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THESIS ABSTRACT

Okara is a type of soybean residue, that is generated as a major by-product during
the production of tofu and soymilk. It is considered to be one of the prime agri-crop
wastes. Given the rise of health consciousness, vegetarianism, veganism and lactose
intolerance amongst the world population today, it is to be expected that the generation
of this food waste will only increase further. Currently, okara is either disposed in
landfills or incinerated. Since not much finances are diverted towards the management
of industrial waste, an economical and environment friendly, yet viable solution for the

management of such food wastes is the need of the hour for a sustainable approach.

In this thesis, biofermentation has been suggested as a valorization technique to
improve the nutritional properties of okara, to gainfully repurpose this food waste. This
work was initiated with FDA-approved microbes Rhizopus oligosporus and
Lactobacillus plantarum, but switched to the usage of only the former in the later stages

of the study when it yielded better results than the latter.

In the first stage of this study, a GC-MS based metabolomic analysis was
conducted to understand the changes occurring due to the microbial biochemical
processes. The detected metabolites were subsequently mapped to their respective
biochemical pathways, to understand the pathways being triggered during the
biofermentation process. A preliminary DPPH test showed that Rhizopus oligosporus
fermented okara has a radical scavenging activity of 52.81%, as opposed to that 27.44%
for raw okara. The results obtained in this stage justified that fermented okara may be a

potential functional food.

XVii



Thesis abstract

Next, an attempt was carried out to extricate a clean, green extract from
fermented okara using a combination of water and ultrasound sonication. Upon
subjecting these extracts to DPPH, FRAP, O2 and ‘NO antioxidant analyses, it was
observed that the results were significantly better than those obtained by raw okara
extracts. Subsequent erythrocyte lysis assays revealed that fermented okara extract is
not only non-toxic to erythrocytes at concentrations as high as 4 mg/mL, but could also
prevent AAPH induced haemolysis of erythrocytes at concentrations as low as 500
ng/mL. The study then endeavoured to use the fermented okara extract on cancer cell
line HepG2, to check for antiproliferative activities. A parallel was simultaneously run
on NIH 3T3 cell line, a non-cancer cell line, to check for toxicity. The experiments
revealed that 48 hours incubation yields antiproliferative activities on HepG2 cell line
in a dose-dependent manner. After 48 hours incubation, the highest tested concentration
(100 mg/mL) of fermented okara extract could inhibit HepG2 cells by 48.47 + 5.28%,
which was significantly different from its effect on NIH 3T3 cells. To understand the
compositional differences in the extracts leading to the bioactivities, a GC-MS
metabolomics analysis was performed, which showed that the fermented okara extracts
contained more amino acids and organic acids, and less sugars. The results obtained in
this stage validated the in-vitro antioxidant and antiproliferative properties of fermented

okara.

Finally, the study focussed on the improvement of polyphenol content post
fermentation, with an emphasis on aglycone isoflavones. TPC and TFC analyses showed
that fermented okara extracts yield significantly better results than unfermented okara
extracts. An LCQTOF/MS analysis followed by HPLC quantification revealed that

ethanolic extracts of fermented samples contained 11.782 + 0.325 ug/mL and 10.125 +

1.028 pg/mL of daidzein and genistein respectively. In contrast, extracts of unfermented
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okara contained only 6.7 + 2.42 pug/mL and 4.55 + 0.316 pg/mL of daidzein and
genistein, respectively. The results obtained in this stage established the phenolic

enhancement of okara post biofermentation.

Summing up, this thesis demonstrates a method to ameliorate the nutritional
properties of okara via biofermentation using Rhizopus oligosporus, as a sustainable

method of dealing with this agri-industrial food waste.
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Chapter 1 : Introduction

1.1 Food sustainability

Sustainability refers to meeting the demands of the present generation without
compromising on the availability of resources for the future generations. Although there
exists no legal definition to it, it encompasses a system that is designed to improve a
community’s environmental, economic and social well-being. In the same vein, food
sustainability entails the supply of food production meeting the demands of the current
world population at any given time. Conventionally, food sustainability is governed by
inherent factors such as water, land, climate, fertilizers and energy. However, with the
world population rising exponentially today, the sustainablilty of the food supply chain
will come to rely on choices made by the population, including but not limited to food
waste, overconsumption and the involvement of GMO in agriculture (Morawicki and

Gonzalez, 2018).

1.2 Food waste as a type of waste

In broad terms, waste refers to any item that people or industries no longer harbour
any use for, and that which they intend to discard or have already disposed. Waste
generation is directly proportional to the rate of urbanization and industrialization of a
particular geographic location. The environmental impact of wastes may be manifested
through air, water and soil pollution, which directly impact human health. Awareness
regarding waste generation and its impact on the environment has greatly increased in

the recent years at both civil and governmental levels.
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1.2.1 Solid waste

Solid waste refers to the waste produced by residential, commercial, industrial and
institutional clusters’ construction, demolition, municipal processes and day-to-day
activities (Ngoc and Schnitzer, 2009). Categorically, food waste is a sub-type of solid

waste.

1.2.2 Food Waste

Food waste, as described by the FAQO, is “the decrease of food in subsequent stages
of the food supply chain intended for human consumption”. The cause of this is
manifold — food spoilage due to improper handling, harvesting, transport or storage,
edible food from leftovers, discarding expired foodstuffs etc. It also includes skins and
peels from fruits and vegetables and husks and stalks from grains and legumes. Food
waste is generally classified into three types- avoidable, possibly avoidable and
unavoidable. The sources of food waste include farms, food manufacturers, food
distributors, food retailers, wet markets, supermarkets, hawker centres, restaurants, food
courts, caterers and homes. Today, the massive amounts of food wastes produced
everyday has become a matter of global concern from the point of view of environmental

pollution and food sustainability.

1.3 What is okara?

Soybean (Glycine max) is an edible legume that has gained popularity in recent times
due to the rise in vegetarianism, veganism and lactose intolerance in the world. It is

chiefly used to produce tofu and soymilk. Soy vegetable oil is another important
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commercially viable product that is harnessed from soybean. The wastes originating
from the harvesting and processing of soybean include soy hulls, soybean meal, okara

and soybean straw.

Okara is one of the main agri-industrial wastes generated in the world currently. It
is the chief by-product of the tofu and soybean industry (Figure 1). Botanically, it
consists of ruptured cotyledon cells and soybean seed coat. It is a white or yellowish
fibre-rich residue, insoluble in water and possesses a bland taste. Okara is also known
by other names such as soybean residue, soybean dreg, bean curd residue, douzha,
tofuzha, tofukasu and bejee. It is one of the agri-wastes that hold immense potential to

be harnessed as a functional food.

However, there exist a few limiting factors that hinder the economical
implementation of okara in the food chain. Firstly, fresh okara has an extremely high
moisture content (~70-80%), making it susceptible to quick putrefaction (Redondo-
Cuenca et al., 2008). Drying is an expensive recourse for a waste residue. Hence,
industries prefer to either incinerate this by-product or dump it in landfills. These are
environmentally harmful options, of which the world is conscious currently. Secondly,
high temperatures employed during the cooking step of soymilk/tofu production
extensively denatures soybean proteins and makes the residue (okara) insoluble. This,
in addition to high fibre content, hampers the direct reuse of okara in the food supply
chain (Chan and Ma, 1999). Hence, processing techniques need to be employed prior to

re-utilization of this food waste.
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Dehulled, dried whole
soybean

l

Blanched soybean

Grinding

l* ——————— At 90-100 °C, 3-10 minutes

Filtering 1

[ Okara ] Soymilk

14 ——————— Add coagulant

Ap—

Figure 1 : Production of okara from soymilk/ tofu industry. Okara is a by-product

of these industries and usually discarded as an agri-industrial waste.
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Technavio, a market research company, estimated that the global (APAC,
Americas and EMEA countries) compound annual growth rate of tofu would be
increasing at a rate of 4% during the period of 2017-2021. Around 1.1kg raw okara is
generated for every kilogram of soybean processed into the manufacturing of soymilk
or tofu (Khare et al., 1995). Hence, the generation quantities of this waste are already
rising exponentially with every passing year, thus making it imperative to discover

sustainable methods to tackle this particular food waste.

For a more precise idea, the annual generation of okara in some countries are

documented in Table 1.

Table 1 : Annual generation of okara in some countries

Country Annual production Reference
Japan 800,000 tonnes Lietal. (2013)
Singapore 10,000 tonnes Vong and Liu (2017)
Korea 310,000 tonnes Ahn et al. (2010)
China 2,800,000 tonnes Lietal. (2012)
Canada 10,000 tonnes Vong and Liu (2017)

1.4 Biofermentation

Biofermentation refers to the fermentation of organic wastes such as food waste,

agri-industrial crop waste and kitchen-and-garden waste, for the production of various
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important products of commercial relevance. The two kinds of biofermentation

processes currently in use today are SSF and SmF.

1.4.1 SSF vs SmF

SmF is a type of fermentation that has been conventionally used since generations
past. It refers to the process of growth of microbes in a liquid medium. Although it is
the most exploited technology for the industrial production of several commercially
important metabolites and enzymes, a host of problems encumber SmF. Sterility is the
primary requirement for SmF. In case of contamination and in the presence of high-
water availability, the contaminating microorganism can quickly outcompete the
process organism. This adds to the cost of precision-driven designing of bioreactors.
Further, as detailed by Gibbs et al. (2000), the problems associated with SmF using
filamentous fungi include: a) using fungal pellets to overcome broth viscosity does not
work during the production of extracellular polysaccharide metabolites, as overall
fermentation broth rheology exhibits a non-Newtonian behaviour, b) larger reactors
need expensive propellers to ensure homogeneity of cell suspension, c) the distribution
of sufficient oxygen throughout the reactor during aerobic fermentation processes, d)
heat transfer, nutrient and pH levels gradients throughout the reactor interfering with the
product production by hindering the activity of the process microbe, €) monitoring
biomass concentration and fungal cell morphology to maintain optimum rheology of the
fermentation fluid, f) monitoring pellet structure, type and formation in the reactor
system, which is specific for the type of compound being produced for extraction.

In contrast, SSF is only recently being researched and explored as a viable option

for production of compounds via fermentation. SSF can be defined as “the growth of
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microorganisms on (moist) solid substrates in the absence or near-absence of free-
water” (Pandey, 1992). Hence, the substrate should possess sufficient moisture in the
absorbed form. The substrate is also responsible for supplying nutrients and providing
anchorage for microbe propagation. Particle size of substrate should not be too small
(leads to substrate aggregation) or too large (lesser surface area) but optimized for a
particular microbe or process. Primary focus has been on agri-industrial crop residues
for use as substrate in the production of bulk chemicals and value-added fine products
(Pandey et al., 2000). Amongst all microbes, filamentous fungi possess the best ability
to proliferate in the absence of free water and are the most widely used class of
microorganisms employed in SSF. Other factors that control the effectiveness of SSF as
a fermentation technique include temperature, moisture, pH, humidity and aeration. It is
important to monitor the temperature as heat is generated during microbial fermentation.
Low substrate moisture is a necessity, to maintain substrate porosity and facilitate
aeration.

SSF has gained popularity over submerged fermentation due to a number of reasons
(Sabu et al., 2002). It has an overall simpler set-up, with extremely economical energy
requirements and lesser fermentation space requirement. Sterility is not a stringent
issue, as in scant water conditions, the active process organism (starter culture) can far
outgrow the contaminating microbe. Minimal waste output, easier aeration parameters
and absence of foam formation are further advantages. High reproducibility and high
product titres make SSF a favourable technique as well. Further, low moisture content
in SSF substantially reduces the possibility of contamination. SSF is a useful process

for bioremediation and biodegradation.
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1.4.2 SSF usage till now

Although SSF has been shown to possess many advantages over SmF, it has not yet
reached extensive utilization at industry level. Experiments at laboratory scale have
showcased its use for production of a variety of products, including enzymes (ligninase,
cellulase, glucoamylase, proteases, lipase, phytase, tannase, xylanase, pectinase etc.),
organic acids (citric acid, lactic acid, gallic acid), single cell proteins (SCPs) and
bioactive secondary metabolites (gibberellins, alkaloids, flavonoids, antibiotics)

(Pandey et al., 2000).

1.5 Microbes used in fermentation of food

| . O
= |
Mixed Defined starters Defined strains
undefined with proven with proven health
starters industrial properties benefits /

. 2RI
L) %

Traditional Reliability & taste Health &

fermentation wellness

v

Consumer <1
Shelf Life Acceptance Legislation

Figure 2 : Fermentation of food over the years. Employing fermentation in food is an
age-old concept, which has slowly broadened its scope in the commercial market. Image

extracted from Hill et al. (2017) with permission.

The concept of employing microbes as a means to improve texture and increase shelf

life of food has been around since many generations. Traditional fermentation
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techniques were mainly confined to household consumption and therefore used
microbial starter cultures of variable origin. This paved the way for commercial starters
of defined origin and with proven reliability, that led to the industrialization of

fermented products such as butter, pickles, cheese, yogurt, wine etc. (Figure 2).

1.5.1 Microbes used in this study

The FDA-approved, GRAS microbes used as process organisms in this thesis are

Rhizopus oligosporus and Lactobacillus plantarum (Figures 3 and 4).

(a) (b)

Figure 3 : Pure colonies used for making culture suspensions for biofermentation
(a) Lactobacillus plantarum, and (b) Rhizopus oligosporus. Microbial culture
suspensions were prepared by harvesting pure colonies from agar plates. The CFU was

calculated using serial dilution method, before using these cultures for fermentation.

Rhizopus oligosporus is a member of the family Mucoraceae of fungi. They can
grow at relatively high temperatures of 30 °-40 °C. These aerobic or microaerophilic
fungi (C.W. Hesseltine, 1985) exhibit strong lipolytic and proteolytic activities that

10
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make them desirable for use in fermentation. Further, they also exhibit anti-microbial
activity that inhibit the growth of other microbes in the media (Kobayasi et al., 1992, P.
Dinesh Babu, 2009). It has been used indigenously in south-east Asian countries for

generations and is popularly exploited as a starter culture for tempeh production.

(a) (b) (c)

Figure 4 : (a) Fresh okara. Fresh okara contains a high percentage of moisture that
leads to its easy spoilage. It also contains a lot of bound nutrients, which makes it a
homogenous food waste with high potential for use as a substrate in solid state
fermentation. (b) Okara fermented with L. plantarum. Okara fermented with L.
plantarum appears crumbly and dry. (c) Okara fermented with R. oligosporus. Okara
fermented with R. oligosporus becomes a fluffy patty due to mycelial network formation.

Lactobacillus plantarum belongs to the genus Lactobacillus that includes Gram-
positive rod-shaped bacteria. It grows at a temperature range of 15 %-45 °C. They are
usually facultative anaerobes or miroaerophiles and are acid and bile salt tolerant. L.
plantarum ferments sugars to produce lactic acid, ethanol or acetic acid. According to

the FDA, L. plantarum is safe for usage as a food ingredient. Its organoleptic properties

11
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and its ability to produce antimicrobial substances have currently made them one of the

most widely used probiotics in the food industry (Rezac et al., 2018).

1.5.2 Fermentation of food across different substrates

Table 2 : Examples of fermented food across different edible substrates

Data taken from Tamang et al. (2015)

Substrate )
Product Substrate o Microbe
classification
Yogurt Milk Dairy LAB species, Bifidobacterium species
Pumpernickel bread Rye Cereal LAB, Yeasts

Leuconostoc mesenteroids,

Pickle Cucumber  Vegetable s -
Pediococcus cerevisiae
Miso Soybean Legume Aspergillus 0ryza¢_a, Micrococcus
halobius
Cingwada Cassava Tuber Species of Cgrynebacterlum, LAB,
Micrococcus
Atchara Green Fruit Lactobacillus brevis, Lactobacillus
papaya plantarum
Chorizo Pork Meat Lactobacillus plantarum
Surstsmming Herring Fish Haloanaerobium praevalens

Kombucha

Torulaspora delbrueckii, Candida

Tea liquor Beverage
stellata

12
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1.6 Natural products

Natural products refer to all organic products that have been synthesized by
living organisms. These include biotic materials (for eg.; silk), bio-based materials (for
eg:, cornstarch) body fluids (for eg.; milk) and other natural materials (for eg.; coal).
Evolution and natural selction have played a role in the high structural diversity and
pharmacological properties of natural products. They serve as prime models for the
development of synthetic molecules that mimic the bioactivity of these molecules.
Presently, natural products are being exploited by the healthcare and food industries for

safe, natural and effective options to replace synthetic compounds in use.
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Figure 5: Primary metabolites. Also known as “building blocks of life”, primary
metabolites are indispensible to survival. Image extracted from Abozenadah et al.

(2017) with permission.
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1.6.1 Primary and secondary natural products

Natural products are broadly divided into two categories — primary metabolites
and secondary metabolites. Primary metabolites are organic molecules that are involved
in essential for cell survival ans maintenence and encompass cellular activities such as
nutrient assimilation, energy production, growth and development (Figure 5). Primary
metabolites include amino acids, nucleic acids, sugars, fatty acids, etc. In contrast,
secondary metabolites are not essential to cell survival and differ signficantly amongst

species.

Secondary
metabolites

Terpenes | | Phenolics N containing S containing

compounds compounds
Monoterpenes | Coumarin | -
Alkaloids | Glutathione |
Sesquiterpenes | Furano-coumarins | .
Cyanogenic Glucosinolates |
- — glucosides
Diterpenes | Lignin |
- - Phytoalexins |
- Non-protein
Sesterterpenes | Flavonoids | amino acids
Thionins |
T1'[lc]“pcncs| Isoflavonoids |
Defensins |
Sesquarterpenes I Tanins I
Allinin |

Tetraterpenes |
Polyterpenes |

Figure 6 : Classification of secondary metabolites. Secondary metabolites possess a
variety of important benefits such as natural antimirobial and anticancer activities.

