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Abstract: The large-scale industrial use of polysaccharides to obtain energy is one of the most
discussed subjects in science. However, modern concepts of biorefinery have promoted the diversifi-
cation of the use of these polymers in several bioproducts incorporating concepts of sustainability
and the circular economy. This work summarizes the major sources of agro-industrial residues,
physico-chemical properties, and recent application trends of cellulose, chitin, hyaluronic acid, inulin,
and pectin. These macromolecules were selected due to their industrial importance and valuable
functional and biological applications that have aroused market interests, such as for the production
of medicines, cosmetics, and sustainable packaging. Estimations of global industrial residue produc-
tion based on major crop data from the United States Department of Agriculture were performed for
cellulose content from maize, rice, and wheat, showing that these residues may contain up to 18%,
44%, and 35% of cellulose and 45%, 22%, and 22% of hemicellulose, respectively. The United States
(~32%), China (~20%), and the European Union (~18%) are the main countries producing cellulose
and hemicellulose-rich residues from maize, rice, and wheat crops, respectively. Pectin and inulin are
commonly obtained from fruit (~30%) and vegetable (~28%) residues, while chitin and hyaluronic
acid are primarily found in animal waste, e.g., seafood (~3%) and poultry (~4%).

Keywords: polysaccharides; agro-industrial residues; biomass; animal residues; forest residues;
biopolymers; biodegradable materials; sustainable materials; macromolecules; carbohydrates

1. Introduction

According to the principles of biorefinery, biomass should have its use potentialized—
not generating waste but displaying a specific use for each obtained material. Initially,
as in oil refineries, the main use of biomass has been related the direct transformation of
agribusiness residues in biofuels and energy generation. This use has low added value and
is only justified when processing large volumes and having available logistical facilities. On
a small scale, the logistical costs of waste are high, mainly due to its high volume and low
density, which makes its reuse processes difficult. Nowadays, novel processing steps and
applications of residues have gained the attention of different markets, from small farmers
to big manufacturers, due to the incorporation of circular economy concepts in bioeconomy
models, chain valorization, and some of the sustainable development goals from United
Nations (UN) [1]. The current scenario of imminent climate change makes the utilization of
agro-industrial organic residues using sustainable methods industrially and economically
relevant. Green technologies in chemical industries are among the most effective strategies
for reducing greenhouse gas emissions, energy consumption, and solvent use [2,3]. It
has been estimated that more than 1300 million tons of waste are produced annually by
agro-industrial sectors, although other studies have reported diverse values [1,4]. Using
the Food Loss Index, the FAO [1] estimated that in 2016, almost 14% of all food produced
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globally was lost during the journey from farming to retail (without including it). In this
same report, Central and Southern Asia stood out with the highest loss index of more than
20%, followed by Northern America and Europe with more than 15%. The commodities
that displayed the highest losses from post-harvest to distribution in 2016 were roots, tubers,
and oil-bearing crops at up to 25%, followed by fruits and vegetables at more than 20%,
while cereals and pulses had the lowest values of less than 10% [1].

The lack of accurate information and harmonization of concepts regarding food waste
in many countries has contributed to these differences [1,5]. There is no consensus on the
definitions of food loss and waste because they often reflect problems reported by stakehold-
ers or technical analysts, although many studies have used these terms [1–3,5]. It is known
that food losses generally occur along food supply chain from harvesting/slaughtering
to retail (but not including it), while food waste takes place at the retail and consumption
points [1,6]. Waste comprises unused or unconsumed parts of vegetables, fruits, other
plants or animals, and by-products from crops due to a lack of proper handling, processing
conditions, inadequate sensorial/microbiological properties, and many other reasons for
discarding [6].

The utilization of agro-industrial residues does not solely aim to increase economical
profits; it is also aimed to help industrial companies create a more sustainable market.
Current regulations are evolving to incorporate ESG (Environmental, Social, and Gover-
nance) concepts and requiring the traceability of the entire production chain until waste
disposal. Companies looking to operate in the world’s largest markets must pursue the
UN’s 17 Sustainable Development Goals (SDGs) [7]. SDG 12, Responsible Consumption
and Production, calls for every company to reduce food loss and waste along production
and supply chains (including post-harvesting losses) by 2030 [1]. Moreover, implementing
practices to reduce food loss also affect other SDGs, such as Zero Hunger (SDG 2), Sustain-
able Water Management (SDG 6), Climate Change (SDG 13), Marine Resources (SDG 14),
and Terrestrial Ecosystems, Forestry, Biodiversity (SDG 15) [1]. Moreover, receiving an ESG
company certification is an important step towards demonstrating compliance with green
and sustainable standards, as well as for differentiation from greenwashing companies.

The use of waste biomass to produce biopolymers and nutricosmetic or pharma-
cological materials is increasing, although still scarcely compared to its great potential,
employment, and valorization. Organic waste biomass is a great source of natural polysac-
charides such as cellulose, chitin, hyaluronic acid, inulin, and pectin. Biomass from the
agricultural sectors is a relevant part of waste generation and commonly comprises leaves,
roots, stalks, bark, bagasse, seeds, straw, wood, animal parts, crustacean shells, and oth-
ers [3]. New biotechnologies based on green chemistry can be applied to improve the use
and transformation of these residues into novel high value-added products, which can
also minimize the production of non-renewable materials (50 billion tons of fossil fuels)
and reduce dependence on non-sustainable resources [3,4,8]. These biopolymers from
renewable resources have many useful technological and biological applications, such as
in the preparation of nano or microcarriers, utilization as nutraceuticals ingredients, the
development of novel food products, the design of biodegradable food packaging, and use
as thickeners, gelling agents, colloidal stabilizers, texturizers, and emulsifiers [9–15].

This study addresses types and volumes of agro-industrial residues that are rich in
five target biomolecules—cellulose, chitin, hyaluronic acid, inulin, and pectin (Figure 1)—
that are useful in diverse industrial and biotechnological (non-energy) applications. An
evaluation of the global industrial residues based on the major crop production (from
July 2020 to June 2021) of maize, rice, and wheat, as well as data from the United States
Department of Agriculture (USDA), was performed to estimate cellulose content [16]. For
the other polysaccharides, estimations were reviewed based on the literature.

The data survey related to the world’s agricultural production and waste generation
aimed to facilitate the assessment of potential extraction of cellulose due to its great avail-
ability because it is the most abundant polysaccharide in the world [17]. This review also
highlights the physico-chemical properties and recent application trends of these polysac-
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charides. As their chemical structures are different, as shown in Figure 1, these differences
result in a huge diversification of their functional properties and potential applications, as
is presented in the following sections.
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Figure 1. Chemical structures of cellulose, chitin, hyaluronic acid, inulin, and pectin, which are
important polysaccharides highlighted in the present study.

