. reporting a starch yield of about 34.5%
[7]. As it can be also seen from Table 1 that Quercus palustris Muenchh [15] contain
the lowest amount of starch (17.3%) as compared to other acorn species. Correia et al.
[13] and Masmoudi et al. [17] reported values of 88.5% and 63% of starch content in
the Portuguese and Tunisian Q. suber L. fruits.

Irinislimane and Belhaneche Ben semr [18] and Correia et al. [12] isolated starch
from Quercus Suber L. acorns and observed a starch yield accounting 21% and 31.4%,
respectively. The starch content in potatoes, tubers and roots are reported to vary
from 75 to 80% and 75.4 to 77.4% [5], respectively.

This variability in the starch yield was due to the difference in plant species, cultiva-
tion climate, ripening stage, harvesting time of fruits, and extraction method used [7].

The obvious retained conclusion is that the high content of starch makes the Quercus
species particularly Q. suber L. ideal for starch extraction and valorization in many food
and nonfood industries applications. Besides, the content of starch in acorn flour gave it
good functional characteristics related to starch such as viscosity, swelling, and gelling
[17]. In fact, it is suggested that acorn starch might be used as thickening and stabiliz-
ing agent, owing to its high paste consistency [2]. Since this polysaccharide is present as
resistant starch in a high percentage, it can be very useful as a prebiotic growth promoter,
constituting a good alternative to other current prebiotic agents such as fructo-oligosac-
charides, inulin, isomalto-oligosaccharides, polydextrose, and lactulose [19].

Several studies have examined the effect of different methods using both physi-
cal and chemical methods on acorn starch yield. Differences in starch content are

Species Starch yield (%) Extraction methods References
Quercus suber 86.9 Enzymatic treatment [12]
88.5 Alkaline method [12]
49 Alkaline method [13]
45-57 Alkaline method [12]
Quercus ilex 34.5 Alkaline method [7]
48.93-89.83 Alkaline method [14]
Quercus palustris Muenchh 173 Water method [15]
Quercus leucotrichophora 54.7 Alkaline method [16]
Quercus rotundifolia 48 Alkaline method [13]

Table 1.

Extraction methods and starch yield of various acorn species.

81



Starch - Evolution and Recent Advances

observed using alcohols-based extraction, alkaline-based extraction, acetone-based
extraction, hot-water soaking, ultrasonic-assisted ethanol soaking and ultrasonic-
assisted hot-water soaking [10].

4. Physico-chemical composition

The physico-chemical composition of acorn starch extracted from Quercus species
is affected by extraction and purification methods and the origin of raw materials [7].
The extracted acorn starch contained water and minor components such as lipids,
proteins and ash (Table 2). The moisture content of acorn starch species varies from
7.22 t0 15.91%. The moisture content of Q. ilex L. extracted starch from four different
areas in Algeria varied from 2.2% to 15.9% [14]. The moisture content is very important
parameters for the determination of the starch quality. A low moisture content of the
acorn starch less than 20% is acceptable for commercial starch and a value less than 13%
is recommended for safe storage [9]. Such values are close to those reported in cereal
(10-12%) and some roots and tubers (14-18%) starches [20].

Several studies show low lipids, proteins, and ash contents in starches extracted
from different acorn species.

Lipids have an essential role in the properties of starch, which is associated with
the textural properties of various foods. The lipid content in all starches extracted
from Quercus species is below 1%. Tunisian Q. ilex L. starch contains a high amount of
lipid content (0.51%) than both potato and wheat starches [21].

The ash content of the extracted starch from Q. ilex grown in Tunisia (20.66%)
is relatively high. The review of Taib and Bouyazza, [5], reported ash values ranged
from 0.01 to 1.41% in different Quercus species. The low ash content illustrates the
purity of starch after the extraction and isolation processes. The protein contents of
starches obtained from different Quercus species ranged from 0.25 to 1.05%. These
low values show a high extracted starch purity and quality [7]. The pH values in
Q. suber was about 5.6 units, while it ranged between 4.73 and 6.43 units in Q. ilex
starches. Such value is lower than that (6.22 units) reported for the potato starch [22].
High pH value could lead to undesirable protein modification as well as molecular

Components Quercus suber. L Quercus ilex. L
[7-12,14] [12] [7] [14]

Moisture (%) 12.95 722 10.17 2.2-159

Fat (%) 0.50-0.60 Nd 0.51 0.23-0.63

Protein (%) 0.25-0.3 Nd 0.92 0.91-1.05

Ash (%) 0.02-0.24 0.13 2.66 0.14-0.18

pH 5.60 Nd 5.3 4.73-6.43

L 6113 Nd 85.03 Nd

a* 0.84 Nd 0.52 Nd

b* 15.07 Nd 10.2 Nd

Nd: not determined.
LY, a* and b* ave the color parameters.

Table 2.
Physico-chemical composition of acorn species starches.
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cross linkage and rearrangements resulting in the formation of toxic compound [23].
A positive correlation was obtained between the pH value, the fat and the protein
contents [24]. The variation observed in the chemical composition of starches is
assigned to the extraction and purification methods, environmental conditions
(climate and soil composition), growth stage of plant and genotype. During differ-
ent seasons of the year (summer and autumn), protein and fat contents vary in four
collected acorn species (Q. suber, Q. ilex, Q. faginea and Q. pyrenaica) [25]. From these
findings, we conclude that the chemical content of starches is influenced by the
botanical source and the extraction methods used.

Concerning the color parameters, the extracted starches from Tunisian Quercus
species exhibited a slightly yellow-white color. Indeed, extracted Q. ilex L. starch
showed a high lightness L* value (85.03) [7] compared to the Q. suber L. (61.13).
While, the obtained values of a* (0.52) and b* (10.2) were lower than those found
in Q suber. L (0.84 and 15.07, respectively) [7]. These findings showed that acorn
fruit is a good source of starch that can be used in food industry without the neces-
sity of chemical or genetic modifications. This polysaccharide may be industrially
applied as emulsifiers, stabilizers, and thickeners in food as well as prebiotic growth
promoter [26].

5. Swelling power, solubility and water absorption

When starch is heated in excessive amount of water, its crystalline structure is
disrupted, and water molecules become linked by hydrogen bonding to the exposed
hydroxyl groups of amylose and amylopectin [5]. These phenomena results in the
swelling, solubility and increasing volume of starch granules. The swelling power,
solubility, and water absorption values of extracted acorn starches from Q. ilex and
Q. suber species are presented in Table 3. These parameters increased progressively
with the increase of temperature from 60 to 90°C. The solubility of the extracted Q.
ilex starch is higher than that of Q. suber, and ranged from 0.2 to 12.95% at 60°C and
4-64.22% at 90°C.

However, the swelling power and the water absorption values are lower in Q. ilex
starch compared to the Q. suber starch. Diversity in swelling, solubility and water
absorption of acorn starches has been observed. Boukhelkhal and MoulaiMostefa. [14]
reported low solubility and swelling power of four species of acorn starches at temper-
ature of 90°C ranging from 4 to 14% and 11 to 13 g/g, respectively. Values related to the
swelling power are low compared to those found by Singh et al. [27] and Elmi Sharlina

Quercus ilex. L starch [7-11, 14] Quercus suber. L starch

Temperature (°C) 60 70 80 920 60 70 80 90
Solubility (%) 0.2- 1.8- 24-2928 4-64.22 33 44 75 20.2

12.95 16.35
Swelling power 3.9-8.95 84— 10-133 11-20.76 6 12.5 13.03 21.51
(g water/g starch) 10.53
Water absorption 3.68 57 93 10.1 45 8.5 116 15
(g water/g starch)

Table 3.

Swelling power solubility and water absorption of acorn species starches.
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et al. [22] on sweet potato starch (35 to 40 g/g) and chestnut starches (13.6-17.3 g/g),
respectively. These low values are attributed to the amylose content of the acorn starch
species [28], starch molecule’s ability to hold water, hydrogen bonding, and the degree
of crystallinity [29]. According to Jiang et al. [30], the solubility values of starches
extracted from five different Dioscorea L. species, which are D. opposite Thunb, D. alata
Linn, Dnipponica Makino, D. bulbifera Linn and D.septemloba Thunb, varied from
11.14 to 30.04% at the temperature of 95°C. A comparative study showed that swelling
power and solubility of acorn starch at 90°C were higher than those of black wheat,
buckwheat, coix and naked oat starches and lower than those of corn, jiaoyu, kuzhu,
and longya lily starches [31].

The solubility suggests that additional interactions may have occurred between
amylose-amylose and amylopectin-amylopectin chains [32]. Concerning, the water
absorption capacity of starch, it corresponds to the hydrogen bonding between water
molecules and hydroxyl groups in the starch molecules and starch chains as well as
diversification of the starch granule structures [33]. In general, the starch extraction
methods have important effect on swelling power, water absorption and solubility
parameters of starch. Zhang et al., [10] reported a relatively higher value of swell-
ing power (24.99 g/100 g) and solubility (15.22%), at temperature of 90°C, in acorn
starch extracted by an ultrasonic-assisted ethanol soaking method. Variation of these
parameters in extracted starches is associated to various factors such as: amylose
content, granule size, structure of starch granules, viscosity patterns, and presence of
non-starch compounds (lipids, ash and proteins) [5].

6. Refrigeration and freezing stability

In order to evaluate the stability of starch during storage, it was necessary to verify
the expulsion of water, expressed by syneresis, contained in gels as a consequence
of the reorganization of starch molecules [34]. Collected syneresis values during
refrigeration and freezing time are grouped in Table 4. Results showed that Q. suber
starch lost less water than the Q. ilex starch under refrigeration (4°C) with the increase
of the storage time. However, the latter presents higher syneresis values already from
the first freeze time, showing low stability to freezing under the conditions used in
the studies and a richness in amylose content [9]. It is known from the literature, that
starches with high amylose content such as potato (20.1-31.0%), maize (22.4-32.5%),
taro (28.7-29.9%), and cassava (18.6-23.6%) present high syneresis, due to the large
amount of water expelled during the retrograding process [25]. It known that during
freezing of the starch paste, the cohesive portion of the starch formed a layer and the
rest separated into a water layer.

Time (h) Syneresis to refrigeration 4°C (%) Syneresis to freezing —20°C (%)
Quercusilex.L starch[7]  Quercus suber.L starch Q. ilex.L starch [7] Q. suber.L starch
24 42.81 42 26 46.1
48 49.34 43.44 36.18 475
72 53.3 45.1 3847 551
96 55.57 46 4143 60.2
Table 4.

Refrigevation and freezing stability of acorn species starches.
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7. X-ray diffraction analysis

Starch is a semi-crystalline material affected by amylose content and amylopectin
chain length that consists of amorphous and crystalline regions. The amylose content
directly affects the crystallinity degree of the starch, such that when there is a lack of
amylose content, the crystallinity degree increases, whereas the longer chain amylo-
pectin forms have a more stable crystalline structure [31].

Generally, starch is present in three different crystalline structures which are
A-type, B-type, and C-type that depended essentially on the variety of starch source.

The difference between A- and B-types of starch granules is due to the arrange-
ment of double helices. A-type starches form dense packing with four water mol-
ecules, whereas B-type starch is more open causing more water molecules (36 water
molecules) to be located in the center of a hexagonal packing of helices. For this
reason, it is indicated that the A-type is more stable and requires a higher temperature
than B-type starch for gelatinization [31].

X-ray diffraction analysis was employed to observe the changes in the degree of
crystallinity of starch as a result of gelatinization. Figure 1 resume the X-ray diffrac-
tion patterns observed on acorn starches extracted from Q. suber and Q. ilex. The
X-ray diffraction patterns provide a classification of the two acorn starches under an
A-type crystalline structure, which characterized most cereal starches [35] show-
ing two strong reflections at 15.2° and 22.7°. The X-ray diffraction patterns of both
acorn starches showed four intense diffraction peaks at 15.2°, 17.2°, 19.52°, and 22.7°
of 26. The strong reflections at 15.2° and 22.7° of 20 were classified as the A-type
crystalline structure, which characterized most cereal starches [35]. The observed
peaks at approximately 17.2° and 19.52° of 26 were characterized as the B-type pat-
tern. However, the C-type crystalline structure consisted of A- and B-type crystal-
lites. Thus, the X-ray diffraction pattern can contain various superpositions of the
characteristic diffraction peaks depending on the ratio between the contents of these
polymorphs [35]. In general, cereal starches have an A-type pattern, whereas tuber
starches display the B-type pattern, and certain roots and legumes starches show a
C-type pattern [36]. Such results were close to those found on starch from Quercus
glandulifera Bl. [37] and Dioscorea pyrifolia tubers [2]. Numerous studies have already
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Figure 1.
X-ray diffraction pattern of different starches. A: Quercus ilex. L starch, B: Quercus suber. L starch.
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been conducted on the X-ray diffraction of starches extracted from acorn species
originating from countries all over the world. Deng et al. [26] reported that acorn
starch from china was B-type. A-type polymorph was reported for acorn starch [38].
However, Zhang et al. [10] and Molavi et al. [39] noted also a C-type polymorph in
acorn starches. The difference in the diffraction pattern of starch granules was mainly
influenced by genotypic, agronomic, and growing conditions such as temperature

[7]. According to Dereje, [40] the type of crystallinity of the extracted starch was
influenced by growth temperature, alcohols, fatty acids, and the chain length of
amylopectin.

8. Conclusion

Despite that acorns are underutilized fruits, they represent a good alternative
source of starch. The acorn starch yield differs from one specie to another represent-
ing about 50%. It can be extracted using various methods. The acorn starch was
characterized by a yellow color and good technological properties allowing its use
during manufacturing of food products. Thus, acorn starch can represent an interest-
ing functional ingredient capable to improve the properties of the final product.
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Abstract

Limiting starch bioavailability by modifying food matrix dynamics has evolved
over the decade, which further envisions low glycemic starch prototypes to tackle
chronic hyperglycemia. The dense matrix of whole grain foods like millets and cereals
act as a suitable model to understand the dynamics of binary food matrix interactions
between starch-lipid, starch-protein & starch-fiber. The state and types of matrix
component (lipid/protein/fiber) which interact at various scales alters the starch
micro configuration and limits the digestibility, but the mechanism is largely been
ignored. Various in-vitro and in-vivo studies have deciphered the varied dimen-
sions of physical interactions through depletion or augmentation studies to correlate
towards a natural matrix and its low glycemic nature. The current chapter briefly
encompasses the concept of food matrix types and binary interactions in mediating
the glycemic amplitude of starch. We comprehensively elaborated and conceptually
explained various approaches, which investigated the role of food matrices as com-
plex real food systems or as fundamental approaches to defining the mechanisms. It’s
a fact that multiple food matrix interaction studies at a time are difficult but it’s criti-
cal to understand the molecular interaction of matrix components to correlate in-vivo
processes, which will assist in designing novel food prototypes in the future.

Keywords: starch, digestibility, food matrix, binary interactions, glycemic response

1. Introduction

Starch is one of the major constituents of reserve food material, which serves as
fuel for the human body. The calorific value of starch is 17.5 kJ/g, which is not only
responsible for most of the metabolic functions but also acts as a crucial regulatory
adjunct to control energy balance. Starch existed as the major dietary nutrient since
time immemorial but the dietary transition with enriched refined products as well as
carbaholic staples led to the unprecedented increase in the pre-diabetic and diabetic
population with characteristic chronic hyperglycemia. Hence glycaemic response
(GR) eliciting potential of food known as the glycemic index (GI) or glycemic poten-
tial (GP) are major aspects to understand as well as to fine-tune. In a food matrix,
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starch bioavailability is modulated by the microstructure (cell wall, membrane, cell
layers, granular size, etc.) as well as its dense composition (macro and micronutri-
ents) [1]. Based on the interacting components food matrix interactions are classified
as binary (two-component), ternary (three-component), and quaternary (four-com-
ponent) [2-6]. Types of binary interactions and their effect on starch bioavailability
are depicted in Figure 1.

Among these, a binary component has gained great importance and has been
extensively characterized by component depletion or addition studies under in-vitro
conditions [7, 8]. The observed low GP of whole grain foods like millets, pigmented
rice has been well correlated with such matrix interactions present endogenously,
while high GI has also been reported to lower by exogenous addition of such matrix
components [9-11]. The state and types of matrix component (lipid/protein/fiber)
which interacts at various scales have also been known to alter the starch micro
configuration (repeat, reconstruct the sentence limiting the digestibility, result in
lowering the glycemic response [9, 12].

Binary interactions have been majorly characterized using nutrient-sensing
fluorescent probe-based confocal laser scanning microscopy (CLSM), where the
proximity as well as encapsulating effect of matrix components limiting the starch
hydrolytic metabolic enzymes have been observed [13, 14]. Further, the effect of
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Figure 1.
Types of binary interactions and its effect on stavch bioavailability. Binary interactions modulate physiochemical,
structural, and biological attvibutes limiting starch digestibility as well as ultimate glycemic response.
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such interactions on starch functional aspects like hydration, enzymatic cleavage,
or enthalpy have been delineated using differential scanning calorimetry (DSC).
Scanning electron microscopy (SEM) assisted in revealing the structural altera-
tions associated with starch in the matrix after component depletion or addition.
Rapid visco analysis (RVA) revealed that viscosity and pasting parameters were
found inversely associated with in-vitro starch digestibility. The effect of matrix
components in retaining the matrix, granule stability, preventing the expansion of
granules as well as limiting the glycolytic enzyme attack has been endorsed using this
technique [15, 16]. Other than affecting the swelling of starch granules by reducing
the contact with carbolytic enzymes, the effect of such binary interactions in altering
the molecular configuration (digestion sensitive A or B type to resistant V-type) of
starch was envisioned and characterized using X-ray diffraction (XRD) and Fourier
transform infrared microscope (FTIR).

Among the binary interactions, the most relevant in limiting the glycemic ampli-
tude includes starch-lipid, starch-protein & starch-fiber dynamics.

1.1 Starch-lipid interactions

Even though well compartmentalized, starch and lipids do interact endogenously
in real food systems. Lipid content ranges from 0.2-7% in cereals, with the least
reported in rice and maximum reported in the case of oats & pearl millet [17]. A
balanced distribution of neutral, glycol, and phospholipids along with free fatty acids
have been reported in most of the food matrices, assist in energy as well as membrane
structure & functions [17]. Curiosity towards food matrix interactions underlined
a striking correlation between high lipid content [18] and low GR, which initiated
binary (starch-lipid) interaction studies [7, 8]. Endogenous and exogenous lipid
content have found to have low in-vitro starch digestibility along with superior resis-
tant starch (RS) fraction. The effect of endogenous and exogenous lipid types have
recently shown to have an effect in increasing starch-lipid complexation enriching
RS content in red rice [9, 10]. Ye et al. [11] suggested that among lipids and proteins,
starch digestibility is most affected by lipids as it affects swelling of granules, reduces
the contact with carbolytic enzymes as well as alters the molecular structure from
A-type into resistant V-type pattern. The long hydrophobic tail of lipid entering the
cavity-like structure of amylose enables starch to form a stable complex, thereby
hindering the accessibility of starch to enzyme attack [11]. In the case of mung bean
flour, in-vitro starch digestibility and GI were increased significantly when endog-
enous lipids were removed [19]. Previous studies by Panyoo et al. [12], Krishnan
et al. [9] have mentioned that stable starch-lipid complex results in a twist in digest-
ibility phenotype into a digestion resistant fraction (RS-V), which caters to the gut
microflora. As stated above, Copeland et al. [20]; Wang and Copeland [21] suggested
this inclusion complex of starch-lipid also has an immense role in the food industry
such as lowering solubility, swelling power, starch gelatinization, retrogradation, and
enzyme action.