Image contents extracted from Jamwal et al. (2018) with permission.

Broadly, secondary metabolites may be defines as organic molecules that elicit

an extrinsic response and increase the chances of survival of the producer in the
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environment (Figure 6). They have a broad range of pharmacological funcions, and are

currently under intense examination for harnessing natural drugs with similar bioactivity

as synthetic drugs.

1.6.2 Natural products from SSF

Table 3 : Natural products from SSF of food waste

Process
Natural product _ Substrate Reference
microbe
[-carotene Blzlikeslea Orange, carrot and Kaur et al. (2019)
trispora papaya peels
L Aspergill :
Ellagic acid Spniggelr us Pomegranate peel Aguilar et al. (2008)
Cellulase Aspnei;%lrllus Pea pod waste Sharma et al. (2015)
Streptomyces , . .
Protease L Brewer’s spent grain Nascimento et al. (2011)
malaysiensis
Polyunsaturated Mortierella et :
fatty acids (PUFA) alpina Distiller’s dried grains ~ Yang and Zhang (2016)
. - Fusarium I .
Gibberellic acid u§§ | Citric pulp Rodrigues et al. (2009)
moniliforme
Rifamycin SV Amycolatopsis Ragi bran Nagavalli et al. (2014)

mediterranei
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SSF, as previously mentioned, is prominently used to valorize biomass residues
for the production of natural products having antioxidant, antimicrobial and
antiproliferative characteristics. It is also used for the amplified production of important
enzymes. A few examples of natural products obtained from the SSF of food waste are

listed in Table 3.

1.7 Metabolomics as part of the ‘omics’ family

The term ‘omics’ is used in refrence to a comprehensive analysis of a molecule

with respect to its roles, relationships and activities.

Genomics
.
e -
{ Transcriptomics !
-_—————— = == -~
! Proteomics
\_________
_-———————— == =
1 i 1
Metabolites 1 Metabolomics N
Phenotype

Figure 7 : The ‘omics’ family. The ‘omics’ family refers to the different omics tools
that have been created to analyze different compounds of interst from the time of their

genetic coding to their final expression in a phenotype.
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The omics flow (Figure 7) begins from the genomic level (‘genomics’), which
encompasses the study of the entire genome. It provides an understanding of complex
phenotypes and is curerntly being harnessed for the interpreting drug response, patient
prognosis and development of personalised medicine. ‘Genomics’ is followed by
‘transcriptomics’, that quantitatively and qualitatively analyzes all the RNA transcripts.
This technology has been used for constructing probe-based assays and holds potential
to be used for the development of biomarkers or therapeutic targets in disease.
‘Proteomics’ follows next, comprising quantification of proteins and understanding
their modifications and interactions. The advent of this technology has allowed
researchers to study post-translational modifications, intracellular signalling, protein
turnover and transport, etc. which have led to deeper understanding of cellular

biochemical activities.

“Metabolomics”, the last member of the omics family, refers to the detection,
identification and quantification of small metabolic molecules which are products of
various biochemical reactions. For eg; these may be amino acids, carbohydrates, fatty
acids, etc. This technology has been extremely useful in studying metabolic flux.
Additionally, its use is becoming increasingly favoured by the food and nutrition

industry.
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Food safety
Functionalfoods Food microbiology
Food
Metabolomics
Food processing Food quality
Nutrition

Figure 8 : Applications of food metabolomics. Food metabolomics is currently finding
a plethora of uses in the food and applied healthcare industries, dedicated to the

improvement of human health.

This is because the biochemical profile of food directly governs factors such as
shelf life and taste, the information of which would be imperative in monitoring food
quality. NMR, GC-MS and LC-MS are the equipment that are favourably employed in
metabolomics analyses for detection and characterization of analytes. Food
metabolomics is more widely known by its sobriquet “foodomics”, the sub-parts of

which have been pictured in Figure 8.

The usual steps of a typical metabolomics assay have been pictured in Figure 9.
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Targeted / Untargeted \

Add internal standard

Quench metabolism h
Extract metabolites

GC-MS
LC-MS

Detection
Normalization
Quantificaion
Identification
Statistical analyses

g

Pathway mapping
Pathway enrichment

Figure 9 : Steps in a metabolomics analysis. A metabolomics analysis incorporates

these basic steps for separation, detection and identification of compounds of interest

from complex mixtures (samples).

1.7.1 GC-MS

GC-MS works on the principle of separating compounds based on their volatility

and detecting them based on their mass-to-charge ratio. It is a highly sensitive and high-

throughput platform, which makes it suitable for metabolomics analyses.
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An additional procedure to those listed in Figure 9 is added to the sample
preparation step whilst performing metabolomic analysis using GC-MS. Labelled
‘derivatization’, this step is to help volatilize and thermally stabilize the extracted
metabolites. The most commonly used derivatization method in untargeted GC-MS
analysis is a two-step process involving (i) the methoxymation of the ketone-group
containing metabolites into two stable methoximes of constant concentration ratio, and
(i) the silylation of all metabolites into their trimethylsilyl derivatives

(Papadimitropoulos et al., 2018).

SAMPLE INJECTION
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Figure 10 : Schematic of a GC-MS. A GC-MS separates and detects compounds based

of their relative solubility in the stationary (GC-MS column) and mobile (gas) phases.

The schematic set up of a GC-MS may be seen in Figure 10. Sample is injected
through the inlet autosampler and volatilized before entering GC-MS column. The

stationary phase is coated on the wall of the GC-MS column, and together with the
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gaseous mobile phase helps in chromatographic separation. The compounds are ionized
at ion source before they enter the mass analyzer where they are separated according to
their mass-to-charge ratios. The ions then enter the detector, where they are transformed
to signals via induction of current or simultaneous generation and amplification of

secondary ions.

In metabolomics, GC-MS is used for a wide variety of analyses, such as for
understanding flavour and aroma profiles (Diez-Simon et al., 2019), for identifying food
intake biomarkers in human body fluids (Trimigno et al., 2018), for characterization of

compounds attributed to taste (Mabuchi et al., 2019), etc.

1.7.2LC-MS
SAMPLE
HPLC
Solvent
~
. HPLC Data
HPLC Pump || | > Injector [ > Column [ > Detector [ > Acquisition
v
Waste
OUTPUT

Figure 11 : Schematic of a HPLC. HPLC is a type of liquid chromatography that
separates and detects compounds based on their relative solubility in stationary (HPLC

column) and mobile (HPLC solvent) phases.

21



Chapter 1 : Introduction

LC-MS is a high-throughput analytical tool for the analysis of all detectable
compounds in a given sample. It works on the principle of isolation and ionization of

individual compounds and then separating them based on their mass-to-charge ratio.

Figure 11 shows the schematic of a typical HPLC. Sample is injected through
the injector. Analytes are separated based on their distribution across the mobile phase
(HPLC solvent) and stationary phase (HPLC detector). A detection unit (UV detector in
HPLC) detects the analytes as they are eluted out with respect to their retention times.
The signals from the detector are then converted to chromatograms for analysis via the

data aqusition system.

Analyte from
liquid
chromatography

Analyte [M + nH]™"

. ... ———  Mass analyzer
L Oe@

High voltage
applied to spray tip

Figure 12 : Schematic of an ESI. An ESI mode of ionization uses high voltage to assign

charges to ions of analyte particles before thery enter the mass analyzer.

The LCQTOF/MS used for of our studies used an ESI mode of ionization. In

this mode, a high voltage is applied, which forms a plume droplet that subsequently
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evaporates leaving behind charged ions of the original analytes (Figure 12). A QTOF
mass analyzer was used during detection, as it is extremely sensitive and accurate for
complex mixtures. Figure 13 displays a schematic of a QTOF analyzer. Quadrupole
analyzer 1 (Q1) selects and transits ions of interest in mass filter mode to Quadrupole
collision cell (Q2). Q2 fragments the ions from Q1 using collision induced dissociation.
Lastly, the TOF mass analyzer separates the fragments from Q2 and remaining precursor

ions from Q1 and sends them to the detector for generating an MS/MS spectrum.

Quadrupole
1on selection

[EL o AP Lemm i ol ' Pusher electrode

e _ o9 ) -
source | ey ° L > o
1 —_— * o O
hd Detector

Reflection

Figure 13 : Schematic of a QTOF analyzer. A QTOF mass analyzer is an extremely
sensitive mass analyzer used in LC-MS analyses for the separation and detection of

charged ions from molecules of interest.

LC-MS is currently being utilized in food science for varied purposes such as
detection of adulteration (Campmajo et al., 2019), food profiling (Corte et al., 2015,
Nimbalkar et al., 2012) and using plasma metabolite profiles for identification of dietary

patterns (Acar et al., 2019).
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1.8 Present research status and research gap
1.8.1 Research status in the domain of using okara as a raw material

Current research interest towards understanding the potential value okara has led

to a spark in related research, the gist of whose findings are documented in Table 4.

Table 4 : Research conducted using okara as raw material

Area of research Reference
Composition, utilization and limiting factors Lietal. (2013)
Composition, nutrition and utilization Lietal. (2012)
Characteristics and use O’Toole (1999)
Protein profile Stanojevic et al. (2012)

As carbon source for developing photothermal

nanomaterials Weng et al. (2019)

Ostermann-Porcel et al.
As gluten-free flour (2017)

Prevention of obesity in diet-induced murine obesity
Matsumoto et al. (2007)

models
Hypoglycemic effects Lu etal. (2013)
Isoflavone extraction Jankowiak et al. (2014)

Improvement of blood glucose levels in Viethamese

with type Il diabetes Nguyen etal. (2019)
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It must be noted that mosr of the available documented research involving okara
uses this agri-waste in its raw form. Valorization of its nutrient profile through
biofermentation is a relatively new domain that has not been explored to its full
potential. Currently, limited research exists in this domain. Biotransformation of raw
okara has recently been experimented upon, using different microbes such as Yarrowia
lipolytica (Vong et al., 2016), Eurotium cristatum (Chan et al.,, 2019) and
Saccharomyces cerevisae (Santos et al., 2018). The positive results obtained in these

works encourage the need for furthering research in this area.

1.8.2 Research gap addressed by this thesis

Although a lot of work has been done to understand the potential of okara as a
source of nutrition, there exists a gap when it comes to improving the existing nutrient
profile of okara. Further, there is an ever-increasing demand for the manufacturing of
natural, green bioactive compounds in lieu of chemically synthesized compounds. This
thesis aims to address these gaps, by enhancing the nutritional quality of okara through
the process of biofermentation with a food-grade microbe. Whilst the initial work
incorporated the usage of two microbes, Rhizopus oligosporus and Lactobacillus
plantarum, only R. oligosporus was used in the later stages of the study since it yielded
better results in the preliminary stage. Specific target areas of this thesis include a) a
metabolomics study before and after fermentation, b) antioxidant analyses on
unfermented and fermented okara extracts to gauge functional activity, and c)
polyphenolic analyses on unfermented and fermented okara extracts to understand

changes post biofermentation.
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1.9 Aim and outline of this thesis

Okara is a nutrient-rich agri-industrial by-product contributing to a major chunk
of food waste. The chief problems with this food waste are putrefaction and bioactive
inavailability of nutrients. As an environment-friendly option of treating okara,
valorization using microbial fermentation can make it suitable to be employed as a
functional food or nutraceutical. Thus, this thesis is aimed towards economically
enhancing the “functionality” of okara through biofermentation using Rhizopus

oligosporus as the process organism.

In Chapter 2, the study explores the possibility of employing biofermentation
as a valorization technique for okara. Food-grade FDA approved microbes Rhizopus
oligosporus and Lactobacillus plantarum are used in this work. An extracellular GC-
MS metabolomics analysis is carried out to comprehend the biochemical changes
ocurring after microbial fermentation. Detected metabolites are tracked back to their
metabolic pathways to understand the biochemical reactions triggered during the
fermentation process. A premlimary DPPH antioxidant analysis is also carried out, to

check the improvement in functionality of fermented okara.

In Chapter 3, the study continues with okara fermented with Rhizopus
oligosporus as the product for analysis, since it yielded better results (as is detailed in
Chapter 1). In this stage, a clean, green extract is extricated from fermented okara and
its dose-dependent DPPH, FRAP, Oz and ‘NO radical scavenging antioxidant activities
observed.The extract is then tested on erthrytocytes to note its toxicity and perceive its
capability in inhibiting AAPH induced haemolysis of erthyrocytes. Further, it is tested

on cancer cell line HepG2 to assess any antiproliferative activity. Following these, the
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study characterizes the key bioactive molecules in the extracts using a GC-MS based

analysis.

In Chapter 4, the study focusses on phenolic compounds and their examination
using TPC and TFC analyses. Targetting isoflavonoids, the extraction process used in
Chapter 3 is modified by changing the extraction solvent to suit the current aim. Further,
LC-QTOF is employed for the detection of phenolic compounds that significantly
increase after fermentation. Subsequently, the compounds of interest are quantified

using HPLC.

Lastly, in Chapter 5, the major findings in this thesis are recapitulated and
followed with the limitations faced during the course of this work. Recommendations

for furthering this study are also included here.
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CHAPTER 2

AN ANALYSIS OF IMPROVED NUTRITIONAL COMPOSITION OF
POTENTIAL FUNCTIONAL FOOD (OKARA) AFTER PROBIOTIC SOLID-

STATE FERMENTATION

28



Chapter 2 : Metabolomics

2.1 Abstract

Okara is a major agro-waste, generated as a by-product from the soymilk and
tofu industry. Since okara has a high nutritive value, reusing it as a substrate for solid
state biofermentation is an economical and environment friendly option. Rhizopus
oligosporus and Lactobacillus plantarum were the probiotic FDA-approved food-grade
cultures used in this study. The study revealed that biofermenting okara improves its
nutritional composition. It was found that the metabolomic composition (by GC-MS
analysis) and antioxidant activity (by DPPH test) improved after the microbial
fermentations. Of the two, okara fermented with R. oligosporus showed better results.
Further, the metabolites were traced back to their respective biosynthesis pathways, in
order to understand the biochemical reactions being triggered during the fermentation
processes. The findings of this entire work open up the possibility of employing

fermented okara as a potential functional food for animal feed.
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2.2 Introduction

Okara, also known as soybean residue, is the insoluble waste by-product from
the manufacturing of soybean foods such as soymilk and tofu. Fresh okara is high in
moisture content and thus putrefies very fast. Conventionally, it is either dumped into
landfills or incinerated. The present awareness and demand for environmentally friendly
disposal practices has promoted the recovery and utilization of agricultural wastes.

Okara is one of the main agro-wastes generated in East and South-east Asia.

Table 5 (a): Micronutrient composition of okara

S.No. Composition Quantity (per 100g dry Reference
matter)

1. Minerals
Potassium (K) 1046-1233 mg
Sodium (Na) 16.2-19.1 mg
Calcium (Ca) 260-428 mg
Magnesium (Mg) 158-165 mg
Iron (Fe) 6.2-8.2 mg
Copper (Cu) 1.1-1.2 mg .
Manganese (Mn) 2.3-3.1 mg Rietetal. (1989)
Zinc (Zn) 3.5-6.4 mg
Phosphorus (P) 396-444 mg

2. Vitamins
Thiamine 0.48-0.59 mg
Riboflavin 0.03-0.04 mg
Nicotinic acid 0.82-1.04 mg

3. Isoflavones 0.14 ¢ Stan(zjzeovlldcf)et al.
Daidzin 76 UM
Glycitin 16 uM
Genistin 81 uM .
Daidzein 88 M Lietal. (2012)
Glycitein 18 uM
Genistein 60 uM
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Raw okara possesses a high nutritive value (Table 5), which makes it potentially
suitable for production of functional foods. However, since most of the nutrients are
present in an insoluble form, pre-treatment is required before employing it for feed

purposes.

SSF is an economically viable option to biotransform crop residues for
nutritional enrichment. Crop residues that have been successfully used in SSF so far
include corn grits, soybean waste, wheat bran, cassava, sugar beet pulp, bagasse, etc.
Soybean residue is one of the leading agro-wastes that has been engaged in studying
SSF and its benefits. Enzymes secreted during the fermentation cause several desirable
changes, leading to improved nutrition, texture, flavour and aroma of the final product.
Complex macromolecules (fats, proteins, carbohydrates) are hydrolysed to smaller
nutrients and anti-nutritional compounds (e.g., trypsin inhibitors, lectins, tannins) are
considerably decreased after SSF (Parades-Lopez and Harry, 1989, Wagenknecht et al.,
1961). Fermentation releases phytases (Pandey et al., 2001) that act upon phytic acid
(an antinutrient) and increase bioavailable iron (Moeljopawiro et al., 1987), zinc
(Moeljopawiro et al., 1988), calcium and inorganic phosphorus (Sutardi and Buckle,
1986) contents. Unbound forms of antioxidants are also released during SSF, adding to
the nutritional value of the final product. These changes make fermented okara easier to
digest than raw okara, which in turn makes it a potential contender to be employed as

livestock feed.
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Table 5 (b): Macronutrient composition of okara

S.No. Composition Quantity (per 100g Reference
dry matter)
1. Protein 25.4-28.4 ¢ Li (2012)
Aspartic acid 117 (mg/g protein)
Threonine 41 (mg/g protein)
Serine 50 (mg/g protein)
Glutamic acid 195 (mg/g protein)
Glycine 46 (mg/g protein)
Alanine 46 (mg/g protein)
Cys_telne + Methionine 26 (mg/g prote!n) Chan and Ma
Valine 51 (mg/g protein) (1999)
Isoleucine 51 (mg/g protein)
Leucine 81 (mg/g protein)
Tyrosine + Phenylalanine 95 (mg/g protein)
Lysine 65 (mg/g protein)
Histidine 28 (mg/g protein)
Arginine 75 (mg/g protein)
Proline 36 (mg/g protein)
2. Fat 9.3-10.9¢
3. Dietary fibres 52.8-58.1 ¢
Insoluble dietary fibre 40.2-43.6 g Lietal. (2012)
Soluble dietary fibre 12.6-146 ¢
4. Carbohydrates 3.8-5.3¢g
Rhamnose 0.85¢g
Fucose 0.45¢g
Arabinose 6.35¢
Xylose 5149
Mannose 1.26 ¢
giﬁ?;se 12'33 g O Toole (1999)
Uronic acids 5.03¢g
Stachyose 140 g
Raffinose 309
Sucrose 230 g
Starch 599
Stanojevic et al.
5. Energy value 300 kcal

(2014)
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In the recent years, SSF has been chiefly exploited for the production of value-
added products such as biologically active primary and secondary metabolites from a
waste by-product. Several industries are based on the commercialization of SSF-derived
products such as hydrolytic enzymes, bioactive compounds, organic acids and other
miscellaneous compounds such as pigments, carotenoids, vitamins and biopesticides

(Pandey et al., 2000).

