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ABSTRACT

Cassava, Manihot esculenta, is cultivated in tropical areas around the world as a staple
food source that feeds millions. Cassava tubers are rich in starch. Cassava starch,
modified or native, is an important ingredient in the food and pharmaceutical industries.
For example, the starch can be hydrolyzed to produce glucose or dextrin. Cassava is a
gluten-free carbohydrate source that can be used as a fat replacer in meat analogs. Its
modified forms can be used to encapsulate active ingredients, and it can be made into
edible or biodegradable food packaging materials. However, in many cassava-growing
developing countries, cassava farmers who depend on cassava as a staple food source
do not have enough resources to convert this starch vegetable into value-added
products to improve their economic returns and their lives. In addition, many of them are
suffering from diseases brought on by consuming cassava products without enough
processing, as cassava tubers are high in cyanide, which is toxic to the human body.
Therefore, it is important to bring the issues to the attention of both academics and the
food industry. This review discusses topics such as optimizing cassava growing,
detoxification of the tubers, sustainable wastewater processing, tapioca starch
modifications, tapioca starch as a staple food and the related epidemiology problems,
and applications of tapioca starch and its derivatives in the food and pharmaceutical
industries. In conclusion, cassava is a rich carbohydrate source once detoxified properly
and can be used as a staple food with some supplementation of protein and other
essential nutrients. The production waste needs to be processed before being released
into the environment; ideally used to generate additional value. Cassava can be easily

processed into cassava starch. The starch can be used directly as a food ingredient for



the preparation of a variety of food products. The starch can also be modified,

chemically or physically, into different forms with their special properties.
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0. Introduction

a. Production figures for tapioca
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Figure 1: Global Overview of Cassava Production (FAOSTAT, 2018)
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Figure 2: Production/Yield Quantities of Cassava in the World (FAOSTAT, 2021)



Cassava, Manihot esculenta, is mainly grown in tropical areas around the world. It is
primarily cultivated for consumption of its roots. After being harvested, the tubers must
go through a soaking and water boiling process before being consumed to detoxify the
tubers. In most of the countries, the tubers will be ground into cassava flour or cassava
starch and made into different dishes. In developed countries, the starch or flour is more
often processed into value-added products that are not limited to the food industry.
From 1994 to 2019, the production of cassava increased nearly 50% according to the
data from the Food and Agriculture Organization (FAO) as shown in Figure 2, to more
than 300 million tonnes in 2019. The world’s area used to grow and harvest cassava
also increased from 16.8 to 27.5 million hectare from 1994 to 2019, which is a little more

than the size of 33 million soccer fields.
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Figure 3: Production Share of Cassava by Region (FAOSTAT, 2021)
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Figure 4: Production of Cassava: Top 10 Producers (FAOSTAT, 2021)

According to the data from FAO as shown in Figure 3, 56% of cassava is produced in
Africa, followed by Asia (30%) and the Americas (14%). According to the data shown in
Figure 4, Nigeria, Thailand, and Brazil are the top 3 producers of cassava, with ~40

million tonnes of cassava produced by Nigeria alone every year.

b. World trade in cassava

Thailand is the largest exporter of cassava. In 2020, Thailand exported $37,000,000
(UN Comtrade, 2020) of cassava. From 2016 to 2020, the annual export trade value of
cassava from Thailand increased from $24 million (UN Comtrade, 2016) to $37 million

(UN Comtrade, 2020), which was a 35% increase.

China is the largest importer of cassava. In 2020, China imported $783,000,000 (UN

Comtrade, 2020) worth of cassava. Unlike the growing trend of exporting cassava as



mentioned above, the importing of cassava in China actually declined from $1.4 billion

(UN Comtrade, 2017) in 2017.

The 2020 average price of cassava exported from Thailand was $0.81/kg (UN
Comtrade, 2020); and the 2020 average unit price of cassava that was imported into
China was $0.23/kg (UN Comtrade, 2020). This seems to reflect a disparity whose

origin has not yet been clarified.

C. Major current uses of cassava

Cassava and its processed products have a wide range of uses in many industries
including human and animal food, pharmaceutical, chemical engineering,
environmental, medical, packaging, textile and construction. After harvesting, the
cassava roots need to go through detoxification processes to remove the toxic
compounds before being further processed (El-Sharkawy, 1993). Usually after the
detoxification process, the product will go through a drying process to collect tapioca

starch.

Cassava, bitter or sweet, is harvested and chopped into smaller pieces for easier
detoxification using processes such as soaking in water and boiling to wash away the
toxic compounds. In most cases, the pieces are then ground into tapioca flour as
granules or finer powders. Various dishes are prepared from tapioca flour or naturally
fermented tapioca flour as a staple food. In some other cases, the tubers are cut into
chunks and stir-fried or roasted with seasonings. The pieces can also be refined into
tapioca starch as an ingredient with its unique characteristics and can be used in many

areas in the food industry. For example, it can be used as a gluten-free source to



replace wheat flour in bread (Milde et al., 2012). It is the main ingredient of tapioca
bobas or bubbles that are used in milk tea and it is used by the plant-based “animal
protein substitutes" food industry to mimic animal fat, the texture of fish meat (Tawali et
al., 2018), or to reduce the fat content of some products such as cheese (lakovchenko
and Arseneva, 2016). It is also an economical animal feed for ruminants and fish (Park

et al., 2019; Umar et al., 2013).

The starch can be modified in many ways to prepare value added products. For
example, organic acids and other chemical compounds such as fumaric acid (Soccol et
al., 1993), poly(lactic acid) (Garlotta, 2001), ethanol (Sugih et al., 2015), and xanthan
gum (Gunasekar et al., 2014) can be prepared using fermentation of tapioca starch
using different enzymes. Tapioca starch that goes through acid or enzymatic hydrolysis
would produce different types of sugars and dietary fibers depending on the degree of
hydroxylation and the choices of reagents and/or enzymes (Ahmed et al., 1983;
Hermiati et al., 2012; Triyono et al., 2017; Weil et al., 2021). It can be a prebiotic that
feeds gut bacteria (Kaulpiboon et al., 2015). Tapioca starch and its modified forms can
be used as a wall material to encapsulate nutraceuticals (Loksuwan, 2007) and prepare
some nanoparticles (Almeida et al., 2020). Combined use of tapioca starch with gums,
gelatin, cellulose, and other starches also have their own unique functionalities that can
be applied to different needs such as edible food packaging (Chillo et al., 2008; Loo and

Norizah, 2020; Owi et al., 2017).

The starch itself and its chemically modified forms can also be used in the

pharmaceutical industry. It is used as fillers in tablets (Atichokudomchai and Saiyavit,



2003), a promising plasma expander (Luang-ni et al., 2015), and oral rehydration

solutions (Wapnir et al., 1998).

There are many other uses of the starch and its modified forms as well. For instance, it
is a successful medium for culturing bacteria (Ghozali et al., 2021) and algae (Amalah
et al., 2018). It can be used as an adsorbent to collect unwanted pollution from the
environment (Ogata et al., 2018) and it is a bio-adhesive that can be used as a

biodegradable adhesive in particle board (Liew et al., 2018).

Although as mentioned above, the application of cassava and its value-added products
are not limited to the food and pharmaceutical industry, in this paper the use of tapioca

starch and its derivatives in the food and pharmaceutical industry will be discussed.

d. Major benefits of cassava growing and use

Cassava is easy to grow and requires a minimum amount of water and nutrients from
the soil compared with most other staple food sources. The plant is able to tolerate
prolonged droughts with its stress-avoidance mechanisms (EI-Sharkawy, 1993).
Therefore, it is a good choice for farmers in the tropical area where their water source
for farming is limited. In addition, cassava has low requirements for soil nutrients.
According to Putthacharoen et al. (1998), compared with maize, sorghum, peanut,
mung-bean, pineapple, and sugarcane, cassava needs the lowest amount of major
nutrients (N, P, K, Ca, Mg) except for mung-beans. The plant is known for its capability
of growing and producing on barren lands. Therefore, farmers could make good use of

lands that are no longer fertile enough for cultivating other crops.



Some tropical countries that are importing tapioca starch can start growing the plant
locally to improve the supply chain and bring economic benefits to their own countries.
Starch is used extensively in many countries such as South Africa, but most of the
starch is imported from other countries such as Thailand. A study proposed that if
countries like South Africa can start producing cassava, the economy of the country will
benefit with income generation, job creations, and foreign exchange savings
(Amelework et al., 2021). If downstream research and development could be improved,
and local processing and production capability could meet the needs, the starch would
have a wide range of applications across different industries, which could meet
domestic needs and might even be exported to generate additional economic value

(Abass et al., 2018; John et al., 2007).

In addition to tapioca starch, maize, wheat, rice, and potato starch are commonly used
in the food and pharmaceutical industry, especially maize starch. Starch is used by the
food industry to make sugars, syrups, thickening agents, preservatives, and emulsifiers.
However, maize starch faces some resistance since being produced from genetically
modified maize as the current trend in the food industry is unfortunately going to be
more non-GMO, and products such as high fructose corn syrup are increasingly being
perceived by consumers as “unhealthy”. On the other hand, tapioca starch has not to
date been genetically modified while having all the properties of a starch that is easy to
process and modify. Therefore, it is an ideal starch for food companies looking to avoid

any possible consumer perception problems with maize starch (Frewer et al., 2013).

e. Major drawbacks to using cassava



Although cassava is relatively easy to grow on lands that many other crops cannot
grow, the plant does have some problems with diseases, and how to control the
diseases has been studied. Some common diseases include: cassava bacterial blight
(CBB), cassava mosaic disease (CMD), and cassava brown streak disease (CBSD).
These diseases can lead to significant economic losses to the cassava farmers. There
are many ways of engineering the plant to be resistant to these diseases (Lin et al.,
2019), although some mean that cassava might become a GMO. Lin et al. summarized
different ways of controlling the diseases using genetic modifications, including RNA
interference, gene-editing, engineering susceptibility factors, exploiting native resistant
mechanisms, immune receptor transfer, and engineering new immune receptor
specificity. Noticeably, none of these gene-editing and engineering methods are
categorized as GMO according to US regulations although this is not the case in some
countries. A review on the current CMD situation in Zambia also showed the importance
and difficulties of controlling the spread of the disease (Chikoti et al., 2019). The review
pointed out that controlling the disease needs the efforts of multiple stakeholders
including scientists, extension workers, seed multipliers, seed certifiers, NGO, and
policy makers. It is also important to educate farmers to adopt good phytosanitary

practices. Overall a lot of effort is still needed to fight the spread of diseases.

In addition to problems with plant disease control, depletion of certain nutrients and soil
erosion can also be problematic. Evidence as described above suggested that
compared with many other crops, the overall nutrient uptake of cassava is low in terms
of per ton dry matter. The review by Howeler et al. (1991) suggested that the uptakes of

N and P were much lower compared with other crops, but the uptake of K is similar to



cereals but still lower than other crops such as grain legumes and sweet potatoes,
which was consistent with the results from Putthacharoen et al. (1998). Therefore,
long-term cultivation of cassava on the same land will cause K depletion, thus impacting
the yield. In addition to soil nutrient problems, soil erosion is usually another problem
that happens frequently. Because cassava is able to be grown with conditions that other
crops cannot tolerate, it is often planted on steep slopes with acidic and infertile soil
conditions as the last crop in a rotation (Ofori, 1973). At the beginning of the growing
season according to Ofori, the canvas of the plant is usually limited thus it cannot
protect the land from rainfalls. In this case, soil erosion will be a problem that will cause
yield loss and soil nutrient loss. He suggests managing it by mulching the land or

intercropping.

The root of cassava naturally contains cyanogenic glycosides which will be transformed
into hydrocyanic acid (HCN) in the stomach during digestion. HCN will cause a range of
symptoms such as vomiting and coma, and higher dosage could also cause death
(Miles et al., 2011). Therefore, after the root is harvested, detoxification is an important
step. Traditional steps to remove the toxic compound include: scraping or peeling,
soaking and fermentation in water, pounding or grating into mash, squeezing for
dewatering, washing, and roasting or sun-drying (El-Sharkawy, 1993). If these steps are
not done carefully, the risks of exposing consumers to HCN is high. Therefore,
regulation on the allowed dosage of cyanogenic compounds in tapioca products is
important to ensure food safety. The Codex Alimentarius Commission’s international
standard for the HCN content of edible cassava flour is 10 mg of HCN eq/kg. In addition

to possible consumer food safety issues, the wastewater generated by removing the



toxin from the root also needs further processing before being used elsewhere or
released into the environment. This extra step increases the cost of production. If not

handled appropriately, the toxic compound in the water will also affect the local water

supply.