2. A World of Waste: Industrial Biomass as a Source of Polysaccharides

Polysaccharides are the most abundant biological materials on the planet. This natural
abundance contributes to the discovery of their novel applications [15,17]. Their industrial
use is still very modest considering their versatility and great potential, although it has
recently seen significant increases. The use of these biopolymers grew about 17% in the
years between 2017 and 2021, with the global market reaching 10 billion dollars in the
first half of 2021 [16]. A report from Fact.MR estimated that the global polysaccharide and
oligosaccharide market will reach a value over US $22 billion with a compound annual
growth rate (CAGR) of over 5% during 2020–2030, especially because its use is related to
“clean label” and sustainable developments in the food and beverages industries [18].

Other matrices, such as oilseed by-products, are also sources of polysaccharides,
although in minor proportions depending on origin [19]. In the extraction of oleaginous
products, such as palm oil and apple pomace, the pressing of extraction cakes (or pellets)
can be an important environmental liability for the food and cosmetic industries due
to the wide range of industrial potential [20,21]. For instance, a palm kernel cake, a by-
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product from palm kernel oil extraction, can contain up to 66% of carbohydrates comprising
mannose, galactose, glucose, arabinose, xylose, and rhamnose, which have been found to
be highly soluble (>95%) [20].

The challenges for waste utilization include: (I) material availability, homogeneity and
stability; (II) the selection of advantageous methods to separate, purify, and modify differ-
ent chemical materials; (III) spoilage prevention before processing; (IV) the need to ensure
the absence of toxic or pathogenic substances, such as microbial toxins, pesticides, heavy
metals, and other contaminants, when used for food or feed; and (V) the development of
sustainable processing steps to create high value-added products (Figure 2). Commonly,
the extraction of valuable materials from biomass residues follows processes to first obtain
food or medicinal-related substances, such as polyphenols and essential oils, and then
polysaccharides, lignocelluloses, or waxes via advanced separation and depolymeriza-
tion [3]. Many green techniques can be used for this, including the use of supercritical CO2,
subcritical water, microwave (MW)-assisted extraction, gas-expanded liquids, and deep
eutectic solvents or ionic liquids [3,4,9]. Agro-industrial activity can present greater social,
economic, and environmental benefits if it manages to take advantage of all its biomass
resources by implementing ESG concepts and attending to UN’s 17 SDG.

Polysaccharides 2022, 3, FOR PEER REVIEW 4 
 

 

Other matrices, such as oilseed by-products, are also sources of polysaccharides, alt-

hough in minor proportions depending on origin [19]. In the extraction of oleaginous prod-

ucts, such as palm oil and apple pomace, the pressing of extraction cakes (or pellets) can 

be an important environmental liability for the food and cosmetic industries due to the 

wide range of industrial potential [20,21]. For instance, a palm kernel cake, a by-product 

from palm kernel oil extraction, can contain up to 66% of carbohydrates comprising man-

nose, galactose, glucose, arabinose, xylose, and rhamnose, which have been found to be 

highly soluble (>95%) [20]. 

The challenges for waste utilization include: (I) material availability, homogeneity 

and stability; (II) the selection of advantageous methods to separate, purify, and modify 

different chemical materials; (III) spoilage prevention before processing; (IV) the need to 

ensure the absence of toxic or pathogenic substances, such as microbial toxins, pesticides, 

heavy metals, and other contaminants, when used for food or feed; and (V) the develop-

ment of sustainable processing steps to create high value-added products (Figure 2). Com-

monly, the extraction of valuable materials from biomass residues follows processes to 

first obtain food or medicinal-related substances, such as polyphenols and essential oils, 

and then polysaccharides, lignocelluloses, or waxes via advanced separation and depoly-

merization [3]. Many green techniques can be used for this, including the use of supercriti-

cal CO2, subcritical water, microwave (MW)-assisted extraction, gas-expanded liquids, 

and deep eutectic solvents or ionic liquids [3,4,9]. Agro-industrial activity can present 

greater social, economic, and environmental benefits if it manages to take advantage of all 

its biomass resources by implementing ESG concepts and attending to UN’s 17 SDG. 

 

Figure 2. Summary of some challenges to be overcome for the utilization of residues. 

2.1. Cellulose 

Cellulose is a biodegradable and low-cost biopolymer obtained from renewable re-

sources, e.g., wood and plants cell walls, some bacteria, algae, and (unusually) tunicates 

(the only known cellulose-containing animals) [17]. Its industrial global production is 

around 1.5 × 1012 tons per year [22]. This production is predominantly the result of the cot-

ton and wood industries, which use about 98% and 90% of pulp, respectively [22,23]. 
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2.1. Cellulose

Cellulose is a biodegradable and low-cost biopolymer obtained from renewable re-
sources, e.g., wood and plants cell walls, some bacteria, algae, and (unusually) tunicates
(the only known cellulose-containing animals) [17]. Its industrial global production is
around 1.5 × 1012 tons per year [22]. This production is predominantly the result of the
cotton and wood industries, which use about 98% and 90% of pulp, respectively [22,23].
Cellulose is the most abundant polymer found in nature, and it is composed of glucose
monomers linked in the β (1–4) position [17,22,23]. Cellulose has a high molecular weight
and a high propensity to form crystalline fibers. Four polymorphic types have been found
and are classified as I, II, III, and IV according to the conformation of the carbon skeleton
and the hydrogen bonds [23]. Cellulose can be found from five main sources: wood, plants
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and their residues, algae, animals, and bacteria [17]. These sources can be classified as:
(I) conventional or primary ones, which are usually applied in the manufacturing of textile
fibers, paper and wood for civil construction, and the obtainment of ethanol; (II) secondary
ones, which are from unprocessed residues and directly obtained from the food industry or
are agricultural and forestry residues, such as bark and leaves; (III) tertiary sources, which
comprises processed residues from the use, transformation, and conversion of cellulosic
biomass, e.g., bagasse and food residues; and (IV) quaternary sources belonging to a small
group that includes marine animals, algae, fungi, and bacteria [17,23]. The first three levels
of cellulose sources have common origin, mainly from plants. Table 1 shows the percentages
of cellulose in some common types of agricultural residues, i.e., type III cellulose.

Table 1. Percentages of cellulose composition in plant residues.