Starch-lipid complexes can exist inherently within the food matrix, or they may be
produced by exogenous applications. A study by Obiro et al. [22]; reported that this
complexation is mainly influenced by non-covalent interactions (hydrogen bonds,
hydrophobic interactions, van der Waals interactions, and so on). Hydroxyl groups
a-(1,4) are situated on the outer surface whereas methylene and oxygen groups
present in the inner region of the complex strengthen the formation of starch-lipid
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complexes. Considering all positive impacts of starch-lipid complex, there are few
factors (chain length of amylose, amylopectin, fatty acids, degree of unsaturation)
that mostly govern the degree of complexation [10]. Various researchers stated that
amylose acts as the primary constituent to interact with lipid molecules, while few
reports supported the role of amylopectin chain length to form the complex [23, 24].
It has been reported from various studies that starch-lipid complexability has been
increased with the longer chain length/degree of polymerization (DP) which high-
lights the formation of crystalline structure [25]. In addition to the effect exerted

by the chain length of starch components, processing conditions like cooking also
affect starch-lipid interaction. Kaur et al. [8] suggested amylose-lipid complexation
enhanced with amylose chain length and increased with cooking time. Experiments
highlighted the stability of starch-lipid inclusion complex formation mainly based on
the types of fatty acids accommodated inside the helical cavity [26]. Different reports
exist on the type of fatty acid for stable starch-lipid complexation. One school of
thought suggests that the stability of the S-L complex could be enhanced by increas-
ing the aliphatic chain length of fatty acids as well as melting temperature (from
8-10). On the other hand, another dimension highlights that smaller carbon chain
length fatty acids might be more soluble into the aqueous solution and less stable also
[27, 28]. Tufvesson et al. reported C14 as the most stable conformation than C16 or
C18 while other explained C16 or C18 is better in the case of complexability [28].
Therefore, saturated fatty acid (SFA) with increased chain length can easily form a
stable complex which further affects enzymatic accessibility due to resistance against
carbolytic enzymes. Studies over decades highlighted that only SFA can be able to
form a strong stable S-L complex with increasing chain length in a temperature-
dependent manner whereas an inverse relationship has been found for unsaturated
fatty acid (UFA) [26, 28]. A report from Zheng et al. [29] stated that chain length and
degree of unsaturation have a role in the compact structure of starch-lipid formation.
In addition to this, Kawai et al. [30] & Meng et al. [31] revealed starch-UFA complex
showed resistance by formatting a stable complex to digestive enzyme action. The
degree of complexability of FA in the case of maize starch ranged from 11.60-26.31%
according to Sun et al. report [32]. Moreover, it has been explained from Sun et al.
[32] RS is also enriched with the degree of unsaturation from 0 to 2%. In addition,
thermal properties are also greatly affected by this S-L complex. Thermal complexes
are mainly classified into two types of complexes as type I (90-115°C), type II
(115-130°C) depending on the melting temperature. Studies from previous research
have already highlighted that developed type II complex is more resistant to the diges-
tive enzymes as compared to type I complex [33]. But Sun et al. [32] unraveled that
maize starch-linoleic acid (MS-LOA) primarily formed as type I complex while maize
starch-stearic acid (MS-SA) belonged to type I & type II complex. The reason behind
this could be the large steric hindrance associated with LOA than SA which showed
less accessibility of enzymes and inhibits ultimate glucose release. Cheng et al. [34]
also used molecular dynamics to study amylose and linoleic acid structural analysis
and conformational changes during complexation. On the continuation with Cheng
et al., recently another research group of Schahl et al. [35] revealed the molecular
structural complex using 13 NMR spectroscopy where they have taken quantum DFT
approach affected by amylose size fragment and specific intramolecular hydrogen
bonds. Hence, all the V-type complexes produced due to the addition of lipidsactasa
stable resistant structure against all digestive enzymes which further lowers glycemic
response.
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1.2 Starch-protein interactions

Proteins, mostly in the form of amino acids, and enzymes, are the predominant
component in the food matrix, other than starch and fat [36]. Apart from the nutri-
tional quality, proteins act as the major microstructural framework in a food matrix
and hence also act as a physical barrier towards starch hydrolysis [37]. An interesting
correlation among the reduction in insulinemic and glycemic responses by increasing
the protein content in starchy crops led to the possibility of starch-protein interplay.
Among the protein types, albumin, glutenins, and globulins aid in the gluing of
protein bodies into a matrix enveloping the starch granules, which act as a barrier for
starch digestion [38]. The existence of a protein barrier encircling the starch granule
was validated using the pronase enzyme which dissociates the protein matrix and
results in a considerable increase in-vitro starch digestibility [39]. Annor et al. [40]
reported that the hypoglycemic characteristic of Kodo millet was related to the pro-
tein encircling the starch granules. Ren et al. [41] also reported that there was a fast
increment in in-vivo GI and in-vitro starch digestibility of foxtail millet flour due to
the lack of starch-protein complex after deproteination. Various studies have reported
that the presence of gluten has an impact on the pace of starch digestion, resulting in
reduced glycemic response [42, 43]. Gluten develops a visco-elastic and thick network
that entraps starch granules, as well as a compact and stable structure that prevents
starch granules from expanding and leaching during cooking, resulting in reduced
accessibility of enzyme and slow-release properties [44]. To study the impact of
protein removal from wheat products (bread) on blood glucose, healthy individuals
were given meals of white bread prepared either from normal or gluten-free flour. It
was observed that there was a considerable increase in blood glucose after consuming
bread prepared from gluten-free flour. This led to an increase in digestion rate in-vitro
and declined the starch mal-absorption in vivo as studied via breath-H, measure-
ments, but this impact was not restored when the gluten was later added back to the
gluten-free flour. The possible mechanism behind this may be all-purpose wheat flour
is made up of granules with a starch core enveloped by a protein network that inhibits
the hydrolysis rate in the small intestine lumen [45]. Recently, Lu et al. [46] revealed
that in the small intestine, amino acids generated from enzymatic hydrolysis of rice
protein inhibited the porcine pancreatic a-amylase activity. The protein content of
rice flour was shown to be negatively associated with rapidly digestible starch (RDS)
and slowly digestible starch (SDS), while positively with RS [47], on the other hand,
the total protein content of rice grain was found to be inversely correlated with in-
vivo GI [48].

Other than endogenous factors, processing (thermic/mechanical) has been found
to have an effect in altering the level of interaction between protein-starch molecules,
influencing the overall digestibility [49]. Pasini et al. [50] found that in-vitro diges-
tion of wheat protein has been considerably reduced at elevated cooking temperatures
(>180°C) due to the development of high molecular weight protein aggregates which
are stabilized by strong irreversible linkages, distinct from hydrophobic and/or
disulfide bonds that could be prevalent at low temperatures (100°C). Furthermore, it
has been found that “appropriate” kneading/mixing promotes the development of a
protein matrix (gluten) via disulfide linkages. Moreover, if extreme kneading/mixing
is performed, the matrix loses strength as the linkages break and glutenin particles are
fragmented into smaller fragments, which helps digestive enzymes access the starch
and thus increases the starch digestibility [51].
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Protein-enriched food formulations have also been found to impact the overall GI
and thus assist in developing diabetic-friendly foods. Formulations based on proso
millet starch and different protein mixtures (15% zein + 10% whey protein iso-
late + 15% soy protein isolate) reported that protein types reduced the RDS levels and
enhanced RS levels from 4.49% to 11.73%. The blend comprising of corn starch (10%)
and whey protein isolate had a considerably higher concentration of RS and low RDS
as compared to pure corn starch. This could be due to the increased protein matrix
enveloping starch networks, preventing amylolytic attack. When soy protein was
added to maize starch, RDS was reduced while SDS and RS were increased [52]. The
addition of 51% rice protein in wheat starch along with cellulose reduced RDS level,
whereas the addition of protein from pea proteins (82%), maize (95%), soy (94%),
and wheat (86%) did not affect RDS levels [13]. Bio-mimicking interactions in corn
grains using microencapsulation of corn starch by zein protein have been reported
with lowered starch digestibility [53]. Furthermore, starch coupled with amino acids
or protein via the Maillard process has been demonstrated to limit the starch swell-
ing, solubility as well as digestion rate [54], however, potential negative effects due to
glycated product consumption must be examined in detail [55].

1.3 Starch-fiber interactions

Dietary fiber (DF), which consists primarily of non-starch polysaccharides found
in plant cell walls, is an essential part of the food matrix [56]. DF types present in any
food matrix are classified based on their water solubility and fermentability. Lignin,
cellulose, and hemicelluloses are the major water-insoluble DF that get less fermented
while the water-soluble DF includes pectin, mucilage, and gums and gets fermented
properly in the small intestine [57]. Among the types, insoluble DF has been reported
to be more useful in decreasing the GI as compared to their soluble fraction [58] as
most of the common cereals contained a low level of naturally occurring soluble DF
[59]. The endogenous fibers encircle the starch granules forming a starch-fiber net-
work in the matrix, bio-mimicking an intact microstructure (plant cell/tissue) result
in reduced enzyme accessibility and altered digestibility. Dense matrix composition in
fiber content has been positively correlated to minimal postprandial GR after con-
sumption in the case of barley, wheat, psyllium husk, and oats. This has been majorly
attributed to the effect of insoluble DF in reducing starch bio accessibility as well as
bioavailability [60, 61]. On the other hand, soluble DF like inulin has been found to
form a protective barrier surrounding the starch granules, reducing starch swelling
and release of amylose thus resulting in low viscosity values. This reduced the acces-
sibility of starch-degrading enzymes that affect the in vivo starch digestibility and GI
[62]. Among the studied types, f-glucan and guar gum have been reported to reduce
the enzyme diffusion kinetics and thus the rate of carbohydrate digestion, eventually
resulting in to slow down the gastric emptying and lower the liberation and absorp-
tion of glucose in the small intestine [63, 64]. The endogenous presence of f-glucans
(native-form) in oats have been found to have an enveloping role towards starch and
protein, thus reducing the enzyme accessibility, in turn, lowered starch digestibility
and postprandial glycemia [65].

Endogenous presence, as well as exogenous addition of cellulose (insoluble fiber),
has considerably reduced the a-amylase activity via mixed-type inhibition result-
ing in lowered in-vitro starch digestion [66]. The reduction of a-amylase activity
was found to be positively linked with cellulose content, and a-amylase was found
to be non-specifically linked on the surface of cellulose, reducing starch hydrolysis.
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Interaction study between pectin and digestive enzyme (amyloglucosidase) showed a
similar pattern, where pectin resulted in the conformational alteration in an enzyme
that impeded substrate access and slower digestion rate of long amylopectin chains
[67]. Luo and Zhang [68] aimed to mimic the microstructure of endosperm tissue by
constructing a starch in a whole-grain-like structural form using calcium-induced
alginate gelation in the presence of -glucan and starch.

Processing strategies, as well as formulations with exogenous addition of fiber
types, have also been found to reduce the in-vitro starch digestibility and GI of foods
[69]. The addition of fibers like xanthan gum, glucomannan, and agar in rice lowered
the starch digestibility in-vitro and in-vivo [70, 71]. However, no relationship was
observed between native fiber content (0.5%) and in-vivo starch digestibility in
rice, even though the fiber level was certainly too less to have any influence on starch
digestion [48]. Reduction in blood glucose [72] and in-vitro starch digestibility [73]
was observed in wheat products after adding p-glucan. f-Glucan has been assumed
to improve viscosity, which could have lowered the rate of gastric emptying [72] and
lowered the rate of diffusion of starch digestive enzymes. Vegetables like Moringa
oleifera leaves and okra were found to reduce the glycemic response of various foods.
When 10% okara was added to rice noodles, blood glucose levels significantly reduced
[74]. Broccoli fiber addition in a potato diet has proved to assist in decreasing the GI
by increasing RS content [75]. However, a 30% decrease in GI in the same sample
was observed when studied in-vivo. Hardacre et al. [76] showed that fibers with
comparable viscosities resulted in variation of in- vitro starch digestion and hypoth-
esized that few fibers may inhibit certain enzymes in a non-competitive manner as a
chemical barrier. An interesting observation reported by Sciarini et al. [69] was that,
the addition of up to 5% soluble (Inulin) and insoluble fibers (oat fiber and type IV
RS) enhanced the starch digestibility in GF bread, while further increase resulted in
areduction in starch digestibility. The initial observed increase could be due to the
altered bread crumb structure while a higher percentage of fiber could have estab-
lished a staple starch-fiber network and thus reducing the digestibility. The impact of
RS addition in pasta structure on native starch digestibility was studied by Gelencser
et al. [77]. They reported that kinetic characteristics were not considerably variable
between the control and RS-added samples, whereas the starch digestibility was
considerably low in the RS-added samples, signifying a decrease in absolute glucose
release during amylolysis. The addition of RSII (7.5%) and RSIV (10%) in pasta
showed a decrease in in-vitro starch digestibility and GI [78]. Furthermore, larger DF
concentrations also might play role in confining the starch inside the pores, prevent-
ing its hydrolysis. Mkandawire et al. [79] discovered that adding up to 50% cellulose
(w/w starch) to sorghum flours had no significant impact on the RS level. DF, on the
other hand, enhanced the solution viscosity in-vivo, and therefore may slow starch
degradation by restricting enzyme mobility, as gums do, and hence slowing digestion
rate in total [63].

In this direction, several animal studies have been carried out to study the effect of
adding fiber on starch bioavailability or glucose release. The supplement of insoluble
cereal DF from oat leads to enhanced insulin sensitivity in obese mice [80]. Further
studies conducted by Weickert et al. [81] revealed that oat DF and purified wheat can
enhance the postprandial insulin secretion hormones which further improved the
postprandial carbohydrate metabolism. The high level (500 mg/kg body weight) of
oat B-glucan or 4% barley p-glucan resulted in considerable enhancement of insulin
resistance in insulin-resistant mice model and the impact was concentration-depen-
dent [82, 83]. B-Glucan was found to inhibit the intestinal disaccharides’ activities
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in-vitro and in-vivo, which led to slow starch digestion rate [84]. In the diabetic mice
model, B-glucan considerably repaired and increased the integrity of pancreatic islet
p-cell and tissue structures [85]. Overall, the type and concentration of fiber have a

customized effect on the food matrix. Comprehensive list of various food compo-
nents added to starch and their effect on starch digestibility is tabulated in Table 1.

S.no. Food component added Added to starch Impact Reference
on starch
digestibility
Lipid
1. Cooking fats (ghee, coconut oil, Rice starch (white, N2 [9]
virgin coconut oil, rice bran oil) black, red)
(2.5%)
2. Linoleic acid (0.75%) Arrowhead tubers N [86]
starch
3. Ascorbyl palmitate (10%) High amylose maize 2 [87]
starch, potato starch
4, Trans-oleic acid, cis-oleic acid, Rice starch 2 [87]
cis linoleic acid (1%, 3%, 5%)
5. Palmitic acid (0.5%) Waxy rice starch [88]
6. Oleic acid (1%, 2%, 3%) & Rice starch [89]
linoleic acid (2%, 4%, 6%)
7 Linoleic acid, monomyristyl Maize starch 2 [90]
glycerol (0%, 0.5%, 1%, 1.5%,
2%, 3%, 5%)
8. Oleic acid (4%) Native rice starch 2 [91]
9. Palm oil (5%, 10%) Arrowroot starches 4 [92]
10. Lauric acid (1.5%) Wheat starch N [93]
11. Oleic acid (0.05%) Native potato starch N [94]
12. Dodecanoic acid, tetradecanoic Native rice starch 2 [95]
acid, octadecanoic acid (1%,
3%, 5%)
13. Decanoic acid, palmitic acid Native maize starch J [32]
(10%)
14. Lauric acid, stearic acid and Wheat starch N [93]
glycerides (glycerol monolaurate,
glycerol monostearate) (0.18%)
15. Palmitic acid (0.3%) Maize starch N [1]
Protein
16. Rice globulin (2%) Rice starch N [15]
17. Common bean (15%, 30%, 45%) Wheat semolina J [96]
18. Gluten (2%) Wheat flour N [97]
19. Beans (10%, 20%, 30%) Semolina flour N [98]
20. White beans (15%, 30%, 45%) Rice flour N [99]
21. Rice protein (51%) Wheat starch N [52]
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S.no. Food component added Added to starch Impact Reference
on starch
digestibility
22. Alfalfa seed (15%, 30%, 45%) Rice flour N [100]
23. Hydrolyzed protein (12%) Wheat flour N [13]
24, Gluten (20%) Wheat starch J [101]
25. Whey protein isolate (2.5%, Native corn starch N [102]
4.5%, 10%)
26. Rice globulin (2.5%) Rice flour No effect on [103]
digestibility
27. Soybean peptide (5%, 10%, Corn or potato starch N2 [104]
15%)
28. Chickpea protein (8%) Rice flour NE [105]
Fiber
29. Oat fiber (10%) GF bread N [70]
30. Qat fiber (>5%) Pasta 4 [106]
31. Inulin (12%) GF bread J [107]
32. Cellulose (50%) Potato starch J [79]
33. Cellulose (9-83%) Maize starch N [66]
34, Lentinus p-glucan (20%) Wheat flour J [73]
35. Glucomannan (0.1-0.2%) Rice starch N [70]
36. Xanthun gum (0.4%) Rice starch N [71]
37. RSIV (Novelose 480) (10%) Pasta N [108]
38. RSIV (Novelose 480) (10%) GF bread N [69]
39. RSII (Native HA maize starch) GF bread N [109]
(20%)
40. RSII (Hi-maize™ 260) (20%) Pasta 2 [106]
41. RSII (Fibersym™70) (20%) Pasta N [77]
42, Okara (10%) Rice noodles N [74]
Table 1.

List of various food components added to starch and their effect on starch digestibility.

2. Conclusion

Binary interactions among the nutrient types and starch mediate the glycemic
amplitude of real food systems. Among the binary interactions (starch-lipid, starch-
protein, starch-fiber), the role has been extensively characterized in limiting the
enzyme penetrance, altering the molecular configuration, starch digestibility, and
thus in turn GR. Understanding such binary interactions, not only shares a logical
explanation for the low GI of whole-grain foods but also the immense role of such
cereals in diabetic-friendly foods. Even though the existing rationale supports the
fact that multiple food matrix interaction studies at a time are difficult, it’s indeed
vital to study ternary (three-way) and quaternary (four-way) interactions and their
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role in limiting the glycemic response. Finally, it's important to keep in mind that
altering starch’s nutritional qualities can also change its desired physicochemical and
sensory qualities, affecting food quality that should be considered while developing
novel foods.
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Chapter 8

Resistant Starch: A Promising
Functional Food Ingredient

Revati Wanikar and Swati Kotwal

Abstract

Nowadays dietary starches are considered as a tool for maintaining good health.
Recently resistant starch has received much attention because of its specific contribu-
tion to human health. Resistant starch escapes digestion in the small intestine and
fermented in the colon by colonic microorganisms. Resistant starch has wide applica-
tions in varieties of food products. In the present study, types of resistant starch,
their sources, physiological benefits, have been discussed briefly. This chapter focuses
on factors affecting starch digestion, resistant starch content, characterization of
resistant starch and various techniques employed to study their structural features.

Keywords: resistant starch, starch digestion, glycemic index, short chain fatty acids,
molecular characterization, SEM

1. Introduction

The concept of resistant starch (RS) has raised interest as a source of dietary
fiber. A recent recognition of resistant starch as a functional food ingredient finds
application in varieties of food products. The term “Resistant Starch” was first coined
by Englyst et al. in 1982 [1] and later defined formally by European Flair Concerted
Action on Resistant Starch (EURESTA) as “a fraction of starch that resists digestion in
the small intestine of healthy individual and passes to the large intestine where itis a
substrate for bacterial fermentation” [2].

RS has potential health benefits similar to soluble fiber. The content of resistant
starch in foods has considerable importance because it positively influences function-
ing of digestive tract, gut microflora, glycemic index, maintain blood cholesterol level
and assist in the control of diabetes. These qualities of RS are attracting the attention
of food industries and to understand its formation and ways to modulate its content
according to the need of the human ailment [3].

History of starch and its usage by man has been extensively studied and are well
documented over the years. Starch is the most significant form of carbohydrate in
terms of its universality as an energy source in human diet and its applicability in
varieties of food products. The understanding that starch is not completely digested
and the finding that some starches are poorly digested has led to improved interest
for nutritionist. Starch digestion, its impact on glucose release and its relevance to
diabetes, obesity and other metabolic disorders resulted in renewed interest in intake
of starchy foods. Starchy foods which release glucose slowly and over a longer period
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of time after digestion are of great interest. Controlling glucose release from starchy
foods has become challenge for food developers in the context of worldwide health
concern. It is possible to modify the structure of starch for desired functional proper-
ties by applying various food processing [4-9].

Starch is utilized in several industrial applications due to its ability to impart broad
range of functional properties to food and non food products. The new insights have
increased the interest in identifying new sources of starches with distinct functional
properties and their potential for processing at large scale [10, 11].