Industrial SSF processes usually employ pure cultures in order to control
substrate utilization and end product formation. If the fermented product is to be enlisted
for consumption, it is imperative that the microbes used in the SSF process are of GRAS
status. Rhizopus and Lactobacillus are the most prominent fungi and bacteria genera
respectively, used by food industries for fermentation. These microaerophilic microbes
can sustain relatively high temperatures of 30 °C - 40 °C and have been used as starter

cultures since centuries.

Although a lot of fermentation-based work has been carried out on cooked
soybean substrates (e.g., tempeh), a gap exists in utilization of raw soybean wastes (e.g.,
okara). This paper has detailed the investigation of improved nutritional composition of
okara after probiotic biofermentation with Rhizopus oligosporus (R. oligosporus) and
Lactobacillus plantarum (L. plantarum), thereby proposing its potential use as a

functional food.

2.3 Materials and methods
2.3.1 Chemicals and microorganisms

Fresh okara was sourced from Unicurd Food Company Pte Ltd (Singapore) and

stored in air-tight plastic bags at -80 °C, until used. All chemicals were purchased from
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Sigma-Aldrich (St. Louis, MO, USA). Dehydrated MRS and PDA media were bought
from Becton, Dickinson and Company (BD Difco, USA) and reconstituted as per
supplied instructions. Fungal strain Rhizopus oligosporus (DSM 1964), obtained from
the Leibniz Institute DSMZ German Collection of Microorganism and Cell Cultures,
was grown on Potato Dextrose Agar (PDA) plates at 30 °C for 48 hours. Bacterial strain
Lactobacillus plantarum (DSM 12028), obtained from the Leibniz Institute DSMZ
German Collection of Microorganism and Cell Cultures, was grown on De Man, Rogosa

and Sharpe (MRS) agar plates at 37 °C for 48 hours.

2.3.2 Fermentation

For fungal fermentation, 10g of fresh okara was inoculated with a culture
inoculum of 10° CFU Rhizopus oligosporus and incubated at 30 °C for 48 hours. For
bacterial fermentation, 10g of fresh okara was inoculated with a culture inoculum of 107

CFU Lactobacillus plantarum and incubated at 30 °C for 48 hours.

2.3.3 Extracellular metabolite analysis
2.3.3.1 Sample preparation

Extracellular metabolite extraction was carried out using the method followed
by Sasidharan et al. (2012) with minor modifications. Firstly, 5 mL of chilled saline
(0.9% NaCl) solution was added to 10g of fermented sample to quench the microbial
cells. 30 mL ice-cold methanol was then added to the samples as the extraction solvent
for extracellular metabolites. The mixture was spiked with 600 pL ribitol (2 mg/mL in

water; internal standard) and centrifuged at 1400 rpm for 20 minutes at 4 °C. This was

34



Chapter 2 : Metabolomics

followed by centrifugation at 16,100 g for 5 minutes at 4 °C. The supernatant was used
as crude extract for further steps. The residual debris was discarded. 1mL of crude

extract was kept at 30 °C on heat block until completely dry.

Sample preparation for GC-MS (gas chromatography-mass spectrometry) was
done using the method followed by Chen and Chen (2014). Firstly, 50 pL of 20 mg/mL
methoxyamine hydrochloride in pyridine was added to the dried sample for carbonyls
protection. The mixture was then vortexed for 1 minute and subsequently incubated at
37 °%C for 1 hour. Following this, 100 pL of N-methyl-N-(trimethylsilyl)-
trifluoroacetamide (MSTFA) with 1% trimethylchlorosilane (TMCS) was added to the
sample for silylation. Samples were incubated at 70 °C for 30 minutes and finally
centrifuged at 14,000 rpm for 1 hour at room temperature before being transferred to

glass vials for GC-MS analysis.

2.3.3.2 GC-MS conditions and analysis

All samples for GC-MS were analysed within 12 hours of preparation.
Chromatography was performed using 5975C Inert MSD with Triple-axis Detector from
Agilent Technologies. The capillary column was 0.25 um thick and had dimensions of
30 m X 0.250 mm. Hexane was used as the stationary phase. 1 pL sample was injected
in splitless mode; carrier gas helium was maintained at a purge flow of 50 mL per
minute. The inlet was sustained at an isothermal temperature of 230 °C. The GC oven
was programmed to initiate at 75 °C (4 minutes hold), and ramped to 280 °C at 4 °C per
minute, with a final hold time of 2 minutes at 280 °C. Injection needle was cleaned with
hexane thrice before starting sample run and twice after every measurement. Data was

acquired in full scan from 30 to 800 m/z. Metabolites were identified using NIST08 mass
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spectral library. The chromatographic peaks were normalized according to the internal

standard (ribitol) before being subjected to statistical analyses.

2.3.4 Antioxidant activity

The antioxidant activity of the samples was measured as a test of their free-
radical scavenging capacity. 1,1-diphenyl-2-picrylhydrazyl (DPPH) was used for
assessment, following the method used by Wan et al. (2011) with minor modifications.
Firstly, 0.1g of sample was taken in an Eppendorf tube to which a small quantity of glass
beads was added. The volume was made to 1.5 mL with ethanol and the tube was then
spun on FastPrep-24 (MP Biomedicals) for 5 cycles of 20 seconds each following which
centrifugation was carried out at 21,000 g for 5 minutes. To 500 uL of supernatant, 500
pL of DPPH solution (0.6 mM in ethanol) and 4mL ethanol was added and the mixture
incubated in the dark at room temperature for 30 minutes. 1 mL of this solution was then
measured for absorbance at 515 nm using Nanodrop 2000c spectrophotometer (Thermo
Scientific). Ethanol was used as blank, 4.5 mL ethanol with 500uL DPPH was used as

control and quercetin (0.1mg/mL in ethanol) was used as a positive control.

The antioxidant activity was calculated according to the formula:

DPPH scavenging activity (%) = [Ac-As]/Ac x 100

where, Ac is the absorbance value of the control and As is the absorbance value of the

test samples
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2.3.5 Statistical analyses

All data have been represented as an average of three replicates. Multivariate
analysis was performed using OriginPro 2017. Clustering heatmap was generated using
group-average clustering and Euclidean distance calculation. Principal component
analysis was carried out and represented as a two-dimensional biplot, to confirm the

findings acquired by the cluster dendogram.

2.4 Results and discussion

2.4.1 Extracellular metabolite analysis using GC-MS

The GC-MS metabolomic analysis performed on unfermented and fermented
okara samples were examined to observe noticeable variations and similarities. Figure
14 displays the spectra obtained after the (extracellular) metabolomic analysis of
unfermented okara (control), okara fermented with R. oligosporus and okara fermented

with L. plantarum.
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Figure 14 : GC-MS chromatogram spectra of unfermented (control) and
fermented okara samples. Key: Unfermented okara control (C); okara fermented with

R. oligosporus (RO); okara fermented with L. plantarum (LP).

A comparative study of the metabolites detected in okara before and after
fermentation was carried out. A total of 48 metabolites (excluding internal standard
ribitol) were identified. The metabolites identified via GC-MS could be grouped into
seven parent categories (Table 6). The parent categories include organic acids, amino
acids, inorganic acids, fatty acids, carbohydrates, alcohols and a miscellaneous group.
As shown in Table 6, our results indicated that microbial fermentation of okara by both
R. oligosporus and L. plantarum yielded greater number of metabolites. This is expected
due to the action of microbial hydrolytic enzymes that break down complex molecules

in okara to their constituent simpler units.
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Table 6 : Metabolites detected via GC-MS analysis of unfermented and

fermented okara samples with their relative abundances (x107)

Okara Okara
Control
Metabolite (unfermented ferem ented fermented
with R. with L.
okara .
oligosporus plantarum

Organic acids
Lactic acid N.D. N.D. 222.64
Propanedioic acid 4.92 4.78 2.92
Butanedioic acid 4.73 116.88 10.58
2-Butenedioic acid N.D. 43.21 5.83
Malic acid 21.89 813.81 25.71
Propanoic acid 18.39 13.92 11.19
Pentanedioic acid N.D. 7.69 22.64
a-Aminoadipic acid N.D. 4.01 N.D.
1-Propene-1,2,3-tricarboxylic acid N.D. 3.03 N.D.
Ribonic acid 2.86 N.D. N.D.
Tartaric acid 2.85 N.D. N.D.
Galactonic acid 2.24 N.D. N.D.
Benzoic acid N.D. 7.07 N.D.
Gluconic acid 1.98 3.99 3.18
Galactaric acid 1.29 N.D. N.D.
Inorganic acids
Phosphoric acid 3.36 51.61 3.46
Amino acids
Valine N.D. 5.65 3.38
Glycine 5.15 25.71 2.44
Serine N.D. 10.38 N.D.
Threonine N.D. 16.71 N.D.
Alanine 1.72 4.86 2.18
Proline 9.53 58.78 18.03
Glutamine 4.76 59.15 21.62
Asparagine N.D. 14.03 N.D.
Tyrosine 2.98 N.D. 25.46
Fatty acids
Hexadecanoic acid 49.99 30.91 56.49
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Linoleic acid 11.76 79.19 8.89
trans-13-Octadecenoic acid 6.69 101.23 6.76
Octadecanoic acid 19.22 31.89 29.47
Palmitic acid 1.88 N.D. 1.89
Decanoic acid 4.47 N.D. N.D.
Carbohydrates

Erythro-pentose N.D. N.D. 2.97
Galactose 28.19 7.58 84.83
Mannose 17.40 N.D. N.D.
Glucopyranuronic acid 16.68 N.D. 15.33
Heptulose 14.02 N.D. 4.19
Turanose 5.08 1.56 N.D.
a-D- Glucopyranoside 90.52 17.03 13.02
Xylose 23.39 513.69 N.D.
Maltose 58.65 7.00 63.97
Talose 54.98 6.33 59.32
Xylo-hexos-5-ulose N.D. 5.45 N.D.
a-D-Xylopyranose 17.09 N.D. 19.43
Alcohols

Glycerol 1.27 N.D. N.D.
Inositol 95.28 147.75 109.77
Glucitol N.D. 4.60 4.39
Mannitol 25.66 1.42 N.D.
Oleyl alcohol 20.20 N.D. 14.76
2-Monopalmitin 1.46 4.24 5.26
Others

Urea N.D. 9.48 13.00
Pyrimidine N.D. 10.22 N.D.

* N.D.: Not detected

2.4.2 Statistical analyses

It is difficult to gauge how similar or unsimilar the fermented samples are to the

control based on a visual scrutiny of Figure 14. Hence, statistical analysis tools were

employed to make sense of the data generated by GC-MS.
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To validate the metabolic changes before and after fermentation, a hierarchical
agglomerative clustering heatmap was generated (Figure 15). The heatmap indicated the
abundance levels of the metabolites that were detected in unfermented and fermented
okara samples. As evidenced by Figure 15, the cluster dendogram uncovered that L.
plantarum fermented okara was in closer proximation to control (unfermented okara)
than to R. oligosporus fermented okara, in terms of extracellular metabolite
composition. The minimum and maximum values of the Euclidean distance used in our
calculations were 0 and 10*10°, respectively. The columns denoting okara fermented
with L. plantarum and control (unfermented okara) converged at a Euclidean distance
of 2.50*10°. This cluster then converged with the column representing R. oligosporus
fermented okara at a Euclidean distance of 8.37*10°. Hence, we can reason that at a
Euclidean distance below 2.50*10°, all three columns are significantly unsimilar in their
metabolite pattern distribution. Between Euclidean distances 2.50*10° and 8.37*10°, it
can be concluded that okara fermented with R. oligosporus and the cluster (composed
of control and L. plantarum fermented okara) were significantly different from each

other, with respect to their extracellular metabolic composition.
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Figure 15 : Heatmap dendogram of metabolites detected via GC-MS analysis in
unfermented (control) and fermented okara samples. The scale indicates the relative
abundance of each metabolite. Key: Unfermented okara control (C); okara fermented
with R. oligosporus (RO); okara fermented with L. plantarum (LP).

Additionally, a PCA biplot was developed (Figure 16) to highlight the variance
in distribution of the three groups- unfermented okara, okara fermented with R.
oligosporus and okara fermented with L. plantarum- across the metabolites, with respect
to the principal components. The GC-MS data was analysed using a correlation matrix
with listwise exclusion. The first two principal components (PC), PC1 and PC2,
attributed to 50.63% and 22.74% of variance respectively, and thus cumulatively

accounted for 73.37% of the total variance.
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Figure 16 : PCA biplot derived from GC-MS data for unfermented (control) and
fermented okara samples. Key: Unfermented okara control (C); okara fermented with
R. oligosporus (RO); okara fermented with L. plantarum (LP).

According to PC1, it can be clearly seen that L. plantarum fermented okara
samples and control (unfermented) samples are similarly distributed, which differed
from the distribution of R. oligosporus fermented okara. On the other hand, as seen in
Figure 16, the control samples and okara fermented with R. oligosporus exhibited
similar patterns of distribution across PC2, which differed from that of okara fermented
with L. plantarum. PC1 being the larger principal component, it can be interpreted that
L. plantarum fermented okara and control (unfermented okara) are relatively similar,
with respect to extracellular metabolite composition. The distribution across PC2, the
smaller component, validates that a smaller degree of similarity exists between the
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control (unfermented okara) and okara fermented with R. oligosporus. The result
interpreted from the PCA biplot study was in accordance with the prior implication

made by the cluster dendogram.

The results established by this GC-MS metabolomic analysis and multivariate
statistical studies can be used for an in-depth investigation of the metabolic mechanism

of microbial fermentation.

2.4.3 Tracing detected metabolites to their biosynthesis pathways

By analysis of the extracellular metabolites released before and after fungal (R.
oligosporus) and bacterial (L. plantarum) biofermentation, a hypothesis can be drawn
to understand the various metabolic pathways occurring during the process. Figures 17
and 18 display the link between the various biochemical pathways that were believed to

be triggered during the microbial fermentation of okara.

It has been well established that both fungi and bacteria release lipases during
fermentation (Esteban-Torres et al., 2015, Mahapatra et al., 2010). Lipid hydrolysis
could explain the increase in the levels of saturated medium-chain fatty acids (Table 6)
such as hexadecenoic acid (palmitic acid), trans-13-octadadecenoic acid, 9,12-
octadecanoic acid (linolenic acid), octadecanoic acid (stearic acid) etc. after
fermentation. Cleavage of bonds in long-chain lipids also led to the increase in the levels
of fatty acid derivatives such as 2-monopalmitin. On the other hand, derivatives like
oleyl alcohol decreased as they entered lipid metabolism. Levels of decanoic acid
(capric acid), a saturated medium-chain triglyceride, decreased after fermentation as
well; this may be due to the lipolytic enzymes cleaving the saturated bonds in the

compound.
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Glucitol (sorbitol), mannitol, myo-inositol and glycerol were the alcohols
detected during our metabolomics analysis (Figures 17 and 18). Sorbitol and mannitol
are sugar alcohols derived from sugars such as glucose and fructose by reversible
reactions; this may explain the increase in sorbitol levels and decrease in mannitol levels
after fermentation. Mannitol then enters glycolysis, which further explains its decreased
level. Glycerophospholipid hydrolysis generates glycerol and fatty acids; the former is
converted to dihydroxyacetone phosphate (DHAP) before entering glycolysis (which
may account for its decreased levels after fermentation), and the latter undergoes fatty
acid hydrolysis to finally enter the Krebs cycle as acetyl CoA. Further, both R.
oligosporus and L. plantarum release microbial phytases during fermentation (Sabu et
al., 2002, Zamudio et al., 2001). Phytases are enzymes that hydrolyze phytic acid, an
anti-nutrient present in soy. The hydrolysis yields myo-inositol and phosphoric acid
(Figures 17 and 18). This can explain the increased levels of phosphoric acid and myo-

inositol after fermentation.
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Microbial proteases released by both bacteria and fungi during fermentation
(Ikasari and Mitchell, 1994, Khalid and Marth, 1990) aid in breakdown of complex
proteins into their constituent amino acids. Serine, glycine and threonine are synthesized
via glycolysis (Figure 17) over a series of catalysing reactions (serine, glycine and
threonine metabolism pathway). Reversible degradation of alanine yields pyruvate and
glutamine; the former is involved in the synthesis of valine, an essential amino acid
(Figures 17 and 18). Proline is produced from glutamine (alanine, aspartate and
glutamate metabolism pathway) and arginine (arginine and proline metabolism
pathway). This pathway is also responsible for the catalysis of asparagine from aspartate
(Figure 17). Alanine is synthesized from malonate after pyrimidine metabolism (Figures
17 and 18). However, tyrosine levels decreased after fermentation, indicating a
triggering of the tyrosine metabolism pathway in which it was utilized to finally enter
the Krebs cycle. An interesting observation is that all the amino acids detected during
the analysis belonged to the glucogenic category ie, they are capable of being converted
into glucose via gluconeogenesis. This may justify their overall low abundance levels.
Arginine either proceeds to undergo multi-step reactions to be converted to proline or is
enzymatically converted to urea (Figures 17 and 18). This would account for the
increase in urea content in the fermented samples as compared to the control

(unfermented sample).
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As seen in Table 6, several sugars such as xylose, galactose, mannose, turanose,
maltose etc. were detected by the GC-MS analysis. It was noticed that the majority of
the monomeric sugars decreased after fermentation; this could be explained by
hypothesizing that they may have been interconverted to glucose and entered the
glycolysis pathway or may have been converted to sugar alcohols such as sorbitol and
mannitol. The other half of the detected carbohydrates increased after fermentation,
supporting the fact that microbial enzymes such as amylases (Giraud et al., 1993,
Muhammad Irfan, 2012), cellulases (Parajo et al., 1997), pectinases (Handa et al., 2016)
etc. were released during the bioprocess, thereby breaking down long-chain polymeric

carbohydrates to more simpler forms.