Waste Vegetal Source Cellulose (%) Reference

Pseudo stem Banana 42.4 [24]

Stalk Garlic 41.0 [25]

Cob Maize 51.0 [26]

Bagasse

Grape 19.3 [27]

Carrots 10.0
[28]

Tomato 9.0

Husk

Manioc 18.0 [29]

Garlic 41.7
[30]

Onion 41.1

Oat 38.7 [31]

Soybean 45.0 [32]

Coffee 35.4 [33]

Maize 29.3 [34]

Many plant residues are promising for the isolation of cellulose molecules due to their
chemical composition. However, as shown in Table 1, not all agricultural residues are
cellulose-rich resources, making its extraction nonviable in some cases such as bagasse.
In contrast, pseudo-stems, stalks, maize cobs, and barks that present more than 40% of
cellulose are viable sources. Likewise, several aspects of the storage, moisture, presence
of contaminants, volume, distance from industrial processing plants, other viable uses
(such as fertilizer or to produce compost), local resources, and logistic facilities, among
others, can act as enhancements or deterrents to the proper extraction of cellulose for use
by biotechnology technologies.

Based on data of cereal production (from July 2020 to June 2021) collected from the
United States Department of Agriculture (USDA) [16] in November 2021, the residual factor
(%), residual mass (tons), residual polysaccharides (%), and number of polysaccharide-
rich residues (t) for maize, rice, and wheat were estimated and are presented in Table 2.
The determination of the residual factor was calculated according to the methodology
of the Brazilian Association of Biomass Industries [35]. These crops are interesting in
the context of cellulose recovery due to their great availability, since they are among
the major produced cereals and account for more than 90% of all cereal consumption
worldwide [36]. Together, these crops comprise about 1200 million tons of discarded waste
per year. However, we found that wheat showed the highest residual factor, followed by
maize and rice, as can be seen in Table 2. Accordingly, the residues from these cereals can
be considered a cellulosic-rich biomass. Rice displayed the lowest residual factor, though
it could contain the highest proportion of cellulose of up to 44%, while maize displayed
the lowest content of cellulose of around 18%. The differences between these cereals are
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linked to their intrinsic characteristics, such as those inherent to the species, as well as
to the applied processing technique, such as dry or wet milling. Dry milling is generally
applied to wheat, whereas wet milling is common for maize, and pearling is applicable
to rice and barley [37]. Maize residues comprise biomasses from cob, husk, germ, bran,
and gluten [37]. This crop presented the highest production and residue volumes of almost
1200 and 700 million metric tons per year, respectively, compared to the other cereals
(Table 2) [16]. This highlights its great viability for cellulose and hemicellulose extractions.

Table 2. Biomass, estimative residual mass, percentage factor, and polysaccharides content of three
major cereal crops in 2021.

Crop Production (Tons) Residual Mass
(Tons)

Polysaccharide-Rich
Residues (Tons)

Residual Factor
(%)

Residual
Polysaccharides (%)

Maize 1,197,767 694,704.86 435,996.77 58 62.7 (18 CS + 44.7 HC)
Rice 507,945 101,589 66,743.97 20 65.7 (43.5 CS + 22.0 HC)

Wheat 780,279 468,167.40 266,855.42 60 57.0 (35.4 CS + 21.6 HC)
Total 2,485,991 1,264,461.26 769,596.16

CS: cellulose; HC: hemicellulose.

Cereal production data from July 2020 to June 2021 regarding maize, rice, and wheat
were collected from the United States Department of Agriculture [16], obtained in Novem-
ber 2021, listing the major producers of each cereal crop to this harvest. In next figures, we
present the total production volume (in thousand metric tons, represented by the blue color
bar), waste production (represented by the orange color bar) m and polysaccharide residues
(represented by the gray color bar) of the major producing countries are graphically listed.
The amount of polysaccharide residues was estimated based on a residual factor of 58%,
as previously presented in Table 2. The major global producers of maize in the year of
2020–2021 are presented in Figure 3.
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In Figure 3, it is possible to observe that maize production was well-distributed in
countries that have a temperate and sub-tropical climates. The total production was about
1.2 billion metric tons. In all these countries, the waste production plus the amount of
polysaccharides residues reached almost 50% of the total maize production. The largest
producer was the United States (USA) with more than 380 million metric tons of maize,
followed by China (273 million metric tons) and Brazil (118 million metric tons). These
three countries have been dominating maize production since 2012 [36]. As these are the
major producers, it was also expected that they exhibited more waste production for this
crop (Figure 3). The USA, China, and Brazil have increased their production of maize by
more than 38%, 31%, and 60%, respectively, in the last 10 years [36]. Although these are
the main producers of maize, the countries that presented the highest consumption of this
cereal are low-income economies from Africa, Central America, and Southeast Asia, e.g.,
Lesotho, Malawi, Zambia, Mexico, and Timor [36]. China has shifted from being the second
largest exporter in some years to sporadically having higher importation quantities, thus
causing some uncertainty in world market trade [36]. The main use of corn in the USA in
2013 was for ethanol production and animal feed, which together comprised up to 87% of
the production volume, while the remaining was destinated to food, seed, and industrial
applications [36].

Figure 4 illustrates the estimated world production of cellulosic waste from maize
distributed in more than 16 countries. This estimation is expressed in produced tons. The
major producers were found to be the United States (USA) with ~32% of maize production,
followed by China (~23%) and Brazil (~10%). USA and China dominated more than 50%
of this production. Thus, the USA, China, and Brazil were found to be responsible for the
generation of more than 448,000 tons of residues from maize production. The main destiny
of this residue is for use in the production of ethanol and animal feed [36]. For all cereals,
the outliers (such as husks), contain not only cellulose but also other macromolecules (such
as lignin, complex xylans with different ratios of arabinose to xylose, and other important
micronutrients, e.g., proteins, polyphenols, and minerals), which are lost when using it for
fuel production [38,39]. Thus, the utilization of this biomass in the production of biological
polysaccharides and functional biomolecules should be stimulated and pursued.
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Figure 5 illustrates the main global producers of rice in the year of 2020–2021. Rice was
the second most cultivated grain with high consumption by different populations across
the world that total about half a billion metric tons. Rice production was dominated by
countries with tropical climates, mainly in Asia. The world largest producer of rice was
China, reaching almost 150 million metric tons in 2020, followed by India (125 million
metric tons), Indonesia (35.4 million metric tons), Vietnam (27.1 million metric tons), and
Thailand (19.5 million metric tons) [16].
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These countries were also the main producers of rice in 2018/2019 according to the
World Atlas, together reaching a producing volume of more than 651 million metric tons
of rice [40]. In 2018/2019, China had a rice production around 148 million metric tons,
mainly cultivated in provinces such as Jiangsu, Anhui, Hubei, and Sichuan by the Yangtze
River [40]. In India, rice production in 2016 reached over 116 million metric tons, largely
being produced by the West Bengal state [40]. Indonesia stood out as the third-largest
world producer of rice, producing over 36.7 million metric tons in 2018/19 that was mainly
cultivated on the islands of Java and Sumatra [40]. As rice production is spread across small
villages/provinces, full access to generated residues can be difficulted due to logistical
infrastructure. In this case, it is important to have governmental policies and legislations to
support the utilization of these residues in other purposes besides energy applications.