Starch is the only natural polysaccharide digested by enzymes of human gastroin-
testinal tract. Starch digestion starts in mouth where a-amylase in saliva breaks down
starch into oligosaccharides and maltose. The bolus is then transported to the stomach
where the enzyme activity is inhibited due to low pH and therefore starch does not
break down until reaches to the small intestine. By the action of pancreatic a-amylase in
the small intestine starch is broken down to glucose and maltose however all the starch
is not hydrolysed and absorbed. Fraction of starch which escapes digestion is passed
into the large intestine and fermented by intestinal microflora. Hydrolysis of starch by
enzymatic digestion may be affected by digestion conditions, granule size, amylose/
amylopectin ratio and processing method of starch [12]. Starch is normally processed
or cooked before being consumed by humans; hence extent of disruption of starch
structure determines its susceptibility to enzymatic digestion [13].

According to in vitro digestion, starch is classified into three categories

1. Rapidly digestible starch (RDS): RDS is the fraction of starch that causes rapid
increase in blood glucose level after ingestion. Chemically it is measured as a
starch digested to glucose after 20 min of a-amylase incubation. RDS is mainly

the amorphous fractions of starch and may occur in high amount in freshly
cooked foods [3, 14].

2.Slowly digestible starch (SDS): SDS is the starch fraction that is digested slowly
in the small intestine. SDS cannot be disrupted by salivary a-amylase; it is hydro-
lysed by pancreatic a-amylase and broken down into linear oligomers and limit
dextrins. SDS measured chemically as a starch digested in 100 min of enzyme
incubation. Due to slow release of glucose SDS has potential health benefits. SDS
reduces risk of chronic diseases related to diet such as diabetes, obesity and other
metabolic syndrome [15]. SDS occurs in raw starches with crystalline pattern of
A and C type and in the retrograded starch [16].

3.Resistant starch (RS): RS is defined as the fraction of starch that escapes diges-
tion in small intestine and fermented in the colon. Chemically, RS can also be de-
fined as fraction of starch not digested after 120 min of incubation with enzymes
[1, 14, 16].

2. Types of resistant starch

Depending on its resistance to digestion, RS is classified as RS1, RS2, RS3 and RS4
(Table1).

RS1 is a physically protected starch surrounded by cell wall and other food matrix
which hinders the digestibility of starch. RS1 is found in whole or partially milled seeds,
cereal grains or legumes. Human gastrointestinal tract lacks the enzymes need to degrade
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Type Description Food sources Resistance reduced by
RSI Physically protected Whole or partially milled seeds, Milling and chewing
legumes, pasta
RSII Non gelatinized granules with Raw potatoes, green banana, some Food processing and cooking
B-type crystallinity and are legumes, high amylose starch
hydrolyzed slowly by a-amylase
RSIII Retrograded starch Cooked and cooled cereal products Processing conditions
with prolong and/ or repeated moist
heat treatment
RSIV Chemically modified starches Some fiber drink, foods in which Less susceptible to i vitro
due to cross-bonding with modified starches has been used digestibility
chemical reagents. (e.g. certain breads and cakes)

Source: Nugent [17].

Table 1.
Types of resistant starch.

cellulose, hemicelluloses, lignin and other plant cell wall constituents and therefore this
form of physically protected starch passes to the small intestine in intact form [18].

RS2 is a starch in a certain granular form and they are protected from digestive
enzymes due to their crystalline structure. Such type of starch is mostly present in
uncooked potatoes and bananas. Raw potato starch has large granule size and hence
limited access to the enzymatic attack [18, 19]. The extent of starch hydrolysis is
determined by the structure and size of the starch granule surface. However, No
relationship has been reported between the extent of starch hydrolysis and degree
of enzyme adsorption on the surface of the starch granule. Potato starches have B
type crystalline pattern whereas cereal starches are characterized by A type with
higher degree of crystallinity and therefore susceptible to enzymatic attack compared
to potato starch. Waxy maize starch which contains 100% amylopectin with 40%
crystallinity is more susceptible to digestion than high amylose maize starch with
15% crystallinity [20]. Crystallinity plays an important role in the architecture of the
granules in terms of its susceptibility to enzymatic hydrolysis.

RS3 is a retrograded starch. Retrogradation occurs when starchy foods are gela-
tinized and cooled. Gelatinization is a process in which starch is heated in presence
of water which resulted in swelling of the granule, leaching of amylose and loss of
crystalline structure. Gelatinization is a complex process which starts at low tem-
perature by swelling and continues until the granules are disrupted completely. As
the temperature increases the interaction between the polymers decrease and starch
granule breaks down. These structural changes take place during heating of starch
in the presence of water. Extent of starch gelatinization depends on many factors
such as botanical source of starch, heating rate, water content, amylose-amylopectin
ratio, and processes applied to starch before gelatinization [21, 22]. Retrogradation is
a process in which gelatinized starch upon cooling tends to reassociate to form more
ordered structure. This re-annealing of amylose and amylopectin branches occur
when gelatinized starch is stored at lower temperatures for longer period of time
and thus protects from enzymatic attack [23]. Retrogradation is a property of starch,
which is of particular interest in terms of nutritional significance and digestibility.
Starch retrogradation was initially thought to be undesirable because of its staling
effect on bread and other starchy foods, affecting shelf life and consumer acceptance.
However, intensive research on retrogradation of starch over the years have shown
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that it is desirable in some applications such as preparation of breakfast cereals,
parboiled rice, mashed potatoes, chinese rice, because of the changes in structural,
sensory and mechanical properties [23]. The most important and significant prop-
erty of retrograded starch is its slow releaseof glucose into the bloodstream [22, 24].
Retrogradation of starch is associated with series of physical changessuch as increase
in viscosity, gel formation, increased degree of crystallinity with the formation of B
type crystalline pattern [22]. It is an ongoing process in unstable gelatinized starch,
due to rapid recrystallization in amylose polymers followed by slow recrystallization
of amylopectin molecules [25].

RS4 is a chemically modified starch formed by cross linking or by adding chemical
derivatives.

Recently, two components have been proposed as RS5. The first component is
amylose-lipid-complex and second component is resistant maltodextrins [17, 26]. RS
occurs naturally in all starchy foods and can be developed in others by combination of
several processing conditions.

3. Sources of resistant starch

High amount of resistant starch is found in raw potato and unripe banana. Several
studies conferred the beneficial effects of unripe banana on human health which is
associated with its high RS content. Raw potato starch has the highest RS content
(75%). Whole grains are rich sources of dietary fiber and resistant starch. Table 2
provides RS content of some basic foods [27].

Source Total starch Total dietary fiber Resistant starch
Legumes 426 36.8 24.6
Red kidney beans 53.3 333 254
Lentils 539 328 17.7
Black-eyed peas

Cereal grains 55.5 17.0 182
Barley 779 19.6 25.2
Corn 50.0 17.0 13.6
Wheat 95.1 15 141
White rice

Cereal products 674 n/a 14
Crisp bread 46.7 n/a 19
White bread 67.0 n/a 12

Puffed wheat cereal

Source: J. Lunn et al. [27].

Table 2.
RS content of some basic foods (g/100 g).

4. Nutritional and health impact of resistant starch
4.1 RS as a prebiotic agent

‘Prebiotics’ are food ingredients that help support growth of probiotic bacteria.
Prebiotics are considered as nondigestible carbohydrates such as resistant starch
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which ferment in the colon by gut microflora. Essentially they stimulate activity of
good bacteria such as Lactobacilli, Bifidobacteria and Staphylococci and confer benefits
upon host health [22].

4.2 Prevention of colon cancer

Resistant starch escapes digestion in the small intestine and is fermented in the
large intestine resulting in the production of short chain fatty acids (SCFA), some
gases like methane, hydrogen and carbon dioxide and organic acid (e.g. lactic acid)
[28]. SCFAinclude acetate, propionate and butyrate. A number of studies have
indicated the benefits of resistant starch as it produces SCFA, as compared to dietary
fiber, especially butyrate production is more. Butyrate is the main energy substrate
for colonocytes and several in vitro studies have shown that butyrate inhibits malig-
nant transformation of cells by arresting one of the phases of cell cycle (G1) [23, 25].
More butyrate production is associated with lower incidence of colon cancer [29, 30].
Table 3 presents data on SCFA produced by the fermentation of some foods in the
large intestine.

4.3 Hypoglycaemic effects

Foods containing high resistant starch reduce the rate of digestion. Slow rate of
digestion has implications for the use of RS in controlled glucose release applications.
Starch digestion and concurrent changes in blood glucose levels are largely dependent
on its rate of hydrolysis by a-amylase and extent of digestion. From the health point
of view, the starches that are less susceptible to a-amylase attack score high as they
bring about less change in post prandial glucose level and more starch enters the colon
undigested.RS consumption is associated with reduced post prandial glycemic and
insulinemic response. Therefore RS can help in the treatment of diabetes, obesity and
in weight management [30].

4.4 Hypocholesterolemic effects
Based on the studies in rats, RS is shown to affect lipid metabolism where reduc-

tions in measures of lipid metabolism is observed (total lipids, total cholesterol, LDL,
HDL, VLDL) [30].

Substrate SCFA (%)
Acetate Propionate Butyrate References

Resistant starch 41 21 38 35
Oat bran 57 21 23 35
Wheat bran 57 15 19 35
Cellulose 61 20 19 35
Guar gum 59 26 11 35
Pectin 75 14 9 35

Source: A. Sharma et al. [31].

Table 3.
Percentage of total SCFA produced by various substrates.
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4.5 Inhibition of fat accumulation

Various studies examined that high RS meals may increase the use of fat storesasa
result of reduction in insulin secretions. High RS meals imparted less satiety than low
RS meals whereas in another study on human volunteers, high RS meal caused greater
satiety [32]. Keenan et.al reported in their study that incorporating RS in diet may
increase the gut hormones that are effective in reducing energy intake. This may be an
effective approach for the treatment of obesity [33].

4.6 RS as a functional ingredient

The functional properties of resistant starch such as swelling, viscosity, gel consis-
tency, water holding capacity make it useful in variety of food applications. Low water
holding capacity of RS makes it a functional ingredient which provides good handling
in processing, crispness, expansion and improved texture of food products [14, 19].
Hi-maize is the first commercial RS introduced in the market in 1993 in Australia. The
other sources of commercial RS 3 are CrystaLean, Novelose and Actistar which are
highly retrograded starches. Fibersym is a chemically modified RS 4 product [14]. RS
may find applications in varieties of food products such as bakery products [34, 35], pas-
tas and puddings [14, 36, 37], yoghurt, cheese, icecreams [19, 38, 39]. RS incorporated
biscuits has been investigated and reported that incorporating RS in foods have potential
to develop fiber rich products without changing their general properties. RS can also
be used as thickening agent and substituted fat in imitation cheese and many other
products where insoluble fiber is desirable conferring the benefits of RS as a functional
fiber. Bread and pasta are the most widely consumed starch based products. RS as a food
ingredient is increasingly important as resistant starch has low calorific value (8 kJ/g)
compared to fully digestible starch (15 kJ/g) [18].

5. Factors affecting starch digestibility and resistant starch content

The structural changes of starch during processing are the major determinants of
starch functional properties for food processing, during digestion and in industrial
applications [25, 40]. Wide range of techniques has been used for processing the food
materials which involve chemical and hydrothermal treatments. The processing methods
are reported to influence the nutritional characteristics of foods. Roasting and cooking
without pressure are some of the major processes used in household whereas domestic
storage is also a widely used method now-a-days. Processing methods are the major
determinants of starch digestibility and amount of starches reaching the colon [41].
Gelatinization and retrogradation are important properties of starch that determine its
functionality, quality, acceptability and nutritional value [22]. Several inherent proper-
ties of starch influence the formation of RS and starch digestibility are discussed below.

5.1 Granule morphology

Size and shape of starch granule is influenced by botanical origin. Several studies
have indicated negative relationship between large granule size of wheat, barley, and
potato and starch digestibility. The rate of starch hydrolysis is increased by decreasing
the size of the granule. This was observed among starches with different botanical
origin [15]. Smaller granules have the higher susceptibility to enzyme binding [42].
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5.2 Surface of granules

Starch hydrolysis is also dependent on the shape of the granules which varies from
spherical to polyhedral. The molecular association of starch granules may reduce the
binding of amylase to granule surface [43].

The surface characteristics such as pin holes, equatorial grooves, indentations and
small nodules have an impact on starch digestibility [12] smooth surface of potato
and high amylose starches with few pits and pores explain the starch resistance to
amylases [42, 43].

5.3 Molecular structure and crystallinity

The different crystalline patterns of starches such as A, B and C differ in their packing
of double helical structures of amylopectin molecules thereby influencing their hydro-
lysis [44] It is reported that B type crystalline starches are more resistant to amylolytic
attack than A type. Amylase attack also depends on linear chain length of amylopectin
molecule which forms the helices. The longer chains are more resistant to enzymatic
hydrolysis due to more stable helices [12, 15]. The hydrolysis starts earlier in the amor-
phous region of C type crystalline starches. Additionally, the crystalline distribution in
granules has an impact on digestibility. Higher resistance was observed in starches with
higher amount of double helices. This may be attributed to the resistance of high amylose
native starches, which are less crystalline than native starches with high crystallinity.

5.4 Amylose amylopectin ratio

There is a positive correlation between amylose content and resistant starch forma-
tion. The linear amylose chains are bound to each other by hydrogen bonds which make
them less accessible to hydrolysis [12]. The high proportion of amylopectin molecule
in starch granule makes the larger surface area and therefore a molecule becomes more
accessible to amylolytic attack. Starch gelatinization is difficult in high amylose starches
and is more susceptible to retrogradation [36]. The iz vitro and in vive starch digestibil-
ity of high amylose starches were reported to be lower than normal starches [45].

5.5 Interaction of starch with other components

Food matrixes such as proteins and lipids play significant role during processing
and affect the starch digestibility.

5.5.1 Lipids

Lipids are associated with starch granules. The free fatty acids and phospholipids are
complexed with amylose and make the starch resistant to digestion. The lipids are usually
present on the surface of the granules and reduce the binding of enzymes. The enzymatic
digestibility is also reduced by addition of lauric, palmitic and oleic acid [43, 46].

5.5.2 Proteins

The surface proteins influences enzyme binding and limit the rate of hydrolysis.
The starch from pulses is hard to digest due to interaction with proteins and presence
of protective network around the granule [12].
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5.5.3 Dietary fiber

Gaur and xanthan gums are some of the dietary fibers which affect the digest-
ibility due to their high viscosity which slows down the movement and absorption of
digestion products in the small intestine [14].

5.5.4 Ions

Phosphorous as phosphate monoesters and phospholipids significantly affect the
starch properties. The tendency of phospholipids to form complexes with amylose
and amylopectin makes the starch less susceptible to enzyme hydrolysis. Calcium and
potassium ions reported to decrease RS yield [47].

6. Techniques used to study morphological, molecular and thermal
characteristics of resistant starch

Understanding the molecular characteristics of starches to study the functional
behavior and their suitability and applicability in various food industries is of great
importance.

Thermal property is an important functional property of starch that varies with
respect to the macromolecular composition (amylose and amylopectin ratio), double
helical structure of amylopectin (chain length, branching, and degree of polymeriza-
tion) and granule architecture (amorphous to crystalline ratio), granule morphology
and size distribution. Differential scanning calorimetry (DSC) is the widely used
technique to study thermal behavior of starches as well as other polymers. DSC
can characterize modifications in starches, high amylose starches and waxy maize
starches as well [48].

Spectroscopic techniques can provide appropriate information about the native
as well as modified starches and their structural features. It also provides information
of structural changes during gelatinisation and retrogradation.

The infrared (IR) spectroscopy can detect the molecular bond vibrations
(especially C=0 and C=C bonds) which yield both qualitative and quantitative
information, such as that on the amorphous and crystalline regions of the starch
granule [49]. Using FT-IR technique it was also observed that the high amylose maize
and potato starches (RS2) exhibited greater level of ordered structure in the external
region than wheat, maize or waxy maize starches. Due to retrogradation during
storage, conformational changes in starches can be monitored and the intensity
changes of conformational-sensitive bands in the 1300-800 cm ™" region could be
observed [23].

Scanning electron microscopy technique is generally used to provide topographic
features of RS. Differences in granule morphologyof starches can also be detected
using SEM [48, 50]. SEM images of native versus resistant starches formed from
different processing techniques are shown in Figure 1. Pinholes on the surface of
the starch granules were observed in native starches isolated from millets. RS from
cooked samples showed irregular and uneven surface zone. RS from retrograded
starches showed fibrous, compact and less smooth structures [51].
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Figure 1.
SEM image of native versus resistant starches. Note: (A) TS native, (B) RS native, (C) TS roasted, (D) RS

roasted, (E) TS cooked, (F) RS cooked, (G) TS cooked and stored at —20°C for 30 days, (H) RS cooked and stored
at —20°C for 30 days. TS: total starch; and RS: vesistant starch. Source: R. Wanikar [51].
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X-ray diffraction can be applied to investigate different pattern of crystalline
Structure and crystallinity of starch obtained from various botanical sources. XRD
generally detects the regularly repeating ordering of helices and thereby reflecting the
three-dimensional order of crystalline structure of starch [52].

There is an increased awareness in consumers for health and diet which has led
enormous research on resistant starch, its content in foods and structural character-
ization. When combined the information generated from the above techniques can
provide comprehensive analysis of structural characteristics of resistant starch, as
well as changes occur during the formation of RS when compared with the structure
of their native starches.

7. Conclusion

Resistant starch is not accessible to digestive enzymes. This undigested starch
fraction is of particular significance to human health as it lowers the calorific value
of food and therefore provides a means to use as a potential food ingredient. The
content of resistant starch can be increased by various food processing. Consumer’s
awareness about health and food is one of the reasons for increased popularity of
extensive research on resistant starch and their health impact. Structural charac-
terization of RS by using different techniques and their relationship needs a deeper
understanding. Further studies are needed to clarify the relationship between physi-
ological effects and molecular characterization of RS. In vitro RS fermentation and
colon cancer incidence is an important aspect for further study.
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Abstract

The use of particles obtained from biopolymers is of interest in fields such as
bioengineering and nanotechnology, with applications in drug encapsulation, tissue
engineering, and edible biofilms. A method used to obtain these particles is electrohy-
drodynamic atomization (EHDA), which can generate different structures depending
on the process conditions and raw materials used, opening a wide range of research
in the biopolymers field, where starch is considered an excellent material to produce
edible and biodegradable films. This chapter is a compilation and analysis of the new-
est studies of this technique, using starch with or without modifications to prepare
films or membranes and their potential applications. A systematic literature review,
focused on starch, and EHDA was carried out, finding 158 articles that match these
criteria. From these results, a search inside them, using the words edible and biode-
gradable was conducted, showing 93 articles with these key words. The information
was analyzed observing the preference to use corn, potato, rice, and cassava starches,
obtaining mainly scaffolds and fibers and, in much less proportion, films or capsules.
This review shows a window of opportunity for the study of starchy materials by
EHDA to produce films, coatings, and capsules at micro or nano levels.

Keywords: starch, electrospraying, electrospinning, edible films, biodegradable films

1. Introduction

Over the last decade, due to its multidisciplinary nature, the field of nanotechnology
has seen a sharp increase in its applications in several areas, mainly on the “bottom-up”
and “top-down” approaches. These terms refer to the synthesis processes used to produce
new or modified materials, scaling up atom by atom to form a larger product structure
or breaking apart larger particles into micro/nanomaterials, respectively [1]. One of the
most reported of these methods, used in the food industry, tissue, and environmental
engineering, is the electrohydrodynamic atomization technique (EHDA) [2-4], a
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“bottom-up” nanotechnology approach, which has been employed for the production of
membranes, particles, encapsulation, and edible or biodegradable films.

When EHDA began to be used for the design of micro fibers, nano fibers, and
membranes, many of the products were developed with synthetic polymers, which
continue giving very good results to this day. However, as the need for greener tech-
nologies and more ecofriendly products increased, the use of biopolymers also rose.
Thus, carbohydrates such as cellulose, pectin, chitosan, alginate, and starch, single
or blended with other bio or synthetic polymers, have increasingly been proposed for
the production of films, membranes, fibers, and encapsulates. Among these carbo-
hydrates, starch represents a very good option, as it can be found in large quantities
in nature, besides being an inexpensive biopolymer, normally found in leaves, stems,
seeds, roots, and tubers or other sources such as algae and bacteria.