1. Growing the plant

a. Soil nutrients and erosion

Increasing cassava growing compared with growing other crops was observed in East
Africa as the farmers’ last chance, especially on land with declining soil fertility and in
areas where there is a lack of labor and a strong need for food (Fermont et al., 2008).
As mentioned in section 0.e, cassava growing causes some soil nutrient depletion and
erosion problems. In addition, Isabirye et al. (2007) suggested that cassava harvesting
would cause 3.4 tonne/ha soil loss per year. Compared with other tuber crops such as
sweet potatoes, cassava tubers have a less smooth surface. Therefore, more soil tends
to stick to the harvested tubers and over time it would cause accumulated soil loss
leading to further soil degradation. The soil’s nutrient profile and pH also have an impact
on tuber cyanogenic glycosides content. Imakumbili et al. (2019) observed that some
nutrients (K, Mg, Zn) reduced cyanogenic glycosides content of cassava of some
varieties, and increased other nutrients (P, S, Fe) and high soil pH levels increased
cyanogenic glycosides content of some cassava varieties. Therefore, it is important to
manage cassava growing soil problems to enable sustainable and continuous

production of cassava to fight against famine.
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Fertilization is discussed in many papers as an effective way of managing cassava soil
nutrients and erosion. Odedina et al. (2012) suggested that combined use of manure
with inorganic fertilizers increased the cassava tuber yield. This practice could save the
cost of purchasing inorganic fertilizers for cassava farmers by partially replacing
commercial fertilizers with animal manure. Compared with directly applying fertilizers,
Xie et al. (2020) found that fertigation, a fertilizing method that delivers fertilizers using
an irrigation system, resulted in higher cassava leaf nutrient contents and tuber yield on
both sandy clay loam and loamy sandy soil. Compared with fertigation, direct
application of fertilizers may result in the nutrients leaking to deeper levels of the soil
where cassava roots could not reach. However, in the meantime, fertigation requires
more labor and in some cases extra equipment that might not be feasible in every
situation. As mentioned previously, cassava growing requires a higher amount of K than
other nutrients. Chua et al. (2020) advised using K fertilization to avoid cumulative K
depletion. Howeler and Cadavid (1990) found that cassava yield responded differently
to different chemical fertilization formulations, suggesting that soils from different areas
may have different nutrient deficiency problems and require case dependent
fertilization. For example, Charoenphon et al. (2020) found that Mg fertilization was
important. However, Nguyen et al. (2001) found that applying only one type of nutrient
would result in a decrease of other soil nutrients. Therefore, it might be beneficial to
develop modeling tools to analyze soil nutrient deficiencies and find the right amount of
fertilization needed for each of the soil nutrients to efficiently and economically solve
problems with different land types (Byju et al., 2012). Furthermore, Carsky and

Toukourou (2005) suggested that applying even a high amount of fertilizers on
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degraded soil showed little effect, suggesting the importance of managing soil nutrients

early before any nutrient deficiency problem occurs.

There are some other agronomic practices that can effectively manage cassava soil
nutrients. Cadavid et al. (1998) suggested that surface mulching was an advantageous
way of preserving soil nutrients while producing high quality cassava tubers. Banuwa et
al. (2020) found that soil runoff, erosion and nutrient loss could be significantly reduced
with the application of ridges in the opposite direction of the growing slope. Hridya et al.
(2014) inoculated different combinations of bacteria and fungi (Azospirillum and
Trichoderma; Arbuscular mycorrhiza and Trichoderma; and Pseudomonas fluorescens
and Trichoderma) on cassava growing soil and observed significantly increased N, P,
and Fe, respectively. Similarly, Osonubi et al. (1995) observed increased tuber nutrient

uptake with the inoculation of vesicular-Arbuscular mycorrhiza.

Cassava genotypes respond differently to different soil nutrient profiles. Kang et al.
(2020) identified cassava genotypes with high yield in low N fields, low yield in low N
fields, and high yield in high N fields. If the land had low N, the first genotype should be
grown to generate high yield, and if the land had high N, the third genotype should be
grown. Marzouk et al. (2020) showed a similar relationship between different cassava

genotypes and K content in soil.

However, soil nutrient deficiencies were not observed everywhere. Asadu and Nweke
(1998) sampled cassava field soils in 45 villages of Tanzania and found the fertility of

soil was medium to high.

b. Tolerating drought
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Although cassava is known for its great drought tolerating ability, growing cassava with
an inadequate amount of water still leads to problems. Brown et al. (2016) found that
drought inhibited tuber yields and was associated with increased tuber toxicity levels,
especially when grown at higher temperatures. Similarly, Vandegeer et al. (2013)
quantified an 83% decrease in tuber yield and a 4-fold higher cyanogenic glycosides
compared with cassava that were grown with adequate irrigation. Cassava that suffered
from drought early after being planted was impacted more in terms of loss of total dry
weight of the tuber yield compared with drought that came later in the plantation cycle

(Pardales and Esquibel, 1996).

Many studies are trying to identify the specific genes and mechanisms that regulate
cassava drought or heat/cold stress to pave the way for improved breeding (Zeng et al.,
2017). Zhao et al. (2015) observed different mechanisms of two cassava cultivars with
mild drought. The first cultivar used a “survival” mode in which lowered photosynthetic
activities were observed, while the second cultivar senesced older leaves but continued
to grow at a lower rate. The author suggested that the first cultivar was more capable of
surviving prolonged drought than the second. Chang et al. (2019) also observed
decreased photosynthesis with drought stressed cassava. After examining 37 cassava
genotypes, Orek et al. (2020) found that cassava genotypes with high drought tolerance
were physiologically less sensitive to water deficiency, which could be used as a way to
pre-screen drought tolerant genotypes, but it was difficult to relate stomatal
conductance, i.e., the degree of stomatal opening, with tuber yield. On the cellular level,
Shan et al. (2018) observed the increased expression of 7 heat shock proteins, 6

decreased heat shock proteins, and reduced net photosynthesis with drought stress,
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showing the potential cellular metabolism mechanism for drought tolerance of one
cultivar. Turyagyenda et al. (2013) identified the mechanism of a drought tolerant
genotype to be related to the reduction of oxidative stress and osmotic adjustment on

the cellular level, and closure of stomata to reduce water loss at the physiological level.

Many ways have been identified to help alleviate the impact of drought on cassava
growing. Breeding can be used to identify cassava cultivars that were more tolerant to
prolonged drought (Oliveira et al., 2017). Okogbenin et al. (2013) summarized modern
breeding technologies well in their review. They also pointed out the importance of
phenotyping strategies like metabolic profiling for accelerating the breeding process to
develop drought tolerant cassava. Kengkanna et al. (2019) used digital imaging of root
traits (DIRT) to identify root phenotypic traits that were more tolerant to drought, which
could be used as breeding targets for high drought tolerant cultivars. In addition to
breeding, Utsumi et al. (2019) used acetic acid solution at 10 mM to irrigate young
cassava plants for 7 days before the plant was exposed to a 14-day drought. The result
showed that, compared with irrigating with pure water, the acetic acid solution irrigation
enabled the plant to show better drought avoidance based on higher leaf water content,
decreased stomatal conductance, and decreased transpiration rate. These were related
to the increased expression of abscisic acid (ABA) signaling related genes. ABA is an
important plant signaling hormone that accumulates with increased osmotic pressure
(Ali et al., 2020). Zeng et al. (2020) identified 32 heat shock factors and found the
association between these factors and the ABA signaling pathways as well, suggesting

the possible mechanism of plant drought stress responses.

C. Intercropping
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Intercropping is a common practice in agronomy to increase production, control crop
disease, manage weeds, and manage soil nutrients (Lithourgidis et al., 2011; Louarn et
al., 2021; Weerarathne et al., 2017). Cassava is commonly intercropped with legumes
or maize for benefits such as disease control and soil nutrient management (Mutsaers

et al., 1993).

Intercropping cassava with legumes or maize can effectively reduce the incidence of
related plant diseases such as CMD. Uzokwe et al. (2016) found that intercropping
cassava with mung bean (green gram) could effectively lower the small whitefly (a
cassava pest) populations found on crop leaves and CMD incidence in all seasons in
the Lake Zone areas of Tanzania. Similar results were observed by Ahohuendo and
Sarkar (1995) and Fondong et al. (2002) who intercropped cassava with cowpea and/or
maize. Fondong et al. also suggested that intercropping provided farmers with
additional short-term crops that covered the gap between cassava harvesting, which

usually happens late in the season, and the early next cropping season.

Legumes can effectively fix atmospheric N, into the soil. Thus, they are often used as
an intercropping crop to decrease the amount of fertilizers needed for maximum crop
productivity (Jensen et al., 2020; Xu et al., 2020). Intercropping cassava with peanut
and soybean on ultisols, acidic soils with low fertility, increased the productivity of the
fresh roots even more than fertilizing the soil with NPK fertilizers, suggesting increased
soil nutrient contents from growing legumes (Harsono and Pratiwi, 2017). Tang et al.
(2020) found that intercropping cassava with peanuts increased soil nitrogen content
through increasing the quantity of rhizospheric microbes. Umeh and Mbah (2010)

measured the increased nitrogen content when intercropping cassava with soybean.
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They observed that soil nitrogen content increased from 0.042 to 0.086 mg/kg 8 months
after planting and 0.085 mg/kg 12 months after planting without any measurable
soybean yield or quality loss. Compared with intercropping cassava with legumes,
intercropping with maize showed different results in terms of soil nutrient. Although
intercropping cassava with maize improved the earthworm activity and water infiltration,
nutrient uptake from the soil and reduced tuber yields were observed (Olasantan et al.,
19964a; Olasantan et al., 1996b). Therefore, intercropping cassava with maize usually
requires the addition of nitrogen fertilizers to achieve good yield of cassava tubers.
Fertilizers not only raises environmental concerns but also adds a financial burden for
the cassava farmers. Harsono and Pratiwi also suggested that intercropping cassava
with legumes (peanut and soybean) increased the net income of cassava farmers by
210% compared with monocropping cassava. Olasantan (2005) intercropped cassava
with okra and reported a 19 - 21% increased okra pod yield which brought an additional
20 - 26% economic return compared with mono-cropping. However, the author did not

study the impact of intercropping on soil nutrients.

Nwaobiala (2018) analyzed farmers’ adoption of recommended cassava intercropping
practices in Nigeria. The results suggested that more education was needed to increase

the awareness of cassava intercropping benefits.

2. Processing

a. Detoxification

Cassava naturally contains cyanogenic glycosides which will be transformed into

hydrocyanic acid (HCN) in the digestive system. A symmetrical, permanent, and
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irreversible neurological disease, Kenzo, that was well-documented on children and
young women who use cassava as the main food source in sub-Saharan Africa was
found to be related to the consumption of under-processed cassava (Nhassico et al.,
2008). Kashala-Abotnes et al. (2019) observed that the occurrence of Kenzo was
related to the metabolites of linamarin (the main cyanogenic compound of cassava),
cyanide, thiocyanate, and cyanate. Tropical ataxic neuropathy (TAN) is another disease
that results from long-term consumption of cassava as the sole food source (Osa et al.,
2000). It is usually found in old people and the disease progressively causes impaired
ability to walk, hand sensations, and loss of vision and hearing. However, even though
the occurrence of human diseases was high, a study that interviewed cassava farmers
and processors in Nigeria suggested that these people were not aware of the toxicity of
the cassava in food (Oluwole, 2008). There are two maijor cultivars of cassava classified
by their taste as “sweet” and “bitter”, and the taste is related to the cyanogenic
compound concentration, with the “bitter” cultivar containing a higher amount of
cyanogenic compounds compared with the “sweet” cultivar (Saka et al., 1997). Even
though the “sweet” cultivar contain less toxins and are generally better tasting, the study
suggested that farmers are still more willing to grow the “bitter” cultivar because the
“sweet” cultivars are more susceptible to theft and animal spoilage by trampling or
consumption of the leaves (Chiwona-Karltun et al., 2000).Therefore, understanding the
detoxification process of cassava and implementing it into the food production and
preparation in the growing and processing countries is important for public health to

prevent more cyanogenic intoxication in the population.
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In cassava, the two cyanogenic glycosides are linamarin and lotaustralin, with the
majority being linamarin (Cressey and Reeve, 2019). The total cyanide content,
although there are differences between different cultivars, ranges between 23.6 to 238
mg/kg root (Chisenga et al., 2019). Padmaja (1995) and Panghal et al. (2021) describe
the detoxification process of cassava well in their reviews. Overall, three methods are

usually used -- drying, soaking followed by boiling, and fermentation.

Sun-drying is the most common way that is used by small and medium sized cassava
farmers to make dried cassava chips for storage. It is a more effective way to remove
cyanogenic compounds compared with oven drying. Using enzymatic hydrolysis,
cyanogenic glycosides are converted to HCN by endogenous 3-glycosidase (Cressey
and Reeve, 2019). Cyanogenic glycosides are stored in cell vacuoles and B-glycosidase
are stored in mesophyllic cells of cassava (Panghal et al., 2021). The best temperature
range (35 - 45°C) where maximum enzyme reaction would occur is around the
sun-drying temperature. During oven drying, the temperature is usually much higher,
and at around 55°C enzymatic activity would be inhibited and thus slow the reaction
(Perera, 2009). Monroy-Rivera et al. (1996) observed 84 - 89 and 80 - 100% loss of
total free and bond cyanide, respectively, upon completion of the sun-drying process.
The surface size is highly related to the efficiency of drying. The cyanide reduction in
smaller cassava chips or grated cassava is faster than larger cassava chips during the
drying process (Jones et al., 1994). However, sun-drying has its problems that are
pointed out by Soraya et al. (2017). For example, sun-drying requires a large area of
land, otherwise production capability would be limited. In addition, sun-drying depends a

lot on weather conditions. During cloudy or rainy days, the production cannot proceed.
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Last but not least, exposing products to the environment would cause food safety
concerns. Without proper management, germs or dirt from the environment will infect
the product and cause public health problems. Furthermore, sun-drying is much less
efficient compared with other drying methods. Sun-drying takes up to three days during
cloudy or rainy days and industrial drying takes usually one to two hours (Sivakumar et

al., 2017).

A 1.5 year case study was done in a small village where Kenzo occurrence was high
because local residents rely on cassava as their staple food (Banea et al., 2012). In the
village, cassava flour was consumed as a thick porridge called fufu. The group
intervened by teaching the locals to mix the flour with water and leave it in the shade for
5 h or under the sun for 2 h. The intervention successfully lowered the average urinary
thiocyanate content of local children from 332 to 130 umole/L, and no new Kenzo cases

were observed even during the traditional season of highest occurrence.