As rice has an elevated production volume, it is also expected that its processing steps
generate higher amounts of cellulosic-rich waste, as well as other nutrients. Rice husk
(pericarp) comprises around 2% of the grain weight and can contain up to 43% of cellulose
and 30% of hemicellulose, although this can differ among species [41,42]. Additionally, up
to 74% of total dietary fiber, around 20% of minerals, up to 3% of proteins, and less than
1% of lipids, among other micronutrients, can be found in rice husks [41]. Fibers from rice
straw have displayed high-quality and more suitable properties than other natural cellulose
fibers extracted from agricultural byproducts, especially when considering composite and
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textile applications because of their mechanical and functional properties, e.g., crystalline
proportion, strength, and elongation [42,43].

The estimated world production of cellulosic waste from rice is shown in Figure 6. For
this crop, more than 15 waste-producing countries are listed. It can be noted that the major
rice producers—China (~31%), India (~26%), and Indonesia (~7%)—were responsible
for almost two thirds of the total waste production from this cereal. Following these
three main producers were other countries from Southeast Asia, such as Vietnam (~6%),
Thailand (~4%), Birmania (Myanmar) (~3%), and the Philippines (~3%)—small countries
that together represent about 15% of all global rice-waste production.
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Wheat is the third largest agro-industrial crop, and its processing also generates high
amounts of cellulose-rich residues. The major global producers of wheat in the year of
2020–2021 are presented in Figure 7. The total wheat production reached over 775 million
metric tons in this period, and it was mainly dominated by the European Union, with a
volume close to 139 million tons [16]. In 2012, the worldwide production of wheat was
around 670 million metric tons [44]. In 2020–2021, China was the second largest producer
of wheat with more than 136 million tons, followed by India with almost 110 million tons
and Russia with more than 72 million tons. The sustainable use of fertilization, irrigation,
and underexploited lands, such as in Russia, Eastern Europe, and North America, could
increase the world wheat production but approximately 50%, though it is expected that
climate change, especially the rising temperatures, will affect wheat production [45].

The main use of wheat is for human food consumption, where it is milled into flour [46].
Around 80% of the grain is milled for flour production, and the remaining proportion
comprises side-streams that are mainly composed of wheat germ and bran, which can
account up to 25% of grain weight [46]. It has been reported that over 150 million tons of
wheat bran are produced every year, and these are mostly used for livestock feeding [46].

Histologically, the structure of wheat outer layers is formed by a thick cellulosic cell
wall containing cuticle substances and complex xylans with high arabinose to xylose ratios
and substituted ferulic acid dehydromers as chain crosslinkers [46]. Nutritionally, wheat
bran mostly contains carbohydrates (which comprise up to 56%), followed by 18% of
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proteins, and 3.5% of lipids [46]. Chemically, complex structures of either C6-sugars such
as cellulose or C5 sugars such as xylans, phenolic compounds, and lignin can be found in
wheat bran [46]. These properties of wheat by-products enhance their potential applications
in diverse chemical and food industries.
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Figure 8 shows the world production of cellulosic waste from wheat; more than
15 countries are listed, and their waste production is estimated. The major waste producers
from wheat processing were found to be the European Union (~18%), China (~17.5%),
India (~14%), and Russia (~9%). These four countries dominated more than 50% of all
wheat-waste production, followed by the USA, Ukraine, Australia, and others.

Natural cellulose can be found in four basic forms, fiber, filaments, crystals, and
micro/nanofibrils, all of which influence its application [17]. The diversified use of cellulose
depends not only on its origin source but also on its morphological shape, crystallinity,
and physico-chemical properties [17]. Macromolecules extracted from agro-industrial
residue have potential for multiple uses beyond their employment in the paper and energy
industries. These materials can be used in the manufacturing of disposable diapers, textile
materials, absorbents, tablet fillings, emulsifiers, thickeners, and stabilizers, as well as
in diverse chemical/pharmaceutical applications, due to their rich content of versatile
macromolecules and phenolic substances [12,15,17]. In the food industry, an example of
their employment is the production of novel cellulosic synthetic viscera to make sausages
without the use of animal parts [47]. Another example is the manufacture of a thin film with
antioxidant and antimicrobial properties based on chive root extracts and carboxymethyl
cellulose to food packaging [48]. In pharmaceutical industries, cellulose is commonly used
at the nanoscale to coat the tablets and capsules of drugs [49]. Cellulose nanoparticles
also serve as carriers for the controlled release of certain medicines due to their resistance
to human enzymatic degradation [50]. Another recent application in biomedical field is
the use of cellulose for the manufacturing of intelligent wound-dressings and artificial
skins [51].
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Cellulose in Waste from Exported Crops

Because maize, rice, and wheat are the three most important crops in the world for
human and animal feed and they extremely rich in cellulose content, their export data
allowed us to create an overview of countries that export grains but keep their residues.
Figures 9–11 show estimations of cellulose contents correlated to the amount of exported
maize, rice, and wheat, respectively, per ton in the 2020–2021 harvesting season.

The estimations of cellulose content in retained residues from cereal export data of
the USDA [16] during the harvesting period of July 2020 to June 2021 showed different
patterns. Regarding maize, the countries that retained the greatest content of cellulosic-rich
residues were the USA, Argentina, Brazil, and Ukraine (Figure 9), which differed from
the largest waste producers in maize processing (Figure 4). In terms of exportation in the
2020–2021 harvest, the United States was the largest maize exporter in the world, thus
displaying the greatest cellulose content in retained residues. The USA maize exports grew
up 20% from 2019 to 2020, mainly due to a strong demand from China, which was the
third largest USA maize export destination after Mexico and Japan in 2020 [52]. Just to
China, the USA exported a total of 1.2 billion dollars in maize [52]. Together, China, Mexico,
and Japan accounted for 62% of total USA maize exports [52]. Argentina, Brazil, Ukraine,
and Russia also stood out as exporters of this same crop, with numbers close to those of
the USA. Recently, Argentina established a new limit on maize exportation for 2020/21—
41.6 million tons—to ensure sufficient supplies for domestic use and to reduce inflationary
pressures [53]. Brazil maize exportation has significantly increased over the last decade,
from around 52 million tons to more than 98 million tons in 2017/18, especially expanding
in Asian and African markets, such as those of Islamic Republic of Iran, Japan, the Republic
of Korea, Vietnam, Malaysia, Egypt, Morocco, and Algeria [54]. Other countries with
smaller cultivation landsites, such as European countries, were demonstrated to be minor
maize-exporting countries.
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Figure 9. Estimation of cellulose content in residues retained from exported maize in 2020 (metric
tons).