In this chapter, we present the basis of EHDA technology and summarize some of
the data reported in the most recent studies for the production of fibers, films, and
membranes using starch as raw material and analyzing the modifications required to
be able to generate these starchy products.

2. Electrohydrodynamic atomization (EHDA)

EHD procesess encompasses two methods called electrohydrodynamic spinning
and electrohydrodynamic atomization, better known as electrospinning and electro-
spraying, respectively [5]. Electrospinning allows for the production of membranes
from electrospun fibers, and electrospraying allows for the synthesis of materials such
as core/shell, micro/nanoparticles, encapsulates, and films from fine droplets.

A typical EHDA device (Figure 1) consists of four parts: (1) a high-voltage power
supply (typically ranging from 1 to 30 kV), (2) a syringe pump, (3) a capillary con-
taining the conductive polymer solution (commonly a syringe with a stainless-steel

(1)

(1) High-voltage =
poer SUpply I

(2) Syringe pump .

(3) Capillary (stainless-
steel needle)

(4) Collector

5= g

Figure 1.
Electrohydrodynamic equipment. Basic components.
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needle), and (4) a collector (stainless-steel rotatory drum or static conductive plate)
[2]. These components are present regardless of the method. Moreover, depending on
the material to be synthesized, the equipment can be set in two standard configura-
tions (Figure 2): horizontal (Figure 2a) or vertical (Figure 2b) [6], which have been
used in the production of films formed by micro/nanoparticles [7] and encapsulates
[8] in dry (Figure 2c) or wet (Figure 2d) configurations.

On the other hand, and in addition to the two standard configurations mentioned
above, several modifications have been studied. These modifications have been done
according to specific needs; for example, horizontal dry electrospinning (Figure 2b)
is used to obtain membranes based on hydrolyzed collagen and polyvinyl alcohol with
potential use for wound protection [9], and vertical wet spinning (Figure 2c) is used
to synthesize membranes from polyvinyl alcohol and poly(ethyleneimine), to remove
heavy metals from wastewater [10]. In these examples, the collector can be either
immersed in a liquid, or dry, (Figure 2d).

Characteristics such as product morphology and size are affected by the properties
of the solution (viscosity, polymer concentration, molecular weight of polymer, surface
tension, conductivity), process variables (applied voltage, working-distance from needle
to collector, flow rate), and environmental parameters (temperature, humidity, airflow)
[11], resulting in products with different properties and intended uses.

I. HORIZONTAL
CONFIGURATION
: a) Horizontal dry
' e 1 - ; electrospraying

b) Horizontal dry
( — electrospinning

9
‘

ILVERTICAL
CONFIGURATION

—
1 ],/
P
L]
P
(c) Vertical wet (d) Vertical dry/wet
electrospinning electrospraying

Figure 2.

Electrohydrodynamic configurations: (I) horizontal, (II) vertical. Electrohydrodynamic types: (a) horizontal
dry electrospraying, (b) horizontal dry electrospinning, (c) vertical wet electrospinning, (d) vertical dry/wet
electrospraying.
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But, how are fibers or particles formed? In the case of fibers, when the electrical
voltage is applied to the conductive polymer solution in the syringe, electrical charges
accumulate on the surface of the liquid and, depending on the surface tension, the
polymer solution remains within the capillary, not flowing. As the mutual repulsion of
charges produces a force directly opposite to the surface tension and the intensity of the
electric field increases, the solution reaches the end of the capillary, acquiring a conical
shape, called a “Taylor cone.” Consequently, when the electric field reaches a critical
value, that is, when the repulsive electrical force exceeds the surface tension force, a jet
of the polymer solution is produced at the tip of the cone. As the jet spreads through
the air, the solvent in the solution evaporates, forming a polymeric micro or nanofiber.
Finally, the fibers are deposited in the collector in the form of a nonwoven micro/nano-
fiber membrane [6-11].

Regarding the synthesis of films, micro/nanoparticles, and encapsulates, unlike
membranes, these materials are formed from solutions of low polymer concentration,
which allows the jet’s destabilization and the formation of highly identically charged
fine droplets that do not agglomerate. In other words, a polymeric solution in the
capillary is sprayed from the nozzle into the collector under a high-voltage applica-
tion due to electrostatic forces. Here, on the flight in time to the collector, the solvent
evaporates and particles are produced [11, 12].

The fibers and the particles produced by these methodologies show a high sur-
face area to volume ratio, good mechanical, electrical, and thermal properties, and
smooth, homogenous, and variable morphologies, mainly as a result of the process
parameters’ manipulation, which in turn derives in the shape that the jet takes during
the ejection process [13].

As mentioned earlier, the parameters that govern the EHDA process are proper-
ties of the solution, process conditions, and environmental parameters, all of which
determine the morphology and diameter of the fibers or particles [11, 14].

EHDA products can be synthesized using a wide range of materials, including
biopolymers from animals, plants, and algae, such as collagen, chitosan, gelatin, pectin,
zein, cellulose, alginate, starch, and others, and synthetic polymers, such as polyethene
oxide, polyvinyl alcohol, and polycaprolactone, among others [5, 6, 13]. However, due to
their low molecular weight and mechanical properties, natural and synthetic polymers
are commonly used in tandem. Furthermore, materials such as carbon-based nanoma-
terials, ceramics, and metallic nanoparticles have also been applied in combination with
chitosan or casein nanofibers, to name a few [15, 16]. In general, since its invention, the
application of the EHDA technique increased considerably, due to it being straightfor-
ward, inexpensive (low solution consumption), controllable, and reproducible [17],
with starch being considered a potential raw material to be used in this technique.

3. Starch

Starch is found in all plants as a product of photosynthesis and is the main storage
reserve carbohydrate of plants and the primary source of calories in the human diet.
It is also a very important renewable and biodegradable raw material for the industry
[18]. The main sources of starch are cereals (corn, wheat, rice, barley) and tubers or
roots (potatoes, tapioca, cassava) [19], corn being the most important, followed by
potato and cassava.

Starch is a polysaccharide composed of a-glucose polymer molecules: a linear one
called amylose and a branched one known as amylopectin. The proportion of these
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molecules varies depending on the source, with the most common being an amylose
content of 13-30%. However, it is possible to find amylopectin-only materials [20, 21],
mainly cereals, referred to as waxy cereal varieties (corn, sorghum, rice). These differ-
ences in starch composition result in diverse physicochemical properties, affecting prop-
erties such as gelatinization temperature, solubility, and final viscosity of starch slurries.

Starch can be extracted by different methods, most of them being classified as
dry or wet, and in both cases looking to maintain its functional properties at the
highest possible yields and purity [22] and without damaging the crystalline phase
or promoting depolymerization [23] of the materials. One of these methods is dry
milling, which consists of the grinding of the samples and an air classification [24].
This method simplifies the handling of large amounts of liquid in comparison to wet
milling [22] but increases the proportion of damaged starch [25], resulting in a lower
quality product [26].

Conversely, wet milling is used to extract starch from flour by producing an aqueous
slurry, which is filtrated and washed at least two times [27]; the starch obtained in this
process has a higher purity than dry milling [28]. In most wet extraction processes, a
reactant, such as sodium bisulfite [29], metabisulfite [30], sodium hydroxide [31], oxalic
acid/ammonium oxalate [32], or low concentrations of citric acid [33], is added, mainly
to facilitate protein separation. Other techniques, such as sonication [34] or freezing, to
assist the extraction process to increase the starch yields have been reported as well.

3.1 Starch sources

Starch is organized into tiny particles called grains or starch granules, and their
size and shape are characteristic of each botanical species (Table 1). It is known that
the granule size is decisive in its processability, which affects the solubility (in a plasti-
cizer medium) and the swelling power, facilitating the release of soluble polymer
chains for the formation of a single coherent amorphous phase [47-49].

The size of the starch granule varies from a very small size (4 pm or less), such as
that found in amaranth, jicama, or rice, up to 100 pm from potato granules [21]. Most
of the materials do not present a unique size and, in some cases, have very different
shapes. As an example, in barley starch, there are two populations of granules: small

Type Amylopectin (%)  Amylose (%) Gelatinization Granulessize References
temperature (°C) (microns)
Corn 66.19 33.81 70-80 5-25 [21, 35-37]
Cornrichin 20-45 55-80 67-80 5-25 [21]
amylose
Potato 79 21 58.5 5-100 [21, 38, 39]
Rice 83 17 68.4-73.95 2-5 [21, 36, 37]
Tapioca 21.4-354 243 64.1 5-20 [21, 40, 41]
Wax corn 99-100 12 64.3-68 525 [21, 42]
Wax sorghum 99-100 79-12.1 67-74 4-35 [43, 44]
Wheat 76 1.5-39.5 56.1 11-41 [21, 40, 45]
Jicama 738 264 66.6 3-21 [46]
Table 1.

Some starch characteristics.
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2-5 micron-long spheres and large 15-25 micron-long lenticular granules [49]. In

the case of rice, corn, and waxy corn starches, they have a polyhedral shape, while
the granules of potato starch are ovoid. Cassava follows a similar behavior; starch
granules are not uniform, are round with truncated terminals, have a well-defined
nucleus, and their size varies between 4 and 35 pm with an average of 20 pm [50, 51].
These differences in size, as well as in amylose and amylopectin content, promote the
various functional properties of the starch, such as gelatinization temperatures and
thus lead to different industrial applications.

3.2 Modified starches

Starch has many applications in food and nonfood industries based on its physico-
chemical and functional properties; for example, it is used in the pharmaceutical indus-
try as a raw material for the production of dextrose and serum, as an excipient in the
manufacture of tablets and pills, and as capsules [52]. It has been also used as an adhe-
sive, binder, thickener, and co-builder; in gelling, complexing, and flocculating agents;
and in the paper and corrugating industry. Another application is in the preparation of
edible and biodegradable films, due to barrier characteristics (O, and CO,). However,
most of these applications are carried out employing modified starches [21, 52-54].

Starches have functional properties that can be related to their final use and vary
depending on the granule secondary and tertiary structures and if the starch has been
modified or remains native. These differences influence the gelatinization tempera-
ture, type of diffraction patterns, crystallinity degree, solubility, clarity, viscosity,
water-retention capacity, and swelling capacity, which help to explain the stability of
the biopolymer, and therefore suggest its proper application [55, 56].

Starch can be modified by different procedures, either physical or chemical, reaching
different final properties and characteristics. The most common physical modifications
include heating starch slurries in boiling water or autoclaving at 121°C, thus promoting
gelatinization (low and high temperatures) and as a consequence an increase in its solu-
bilization capacity [56]. Other common physical procedures include ultrasonication [57]
and ball milling [58]. Regarding chemical modifications, these procedures change the
starch structure, by excising the molecule during a hydrolysis process or by introducing
new components as a result of oxidation, esterification, or etherification [53], increasing
in most of the cases its solubility and a loss of crystallinity [51, 54].

4. EHDA starch films

Many studies have been carried out regarding electrohydrodynamic atomization,
with the first publications about this technique using biopolymers, and specifically
starch, coming out in 2003. Many of these documents report on fibers and capsules
of different sizes (micro or nano). These were studied alone or as part of scaffolds,
membranes, or films—with one or more layers—and built from different polymeric
materials besides starch, either of biological or of chemical origin.

Starch is a common material widely distributed in nature, with EHDA products
being mainly built from commercial sources, such as corn and maize starch are the
ones that have different amylose/amylopectin content [59-67], or others such as
potato [66, 68-73], rice [74], and cassava or tapioca starches [75-79].

The use of chemically modified starches, such as cationic starch prepared from
hydroxyethylated starch [80], hydroxypropyl starch [81], or octenylsuccinylated
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starch [82], is also a common practice, while the study of noncommercial biopoly-
mers sources is less frequent [66, 74, 83].

Another normal practice observed for the elaboration of EHDA starch products is
combining starch with other polymers, being PVA (polyvinyl alcohol), PCL (polycapro-
lactone), and PLA (polylactic acid) widely employed [61, 68, 76, 78, 80, 84, 85]. The use
of PEO (polyethylene oxide), PMMA (polymethyl methacrylate), and TPU (thermo-
plastic polyurethane) has also been reported, although in fewer amounts [81, 86].

Starch in its native form is seldom used for the elaboration of EHDA starch prod-
ucts due to its poor solubility and hydrophobicity. This is the reason why it is used in
combination with other polymers or modified by physical or chemical procedures.

In this regard, heating by conventional techniques, which render gelatinized starch,
is one of the most common procedures. More recently, microwave heating has been
reported [74], with both methods increasing the solubility of this polysaccharide. The
temperatures reported in these studies use to promote the starch solubilization varied
from 70°C up to 140°C, and the heating duration from 10 min to 720 min, with differ-
ences seeming to be mostly related to the temperatures used [59-61, 67, 73, 74, 77, 81,
83, 87, 88]. Ultrasonic starch disruption has also been cited [59, 70], along with aqueous
DMSO solution to improve starch dissolution [62, 63, 66, 67, 75, 76, 83, 84, 86].

When preparing polysaccharide solutions for electrospinning, the [63] con-
centrations of native starch [63] are low, ranging from 0.5% [74] to 15%. Higher
concentrations of these materials have been reported for commercial soluble (50%)
and cassava (66%) starches [71, 87]. In most cases, the solvents added correspond to
water [59, 62, 68, 78, 80, 88] or DMSO solutions [63, 70, 75, 76, 83, 87] and in lower
amounts to acetic acid, formic acid, ethanol, chloroform, DCM and DMF solutions
[71,79, 84, 85, 89]. Figure 3 summarized the main steps to prepare starch solutions
for electrospraying.

Once the starch solution is obtained, it is fed to the EHDA equipment, and the
flow rate, voltage, and distance to collector are set. Most authors reported using

‘ Starch

| Adding'solvent |

Other
polymers

Ethanol | Heating and stirring ‘

solution
-

Adding solvent

‘ Adding dispersant ‘

v
Ultrasonic disruption or homogenization |

|

| Electrospraying |

Figure 3.
General method to prepare starch solutions for electrospraying. Dotted lines indicate alternative methodologies.
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EHDA conditions
Starch source DC*(cm) V*(kV) FR*(mL/h) SND*(mm) Product & reference
Maize starch (10— 2 41-7 0.18 0.25 Films [59]
20 pm, 27% amylose,
73% amylopectin ratio
Cationic starch-PVA 11-14 40-70 NR NR Nanofibers [80]
Starch-PCL 20 9.5 1.0 0.50 Scaffolds [83]
Corn 15 20 NR NR Fibers [60]
starch-chitosan-PET
Cassava Starch-PLA 20 20 0.6 0.55* Fibers [75]
Oxidized corn 12 11 NR 0.41 Fibers [61]
starch-PVA
Corn starch of different 5-10 0-15 0.1-04 0.60 Fiber entanglements [83]
amylose content-Ming
bean starch
Hydroxypropyl 30 11-14 0.02-0.04 0.84 Fiber mats [81]
starch-PEO
Tapioca Starch 15 20 10 0.9 fibers [77]
Fibersol-guar gum 9-11 10 0.15 NR Micro/nano capsules [78]
Potato starch-TPU 24 35 0.75 0.51 Nanofibrous bandages [84]
Rice starch-Carob 30 12 0.8 NR Fiber membranes [74]
flour-PEO
Potato starch 20 25 0.6 0.8 Ultrafine fibers [79]
*Outer diameter.

DC: distance to collector; V: voltage; FT: flow rate; SND: syringe needle inner diameter. NR: no reported. PVA:
polyvinyl alcohol; PCL: polycaprolactone; PET; polyethylene tevephthalate; PLA: polylactic acid; PEO: polyethylene
oxide; TPU: thermoplastic polyurethane.

Table 2.
Process conditions employed to develop EHDA starch products. Some examples.

voltages between 0 and 20 kV (66%), flow rates smaller than or equal to 1.0 mL/h
(81%), and highly variable distances to collector (5-30 cm); in most of these
cases, micro and nanofibers or mats were developed, with the exception of two
works reporting capsules [86, 87] and two reporting films [59, 67]. However, in
some cases, more than one method to prepare mats or films is used, combining,
for example, both electrospraying and casting or others [85]. Table 2 shows some
examples of specific process conditions used to obtain the different EHDA starch
products.

5. Conclusions

It is of notice that even though starch electrospraying has been studied for many
years, most of this research has been focused exclusively into an electrospinning field,
with very few works having been published related to the production of edible or
biodegradable films, coatings, or microcapsules.

This observation shows a window of opportunity, for the study of new starchy materi-
als and to better understand this technique and its intricacies. Some examples include the
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effects of different assay parameters, such as syringe inner diameter or the size of starch
granules and their relationship to film properties, factors that have not been reported yet.
Several studies with other biopolymers [88, 90-92], as well as starch, can serve as a basis
for the development of new and improved ecological coating materials.
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Abstract

The use of starch, the second most abundant natural resource in the word, as
polymer is unprofitable and limited by certain functional properties. The structur-
ing of multiphase polymeric materials represents the process of diminishing the
dispersed phases till micro-and/or nano-dimensions and the positioning of the
resulted fields in an order through which the properties of interest are achieved as
far as possible. The structuring is reached by controlling the interface properties for
achieving physical, chemical, biological or rheological compatibilization, mainly
by melt compounding procedure. The chapter proves that the structuring of starch-
based multiphases polymeric systems by reactive compatibilization is a good possibil-
ity to guarantee the functional properties, required by sustainable applications, of
interest even in 2050 perspective. The chapter underlines also that the structuring by
reactive compatibilization is connected with the formulation designing and choosing
of the melt-compounding conditions in such a manner for the chemical bonding of
the minority phases with the main polymeric matrix and therefore increasing the
component miscibility and the functional properties of the resulted materials till the
requirements of the sustainable applications.

Keywords: starch, multiphase polymeric systems, interface, reactive
compatibilization, reactive extrusion

1. Introduction

After cellulose, starch is the second most abundantly available natural polymer
in the world. Because of its biodegradability and non-toxicity to the natural environ-
ment, it becomes a raw material very attractive for the food and non-food applica-
tion. Starch is a homo-polysaccharide made up of glucose units, linked together via
glycosidic linkages, with a renewable-botanic origin (seeds and plant tubers), lowest
price and highest industrialization potential for the next decade [1-13]. Starch hasa
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biphasic composition because consists in two polysaccharides, amylose with linear
macromolecules and low molecular weight and amylopectin with branched, clus-
tered chains which belong simultaneously to several clusteres and high molecular
weight. Depending on its origin, the diameter of the starch granules varies between
1and 2 pm to 100 pm. The starch granules are different shaped: round (corn), oval
(potato), rounded and truncated at one end (tapioca), flat, elliptical (wheat) [4-9].
Because each starch is different in composition the obtained films could exhibit dif-
ferent properties [10].

The ratio between the two constituent polymers of starch conditions the subse-
quent use of starch as thermoplastic polymer, as during the melted state flowing, the
amylose macromolecules align in the flow direction and because its chemical strongly
branched macromolecules, those of amylopectin cannot be aligned. The ratio between
amylose and amylopectin depends on the starch origin and the growing climatic con-
ditions. Starch is a semi-crystalline polymer that does not melt in the traditional sense
to form a liquid. Starch melting occurs in the presence of a moderate (10-30%-w/w)
water content. Starch crystals contain about 9-10%-w/w of bound water, which does
not freeze at cooling below 0°C. Additional water or plasticizers is required for melt-
ing of starch at convenient temperatures below the water boiling temperature and
the starch degradation temperature [11]. Starch has multiple glass transitions under
which physical aging occurs. Due to the high hydroxyl content, the starch properties
are strongly dependent on the moisture.

Currently, on the market, there are varieties of commercially starch available
(potato, corn, wheat, topioca, etc)and numbers of un-explored and under-utilization
sources of starch (fruits processing waste, different agro-industrial residues, etc.)

[12, 13].

Starch is an important source of raw materials both as organic compounds and
polymer used for plastic industry. It can be converted readily into a variety of useful
monomeric and polymeric products by chemical and biochemical routs. Fermentation
of starch to industrial-grade ethyl alcohols becoming more economically competitive
with the synthetic methods due, largely, to the increasing cost of ethylene. Other
biological conversions yield a variety of alcohols, ketones, and organic acids, and
these too will become increasingly important as the petroleum situation worsens.
Enzymatic conversion of starch to glucose, a useful starting compound for a variety
of alcohols, acids, and polyols, proceeds readily and in near quantitative yield. Glycol
glucosides, cyclic polyols derived by glycolysis of starch, are excellent replacements
for petroleum-derived polyols in the production of rigid urethane foams, and can
replace up to 85% of petroleum-based polyols in alkyd resins with no loss in quality of
the resin [14].