Benzoic acid is synthesised over multiple catalysed steps in the shikimate
pathway by fungi (Figure 17). Phenylalanine is the precursor for the compound. Amino
acids lysine and tryptophan may account for production of glutaric acid, thus leading to
elevated levels of glutaric acid in both R. oligosporus and L. plantarum fermented okara
(Figures 17 and 18). As was expected, the levels of the aforementioned detected
metabolites were higher in microbial fermented samples than the control (Table 6). The
levels of tartaric acid dropped after fermentation. It may be reasoned that tartaric acid
was converted to oxaloacetate via a two-way reaction and subsequently entered the
Krebs cycle. Aminoadipic acid was detected in okara sample fermented by R.
oligosporus. Aminoadipic acid is an intermediate in the lysine metabolism via the a-
aminoadipate pathway. The a-aminoadipate pathway is unique to fungi; this is
evidenced by our results. Malonic acid levels increase after fermentation by both R.
oligosporus and L. plantarum, which may be attributed to pyrimidine metabolism by the

microbes.
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Propanoic acid (propionic acid) is a short-chain saturated triglyceride that is
majorly formed as a product of amino acid (cysteine, isoleucine and methionine)
metabolism, odd-chain fatty acid metabolism and from malonate after pyrimidine
metabolism (Figures 17 and 18). Decreased levels of propionic acid after fermentation
(Table 6) was in accordance with the expectation that microbes convert propanoic acid
to propionyl-CoA and utilize it for carboxylic acid (organic acid) metabolism. Gluconic
acid, glucuronic acid (a precursor of ascorbic acid), galactonic acid and galactaric acid
are sugar acids derived from glucose. The levels of gluconic acid and galactonic acid
increase after fermentation, signifying oxidation of glucose and activation of the pentose
phosphate pathway and pentose and glucuronate interconversion pathway, respectively.
On the other hand, the levels of glucuronic acid and galactaric acid declined after
fermentation. This decrease may be attributed to glucuronic acid being utilized for
amino sugar and nucleotide sugar metabolism, and galactaric acid being converted to

pyruvate and entering the Krebs cycle (Figures 17 and 18).

The Krebs cycle, being the chief energy generating source of aerobic microbes,
is greatly activated during fermentation process. Many of the metabolites detected from
the samples are the by-products of the Krebs cycle (Figures 17 and 18). This accounts
for the increased abundance of metabolites in the fermented samples. Butanedioic acid
(succinic acid), 2-butenedioic acid (fumaric acid) and malic acid are key intermediates
in the cycle. Malic acid also enters the Krebs cycle through its aspartate-arginosuccinate
shunt. This can explain the remarkably elevated levels of malic acid in the fermented
samples. Prop-1-ene-1,2,3-tricarboxylic acid (aconitic acid) is a minor intermediate in

the conversion of citrate to isocitrate.

It was expected that lactic acid be detected in okara fermented with L. plantarum
(Table 6). Plenty of studies conducted earlier vouch that Lactobacillus species produce
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lactic acid during fermentation (Liu, 2003, A.Sheeladevi and N.Ramanathan, 2011).
Lactic acid is synthesized from the catabolism of pyruvate (Figure 18). Pyruvate is
produced chiefly from the degradation of carbohydrates and amino acids, and is
primarily converted to acetyl CoA before entering the Krebs cycle for yielding energy.
Hence, lactic acid is one of the prominently abundant metabolites detected in okara
fermented by L. plantarum. Since Rhizopus species are not known for their lactic acid

producing capabilities, it is in tandem with the obtained results.

Thus, it may be summarized that bioactive compounds in fermented okara

samples showed an overall positive trend, when compared to the levels in raw okara.

2.4.4 DPPH Radical Scavenging Activity

The scavenging activity of samples to reduce the DPPH free radical was
calculated (Table 7) from the DPPH assay. The results indicated that okara fermented
with R. oligosporus had the greatest radical scavenging activity (% RSA) of 52.81%.
Okara fermented with L. plantarum had a slightly better RSA of 29.10% than the
unfermented control (27.44%). Quercetin, the positive control, displayed an RSA of

94.33%.

It has been documented that the main isoflavones present in crude okara are
daidzein, glycetein and genistein (aglycones), daidzin, glycitin and genistin (-
glucosides) and malonyl-daidzin, malonyl-glycitin and malonyl-genistin (malonyl-
glucosides) (Jankowiak, 2014). The increase in antioxidant activity in okara after

fermentation may be attributed to an increase in phenolics content.
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Table 7 : DPPH antioxidant activity of extracted samples

Sample % RSA
Control (unfermented okara) 27.44
Okara feremented with R. oligosporus 52.81
Okara fermented with L. plantarum 29.10
Quercetin (0.1 mg/mL) 94.33

2.4.5 Fermented okara as potential functional food in animal feed

Functional foods may be described as “those whole, fortified, enriched or
enhanced foods that provide health benefits beyond the provision of essential nutrients
(e.g., vitamins and minerals), when they are consumed at efficacious levels as part of a

varied diet on a regular basis” (Hasler, 2002).

From Table 6, it may be observed that the nutrient profile of okara improved
after fermentation. The quantities of organic acids, amino acids and fatty acids were
found to have increased on an average. It may also be noted here that fermentation with
R. oligosporus yielded better results than fermentation with L. plantarum. From the
aforementioned table, it is clear that the levels of organic acids favourably increased
after the biofermentation process. According to Koninklijke DSM N.V., a Dutch
multinational company dealing with health, nutrition and sustainable living, organic
acids are immensely important supplements in animal feed. Nowadays, organic acids

are gaining attention from researchers, as there is growing mass reluctance to consume
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products from antibiotic-dosed animals. Organic acids have been found to be associated
with improving gut health in swine by reducing gastric pH, thereby converting inactive
pepsinogen to active pepsin for protein hydrolysis (Suiryanrayna and Ramana, 2015).
Picking an example of an organic acid from Table 6, it may be seen that the levels of
succinic acid rose post fermentation. Commercially, BioAmber Inc., a renewable
materials company, demonstrated that dietary bio-succinic acid in nursery pigs

contributed to growth performance and gut health.

Dietary amino acids play a vital role in growth, development and reproduction
of farm animals (Li et al., 2011). As documented in Table 6, the amino acid amounts in
okara increased after fermentation, of which valine and threonine were essential amino
acids. According to Kemin Industries, a global nutritional ingredient company based in
the USA, lack of optimum amino acids concentrations in animal feed is associated with
disease, low body weights and subpar production. Citing a specific case in point, it may
be seen from Table 6 that levels of proline increased by more than six times after
fermentation with R. oligosporus. In the study conducted by Brunton et al. (2012), it
was noted that supplementing proline in parenteral diet resulted in an accelerated rate of
protein synthesis in the muscles, skin and small intestines in neonatal Yucatan miniature

piglets.

Currently, there is a lot of interest encircling the importance of fatty acids in the
diets of farm animals. This is because the dietary fatty acid profile directly affects the
fatty acid composition of the tissues of the animals fed with this diet. Hence, this is
correlative to the productive performance of cattle, pigs and poultry, as the effect affects
meat, milk, eggs and embryo development (Cetingiil and Yardimci, 2008). In this study,
the quantities of fatty acids were amplified after biofermentation of okara (Table 6), thus
enhancing the nutritional quality of okara. To include a specific example, the levels of
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linoleic acid increased after fermentation of okara with R. oligosporus. The FAO
considers linoleic acid to be an essential fatty acid for poultry. This is crucial in case of
breeder hens, as linoleic acid is vital to embryonic health, viability and chick

hatchability (Cherian, 2015).

According to the International Food Information Council, antioxidants may be
added to feed not only to preserve freshness, flavour and shelf life, but also to
supplement nutritional benefits. It has been widely documented by many researchers
that dietary antioxidants confer health benefits (Gordon, 2012, Huang, 2018). Therefore,
from the results obtained in Table 7, it may be postulated that okara fermented with R,

oligosporus may be favourable as animal feed.

Hence, it may be concluded that biofermentation of okara led to the generation

of an enhanced end-product, which may be considered a potential functional food.

2.5 Conclusion

In conclusion, it can be summarized that this work holds substantial potential.
With the growth in popularity of soy-based products, the quantity of okara being
produced worldwide is on the rise. This work attempted to reuse okara, a food waste, as
a potential functional food. The study revealed that biofermenting okara with food-grade
probiotic microbes R. oligosporus and L. plantarum enhanced its nutrient profile. The
GC-MS extracellular metabolite analysis showed that the fermentation processes
released microbial hydrolases that degraded the complex macromolecules in okara into
simple sugars, amino acids and short-chain fatty acids, that are easier to digest. The
levels of beneficial organic acids also increased after biofermentation, while the

abundance of phytic acid, an anti-nutrient present in raw okara, decreased. Further, the
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antioxidant activity increased post fermentation, indicating an improvement in
phenolics content. Our future target plan involves investigating the microbial enzymes

released during biofermentation, as well as examining the phenolics of fermented okara.
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CHAPTER 3

CHARACTERIZATION AND IN-VITRO BIOACTIVITY OF GREEN

EXTRACT FROM FERMENTED SOYBEAN WASTE
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3.1 Abstract

Extracts were extricated from raw okara and okara fermented with Rhizopus oligosporus
using a clean, green protocol; water was used as the extraction solvent and coupled with
ultrasound assistance for enhanced extraction. In-vitro antioxidant analyses for
antioxidant potential and capacity, superoxide scavenging activity and nitric oxide
scavenging activity validated that fermented okara vyielded superior bioactive
performance compared to raw okara. Fermented okara extracts showed no toxicity to
erythrocytes and successfully prevented induced haemolysis. After 48 hours incubation
at the highest tested concentration (100 mg/mL), fermented okara extracts could inhibit
HepG2 cells by 48.47 £+ 5.28%, which was significantly different from their effect on
NIH 3T3 cells. GC-MS characterization of extracts validated amino acids to be the chief
fraction responsible for the detected bioactivity of the fermented okara extract. The
results derived in this study open up the possibility that biofermented okara extract may

be a potential novel sustainable nutraceutical.
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3.2 Introduction

Okara, a prime agri-waste, is the insoluble waste residue generated by soybean
processing industries. As it is highly perishable due to its high moisture content, its
standard discard methods include incineration and disposal in landfills. However, there
exists a potential for recycling and reusing fresh okara as it has been proven to
encompass a variety of nutrients. According to Li et al. (2012), per 100g dry matter raw
okara possesses a protein content of 25.4-28.4g, fat content of 9.3-10.9g, dietary fibre
content of 52.8-58.1g and carbohydrate content of 3.8-5.3g. Riet et al. (1989) observed
that okara also contains several important minerals and vitamins as well. Further, raw

okara also has a low calorific value (Stanojevic et al., 2013).

In recent times, solid state fermentation (SSF) has garnered a lot of attention for
its ability to economically bulk produce enzymes, organic acids and bioactive secondary
metabolites using industrial agro-wastes as substrates. It is also a viable valorization
treatment technique to enrich the nutritional content of the substrate through microbial
activity (Parades-Lopez and Harry, 1989, Wagenknecht et al., 1961, Moeljopawiro et
al., 1987, Moeljopawiro et al., 1988). Currently, there is a growing awareness to curb
the usage of petrochemical solvents for extraction purposes. This is because most of the
organic solvents are toxic, volatile, flammable and contribute to environmental pollution
and greenhouse effect. Water, being polar, is suitable for the extraction of natural water-
soluble products such as flavonoids. An added benefit is that easy manipulation of its
dielectric constant is possible through modulating temperature and pressure. This allows
water to even be used as an extraction solvent for compounds possessing low polarity
(Teo et al., 2010). Ultrasound is a clean, green method for extraction of compounds of
commercial importance, including but not limited to polysaccharides, proteins and
bioactive molecules. Various physical and chemical phenomena including agitation,
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vibration, pressure, shock waves, shear forces, microjets, compression and rarefaction,
acoustic streaming, cavitation and radical formation are responsible for ultrasonic effect
that causes rupturing of biological cell walls, thereby allowing for the release of
bioactive compounds into the solvent system (Tiwari, 2015). Ultrasound assisted
extraction (UAE) is preferred to conventional methods of extraction because it has
certain advantages such as being inexpensive, requiring low volumes of solvent,
decreased matrix interferences, being a quicker process, increase in yield and purity of
final extract, and being versatile (can customize solvents according to compounds of
interest being extracted) (Mandal et al., 2015, Duarte et al., 2014). These advantages
make it a popular economic option in the quest for sustainable green technology

extraction method.

Liver cancer may be triggered by several factors, notable of which include
chronic hepatitis B and C infection and exposure to aflatoxins. Hepatocellular carcinoma
poses a major challenge to the healthcare sector; there is a persistent quest for finding a

safe, efficient economic medication, with little or negligible side effects.

Today, there is a lot of focus on discovering natural healthcare products in order
to avoid the various side-effects caused by the consumption of synthetic antioxidants.
This paper has detailed the investigation of in-vitro antioxidant and antiproliferative
assays carried out using an extract sourced from okara fermented with Rhizopus
oligosporus, an FDA approved, GRAS (Generally Recognized As Safe) food-grade

fungus using a clean, green method.
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3.3 Materials and methods
3.3.1 Chemicals and microorganisms

Fresh okara and Rhizopus oligosporus were acquired and maintained as outlined
in Chapter 2, Section 2.3.1. Cell lines HepG2 and NIH 3T3 were purchased from ATCC.
NaCl, methoxyamine hydrochloride, pyridine, MSTFA, TMCS, DPPH, quercetin,
Ks[Fe(CN)s] , TCA , FeClz NBT , EDTA, riboflavin, PBS, ascorbic acid, SNP, Greiss
reagent, DMEM, FBS, penicillin, streptomycin, MTT, DMSO and hexane were all
purchased from Sigma-Aldrich (St. Louis, MO, USA). Dehydrated MRS and PDA
media were bought from Becton, Dickinson and Company (BD Difco, USA) and

reconstituted as per supplied instructions.

3.3.2 Fermentation and extract preparation

Okara was fermented as described in Chapter 2, Section 2.3.2. For extraction of
phytocompounds, 1g of fermented sample (procedure repeated for unfermented sample)
was added to 7 mL extraction solvent (water), macerated and ultrasonicated (200 watts,
20 kHz; at a cycle of 0.7, 70% amplitude percentage) for 10 minutes in an ice-bath. The
crude mixture was then incubated at 40 °C in shaking condition for 4 hours, following
which, it was centrifuged at 10,000 g for 15 minutes. The supernatant was used as extract
for all antioxidant assays. For antiproliferative assays, the supernatant was freeze-dried,

re-dissolved in PBS and filtered using 0.45 uM filter prior to treating the cell lines.
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3.3.3 DPPH radical scavenging assay

The dose-dependent DPPH radical scavenging activities of the extracts at
different concentrations were procured using the method followed in Chapter 2, Section

2.34.

3.3.4 Ferric Reducing Antioxidant Power (FRAP) assay

The FRAP was calculated using the methodology employed by Jemli et al.
(2016), with minor modifications. 2.5 mL PBS and 2.5mL 1% Ks[Fe(CN)s] were added
to 1 mL extract (at different concentrations), and the mixture incubated at 50 °C for 20
minutes. Subsequently, 2.5 mL 10% TCA was added, and the mixture centrifuged at
3000 rpm for 10 minutes. To 2.5 mL of the supernatant, 2.5 mL distilled water and 2.5
mL 0.1% FeClz were added and the absorbance measured at 700 nm. Quercetin was used

as the standard.

3.3.5 Superoxide radical (O2") scavenging activity

The Oz scavenging activity of the extracts were obtained using the procedure
followed by Parimala and Selvan (2017), with minor modifications. To 100 pL of
extract (at different concentrations), 0.1 mL 1.5 mM NBT, 0.2 mL 0.1 M EDTA, 0.05
mL 0.12 mM riboflavin and 2.55 mL 0.067 M PBS were added, and the mixture
illuminated for 30 minutes. Absorbance was then measured at 590 nm. Quercetin was

used as the standard.
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3.3.6 Nitric oxide radical (‘NO) scavenging activity

The '‘NO scavenging activity of the extracts were estimated using the
methodology employed by Parimala and Selvan (2017). 3 mL 5 mM SNP was added to
200 pL of extract (at different concentrations) and the mixture incubated at 25 °C for
150 minutes. 1mL of this mixture was then removed and added to 1 mL Griess reagent.

Absorbance was measured at 546 nm. Quercetin was used as the standard.

3.3.7 Erythrocyte toxicity and haemolysis inhibition assays

Erythrocyte toxicity and haemolysis inhibition assays were performed as

described by Cheung et al. (2003), with minor modifications.