Fermentation is also a well-documented method for the removal of cyanogenic
compounds from cassava. Compared with slicing, soaking, followed by sun-drying,
Kemdirim et al. (1995) suggested that fermentation might be a more efficient way of
removing cyanide. Padmaja et al. (1993) hypothesized that fermentation removes
cyanogenic compounds by linamarase released from the tubers and also the inoculated
microbials. However, Ampe and Brauman (1995) proposed that the endogenous
linamarase is responsible for most of the cyanide removal activity during the
fermentation, and the amount of linamarases presents in the tubers are high enough to
remove the cyanide without the help from linamarases released from inoculated

microorganisms. Fufu, a traditional fermented cassava food that is widely consumed in
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Africa, can be prepared by spontaneous fermentation of cassava roots. Ampe et al.
(1994) concluded that the fufu with the best organoleptic quality could be prepared by
peeling and pre-soaking the roots and adding juice from the previously fermented batch.
The optimum incubation temperature is between 28 to 37°C, which is related to the
maximized B-glycosidase activity as mentioned. Oguntoyinbo and Dodd (2010)
identified bacteria strains that initiated the spontaneous fermentation of cassava such
as Lactobacillus plantarum, Lactobacillus fermentum, Lactobacillus pentosus,
Lactobacillus acidophilus, and Lactobacillus casei. Apart from spontaneous
fermentation, inoculating cassava roots with selected bacteria or fungi can also
effectively reduce the cyanide content while retaining good sensory attributes (Kimaryo
et al., 2000). Brik et al. (1996) inoculated cassava with Aspergillus niger B-1 and
successfully reduced cyanide content by 95% to 2 mg/kg. Essers et al. (1995)
compared inoculation of 6 different fungi and found Neurospora sitophila to be the most

effective.

In addition to traditional processing methods that can remove cyanide, breeding or
genetic modifications might be another solution. Siritunga and Sayre (2004) proposed
two ways to use transgenic approaches. The first is to inhibit the expression of
CYP79D1 and CYP79D2 genes. By silencing these two genes, the linamarin content
was reduced 60 - 90% in cassava leaves and up to 99% in roots. The second method is
to express a leaf-specific enzyme hydroxynitrile lyase (HNL) in cassava roots. HNL
speeds up the cyanogenesis by three fold to reduce the accumulation of cyanide.
Cyanide is highly volatile, thus HNL reduces the accumulation of cyanide during

processing.
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b. Transforming production wastewater

As mentioned above, the detoxification process for cassava generates large amounts of
waste water that contains cyanide. Cyanide is a threat to living organisms if the
wastewater is directly released into the environment without further processing. It
disrupts the cellular respiration of living organisms, and prolonged exposure will cause
diseases in nerve, respiratory, cardiovascular, and digestive systems, and on the skin of
humans and other animals in the environment such as rats, fish, and mice (Akintonwa,
1994; Jaszczak, 2017). The toxicity of water samples from a tapioca processing plant in
Thailand was tested using the Microtox test and a duckweed test (Bengtsson, 1994).
The Microtox test is often used as a rapid screening tool for the toxicity testing of
wastewater (Hao et al., 1996). Duckweed, an easy to cultivate algae, has the ability to
assess the toxicity of wastewater samples at a wide range of pH (Sallenave and Fomin,
1997). The study by Bengtsson found that the most used way of treating wastewater,
i.e., aging, significantly reduced the toxicity level of the waste, but aging alone is not
sufficient to eliminate the toxins from the wastewater. Therefore, it is necessary to

develop ways to treat tapioca production wastewater in addition to aging.

Various ways have been developed to treat tapioca wastewater. COD (chemical oxygen
demand) and BOD (biological oxygen demand) are usually the two values that are used
to evaluate the amount of total and organic compounds in water. In addition to COD and
BOD, TSS (total suspended solids), and cyanide, nitrogen, and phosphorus contents

are also important parameters in terms of determining the effectiveness of treatments. A
general way of removing unwanted compounds from the wastewater includes aging and

also flotation, anaerobic fermentation, and aerobic treatment. Fettig et al. (2013) found
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that using dissolved air flotation, anaerobic degradation, and aerobic post-treatment in a
vertical flow constructed wetland, >98% COD, >90% N, >99% cyanide, and 50% P can
be removed from the cassava wastewater. Another study looked into anaerobic
fermentation using cattle manure as the starter and found the method could
successfully remove 72% TSS with optimized conditions (Pandia, 2018). Deshpande et
al. (1994) used lime at 600 mg/L as the coagulant to remove suspended solids (52%)
and BOD (37%) from the cassava wastewater, and increased the pH of the wastewater
from 5.5 to 7.0. These studies all indicated the possibilities of combining different

treatment methods to clarify the tapioca wastewater.

In addition to treatment, other technologies are used to transform wastewater into
energy such as electricity and biogas. Hasanudin et al. (2019) estimated the possibility
of making full use of tapioca wastewater and tapioca fibers to generate electricity that
can be used in the drying process of tapioca starch. Based on their estimation and
calculation, if the plant of interest in Indonesia was able to utilize cassava fibers in
addition to wastewater for the fermentation of cassava fibers and wastewater to
methane, they estimated that the energy generated would be able to meet the needs of
the tapioca starch drying process. In another study, microbial fuel cells (MFC) were
used to transform tapioca wastewater into electricity (Harimawan, 2018). When
optimized, 46% COD can be removed from the wastewater, and it reaches an open

circuit voltage equilibrium at 676 mV.

Although processing and transforming the wastewater are good ways of post-treatment
of tapioca wastewater, they both require significant investments into manufacturing

facilities. Most of the current tapioca processing factories around the globe are small to
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medium sized, and investment without funding support might not be feasible in a short
period of time. Therefore, another way of conserving the tapioca wastewater used is by
recycling the wastewater back into the production process. Tapioca processing usually
goes through several steps that require the input of water, including washing, grating,
and settling or separating. The wastewater from the settling or separating process can

be reused on the previous mentioned steps (Adnan, 2020).

The average amount of water needed per tonne varies based on different production
parameters and efficiency. Generally, it varies between 2500 to 6000 L of water/tonne of
tapioca production. Given the quantity of tapioca production worldwide, the amount of
wastewater generated each year is large. If no action is taken, it certainly will threaten
the local environment. Government agencies can take the initiative to encourage
tapioca processing factories to reuse the wastewater, transform the wastewater into
biogas or electricity, and process the water before releasing it into the environment by
providing funding and education. An up-flow anaerobic sludge blanket (UASB) is an
anaerobic digestion reactor that uses microorganisms to transform wastewater into
biogas such as methane (Latif et al., 2011). A case study in a small to medium sized
tapioca starch processing plant in Thailand found that by investing in UASB, the system
was able to produce 1350 m? biogas/day, which could be used to substitute for 8100 L
fuel oil/day (Chavalparit, 2009). UASB has been tested with many scenarios to be able
to effectively remove COD, BOD, and TSS from wastewater (Mungary, 2010). Although
the investment in UASB for the tapioca production wastewater processing in the plant in

Thailand costed 55 million baht (~$1.6 million), the savings on fuel oil every year would
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be 25 million baht (~$0.7 million) meaning the return on investment is a little over two

years.

3. Tapioca starch modification

a. Native tapioca starch properties

Figure 5: Tapioca Starch Granules as seen with Light Microscopy (Mishra and Rai,

2006)
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The appearance of tapioca starch is shown in Figure 5. The granules are mostly
spherical and truncated with the position of the hilum in the center of each granule.
Hilum is the point where starch granules start to grow, and in different starch sources
the position of hilum might be different (Cai and Wei, 2012). According to Mishra and
Rai (2006), the size of tapioca starch granules varies between 7.1 - 25um. The pH of
tapioca starch is 4.8 and solubility is 1.9% at 20°C. Solubility increases to 14.4% at
70°C. Tapioca starch paste shows a shear thinning (pseudoplastic) behavior with WHC
(WHC) of 10 g H,O/g starch. The gelatinization temperature of the starch was 66.2°C,
and the peak viscosity was 1770 cP. For production and storage safety, Zhang et al.
(2018) analyzed the minimum ignition energy of tapioca starch at a powder pressure of
90 kPa as 58 mJ. Chisté et al. (2011) graphed the sorption isotherm of tapioca flour at
25°C. At a water activity of 0.6, the moisture content of tapioca flour was ~10.1%,

suggesting a moisture content limit for microbiological safety during storage.

b. Starch heating and cooling with water

Generally, the addition of excess amounts of water followed by heating leads to a series
of steps that includes gelatinization, pasting, and retrogradation of the starch. The
changes of viscosity and temperature with time are summarized by Balet et al. (2019) in
Figure 6 with a typical RVA (Rapid Visco Analyser) pasting profile. RVA measures the
viscosity of the substance within a period of time when it is being stirred and heated
(Tang and Copeland, 2007). Like any other starch, tapioca starch is composed of
amylose and amylopectin. Amylose has mostly a linear structure with a-1,4 glycosidic
bonds (Takeda et al., 1984). Amylopectin, on the other hand, is much larger and

complex branched structures due to the presence of both a-1,4 and 1,6 glycosidic
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bonds that contribute to the crystalline structure of starch granules (Hizukuri, 1986).
When being heated with an excess amount of water, the crystalline double-helix
structure of starch breaks down and becomes amorphous, and the viscosity of the paste
continues to increase until it reaches a peak viscosity (Ai and Jane, 2015). According to
Cozzolino (2016), peak viscosity also indicates the maximum WHC of the starch. In
Figure 7, Huang et al. (2017) shows the morphological change of a tapioca starch
granule. At the beginning of the gelatinization, starch granules absorb water which
promotes the mobility of the amorphous region of starch granules (Ratnayake and
Jackson, 2007). During the heating process, the blocklets in the starch granule are
released and deformed into olive shaped strings that connect blocklets together. At the
pasting temperature, deformed blocklets would merge together to form larger blocklets.
Increasing viscosity is observed. With continuous heating to reach a temperature higher
than the pasting temperature, more merged blocklets are formed until the eventual
formation of a three-dimensional starch paste. Because the structure of the starch is
completely destroyed, this process is irreversible. Huang et al. reported that the onset,
peak, and completion gelatinization temperature of tapioca starch was 64.6, 70.3, and
80.2°C, which is slightly different from what Mishra and Rai (section 3.a) observed. This
is because the tapioca starch samples used have variations. Generally tapioca starch

has an onset gelatinization temperature around 65°C.

After reaching the peak viscosity, the viscosity of starch paste starts to decrease before
retrogradation where the viscosity starts to increase again. According to Balet et al., it is
hypothesized that the observed decrease of viscosity is a result of the free water

movement into starch granules as the crystalline structure of starch becomes loose.
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Starch retrogradation occurs when the viscosity starts to increase again. It is well
studied that retrogradation contains two steps. The first step refers to the short-term
amylose crystallization which is thermodynamically irreversible; the second long-term
step refers to the amylopectin crystallization which is thermodynamically reversible
(Miles et al., 1985). Retrogradation transforms non-waxy starch paste to a firm gel,
which may or may not be desirable in different scenarios (Wang et al., 2015). In most
cases, retrogradation causes unwanted properties changes in starchy products. For
example, the staling of bread (Aguirre et al., 2011). However, in some cases
retrogradation modifies the products into a stage where it is desirable. For example, in
the production of breakfast cereals or parboiled rice, dehydrated potato mash,
Japanese “harusame”, and Chinese rice vermicelli (Karim et al., 2000). Therefore, it is
important for the product developer to understand the role that starch retrogradation

plays in their products and delay or facilitate it from happening.
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C. Glucose production using hydrolysis

Cassava roots contain a high carbohydrate content (Kolapo and Sanni, 2009). The

starch thus can be processed into glucose or dextrin using hydrolysis. Glucose syrup
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and dextrin are widely used in the food industry with confections, baked products, and
beverages (Ahmed et al., 1983). It is a good opportunity for cassava producing
countries to produce glucose syrup and dextrin within the country instead of importing
them. In addition, it is also the pathway for the fermentation of ethanol, as starch needs
to be hydrolyzed into simple sugar first before being used by microorganisms to
produce ethanol (Nuwamanya et al., 2012). Converting tapioca starch to glucose or
dextrin can be achieved by acid hydrolysis, enzymatic hydrolysis, or a combination of
both. Dextrose equivalent (DE) value is often used to describe the degree of hydrolysis.
Starch has a DE value of 0% and glucose has a DE value of 100%. In between there
are dextrins (1 - 13%), maltodextrins (3 - 20%), and glucose syrup (=20%) (Sun et al.,
2010). Compared with acid hydrolysis, enzymatic hydrolysis yields final glucose
products with better quality (Tester and Karkalas, 2006). Aggarwal et al. (2001) reported
that enzymatic hydrolysis could avoid the off-taste that is generated using acid
hydrolysis. In addition, they point out that acid hydrolysis cannot achieve DE >55
without the occurrence of off-tastes. Native tapioca starch resists the hydrolysis by
a-amylase because different factors such as the size and shape of the starch granule
restrict the availability of the enzyme to the interior of the starch granule (Tester et al.,
2006). In this case, it is difficult to obtain glucose with DE values >20%. For example,
Triyoni et al. (2017) used a-amylase to hydrolyze native tapioca starch and obtained
maltodextrin as the final product with the best conditions. Therefore, different ways to

improve the efficiency of converting tapioca starch to glucose were investigated.

Franco et al. (1987) reported that using a combination of a-amylase with glucoamylase

can more effectively hydrolyze native tapioca starch compared with using any of the
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enzymes alone. A conventional tapioca starch saccharification at 90% within 24 h was
done by Aggarwal et al., (2001). The starch slurry at a concentration of 25% was
liqguefied and gelatinized at the same time at 104°C for 45 min at pH 5.0. Enzymes were
able to attack substrates in the gelatinized amorphous starch much more easily
compared with starch granules (Slaughter et al., 2001). Then a combination of
commercial a-amylase with glucoamylase was used for the saccharification at 60°C of
the starch slurry. This approach is used as a conventional way to produce glucose
syrup. The heating temperature during liquefaction and the gelatinization status affect
the final DE of the hydrolyzed product. Shariffa et al. (2009) kept the temperature of
liquefaction of the starch slurry at 60°C (a temperature below the gelatinization
temperature of tapioca starch) and pH 5-6 for 30 min, and lowered the temperature to
35°C during the 24 h hydrolysis with a-amylase with glucoamylase. They reached a final
DE value of 50%, which was lower than what Franco et al. was able to achieve (90%) at

a higher liquefaction temperature when tapioca starch was gelatinized.