However, its use as a polymer is unprofitable and limited by certain functional
properties. Its hydrophilicity, thermal, and mechanical properties limitations, low
physical properties (brittle, poor moisture resistance, low permeability to lower
gases, high density) rapid degradability, and strong intra and intermolecular hydro-
gen bonding of the polymer chains hinder its melt processability and limit its wide-
spread commercial application as a renewable biopolymer [3, 15]. Starch also is easy
degradable under flowing in the melted state. Moreover there are many difficulties
in controlling the functional properties during its service life because of frequently
occurred phenomena as exudation of plasticizers (anti-plasticization), re-crystalliza-
tion (retrogradation) [7].

The perspective for polymeric materials based on renewable resources will be con-
stantly increasing as far as 2050. Due to the failure in solving the issue of environment
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infestation with secondary polymeric materials, the development policies in designing
and achieving polymers and materials based on them are mainly oriented towards
sustainable applications.

In order to reach functional properties of practical interest including the sustain-
able applications, the multiphase starch-based systems are structured mainly by
reactive compatibilization at melt processing (reactive extrusion) which has proven
to be the most effective method. That is why the chapter presents the possibilities to
get new starch-base, multiphase materials proving that structuring based on reactive
compatibilization are adequate and practical solutions to ensure functional properties
for durable applications. The chapter presents the main possibilities of structuring
multiphase systems based on starch and details certain aspects related to the com-
pounds of starch with polyvinyl alcohol.

2. Structuring the multiphase polymeric materials

Multiphase polymeric materials are homogeneous or non-homogeneous systems
which contain solid, liquid or gaseous phases and include categories as: composites,
blends, gels, interpenetrated polymer networks, mono or layered structure, cellular
solids (foams), including biological type (hydrogels) etc. [16, 17]. The dispersed
phases into the polymeric matrix can be functionalized, microencapsulated, oriented,
continuous or discontinuous, etc. [16-19].

The structuring of multiphase materials represents the process of diminishing
the dispersed phases till micro-and/or nano-metric scale and the positioning of the
resulted mico and/or nano fields in an order in which, the properties of interest are
achieved as far as possible. The structuring consists in enhancing by controlling the
interface properties the physical-chemical-biological-rheological compatibility of the
blend components considering methods connected with mobility of the segments/
macromolecules/morphological elements, or with reactivity of the components or/
and with ordering of the flowing elements at melt compounding [16-18].

The structure-properties relationship has a crucial significance in the structur-
ing of the multiphase polymeric materials for developing grades satisfying varied
engineering requirements [18, 19]. With the help of modern technologies, the cir-
cumstances in which the phases of the heterogeneous polymeric materials can be so
arranged to give the desired properties in correlation with the intended applications,
is possible to be identify.

The interfaces adhesion between the dispersed phases and polymeric matrix
are maintained by intermolecular physical or chemical forces and/or by chain
entanglements [20]. In the absence of these interactions, the interface becomes the
place where the brittle fracture takes place. The interface can be seen as a resistance
between materials in contact and is characterized by interfacial tension (controlable
by changing of the Gibbs potential per unit area). The interfacial tension depends
on factors such as: phases geometry (shape, average size, particle size distribution,
porosity, etc.), the characteristics of macromolecular chains (molecular struc-
ture, molecular architecture, tacticity, crystallinity, ramifications and/or, defects,
impurities, ash), the size of thermo-mechanical stress, the melt flow features (the
size of mechanical stress, temperature) [16, 21-25]. Most thermodynamic studies of
multiphase polymer systems are based on Flory-Huggins’ theory [26].

Changing the interface properties have the effect the modification of the material
properties. The least common possibilities encountered in the practice of polymer
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blends achieving are those in which the compound properties are synergistic, i.e. the
blend properties are greater than the additive properties of the individual polymers.
The properties are synergistic for polymers showing high interface adhesion denoting
that they are thermodynamically compatible [17, 27, 28]. The most common depen-
dence blends properties - composition is the additive those, when the blend proper-
ties represent the average of the component properties in their pure state, without
minimum or maximum. If the interfacial adhesion is very weak and the polymers are
thermodynamically incompatible, this dependence does not follow the law of additiv-
ity, but shows a variation with a minimum, which means that the blend properties are
lower than those of each individual components [17, 28].

Compatibilization is the process of modifying the properties of the interfaces in
immiscible polymeric systems which results in the creation of the interphase region
in which a gradient of material composition is created [20]. By compatibilization
the morphology of the new material is stabilized at macroscopic level and therefore,
the functional properties are constant over lifetime. The degree of compatibility
is estimated by the thickness of the interface, the size of the dispersed phases, the
mechanical performances generally by all functional properties. Unlike the compat-
ibility, the miscibility is related to the blending of components at the molecular level;
in the whole mass, which means that in the case of miscible blends it is no longer
about dispersed phases [20, 29].

In order to improve the compatibility, the problem of minority components
dispersing into the majority polymeric matrix is solved by reducing the interfacial
tensions using one of the following techniques: entanglement of the macromolecules,
interpenetration of interfaces, development of chemical (covalent linkages) or
physical (e.gvan der Waaals, hydrogen bonds, ionic interactions, etc.) bonds [22].
The entangled interfaces are found in miscible blends or composites with good
interfacial adhesion. The interfacial tension can be controlled by using polymeric
emulsifiers (grafted or block copolymers, others) which create secondary bonds
or by using compatibilizers, which generate chemical bonds between phases, after
reactions possible between several functional groups (anhydride-amine, epoxy-
anhydride, oxazoline-carboxylic acid, isocyanate-carboxylic acid, lactic acid-amine,
carbodiimides-carboxylic acid, ion exchange reactions, free radical grafting reactions
at the phase interface [17]. By using a controlled method to improve the compatibility
even miscibility between the components of a new multiphase polymeric materials is
possible to achieve materials, with own functional properties correlated with require-
ments of various applications.

In case of multiphase polymeric materials with target fillers, the improving of
compatibility is based also on the creating of physical and/or chemical bonds. If the
cohesive energy thus developed is below a critical value, then morphological defects
are created, between the filler and matrix, representing space filled with air, usually
found as micro-voids, voids, macro-voids, cracks, fractures. The characteristics of the
empty space depend on the shape of the filler. The cohesive energy may be below a
critical value, situation in which the miscibility between the components is weak and/
or when the distribution of the filler into the matrix is inadequate. In the engineering
practice, there are no free-defects multiphase materials such as the mentioned those
it was found that if the content of these defects is higher than 5%, then the material
functional properties decrease with approx. 30%. The structural defects presence is
dangerous because, under stress, it accelerates the mechanical destruction by cracking
and breaking [30, 31]. A filler can act also as compatibilizer when the radius of the
particle has the same order of size as the radius of gyration [32].
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Figure 1.

Structuring melts by flowing in elongational (a) or shear stress field (b) [17, 33].

Changing the interface properties has as effect the adjusting of the polymeric
system properties. The least common possibilities encountered in the preparation of
polymer blends are those in which the dependence of compound property-composi-
tion is “synergistic”, i.e. the blend properties are greater than the additive values of the
properties of individual polymers. The properties are synergistic only in case of the
polymers showing high interface adhesion which means they are thermodynamically
compatible [17, 27, 28]. The most common dependence blends properties—composi-
tion is the “additive” those, when the properties of the blend represent the average of
the properties of its components in their pure state, without minimum or maximum.
If the interfacial adhesion is very weak and the polymers are thermodynamically
“incompatible”, this dependence does not follow the law of additivity, but shows a
variation with a minimum, denoting that the blend properties are lower than those of
each individual components [17, 28].

The quality of items obtained by melt processing techniques, expressed as morpho-
logical uniformity, anisotropy of properties, appearance of surfaces, etc. depends on
the structuring under stress of the flow entities in the field of mechanical and thermal
stresses. Structuring under stress is the result of the molecular disaggregation, defor-
mation, orientation, extension of macromolecular chains developed when the melts in
passing through the nozzle of the nozzle of the molder device (Figure 1) [3, 33].

The flow resistance of the polymeric melts, a parameter which control the struc-
turing during the melt compounding flowing, depends both on the shear rates and
the molecular parameters describing the chemical structure of the polymeric blends
components [34]. As an effect of the order degree gained during the melts flow
through the nozzles is the crystallization under stress [33].

In order to deepen the structuring phenomena, the elucidation of the correlation
between the molecular parameters (degree of polymerization, Flory-Huggins interac-
tion parameters, etc.) and macroscopic phase separation phenomena is necessary to
be done by investigating the heterogeneous structure from submicron scale to nano-
meter those [35].

3. Structuring of starch based materials

To get functional properties of wide applicability, starch can be converted into
multiphase polymeric compounds, by physical and / or physical-chemical and/or
chemical modification with other polymers and/or non-polymeric materials [36]
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considering un-reactive and/or reactive melt compounding [25, 37-40]. Generally
speaking, starch has low compatibility with other polymers or biopolymers and
therefore the degree of compatibility varies depending on the specific used grades.
The success of the starch converting into such multiphase polymeric systems is con-
ditioned by the achievement of the molecular miscibility or, at least, by the creation
of an advanced dispersion of minority components into the main polymeric matrix,
via lowering the interfacial tensions considering the described compatibilization
techniques [24, 41-43].

The convertion of starch into multiphases polymeric compounds of practical
interest must consider both the starch origin, the ratio between the amylose and
amylopectin, the constancy of this ration (especially for scaled up procedures), the
correlation of the modification method with all the starch structural characteristics
and the requirements of the considered application. The structuring possibilities are
related equally to the way of designing the formulation and choosing of the melt com-
pounding conditions the chapter presenting examples regarding the starch-polyvinyl
alcohol compounds. An overview of the reactive compatibilization as method to get
structured multiphase materials based on starch with other polymers is also given. A
special attention is paid to the possibilities of avoiding the melt degradability of the
multiphase systems based on starch. The chapter details also the structuring methods
to achieve starch - PVOH nanocomposites with layer silicate content and presents a
silicate treatment method which leads to the formation of exfoliated nanocomposites.
The structuring through incorporation of a gaseous phase into the starch-starch
matrix is also shortly described.

4. Structuring through melt compounding

Starch can be compounded with renewable polymers from algal origin (alginates);
microbial origin (polysaccharides: chitosan, curdlan, gellan, pullulan, xanthan,
bacterial cellulose; polyesters and copolyesters: polyhydroxyalcanoates (PHA), poly
(butylene adipate-Co-terephthalate) (PBAT)); plant origin (polysaccharides: cel-
lulose, pectin; proteins: soy proteins, zein, gluten: polyesters (polylactic acid PLA));
animal origin (polysaccharides: chitin, chitosan) [44, 45]. On the market there are
also of interest starch compounds biodegradable or water- soluble oil-based polymers
as: polycaprolactones (PCL), polybutylene succinate (PBS), polybutylene succinate
adipate (PBSA) or polyvinyl alcohol (PVOH) [46].

Starch compounds with PVOH are designed for replacement of LDPE films in
application where barrier properties are not critical, water-soluble laundry bags,
biomedical and clinical fields, replacement of polystyrene foams as loose fill packag-
ing materials, packaging applications. Blending of starch with other biodegradable
polymers such as biodegradable polyesters; polylactic acid (PLA) and polycaprolac-
tone (PCL), was recognized as a successful strategy to provide a renewable, fully bio-
degradable and cost-effective materials [47]. The compounds of starch with PLA are
conceived for applications as food packaging, electronic devices, membrane materials
(chemical and automotive industries), medical applications, packaging materials.
The compounds of starch with PBSA are useful as antimicrobial packaging materials
and those with PHB as biomaterial in medical applications. PBAT starch compounds
have controllable mechanical properties and are therefore are designed for multiple
types of packaging [48]. The use of starch in achieving of polyurethane (PU) multi-
phase materials not only yields PUs with outstanding mechanical properties but also
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makes the final PU products biodegradable. The hydrophilic nature of starch limits its
dispersion in hydrophobic PU polymers [49] and therefore these compounds must be
reactively compatibilized.

Renewable fillers play a valuable role in the development, of new multiphase
polymer materials based on starch considering melt compounding techniques. It
should be noted that the degree of compatibility between starch and other biopoly-
mers extensively varies depending on the specific biopolymer, generally starch having
as has been said low compatibility with other polymers [43, 50].

4.1 Melt compounding conditions

Starch can be melt compounded considering various conventional processing
techniques, similar to those widely used for typical synthetic thermoplastics, such as
extrusion, injection, compression molding, casting and foaming, as well as some new
techniques as melt reactive melt compounding. Various starch-based products which
have been developed and commercialized as extruded films/sheets, foams, shaped
articles, etc. [51] using internal mixer, mono (Figure 2) or twin-screw extruders,
injection devices, others can be obtain [52]. Formulations often require inlets for
plasticizers, filler or other additives. Escape of volatiles such as steam will be required,
without loss of other materials. High shear is required to disrupt the native starch
structure and produce a uniform composition with other components. The extrudate
must be a uniform continuous stream with rheology suitable for shaping [11].

A twin-screw extruder has a large operational flexibility (individual barrel zone
temperature control, multiple feeding/injection, and screw configuration for differ-
ent degree of mixing/kneading) and is useful for intensive mixing and compounding
of components into starch plastics. In a twin-screw extruder the custom combinations
of rheological elements can be assembled along the screw. Zone of high shear will
assist with disruption of granules while uncoiling of molecules can take place in less
shear intensive zones. Another advantage of the twin-screw extruder is to allow the
decoupling of die flow and mechanical treatment. During extrusion of starch-based
multiphase materials, residence times and specific mechanical energy inputs must
be controlled, and high efficiency production can be achieved [52]. The temperature
conditions for preparation and processing of these materials must be chosen to
minimize possible degradation of the organic modifier and the matrix [53-55]. The
shear experienced during compounding may have caused fragmentation of starch
and destroyed its crystalline structure [56]. Shearing of the molten granules destroys
their organized structure, and crystalline, granular starch is converted to a dispersed,
essentially amorphous material [57]. It was found that if the extrusion is performed at
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Figure 2.
Schematic representation of starch processing by extrusion [52].
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high rotational speed and high stationary times the single helix crystallites are formed
[58, 59]. Also during extrusion the shear stress may enhance starch separation,
whereby amylose may be partly leached out of the amylopectin [60, 61].

Because the melt compounding conditions control the melt rheological properties
they have a great impact on the properties of the resulted compounds [42, 52]. In [42]
it has been shown that for the polymeric compounds sensitive to the melt processing
parameters, such as those based on starch, the boundary between miscible and less
miscible is very small and therefore each compounding ratio requires its own formula-
tion and its own melt flow conditions. It was shown that the miscibility of starch-based
compounds increases if, for each formulation is found the melt processing conditions
which ensure the better improving of miscibility because the melt resistance to flow
allows a suitable homogenizing without degradation of the macromolecules (Figure 3).

The starch-PVOH compounds designed for short life application which had
enhanced miscibility achieved by controlling the melt resistance to flow via melt
compounding conditions have a better surface appearance (Figure 4) and no longer
presents the anti-plasticization and retrogradation phenomena [42].
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Figure 3.
Dependence of the shape of the FTIR spectra (a) and of the XRD diffractograms (b) and the SEM micrographs
aspect (fracture) of some starch-PVOH compounds (c) on the melt compounding conditions [42].
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Morphology (fracture, 1000x) (a, b) and surface appearance (c, d) before (c) and after (d) improving the

Figure 4.
miscibility via controlling the melt vesistance to flow of some starch-PVOH compounds [42].

Figures.

Granules (20~70% starch content) and items achieved from PVOH-starch compounds after elimination of defects
via structuring by controlling the melt resistance to flow [17, 63].

It was observed that the starch polymer melts exhibit strong elastic properties and
therefore phenomena as nozzle swelling, shark skin and wall slip [62] can be con-
trolled. The experimental results have shown that these phenomena can be avoided
by controlling the elastic component of the melt vasco-elastic properties considering
the formulation and the selection of optimal compounding conditions. In this way
the PVOH-starch compounds can be melt processed into items without defects and
degradation, with natural color, smooth surface (Figure 5) and functional properties
of interest for short-life applications [17, 63].

5. Solid state properties conditioning the structuring efficiency
5.1 The polymers particles shape and size influence

In [64] was found, that the turning of corn starch via melt compounding with
PVOH can be achieved by providing similar melting behavior of the starch and of
PVOH powder and by controlling the process sensitivity of the new compounds.

The corn starch and PVOH particles had their own size distribution and shape. If

the starch particles were rectangular, those of PVOH were spherical [64]. The PVOH
particles shape depends on the manufacturing technology and can be spherical only
if the polymer was obtained by reverse suspension hydrolysis of poly (vinyl acetate)
(PVA) [65]. It has been shown that the particles of the two polymers cannot be melt
compounded than after the selection of fractions with particle size variable the same
range. If the particle size distribution of the two polymers is wide, then the obtained
compounds include defects, either rough surfaces or un-melted inclusions. Variable
sized particles have distinct melting times, longer for those with larger diameter and
smaller for those with smaller diameter. The rough surface results due to the degrada-
tion of small particles and solid inclusions represent un-melted particles because they
had large diameter and have no time to melt. Due to the variation of the particle sizes
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of the two polymers even the morphologies of the achieved compounds and their
dynamo-mechanical properties are affected (Figures 6 and 7). If the particles of the
two polymers have approximately the same size then they melt in approximate identi-
cal time and the two type of defects are avoided.

In addition, if the blends obtained through melt compounding of starch with
PVOH contains un-melted particles, then morphological defects such as voids, cracks
fractures, may appear around them (Figure 6), The new compounds always will
contain, near un-melted particles because of their size, parts from the starch grains,
representing the branched macromolecules of amylopectin, very well visible on the
SEM micrographs.

2000X 4000X

Figure 6.

Morphological defects of the compound achieved from stavch with 40-63 ym sized particles and PVOH with
particles of 80-100 pm (1/1 blending ratio) [64].
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The dependence of the dynamo-mechanical properties of the starch-PVOH compounds (storage modulus (a),
loss modulus (b)) on the tempevature and the particle size (1—P1 (80100 ym)/P2 (80—100 pm); 2—P1
(80-100 pm)/P2 (100-200 pm); 3—P1 (80—100 pm)/P2 (200300 pm); 4—P1 (63-80 pm)/P2 (80—100 wm);
5—P1 (63-80 pm)/P2 (80—100 pm)) [64].
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Considering the word “compatibility” describing the partial miscibility of the
compounds components which result in macro-metric scale time stability of the
obtained compounds, appropriate for the life-time, the term “miscibility” reflects
the interpenetration of the components at the molecular level and so stability for an
unlimited period for the new materials [64]. It can be appreciated that the polymeric
particles, through their size, make the differences even between compatible and
miscible compounds. In analyzing the compatibility/miscibility between starch and
PVOH compounds (claimed compatible by some authors and opposite by others)
the influence of the particles size and of the amylopectin content should be equally
considered. In accordance with [64] the starch-PVOH compounds obtained from
small sized particles are close to be totally miscible, presenting a single glass transi-
tion without shoulders, totally different as those of starch and PVOH beeing almost
a continuous phase, only with few defects as voids etc. In the last period, on the
commercial market, can be found grades of thermoplastic starches which represent
plasticized starch powder melt processed into granules.

6. Structuration through reactive compounding (in situ
compatibilization)

The experimental practice has shown that only physical compatibilization which
establishes only secondary bonds between the dispersed phases and the matrix does
not generate functional properties of practical interest. As it has been pointed out,
because of poor interactions, starch is generally thermodynamically immiscible with
all renewable polymers showing a dispersed structure (ex. ternary blends based on
PCL/starch/PLA, starch-PBAT [66]. Structuration through reactive compounding
(in situ compatibilization or chemical compatibilization) involves the development, in
the melted state, during compounding, of chemical reaction between the functional
groups of the compatibilizer and those of the starch and the second polymer from
the compounds. The process involves the in-situ formation of amphiphilic structures,
and thus covalently bonding the phases in the melt state. Reactive melt compounding
is a convenient and cost-effective technique for the esterification of polysaccharides
using anhydride reagents In this way the interface tension decreases, the size of the
dispersed phases decreases and the functional properties can be controlled [67, 68].
The chemical compatibilization is relevant when morphology present regions with
fully continuity or presents a co-continuous aspect.