For the erythrocyte toxicity assay, 100 uL fresh erythrocytes were added to an
Eppendorf tube containing 300 uL PBS and 100 pL sample extracts at different
concentrations. The mixtures were allowed to incubate for 3 hours at room temperature
in a shaking condition at 200 rpm. Following this, each tube was diluted with 8 mL PBS
and centrifuges at 1041g. The supernatant was subsequently read at 540 nm. PBS was
used as blank. PBS and sterile distilled water were used in place of samples, in the two

control tubes respectively.
The toxicity was calculated according to the formula:
Toxicity (%) = [As-Ar]/[Aw-Ar] x 100

where, As is the absorbance value of the sample, Ap is the absorbance value of PBS

control and Aw is the absorbance value of the water control

The erythrocyte haemolysis inhibition assay was carried out in the same way as

the above, except for a minor modification in the experimental set-up. 100 pL fresh
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RBCs were added to an Eppendorf tube containing 200 uL PBS, 100 uL 0.5 M AAPH
and 100 uL sample extracts at different concentrations. 100 uL of 0.125 mg/mL Vitamin

C was added in place of sample in the control tube.
The haemolysis inhibition was calculated according to the formula:
Haemolysis inhibition (%) = [1-(As-Ar)/(Aw-Apr)] x 100

where, As is the absorbance value of the sample, Ap is the absorbance value of PBS

control and Aw is the absorbance value of the water control

3.3.8 Cell culture, treatment and MTT cell viability assay

Human liver cancer cell line HepG2 and mouse embryo fibroblast cell line NIH
3T3 were grown on DMEM medium with 10% (v/iv) FBS and 1% (v/v)
penicillin/streptomycin at 37 °C, 5% COx till 75-80% confluency was reached. Cells

were then seeded into 96-well microplates, with each well containing 10* cells.

When the wells achieved a confluency of ~ 70%, 10 uL of extract was added to
each well (except control wells) and the microplates incubated for 24 hours and 48
hours. On completion of their respective incubation periods, old medium was removed,
and an equivalent quantity of fresh medium was added to each well. 10 puL of 12mM
MTT solution was added next, followed by incubating the microplate at 37 °C, 5% CO:
for 2 hours. Subsequently, 25 pL of solution was allowed to remain and the rest carefully
removed without disturbing the cell layer at the bottom of the well. 100 upL DMSO was
then added to each well and mixed thoroughly to dissolve the formazan crystals. The
microplate was then again incubated for 10 minutes at 37 °C, 5% CO> and finally read

at 570 nm.
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3.3.9 GC-MS analysis of extracts

Sample preparation for GC-MS was done using the method followed in Chapter
2, Section 2.3.3.1. GC-MS analysis was carried out using the same conditions as

described in Chapter 2, Section 2.3.3.2.

3.3.10 Statistical analyses

All analyses were carried out in triplicate. Data has been represented as an
average of the three trials. Antioxidant and cell culture assays were subjected to t-test,
with p < 0.05 being considered significant. GC-MS data was analysed by one way-

ANOVA and post-hoc t-test.

3.4 Results and discussion

3.4.1 Antioxidant analyses

Oxidative stress is responsible for a plethora of serious health concerns.
Biofermentation of okara using Rhizopus oligosporus, an FDA-approved, food-grade
GRAS microbe, was expected to contribute positive nutritional enhancements in
conjecture with the work carried out by Gupta et al. (2018). Natural antioxidants as
evaluated in our study, have the advantage of not having the side effects associated with

commercial synthetic antioxidants.
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Figure 19 : DPPH radical scavenging potential of raw and fermented okara
extracts. n = 3; alphabets with different letters represent significant difference between

groups at a particular concentration.

DPPH assay is one of the most commonly used assays for testing radical
scavenging activities (RSA) of samples. Antioxidants are able to quench the stable
DPPH radical (dark purple) to its non-radical stable form (colourless) as a measure of
their free radical scavenging potential. Figure 19 demonstrates the antioxidant potential
of dose-dependent fermented and unfermented okara extracts against a positive control
of quercetin. As is evident from the results obtained, fermented okara extracts possess
significantly higher scavenging activities as compared to unfermented okara extracts at
same concentrations. However, the activities of fermented okara extracts were lesser
than the activities of quercetin at the respective concentrations. The results of this
experiment warranted a deeper investigation of the antioxidant potential of the

fermented okara extract using different antioxidant tests (FRAP, O." and ‘NO.)
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Figure 20 : FRAP potential of raw and fermented okara. n = 3; alphabets with
different letters represent significant difference between groups at a particular

concentration.

The results of FRAP assay to estimate antioxidant capacity of fermented okara
have been illustrated in Figure 20. The reducing power of the extracts were studied as a
function of their concentration. The mechanism of FRAP is based solely on electron
transfer; the ability of the extracts to reduce Fe*" to Fe?* by electron donation was taken
as a representation of the potential of the corresponding compound to reduce free
radicals in plasma and tissues, thereby modulating redox state. As seen in Figure 20, the
antioxidant capacities of fermented okara extracts far surpassed those of unfermented
okara extracts at their respective equivalent concentrations. However, fermented okara

extracts remained less efficient when compared with standard antioxidant quercetin.
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Figure 21 : Superoxide radical scavenging activity of raw and fermented okara. n
= 3; alphabets with different letters represent significant difference between groups at

a particular concentration.

Superoxide anions generated from dissolved oxygen in a riboflavin-light-NBT
system can reduce NBT in the system. In absence of any antioxidant activity,
superoxides can reduce the yellow dye (NBT?*) to produce formazan. Antioxidants can
prevent this activity. As perceptible from Figure 21, the superoxide inhibitory activity
of extracts rose with increase in concentration of extracts. Fermented okara extracts
yielded better results than raw okara extracts. Superoxide scavenging potential is widely
relevant to the biological system as superoxides are capable of reducing certain iron
complexes (eg; cytochrome c), causing peroxidation of lipids and generating singlet
oxygen and hydroxyl radicals that react with biomacromolecules and thereby induce

tissue damage (Zargar et al., 2014).
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Figure 22 : Nitric oxide radical scavenging activity of raw and fermented okara. n
= 3; alphabets with different letters represent significant difference between groups at

a particular concentration.

In the reaction system used for evaluating nitric oxide scavenging activity, nitric
oxide is generated from SNP and reacts with oxygen to form nitrite. The nitrite ions
subsequently react with the components of Greiss reagent by diazotizing sulphanilamide
and coupling with napthylethelediamine. These reactions produce a pink color, the
formation of which is inhibited when antioxidants scavenge the free radicals. As
conspicuous from Figure 22, the nitric oxide inhibitory activity of extracts intensified
with increase in concentration of extracts. Once again, fermented okara extracts yielded
better results than raw okara extracts. Nitric oxide scavenging activity is of immense
importance to the healthcare industry. Biologically, chronic exposure to nitric oxide has
been linked to various carcinomas and inflammatory conditions including juvenile

diabetes, multiple sclerosis, arthritis and ulcerative colitis (Boora et al., 2014). Nitric
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oxide toxicity increases exponentially when it reacts with superoxide radicals to form

the highly reactive peroxynitrite anion (ONOO").

Table 8 depicts the correlation between the different antioxidant analyses for
fermented okara extracts. As is evident from the high correlation coefficients (R?> 0.5),
there exists a strong correlation between the different assays performed for evaluation

of antioxidant capacities.

Table 8 : Correlation chart of the different antioxidant analyses performed using

fermented okara extract

OF) ‘NO
FRAP 0.9401 0.9342
‘NO 0.8501 -

3.4.2 Erythrocyte lysis assays

The erythrocyte toxicity assay (Figure 23) proved that unfermented okara
extracts may be considered as toxic at concentrations higher than 2 mg/mL. However,
fermented okara extracts were observed to be non-toxic to erythrocytes at concentrations
even as high as 4 mg/mL. Hence, haemolysis inhibition assay was carried out with the

fermented okara extract, to further study its effect on erythrocyte cells.
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Figure 23 : Erythrocyte toxicity assay using unfermented and fermented okara
extracts. Fermented okara displayed no toxicity even at the highest concentration

tested; n = 3.

AAPH generates free radicals and attacks erythrocytes to induce chain oxidation

of proteins and lipids, ultimately leading to haemolysis.
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Figure 24 (a) : Percentage haemolysis of erythrocytes in presence of fermented

okara extracts. Haemolysis was induced by AAPH; n = 3.
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As seen from Figure 24, fermented okara extracts were able to prevent AAPH
induced haemolysis of erythrocyte cells in a dose-dependent manner. On carrying out a
t-test, no significant differences were observed between the percentage haemolysis
inhibitions at the highest and lowest concentrations of tested fermented okara extract.
This attests that even at concentrations as low as 500 ng/mL in PBS, fermented okara

extract is able to prevent AAPH induced lysis of red blood cells.
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Figure 24 (b) : Percentage of inhibition of haemolysis of erythrocytes in presence

of fermented okara extracts. Fermented okara extracts were able to prevent

haemolysis of erythrocytes. Haemolysis was induced by AAPH; n = 3.
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3.4.3 Antiproliferative assay

Cancer is believed to be a result of reactive oxygen species inducing oxidative
damage to biomolecules such as lipids, proteins, carbohydrates and DNA. According to
Sun (1990), free radicals are involved in both the establishment and propagation of
multistage carcinogenesis. Antioxidants scavenge free radicals and are therefore
considered to be potential anticarcinogens. The results obtained from our antioxidant
analyses (Figures 19-24) gave rise to a strong hypothesis that fermented okara extracts
would be able to exhibit antiproliferative activities in cancer cell lines. Recent research

has been focussed on identification of anticancer agents from soybean.

(@) (b)

Figure 25 : (a) : Live HepG2 cells (before treatment); (b) : Dead HepG2 cells (after

treatment). HepG2 cells were observed to be sensitive to fermented okara extracts.

Figures 25 (a) and (b) exhibit a section of HepG2 cells before and after extract
treatment, respectively. To comparatively ascertain the effects of fermented and
unfermented okara extract treatments on HepG2 and NIH 3T3 cells, contour plots were
created [Figure 26 (a) and (b)] that illustrate the range of viability changes that occurred

in both HepG2 and NIH 3T3 cell lines as a function of extract concentration and time.
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In both figures, it could be seen that at lower concentrations, the extracts were able to
induce cell proliferation, thereby resulting in a viability above control cells. This may
be explained by the hypothesis that at low concentrations, some drugs are capable of
upregulating the viability of cancer cells by accelerating cell proliferation and

decreasing apoptosis (Wen et al., 2018).
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Figure 26 : (a) Contour plot representing viability of cell lines after 24 hours extract
treatment. Key: HepG2 treated with unfermented okara extract (HepG2 UF); HepG2
treated with fermented okara extract (HepG2 F); NIH 3T3 treated with unfermented
okara extract (3T3 UF); NIH 3T3 treated with fermented okara extract (3T3 F).

It is clear from Figure 26 that fermented okara extracts induced greater loss of
viability as opposed to unfermented okara extracts. As may be observed from Figure 26
(a), there was not a significant decrease in viability in HepG2 cells after treatment for

24 hours. Treatment for 48 hours showed a much more favourable response, as
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evidenced by Figure 26 (b); viability of HepG2 steadily decreased with analogous
increase in concentration of fermented extract. It may be postulated from this study that
the viability losses were due to apoptosis and necrosis mechanisms, triggered by the

extracts.
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Figure 26 : (b) Contour plot representing viability of cell lines after 48 hours
extract treatment. Key: HepG2 treated with unfermented okara extract (HepG2 UF);
HepG2 treated with fermented okara extract (HepG2 F); NIH 3T3 treated with
unfermented okara extract (3T3 UF); NIH 3T3 treated with fermented okara extract
(3T3 F).

Although from Figure 26 (b) it was evident that the viability differed
significantly across the cell lines with respect to the extract treatment, statistical analyses
tools were employed to gauge the levels of similarity or unsimilarity. A paired t-test

analysis was thus carried out (Table 9).
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Table 9 : Paired t-test results as a function of HepG2 F versus HepG2 UF and

HepG2 F versus NIH 3T3 F (F: fermented okara extract, UF: unfermented okara

extract)
Concentration (mg/mL) HepG2 UF NIH 3T3F
5 0.098848 0.256113
25 0031167 0011401
HepG2 F 50 0.001777" 0.040201"
75 0.009315™ 0.042723"
100 0.005864" 0.041499"

n=3;*=p<0.05**=p<0.01

As may be observed, the results validate the implications generated by Figure 26
(b). Since higher concentration of fermented okara extract yielded desirable inhibition
of viability in HepG2 cell line after 48 hours incubation, a comparative analysis was
made to justify the usage of the same. It was noted that at corresponding concentrations,
a significant difference existed between HepGz2 cells treated with fermented extracts
versus treated with unfermented extracts. Except for the lowest concentration tested, at
all other extract concentrations the p-values were lesser than 0.05. A similar trend was
observed on comparing the effects of parallel concentrations of fermented extract on
HepG2 cells versus NIH 3T3 cells; except for the lowest concentration tested, at all
other extract concentrations the p-values were lesser than 0.05, thereby indicating
significant difference in the viability percentages (Table 9). Thus, it may be stated from
the results obtained that treatment with fermented okara extracts could induce a better

reduction in viability of cancer cell line HepG2 as opposed to treatment with
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unfermented extracts but had not as great an effect on normal cells NIH 3T3 at analogous

concentrations, thereby implying its non-toxicity on normal cells.

(i)
-
NIH 3T3

0% 20% 400 60%  BO0% 100%

Viability u Inhibition

(iii)

0% 200 40% 60% BO% 100%

Viability H Inhibition

(ii)
MIH 3T3 -

0% 20%  40% e0% 800 100%

Viability  m Inhibition

(iv)

0% 200 40% 60% BO% 100%

Viability  mInhibition

Figure 27 : Increased inhibition of HepG2 cell line after 48 hours treatment with

rise in concentration fermented okara extract. Key- (i): 25 mg/mL extract; (ii) : 50

mg/mL extract; (iii) : 75 mg/mL extract; (iv) : 100 mg/mL extract.

Figure 27 displays a stacked column analysis of the variation in inhibition across

the four highest concentrations of fermented okara extracts tested on HepG2 and NIH

3T3 cell lines after 48 hours incubation. As may be observed from Figures 27 (i), (ii),

(iii) and (iv), the percentages of inhibition rise with increase in concentrations of extract

used for treatment. There was an inhibition of 18.49 + 3.43%, 42.07 + 3.35%, 44.47 +
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5.6% and 48.47 + 5.28% in HepG2 viability, on treating cells with a dose of 25mg/mL
50mg/mL, 75mg/mL and 100mg/mL respectively. Conversely, NIH 3T3 cells remained
less affected by extract treatment; loss of viability was 0 £ 7.49%, 17.28 + 7.59%, 25.81
+ 2.69% and 30.11 £ 2.73% for treatment doses of 25 mg/mL, 50 mg/mL, 75 mg/mL
and 100 mg/mL respectively. The results obtained heighten the possibility that
increasing the incubation time would elicit a greater inhibitory response against the
tested cancer cell line, at parallel concentrations of extract treatment. NIH 3T3 is a
murine non-cancer cell line that is often used as a comparative standard against cancer
cell lines, for cytotoxicity analyses (Bisht et al., 2016, Tomankova et al., 2015, Ahmad
etal., 2016, Tajudin et al., 2012, Danihelova et al., 2013). Obtaining a positive result on
NIH 3T3 cells signified a positive preliminary testing, which paves the path for further
advanced toxicity testing. Reactive species are produced in minute quantities by normal
cells for signal transduction processes, before being eliminated by the biological
metabolic system. However, in case of cancer cells, reactive species are produced at an
advanced rate to maintain their accelerated rate of proliferation (Liou and Storz, 2010).
Superoxide anions and nitric oxide are the most commonly generated ROS and RNS
radicals, respectively. From the antioxidant analyses detailed in this study (Figures 20-
24), it may be noted that the principle was based on the radical scavenging abilities of
the okara extracts. Hence, it may be said that in tandem with our present results, it would
be a valid hypothesis that corresponding treatment would be non-toxic on normal cell
lines that do not overproduce reactive species on which the scavenging activities would

have an effect upon.
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3.4.4 Characterization of extracts using GC-MS

A GC-MS metabolomics approach was used to characterize the extracts used in
the antioxidant and antiproliferative analyses, to investigate the bioactive components

responsible for the activities.

Table 10 : Significantly different (p < 0.05) metabolites detected via GC-MS
analysis of unfermented and fermented okara samples with their relative

abundances (x10°)

Metabolite Unfermented okara Fermented okara
Amino acids
Alanine N.D. 7.41+0.05
Valine N.D. 10.49 £ 0.32
Leucine N.D. 0.41 +0.05
Glycine N.D. 1.64 +0.92
Serine N.D. 1.12+0.03
Threonine N.D. 1.71+£0.12
Proline N.D. 1.46 £1.39
Tryptophan N.D. 0.68 £ 0.03

Organic acids

Butanedioic acid N.D. 1.42 +0.17
Mannonic acid N.D. 0.84 £ 0.07
Sugars
D-Glucose 0.34 +0.07 2.68+0.34
a-D-pyranoside 0.37+0.08 N.D.
D-Ribose 0.29 +£0.05 N.D.

* N.D.: Not detected
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Clearly separated compounds with high abundance have been indicated in Figures 28
(@) and (b). The compounds identified were grouped into three parent groups: amino
acids, organic acids and sugars (Table 10). Four essential (valine, tryptophan, leucine,
threonine) and four non-essential (alanine, glycine, serine, proline) amino acids were

detected.
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Figure 28 : (a) GC-MS chromatogram of unfermented okara extract. Key: 2=
propanoic acid; 11= hexadecenoic acid; 14= a-D-galactopyranoside; 15= D-glucose;

16= D-ribose; IS= internal standard (ribitol).