To decrease production cost, the enzymes that are used in the hydrolysis can be
recycled. For a-amylase, Agustian and Hermida (2019a) used mesoporous cellular
foam (MCF) silica and successfully immobilized 80% of the a-amylase from the
hydrolysis reaction. MCF works as a filter that can adsorb desired substances from
liquid (Oda et al., 2002; Wang et al., 2015). MCF silica was also used to collect
glucoamylase by Agustian and Hermida (2019b) in another paper during the tapioca
starch hydrolysis, and 82% of the enzyme was immobilised in the process. The group
also noticed a slower reaction rate with immobilized enzymes compared with free

enzymes. Abd Rahim et al. (2013) encapsulated a-amylase, glucoamylase, and
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cellulase into sodium alginate-clay beads. The beads were able to retain 51.8% enzyme
activity after 7 hydrolysis cycles, suggesting a promising way of recycling enzymes for

glucose production.

d. Dextrin production using starch modification

Dextrins with a final DE value <20% could be obtained using tapioca starch
modifications. Maltodextrin, a common food ingredient that is used as a fat replacer or
dietary supplements in drinks, can be derived from tapioca starch using enzymatic
hydrolysis with a-amylase (Akbari et al., 2019; Hofman et al., 2016). Similar to the
production of glucose with tapioca starch, the starch is liquefied before being hydrolyzed
by a-amylase using acidic conditions (Moore et al., 2005; Triyono et al., 2017).
Maltodextrin is also commonly used as a natural spraying drying agent or wall material
when combined with other hydrocolloids for encapsulation (Busch et al., 2017). For
example, Febrianta et al. (2020) found that encapsulating turmeric using maltodextrin
showed the highest encapsulation efficiency and solubility as turmeric is a hydrophobic
compound compared with using cassava flour or skim milk as the wall material. The

encapsulated turmeric could be used as natural antioxidants or colorants.

Resistant maltodextrin with high solubility (90 - 100% depending on the temperature)
and low digestibility (~50%) can be obtained using a series of reactions that include
pyroconversion with acidic conditions and enzymatic hydrolysis of tapioca starch
(Toraya-Avilés et al., 2016; Toraya-Avilés et al., 2017). Pyroconversion breaks down
starch molecules and leads to recombination of smaller molecules using the hydroxyl

groups to form branched structures with arbitrary a or § -1,2/1,4/1,6 glycosidic linkages
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(Bai et al., 2014; Li et al., 2020). However, because humans can only digest a-1,4 and
a-1,6 glycosidic linkages, the remaining parts of the modified starch are not digestible in
the human digestive system. A clinical trial done by Astina and Sapwarobol (2020)
successfully used tapioca resistant maltodextrin on healthy individuals to control the
postprandial plasma glucose and insulin levels. However, they pointed out that higher

doses would cause flatulence as a result of gut bacteria fermentation.

e. Interaction with hydrocolloids, carbohydrates, and salt

As a food ingredient used in many different food products that require different storage
and preparation conditions, tapioca starch is mixed with gums, fibers, carbohydrates,
and salts for improved stability and functionalities such as freeze-thaw stability, better

rheological and pasting properties, and thermal stability (Temsiripong et al., 2005).

Many food products that contain tapioca starch require storage at frozen temperatures
(Seetapan et al., 2013). The freeze-thaw stability is important to preserve the texture
and quality of these food products. Upon freezing and thawing, the food matrix such as
starch molecules would reorganize which would result in the release of water molecules
(syneresis). Various gums, sugars, and salts are used to minimize the retrogradation
and syneresis of food products containing tapioca starch during the freeze-thaw cycles.
Xanthan gum, which interacts with gelatinized starch at low concentrations, was found
to effectively reduce syneresis during freeze-thaw cycles. A schematic diagram is
shown in Figure 8. Both Maphalla and Emmambux (2016), and Pongsawatmanit and
Srijunthongsiri (2008) reported that increased xanthan gum in the tapioca starch gel

would increase the viscosity of the gelatinized paste due to the interaction between
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xanthan gum and amylose (gum-amylose) formed by hydrogen-bonding. This
interaction also contributes to the reduced syneresis by reducing the available water.
Retrogradation occurs during the cooling of gelatinized starch paste. Sae-Kang and
Suphantharika (2006) found that the syneresis of tapioca starch with xanthan gum
during freeze-thaw cycles was mainly due to the retrogradation of amylose, not
amylopectin, which agrees with the results of Maphalla and Emmambux and
Pongsawatmanit and Srijunthongsiri. Tunnarut and Pongsawatmanit (2017) reported
that adding sucrose could further decrease available water during the freeze-thaw
cycles in a tapioca starch and xanthan gum matrix to show better syneresis inhibition
results. In addition, sucrose also increased the hardness of the gel during the storage,
which may or may not be desirable in different food matrices. Similar cryoprotectant
effects of sucrose were observed in a tapioca starch and pectin matrix, which can be
applied as fruit fillings in frozen desserts such as fruit pies (Agudelo et al., 2014). Chen
et al. (2015) reported that when the anionic gum Arabic is added to the anionic tapioca
starch gel, the syneresis decreases. On the other hand, anionic gum Arabic accelerates
the syneresis of cationic tapioca starch gels. Chen et al. suggested that when the
negatively charged gum Arabic attracts the positively charged tapioca starch gel
aggregate, their WHC decreases, thus more water leaks out. Varavinit et al. (2000)
found that tapioca starch paste thawed at a higher temperature (90°C) has lower
syneresis compared with the paste thawed at a lower temperature (60°C). They also
used a method called cryogenic quick freezing (CQF) to accelerate the freezing and
found the method effectively reduced syneresis to zero during the thawing no matter if

the thawing temperatures were high or low. CQF requires the sample to be frozen in
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liquid nitrogen for 3.5 min before transferring to -18°C. The instantaneous freezing does
not allow the starch gel to have enough time to go through retrogradation, thus less

syneresis is observed.
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Figure 8: Interactions between Xanthan Gum and Starch Molecules during

Gelatinization, Cooling, Freezing Thawing, and Drying (Zhang and Lim, 2021)

Interactions with gums, carbohydrates, or salts can also change the rheological and
thermal properties of tapioca starch. According to Singh et al. (2017) the same results
without chemical modifications might be achieved by simply mixing the starch with
gums, carbohydrates, or salts. These are considered “natural” and in most cases are

more cost effective. In addition, the more rigid the structure of the starch and the gums,
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e.g., guar gum, the greater the inhibition of the hydrolysis of a-amylase. This will slow
down the digestion in the Gl tract, which could be applied to diets that require prolonged

release of glucose (Hong et al., 2015).

Addition of xanthan gum increases the initial, peak, breakdown, final, and setback
viscosities of the tapioca starch during the heating and cooling process (Hong et al.,
2014). Chantaro et al. (2013) reported results consistent with Hong et al. except that
they observed a decreased setback viscosity. The way that Chantaro et al. define
setback viscosity is “the difference between the final viscosity and the minimum
viscosity after peak viscosity”. In Figure 6 (3.b), Balet et al. (2019) used total setback to
represent the definition proposed by Chantaro et al., and setback region to represent
the difference between peak viscosity and final viscosity. Comparing the graphs that
Hong et al. and Chantaro et al. plotted with their data (not shown here), the viscosity of
the paste after xanthan gum addition actually showed the same trend in both cases.
When the tapioca starch to xanthan ratio (10:0, 9.5:0.5, 9:1, and 8.5:1.5) decreased, the
difference between final viscosity and the minimum viscosity after peak viscosity also
decreased, and the difference between final viscosity and peak viscosity increased.
Therefore, the variance comes from different ways of defining the setback viscosity.
Pectin, carrageenan, and a cellulose (xyloglucan) were found to be able to increase the
viscosity of tapioca starch (Babic et al., 2006; Pongsawatmanit et al., 2006;

Pongsawatmanit et al., 2007).

Hong et al. (2014) also suggested that the addition of sucrose or NaCl increased the
pasting temperature of the tapioca starch xanthan gum mix. The sugar or salt would

compete with xanthan gum to attract water thus inhibiting the hydration of starch
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molecules during heating. Chantaro and Pongsawatmanit (2010) reported that the
pasting temperature of tapioca starch and xanthan gum (5% w/w) gel increased from 72
- 78 to 82 - 90°C with increased sucrose from 0 - 30%. Zhang et al. (2012) reported that
the addition of trehalose had similar effects on tapioca starch gels. Sugars with different
molecular weights increased the gelatinization temperature and decelerated
retrogradation to different degrees. Babi¢ et al. (2009) used differential scanning
calorimetry (DSC) and observed that glucose has the strongest effect on increasing the
gelatinization temperature and enthalpy of tapioca starch, followed by sucrose,
trehalose, and fructose. They also found that sugars with lower molecular weight
(fructose and glucose) retarded retrogradation of tapioca starch less effectively
compared with sugars with higher molecular weight (sucrose and trehalose), and
different starch sources would change the results. More investigation is needed to study

these mechanisms.

Ofman et al. (2004) reported the interaction between preservatives (potassium sorbate
and sodium benzoate) with tapioca starch during the gelatinization of the starch. They
found that when the water activity of gelatinized gel is 20.775, 95 - 97% pre-added
preservative solutions would interact with the starch, which might affect their
functionality as a preservative in the matrix. Addition of monosodium glutamate to
tapioca starch led to higher gelatinization temperatures and reduced swelling and

viscosity of the final paste (Yagishita et al., 2011).

f. Interaction with proteins and fats
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Tapioca starch, native or modified, is used in food products (e.g., sausages, high protein
tapioca puff snacks, and burger patties) that contain proteins and fats to improve the
overall sensory profile of the products or act as a fat replacer to reduce the overall fat
content (Hughes et al., 1998; Desmond et al., 1998; Lyons et al., 1999; Patel et al.,
2016). It interacts with other ingredients in the matrix and improves the quality of the
products mainly due to its good WHC. Lyons et al. observed that the increased water
holding capability with tapioca starch decreased the cook loss and increased the shear

force so that it was similar to that of full-fat sausage products.

More research is needed to understand the mechanism of the interaction between
protein and starch. Villanueva et al. (2018) found that the addition of protein (egg
albumin or soy protein isolate) to tapioca starch gel resulted in a lower tan & value with
both G’ and G” increasing upon the addition of protein, meaning the starch gel became
less rigid with higher viscosity than elasticity. Slightly different results were observed by
Carvalho et al. (2007) using a micro-visco-amylograph (MVA). They observed similar G’
values and decreased G” values which led to a decreased tan & value after the addition
of whey protein isolate (WPI). During heating to 85°C, Ren and Wang (2019) observed
increasing G’ values with WPI and tapioca cross-linked starch gels, but they did not
measure G” or calculate tan & values. They concluded that the higher gel strength was
a result of the electrostatic forces between the protein molecules and the starch
molecules. Wu et al. (2018), on the other hand, attribute the higher gel strength to the
higher pressure that the starch gel exerted onto the protein gel due to the swelling. They
observed that potato starch that has greater amylopectin content showed better

“packing effects" than tapioca starch that has lower amylopectin content. As the
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amylopectin content has a greater effect on the swelling ability of the starch, potato
starch, upon gelling, will exert more pressure onto the gel, thus leading to a higher gel

strength.

g. Chemical modification

Native tapioca starch has its drawbacks when used in different food matrices. Food
products using starch as an ingredient with different functionality requirements usually
require the starch to be modified, chemically or physically, to better accomplish the
needed product functionality (Zia-ud-Din et al., 2017). Chemical modification is an
efficient way of modifying an undesirable property of tapioca starch into a more
desirable one (Zhu, 2015). Zhu summarized chemical modifications of tapioca starch
well in their review. The chemical modification they mentioned in detail includes
cross-linking, alkaline, acid modifications in aqueous solution or in ethanol,
cationization, oxidation, and substitution. Therefore, in this discussion, more emphasis
will be targeted to the applications of modified starch. Hydrolysis was discussed above

and thus will not be included.

Esterification of tapioca starch could be achieved with the addition of octenylsuccinic
anhydride (OSA) with a degree of substitution (DS) value ranging from 0 to 0.04
(Makmoon et al., 2013). Whitney et al. (2016) suggested that the esterification of
tapioca starch induced by OSA only occurred on the amylose chains but not the
amylopectin chains. According to Makmoon et al., the modified esterified tapioca starch
was thixotropic and thus could be used as an associative thickener to modify the texture

of water-based systems. For example, Domian et al. (2018) prepared 40 to 55% linseed
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oil powder encapsulated with tapioca OSA starch and trehalose. The product could be
used as a creamer for its good stability in hot water. Esterification could also be
achieved with the addition of maleic anhydride (Triwises et al., 2016). At a DS of 0.25,
the esterified tapioca starch could be cross-linked with trimetaphosphate for the
preparation of curcumin embedded hydrogels with an encapsulation efficiency at 80%

(Meng et al., 2020).

Oxidation is another common way of modifying tapioca starch. Exposing tapioca starch
to ozone for 10 min increased the carboxyl and carbonyl groups in the starch (Chan et
al., 2009). Decreased swelling power and solubility were observed. decreased viscosity,
and the same gelatinization temperature and enthalpy were also observed in the
oxidized starch samples (Chan et al., 2011). Dialdehyde tapioca starch can be prepared
by oxidizing tapioca starch with periodic acid (sodium metaperiodate and hydrochloric
acid) (Wongsagon et al., 2005). Increased gelatinization temperature, decreased
gelatinization enthalpy, increased pasting temperature and peak viscosity as well as
breakdown and increased solubility were observed in the dialdehyde tapioca starch.
Dialdehyde tapioca starch can be used as a biodegradable adhesive in the
manufacturing of particle board (Ye et al., 2018). Purcell et al. (2014) used oxidized
starch to lower the fat content of oven-baked chicken nuggets while maintaining a good

product texture.