To understand the lack of affinity between the different phases, interface adhe-
sion can be investigated by contact angle measurements. The compound morphology
can be better observed using microscopy techniques (e.g. SEM, etc.) The rheologi-
cal investigations in solid (DMA) and melted state helps to understand better the
blend structure formation during the process [69]. Currently, nanofillers are used
to improve both mechanical properties and the phase morphologies of immiscible
blends. The main advantage of using nanofillers, when compared to copolymers, is
that the former can simultaneously act as nano-reinforcements and compatibilizers
[67]. There are situations when the reactive compatibilizers can fulfill other functions
such as antibacterial agent [70].

Twin-screw extruders are typically used for reactive compounding due to their
excellent control of mixing, temperature, and residence time distribution, with highly
accurate feeders, systems for removal of reaction heat, etc. [71-75].
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Because of interest for industrial quantities of compatibilized multiphase renew-
able polymeric materials and the possibility to ensure functional properties of practi-
cal interest for desired applications, the chemical compatibilization strategy is usually
implemented in reactive melt processing procedure (reactive extrusion) [71]. The
concrete reactive compatibilization solution depends on the nature of the renewable
multiphase polymeric system which must be structured [76-78].

7. Structuring by incorporating layered silicates

Polymeric nanocomposites have achieved much more attention due to their
enhanced physic-chemical and mechanical properties, improved moisture sensitiv-
ity in comparison to the pure polymers. Due to its chemical and physical properties,
starch is highly valuable to be structured through converting into nano-composites
considering melt compounding procedures (twin screw extruder) including the reac-
tive melt processing [79, 80].

Various types of nano-fillers that have been used with plasticized starch can be
used such as montmorillonite, cellulose nano whiskers, cellulose nano-fiber, and
starch nano-particles (obtained by acidic hydrolysis of waxy maize starch granules
as reinforcement [81]). The starch-based nano-composites with different nanofillers
for reaching a optimal dispersion and properties need particular preparation strategy
[82-85]. The incorporation of various fillers in a starch-based polymer matrix gener-
ates specific structuring process because in this situation they control the specific
orientation and/or crystallization processes.

For getting starch-based nano-composites, blends of starch with bio-polyesters or
other renewable- or synthetic-based polymers can be used, e.g. which can be consid-
ering various obtaining procedures [86].

Regarding the achieving of the starch-PVOH nano-composites structured with lay-
ered silicates in a melt compounding procedure were studied aspects as: the dependence
of miscibility, morphology and other functional properties on the layered silicate nature,
the functionalization strategy of the galleries [87, 88] the target filler content [89], the
incorporating method of the layered silicate into the starch matrix [90-92], the correla-
tion between miscibility and the surface defects [31, 93]. At first sight, the dispersion of
the layered silicate with the help of shear stress at melt compounding should favor the
exfoliation process. In reality, this method is limited both by the low thermo-stability
of the polymers and those of the used modifiers but also due to the loss of hydration
water of the layered silicate consequence of long maintenance at high temperature in the
compounding device. It was also found that, at the same target filler content, the size of
the dispersed phase and the number of dispersed phases per unit area (drops) depend
on the type of filler, nature of the surface treatment and particle size. It was concluded that
the degree of intercalation of the layered silicate with the PVOH-starch matrix increases
if purified layered silicate (NaMMT) or ammonium ion functionalized layered silicate
(Nanocor I 28) are used to strengthen the STARCH-PVOH matrix. If, on a macroscopic
scale (100 p) the starch-PVOH-layered silicate compounds seem to be compact materials,
at microscopic level (10 p), defects as gaps, cracks, fracture etc. appear. These morpho-
logical defects seem to illustrate a disordered microstructure, due to the poor distribution
of swollen silicate tectoids into the continuous polymeric phase, possibly due to inade-
quate compounding conditions. It has been shown that the PVOH-starch-treated layered
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The swelling and exfoliation of NaMMT during a thermo-mechanical procedure applied before melt

compounding (a—stirring without temperature; b—stirring with temperature) incorporation into a starch-

PVOH matrix [91].

157



Starch - Evolution and Recent Advances

silicate blends which, according to X-ray diffractograms, appear to be of exfoliated type
and which have an improved thermal behavior, including in terms of uniformity of the
melting process, have homogeneous surfaces and low material imperfections as gaps,
cracks. SEM micrographs show that the surface of the compositions which, according

to X-ray diffraction, are exfoliated intercalated nano-composites. Are characterized by
small contact angle, are nano-structured, show advanced miscibility (demonstrated by
FTIR analysis), have smaller number of defects as gaps, cracks, fractures [31, 87-93].
Compounds that, according to XRD diffractograms, are micro-structured, have frequent
surface defects and irregular fracture areas, which are the starting points for cracking,
crack propagation and stress rupture [31, 87-93].

In order to achieve a good swelling of the layered silicate and a homogeneous disper-
sion of the obtained lamellae into a starch-PVOH compound, it has been shown that,
the layered silicate needs to be swelled, better in a pre-compounding procedure [91].
The layered silicate (NaMMT) was treated, before compounding in water, an effective
starch and PVOH plasticizer. It was shown that the degree of exfoliation of the multi-
layer silicate and the properties of the achieved micro- and nano-composites depend
on the way the silicate was treated (stirring of layered silicate at 1500 rpm, in water, at
room temperature or at 50°C, for (8, 16, 24, 76, 288 h) (Figure 8). A small degree of
silicate exfoliation reveals that the layered silicate was not sufficiently hydrated and
therefore did not disperse well in water. If the silicate was treated an optimal time at
room temperature or better at 50°C, a much shorter time, then the XRD diffractograms
show the swelling of the NaMMT lamellae and even their exfoliation [91]. The obtained

2000 X 2000 X

2000 X 5000 X

(c)

Figure 9.
Influence of silicate treatment on the surface appearance of a multiphase compound with 70% starch and 4%
NaMMT (untreated (a), treated at 50°C, for 8 h (b) and treated for 24 h (c); starch particles (d) (SEM micrographs).
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results show that even for starch-PVOH compounds the target fillers, well selected and
properly embedded, function as efficient interface agents.

If the surface appearance of the PVOH-starch composites containing untreated
NaMMT is compared with that which enclosed pretreated silicate at 50°C for 72 h,
reveals that for the latter, the surface defects and the included spherical shapes with
well-defined interfaces are almost disappeared (see SEM micrographs from (Figure 9).

As consequence of the layered silicate de-lamination the storage modulus increases
from 2 to 6 MPa, for the starch-PVOH compound without silicate, to 35-40 MPa, if
the blend contains NaMMT stirred with water at 50°C, for 72 h. Depending on the
characteristics of the applied treatment, starch-PVOH based micro- and/or nano-
structured, intercalated and/or exfoliated nano-composites were obtained [91].

8. Structuring by incorporating gaseous phase

Depending on the dynamo-mechanical modules and the glass transitions, starch-
PVOH formulations were selected for obtaining biodegradable structured foams

of practical interest, with a compressive strength of 5-25 MPa and which supports
compressions of 80-90%.

80
oS [ —— e sP a1y
60 - — % (SP 92)
& - % (SP 93)
= o0
% 40 -
= 30
g, 20 -
& 104
o4
-z0 o 20 40 60 80 100
Temperature, “C
C) Specimen 1 to 5
25
7
-
20
£
] T
E 15 SDHCIIT!EI'\J..
#®
© 70 % starch = 2
E 1o | | 3
g 5
-
5 5
0 —
o 10 20 30 40 50 60 70 80 sa

Compressive strain (%)

Figure 10.
Starch-PVOH-based foams (a) and their properties; (b) storage modulus; (c) compressive stress [17].
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Property Starch content, %
10 20 30 40
Storage modus, T = —30°C, MPa 4.5 3.5 2.5 2
Loss modulus, T = —30°C, MPa 6 7 5 4.4
Table1.

Dependence of the stovage and loss modulus on the starch content of the basic blend [17].

5000 X

Figure 11.
Morphology of starch-PVOH based foams (a); shape and size of the starch particles (SEM micrographs) (b) [17].

Biodegradable foams with variable starch content were made, with open pores of
2-3 mm, storage modulus 2-40 MPa, loss modulus of 2-8 MPa and which supports a
compression deformation of 60-85% (Figure 10 and Table 1) [17]. By using a proper
foaming agent the density of the foam was reduced to 0.219-0.458 g/cm®. The original
composition was patented [17].

Depending on the amount of foaming gas appeared, the process involves, in its
first phases, only the rupture of the continuous matrix in which the dispersed gas
phase is placed (Figure 11) [94].

9. Conclusions

1. The structuring of multiphase polymeric materials is the process of arranging
the material components in an order in which, the properties of interest are
achieved as far as possible. The structuring is achieved by controlling the inter-
face properties so that to be possible the physical-chemical-biological-rheological
compatibility of the components considering mainly the melt compounding.

2.To guarantee functional properties of wide application interest, the starch,
which as polymer is unprofitable and limited by certain properties, can be
converted into multiphase polymeric systems considering melt compounding
technique which offers the possibility to dispose the minority components into
the majority polymeric matrix in variants with improved compatibility and
desired functional properties.

160



Micro and Nano Structuring as Method to Enhance the Functional Properties of Starch-Based...
DOI: http://dx.doi.org/10.5772/intechopen.101166

3. The multiphase polymeric systems based on starch can be structured by any
method by which the phenomena of the interface are controlled such as: for-
mulations, melt compounding parameters, the flow in the melted state to avoid
phenomena as nozzle swelling, shark skin and wall slip, incorporation of target
fillers and nano-fillers, incorporation of gaseous phase, the nature and intensity
of the homogenization in the melted state, etc. Some possibilities to structure
some starch-PVOH compounds are deepened.

4.Structuring of multiphase systems based on starch by reactive compatibilization
is connected with designing of the formulation and choosing of the melt com-
pounding conditions which make possible the chemical bonding of dispersed
phases and the base polymeric matrix and, in this way, the increasing of miscibil-
ity and the level of functional properties so that to be possible the application in
sustainable fields of the new obtained starch-based materials.

Acknowledgements

The work on this paper was supported by the Government of Romania, Ministry
of Research and Innovation, Project funded by cohesion funds of the European
Union Project: P_40_352, SECVENT 81/2016, “Sequential processes of closing the
side streams from bioeconomy and innovative (bio) products resulting from it”,
Subsidiary project 1480/2019 and project supported the Romanian Ministry of
Research and Innovation, CCCDI - UEFISCDI, project number no. 23N/2019.

Conflict of interest

The authors declare no conflict of interest.

161



Starch - Evolution and Recent Advances

Author details

Doina Dimonie™, Mircea Filipescul, Mihai Dragne2’3, Alina Mustatea®?
and Nicoleta Dragomir"

1 National Institute for Research and Development in Chemistry and Petrochemistry-
ICECHIM, Bucharest, Romania

2 “Applied Chemistry and Materials Science” Doctoral School, Politehnica University
of Bucharest, Gheorghe Polizu, Bucharest, Romania

3 PROMATERIS SA, Bucharest, Romania
*Address all correspondence to: ddimonie@yahoo.com

IntechOpen

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

162



Micro and Nano Structuring as Method to Enhance the Functional Properties of Starch-Based...

DOI: http://dx.doi.org/10.5772/intechopen.101166

References

[1] Bos H, Elbersen W, Cadérniga
Valifio C, Alexopoulou E. Market
Demand for Non-Food Crops. 1998.
Available from: http://www.cres.gr/
crops/pdf/wp6/Final%20Report%20
WP6%20Scenarios%20v%20
31-01-2011.pdf

[2] Elbersen HW, van der Zee M, Bos HL.
The role of 4F crops in EU27 under
contrasting future scenarios—Final
report on WP6. November 2010.
Available from: http://www.cres.gr/
crops/pdf/intranet-wpl/WP1_D3_
MARKETS.pdf

[3] Zarski A, Bajer K, Kapus$niak J.
Review of the most important methods
of improving the processing properties
of starch toward non-food applications.
Polymers. 2021;13:832. DOI: 10.3390/
polym13050832

[4] Mark JE. Polymer Data Handbook.
New York: Oxford University Press, Inc.;
1999. ISBN: 0195107896 9780195107890

[5] McMurry JE. Organic Chemistry.
Pacific Grove: Cole Publishing Co.;
1992

[6] Kim Y-K, Rudd ME. Binary-
encounter-dipole model for electron-
impact ionization. Physical Review.
1994;50(5):3954. DOI: 10.1103/
PhysRevA.50.3954

[7] Lee SY. Plastic bacteria? Progress and
prospects for polyhydroxyalkanoate
production in bacteria. Trends
Biotechnology. 1996;14:431. DOI:
10.1016/0167-7799(96)10061-5

[8] Colonna P. La chimie verte. Paris:
Editions TEC&DOC Lavoisier; 2005.
ISBN 10: 2-7430-0834-2, ISBN 13:
978-2-7430-0834-5

163

[9] Struik LCE. Physical Aging in
Amorphous Polymers and Other
Materials. New York: Elsevier Scientific
Publishing Company; 1978

[10] Wilfer PB, Giridaran G,
JeevahanJJ, Joseph GB, G. Kumar S,
Thykattuserry NJ. Effect of starch type
on the film properties of native starch
based edible films. Materials Today:
Proceedings. 2021;44(5):3903-3907.
DOI: 10.1016/j.matpr.2020.12.1118

[11] Shanks, Robert & Kong, Ing.
Thermoplastic Starch. 2012. DOI:
10.5772/36295

[12] Yazid NSM, Abdullah N,
Muhammad N, Matias-Peralta HM.
Application of starch and starch-based
products in food industry. Journal of
Science and Technology. 2018;10(2):
144-174. DOI: 10.30880/jst.2018.
10.02.023

[13] Nayak PL. Biodegradable polymers:
Opportunities and challenges. Journal of
Macromolecular Science. 1999;39:481-
505. DOI: 10.1081/MC-100101425

[14] Doane WM. Starch: Renewable raw
material for the chemical industry.
Journal of Coatings Technology.

1978;50(636):88

[15] Ojogbo E, Ogunsona EO,
Mekonnen TH. Chemical and physical
modifications of starch for renewable
polymeric materials. Materials Today
Sustainability. 2020;7-8. DOI: 10.1016/j.
mtsust.2019.100028

[16] Boudenne A, Ibos L, Candau ,
Thomas S. Handbook of Multiphase
Polymer Systems. John Wiley & Sons
Ltd; 2011. ISBN:978-0-470-71420-1



Starch - Evolution and Recent Advances

(17] Dimonie D. Multipahase Polymeric
Materials—Micro-and Nano-
Structurated. Bucharest: Politehnica
Press; 2019. ISBN: 978-606-515-893-1

[18] Barzic Al, Ioan S. Multiphase
Polymer Systems. In: Micro- to
Nanostructural Evolution in Advanced
Technologies. CRC Press; 2019. ISBN:
9780367876531

[19] Harrats C, Thomas S, Groeninckx G.
Micro- and Nanostructured Multiphase

Polymer Blend Systems. CRC Press; 2005.

ISBN: 0-8493-3734-8

[20] Work W], Horie K, Hess M,

Stepto RFT. Definitions of terms related
to polymer blends, composites, and
multiphase polymeric materials (IUPAC
recommendations). Pure and Applied
Chemistry. 2004;76(11):1985-2007. DOL:
10.1351/pac200476111985

[21] Utraki LA. Polymers alloys and
blends. State of art. Polymer Networks
and Blends. 1991;1(2):61-69

[22] Utraki LA. Polymer blends
technology. International Journal of
Petroleum Science and Technology.
1994;10:125-133

[23] Fernandez ML. Demixing in polymer
blends. Scientific Progress Oxford.
1990;74:257-277

[24] Stroble G. The Physics of Polymers:
Concepts for Understanding their
Structures and Behavior. Berlin,
Heidelberg: Springer; 1996

[25] Hatsua I. Miscibility. In:
Encyclopedia of Polymer Science and
Engineering. John Wiley &Sons

Inc.; 1989

[26] Boudenne A. Handbook of
Multiphase Polymer Systems. Wiley;
2012. ISBN: 978-0-470-71420-1

164

[27] Tager AA, Blinov VS.
Thermodynamic compatibility of
polymers. Russian Chemical Reviews.

1987;56:579

(28] Paul DR. Polymer blends. Journal of
Macromolecular Science Reviewers in

Macromolecular Chemistry.
1980;18(1):109-168

[29] Garton A. Infrared Spectroscopy of
Polymer Blends Composites and
Surfaces. Carl Hanser Verlag, Munich
Publishers; 1992. ISBN: 3-446-17136-3

[30] Malwitz MM, Lin-Gibson S,

Hobbie EK, Butler PD, Schmidt GJ.
Orientation of platelets in multilayered
nanocomposites polymer films. Polymer
Science part B Polymer Physics.
2003;41:3237

[31] Dimonie D, Kelnar I, Socoteanu R,
Darie RN, Pop FS, Zaharia C. The
influence of miscibility and micro-
structure on the surface defects of some
starch bio-hybrides. Materiale Plastice.
2010;47(4):486-491

[32] Taguet A, Cassagnau P,
Lopez-Cuesta JM. Structuration,
selective dispersion and compatibilizing
effect of nanofillers in polymer blends.
Progress in Polymer Science.
2014;39:1526-1563. DOI: 10.1016/j.
progpolymsci.2014.04.002

[33] Prentice P. Rheology and its role in
plastics processing. Rapra. 1995;7(12):25

[34] Ralph H. Colby, melt viscosity-
molecular weight relationship for linear
polymers. Macromolecules.
1987;20:2226-2237. DOI: 10.1021/
ma00175a030

[35] Takeo A, Qui T-C, Mitsubishi S.
Structure and Properties of Multiphase
Polymeric Materials. CRC Press; 1998.
ISBN: 0-8247-0142-9



Micro and Nano Structuring as Method to Enhance the Functional Properties of Starch-Based...