Figure 10 presents an estimation of cellulose content correlated to the amount of
exported rice per ton in the 2020/21 harvesting season.

Although China, India, and Indonesia were the highest rice waste producers in 2020
(Figure 6), they were not all the biggest rice exporters, as shown in Figure 10. The main
rice exporter was India, followed by Thailand, Vietnam, and Pakistan [16]. According to
Reuters [55], India is intending to expand its rice exports to over 22 million tons in 2021
and becoming the leading rice exporter with 45% of the global market. India’s exports of
non-basmati rice doubled from 2020 to 2021 from 9.7 to 18 million tons, respectively, while
the basmati rice exports reached around 4 million tons [55]. Basmati rice is an aromatic and
fine-quality grain that is commonly cultivated in the Himalayan mountain regions of India
and Pakistan, with which its name is traditionally associated [56,57]. Vietnam, the third
largest rice exporter in the world, presented a decrease in grain exports in 2020 of around
3.5% to 6.15 million tons, mainly because due to disruptions of supply chains caused
by the COVID-19 pandemic [58]. Thailand and Vietnam maintained their second and
third positions, respectively, in the global rice exportation race because Thailand recently
witnessed staggering growth due to rigorous regional lockdown from August to September
2021 [59].

Figure 11 presents an estimation of cellulose content correlated to the amount of
exported wheat per ton in the 2020/21 harvesting season.

The European Union, Russia, and the USA were the major wheat exporters in 2020/21,
as can be seen in Figure 10 [16]. However, Russia and the USA were not among the major
wheat producers, which were China and India (Figure 7). The three major exporters were
responsible for retaining up to 32.3 million metric tons of cellulose-rich residues from
exported wheat grains (Figure 11). The European Union was the largest wheat exporter,
with up to 16.4 million metric tons from July 2020 to February 2021 according to S&P
Global Platts [60]. The USA;s wheat exports reached up to $6.3 billion in 2020, with a
low growth (1%) from 2019 due to a higher demand from its largest buyer, China, while
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Mexico, the Philippines, Japan, and South Korea accounted for 41% of the USA’s total
wheat exports [61].
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Moreover, the United States led with maize exports, India led with rice exports, and
the European Union led with wheat exports. These patterns show that these countries may
have disposed of significant volumes of valuable polysaccharides as waste, which could
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be used for different purposes in many industrial sectors and, consequently, increase its
economic strength.

2.2. Inulin

Inulin is a natural polysaccharide found in more than 30,000 species of plants, with
cereals, tubers, and roots being its main commercial sources [62]. The most common
residual sources of this polysaccharide are chicory, asparagus, garlic, banana, onion, rye,
barley, and wheat, although it can be found in other unconventional sources, e.g., açaí
seeds [62–65]. Inulin can also be enzymatically produced and obtained from genetically
modified potatoes [66]. On the other hand, food residues may have slightly higher contents
of inulin, such as onion with ~18% and garlic with ~28% of dry mass [67].

Inulin is a distinctive oligo- or polysaccharide because any sugar ring is part of its
backbone (Figure 1), which is characterized by linear fructose chains, joined by glycosidic
bonds formed by 2–100 monomeric units [62–64]. Its chains are mainly formed by furanose
groups, giving more flexibility than pyranose rings [64]. Due to its long polymeric chain
and glycosidic bonds in β-(2-1) position, inulin is insoluble at body temperatures and
resistant to salivary amylase and intestinal enzymes, thus showing potential for use in the
food and pharmaceutical industries [64,66]. Inulin can contain up to 10 fructose units, so it
is classified as a fructo-oligosaccharide (FOS) and is considered a prebiotic [62,65]. As it
serves as carbohydrate storage in many plants, inulin can also be found in the processing
residues of fruits and vegetables such as husks, seeds, stems, and bagasse [68,69]. These
by-products are generally side streams from processing steps such as pulping, cleaning,
sieving, and food bleaching, which are necessary for food processing and preservation [6].

Industrially, inulin is processed from several raw materials, although its major sources
are chicory roots (Cichorium intybus) and Jerusalem artichoke (Helianthus tuberosus) [63].
Nevertheless, there have been several laboratorial studies scaling up inulin extraction from
other raw materials, such as burdock (Arctium lappa), dahlia (Dahlia spp.), garlic (Allium
sativum), onion (Allium cepa), jicama and agave tequilana (Agave tequilana Weber var. Azul).
Jicama, also known as “yacon”, is composed of approximately 60–70% of FOS (in dry
basis), therefore being a very attractive source of this oligosaccharide [70]. Moreover, the
most inulin-rich plants are in both the monocotyledonous and dicotyledonous families.
Inulin can also be found in the bulbs, tubers, and tuberous roots of many plants such as
Dahlia pinnata (Dahlia), Taraxacum officinale (Dandelion), Asparagus officinalis (Shatwaar),
and Asparagus racemosus (Shatavari) [71,72].

Inulin extraction can be carried out with different methods mainly based on water,
such as infusion in hot water (up to 90 ◦C), deep freezing followed by precipitation after de-
frosting, concentration and crystallization steps, and freeze-drying followed by optimized
hot water extraction [63,73]. It is important to highlight that the use high temperatures in
the inulin extraction process by diffusion in water is crucial, since the solubility of inulin
increases with temperature [62,73]. Raw materials such as tubers or roots should be washed,
sliced, or milled prior to inulin extraction, followed by filtration and recovery with evapo-
ration or precipitation methods [62,73]. The purification process can involve other steps,
e.g., liming, carbonation, filtration, demineralization, and decolorization [62]. Although
many studies have investigated alternative sources of inulin extraction, its main source
continues to be chicory root, a vegetable residue from the lettuce family known for its bitter
taste [62,70]. Inulin extraction from chicory roots is commercially viable due to the high
yield of the generated residues from the agricultural cultivation of chicory. When processed
as powdered syrup, with concentrations ranging from 90% to 98%, the market prices for it
can range from $1.00 to $100.00 per pound depending on the concentration required by the
consumer [74]. The extraction market of this polysaccharide is predominantly constituted
by Chinese companies [74].

Inulin is a mixture of linear fructose oligomers and polymers with a variable degree of
polymerization (DP) ranging from 2 to 65 units, with an average degree of polymerization
(DP av) = 12 [75]. Additionally, inulin has been given the status of Generally Recognized
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as Safe (GRAS) by the Food and Drug Administration (FDA) for its various properties,
including biodegradability, renewability, and non-toxicity [66,76]. Structurally, inulin (α-D-
glucopyranosyl-β-D-fructofuranoside-(n-1)-D-fructofuranoside) is composed of β-D-linked
fructosyl oligomer (2→1) with a glucose at the reducing end, and it is the second most
abundant polysaccharide [62,66,76]. As a natural polysaccharide, inulin belongs to a class
of non-digestible dietary fibers known as fructans, which exhibit functional properties in
human intestinal microbiota by stimulating the growth of probiotics in the gut [62,64]. It
can also be used in lipid metabolism and mineral ion absorption by the intestine, helping
to control blood sugars and preventing obesity, colon cancer, and others diseases [77,78].