Cross-linked tapioca starch can be prepared using sodium trimetaphosphate (STMP)
and sodium tripolyphosphate (STPP) at different concentrations (Wongsagonsap et al.,
2014). The cross-linked tapioca starch can be used in soups to improve the texture and

sensory profiles. Acetylated tapioca starch was prepared by the reaction with acetic
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anhydride (Babic et al., 2007). Acetylated tapioca starch could be used to prepare
smaller microparticles (8 - 58 uym) loaded with potassium sorbate compared with those
prepared using native tapioca starch (30 - 227 um). These decreased the amount of
antimicrobials added in food products by increasing surface area (Alzate et al., 2016).
Fan et al. (2019) modified tapioca starch by both cross-linking and acetylation and
found that a low-degree of cross-linking and acetylated tapioca starch at a pasting
temperature >61°C could significantly increase the G’ value and improve the textural
properties of freshwater fish myofibrillar protein gel. Therefore, the modified tapioca

starch could be a good texture modifier for freshwater surimi products.

Cationic tapioca starch was prepared by Han and Sosulski (1998) using
3-chloro-2-hydroxypropyltrimethyl ammonium chloride in aqueous alcoholic-alkaline
solvent. Cationization reduced the pasting temperature of tapioca starch from 67.5 to
46.5°C and the viscosity of modified tapioca starch was lower throughout the gelling
process. When interacting with gums, cationic tapioca showed different properties
compared with native starch as mentioned in section 3.e. The electrostatic interaction

between gums and cationic tapioca starch could create gels with unique functionality.

Hydroxypropyl tapioca starch was prepared by reacting with propylene oxide with
alkaline conditions (pH 9 - 10) with the presence of Na.SO. (Kishida et al., 2001). Kato
et al. (2009) showed that hydroxypropyl tapioca starch with high DS (0.18) was resistant
to a-amylase digestion in a KKAy mice model with unknown mechanism, indicating the
potential of resistant starch. With pasting properties, cross-linked hydroxypropyl tapioca
starch showed a lower gelatinization temperature and enthalpy compared with the

native starch (Thirathumthavorn and Trisuth, 2007). Therefore, hydroxypropyl tapioca
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starch is used as a modified starch in many food products to improve the texture and
functionality such as noodles or bread. In noodle products, partially substituting wheat
flour with hydroxypropyl tapioca starch increased the moisture content of the noodles
(Fuzuzawa et al., 2016). Miyazaki et al. (2008) used 18.4% hydroxypropylated tapioca
starch with 1.6% dried gluten to substitute 100% of the wheat flour to prepare frozen
bread dough. The resulting dough with high DS (0.1) with hydroxypropylated tapioca
starch retarded bread staling compared with those made with 100% wheat flour or
native tapioca starch, which indicated that hydroxypropylated tapioca starch could be a
promising anti-staling agent for frozen bread dough making. Dihydroxypropyl tapioca
starch could be prepared using chloropropilene glycol reacting with tapioca starch in
alkaline conditions (Schmitz et al., 2006). The resulting dihydroxypropyl tapioca starch
product showed higher swelling power and viscosity, lower retrogradation, and higher
freeze-thaw stability compared to hydroxypropyl tapioca starch or native tapioca starch.
However, chloropropilene glycol was not found in CFR 21 172.892 Food Starch --
Modified to be a listed starch modifier, suggesting the limited use of this modified starch

in food products.

h. Physical modification

Chemical modification, although the desired functionality could be achieved, is usually
perceived as “unnatural” by consumers and might generate environmental pollutants.
Physical modifications, on the other hand, do not require the addition of chemicals, thus
are usually more welcomed by the consumers and produce less pollution compared

with chemical processing.
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Noble gas plasma treatment induces starch modifications using the interaction between
ionized gas and the starch surface (Thirumdas et al., 2017). Deeyai et al. (2013) used a
dielectric barrier discharge (DBD) argon plasma to treat tapioca starch and observed
starch cross-linking at low relative humidity. Wongsagonsup et al. (2014) used a jet
atmospheric argon plasma at different powers (50 or 100 watt) and different sample
preparation methods (cooked tapioca starch or tapioca starch granules) and observed
the occurrences of both cross-linking and depolymerization of samples. The mechanism
suggested was that the jet atmospheric argon plasma modifies the samples by breaking
C-0, O-H, or C-H bonds of the starch. However, both Deeyai et al. and Wongsagonsup
et al. did their study at atmospheric pressure, thus the modification was mainly limited to
the surface of the starch sample. In addition, they did not investigate if their ideas could
be utilized with large scale production. Therefore, based on their study, Chaiwat et al.
(2016) proposed using a semi-continuous downer reactor for large scale production of
low-pressure argon plasma treated tapioca starch. The downer reactor utilizes the force
of gravity to achieve uniform contact between gases and solids in both axial and radial
directions. They observed a higher G’ value and decreased tan & value after 1 treatment
cycle indicating the formation of cross-linking and increased depolymerization, which
weakened the gel structure with repeated cycles (3 or 6 cycles). Therefore, using the
semi-continuous downer reactor with low-pressure argon plasma treatment,
instantaneously (<0.3 s) which lowers the degree of cross-linked tapioca starch could be

used for large-scale production.

Gelatinization of starch, as mentioned, can be achieved by heating the starch with an

excess amount of water. In addition to this method, applying high pressure to the starch
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slurry could also obtain similar results. Specifically, high hydrostatic pressure processing
(HPP) is often used to modify tapioca starch at ~550 - 600 MPa at room temperature
(20 - 27°C) (Oh et al., 2008). HPP has been used in the food industry since the 1990s
as a non-thermal processing method to produce high quality safe food by inactivating
microbes in the food matrix while maintaining the original color and tastes of the
products (Yamamoto, 2017). Different from heat induced gelatinization, HPP treated
tapioca starch partially preserves the starch’s granular structures while altering the
chemical interactions of starch-starch or starch-water interactions, resulting in a
modified tapioca starch gel with higher stability compared to the unmodified tapioca
starch gel (Vittadini et al., 2008). On the other hand, the granular structure of gelatinized
tapioca starch obtained by heating is destroyed during the process of heating. After
HPP treatment, amorphous granular starch (AGS) was prepared by washing with
ethanol, which preserved the granular structure, while non-AGS was prepared by
washing with water (Song et al., 2015). AGS maintained the preserved starch granule
structure while in the non-AGS the granular structure was lost. They observed higher
WHC in the HPP modified non-AGS than AGS. They concluded that the released
amylose and amylopectin from non-AGS are able to bind more water, thus resulting in
higher WHC. The group continued their study and found that HPP reduced the
gelatinization temperature of tapioca starch and decreased the pasting viscosity (Song
et al., 2017). The results were consistent with Liu et al. (2012). Because of its unique
characteristics, the group indicated that HPP can be applied to different products, e.g.,
starch films or hydrogels as biodegradable packaging. Because HPP does not require

heat, the inhibition of moisture loss and slower retrogradation during the gelling enabled
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HPP prepared tapioca starch films to have higher tensile strength and elongation at
break than thermally gelatinized tapioca starch films (Kim et al., 2018).
Larrea-Wachtendorff et al. (2020) successfully prepared a tapioca starch hydrogel with

the desired viscosity, G’, and firmness with HPP at 600 MPa and 15 min treatment.

High-speed jets (HSJ) are an ultra-high speed homogenizer that generates high
pressure using hydraulic mechanisms and induces disruption of the materials but does
not require heating as described by Fu et al. (2015a). HSJ treatment of rice starch
resulted in complete loss of integrity of the starch granules as suggested by the
observed degradation of amylopectin (Fu et al., 2015b). Similar pressure dependent
starch granule disruptions could also be observed with tapioca starch with HSJ
treatment (Xia et al., 2015). Specifically, the breakdown of amylopectin to smaller sizes
led to higher solubility; the breakdown of the granules exposed more hydroxyl groups to
the water with partial gelatinization, reduced viscosity, and decreased G’ values (Xia et
al., 2019). Xia et al. also suggested that HSJ treated tapioca starch might be a good

ingredient for low viscosity extrusion foods.

Nano-sized starch has an increasingly important role in the current food and
pharmaceutical industry. The applications of nano-sized starch are not limited to but
include polymer composites, packaging materials, emulsion stabilizers, adsorbents,
drug delivery vehicles and coating, and film enhancers (Wang and Zhang, 2021). Wet
media milling is a well-developed physical modification method to transform large
particles (e.g., chitosan and fish bones) to nano-sized particles (Yin et al., 2015; Zhang
et al., 2012). Li et al. (2020) used this method and successfully prepared nano-scale

tapioca starch (size 140 nm). The disrupted granules led to a decreased gelatinized
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temperature and viscosity, more surface exposure of C-O bonds, and a higher surface
to size ratio, which could be a good candidate additive to improve the texture of seafood
products such as surimi. Xia et al. (2017) showed that HSJ could also be used to
prepare nano-sized tapioca starch. However, using this method required the starch to
be micronized before using a vibrating superfine mill for >0.5 hr before going through
HSJ cycles (1 - 3 cycles), which overall is much more complicated compared with wet

media milling.

Lamanna et al. (2013) used gamma irradiation to prepare tapioca starch nanoparticles
with sizes ranging from 20 — 30 nm. This method is convenient and rapid. However,
irradiated products may not be appropriate for some food products such as when a
clean label is desired. Minakawa et al. (2019) used ultrasound at 20 kHz for 30 min
followed by 1 h standing to obtain nano-sized tapioca starch (35 — 65 nm) in the liquid
phase and micro-scale tapioca starch (3 — 7 um) in the sedimentation. This method,
although relatively easy to carry out, still requires long sedimentation times and filtration.
In addition, the sizes of both the micro- and nano-sized starch have relatively large
variations. Manchun et al. (2012) treated tapioca starch slurry at higher energy (24 kHz)
for 30 min using ultrasonic but did not report any obtained micronized tapioca starch.
Instead, they reported increased DE value of ultrasonic treated tapioca starch compared
with the native ones. The increased DE, as they suggested, was a result of the
disrupted starch granule structure. Hedayati et al. (2020) prepared tapioca starch
nanoparticles using nanoprecipitation (particle size peak at 219 + 7 nm) or
nanoprecipitation followed by sonication (particle size peak at 163 £ 6 nm). Starch

nanoparticles prepared with sonication had smaller sizes because the treatment further
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broke down the size of the granules. Nanoprecipitation was completed by continuous
addition of distilled water dropwise into starch acetone solutions with constant stirring.
The preparation of the starch nanoparticles was based on the interfacial deposition of
the starch followed by the removal of the semi-polar solvent, in this case acetone,
miscible with water (Fessi et al., 1989). The starch nanoparticles showed lower
gelatinization enthalpy, and might be able to work as a nanocarrier for hydrophobic

bioactive compounds (Qin et al., 2016).

Pulsed electric field (PEF) is usually used to treat samples using high electric pulses
(30-50 kV/cm) in a short period of time (less than 1 s) for non-thermal pasteurization
(Ravishankar et al., 2008). Recent studies focused on using this method to modify the
structure of food biopolymers such as creating covalent bonds between proteins or
degrading large starch molecules (Zhu, 2018). Han et al. (2012) observed that PEF
treatment up to 50 kV/cm (equivalent to 49.4 J/g) of tapioca starch caused the granules
to completely lose their crystalline structure, resulting in a decreased gelatinization
temperature, gelatinization enthalpy, peak viscosity, breakdown viscosity, and final
viscosity of the starch gel. However, Maniglia et al. (2021) tried to use PEF to improve
the performance of wheat and tapioca starch in 3D printing but found the modification
only improved the functionality of wheat starch in 3D printing but tapioca starch
remained unchanged. Unlike what was observed by Han et al., Maniglia et al. did not
observe any tapioca starch granule surface or morphology changes. The PEF treatment
done by Han et al. used up to 50 kV/cm for 214 us while Maniglia et al. used the same
energy but much shorter time (5 ps). The result obtained by Han et al. also suggested

that the disruption of starch granules was positively correlated to the energy input.

47



Therefore, the variations in the results of the two studies might be due to the time

difference.
5. Poverty, economy, and nutrition
a. Tapioca as a part of the solution for food security and its problems

Cassava is a suitable plant as a food source for barren areas because of its high
tolerance of drought and soil infertility. It is part of the solution to food security in many
parts of the world. Reincke et al. (2018) summarized a logic chain as shown in Figure
to explain why cassava is widely grown for this purpose. The countries that benefited
the most from cassava growing often suffered from drought and infertile land. It was
also found that the degree of difficulties with the environment and the growing
conditions has been positively connected to the importance of cassava as a crop in

areas in Africa (Prudencio and Al-Hassan, 1994).

Cassave Characteristics Food Security Factors Potential Impacts
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Figure 9: Logical Chain of Effects for the Cultivation of Cassava According to Results

from a Qualitative Survey in Tanzania (Reincke et al., 2018)
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Cassava is grown in more than 100 countries and feeds millions of people in tropical
areas of Africa, Asia, and America (Parmar et al., 2017). The plant is mainly used as a
staple food for food security in Africa and some Asian countries. A study found that the
food secure rate of cassava growers in Indonesia was 81.3% (Saediman et al., 2019).
However, in many African countries where cassava is consumed as a staple food, the
food insecurity rate is much higher. One study found that the food insecurity rate was

64% in the participating households in Ondo State, Nigeria (Ajayi and Olutumise, 2018).

Although compared with other crops, cassava growing requires minimum resources
such as nutrients and water, and is able to provide much higher yield rates compared
with other crops with the same growing conditions, there are many factors contributing
to food insecurity, especially in African countries. First of all, viral diseases on the plant
such as CBSD and CMD cause significant yield loss every year in many cassava
growing regions (Patil et al., 2015). It was estimated that in 2001 the production loss
was between 20 to 25%, and equals $6 -- 7 million. Second, lack of processing
technologies, poor storage conditions, and unavailable industrial applications of
cassava limits the growing potential while causing financial loss every year (Parmar et
al., 2018). After being harvested, cassava is manually processed into cassava chips
using sun drying and stored for seasons when food is less available. The poor manual
processing techniques limit the potential of industrial uses due to food safety and quality
concerns. For example, the chips are manually chopped into sizes that are not uniform
by women and older children at home using kitchen knives, and sun-drying will expose
the products to many environmental hazards that may cause food safety problems.

During storage, significant loss was observed due to insects. In these situations, no
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industrial application could be applied to produce value added products due to lack of

funding support.