DOI: http://dx.doi.org/10.5772/intechopen.101166

[36] Wu C-S, Liao H-T. Influence of a
compatibilizer on the properties of
polyethylene—octene elastomer/starch
blends. Journal of Applied Polymer
Science. 2002;86:1792-1798. DOI.:
10.1002/app.11199

[37] Russell CA. Effect of stearate
processing aids upon polypropylene
stability. Polymer Engineering &
Science. 1965;5(2):84-89. DOI: 10.1002/
pen.760050204

[38] Gachter R, Muller H. Plastics
Additives Handbook: Stabilizers,
Processing Aids, Plasticizers, Fillers,
Reinforcements, Colorants for
Thermoplastics. Vol. 754. United States
of America: Oxford University Press;
1987. ISBN: 978-3446156807

[39] Sperling LH, Mishra V. Polymeric
Multicomponent Materials. New York:
Wiley-Interscience Publication, John
Wiley & Sons Inc; 1997. pp. 1-25

[40] Mekonnen T, Mussone P. Progress in
bio-based plastics and plasticizing
modifications. Journal of Materials
Chemistry A. 2013;1:13379-13398. DOLI:
10.1039/C3TA12555F

[41] Dimonie D, Petrache M, Damian C,
Anton L, Musat M, Dima §-O, et al. New
evidences on the process sensitivity of
some renewable blends based on starch
considering their melt rheological
properties. International Journal of
Polymer Science. 2016:1-10. DOI:
10.1155/2016/7873120

[42] Dimonie D, Musat M, Doncea SM,
Damian CM, Anton L, Vasile E, et al.
Controlling the melt resistance to flow as
a possibility of improving the miscibility
and the time behavior of some blends
based on starch. International Journal of
Polymer Science. 2015:1-12. DOI:
10.1155/2015/582901

165

[43] Diyana ZN, Jumaidin R, Selamat MZ,
Ghazali I, Juimohammad N, Huda N,

et al. Physical properties of thermoplastic
starch derived from natural resources
and its blends: A review. Polymer.
2021;13(9):1396. DOI: 10.3390/
polym13091396

[44] Mironescu M, Lazea-Stoyanova A,
Barbinta-Patrascu ME, Virchea L-I,
Rexhepi D, Mathe E, et al. Green design
of novel starch-based packaging
materials sustaining human and
environmental health. Polymers.
2021;13(8):1190. DOI: 10.3390/
polym13081190

[45] Encalada K, Aldds MB, Proafio E,
Valle V. An overview of starch-based
biopolymers and their biodegradability.
Revista Ciencia e Ingenierfa. 2018;39(3):
245-258

[46] Bangar SP, Whiteside WS. Nano-
cellulose reinforced starch bio composite
films- A review ongreen composites.
International Journal of Biological
Macromolecules. 2021;185:849-860.
DOI: 10.1016/j.ijpbiomac.2021.07.017

[47] Bulatovi¢ VO, Mandié¢ V, Grgi¢ DK,
Ivanci¢ A. Biodegradable polymer blends
based on thermoplastic starch. Journal of
Polymers and the Environment.
2021;29:492-508. DOI: 10.1007/
s10924-020-01874-w

[48] Dammak M, Fourati Y, Tarrés Q,
Delgado-Aguilar M, Mutjé P, Boufi S.
Blends of PBAT with plasticized starch
for packaging applications: Mechanical
properties, rheological behaviour and
biodegradability. Industrial Crops and
Products. 2020;144. DOI: 10.1016/j.
indcrop.2019.112061

[49] Tai NL, Ghasemlou M, Adhikari R,
Adhikari B. Starch-based isocyanate- and
non-isocyanate polyurethane hybrids: A
review on synthesis, performance and



Starch - Evolution and Recent Advances

biodegradation. Carbohydrate Polymers.
2021;265:118029. DOI: 10.1016/j.
carbpol.2021.118029

[50] Lopez-Gil A, Rodriguez-Perez MA,
De SajaJA. Strategies to improve the
mechanical properties of starch-based
materials: Plasticization and natural
fibers reinforcement. Polimeros.
2014;24:36-42. DOI: 10.4322/
polimeros.2014.053

[51] Jiang T, Duan O, Zhu J, Liu H, Yu L.
Starch-based biodegradable materials:
Challenges and opportunities. Advanced
Industrial and Engineering Polymer
Research. 2020;3(1):8-18. DOI: 10.1016/j.
aiepr.2019.11.003

[52] Xie F, Halley PJ, Avérous L. Rheology
to understand and optimize
processibility, structures and properties
of starch polymeric materials. Progress in
Polymer Science. 2012;37(4):595-623.
DOI: 10.1016/j.progpolymsci.2011.
07.002

(53] Pérez MA, Rivas BL,
Rodriguez-Llamazares S. Polypropylene/
starch blends. Study of thermal and
morphological properties. Journal of the
Chilean Chemical Society. 2013;58:
1643-1646. DOI: 10.4067/
§0717-97072013000100030

[54] Xie F, Liu P, Yu L. Chapter 10—
Processing of Plasticized Starch-Based
Materials: State of the Art and
Perspectives. In: Halley PJ, AvérousL,
editors. Starch Polymers: From Genetic
Engineering to Green Application.
Elsevier; 2014. pp. 257-289. DOI: 10.1016/
B978-0-444-53730-0.00024-5

[55] Mahieu A, Terrié C, Agoulon A,
Leblanc N, Youssef B. Thermoplastic
starch and poly(e-caprolactone) blends:
Morphology and mechanical properties
as a function of relative humidity. Journal

166

of Polymer Research. 2013;20:229.
DOI: 10.1007/s10965-013-0229-y

[56] Pushpadass HA, Bhandari P,

Hanna MA. Effects of LDPE and glycerol
contents and compounding on the
microstructure and properties of starch
composite films. Carbohydrate Polymers.
2010;82(4):1082-1089. DOI: 10.1016/j.
carbpol.2010.06.032

[57] Matzinos P, Bikiaris D, Kokkou S,
Panayiotou C. Processing and
characterization of LDPE/starch
products. Journal of Applied Polymer
Science. 2001;79(14):2548-2557. DOI:
10.1002/1097-4628(20010401)79:
14<2548::AID-APP1064>3.0.C0O;2-3

[58] Van Soest JJG, Vliegenthart JFG.
Crystallinity in starch plastics:
Consequences for material properties.
Trends in Biotechnology. 1997;15(6):
208-213. DOI: 10.1016/50167-7799
(97)01021-4

[59] Burmistrov VA, Lipatova IM,
Losev NV, Rodicheva JA, Koifman OI.
Influence of the composition and high
shear stresses on the structure and
properties of hybrid materials based on
starch and synthetic copolymer.
Carbohydrate Polymers. 2018;196:368-
375. DOI: 10.1016/j.carbpol.2018.05.056

[60] Liu H, Xie F, YuL, ChenL, LiL.
Thermal processing of starch-based
polymers. Progress in Polymer Science.
2009;34(12):1348-1368. DOI: 10.1016/j.
progpolymsci.2009.07.001

[61] LiuY, ChenX, XuY, XuZ, Li H,

Sui Z, et al. Gel texture and rheological
properties of normal amylose and waxy
potato starch blends with rice starches
differing in amylose content.
International Journal of Food Science
and Technology. 2021;56:1946-1958.
DOI: 10.1111/ijfs.14826



Micro and Nano Structuring as Method to Enhance the Functional Properties of Starch-Based...

DOI: http://dx.doi.org/10.5772/intechopen.101166

[62] Giles HF, Wagner JR, Mount EM.
Extrusion: The Definitive Processing
Guide and Handbook. Plastics Design
Library. Norwich, NY: William Andrew
Pub; 2005

[63] Coserea RM, Dimonie D, Dimonie M,
Hubca G. Some aspects concerning the
rheology of biodegradable starch based
materials. University Politehnica of
Bucharest Scientific Bulletin Series
B-Chemistry and Materials Science.
2012;74(2):37-48

[64] Dimonie D, Damian C, Trusca R,
Rapa M. Some aspects conditioning the
achieving of filaments for 3D printing
from physical modified corn starch.
Materiale Plastice. 2019;56(2):351-359

[65] Dimonie D, Petre D, Vasilievici G.
Polyvinyl alcohol melt processing.
Journal of Elastomers and Plastics.
2007;39:181-194. DOI: 10.1177/
0095244306071978

[66] Fourati Y, Tarrés Q, Mutjé P, Boufi S.
PBAT/thermoplastic starch blends: Effect
of compatibilizers on the rheological,
mechanical, and morphological
properties. Carbohydrate Polymers.
2018;199:51-57. DOI: 10.1016/j.
carbpol.2018.07.008

[67] Mochane MJ, Sefadi JS,
Motsoeneng TS, Mokoena TE,
Mofokeng TG, Mokhena TC. The effect
of filler localization on the properties of
biopolymer blends, recent advances: A
review. Polymer Composites.
2020;41:2958-2979. DOI: 10.1002/
pc.25590

[68] Maliger RB, McGlashan SA, Halley PJ,
Matthew LG. Compatibilization of
starch-polyester blends using reactive
extrusion. Polymer Engineering and
Science. 2006;46(3):248-263. DOL:
10.1002/pen.20479

167

[69] Schwach E, Avérous L. Starch-based
biodegradable blends: morphology and
interface properties. Polymer
International. 2004;53(12):2115-2124.
DOI: 10.1002/pi.1636

[70] Davoodi S, Oliaei E, Davachi SM,
Hejazi I, Seyfi ], Heidari BS, et al.
Preparation and characterization of
interface-modified PLA/starch/PCL
ternary blends using PLLA /triclosan
antibacterial nanoparticles for medical
applications. RSC Advances.
2016;6:39870-39882. DOI: 10.1039/
C6RA07667]

[71] Imre B, Garcia L, Puglia D,

Vilaplana F. Reactive compatibilization
of plant polysaccharides and biobased
polymers: Review on current strategies,
expectations and reality. Carbohydrate
Polymers. 2019;209:20-37. DOI: 10.1016/j.
carbpol.2018.12.082

[721 HuH, Xu A, Zhang D, Zhou W,
Peng S, Zhao X. High-toughness poly
(lactic acid)/starch blends prepared
through reactive blending plasticization
and compatibilization. Molecules.
2020;25(24):5951. DOI: 10.3390/
molecules25245951

[73] Shin BY, Narayan R, Lee SI, Lee TJ.
Morphology and rheological properties
of blends of chemically modified
thermoplastic starch and
polycaprolactone. Polymer Engineering
and Science. 2008;48(11):2126-2133.
DOI:10.1002/pen.21123

[74] Marinho VAD, Pereira CAB,

Vitorino MBC, Silva AS, Carvalho LH,
Canedo EL. Degradation and recovery in
poly(butylene adipate-co-terephthalate)/
thermoplastic starch blends. Polymer
Testing. 2017;58:166-172. DOI: 10.1016/].
polymertesting.2016.12.028

[75] Hwang SW, Shim JK, Selke S,
Soto-Valdez H, Rubino M, Auras R.



Starch - Evolution and Recent Advances

Effect of maleic-anhydride grafting on
the physical and mechanical properties
of poly (L-lactic acid)/starch blends.
Macromolecular Materials and
Engineering. 2013;298:624-633. DOI:
10.1002/mame.201200111

[76] Jang WY, Shin BY, Lee TJ, Narayan R.
Thermal properties and morphology of
biodegradable PLA/starch compatibilized
blends. Journal of Industrial and
Engineering Chemistry. 2007;13(3):
457-464

[77] Lendvai L, Brenn D. Mechanical,
morphological and thermal
characterization of compatibilized poly
(lactic acid)/thermoplastic starch blends.
Acta Technica Jaurinensis. 2020;13(1):1-
13. DOI: 10.14513/actatechjaurv13.n1532

(78] Bher A, Uysal Unalan I, AurasR,
Rubino M, Schvezov C. Toughening of
poly(lactic acid) and thermoplastic
cassava starch reactive blends using
graphene nanoplatelets. Polymers.
2018;10:95. DOI: 10.3390/
polym10010095

[79] Madhumitha G, Fowsiya ], Mohana
Roopan S, Thakur VK. Recent advances in
starch—clay nanocomposites. International
Journal of Polymer Analysis and
Characterization. 2018;23(4):331-345.
DOI: 10.1080/1023666X.2018.1447260

[80] Avella M, Vlieger JJ, Errico ME,
Fischer S, Vacca P, Volpe MG.
Biodegradable starch/clay nanocomposite
films for food packaging applications.
Food Chemistry. 2005;93(3):467-474.
DOI: 10.1016/j.foodchem.2004.10.024.
AGR:IND43721001

[81] Garcia NL, Ribba L, Dufresne A,
Aranguren M, Goyanes S. Effect of
glycerol on the morphology of
nanocomposites made from
thermoplastic starch and starch

168

nanocrystals. Carbohydrate Polymers.
2011;84(1):203-210. DOI: 10.1016/j.
carbpol.2010.11.024

[82] Xie F, Pollet E, Halley PJ, Avérous L.
Advanced Nano-Biocomposites Based on
Starch. In: Ramawat K, Mérillon JM,
editors. Polysaccharides. Cham:
Springer; 2014

[83] Hietala M, Mathew AP, Oksman K.
Bionanocomposites of thermoplastic
starch and cellulose nanofibers
manufactured using twin-screw
extrusion. European Polymer Journal.
2013;49(4):950-956. DOI: 10.1016/j.
eurpolym;j.2012.10.016

[84] Boonprasith P, Wootthikanokkhan J,
Nimitsiriwat N. Mechanical, thermal,
and barrier properties of nanocomposites
based on poly(butylene succinate)/
thermoplastic starch blends containing
different types of clay. Journal of Applied
Polymer Science. 2013;130:1114-1123.
DOI: 10.1002/app.39281

[85] Garcia NL, Ribba L, Dufresne A,
Aranguren MI, Goyanes S. Physico-
mechanical properties of biodegradable
starch nanocomposites. Macromolecular
Materials and Engineering.
2009;294:169-177. DOI: 10.1002/
mame.200800271

[86] McGlashan SA, Halley P]J.
Preparation and characterisation of
biodegradable starch-based
nanocomposite materials. Polymer
International. 2003;52:1767-1773. DOI:
10.1002/pi.1287

[87] Vasile C, Stoleriu A, Popescu M-C,
Duncianu C, Kelnar I, Dimonie D.
Morphology and thermal properties of
some green starch/poly (vinyl alcohol) /
montmorillonite nanocomposites.
Cellulose Chemistry and Technology.
2008;42(9-10):549-568



Micro and Nano Structuring as Method to Enhance the Functional Properties of Starch-Based...

DOI: http://dx.doi.org/10.5772/intechopen.101166

[88] Dimonie D, Radovici C, Vasilievici G,
Popescu MC, Garea S. The dependence of

the XRD Morphology of some
bionanocomposites on the silicate
treatment. Journal of Nanomaterials.
2008;2008:1687-4110. DOI:
10.1155/2008/538421

[89] Dimonie D, Radovici C, Zaharia C,
Vasilievici G, Stoleriu A. Comportarea
termica a nanocompozitelor
biodegradabile pe baza de alcool
polivinilic si amidon. Materiale Plastice.
2006;43(2):132-137

[90] Dimonie D, Radovici C, Trandafir I,
Pop FS, Dumitru I, Fierascu R, et al.
Some aspects concerning the silicat
delamination for obtaining polymeric
bio-hybrids based on starch. Revue
Roumaine de Chimie.
2011;56(7):685-690

[91] Dimonie D, Radovici C, Pop FS,
Socoteanu R, Petre C, Fierascu R, et al.
Approaches considering a better
incorporations of multylayers silicate
into a polymeric matrix designed for

bio-nano-materials obtaining. Nonlinear

Optics, Quantic Optics: Concept in
Modern Optics. 2012;44(2-3):137-148

[92] Dimonie D, Socoteanu R,

Doncea SM, Pop FS, Petrea C, FierascuR,

et al. Miscibility estimation of some
blends based on starch. E-Polymers.
2011;11(1):957-970. DOI: 10.1515/
epoly.2011.11.1.957

[93] Dimonie D, Kelnar I, Duncianu C,
Coserea RM, Pop FS, Dumitriu I, et al.
Some aspects concerning the surface
defects of green nanocomposites based
on renewable resources. In: Proceeding
of 16th Romanian International
Conference on Chemistry and Chemical
Engineering (16th RICCCE); September
9-12. Sinaia: Ed. Printech; 2009. ISBN
978-606-521-349-4

169

[94] Dimonie D. RO Compozite
biodegradabile, pentru ambalaje
nealimentare si procedeu de obtinere a
acestora. Patent No. 121692/28.02.2008






Chapter11

Starch-Based Hybrid
Nanomaterials for Environmental
Remediation

Ashoka Gamage, Thiviya Punniamoorthy
and Terrence Madhujith

Abstract

Environmental pollution is becoming a major global issue with increasing
anthropogenic activities that release massive toxic pollutants into the land, air, and
water. Nanomaterials have gained the most popularity in the last decades over conven-
tional methods because of their high surface area to volume ratio and higher reactivity.
Nanomaterials including metal, metal oxide, zero-valent ions, carbonaceous nano-
materials, and polymers function as adsorbents, catalysts, photocatalysts, membrane
(filtration), disinfectants, and sensors in the detection and removal of various pollut-
ants such as heavy metals, organic pollutants, dyes, industrial effluents, and patho-
genic microbial. Polymer-inorganic hybrid materials or nanocomposites are highly
studied for the removal of various contaminants. Starch, a heteropolysaccharide, is a
natural biopolymer generally incorporated with other metal, metal oxide, and other
polymeric nanoparticles and has been reported in various environmental remediation
applications as a low-cost alternative for petroleum-based polymers. Therefore, this
chapter mainly highlights the various nanomaterials used in environmental remedia-
tion, starch-based hybrid nanomaterials, and their application and limitations.

Keywords: environmental remediation, hybrid nanomaterials, nanomaterials, starch,
starch-based hybrid nanomaterials

1. Introduction

Environmental pollution is becoming a serious global problem that society faces
today. Ongoing anthropogenic activities, extensive food and agriculture practices,
industrialization, and urbanization release huge amounts of pollutants into the
environment that can cause air, water, and land pollution, consequently threatening
to human, animal health, and ecosystem [1, 2]. These toxic pollutants can enter the
human body either through inhalation, ingestion, or absorption and adversely affect
health. Further, bioaccumulation of some heavy metals through the food chain and
persistent organic pollutants in biota and fishes poses a huge threat to humans and
wildlife and requires sustainable, efficient, and low-cost technologies to detect,
monitor, and remediate the hazardous pollutants [1].
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Different forms of pollutants are released into the environment; soil, water, and
air. Organic substances (pesticides, insecticides, fertilizers, oil spills, phenols, chloro-
form, hydrocarbons), heavy metals and metalloids (Cr**, Pb*, Co**, Cd*, Cu®*, Zn*,
Mn?*, Ni**, As, Hg), dyes, industrial effluents, sewage, as well as microbial pathogens
are few contaminants in soil and water. While, contaminants such as toxic gases
(nitrogen oxides, sulfur oxides, carbon oxides, ozone), suspended airborne particles,
and volatile organic compounds are found in the atmosphere [3, 4].

These contaminants in soil, water, and air are remediated by using different con-
ventional techniques, such as physical, chemical, and biological methods [4-6]. These
techniques may be used in combination with one another to remediate contaminated
sites. Adsorption (clay minerals, industrial wastes, biomass, biochar, activated
carbon, biopolymer), chemical treatments, bioremediation, coagulation and floccula-
tion, ion exchange, membrane-filtration, solidification/stabilization, electrokinetics,
and electrochemical treatments technologies have been used in heavy metal removal
from soil and water [7]. Bioremediation using microorganisms and plants helps to
detoxify or remove crude oil, heavy metal removal, and pesticide degradation from
soil and water [4, 5].

However, the majority of these conventional techniques are expensive, laborious,
environmentally destructive, time-consuming methods, also involved in the con-
sumption of chemicals and the generation of undesirable toxic by-products that are
hazardous to the environment. Further, complexities of the mixture of different com-
pounds, high volatility, and low reactivity of contaminants also limit the applications
in environmental remediation [3, 5, 8]. New environmental remediation technologies
are constantly being explored, and recent studies have focused on developing new
environmental remediation technologies using various nanomaterials [3].

2. Nanotechnology in environmental remediation
2.1 Nanotechnology and its advantages and applications

Nanotechnology has gained much attention in environmental remediation over
the last few decades [1]. Nanotechnology is an advanced technology that works on the
material in nanometer scale (1-100 nm) and produces materials, devices, and systems
with specific and novel properties and functions by controlling the size and the
shape of matters [1, 4, 9]. The nanomaterials are broadly categorized as organic and
inorganic nanomaterials. Some literatures is classified based on materials used in the
synthesis process; inorganic (metal, metal oxide, zero-valent metals), carbon-based
[graphene, carbon nanotubes (CNTs)], polymer-based (dendrimers or polyamido-
amine), and composite based nanomaterials [3, 10].

Nanomaterials have several advantages in environmental remediation over
conventional methods; cost-effective, simple to use, energy conservative, sustainable,
and more effective methods. Due to the properties such as smaller size (1-100 nm)
and higher surface area to volume ratio of nanomaterials, they provide more reaction
surface area, which increases reactivity and thus its sensitivity and effectiveness.
Nanoparticles have a high sorption capacity for inorganic and organic compounds
because of their specific characteristics; large surface area, an increased number of
surface activation sites, a good affinity to other species [11]. Further, nanotechnology
helps in the development of remediation technologies that are specific and efficient
for a particular pollutant [3, 9].

172



Starch-Based Hybrid Nanomaterials for Environmental Remediation
DOI: http://dx.doi.org/10.5772/intechopen.101697

Nanotechnology has potential applications in many fields, including food and
agriculture, packaging, pharmaceutical, drug delivery, energy, and pollution treat-
ment [1, 12]. Of which, the application of nanotechnology in pollution control and
environmental remediation has gained popularity over the last decade; wastewater
treatment, cleaning groundwater, and remediation of soil contaminated with pollut-
ants. In the field of environment, nanotechnology has been used in pollution detec-
tion (sensing and detection), prevention of pollution, and purification/remediation
of contamination [9]. Thus, nanotechnology provides a sustainable solution to the
global challenges of protecting water, soil and providing cleaner air [13].