In addition to chicory roots, inulin can be found in some cereals, such as rye, barley,
and wheat [62–65]. Barley is among the most important cereals in the world after wheat,
maize, and rice, and it is widely used as animal feed or as a raw material for brewing
beer [79]. According to the USDA [16], the top five barley producers in 2021 were the
European Union, Russia, Australia, Ukraine, and Canada, as shown in Figure 12.
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Industrially, barley is either milled or malted, in which it goes to the beer industries for
beverage production [38]. Barley bagasse is considered a problem by beverage industries
since a large amount of residues is produced daily and needs to be discarded without
harming the environment. The most common residue from processing in beer industries
is Brewer’s spent grain (BSG), constituting around 85% (w/w) of the total by-products
produced during beer production [80]. BSG can comprise up to 31% of the original malt
weight, and 100 L of brewed beer produces close to 20 kg of wet BSG as side streams [80].
Its composition is diverse because its include a mixture of different original barley grain
parts, e.g., husk, pericarp, endosperm pieces, and seed coats [80]. Since inulin content in
barley can reach up to 1.5%, it is possible to assume that the BSG residues are great sources
for the extraction of this polysaccharide, thus contributing to reducing waste disposal and
preventing economic losses [75].

Biotechnological applications involving the use of inulin are interesting in the biomed-
ical area, especially for nutritional or pharmaceutical purposes. For nutraceutical benefits,
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inulin is used to replace fats and sugars, thus enabling the production of foods with fewer
calories, such as ice cream and floury foods [62,67,81]. This is due to inulin’s ability to pass
through the digestive system without being metabolized, thus allowing for the production
of functional dietary foods [62]. There have been many studies on the extraction of fructans,
though reports regarding the optimization of extraction conditions are scarce. Inulin has
been used as an ingredient in bioactive functional foods to promote the appearance of bifid
and other beneficial microorganisms, thus leading to a healthy effect for humans through
gut microbiota [82]. In the pharmaceutical industry, it is used as a bioactive carrier. In
this case, inulin can act to prevent drug degradation in the upper gastrointestinal tract
and facilitate transport to its last segment, thus preventing early degradation [62]. In
this mechanism, upon reaching the colon, inulin is fermented by bacteria from the local
microbiome, contributing to the increased absorption of minerals and food ions [64,83].

Although the production and application of inulin are already widespread in some
countries, its use is still very restricted in Brazil. As it is not produced in the domestic
market, inulin must be imported, which makes it an expensive ingredient and makes
its application difficult. To make its use more accessible to local industries, studies and
investments into facilities are needed to implement an inulin production process in Brazil.
The global market for inulin is mainly controlled by two big companies. The first is the
BENEO™ Group, part of the Südzucker group, one of the leading companies in the food
industry, which was formed in 2007 when Orafti, Palatinit, and Remy got together [84].
It currently has forty sugar mills and two refineries, including one located in Chile. The
second is the Belgian company COSUCRA Groupe Warcoing [85]. Both companies operate
in the markets of Belgium, Holland, and Germany; supplier countries with high per capita
income of Europe and North America; and, recently, Asian countries such as Japan. There
are other companies in France, Mexico, China, and India who participate in this market but
do not have leading roles [86]. BENEO, one of the main producers of functional ingredients,
announced an expansion of its chicory root inulin production plant in Chile by 2022, based
on an investment of more than 50 million euros, after which there will be an increase of 20%
in overall volume. This decision was a consequence of the growing demand for BENEO
chicory root fibers, inulin, and oligofructose, as consumer interest in digestive health has
grown [86].

2.3. Pectin

Pectin is a biocompatible, high molecular-weight, anionic and naturally occurring
heteropolysaccharide present in terrestrial plants that is associated with celluloses, hemicel-
luloses, and lignin [87,88]. It can comprise up to one third of the cell walls in dicotyledonous
and some monocotyledonous plants, but it is also found in smaller amount (2–10%) in
the cell walls of grass and wood tissue [87]. Pectin is mainly composed of galacturonic
acid units, and it can vary in composition, structure, and molecular weight depending of
its source and processing conditions [88]. Apple pomace, citrus, sugar beet pulp, grape,
pineapple, and mango peel can be cited as residue sources for obtaining pectin [13,89–91].
However, the number of sources for industrial use has been limited for the first three
materials [92].

The numerous biotechnological applications reported for pectin have allowed for the
recent growth of interest in this area. Due to its good safety and low toxicity profile, pectin
can be applied with simple methods, such as ionotropic gelation, for gel formation [87–89].
In this case, pectin concentration and molecular weight are proportional to the viscosity
of the formed gel since more reaction sites are found in longer molecular chains [87]. The
pectin market represents 45,000 tons yearly, and around 6300 tons of commercial pectin
are used worldwide in the food industry, where it can be supplied in solid and particulate
forms, similar to conventional sugar [89,93].

It can also be used in the pharmaceutical and food industries as a thickening agent,
rheology modifier, and an emulsifier in the production of jams, sweets, and desserts [87,88].
Generally, pectin has similar applications to other polysaccharides to produce pharma-
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ceuticals, cosmetics, and food coating products with functional, antimicrobial, biological,
and active properties [88,94]. Pectin is capable of associating with other biopolymers to
form microparticles, nanoparticles, or filmogenic solutions for food packaging design due
to its anionic characteristic and gelling properties [95–97]. In biomedical products, pectin
acts as a carrier for the delivery of certain medications used in wound healers and tissue
engineering, in cholesterol reduction, as a probiotic agent, in anti-cancer therapies, in the
manufacturing of contact lens membranes, in artificial corneas, and in catheters [88,98–100].
Pectin can also be applied to treat or prevent poisoning by toxic substances, e.g., mercury,
because the functional groups present in its polymer chains can form complexes with
metals, thus allowing for its use as a bio(nano)sorbent for the selective elimination of heavy
metal [88,101].