Further, as seen from Figures 26 (a) and (b), there exists a marked difference in

the metabolomic output between fermented and unfermented okara extracts.
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Figure 28 : (b) GC-MS chromatogram of feremented okara extract. Key: 1=
alanine; 2= propanoic acid; 3= valine; 4= leucine; 5= glycine; 6= butanedioic acid;
7= serine; 8= threonine; 9= proline; 10= D-glucose; 11= hexadecanoic acid; 12=

tryptophan; 13= mannonic acid; IS= internal standard (ribitol).

Hence, a PCA biplot (Figure 29) was generated to validate the variance between
the unfermented and fermented samples. The GC-MS data was analysed using a
correlation matrix with listwise exclusion. The first two principal components (PC), PC1
and PC2, attributed to 91.45% and 6.82% of variance respectively, and thus
cumulatively accounted for 98.27% of the total variance. PC1 being the larger principal
component, it may be interpreted that the distribution pattern of metabolites detected in

unfermented and fermented extracts were significantly different.
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Figure 29 : PCA biplot derived from GC-MS data for unfermented (control) and

fermented okara samples. Key: Unfermented okara control (C); okara fermented with
R. oligosporus (RO).

The fold-change of characterized compounds after fermentation has been
documented in Figure 30. As may be observed, fermented okara extracts contained
significantly increased levels of amino acids and organic acids. On the other hand, sugar
concentration seemed to chiefly decrease after fermentation. This may be attributed to

microbial bioactivity breaking down complex proteins into their constituent amino

acids, while using basic sugars as nutrition.
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Figure 30 : Fold change in selected metabolites after fermentation of okara with R.
oligosporus. Amino acids and organics acids increased after fermentation while

majority of sugars decreased.

3.4.5 The link of characterized metabolites with bioactivity

High levels of sugars are associated with metastasis of malignant cancer.
Glucose formed by glycolysis, along with glutamine is able to generate the carbon
skeletons, NADPH and ATP to serve as the building blocks for new cancer cells. These
cancer cells are able to survive in hypoxial conditions, and subsequently modify the
metabolic pathways for cell growth and survival, thus leading to malignancy (Dang,

2012).

Butanedioic acid, commonly known as succinic acid, has been studied to have

an effect on antioxidant capacities and has been suggested in its implementation as an
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effective preventive antioxidant (Zarubina et al., 2012). Further, it has been observed to
increase the activities of several enzymes including superoxide dismutase, catalase and

peroxidase (Kolupaev et al., 2011), all of which are vital plasma antioxidant enzymes.

Amino acids play an essential role in the maintenance of cancer redox
homeostasis. Proline is a well-known stress adaptor molecule. Its metabolism influences
various cell signalling pathways, thereby playing a crucial role in triggering tumour
suppression and cell survival in animals (Liang et al., 2013). Further, work carried out
by Vaughan et al. (2014) documented that alanine is capable of supressing tumour cells.
Dietary threonine has been documented to improve levels of superoxide dismutase,
catalase, glutathione peroxidase and complement components C3 and C4 (Habte-Tsion
et al., 2016). Studies indicate that branched chain amino acids, including valine and
leucine, elicit ‘NO scavenging biofunctional responses and inhibit lipid peroxidation
(Jin et al., 2015). Nayak and Buttar (2016) observed that tryptophan too possesses
antioxidant and antiproliferative properties. The bioactivity of serine was observed by
Maralani et al. (2012) through the elevation of several antioxidant factors. Oral

administration of glycine has been shown to reduce oxidative stress (Wang et al., 2019).

3.5 Conclusion

In conclusion, it may be summarized that this work holds substantial potential
for employing biofermented okara as a sustainable functional food. Previous studies
carried out (Gupta et al., 2018) documented that biofermentation proved to not only
increase the quantity of several important compounds (amino acids, fatty acids, tastants
etc.), but also generated an increase in antioxidant activity. Our study established this

indication qualitatively, through DPPH, FRAP, O, and '‘NO radical scavenging
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activities. Moreover, fermented okara extracts were not only found to be non-toxic on
erythrocytes but were also capable of inhibiting AAPH induced haemolysis of
erythrocytes. Further, the effect of the extracts on HepG2 and NIH 3T3 cell lines
revealed the possibility of utilization of the fermented okara extract as a potent
nutraceutical, as with increased incubation time and at particular concentrations, a
greater, more significant loss of viability was noticed in HepG2 cells as compared to
NIH 3T3 cells. An important criterion of our study was to propose the extraction of
bioactive fractions using green technology. Lastly, qualitative characterization of the
extracts revealed amino acids to be the chief group of bioactive compounds in the
fermented okara extract. This is in tandem with our bioactivity studies as Marcuse
(1960) suggested that amino acids have antioxidant activities and Bonfili et al. (2017)

observed that essential amino acids can activate apoptosis in cancer cells.
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CHAPTER 4

AN ANALYSIS OF POLYPHENOLIC CONTENT OF OKARA AFTER
FERMENTATION WITH R. OLIGOSPORUS, WITH A FOCUS ON

AGLYCONE ISOFLAVONES
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4.1 Abstract

Extracts of unfermented okara and okara fermented with Rhizopus oligosporus were
obtained using ethanol as extraction solvent, coupled with ultrasound sonication for
enhanced extraction. TPC and TFC assays were performed as phenolics analyses;
fermented okara extracts were found to yield significantly better results as compared to
raw okara extracts in both the tests. A qualitative LCQTOF/MS analysis revealed that
unfermented okara extract contained the glycosidic forms, whereas fermented okara
extract contained the aglycone forms of the same isoflavones (daidzein and genistein).
Since the aglycone forms have been associated with a host of health benefits, a
qualitative HPLC analysis was carried out using standards of the same. Fermented okara

extracts had daidzein and genistein concentrations of 11.782 + 0.325 ug/mL and 10.125
+ 1.028 pg/mL, as opposed to that of 6.7 + 2.42 ug/mL and 4.55 + 0.316 pug/mL in raw

okara extracts respectively. The results obtained propose that the fermented okara

extracts should be examined further for specific functional activities.
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4.2 Introduction

Okara is an agri-industrial waste generated by soybean processing industries during
the production of tofu and soymilk. Its high moisture content and unavailable bioactive
components keep it from being harnessed as a food source. SSF is an economically
viable process that is employed for the utilization of crop residues as substrates.
Moreover, since many generations, microbial fermentation has been observed to add
nutritional enhancements to the substrate through the enzymes released during the

biochemical process.

Although there exists no chemical definition for it, polyphenols are broadly
described as the plant compounds that serve as beneficial micronutrients to human diet
upon ingestion. Lately, many polyphenols have been associated with a litany of
therapeutic effects (Williamson, 2017) that have increased an interest in the effective
and economical procurement of these natural bioactive molecules. In 1999, the FDA
officially approved the consumption of soy and soy-derived products with the

alleviation of cardiovascular diseases (Tepavcevic et al., 2010).

Isoflavones, a class of polyphenols, primarily is found in legumes and beans.
Isoflavones typically possess phytoestrogenic and antioxidant properties (Wang et al.,
2013). According to Tepavcevic et al. (2010) who studied the distribution over several
different cultivars of soy, the most consistently occurring soy isoflavones are daidzein,
daidzin, acetyl-daidzin, malonyl-daidzin, glycitin, glycitein, malonyl-glycitin, acetyl-

glycitin, genistin, genistein, acetyl-genistin and malonyl-genistin.

Thus, the aim of this study was to do a metabolomics analysis of the

polyphenolic changes occurring in okara after fermentation with Rhizopus oligosporus.

87



Chapter 4 : Polyphenolic studies

4.3 Materials and methods

4.3.1 Chemicals and microorganisms

Fresh okara and microbes were acquired as described in Chapter 1, Section 2.1.

All chemicals and media were sourced from Sigma-Aldrich (St. Louis, MO, USA).

4.3.2 Fermentation and extract preparation

Fermentation was carried out as detailed in Chapter 1, Section 2.1. Sample
preparation was carried out as described in Chapter 2, Section 2.2, with minor
modifications. Ethanol and methanol were the extraction solvents used. The final
extracts were filtered through 0.2 pm syringe filters prior to the LC-MS and HPLC

analyses.

4.3.3 Total Phenolic Content (TPC)

The TPC was estimated using the protocol followed by Puranik et al. (2017),
with slight changes. 200 pL of extract was added to 1.5 mL freshly diluted (10x) Folin-
Ciocalteau reagent and incubated in dark for 5-10 minutes. 1.5 mL of 7.5% aqueous
Na>CO3z was then added and the mixture incubated at 37 °C in dark for 2 hours.
Absorbance was measured at 765 nm. Gallic acid was used as the standard. Experiments

were carried out in triplicate.
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4.3.4 Total Flavonoid Content (TFC)

The TFC was estimated using the protocol applied by Parimala and Selvan (2017).
0.1 mL AICI3 (10%), 0.1 mL C2H3KO2 (1 M) and 4.3 mL alcohol (80%) were added to
0.5 mL extract in the order stated. The mixture was incubated at room temperature for
40 minutes. Absorbance was measured at 415 nm. Quercetin was used as the standard.

Experiments were carried out in triplicate.

4.3.5 LCQTOF/MS conditions

Polyphenolic compounds were detected by Agilent 6550 iFunnel Q-TOF LC/MS
with Agilent Jet Stream ESI in negative mode, with a scanning range from m/z 100-900.
The column used was Agilent Eclipse Plus C18 (5m, 4.6 x 250mm). Flow rate was kept
at 0.3 mL/min. Eluant A and B were water + 0.1% formic acid and methanol + 0.1%
formic acid, respectively. The mobile phase was set as follows: 90% A (v/v) from 0-15
mins, 90-75% A (v/v) from 15-30 mins, 75-25% A (v/v) from 30-45 mins, 25-0% A
(v/v) from 45-75 mins, 0-90% A (v/v) from 75-76 mins and 90% A (v/v) from 76-90
mins. 10 uL of sample was injected per run. The drying gas temperature was set at
200°C, drying gas flow at 14 L/min, nebulizer at 35 psig, sheath gas temperature at
350°C, sheath gas flow at 11 L/min, Vcap at 3500 V, nozzle voltage at 1000 V, and
fragmentor voltage at 175 V. METLIN Metabolomics Database was used to identify the

metabolites in the samples.
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4.3.6 HPLC conditions

HPLC was used to quantitate the two isoflavone aglycones that were
prominently detected via LC-QTOF analysis. The same column was used for HPLC
analysis as was used in LC-QTOF analysis. The mobile phase was a gradient of water
and methanol; gradient parameters were the same as used in the LC-QTOF analysis.
Detection wavelength used was 260 nm and a photodiode array detector was used to

generate the spectra.

Calibration curves for standards of daidzein and genistein were prepared in
ethanol, with concentrations 40-0 pug/mL (Figure S1). Concentration of these two
compounds in the unfermented and fermented okara samples were calculated using their

corresponding standard calibration curves. Experiments were carried out in triplicate.

4.4 Results and discussion

4.4.1 Polyphenol analyses

Biofermentation of okara using Rhizopus oligosporus, an FDA-approved, food-
grade GRAS microbe, was expected to contribute positive nutritional enhancements in
conjecture with the work carried out by Gupta et al. (2018). TPC and TFC assays were

performed to analyse changes in polyphenol levels after fermentation.

As evidenced by Figure 31, the levels of phenolic contents increased after
fermentation of okara with R. oligosporus. TPC analysis was carried out using methanol
and ethanol as extraction solvents. As may be observed from Figure 31, both extraction
solvents extracted nearly the same quantities of phenolic compounds from the samples.

Fermented okara extracts had TPCs of 786.63 + 3.40 mg GAE/g okara sample (methanol
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extraction) and 709.33 = 2.92 mg GAE/g okara sample (ethanol extraction). In
comparison, unfermented okara extracts had TPCs of 322.07 £ 9.57 mg GAE/g okara
sample (methanol extraction) and 402.11 + 9.16 mg GAE/g okara sample (ethanol
extraction). It was inferred from this analysis that fermented okara extracts had

significantly better TPCs than unfermented okara extracts.
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Figure 31 : Total Phenolic Content of raw and fermented okara. Different extraction

solvents were used (n = 3; ** = p < 0.01).

Experiments conducted verified that the flavonoid content also increased post
fungal biofermenting okara with R. oligosporus (Figure 32). TFC analysis was carried
out using methanol and ethanol as extraction solvents. As may be observed from Figure
32, methanol yielded better results than ethanol. However, since our aim was to propose
sustainable methods without adding to further environment pollution, we have chosen
to work with the ethanol extracts for all further experiments since ethanol is considered

as a green solvent (Chemat et al., 2012). Fermented okara had TFCs of 63.43 £ 10.34
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mg Q/g okara sample (methanol extraction) and 35.1 £ 4.97 mg Q/g okara sample
(ethanol extraction). In comparison, unfermented okara had TFCs of 20.43 + 3.86 mg
Q/g okara sample (methanol extraction) and 10.77 + 1.25 mg Q/g okara sample (ethanol
extraction). It was inferred from this analysis that fermented okara extracts had

significantly better TFCs than unfermented okara extracts.
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Figure 32 : Total Flavonoid Content of raw and fermented okara. Different

extraction solvents were used (n = 3; * = p < 0.05).

4.4.2 LC-QTOF analysis

An untargeted LC-QTOF/MS analysis revealed that microbial fermentation
exerted a selective effect on the polyphenols present in okara. For instance, the
abundance of soyasaponin | remained relatively unchanged before and after

fermentation. On the contrary, the levels of isoflavone glycosides daidzin and gensitin
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were found to decrease upon fermentation, to give rise to their aglycone isoflavone

forms which thus increase in abundance post fermentation (Figure 33).
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Figure 33 : (a) TIC of unfermented okara extract. Key: 1 = daidzin; 2 = genistin; 3

= daidzein; 4 = genistein.
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Figure 33 : (b) TIC of fermented okara extract. Key: 1 = daidzin; 2 = genistin; 3 =

daidzein; 4 = genistein.
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The m/z spectra of detected daidzein and genistein are displayed in Figure S2
and S3, respectively. Standards of these two aglycone isoflavones were also run, in order

to confirm the presence of these two compounds (Figure 34).

x10 # [-E31 TIC Scan Frag=175.0v STD2d

Figure 34 : TIC of daidzein and genistein standard. Key: 3 = daidzein; 4 =

genistein.

Table 11 displays isoflavones of interest positively confirmed through

LCQTOF/MS analysis of unfermented and fermented okara extracts, corresponding to

the peaks in Figures 33 and 34.
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Table 11 : Isoflavones detected through LCQTOF/MS analysis of okara extracts

Peak Phenolic
number RT m/z lonization identification
1 45.969 461.1086 [M+HCOOQ]- Daidzin
2 47.893 477.1037 [M+HCOOQO]- Genistin
3 52.482 253.0521 [M-H]- Daidzein
4 54.074 269.0456 [M-H]- Genistein

4.4.3 HPLC analysis
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Figure 35 : (a) HPLC characterization of unfermented okara extract. Key: D =
Daidzein; G = Genistein.
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Ethanol extract of okara fermented with R. oligosporus yielded higher
abundances of daidzein and genistein, when compared with ethanol extract of

unfermented okara (Figure 35).
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Figure 35 : (b) HPLC characterization of fermented okara extract. Key: D =
Daidzein; G = Genistein.

Quantification of these two isoflavones against their respective standards (Figure

36) was performed in order to determine their concentration in the extracts (Table 12).
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Figure 36 : HPLC characterization of standard solution of isoflavones. Key: D =
Daidzein; G = Genistein.

Although the concentration of both genistein and daidzein was found to be
higher in fermented okara extracts as compared to unfermented okara extracts, the

increase may be considered significant with respect to the ANOVA test only in the case

of genistein.

Table 12 : Concentration of isoflavones daidzein and genistein in fermented and

unfermented okara extracts (in pg/mL)

Unfermented okara Fermented okara
Daidzein 6.7+242 11.782 +0.325
Genistein 455 +0.316 10.125 + 1.028"

*=p<0.05
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To validate the results of the HPLC analysis using a statistical tool other than
ANOVA, a hierarchical agglomerative clustering heatmap dendogram heatmap was
obtained (Figure 37). The abundance of genistein and daidzein in the unfermented and
fermented okara extracts are denoted in the heatmap. The minimum and maximum
values of the Euclidean distance used in our calculations were 0 and 8, respectively.
The columns denoting extracts of okara fermented with R. oligosporus and control
(unfermented okara) converged at a Euclidean distance of 7.5437. Hence, it can be
elucidated that at a Euclidean distance below 7.5437, both columns were significantly

unsimilar to each other.

Daidzein

Genistein

Figure 37 : Heatmap dendogram of isoflavones of interest quantified via HPLC
analysis. The scale indicates the concentration (in ug/mL) of each compound. Key:
Extract of unfermented okara [control] (C); Extract of okara fermented with R.

oligosporus (RO).
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On comparing concentrations of genistein and daidzein in unfermented and
fermented okara extracts (Table 12), percentage increases were calculated to be
122.52% and 75.85% respectively. Figure 38 displays the fold change of these two

isoflavones after fermentation.

Daidzein

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Isoflavones of interest

Log 2 (Fold change after fermentation)

Figure 38 : Fold change in isoflavones of interest after fermentation of okara with
R. oligosporus. The concentrations of daidzein and genistein were found to have

increased after the biofermentation process.