Most cassava farmers in key producing countries are in poor financial condition. In
Indonesia, the incomes of the majority of cassava farmers are able to meet decent living
needs, but they have limited access to finance such as loans (Banowati et al., 2020;
Yulianto et al., 2020). In Thailand, cassava farming significantly improves the lives of
farmers, but smallholder farmers still need to seek non-farming incomes as farming

income could only cover 40% of their total income (Polthanee, 2018).

Some strategies should be adopted to support the use of cassava as a food security
solution in food insecure areas. First, farmers need to be educated about cassava
growing and how to manage the plant in a way to benefit themselves. This includes
good agricultural practices such as proper irrigation, use of a soil profile, and use of
fertilizers that fit the growing conditions (Visses et al., 2018). Also, it is important to
educate the farmers about the value of the crop, because in some regions people
perceive cassava as a “poor man’s crop”, and are thus unwilling to grow it (Reincke et
al., 2018). Second, government or official support would also benefit the cassava
farmers. From 2001 to 2007, a Presidential Cassava Initiative (PCIl) was established
and implemented in West African countries including Nigeria, Ghana, and the
Democratic Republic of Congo. Throughout the years, PCl was able to increase
cassava output, promote an increase in the food supply, and enhance food security in
the areas where the policy was implemented (Donkor et al., 2017). Last but not least,
statistics showed that more scientific research related to cassava would help small

cassava farmers in a systematic way (Rusike et al., 2010). Understanding the genome
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using sequencing of the plant would support research related to gene modifications to
solve problems such as disease control or adaptability with different conditions. For
example, varieties that are able to tolerate higher salinity will help food insecure farmers
in the coastal areas as their farming lands contain higher salt compared with in-land
farmers (Gleadow et al., 2016). There are many open source genomes of the cassava
that have been determined by researchers and are available (Ayling et al., 2012; Wilson
et al., 2017). Overall, the ways of improving the lives of cassava farmers in food
insecure households as suggested above would also require funding support. The
status of food insecure farmers, especially those in African countries, will benefit if more

foundations with capital participate.

b. Tapioca nutrition and fortification

Unmodified and unfortified cassava has a simple nutrition profile. Although there will be
small variations between different varieties, cassava root was reported to be made up of
carbohydrates (94.8 + 0.8%), moisture (4.3 £ 0.2%), ash (0.34 £ 0.03%), crude protein
(0.31 £ 0.00%), and fat (0.17 £ 0.02%) (Kolapo and Sanni, 2009). They also reported
mineral and other micronutrient contents of cassava. For minerals, cassava tubers
contain 17.0 £ 0.1 ppm of Fe, 3.3 £ 0.2 ppm of Zn, 2.24 + 0.01 ppm Mn, 1.79 £ 0.01
ppm Cu, and 1.1 £ 0.3 ppm Na. For other micronutrients, cassava tubers contained
0.133 £ 0.004% K, 0.03 £ 0.001% crude P, 0.01 £ 0.00% Ca, and 0.01 £ 0.00% Mg.
Overall, cassava tubers are composed mainly of carbohydrates, with some moisture
and small amounts of protein and fat. For micronutrients and minerals, cassava tubers

contain some Fe and Zn, but the amounts are relatively low.

51



As a staple food in many developing countries, the poor nutrient profile of cassava
brings problems. Anandan et al. (2015) reported a case in which a 20-year-old male
patient was diagnosed with endomyocardial fibrosis (EMF) in India. Similar EMF cases
were also reported in Uganda (Sezi, 1996). Both Anandan et al. and Sezi concluded the
cause of EMF in these cases to be consuming tapioca as the main food source without
intake of adequate amounts of protein. EMF can lead to heart failure and thus be fatal
(Mocumbi et al., 2009). Therefore, cassava nutrient fortification is important for public
health concerns, especially for countries where cassava serves as the major food

source.

Mixing tapioca flour with other flour or protein mixes was studied by Kolapo and Sanni
(2009). They mixed tapioca flour with soybean flour to increase the crude protein, P, fat,
and ash content of the flour. Addition of protein and minerals would change the
properties of the flour such as rheological and thermal properties that might change the
texture of the final product (Villanueva et al., 2018). However, the problem of protein
deficiency occurs mainly in areas where other food sources are limited. People do not
have choices and financial access to other sources of food such as soybean flour. In
this case, fortification of consumer products is unlikely to solve the problem.
Fermentation was also found to be able to increase the crude protein content. Boonnop
et al. (2009) used Saccharomyces cerevisiae to ferment the cassava chips and fresh
roots. They observed an increase in the crude protein content in both fermented
cassava chips (30.4% increase) and fermented fresh roots (13.5% increase), as well as
enhanced fat content (5.8% increase in cassava chips and 3.0% increase in fresh

roots). Although the goal of the study was to use the fermented product for animal feed,
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it was also relevant to human food nutrition improvement. Soccol et al. (1994) used
strains of Rhizopus on raw cassava and observed an increase of crude protein from
1.75 to 11.3%. During the fermentation, they also observed production of fumaric and
lactic acid, as well as ethanol. Production of ethanol might not be desired in this

situation, and heating and evaporation can be used to remove the ethanol.

Just like golden rice, biofortification of B-carotene in cassava was developed to solve
the problems of vitamin A deficiency (Failla et al., 2012). Howe et al. (2009) found that
the bioavailability of -carotene fortified cassava tubers had similar bioavailability as
B-carotene dietary supplements on a vitamin A deficient gerbil model. In a human
clinical trial on healthy American women, the vitamin A conversion rate of 3-carotene
fortified cassava was found to be 4.5:1 ug (B-carotene:retinol) (La Frano et al., 2013).
La Frano et al. also indicated that the processing method that is used to remove the
cyanide from cassava tubers would cause loss of $-carotene in the fortified tubers. For
different preparation methods, frying the cubes of cassava was found to be able to
better retain 3-carotene compared with boiling the cubes in water (Berni et al., 2014).
However, Berni et al. did not consider the cyanide removal efficiency in their study.
Storage of B-carotene fortified cassava in the form of chips was observed to be better
than storage in the form of cassava flour (Chavez et al., 2007). Degree of recovery of
B-carotene after tapioca processing is genotypically dependent (lglesias et al., 1997).
Therefore, in addition to high B-carotene content, it is also important to consider the
stability of p-carotene during the processing of fortified cassava when selecting the
genotypes. Furthermore, it was observed by Beyene et al. (2018) that cultivars with the

highest concentration of -carotene had a reduction of 50 to 60% of dry matter content.
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For cassava farmers in the areas where the food supply is extremely limited, such a
high decrease in the dry matter content might not be good even with higher -carotene

content in the tubers.

Boba or bubbles that are made from tapioca starch are popular in many countries. They
are added into milk teas and contribute to the total calories of milk teas. Milk teas with

tapioca boba or bubbles are popular with young people, and are causing problems such
as obesity because of their high calorie content. It is of health concern that the intake of

boba milk tea should be limited in young people (Pei et al., 2018).

6. Tapioca starch fermentation

a. Poly(lactic acid)

Poly(lactic acid) (PLA) is a biodegradable thermoplastic material that is derived from
fermentation of starch to lactic acid, followed by polymerization to PLA as described in
Figure 10 (Sanglard et al., 2012). PLA has a wide range of applications in many
industries. For example, in the medical and pharmaceutical industry, it is used to make
surgical implants, a FDA approved suture material, a carrier in controlled drug delivery,
and PLA scaffolds for supporting cell growth in tissue engineering (Gupta et al., 2007). It
is also a 3D printing material whose use is increasing in the fashion, architectural, and
engineering industries (Van den Eynde and Van Puyvelde, 2017). PLA straws are being
used in coffee or milk tea shops to replace plastic straws that are environmentally

unfriendly or paper straws that are less user-friendly.
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Figure 10. Life Cycle of PLA (Sanglard et al., 2012)

Converting tapioca starch to lactic acid is done using fermentation with different
bacteria. Lactobacillus is a common bacterial species used to convert starch to lactic
acid (Anuradha et al., 1999). Trakarnpaiboon et al. (2017) used a-amylase treated
liquified tapioca starch to produce L-lactic acid with Rhizopus microsporus DMKU 33.
Olszewska-Widdrat et al. (2020) reported using Bacillus coagulans spp. for the
fermentation of liquified tapioca starch to obtain lactic acid. Wee et al. (2008)
successfully produced lactic acid using Enterococcus faecalis to ferment tapioca starch

on corn steep liquor as the nitrogen source. For more efficient and economical lactic
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acid production, cell-immobilization or recycling could be adopted to achieve continuous
fermentation instead of batch fermentation (Lopez-Gémez et al., 2019). For converting
lactic acid to PLA, Byers et al. (2018) summarized synthesizing PLA by ring-opening
polymerization of lactide, a cyclic dimer of lactic acid, and discussed the pros and cons
of using different catalysts. Compared with other methods such as self-condensation of
lactic acid, high molecular weight PLA could be derived using ring-opening

polymerization.

Combining PLA with starch could be used to prepare biodegradable food packaging to
replace petrochemical polymers (Muller et al., 2017). The PLA-starch multilayer films
showed good water and vapor barrier capacity, and had the ability to carry antioxidant
or antimicrobial active ingredients to extend food product shelf life. Although PLA-starch
blends are promising materials, they are inherently brittle. Koh et al. (2018) summarized
toughening strategies in their reviews. For example, Tsou et al. (2014) observed that
combining PLA with granular tapioca without plasticizers resulted in poor tensile
properties. The group used methylenediphenyl diisocyanate as an interfacial
compatibilizer and plasticizer. They successfully improved the tensile strength of
PLA-starch films by 60%, and greatly improved elongation at break, as well as reduced

brittleness.

b. Xanthan gum

Xanthan gum, a polysaccharide that is used in the food industry, could be derived from
fermentation of lower cost food by-products such as spent malt grains, fruit pomace,

citrus peels, and chestnut extract with Xanthomonas campestris
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(Liakopoulou-Kyriakides et al., 1999; Stredansky and Conti, 1999). Stredansky and
Conti found that xanthan production efficiency depends on the C and N sources of the
substrate, as well as the moisture content. Bilanovic et al. (1994) suggested that
xanthan production was mainly contributed by the pectins, organic acids, and simple

carbohydrates of the substrate.

Sulphuric acid hydrolyzed cassava production waste at a DE value of 12 with 30% initial
reducing sugar was able to yield xanthan gum at 7.1 g/L, higher than those produced
using hydrolyzed cassava with higher DE value (Gunasekar et al., 2014). Although
hydrolyzed cassava with higher DE value also contained more simple sugar, the
formation of microorganism inhibitory substances such as HMF (hydroxymethylfurfural)
and furfural were observed, which explained the lowered xanthan gum production. This
problem could be resolved by hydrolyzing cassava waste with enzymes. However, the
cost of enzymes is higher compared with the cost of acids. Therefore, it is important to
compare the production and economic efficiency of using enzymes or acid for hydrolysis
case by case. Strategies such as enzyme recycling and/or immobilization should also

be considered to decrease the cost.

7. Novel application of tapioca starch in food products

a. An alternative gluten-free carbohydrate source

About 0.5 to 1% of the world's population suffers from celiac disease (Gujral et al.,
2012). Patients suffer from symptoms such as diarrhea, bloating, anemia, osteoporosis,
and have higher risks of some cancers. The only treatment for celiac disease is to

strictly follow a gluten-free diet (Caio et al., 2019). Gluten is a protein found in cereal
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grains such as wheat. With more attention to celiac disease, products with gluten-free
options are becoming more popular (Melini and Melini, 2019). Therefore, tapioca starch
or flour, as a gluten-free ingredient, is used to replace gluten-containing ingredients like

wheat flour in products like breads, pasta, noodles, and so on.

Tapioca starch is used as a lower cost ingredient in gluten-free noodles. Some noodles
like clear noodles made with mung bean starch are already gluten-free. However, mung
bean starch is expensive compared with other starches, so in many cases other
starches such as potato or tapioca starches are used to partially or completely replace
mung bean starch in starch noodles (Muhammad et al., 1999). In addition, tapioca
starch enhances the quality of noodle products. Violalita et al. (2020) found that tapioca
starch increased the elasticity of gluten-free noodles so that noodles were not easily
broken. They partially replaced potato starch with phosphorylated tapioca starch and
observed noodle products with better quality (uncooked products with improved
strength, cooked products with reduced stickiness and less cooking loss). Cross-linked
tapioca starch can be used to replace the more expensive mung bean starch when
combined with high amylose maize starch to obtain products with similar textural and

sensory quality as mung bean starch noodles (Kasemsuwan et al., 1998).

Horstmann et al. (2016) used tapioca starch to replace wheat flour in a conventional
bread formulation. The resulting bread product had irregular shapes with large holes
that were undesirable. They hypothesized that the small and easily agglomerated
granules of tapioca starch led to a weak baking performance. Therefore, tapioca starch
alone may not be able to produce gluten-free bread with desirable qualities. Therefore,

tapioca starch is used in combination with other hydrocolloids or gums to improve the
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overall quality of gluten-free bread. Bourekoua et al. (2018) found that tapioca starch
influenced the specific volume, hardness, and springiness of gluten-free bread. For
sorghum based gluten-free bread, replacing sorghum flour with up to 10% tapioca
starch with the addition of 3% hydroxypropyl methylcellulose produced gluten-free
bread with good properties (Akin and Miller, 2017). However, in the sensory analysis,
compared with adding tapioca starch and hydroxypropyl methylcellulose, the addition of
rice starch and xanthan gum to sorghum based gluten-free bread showed better texture
and mouthfeel (Akin et al., 2019). Rodriguez-Sandoval et al. (2015) added guar gum to
tapioca starch and corn flour based gluten-free bread to increase the storage stability of
the product. Sigiienza-Andrés et al. (2021) observed that addition of tapioca starch or
tapioca flour improved the specific volume and texture upon storage, and bread crumbs
at <20% in their gluten-free bread formulation (rice flour and maize starch based).
However, when the concentration was higher, the opposite results would be observed.
Overall, tapioca starch interacts with other ingredients in the bread matrix, and in
different products to impact the product quality differently. To increase the nutrient profile
of gluten-free bread for celiac patients, Korus et al. (2009) supplemented it with

resistant tapioca starch to increase the dietary fiber content of gluten-free bread.