Chemically, pectin chains can be divided into anionic and non-ionic side chains
known as “smooth regions” and “hairy regions”, respectively [13]. Pectin is a linear
poly-galacturonic acid with different esterification degrees, either highly esterified by a
methyl group (HMP—high methoxyl pectin, >50%) or only partially esterified (LMP—
low methoxyl pectin, <50%), that can influence its emulsifying, texturizing, and gelling
properties [13,87]. HMPs have been commonly used in food industries as thickeners
and gelling agents, where large amounts of sugars are required for gelation, while LMPs
are used to form low sugar-content jams [13]. Moreover, pectin can be divided into
homogalacturonan and rhamnogalacturonan I and II, which differ due to the sugar linked in
the β−1,2 and β−1,4 chains [13,87]. The primary structure of pectin defines the interactions
of this macromolecule with solvents, though when it is switched into a helical structure,
the intermolecular interactions lead to the formation of a different arrangement and result
in complexes and viscous solutions formed by secondary structures [13]. The presence
of carboxyl and hydroxyl groups confer hydrophilic and biodegradable characteristics
to this polysaccharide [13,87]. The main functional groups in pectin chain are hydroxyl,
amide, carboxyl, and methyl, and the hydrogen and ionic bonds interchain interactions
have important roles in gel formation [13,87].

Pectin is easily obtained through simple extractive methods such as the use of hot water
and a solvent with an acidic pH of around 2 that generates a fibrous concentrate, which
can be pressed and washed to obtain a crude extract [92]. Extraction yields can be around
70%, though other methods such as superfluid critical extraction, ultrasound-assisted
extraction, and microwave-assisted extraction can be used to achieve higher values [92]. The
species, extraction method, and storage conditions can change the chemical composition of
pectin [13,87,92]. Compared to cellulose and chitosan, pectin has a more complex chemical
structure that contributes to its biomedical effects. We analyzed journal publications from
the last 20 years and found that chitosan has a higher number of publications (55%),
followed by cellulose (18%), and pectin (3%). The number of patents filed followed a
similar sequence: cellulose (38%) > chitosan (24%) > pectin (6%) [90].

2.4. Chitin/Chitosan

Food residues of animal origin are relevant sources of bioactive chemical substances.
Seafood processing, especially that of crustaceans such as shrimp, crab, and lobster, gener-
ates a volume around 50–70% of waste [102]. Worldwide, the annual production of residues
from the harvest of crustaceans is estimated at about 3.14 million tons [103,104]. Chitin is
the second most abundant polysaccharide found in nature after cellulose [103,105]. Chitin’s
non-toxicity and biocompatibility contribute to its application in different fields [106–108].
In addition to seafood, chitin/chitosan can also be extracted from insects and some fungi
species [109,110]. Mainly, to produce one kilogram of chitin with conventional chemical
processes, close to 30 kg of shrimp shells (on a wet basis) are needed, whereas to produce
one kilogram of chitosan, up to 1.5 kg of chitin, together with several acid and alkaline
substances, are necessary [103].

Chemically, chitin is a long-chain polymer similar to cellulose but with acetyl amine
groups replacing hydroxyl groups, thus making it a direct precursor to chitosan [103,105,106].
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Chitin is a water-insoluble polysaccharide due to the intra- and intermolecular hydrogen
bonds formed by the oxygen of acetamido group with adjacent –NH or –OH functions
groups [110]. Moreover, the N-acetylation degree among chitin’s chains also has a sig-
nificant effects on water-insolubility, limiting swelling properties and thus its industrial
applications [110]. Chitin can occur as α and β allomorphs, though the α-chitin form is the
most abundant and the β-chitin form is rarely found to be associated with proteins in squid
pens and synthesized by pogonophoran and vestimentiferan worms [111]. The three differ-
ent crystalline phases differ in the orientation of their microfibrils, making their applicability
versatile for the production of different functional materials, such as for pharmacological,
anti-inflammatory, antimicrobial, and immunological purposes [103,105,106].

Chitin’s conventional extraction and deacetylation to form chitosan have many draw-
backs, especially linked to harmful effects in the physico-chemical properties of both
biopolymers, leading to diverse molecular weight and acetylation degrees that can affect
their functional properties; these include the utilization of harmful/toxic solvents, low
processing yields, the generation of wastewater effluent containing toxic chemicals, and
processing costs [103,111]. To overcome these difficulties, green techniques, such as those
based on the use of deep eutectic solvents and ionic liquids, have been used as sustainable
alternatives [103,111]. As described for other polysaccharides obtained from residues, the
molecular weight and the degree of deacetylation play important roles in the biological
functions of chitin, e.g., higher degrees of deacetylation promote greater responses. The
physicochemical characteristics of chitin and chitosan can vary by source and seasonality
of raw materials, as well as other factors intrinsic to processing methods [111].

Chitosan, on the other hand, is a deacetylated derivative of chitin that can be pro-
cessed into different materials such as membranes, sponges, gels, nanoparticles, and
nanofibers [103,105]. The differentiation of chitin and chitosan can be seen in the degree of
deacetylation: if it is higher than 50% mol, it is classified as chitosan [103,111]. Chitosan is
water-soluble at a mild acidic pH of around 4.5, which facilitates its biological application
and solubilization, while chitin is only soluble in concentrated acid solutions [103,105,106].
Due to the limited applications of pure chitosan, techniques can be used to improve its
selectivity, functionalizing its structure with chemical reactions and cross-linking to several
molecules for industrial uses [103,105,106].

Both chitin and chitosan are known in biomedical areas for drug delivery. Both
biopolymers act in the removal of allergenic proteins from some foods, the controlled
transfer of drugs, and food supplements with hypocholesterolemic effects, among oth-
ers [103,105,106]. They are also used as antibacterial, anti-inflammatory, sunscreen, and
anti-aging cosmetics, as well as in tissue engineering where they aid in the reconstructive
and healing processes of epithelial tissues [112–114]. In food technology, chitosan has a
wide range of applications, such as acting in the extension of food shelf-life, e.g., for bread
and apples, because it can reduce starch retrogradation and inhibit microbial growth in
both food preparation and the production of coating packaging with bioactive proper-
ties [103,115,116]. The production of coatings occurs due to the association of chitosan with
other compounds with biotechnological action, and this is mainly pursued to overcome
some of chitosan’s technological limitations, such as its brittleness, low elongation, and
flexibility [103]. For example, by combining chitosan with poly(vinyl) alcohol and lignin
nanoparticles or with other polysaccharides to form composite coatings, greater plastic
resistance compared to that of individual components can be achieved [112,117,118].