4.4.4 Current uses of daidzein and genistein

Phytoestrogens (Figure 39) are polyphenolic non-steroidal compounds that are
structurally similar to mammalian estrogens and hence, functionally, bind competitively
to estrogen receptors. Intake of phytoestrogens has recently been attributed with a
plethora of health benefits, including but not limited to, the lowered risks of heart
diseases, oseteoporosis, type 2 diabetes, brain function disorders, breast cancer and

menopausal symptoms. However, because the absence of dietary phytoestrogens is not
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ascribed to deficiency syndromes and because they are not linked with any essential

biological function, phytoestrogens are not officially considered as nutrients.
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Figure 39 : Classification of phytoestrogens. Natural phytoestrogens have been
discovered to possess a variety of health benefits, leading to a commercial interest in

their economical production. Structures extracted from PubChem with permission.

Isoflavones are the group of phytoestrogens that primarily occur in soy. The
major issue with this subgroup is that they typically occur in their glycoside form (ie,
attached to a glucose or carbohydrate moiety) which remains biologically inactive post
consumption. Mammalian beta-glucosidases are capable of deconjugating some
glycosidic flavonoids to their aglycone forms, but not all (Lambert et al., 1999). Hence,
the challenge is to convert the conjugated isoflavones to their respective unconjugated,

bioavailable aglycone forms (Figure 40).
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Figure 40 : Biotransformation of daidzin and genistin. Daidzin and genistin are
enzymatically converted to their respective bioavailable forms (daidzein and genistein)

in vivo. Image extracted from Cos et al. (2003) with permission.

It has been observed that fermented soy foods such as miso and tempeh contain
a larger percentage of aglycone isoflavones than glycosidic isoflavones. The results
obtained in our biofermentation study are in conjecture with this trend. The dosage
recommendation of commercially available isoflavones differs amongst manufacturers,
but typically lies within the range of 20-80 mg/day. With the health benefits of
isoflavones being a current ‘hot topic’ in research, it is conceivable that they may be

classified as nutrients in the future.
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Genistein has been proven to be an inhibitor of transthyretin tetramer
dissociation and amyloidogenesis, which are associated with amyloid diseases such as
familial amyloid polyneuropathy, senile systemic amyloidosis and familial amyloid
cardiomyopathy (Green et al., 2005). It has also been discovered that genistein displays
therapeutic effects on a wide range of cancer (liver, gastric, lung, colorectal and breast
cancers) types by altering apoptosis, the cell cycle, and angiogenesis and inhibiting
metastasis. According to Spagnuolo et al. (2015), targeting caspases, B cell lymphoma
2 (Bcl-2)-associated X protein (Bax), Bcl-2, kinesin-like protein 20A (KIF20A),
extracellular signal-regulated kinase 1/2 (ERK1/2), nuclear transcription factor kB (NF-
kB), mitogen-activated protein kinase (MAPK), inhibitor of NF-«B (IkB), Wingless and
integration 1 B-catenin (Wnt/B-catenin), and phosphoinositide 3 kinase/Akt (PI3K/Akt)
signalling pathways may act as the molecular mechanisms of the anticancer, therapeutic
effects of genistein. Potent anticancer drugs such as adriamycin, docetaxel, tamoxifen
have been observed to have a synergistic effect when taken in combination with
genistein. Furthermore, dietary administration of 250 ppm genistein in SENCAR mice
was found to significantly increase the activities of catalase in small intestine, liver, and
kidney, the activities of superoxide dismutase and glutathione peroxidase in skin, and
the activity of glutathione reductase in skin and small intestine, which may account for

the chemotherapeutic properties of this isoflavone (Cai and Wei, 1996).

Daidzein is slightly less potent than genistein, in its therapeutic capabilities.
Nevertheless, studies have confirmed that it confers some pharmacological benefits. Yu
et al. (1999) observed that daidzein is capable of inhibiting the growth of human colon
tumour cells. The mechanism of action was postulated to be via reduction of density of
cell surface charge and increase in the level of membrane protein conformation. Further,

peripubertal exposure to daidzein resulted in protection against decrease of bone mineral
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density in Sprague-Dawley rats (Tousen et al., 2015). Experiments conducted by Fischer
et al. (2012) have shown that daidzein mediates an increased resistance of
Caenorhabditis elegans versus pathogenic bacteria Photorhabdus luminescens and heat.
The relevance of this study lies in the fact that vitellogenins, invertebrate egg yolk
proteins with a high grade of homology to mammalian ApoB-100, have emerged as
potential determinants of longevity in humans and in nematodes. Daidzein has also been
accredited with carcinogenic estrogen replacement therapy, for aiding improvement of
hippocampal neural cell viability and proliferation, possibly mediated by the BDNF-Trk
pathway (Pan et al., 2012). Hippocampal neural cells are imperative in learning and
memory function, which raises the possibility of daidzein being utilized for the

prevention of Alzheimer’s disease.

4.5 Conclusion

Summing up, it may be concluded that the polyphenol profile of okara was enhanced
post fermentation. This work furthered our previous studies (Gupta et al., 2018, Gupta and
Chen, 2019) carried out to prove the nutritional enrichment of okara through
biofermentation. The TPC and TFC were observed to have improved after fermentation.
Qualitative LC-QTOF/MS analysis of polyphenols in unfermented and fermented extracts
revealed amplified polyphenols of interest to be genistein and daidzein, and the extracts
were subsequently subjected to a quantitative HPLC analysis. Although the levels of both
genistein and daidzein increased after fermentation, the increase was significant in case of
genistein. A dendogram heatmap and fold change graph were generated to validate this
result. Polyphenols are one of the major classes of phytochemicals. Of late, their bioactivity
and health benefits for alleviating several diseases has received much scrutiny by

researchers. Interest in harvesting naturally occurring antioxidants is increasing
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exponentially, with a view to correct the imbalance created between free radicals and the
natural antioxidant capacity of the body when the latter succumbs to diseases. Yao et al.
(2004) and Koztowska and Szostak-Wegierek (2018) have documented the promising
healthcare benefits of flavonoids sourced from food, included but not limited to anti-

inflammatory, antidiabetic, anticancer and cardioprotective activities.
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5.1 Conclusions
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Figure 41 : Summary of this thesis. The key findings of this thesis have been
consolidated in this figure, as a quick recapitulation of the results obtained in the course

of this work.

The focus of this thesis was to ameliorate the nutritional composition of okara, a
major agri-industrial soybean by-product that is also considered as food waste, through
biofermentation using Rhizopus oligosporus. The approach was aimed towards a
sustainable reuse of this food waste, drawing inspiration from the system of circular

economy instead of the conventional linear economy. Based on the results obtained from

106



Chapter 5 : Conclusion

the studies, the key findings (Figure 41) in this thesis can be summarized into the

following points:

1. Fermenting okara with R. oligosporus yielded more nutritional enhancements
such as free amino acids, fatty acids, tastants, improved antioxidant capacity,
etc. as compared to fresh okara or okara fermented with L. plantarum.
Metabolomics analysis with pathway tracking helped in further understanding
of the biochemical reactions occurring during the process of microbial

biofermentation.

2. Agueous extracts from okara fermented with R. oligosporus have enhanced in-
vitro antioxidant scavenging activities (DPPH, FRAP, Oz and ‘NO) in a dose
dependent manner, when compared to similar extracts from fresh okara. Further,
fermented okara extracts were found to be non-toxic to erythrocytes at
concentrations as high as 4 mg/mL and were also capable of inhibiting AAPH
induced haemolysis of erythrocytes as a dose dependent response. Fermented
okara extracts also displayed higher antiproliferative activities against HepG2
cell line, as compared to unfermented okara extracts. A metabolomics analysis
helped to determine the different metabolites in each extract and offered an

insight into the bioactive molecules responsible for the functional properties.

3. Phenolics assays (TPC and TFC) yielded better results with ethanol extracts
from okara fermented with R. oligosporus, as compared to unfermented okara

extracts. Untargeted LC-QTOF analysis performed showed an increase in
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aglycone isoflavones after fermentation. Upon quantification using HPLC,
genistein and daidzein were found to be in higher quantities in fermented okara

extracts, as opposed to unfermented okara extracts.

Hence, the overall findings in this thesis reveal the functional potential of okara after
valorization of its nutritional properties through biofermentation. In the quest for
economic sustainable solutions to combat food waste, the results obtained in this thesis
open up the possibility to enhance this residual soybean waste and employ it as a

potential nutraceutical.

The skeletal structure of this thesis has been outlined in Figure 42, which entails the

cascade of the workflow followed and a brief display of the results obtained.

5.2 Limiting factors in this study

5.2.1 Untargeted metabolomics

In the metabolomics studies using GC-MS and LC-QTOF, it must be noted that
both the cases comprised untargeted approaches. Hence, the compounds identified were
qualitatively matched only against those in the available libraries. For accurate,
quantitative measurements, standards of the selected compounds of interest need to be
run at various concentrations, to verify retention times and calculate the amounts of the
same. Since there exists no standardized protocol for pre-analytical, analytical and post-
analytical methods, quality control across the globe remains one of the main concerns

of this tool.
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5.2.2. Use of pure extraction solvents

Extracts of fermented and unfermented okara were prepared in pure ethanol and
ultrapure distilled water during the course of this study. It would add a more realistic
dimension to the results obtained if the work can be repeated using the same approach,
but with the bio-solvents obtained from industries. This would help in gauging if the
purity levels of green solvents hinder the functional abilities of the bioactive components

obtained from the green extraction of fermented okara.

5.2.3 Stability of the compounds of interest

This study dealt with the detection and identification of a number of bioactive
polyphenolic metabolites. However, a key concern might be the stability of these
compounds over time. Repeating these experiments with a particular sample set over a
wide range of time period may help understand their deterioration pattern and thus

calculate their shelf life.

5.2.4 Primary cells

Primary cells provide a high-quality contextual model for the study of normal
cell signalling. In this study, experiments for checking the antiproliferative activities of
fermented and unfermented okara extracts on human liver carcinoma cell line HepG2
used non-cancer cell line NIH 3T3 as a parallel control. Keeping testing parameters
consistent, it would yield more validity to the results were primary cells from the same
tissue (liver) and testing species (human) be employed instead of the generic non-cancer

model.
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5.3 Recommendations for future research

5.3.1 Testing ethanol extracts on cell lines

Isoflavone aglycones, such as the ones detected and quantified in fermented
okara ethanol extracts in this study, are practically insoluble in water. As studied by Yu
et al. (1999) and Spagnuolo et al. (2015), isoflavones daidzein and genistein have a
strong potential for exhibiting antiproliferative activities against cancer cell lines.
Hence, there is a need to test the ethanol extracts on the cell lines in an experimental
model parallel to that used for aqueous extracts, in order to observe if there is any

significant improvement in the results obtained.

5.3.2 Optimization of ultrasonication parameters

Numerous variables are involved in governing the extraction efficiency and yield of
UAE. Some of such parameters include operation frequency, amplitude, sample
preparation, solvent, temperature, sample:solvent ratio and extraction time. As noted by
Medina-Torres et al. (2017), it is the sum-total of all these parameters that affects the
final output; therefore, simultaneous effects of variables must be studied using Response
Surface Methodology (RSM), to generate the optimum conditions. Of the different
methods of RSM, it was observed that the one most frequently employed by researchers
is the design by Box-Behnken, followed by the central composite and face-centred cubic

experimental designs
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5.3.3 Supercritical Fluid Extraction

In the future, supercritical fluid extraction (SFE) may be considered for an
alternative green method to extract bioactive fractions from the samples described in
this thesis. As exemplified by Farias-Campomanes et al. (2015) and S.Malaman et al.
(2011), SFE has already been proven to successfully extract polyphenols from lees and

cherries, respectively.

SFE is a technology that “uses the properties of gases above their critical points
to extract selective soluble compounds from a raw material” (Cavero et al., 2006). CO-
is widely used as the extraction solvent, as it is regarded as safe for the extraction of
commercially relevant biomolecules and fine chemicals. This is because CO. is non-
toxic, non-explosive, cheap and easy to remove from the extracted products. The chief
advantage of SFE technology is that higher yields of compounds can be obtained with
no residual solvent contamination. Further, this process usually employs low
temperatures which leads to protection of bioactive compounds from deterioration due
to higher temperatures. The only minor inconvenience of this technology is that
extraction of polar compounds requires the addition of small quantities of organic

modifiers to aid extraction.

5.3.4 Upscale fermentation for industry

The main goal of this thesis was to suggest a method towards reducing food
waste, thus playing a part in reducing environmental pollution. The methods suggested
in this thesis, although promising, have been performed only at laboratory scale. SSF at
industrial scale has not yet been explored to the depths of SmF. This is because upscaling

SSF needs the concerted efforts of microbiologists, engineers, organic chemists and
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enzymologists for modulating the entire process to match that of the laboratory scale

set-up.

According to Mitchell et al. (2006), the complications associated with large
scaling SSF arise from the following parameters: a) variations in biomass formed, b)
development of large scale inoculum, c) aeration, d) agitation, €) heat removal, f)
moisture content of substrate, g) sterility and contamination control, h) pH control, 1)
heterogeneity, j) downstream processing, k) waste stream management, and 1) handling
of solids. Thus, a well-founded scale-up system would need to address all these criteria.
Current scale up approaches for setting up industrial level bioreactor plants include the
trial-and-error approach, geometric similarity approach, scale down approach and

maintenance of constant heat and water approach (Lonsane et al., 1992).

5.3.5 Extension to invivo trials

The correlation of invitro cancer models with invivo experimental systems is the
key to furthering anticancer research, especially for monitoring the bioavailability and
stability of such compounds of interest. Several studies have already been conducted in
this direction, which points towards a feasible transition from cell lines to animal
models. For instance, work carried out by Longato et al. (2011) showed that neolignans
of Piper regnellii were potent against prostate, ovary, kidney and breast cancer cell
lines in vitro and validated by its activity against Ehrlich solid tumor in vivo. Similarly,
Akindele et al. (2015) researched that an extract of Sansevieria liberica strongly
inhibited HeLa cells invitro and demonstrated strong antitumor activity in invivo

Sarcoma-180 ascites and L1210 lymphoid leukaemia models.
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5.3.6 Working towards a circular economy

Society, by default, follows the linear system of economy [Figure 43 (a)]
whereby raw materials are used for the manufacturing process and all wastes arising
from the process discarded. Conversely, a circular economy [Figure 43 (b)] is a type of
economic system that advocates the complete utilization of raw materials with an output
of minimal waste. This approach of phasing out waste and pollution is gaining
widespread popularity, especially in the field of industrial ecology, production

economics and operations research (Lahti et al., 2018).

-

| O,
':‘,:-:i‘;lii.' : u @
W \ N\
» P

Figure 43 : (a) Linear economy, (b) Circular economy. Today, more and more
researches are geared towards incorporating a circular economy as a sustainable
means to prevent generation of waste. This approach may be gainfully employed by food

industries, as agricultural wastes hold a lot of potential to be reused and recycled.

According to the concept of circular economy, growth and prosperity are
dissociated from the consumption of natural resources and degradation of the ecosystem.
This is designed to inspire a healthy economy that is in balance with nature and its

resources. Aimed towards sustainability, this idea chiefly implements the following
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policies: a) continuous regeneration of renewable resources, b) increased lifespan of
manufactured products, ¢) linked value chains towards a ‘zero waste’ system, and d)

markets designed for optimal access and use of manufactured products.

In context of this study, a linear economy entails the current handling of soybean;
after the processing of the legume for the production of tofu, soymilk and soy oil, the
residual waste parts are incinerated and/or dumped in landfills. This thesis attempts to
suggest a method to change this linear economy to a circular one by proposing
biofermentation as a valid amelioration technique to recycle okara. Further fibrous
biomass generated from this work may be reused for making biodegradable hydrogels
(Sannino et al., 2009) and plastics (Nawrath et al., 1995), thus giving rise to a ‘zero

waste’ food processing system.

115



BIBLIOGRAPHY

A.SHEELADEVI & N.RAMANATHAN 2011. Lactic acid production using lactic acid
bacteria under optimized conditions. Int. J. Pharm., 2, 1686-1691.

ABOZENADAH, H., BISHOP, A., BITTNER, S., LOPEZ, O., WILEY, C. & FLATT,
P. M. 2017. A brief history of natural products and organic chemistry. Consumer
chemistry: how organic chemistry impacts our lives.

ACAR, E., GURDENIZ, G., KHAKIMOV, B., SAVORANI, F., KORNDAL, S. K.,
LARSEN, T. M., ENGELSEN, S. B., ASTRUP, A. & DRAGSTED, L. O. 2019.
Biomarkers of individual foods, and separation of diets using untargeted LC-—
MS-based plasma metabolomics in a randomized controlled trial. Molecular
Nutrition and Food Research, 63, 1800215.

AGUILAR, C. N., AGUILERA-CARBO, A., ROBLEDO, A., VENTURA, J.,
BELMARES, R., MARTINEZ, D., RODRIGUEZ-HERRERA, R. &
CONTRERAS, J. 2008. Production of antioxidant nutraceuticals by solid-state
cultures of pomegranate (Punica granatum) peel and creosote bush (Larrea
tridentata) leaves. Food Technology and Biotechnology, 46, 218-222.

AHMAD, S., ULLAH, F., ZEB, A., AYAZ, M., ULLAH, F. & SADIQ, A. 2016.
Evaluation of Rumex hastatus D. Don for cytotoxic potential against HeLa and
NIH/3T3 cell lines: chemical characterization of chloroform fraction and
identification of bioactive compounds. BMC Complementary and Alternative
Medicine, 16, 308.

AHN, S. H., OH, S. C,, CHOI, I.-G., HAN, G.-S., JEONG, H.-S., KIM, K.-W., YOON,
Y.-H. & YANG, |. 2010. Environmentally friendly wood preservatives
formulated with enzymatic-hydrolyzed okara, copper and/or boron salts. Journal
of Hazardous Materials, 178, 604-611.