Apart from gluten-free noodles and bread, tapioca starch could also impact the sensory
properties of other gluten-free products such as spaghetti, snack bars, nugget coating
and so on (Padalino et al., 2013; Prazeres et al., 2020; Silva et al., 2021). The optimum

formulation requires bench-top and sensory testing with each product.

b. Tapioca starch as a fat replacer
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Dietary saturated fat has become a public health concern as a high intake is related to
cardiovascular disease, the leading cause of death globally (Sacks et al., 2017). The
American Heart Association recommended healthier dietary patterns such as DASH
(Dietary Approaches to Stop Hypertension) or the Mediterranean Diet to reduce
saturated fat intake. Food companies are also looking for ways to reduce saturated fat
content in food products. Using tapioca starch as a food replacer in products such as
meat patties and dairy products are being studied, and the goal is to prepare products
with lower fat content but similar organoleptic and textural properties of the full-fat

originals (Varga-Visi and Toxanbayeva, 2017).

The good WHC of tapioca starch made it a promising candidate as an ingredient to
improve the texture and sensory properties of low-fat meat or meat analogue products.
Nisar et al. (2009) added tapioca starch to buffalo meat patties and compared the low
fat patties versus beef fat patties. During the cooking process, with the good WHC of
tapioca starch, low fat patties showed better cooking yield, better maintained the volume
of the patties, higher moisture content, and higher sensory test score in terms of overall
acceptability, juiciness, and texture compared with that of the high fat patties. Chatterjee
et al. (2019) added tapioca starch to ground chicken breast meat to improve the bland
and dry sensory attributes of chicken breast meat. The addition of tapioca starch
improved the texture of the cooked meat without affecting the flavor due to its good
WHC. Brewer (2012) pointed out that the addition of a combination of the fat replacers
would result in products with better characteristics without sacrificing the flavor or the
texture of the ground meat product. Berry (1997) observed that combined use of tapioca

starch with sodium alginate improved the juiciness, tenderness, and cooking yield of the
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beef patty while maintaining good sensory attributes. Troy et al. (1999) compared the
effects of different combinations among tapioca starch, whey protein, oat fiber, and
pectin on beef patties. The results suggested that juiciness and texture could be
improved with the addition of tapioca starch, oat fiber, and whey protein due to their
good WHC. In a more detailed study related to the interaction between added
hydrocolloids and meat flavor compounds, Chevance et al. (2000) found that fat
replacers would bind to flavor compounds of meat products to slow down the release of
some flavor compounds and impact the sensory attributes. In meat analog products,
tapioca starch could also be a candidate ingredient as a fat replacer. Many plant-based
meat companies have tapioca starch, native or modified, on their products’ ingredient

list.

In dairy products like cheese or yogurt, tapioca starch is also used as a fat replacer.
Sipahioglu et al. (1999) prepared low-fat feta cheese with the addition of tapioca starch
and lecithin as fat replacers. They observed that the protein aggregated as the fat
content decreased, resulting in increased hardness and yield loss of the low-fat cheese
product. The microstructure of low-fat cheese with the addition of tapioca starch and
lecithin resembled that of full fat cheese, mainly due to the good WHC of tapioca starch
and lecithin. Hence, the problem with hardness could be resolved. In addition to higher
moisture retention, Diamantino et al. (2019) observed a low retrogradation rate after
adding tapioca starch to fresh cheese, which preserved the quality of the cheese during
refrigeration. Sandoval-Castilla et al. (2004) incorporated modified tapioca starch into
yogurts as a fat-replacer. The resulting yogurts had higher firmness compared with full

fat yogurt, as the starch formed an independent structure. In the fat-reduced yogurts
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prepared by Lobato-Calleros et al. (2014), addition of tapioca starch increased the
acidity of the yogurt as bacteria grew better in yogurts with higher carbohydrates that
accelerated the transformation of lactose to lactic acid. In addition, tapioca starch also
changed the rheological properties of the yogurts in ways that may or may not meet the
expectation of the consumers in different scenarios. With these studies, incorporation of

tapioca starch into low-fat dairy or vegan ice cream might also be feasible.

8. Application of native and modified tapioca starch in encapsulation and

nanotechnology

a. Tapioca used for encapsulation

Encapsulation is a common food technology process to improve stability and
bioavailability of the encapsulated ingredients (Lu et al., 2016). The success of
encapsulation and delivery depends highly on the wall materials. Tapioca starch, a low
cost and non-allergic ingredient, is a good candidate for encapsulating different

chemicals when used alone or combined with other wall material (Zhu, 2017).

Tapioca starch is used as a wall material for the encapsulation of oxygen sensitive food
ingredients. Kamaldeen et al. (2020) used native tapioca starch and soy protein isolate
to encapsulate powdered carrot and observed that native tapioca starch and soy protein
isolate at a 50:50 ratio most effectively prolonged the shelf life of carrot powder from 13
to 106 days as suggested by the carotene oxidation level. The particle sizes ranged
between 2.18 to 2.64 mm. Keatkrai et al. (2017) compared encapsulating menthone, a
minty flavor chemical, using tapioca starch, rice starch, and mung bean starch. The

result showed that tapioca starch and mung bean starch with higher amylose content
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had higher menthone entrapment (4%) compared with rice starch that contain less
amylose (<1%). However, sometimes compared with other ingredients, tapioca starch
might not be the best wall material for encapsulation. Murali et al. (2015) compared
encapsulating black carrot juice with maltodextrin, tapioca starch, or gum Arabic using
spray drying or freeze-drying. Maltodextrin showed the highest EE at 98.5% at an
average particle size of 23.1 um. It retained the highest anthocyanin, and showed the
highest antioxidant activity compared with the other two carriers. Similar results were
also observed by Tonon et al. (2009). They prepared acai powders with diameters ~10
Mm encapsulated using tapioca starch, maltodextrin, or gum Arabic. Compared with
gum Arabic and maltodextrin, tapioca starch encapsulated particles had the lowest
polyphenolic retention and antioxidant activity with storage (40°C for 15 days).
According to Gharsallaoui et al. (2007), the success of spray drying encapsulation
depends strongly on the solubility of the wall material. The solubility of maltodextrin and
gum Arabic are both higher than that of tapioca starch, thus better results would be
observed. However, Loksuwan et al. (2007) compared the EE using acid modified
tapioca starch at a DE value of 2, native tapioca starch, and maltodextrin to encapsulate
B-carotene prepared by spray drying. They observed that acid modified tapioca starch
encapsulated the highest total -carotene (82.2%), followed by native tapioca starch
(68.4%), and maltodextrin (46.7%). Acid modified tapioca starch had the lowest surface
B-carotene content (19.5%) among the three, followed by maltodextrin and native
tapioca starch. They suggested that the soluble amylose in the acid modified tapioca
starch formed a network connected by hydrogen bonds that protected [3-carotene from

loss during the spray drying process. In addition, the soluble amylose might form a crust
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around the B-carotene to protect it during the drying process. Maltodextrin had smaller
molecules thus was unable to form a film with 3-carotene during the drying process.
Therefore, the EE also depends on particle size and electrostatic strength between
molecules in addition to the solubility of the wall material. In this case, combined use of
wall material might also increase the stability of the encapsulated particles. For
example, when using both gum Arabic and tapioca starch as the wall material to
encapsulate limonene, tapioca starch retained a crystalline structure that slowed the
migration of limonene to the surface of the particles to increase the stability of the

system (Ordofez and Herrera, 2014).

Encapsulation technology is used to protect sensitive ingredients such as probiotics
from environmental stress such as heat or oxygen exposure (Tripathi and Giri, 2014;
Zhang et al., 2016). Pitigraisorn et al. (2017) added egg albumen and stearic acid to
assist alginate based Lactobacillus acidophilus as the first layer of the shell and coated
tapioca starch granules as the second layer of the shell. The multilayer encapsulation of
the probiotic achieved an EE >90%, and with moisture heat at 70°C for 30 min, cell
viability reduction decreased from 3.3 (alginate capsule without a shell) to 0.6 CFU/g,
suggesting a good protecting effects that could be applied on products to keep probiotic

viability while ensuring product food safety.

Tapioca starch as an encapsulation wall material is used in agriculture for protection and
controlled release of fertilizers, biofertilizers, and herbicides. As a much lower cost and
biodegradable ingredient compared to the alternatives, tapioca starch was used to
encapsulate urea fertilizer for controlled slow release of N into the soil (Naz et al.,

2014). Naz et al. used tapioca starch modified with urea and borax to coat urea
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granules and observed longer release times compared with those that were uncoated.
Rohman et al. (2021) encapsulated Rhodopseudomonas palustris, a plant growth
promoting bacterium, with sodium alginate and tapioca starch and found the highest EE
(70.8%) at 4% w/v starch with viable bacteria at 2.55 x 10° CFU/g, much higher than
what could be achieved by encapsulating using alginate alone. The authors observed
newly formed hydrogen bonds between alginate and tapioca starch using
Fourier-transform infrared spectroscopy (FTIR) spectrum. When combined with sodium
alginate, Lozano-Vazquez et al. (2015) proposed that the addition of starch increased
the tortuosity of the matrix, in a way that delayed the release of entrapped material
physically and electrostatically. In addition, the increased tortuosity also created extra
obstructions for oxygen from the outside environment to invade, thus protecting the

materials from being oxidized.

Encapsulating essential oils using tapioca starch as a wall ingredient has also been
investigated. Moura et al. (2021) prepared Siparuna guianensis leaf essential oil beads
encapsulated using tapioca starch with EE ranging from 82.8 to 95.3% depending on
the essential oil and tapioca starch ratio and an average particle size of 8.56 um. The
encapsulated beads showed slowed oil degradation and enhanced lethal activities
(>50%) on mosquito larvae while showing low toxicity to non-targeted zebrafish

embryos.

In addition to the encapsulation applications discussed, tapioca starch and its modified
form were also used as wall materials in other situations. It was mentioned previously in
section 3.9 that acetylated tapioca starch could be used to encapsulate potassium

sorbate, a food preservative, to decrease the additive usage in food products. It was
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also mentioned in the same chapter that esterified tapioca starch could be used to

encapsulate linseed oil or curcumin to protect them from oxidation.

b. Tapioca starch and nanoparticles

In section 3.h, the preparation of nano-scale tapioca starch using physical modification
was introduced. Ge et al. (2017) used starch nanoparticles, including tapioca starch
nanoparticles, as particulate emulsifiers to prepare Pickering emulsions, the emulsions
prepared with solid particles that reside between the two immiscible phases to prevent
aggregation (Pickering, 1907). Good emulsion stability was observed when using
tapioca starch nanoparticles in Pickering emulsions. The interfacial wettability as
expressed by the oil-in-water three-phase contact angle was 84.5°, which is close to the
optimum contact angle (90°). Therefore, they suggested that tapioca starch
nanoparticles could be a promising emulsifier with good stability for Pickering

emulsions.

Yang et al. (2016) used starch nanoparticles to inhibit the activities of tyrosinase, the
enzyme responsible for the browning of fruits and vegetables when exposed to oxygen.
Product development such as anti-browning products containing tapioca starch
nanoparticles are needed as this property of tapioca starch nanoparticles could be used

beneficially.

According to 21 CFR 182.8991, ZnO is a generally recognized as safe (GRAS)
ingredient. With its good antimicrobial ability, ZnO is used in food packaging to prevent
biological hazards. Almeida et al. (2021) successfully prepared ZnO nanoparticles from

zinc nitrate hexahydrate and tapioca as a chelating agent. The ZnO nanoparticles had
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particle sizes ranging from 30 to 100 nm. Ramasami et al. (2015) used a tapioca starch
gel combustion method with zinc nitrate hexahydrate and obtained ZnO nanoparticles
with an estimated average size of 76 nm. The ZnO nanoparticles showed good
antimicrobial effects on both Gram positive and negative bacteria. This method is more

rapid compared with the method used by Almeida et al.

9. Application of tapioca starch with food packaging

Tapioca starch is able to form thin and transparent films that can be used as edible food
packaging material. Antimicrobials and preservatives can be incorporated into such
films to develop biodegradable or edible food packaging materials to extend the shelf
life of different food products. For example, tapioca starch films containing alginate
encapsulated Lactobacillus acidophilus with EE of 49.6% were used to coat Manaba
cheese (Santacruz and Castro, 2018). The addition of the bacteria encapsulated starch
film inhibited the growth of Salmonella spp. during storage. Nisin, an antimicrobial
peptide produced by Lactococcus lactis, was used by Sanjurjo et al. (2006) to prepare
tapioca- and glycerol-based edible films. The resulting film showed good antimicrobial
activity with good mechanical properties so that it can be used as food packaging
materials. Other commonly used antimicrobials or preservatives include potassium
sorbate, natamycin, and ZnO (Ahmad et al., 2021; Basch et al., 2013; Resa et al.,

2014).