For benchmark market values of these isolated compounds, those of the “GTC Bio
Corporation” company in China can be highlighted, with diverse prices and different levels
of quality. The price of chitin is around $23.4/Kg, and it can range from $21.06 to 52.65/Kg
for chitosan due different purity degrees [119]. In the production of functional materials,
chitin has stood out in the manufacturing of hydrogels, aerogels, membranes, films, and
fibers. Since chitosan has a quick biodegradability (less than 1 month) in different sites
compared to the 300 years of the conventional plastic use, it can replace products that use
petroleum-based plastics [103,119–122].
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2.5. Hyaluronic Acid (HA)

Hyaluronic acid is a naturally occurring polymer commonly found in animal tissues,
including residual ones such as vitreous humors, chicken crests, and fish eyeballs, or in the
cell walls of some bacteria such as Streptococcus zooepidemicus [123–125]. Chemically, it is
composed of a major glycosaminoglycan macromolecule with alternating β-1,3 and β-1,4
glycosidic linkages from a family of linear, anionic, hetero-co-polysaccharides [124,125].
The repeating units of β(1,4)-glucuronic acid (GlcUA)-β(1,3)-N-acetylglucosamine (Glc-
NAc) in HA generally adopt a stable chair conformation, while in solution highly flexible
regions may exhibit a random coil structures [126]. Besides hyaluronic acid, the main
glycosaminoglycans largely diffused in the epithelial, connective, and nervous tissues
of vertebrated animals are chondroitin sulfate, dermatan sulfate, keratin sulfate, heparin
sulfate, and heparin [123]. HA is highly hydrophilic due to the presence of hydroxyl groups
among chains that can bind water molecules, and this trait is linked to its greatest asset:
allowing for tissue flexibility [124]. As a result, it can also be applied in the development
of pro-drugs with better physicochemical properties, stability, and optimized therapeutic
efficacy compared to free drugs [123,124].

Industrial extraction predominantly consists of the isolation of HA from chicken
crests residues, although some microbial fermentation is also applied [124]. For the purity
of this substance, free from contaminating agents, chickens should be selected to avoid
cross-contamination [124,125]. It is estimated that the global market for HA will reach a
worldwide value of around US $15.4 billion by 2025, and it will be dominated by nine
international brands, mainly due to its cosmetic applications [123,127].

Table 3 presents different concentrations of HA extracted from livestock industry
residues. The studies referenced in this table were initiated back in the 1980s and used
optimization methods to industrially obtain HA from slaughtered chicken crests. Over a
period of 10 years, an academic effort to experimentally improve the extraction performance
of HA was noted; however, not all livestock residues were found to have significant volumes
and have been used for the extraction of hyaluronic acid.

Table 3. Hyaluronic acid content from different sources.

Source Residues Content Reference

Swine

Eyes

0.04 g L−1 of vitreous humor
[128]Swordfish 0.055 g L−1 of vitreous humor

Sharks 0.3 g L−1 of vitreous humor
Tuna fish 0.42 g L−1 of vitreous humor [129]
Bovines 0.47 g L−1 of vitreous humor [130]

Chickens Crests
1.0 mg g−1 of crest [131]

39.8 mg g−1 of crest [132]
15.0 mg g−1 of crest [133]

The biomedical applications of hyaluronic acid include its use in ocular and plas-
tic surgery, the treatment of osteoarthritis, corneal xerosis in anti-aging products, and
tissue culture, as well as in carriers for different osteo-inductive or osteogenic compo-
nents [123,124,132]. HA has been also applied for a wide range of pharmaceutical purposes,
such as the design of nanoparticles, microparticles, microspheres, gels, polyplexes, lipo-
somes, micelles, and implants [124,132]. Good experimental results were found when
HA was applied as wound dressings and chronic ulcers in the form of nanocomposites
combined with different biopolymers, highlighting HA’s biomedical application [131,132].
Applications in drug delivery include matrices for the treatment of skin infections, cancer
therapy, and controlled release of proteins, antiseptics, and antibiotics via different routes,
e.g., skin, ocular, topical, nasal, and oral routes [134]. Additionally, from a therapeutic point
of view, HA is among the most studied biomaterials for cartilage regeneration [123,132,134].
A potential approach to cartilage repair is the transplantation of autologous chondrocytes
or stem cells into cartilage defects using a natural or synthetic framework [134]. To perform
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the cartilage repair function, the component must be biocompatible with cartilage tissue,
biodegradable, non-toxic, and non-immunogenic, which are relevant characteristics of
biopolymers such as HA and chitosan [131,132,134].

Researchers have studied an interesting experimental application of this glycosamino-
glycan in the modulation of the immune system to inhibit inflammation and alter the
chemotactic factor and the stimulation of cytokine release, in order to maintain the balance
between type 1 and 2 T helpers (Th) [135,136]. Recent studies have also shown that plant-
derived hyaluronic acid can effectively modulate macrophage proliferation and promote
its phagocytic function in response to foreign bodies and tumor cells [136]. Due to its high
hydrophilicity, hyaluronic acid can also prolong drugs action time at target sites, and it can
naturally interact with CD44 membrane receptors that are overexpressed in different types
of cancer and other pathologies, which is promising for their treatment [136].

3. Conclusions

Agro-industrial residues are widely distributed all over the world through local
trade, importation, and exportation, thus making it possible to implement novel tech-
niques to optimize these resources in different industries. Biomass resulting from agro-
industrial processes offer alternatives for obtaining diverse chemical ingredients. In this
study, the presented polysaccharides were obtained from the most important worldwide
agro-industrial residues, which have been highlighted as materials that may reshape biore-
fineries around the world. Far beyond biofuels, obtaining, purifying, and combining these
isolated molecules to high-value innovative applications have been presented as ways
to develop the bioeconomy. All the studied polysaccharides have similar applications
in the pharmaceutical industry as carriers of drugs and medicines and in the produc-
tion of materials, functional foods, nutraceuticals, and cosmetics, though with different
mechanisms.

The abundance of animal and plant biomass allows for the estimation of the number
of polysaccharide-rich residues, as shown in this study. The extraction of cellulose has
great potential due to the huge volume of imported and exported residues based on major
crops such as rice, wheat, and maize. The major producers of these crops are also the
main generators of their residues. The United States and China are the main producers of
cellulosic-waste production from maize, while China and India are those from rice, and the
European Union and China are those from wheat. Thus, China dominates the production of
cellulosic waste from these crops. Moreover, China is also the predominant country in the
chemical industry, with international suppliers of these five isolated compounds. Animal
residues from seafood and livestock industries, such as crustacean shells, fish eyeballs, and
chicken crests, are major sources for the extraction of chitin, chitosan, and hyaluronic acid,
respectively. Plant residues, e.g., citrus waste and chicory roots, have been extensively used
in pectin extraction and (at a minor proportion) inulin obtainment.

Many studies have focused on the use of agro-industrial biomass residues only to
obtain energy through pyrolysis, fermentation, or thermoelectric processes. However, it
has been shown that this path that in contrary to the concept of sustainability, since other
sources of energy, e.g., solar and wind energy, are abundant and available for utilization. It is
necessary to increase the use of agro-industrial residues as a source of valuable materials for
industrial use and in the isolation of polysaccharides with properties capable of producing
bioactive natural products.
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