2.2 Nanomaterials in environmental remediation

Various nanomaterials such as inorganic, carbonaceous nanomaterials, polymer-
based nanomaterial are used in environmental remediation (air, soil, and water)
as adsorbents, catalyst, photocatalyst, membrane (filtration), disinfectants, and
sensors [1, 3, 14].

Metal (silver, gold), metal oxides (iron oxides, TiO,, MgO, Fe,0;, AL,03), and
zero-valent metals (Fe’, Zn®, Sn°, and Al°) based nanoparticles are mostly studied for
environmental remediation including disinfection of water, treatment of drinking
water, groundwater, wastewater, and air, because of their adsorption, antibacterial,
antimicrobial, photocatalytic, reductive dehalogenation, desulfurization, and catalytic
reduction activities [3, 15, 16]. Carbonaceous materials in different structural configu-
rations; fullerene, single-walled carbon nanotubes (SWCNTs), multi-walled carbon
nanotubes (MWCNTs), and graphene and used in the removal of organic and inorganic
contaminants from air and water due to its adsorption and photocatalytic property [3].

Nanoscale zero-valent iron (nZVI) is the most widely studied nanoparticle in soil
remediation [12] and is used for reductive immobilization of heavy metals in soil
that decreases the bioavailability and mobility of heavy metals and prevents leaching
into groundwater and transfers to the food chain [1]. Further, nanomaterials such as
nanoparticles (NPs) (metal; Au, Ag, Fe, bimetal; Fe/Ni, Ag/Cu, metal oxides; TiO,,
ZnO, Fe,0;3), nanotubes (carbon nanotubes, halloysite nanotubes), and nanocom-
posites (graphene oxide) have been reported to utilize in detection, degradation, and
removal by adsorption of pesticides [17].

Emission of greenhouse gases (carbon dioxide, methane, nitrous oxide, and fluori-
nated gases), volatile organic compounds (ethylene, aniline, benzene), are controlled
either by separation or capturing, such as filtration, absorption in liquids, adsorption
on solids, or a combination of these processes. In addition, bioaerosols (aerosols of
biological origin such as viruses, bacteria, and fungi), an indoor air pollutant, can
rapidly spread with airflow and can cause numerous diseases, including infections
and allergies. The air filtration process using antimicrobial materials such as Ag NPs,
Cu NPs, CNTs, and natural products is the most applied and effective technique to
remove bioaerosols [1].

Various nanomaterials have also been studied for the treatment of drinking water
and industrial wastewater, including adsorbents (nZV1I or Fe, MnO, ZnO, MgO,

Al 03, TiO,, Magnetite or Fe;04, CNT), photocatalysts (ZnO, TiO,, metal-based
nanocomposites such as Ag/Zn0O and Pt/ZnO, CdS, ZnS: Cu, CdS: Eu, CdS: Mn),
electrocatalysts (Pt, Pd, Au/metal oxides TiO,, MgO, Fe,0;, Al,0;), nano-membranes
(MWCNTs, electrospun PVDF, PVC, sodium titanate nanobelt membrane), disinfec-
tants with antibacterial effects (Ag NPs, chitosan NPs, TiO,), nanosensors (Au NPs,
Ag NPs) [14, 16, 18].
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2.3 Hybrid nanomaterials

The term hybrid refers to fusion, joining, or mixing of characteristics at the
molecular level, which generates a hybrid material owning the effective functional-
ity of single components and eliminates undesirable characteristics [19, 20]. In this
context, hybrid nanomaterials are defined as materials that are made up of two or
more organic or inorganic components such as organic-organic (starch-cellulose),
inorganic-inorganic (TiO,-Ag), and organic-inorganic (starch-TiO,) compounds,
connected at the nanometer scale, combine the intrinsic characteristics of its individ-
ual constituents to additional properties due to synergistic effects between the com-
ponents [21, 22]. These hybrid materials are synthesized by different methods such
as covalent immobilization, electrostatic binding, polymerization methods, among
others [21]. The properties of the hybrid material vary with the material (organic or
inorganic), structure, and different component interface, and the optimum com-
bination can enhance mechanical strength and thermosensitivity, improve thermal
and chemical stability, and regulate optical, anticorrosive, magnetic, electrical, and
thermal properties as well as fire retardancy [23]. Because of their excellent mechani-
cal, physical, and tribological characteristics, hybrid nanomaterials are widely used in
the area of food packaging, plant protection, electrochemistry, and various additional
applications in the environmental, biotechnological, and agri-food sectors [19].

Generally, hybrid materials are classified into two categories depending on the

intra- and intermolecular interactions among the organic matrix and cross-linking
agent [21, 23];

1.Class I (organic and inorganic exhibiting weaker interactions such as noncova-
lent interactions; van der Waals and hydrogen bonding).

2.Class II (organic and inorganic exhibiting strong interactions such as covalent,
ionic, ionocovalent, and coordinative bonding).

“Polymer-based composites” or “nanocomposites” can be defined as hybrid
organic-inorganic composites when incorporating either component in nanoscale and
generally obtained by incorporation of a small quantity of an inorganic component
into an organic or a polymer matrix in order to form a new component with enhanced
properties [24]. The “bio-nano composites” are the materials that comprise particles
with at least one dimension in the range of 1-100 nm and a constituent(s) of the
biological origin or maybe biopolymers.

Biopolymers (natural polymers) have received much attention in recent last
decades due to their abundance, low toxicity, low cost, biodegradability, biocompat-
ibility, and multiple functionalities [25]. A variety of biopolymers such as polysac-
charides (cellulose, chitin, chitosan, pectin, starch, dextran, xanthan, guar gum,
fucoidan, heparin, hyaluronan, and pullulan), proteins (albumin, casein, collagen,
fibrinogen, and gelatin), polylactic acid (PLA), and nucleic acids have been used as
alternative eco-friendly materials to replace synthetic polymers or petroleum-based
polymers (PP, PE, and epoxies) partially or even totally [25-27]. Polysaccharide-
based hybrid nanocomposites have become increasingly essential materials over the
past decades [25, 27]. Many studies have reported the application of polysaccharide-
based nanocomposites (natural polymer) in various fields such as food, biomedical,
ecofriendly and sustainable food packaging, and environmental pollution control
and remediation [28-30].
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Due to the poor barrier, mechanical, and processing properties, natural polymers
(biopolymers) are incorporated with other synthetic polymers or nanomaterials to
improve their properties and applications [31]. Polysaccharides such as cellulose,
chitin, chitosan, and starch are the most studied biopolymers and used in biodegrad-
able nanocomposites with metal nanoparticles (Au, Ag, Cu, and Pd), metal oxide
nanoparticles (Ti0,, ZnO, CuO, Cu,0, SiO,, Fe;0s, and Fe;0,) and carbon nanomate-
rials (graphene and carbon nanotubes, CNTs) [25].

3. Starch hybrid nanomaterials for environmental remediation
3.1 Starch

Starch, a natural, abundant, renewable, biocompatible, and biodegradable
biopolymer, is naturally found in many plants as the primary source of energy and
reserved in many parts of plants such as stalks, stems, roots, tubers, and seeds; main
sources being cassava, wheat, rice, barley, maize or corn, banana, and potatoes,
among others. Starch is a heteropolysaccharide that comprises D-glucose monomers
joined with glycosidic bonds and can be denoted as (CsH19Os),, with the basic chemi-
cal formula. Starch is a heteropolysaccharide composed of two types of macromol-
ecules: linear amylase (around 10-30% of starch granule) and branched amylopectin
(remaining 70-90% of starch granule). Amylose is a linear polysaccharide chain of
D-glucose units linked by a-(1,4)-glycosidic bond with a degree of polymerization in
arange of 300-10,000. Amylopectin is a very high-molecular-weight polymer with
a backbone structure of amylase cross-linked through a-(1,6) glycosidic bonds. The
basic structure of amylose and amylopectin are shown in Figure 1 [25, 32, 33].

3.2 Starch hybrid nanomaterials

Starch-based nanocomposites have wide applications in the fields of food and
agriculture, packaging, biomedical, and environmental remediation as emulsion
stabilizers, fat replacers, flexible films, carriers of bioactive compounds, drug deliv-
ery, and adsorbents in sewage treatment or wastewater treatment [34-36]. Starch
nanoparticles are usually smaller than 300 nm in dimension with a high specific
surface area. The various forms of starch-based nanoparticles are starch nanopar-
ticles, starch nanospheres, starch micelles, starch vesicles, starch nanogels, and starch
nanofibers [36].

Starch is a natural polymer, gained much attention because of its renewability, bio-
degradability, abundance, eco-friendly, relatively low cost, non-toxic, high adsorptive
capacities, amenable to various chemical modifications, and cohesive film-forming
properties. Starch molecules can bind with the heavy metal ions or contaminants
through the functional (hydroxyl) groups on the starch structure [37, 38]. Further,
high amylopectin content in starch has powerful swelling properties that are impor-
tant in sorption-based applications [39]. In most published works, carbohydrates have
been used as reducing, stabilizing, and/or complexing agents [40].

However, starch in a pure or native form has drawbacks such as poor processabil-
ity, high brittleness, susceptibility to retrogradation, high viscosity, low adsorption
capacity, and greater hydrophilicity or high-water absorption capacity, which limits
its many applications in the environmental field. To overcome this problem and to
obtain water-insoluble materials, starch is modified by physically [hydrothermal
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Figure 1.

Structures of starch: (a) amylose and (b) amylose pectin.

processing (i.e. gelatinization)] or chemically (etherification, esterification, cross-
linking, grafting, oxidation, and enzymatic hydrolysis) or a combination of these
two methods [41-44]. Polysaccharides exhibit a great number of reactive hydroxyl
groups, which can be exploited for direct esterification, etherification, and various
chemical modifications [41].

Starch-based hybrid materials have numerous functionalities and/or novel proper-
ties due to the interactions between the individual constituents, mostly associated
with synergetic effects, and have been reported in environmental remediation
applications [25]. Several starch-based composites have been reported to have a
remarkable adsorption tendency for the removal of heavy metals and dyes [45].

3.3 Starch-based hybrid nanomaterials in environmental remediation
3.3.1 Starch/metal or metal oxides or non-valent metals

Table 1 shows the recent examples of the combination of starch and different
metal, metal oxide, zero-valent metal, CNTs, and other polymers nanoparticles, such
as Au, Ag, Cu, Pd, ZnO, TiO,, nZVI, among others. Nanomaterials are widely used
to treat different contamination because of their high specific surface area to volume
ratio, rapid kinetics, and high reactivity. However, pure or unmodified nanoparticles
tend to agglomerate easily into larger particles that decrease the available specific
surface area and reactivity. To improve the colloidal stability of nanoparticles, surface
modification has been done by coating with various polymers. Of which starch is one
of the relatively cheap and green polysaccharides [53, 59].
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Starch hybrid nanomaterials Application Reference

Starch-stabilized Fe/Cu As* and As® removal from the [46]
contaminated water

Starch/Fe;0, Removal of perfluorooctanoic acid (PFOA) [47]
in soil and groundwater

Starch/nZVI Soil remediation—heavy metal removal, [48]
particularly Pband Zn

Starch/nZVI Removal of As* and As>* from aqueous [49]
solutions

Starch-modified nZVI Removal of Cr®* [50]

Starch/Sn0O, Water treatment—HgZ* [51]

Starch/TiO, Removal and determination of heavy metals [11]
such as Cd, Co, Cu, Pb, and Ni

Starch/glycidyl methacrylate Adsorption of Pb*, Cd**, Cu® and Cr** in [52]
wastewater

Modified tapioca starch coated nZVI Aqueous nitrate remediation [53]

Starch-Fe-Pd Water decontamination—trichloroethene [37]

Starch xanthate Water decontamination—Ni?*, Cu®*, Cr’"

Carboxymethyl starch Water decontamination—Pb*", Cd*", Cu®*

Polymerized starch with Water decontamination—dyes

epichlorohydrin

Starch/polyvinyl alcohol (PVA) Textile wastewater treatment—dye including [54, 55]
methylene blue (cationic dye), methylene
orange (anionic dye), starch, PVA

PVA/corn starch hydrogel Iron (Fe**) and arsenic (As*) removal in [56]
aqueous solution

Starch/TiO, Removal of dye from water/wastewater [32]

Starch-NiFe-layered double hydroxide Adsorption of anionic dye methyl orange [45]
(MO) from aqueous solution

Starch/poly (alginic acid-cl-acrylamide) Adsorption of coomassie brilliant blue R-250 [57]

nanohydrogel dye from the aqueous solution

Polyaniline/starch/hematite (PANI/ Wastewater remediation—adsorption of [38]

starch/Fe,0;3) different heavy metals, including As*, Zn*,
and Co? and antibacterial effect

MWCNT-starch-iron oxide Adsorbent for removing methyl orange [58]

(MO) and methylene blue (MB) from
aqueous solutions

Table 1.
Various starch-based hybrid nanomaterials and their applications in environmental remediation.

Rashid et al. reported that modified tapioca starch could be used as an effective
surface modifier for nZVI particles for aqueous nitrate removal [53]. Starch-stabilized
Fe/Cu nanoparticles in arsenic (As** and As’*) removal from the contaminated water
where Cu as a metal catalyst was incorporated with Fe® (nZVI) to form an iron bime-
tallic nanoparticle; then, the surface was modified to prevent the agglomeration [46].
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Well stabilized (dispersed) iron oxides nanoparticles offer greater specific surface area
and sorption capacity than the nanoparticles without any stabilizer towards a wide
range of pollutants. Starch-functionalized magnetite (Fe;04) nanoparticles showed
much higher As®* and As®* sorption capacity than pristine magnetite nanoparticles
[59]. Starch-stabilized Fe;0, nanoparticles can be used as a “green” adsorbent for the
effective removal of perfluorooctanoic acid (PFOA) in soil and groundwater [47].
Baysal et al. reported that starch-coated TiO, NPs can be successfully used as adsor-
bents for the removal and determination of heavy metals such as Cd, Co, Cu, Pb, and
Ni [11]. The starch-based SnO, nanocomposite material can be used as an adsorbent
for the removal of highly toxic Hg** metal ions from an aqueous medium [51].

3.3.2 Starch/carbon nanotubes (CNT5)

CNTs have gained increased attention in multidisciplinary studies because of
their unique physical and chemical properties. However, the hydrophobicity of CNTs
may limit their application. The hydrophilicity and biocompatibility of CNTs can
be improved by incorporating biopolymers such as starch in the composite system.
Incorporating CNTs with starch also helps to overcome the limitation of starch,

i.e. weak mechanical properties and poor long-term stability [60, 61]. MWCNT-
starch-iron oxide has been reported as a better adsorbent for removing anionic dye
methyl orange (MO) and cationic dye methylene blue (MB) from aqueous solutions
than MWCNT-iron oxide. The hydrophilic property of soluble starch improved the
hydrophilicity of MWCNTs and the dispersion of MWCNT-starch-iron oxide in

the aqueous solution. In addition, the increased contact surface between magnetic
MWCNT and dyes reduced the aggregates of MWCNTSs and facilitated the diffusion
of dye molecules to the surface of MWCNTs. Nanoparticles, ZnO, TiO,, or Ag or
their complex decompose the adsorbed organic contaminants on MWCNTs as the
photocatalysts [60].

3.3.3 Blending starch nanoparticles with different biopolymeric matrices

Starch-based hydrogels have a good adsorption capacity, which can be used for
wastewater treatment by removing various cationic or anionic dyes after modifica-
tion with functional groups [44]. The incorporation of starch into synthetic polymer
hydrogel networks improves their swelling and adsorption capacity [44]. Hydrogel as
an adsorbent is one of the best candidates for removing soluble dyes from an aqueous
solution. The study of methylene blue (MB) adsorption efficiency of NaOH-treated
starch/ acrylic acid hydrogel showed high dye-capturing coefficients, which increase
with the starch ratio and indicates the possibility of the hydrogels’ application for
removing dyes from aqueous solution. In which, starch can be a natural-polymer
superabsorbent because of a large number of hydrophilic groups (-OH) and other
benefits such as renewable, very cheap, and biodegradable [62]. Biodegradable
polymers, starch/cellulose nanowhiskers hydrogel composite, showed outstanding
adsorption capacity to be employed in the remediation of methylene blue contami-
nated wastewaters [63]. Pectin-starch magnetite hybrid nanoparticles could be
potential adsorbents for methylene blue dye with higher adsorption efficiency at a low
polymer concentration and starch-pectin ratio and can be used to recycle water from
the textile industry [58].
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3.4 Limitations and future studies for using starch hybrid nanomaterials in
environmental remediation

Increased nano-waste release in the environment, bioaccumulation, occupational
exposure, and nanotoxicity are the major problems associated with the increased
use of nanomaterials in environmental remediation. Nanoparticles incorporated in
starch-based hybrid nanomaterials such as Ag, Au, nZVI, TiO,, SiO,, ZnO, AL0;,
CNTs, metal chalcogenides (CdS, CdSe), polymeric nanoparticles, among others,
shows toxicity (acute or chronic) in high dose; growth inhibition of microalgae, dis-
ruption of membrane integrity, reactive oxygen species generation, oxidative stress,
genotoxicity, and mutagenicity up to reproduction impairment in aquatic species and
many health complications in human [41, 64-67].

Because of the very small size, nanoparticles are capable of entering the human
body by inhalation, ingestion via food, drink, and drugs, skin penetration, or injections
and they have the potential to interact with intracellular structures and macromolecules
for long periods [68]. Exposure to nanoparticles is associated with a range of acute and
chronic effects ranging from inflammation, exacerbation of asthma, and metal fume
fever to fibrosis, chronic inflammatory lung diseases, and carcinogenesis [64].

The effect of surface modification of nanoparticles such as nZVI is not clear. Sun
et al. reported that surface modifiers enhance the stability of the nZVI that either
increase the toxicity due to prolonged exposure to the living organisms or decrease
the toxicity via reducing the adhesion of nZVI to living organisms or preventing the
release of toxic ions. Starch stabilized nZVI produced higher phytotoxicity compared
to bare nZVI, this may be due to the higher dispersity, hydrophilicity, and anti-aggre-
gation of starch/nZVI that enhances their affinity to root surfaces and the oxidability
of the Fe’, forming a coating of insoluble Fe’* compounds on the root surface, and
thus interferes the absorption of water and nutrients [69].

In the future, attention will be given to the green synthesis of nanomaterials
because not all nanomaterials are produced in an eco-friendly way, as involves acid
hydrolysis in multiple steps. There are several systems and methods for the green
synthesis of nanoparticles, particularly enzymes, vitamins, microwave, bio-based
methods, and from plants and phytochemicals [67, 70]. Green synthesis of nanopar-
ticles using various natural sources, non-toxic solvents, and techniques (ultrasound,
microwave, hydrothermal, magnetic, and bioproduction by fungi and other micro-
organisms) promote eco-friendly, sustainable, less expensive, and free of chemical
contaminant production and applications [68].

Nano-wastes should be diluted and neutralized before disposal as they are extraor-
dinarily toxic, hazardous, and/or chemically reactive. Proactive nano-waste manage-
ment strategies need to be adopted to prevent long-term unintended consequences,
and, where possible, nano-waste should be recycled [64].

4. Conclusion
Remediation is the science of removal or reduction of pollutants from the environ-
ment using chemical or biological means. Starch-based hybrid materials are a cost-

effective and eco-friendly solution over petroleum-based polymers in environmental
remediation. Though starch is a natural polymer with many benefits, including
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renewability, biodegradability, abundance, eco-friendly, relatively low cost, non-
toxic, poor barrier, and mechanical properties, poor processability, high brittleness,
and high hydrophilicity are major drawbacks of raw starch. Therefore, starch is modi-
fied by physical and/or chemical methods, including gelatinization, etherification,
esterification, crosslinking, grafting, oxidation, and enzymatic hydrolysis.

Starch-based hybrid materials have numerous functionalities and/or novel
properties, mainly associated with synergetic effects and reported in environmental
remediation applications. Starches are incorporated with metal NPs, metal oxide
NPs, zero-valet metals, CNTs, and other polymers as reducing, stabilizing, and/or
complexing agents to remove various toxic contaminants such as heavy metal, organic
contaminants, and dye wastewater and groundwater.

In future studies, various natural starch sources, green synthesis of nanomaterials,
recyclability, and toxicity effect of nano-waste should be considered. Further devel-
opment of biodegradable starch-based hybrids and nanomaterials focusing on new
functional materials, processing technology, and cost reduction needs to be studied
for commercial application.
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