For food packaging, good physical and barrier properties of the film are important.
Different materials such as hydrocolloids, gums, proteins, and polyols in combination

with tapioca starch are used to improve the physical and barrier properties of edible or
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biodegradable food packaging films. Gelatin-based tapioca films are commonly used as
the films showed good physical properties while being environmentally friendly and low
cost (Said et al., 2021). Loo and Sarbon (2020) added tapioca starch at 10% to chicken
skin gelatin and obtained films with better textual and barrier properties with good
elongation at break. Lee et al. (2021) prepared chicken skin and tapioca starch
composite films containing nano-scale ZnO as an antimicrobial. They concluded that the
addition of ZnO nanoparticles at 3% to be the optimum formulation as the film showed
the highest melting temperature, lowest water vapor permeability, and moderate tensile
strength and elongation at break. Marvizadeh et al. (2017) added nano ZnO to tapioca
starch and gelatin films. They observed that the addition of nano-ZnO increased the
hydrophobicity of the film, and decreased the elongation at break and oxygen
permeability of the film. In addition, these improvements were more pronounced with
tapioca starch gelatin films compared with those prepared with either tapioca starch or
gelatin alone. Similar results were observed by Tamimi et al. (2021). They suggested
that the starch film also had good UV barrier properties in addition to the mentioned
properties. Pullulan is a commonly used ingredient for the preparation of edible films.
However, the cost of pullulan is higher and the ingredient is less stable in a humid
environment. Kim et al. (2014) added tapioca starch to improve the pullulan film. They
observed increased stability of the composite film with humid conditions during storage,
but the solubility decreased. Thus, it was more suitable for non-edible films. Gums also
affect the physical properties of tapioca starch films. Kim et al. (2015) tested the minor
addition of gum Arabic, kappa-carrageenan, gellan, or xanthan gum (0.2% gum solids)

to a tapioca starch film (5% total solids). They found that the addition of gellan or
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xanthan gum could produce films with similar physical qualities to those prepared with
20% pure pullulan films, suggesting that the addition of gums to tapioca starch films
would be comparable to pullulan film but at a lower cost. Pérez et al. (2021) added zein
to tapioca starch films containing nisin and natamycin as preservatives. While
maintaining its good antimicrobial ability, the addition of zein increased the firmness at
break and reduced the strain at break of the films, as well as reduced the WVP and
solubility of the films. Othman et al. (2019) incorporated microcrystalline cellulose into a
tapioca starch based film and improved the mechanical and barrier properties of the

film.

Addition of plasticizers to tapioca starch overcomes the mechanical weakness of
tapioca starch films and improves its physical and barrier properties (Bangyekan et al.,
2005). Chillo et al. (2008) compared the addition of two plasticizers, chitosan and
glycerol, to tapioca starch films. They observed that the addition of chitosan had a
positive effect on the mechanical properties of the film while the addition of glycerol
showed the opposite. However, WVP was negatively affected by the addition of
chitosan and positively affected by the addition of glycerol. Chang et al. (2006) found
that the addition of the small glycerol molecules showed anti-plasticization on systems
when the water activity was low, and classic plasticizing effects on systems with higher
water activity. Vasconez et al. (2009) prepared chitosan tapioca starch solutions and
films with or without potassium sorbate and found that chitosan was more available in
edible solutions than in the films in terms of inhibiting the growth of some bacteria
strains. Thirathumthavorn and Charoenrein (2007) used sorbitol as the plasticizing

agent for the preparation of tapioca starch films. They found that commercial
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non-crystallizing sorbitol could inhibit the crystallization of the film during aging to

maintain the mechanical properties of the films.

The addition of preservatives or antimicrobials also affects the storage stability of the
films. Fama et al. (2005) found that the addition of sorbate, an antimicrobial, to tapioca
starch and glycerol films improved the elasticity and extensibility of the film, but also
decreased the gas, water, and vapor barrier properties of the films due to the

plasticizing effects of sorbate.

The method and processing parameters used for the preparation of films also affect the
final product. In most cases, tapioca starch films were prepared by gelatinization of the
starch slurry followed by casting in a petri dish and drying (Maran et al., 2013). Flores et
al. (2007a) compared the effects of gelatinization and drying time on tapioca starch films
containing sorbate. They observed that quick gelatinization (1.8°C/min for ~30 min) and
drying (drying over CacCl, at 25°C for 2 days) produced films with better antimicrobial
abilities and better consumer appeal but weaker mechanical properties compared with
slower gelatinization (1.6°C/min for ~25 min followed by 0.3°C/min for ~40 min) and
drying (drying without CaCl, for a week). They further successfully developed a
mathematical model for the release of potassium sorbate from the prepared films
(Flores et al., 2007b). Kim et al. (2018) compared the preparation of tapioca starch films
using high pressure processing (HPP) at 600 MPa (20°C for 20 min) or thermal
processing (90°C for 20 min). They found the films prepared using HPP had lower WVP
and water solubility, suggesting that HPP might be a better method for the preparation

of tapioca starch films.
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10. Application of tapioca starch in the pharmaceutical industry

a. Excipients in tablet preparation

Excipients in drugs are defined as the inactive ingredient as constituents of a
pharmaceutical -other than the active ingredient (Santos et al., 2020). Starches are
used as binders or disintegrants in tablet formulations to control the release of the active

ingredients of the tablets (Desai et al., 2016; Mimura et al., 2011).

Direct compressing of tapioca starch with a drug (propranolol) to be delivered was found
to be efficient (Fernandes et al., 2019). In this case, tapioca starch acted as the
excipient, binder, filler, and disintegrant agent of the tablet. Native tapioca starch
prepared tablets had the weakness of low crushing strength (Atichokudomchai et al.,
2004). For example, Uhumwangho and Okor (2004) observed that in cellulose and
tapioca starch based directly compressed tablets, increased tapioca content (>50%)
produced tablets that were more crumbly. Atichokudomchai and Varavinit (2003)
compared the performance of tablets prepared with direct compressing of acid-modified
cross-linked tapioca starch versus native or acid-modified tapioca starch. They found
that cross-linking could not increase the crystallinity of the starch and as a result the
crushing strength would be low, but acid hydrolysis did increase the crystallinity of the
starch thus increasing the crushing strength. Therefore, cross-linking followed by acid
modification is able to improve the mechanical properties of the prepared tablets.
Similarly, Tukomane et al. (2007) increased the crystallinity of tapioca starch using
annealing followed by enzymatic hydrolysis. Using direct compression to prepare the

tablets, they also observed increased crushing strength as well as a prolonged
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disintegration time, suggesting the benefits of the increased crystallinity of tapioca
starch. Apart from increasing the crushing strength by increasing the crystallinity of the
excipient, Casas et al. (2009) grafted ethyl methacrylate on native or hydroxypropyl
tapioca starch. The graft copolymerization resulted in tablets with longer disintegration
time compared with those prepared using raw tapioca starch, and the resulting
disintegration time was comparable with the commercial directly compressed excipient.
Casas et al. (2010) then tested their graft copolymerized tapioca starch to control the
release of theophylline. They found that the prepared tablets controlled drug release by
diffusion, and grafted hydroxypropyl tapioca starch prepared tablets released the drug
faster compared with those grafted to native tapioca starch because it had better

binding properties.

b. Plasma expander

Modified starch is used as plasma expanders for patients with severe bleeding (Levi
and Jonge, 2007). According to the authors, native starches cannot be used as the
plasma substitute because they degrade rapidly and are insoluble at blood pH.
Therefore, hydroxyethyl starch (HES) is usually used as plasma expanders (Kulicke and
Heinze, 2005). Brecher et al. (1997) pointed out that HES is biochemically similar to
glycogen, so that the likelihood of the occurrence of immunogenicity and adverse
reactions would be lower. However, HES also has problems related to kidney functions
and increased mortality (Mutter et al., 2013). Therefore, it is important to evaluate

patients’ status before using it.

11. Resistant Tapioca Starch
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Resistant starch cannot be digested by human enzymes but some of them can be
utilized by gut microbes to exert some health benefits (Ashwar et al., 2016). In addition,
they are used as a sensory-acceptable food ingredient to improve the functionalities of

different food products (Bede and Lou, 2021).

Le et al. (2009) prepared enzyme-digestion-resistant highly-branched tapioca starch
using a combined treatment of branching enzyme and maltogenic amylase. The
resulting highly-branched tapioca starch showed a low digestive rate when exposed to
a-amylase and glucoamylase, suggesting that the product may be utilized to control
blood glucose. Isomaltooligosaccharides (IMO) are prepared using carbohydrates such
as starch, maltose, sucrose, and dextran, and it has biological functions such as
promoting the growth of gut bacteria (Aslan and Tanriseven, 2007). Kaulpipoon et al.
(2015) prepared IMO from tapioca starch using amylomaltase and transglucosidase.

They were able to tolerate heat, acid, and human digestion.

12. Tapioca as an animal feed

Cassava can be used as an economical animal feed for ruminants and poultry (Garcia
and Dale, 1999; Wanapat and Kang, 2015). All parts of the cassava including roots,
leaves, and hay could be utilized (Wanapat, 2009). However, some factors must be
considered. For example, the high carbohydrate content and low protein content of the
tubers, and the cyanide content may affect the animals’ metabolism. Therefore, various

methods are used to improve the nutritional profiles of cassava as an animal feed.

Using cassava as a lower cost partial feed replacement is feasible in some cases.

Sommart et al. (2000) replaced ground maize with cassava. They observed that it was
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possible to use 20 to 30% replacement using cassava to feed dairy cows to replace rice
straw. Cassava hay contains 227 g/kg crude protein, and cassava leaves contain 210
g/kg crude protein, both are higher than that of cassava roots (Phengvichith and Ledin,
2007; Ravindran, 1993). Wanapat et al. (2000) found that feeding cassava hay to dairy

cows resulted in similar milk yield but improved milk fat and protein content.

Saccharomyces cerevisiae was identified by Boundy-Mills et al. (2019) to be the most
efficient yeast species that can ferment and increase the protein content of cassava.
Polyorach et al. (2013) fermented cassava chips with S. cerevisiae and obtained
products with 47.5% crude protein. Promkot et al. (2017) fermented cassava roots with
S. cerevisiae. The products were used to feed cattle at 20% of the concentrate fed. The
fermented cassava improved the rumen bacteria population and also the neutral
detergent fiber (NDF) digestibility of the cattle. In addition, Sommai et al. (2020) found

that fermentation increased the digestibility of cassava pulp for animals.

To increase the cassava crude protein content, urea can be added as a supplement
(Ampapon et al., 2016). For example, Cherdthong et al. (2011) found that
supplementation of a mixture of urea and calcium chloride to cassava chips as lactating
cows’ were feeding improved the apparent digestibility, rumen fermentation, and milk

yield of the cows.

However, the cyanide content of cassava might still be a problem. Thang et al. (2010)
suggested that the high HCN content of cassava foliage as an animal feed negatively
affected the animals’ growth rate. Nevertheless, processing treatments that are similar

to cassava products prepared for human consumption can be adopted to control the
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cyanide content in poultry feeds (Okoli et al., 2012). Also, unlike human metabolism,
ruminants are able to detoxify HCN from food to the less toxic thiocyanate and excreted
it in the urine with the help of rhodanese, 3-mercaptopyruvate-sulfurtransferase, and
rumen microbes, as well as a diet supplemented with sulfur at 4% (Cherdthong et al.,
2018). However, Silva et al. (2018) observed that feeding cassava processing
wastewater to lambs negatively affected their dry matter and NDF intake and
rumination, suggesting that high cyanide might still be a concern in ruminant diets.
Cassava hay contains protein-tannin complexes (Wanapat, 2003). Wanapat and
Khampa (2006) observed that using cassava as a source of condensed tannins reduced
the fecal parasite egg counts of ruminants. Thus, it has the potential to be an

anthelmintic for ruminants.

13. Tapioca as a growth medium

As a rich carbohydrate source, tapioca can be used as a nutrition source for the growth
of bacteria, algae, and molds. For economic reasons, tapioca liquid waste is often used.
Ghozali et al. (2021) used tapioca liquid waste mixed with a nitrogen source as the
growth medium for Acetobacter xylinum for the production of bacterial cellulose. Amlah
et al. (2018) successfully used tapioca liquid waste to culture a microalgae, Navicula sp.
The tapioca liquid waste dilution level and the growing density of the microalgae both

would affect the growth rate of the microalgae.

14. Other applications

a. Adhesives
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Tapioca starch could work as a biodegradable adhesive for the adhesion of boards such
as particleboards. Liew et al. (2018) added tapioca starch to a seaweed adhesive and
improved the mechanical and physical properties of the particleboard. Ye et al. (2018)
combined dialdehyde tapioca starch prepared using sodium periodate with corn stalks
for the preparation of particleboards. The dialdehyde tapioca starch acted like an

adhesive to tightly bind the corn stalks.

b. Adsorbent

Tapioca starch is modified to work as an adsorbent for the adhesion of unwanted metals
or dyes from the environment. Boiled and calcined tapioca starch was found to be able
to efficiently adsorb Sr(Il) and Cs(l) and desorb with the addition of hydrochloric acid
(Ogata et al., 2018). Lian et al. (2021) prepared nano-scale tapioca starch to adsorb

Cu(ll) from the simulated industrial effluent.

15. Conclusions

Cassava has an important role in people’s daily life as it is used extensively in the food
and pharmaceutical industry. The tubers can be a great carbohydrate source for human
or animal consumption after being properly detoxified. The wastewater needs to be
processed before being released to the environment. The nutritional profile of cassava
tubers is poor as the protein and other important nutrient contents are low. Diseases
related to malnutrition because of using cassava as the only food source is of concern.
Various ways can be adopted to solve this problem such as supplementation and plant
genetic modification. It is also important to manage cassava-growing soil nutrients even

if the plant can be grown in soil with minimum nutrients. Intercropping and applying
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fertilizers can be effective ways of soil management. Tapioca starch can be processed
into many value-added products. Enzymatic or acid hydrolysis can convert tapioca
starch into smaller sugars or dextran, and fermentation of the sugars can produce
products like ethanol or PLA. Native or modified tapioca starch is a good ingredient
choice for many products. It is a gluten-free carbohydrate source that is suitable for food
products aiming for a gluten-free label. It can be used as a fat replacer in meat or fish
analogs. Its modified forms can be used to encapsulate active ingredients for target
delivery. It can be made into tasteless and odorless edible or biodegradable food
packaging material. The leaves, stems, and tubers can all be used as animal feeds for
livestocks. Modified tapioca starch can be used as a plasma expander in some cases.
The mechanical properties allow it to work as an excipient for drug preparation. As a
carbohydrate source, it can be used as a medium for the growing of some bacteria or
algae. It improves the mechanical properties as an adhesive in particleboard
preparation. It is able to absorb unwanted compounds from wastewater. Overall, with
these possible applications, cassava growing farmers in different countries are able to

manufacture value-added products using cassava as an ingredient.
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