AKINDELE, A. J, WANI, Z. A., SHARMA, S., MAHAJAN, G., SATTI, N. K,
ADEYEMI, O. 0., MONDHE, D. & SAXENA, A. K. 2015. In Vitro and In
Vivo Anticancer Activity of Root Extracts of Sansevieria liberica Gerome and
Labroy (Agavaceae). Evidence-Based Complementary and Alternative
Medicine.

BISHT, G., RAYAMAJHI, S., KC, B., PAUDEL, S. N., KARNA, D. & SHRESTHA,
B. G. 2016. Synthesis, characterization, and study of in vitro cytotoxicity of
Zn0O-Fe304 magnetic composite nanoparticles in human breast cancer cell line
(MDA-MB-231) and mouse fibroblast (NIH 3T3). Nanoscale Research Letters,
11, 537.

BONFILI, L., CECARINI, V., CUCCIOLONI, M., ANGELETTI, M., FLATI, V.,
CORSETTI, G., PASINI, E., DIOGUARDI, F. S. & ELEUTERI, A. M. 2017.
Essential amino acid mixtures drive cancer cells to apoptosis through
proteasome inhibition and autophagy activation. The FEBS Journal, 284, 1726-
1737.

BOORA, F., CHIRISA, E. & MUKANGANYAMA, S. 2014. Evaluation of Nitrite
Radical Scavenging Properties of Selected Zimbabwean Plant Extracts and Their
Phytoconstituents. Journal of Food Processing.

BRUNTON, J. A, BALDWIN, M. P.,, HANNA, R. A. & BERTOLO, R. F. 2012.
Proline supplementation to parenteral nutrition results in greater rates of protein
synthesis in the muscle, skin, and small intestine in neonatal yucatan miniature
piglets The Journal of Nutrition, 142, 1004-1008.

116



C.W. HESSELTINE, C. L. F., G.L. LOMBARD, V.R. DOWELL JR. 1985. Anaerobic
growth of molds isolated from fermentation starters used for foods in Asian
countries. Mycologia, 77, 390-400.

CAl, Q. & WEI, H. 1996. Effect of dietary genistein on antioxidant enzyme activities
in SENCAR mice. Nutrition and Cancer, 25, 1-7.

CAMPMAJO, G., NUNEZ, N. & NUNEZ, O. 2019. The role of liquid chromatography-
mass spectrometry in food integrity and authenticity. IntechOpen.

CAVERQO, S., GARCIA-RISCO, M. R., MARIN, F. R, JAIME, L., SANTOYO, S.,
SENORANS, F. J., REGLERO, G. & IBANEZ, E. 2006. Supercritical fluid
extraction of antioxidant compounds from oregano: chemical and functional
characterization via LC-MS and in-vitro assays. Journal of Supercritical Fluids,
38, 62-69.

CETINGUL, 1. S. & YARDIMCI, M. 2008. The importance of fats in farm animal
nutrition. Kocatepe Veterinary Journal, 1, 77-81.

CHAN, L., MASAKITAKAHASHI, LIM, P. J.,, AOYAMA, S., MAKINO, S,
FERDINANDUS, F., NG, S. Y. C., ARAI, S., FUJITA, H., TAN, H. C,,
SHIBATA, S. & LEE, C.-L. K. 2019. Eurotium cristatum fermented okara as a
potential food ingredient to combat diabetes. Scientific Reports, 9, 17536.

CHAN, W.-M. & MA, C.-Y. 1999. Acid modification of proteins from soymilk residue
(okara). Food Res Int, 32, 119-127.

CHEMAT, F., VIAN, M. A. & CRAVOTTO, G. 2012. Green extraction of natural
products: concept and principles. International Journal of Molecular Sciences,
13, 8615-8627.

CHEN, L. & CHEN, W. N. 2014. Metabolite and fatty acid analysis of yeast cells and
culture supernatants. Bioprotoc, 4, e1219.

CHERIAN, G. 2015. Nutrition and metabolism in poultry: role of lipids in early diet.
Journal of Animal Science and Biotechnology, 6, 28.

CHEUNG, L. M., CHEUNG, P. C. K. & OOlI, V. E. C. 2003. Antioxidant activity and
total phenolics of edible mushroom extracts. Food Chemistry, 81, 249-255.

CORTE, A. D., CHITARRINI, G., GANGI, I. M. D., MASUERO, D., SOINI, E.,
MATTIVI, F. & VRHOVSEK, U. 2015. A rapid LC-MS/MS method for
quantitative profiling of fattyacids, sterols,glycerolipids,glycerophospholipids
and sphingolipids in grapes. Talanta, 140, 52-61.

COS, P.,BRUYNE, T.D., APERS, S., BERGHE, D. V., PIETERS, L. & VLIETINCK,
A. J. 2003. Planta Medica, 69, 589-599.

DANG, C. V. 2012. Links between metabolism and cancer. Genes and Development,
26, 877-890.

DANIHELOVA, M., VEVERKA, M., STURDIK, E. & JANTOVA, S. 2013.
Antioxidant action and cytotoxicity on HelLa and NIH-3T3 cells of new
quercetin derivatives. Interdisciplinary Toxicology, 6, 209-216.

DIEZ-SIMON, C., MUMM, R. & HALL, R. D. 2019. Mass spectrometry-based
metabolomics of volatiles as a new tool for understanding aroma and flavour
chemistry in processed food products. Metabolomics, 15, 41.

DUARTE, K., JUSTINO, C. I. L., GOMES, A. M., ROCHA-SANTOS, T. & DUARTE,
A. C. 2014. Green analytical methodologies for preparation of extracts and
analysis of bioactive compounds. Analysis of marine samples in search of
bioactive compounds. Comprehensive Analytical Chemistry.

ESTEBAN-TORRES, M., MANCHENO, J. M., DE LAS RIVAS, B. & MUNOZ, R.
2015. Characterization of a halotolerant lipase from the lactic acid bacteria

117



Lactobacillus plantarum useful in food fermentations. LWT - Food Sci. Technol.,
60, 246-252.

FARIAS-CAMPOMANES, A. M., ROSTAGNO, M. A., COAQUIRA-QUISPE, J. J.
& MEIRELES, M. A. A. 2015. Supercritical fluid extraction of polyphenols
from lees: overall extraction curve, kinetic data and composition of the extracts.
Bioresoures and Bioprocessing, 2, 45.

FISCHER, M., REGITZ, C., KAHL, M., WERTHEBACH, M., BOLL, M. &
WENZEL, U. 2012. Phytoestrogens genistein and daidzein affect immunity in
the nematode Caenorhabditis elegans via alterations of vitellogenin expression.
Molecular Nutrition and Food Research, 56, 957-965.

GIBBS, P. A., SEVIOUR, R. J. & SCHMID, F. 2000. Growth of filamentous fungi in
submerged culture: problems and possible solutions. Critical Reviews in
Biotechnology, 20, 17-48.

GIRAUD, E., GOSSELIN, L. & RAIMBAULT, M. 1993. Production of a Lactobacillus
plantarum starter with linamarase and amylase activities for cassava
fermentation. J. Sci. Food Agric., 62, 77-82.

GORDON, M. H. 2012. Significance of dietary antioxidants for health. International
Journal of Molecular Sciences, 13, 173-179.

GREEN, N. S., FOSS, T. R. & KELLY, J. W. 2005. Genistein, a natural product from
soy, is a potent inhibitor of transthyretin amyloidosis. Proceedings of the
National Academy of the Sciences of the United States of America, 102, 14545-
14550.

GUPTA, S. & CHEN, W. N. 2019. Characterization and in vitro bioactivity of green
extract from fermented soybean waste. ACS Omega, 4, 21675-21683.

GUPTA, S, LEE, J. J. L. & CHEN, W. N. 2018. Analysis of improved nutritional
composition of potential functional food (okara) after probiotic solid-state
fermentation. Journal of Agricultural and Food Chemistry, 66, 5373-5381.

HABTE-TSION, H.-M., REN, M., LIU, B., GE, X., XIE, J. & CHEN, R. 2016.
Threonine modulates immune response, antioxidant status and gene expressions
of antioxidant enzymes and antioxidant-immune-cytokine-related signaling
molecules in juvenile blunt snout bream (Megalobrama amblycephala). Fish and
Shellfish Immunology, 51, 189-199.

HANDA, S., SHARMA, N. & PATHANIA, S. 2016. Multiple parameter optimization
for maximization of pectinase production by Rhizopus sp. C4 under solid state
fermentation. Fermentation, 2.

HASLER, C. M. 2002. Functional foods: benefits, concerns and challenges—A position
paper from the American Council on Science and Health. The Journal of
Nutrition, 132, 3772-3781.

HILL, D., SUGRUE, I., ARENDT, E., HILL, C., STANTON, C. & ROSS, R. P. 2017.
Recent advances in microbial fermentation for dairy and health. F1000
Research, 6, 75.

HUANG, D. 2018. Dietary antioxidants and health promotion. Antioxidants, 7, 9.

IKASARI, L. & MITCHELL, D. A. 1994. Protease production by Rhizopus oligosporus
in solid state fermentation. World J Microbiol Biotechnol 10, 320-324.

JAMWAL, K., BHATTACHARYA, S. & PURI, S. 2018. Plant growth regulator
mediated consequences of secondary metabolites inmedicinal plants. Journal of
Applied Research on Medicinal and Aromatic Plants, 9, 26-38.

JANKOWIAK, L. 2014. Separation of isoflavones from okara - Process mechanism
and synthesis. Doctor of Philosophy, Wageningen University.

118



JANKOWIAK, L., KANTZAS, N., BOOM, R. & GOOT, A. J. V. D. 2014. Isoflavone
extraction from okara using water as extractant. Food Chemistry, 160, 371-378.

JEMLI, M. E., KAMAL, R., ILIASMARMOUZI, ZERROUKI, A., CHERRAH, Y. &
ALAOUI, K. 2016. Radical-Scavenging Activity and Ferric Reducing Ability of
Juniperus thurifera (L.), J. oxycedrus (L.), J. phoenicea (L.) and Tetraclinis
articulata (L.). Advances in Pharmacological Sciences, 2016.

JIN, H. J,, LEE, J. H., KIM, D. H., KIM, K.-T., LEE, G. W., CHOI, S. J., CHANG, P.-
S. & PAIK, H.-D. 2015. Antioxidative and nitric oxide scavenging activity of
branched-chain amino acids. Food Science and Biotechnology, 24, 1555-1558.

KAUR, P., GHOSHAL, G. & JAIN, A. 2019. Bio-utilization of fruits and vegetables
waste to produce fB-carotene in solid-state fermentation: characterization and
antioxidant activity. Process Biochemistry, 76, 155-164.

KHALID, N. M. & MARTH, E. H. 1990. Proteolytic activity by strains of Lactobacillus
plantarum and Lactobacillus casei. J Dairy Sci, 73, 3068-3076.

KHARE, S. K., JHA, K. & GANDHI, A. P. 1995. Citric Acid Production from Okara
(soy-residue) by Solid-state Fermentation. Bioresource Technology, 54, 323-
325.

KOBAYASI, S., OKAZAKI, N. & KOSEKI, T. 1992. Purification and characterization
of an antibiotic substance produced from Rhizopus oligosporus IFO 8631. Biosci
Biotechnol Biochem, 56, 94-8.

KOLUPAEV, Y. Y., YASTREB, T. O., KARPETS, Y. V. & MIROSHNICHENKO, N.
N. 2011. Influence of salicylic and succinic acids on antioxidant enzymes
activity, heat reistance and productivity of Panicum miliaceum L. Journal of
Stress Physiology and Biochemistry, 7, 155-163.

LAHTI, T., WINCENT, J. & PARIDA, V. 2018. A definition and theoretical review of
the circular economy, value creation, and sustainable business models: where
are we now and where should research move in the future? Sustainability, 10,
2799.

LAMBERT, N., KROON, P. A., FAULDS, C. B., PLUMB, G. W., MCLAUCHLAN,
W. R., DAY, A. J. & WILLIAMSON, G. 1999. Purification of cytosolic beta-
glucosidase from pig liver and its reactivity towards flavonoid glycosides.
Biochimica et Biophysica acta, 1435, 110-116.

LI, B., QIAO, M. & LU, F. 2012. Composition, nutrition, and utilization of okara
(soybean residue). Food Rev Int, 28, 231-252.

LI, S.-B. 2012. Solid-state fermentation with okara for production of cellobiase-rich
cellulases preparation by a selected Bacillus subtilis Pa5. African Journal of
Biotechnology, 11.

LI, S.,ZHU, D., LI, K., YANG, Y., LEIl, Z. & ZHANG, Z. 2013. Soybean Curd Residue:
Composition, Utilization, and Related Limiting Factors. ISRN Industrial
Engineering, 2013, 1-8.

LI, X.,, REZAEI, R,, LI, P. & WU, G. 2011. Composition of amino acids in feed
ingredients for animal diets. Amino Acids, 40, 1159-1168.

LIANG, X., ZHANG, L., NATARAJAN, S. K. & BECKER, D. F. 2013. Proline
mechanisms of stress survival. Antioxidants and Redox Signaling, 19, 998-1011.

LIOU, G.-Y. & STORZ, P. 2010. Reactive oxygen species in cancer. Free Radical
Research, 44.

LIU, S. Q. 2003. Practical implications of lactate and pyruvate metabolism by lactic acid
bacteria in food and beverage fermentations. Int J Food Microbiol 83, 115-131.

LONGATO, G. B., RIZZO, L. Y., SOUSA, I. M. D. O., TINTI, S. V., POSSENTI, A.,
FIGUEIRA, G. M., RUIZ, A. L. T. G., FOGLIO, M. A. & CARVALHO, J. E.

119



D. 2011. In vitro and In vivo Anticancer Activity of Extracts, Fractions, and
Eupomatenoid-5 Obtained from Piper regnellii Leaves. Planta Medica.
LONSANE, B. K., SAUCEDO-CASTANEDA, G., RAIMBAULT, M., ROUSSOS, S.,
VINIEGRA-GONZALEZ, G., GHILDYAL, N. P.,, RAMAKRISHNA, M. &
KRISHNAIAH, M. M. 1992. Scale up strategies for solid state fermentation
systems. Perocess Biochemistry, 27, 259-273.

LU, F., LIU, Y. & LI, B. 2013. Okara dietary fiber and hypoglycemic effect of okara
foods. Bioactive Carbohydrates and Dietary Fibre, 2, 126-132.

MABUCHI, R., ISHIMARU, A., TANAKA, M., KAWAGUCHI, O. & TANIMOTO,
S. 2019. Metabolic profiling of fish meat by GC-MS analysis, and correlations
with taste attributes obtained using an electronic tongue. Metabolites, 9.

MAHAPATRA, P., KUMARI, A., GARLAPATI, V. K., BANERIJEE, R. & NAG, A.
2010. Optimization of Process Variables for Lipase Biosynthesis from Rhizopus
oligosporus NRRL 5905 Using Evolutionary Operation Factorial Design
Technique. Indian J Microbiol, 50, 396-403.

MANDAL, D. S. C., MANDAL, D. V. & DAS, D. A. K. 2015. Classification of
extraction methods. Essentials of Botanical Extraction - Principles and
Applications

MARALANI, M. N., MOVAHEDIAN & JAVANMARD, S. H. 2012. Antioxidant and
cytoprotective effects of L-Serine on human endothelial cells. Research in
Pharmaceutical Sciences, 7, 209-215.

MARCUSE, R. 1960. Antioxidative effect of amino acids. Nature, 186, 886-887.

MATSUMOTO, K., WATANABE, Y. & YOKOYAMA, S.-l. 2007. Okara, soybean
residue, prevents obesity in a diet-induced murine obesity model. Bioscience,
Biotechnology and Biochemistry, 71, 720-727.

MEDINA-TORRES, N., AYORA-TALAVERA, T., ESPINOSA-ANDREWS, H.,
SANCHEZ-CONTRERAS, A. & PACHECO, N. 2017. Ultrasound assisted
extraction for the recovery of phenolic compounds from vegetable sources.
Agronomy, 7, 47.

MITCHELL, D. A., MEIEN, O. F. V., LUZ, L. F. L. & BEROVIC, M. 2006. Solid state
fermentation bioreactors: fundamentals of design and operation.

MOELJOPAWIRO, S., FIELDS, M. L. & GORDON, D. 1988. Bioavailability of zinc
in fermented soybeans. J. Food Sci., 53, 460-463.

MOELJOPAWIRO, S., GORDON, D. T. & FIELDS, M. L. 1987. Bioavailability of
iron in fermented soybeans. J. Food Sci., 52, 102-105.

MORAWICKI, R. O. & GONZALEZ, D. J. D. 2018. Food sustainability in the context
of human behavior. Yale Journal of Biology and Medicine, 91, 191-196.
MUHAMMAD IRFAN, M. N., QURATUALAIN SYED 2012. Media optimization for
amylase production in solid state fermentation of wheat bran by fungal strains.

J Cell Mol Med, 10, 55-64.

NAGAVALLI, M., PONAMGI, S. P. D., GIRIJASHANKAR, V. & RAO, L. V. 2014.
Solid state fermentation and production of Rifamycin SV using Amycolatopsis
mediterranei. Letters in Applied Microbiology.

NASCIMENTO, R. P. D., JUNIOR, N. A. & COELHO, R. R. R. 2011. Brewer’s spent
grain and corn steep liquor as alternative culture medium substrates for
proteinase production by Streptomyces malaysiensis AMT-3. Brazilian Journal
of Microbiology, 42, 1384-1389.

120



NAWRATH, C., POIRIER, Y. & SOMERVILLE, C. 1995. Plant polymers for
biodegradable plastics: cellulose, starch and polyhydroxyalkanoates. Molecular
breeding, 1, 105-122.

NAYAK, B. & BUTTAR, H. 2016. Evaluation of the antioxidant properties of
tryptophan and its metabolites in in vitro assay. Journal of Complementary and
Integrative Medicine, 13, 129-136.

NGOC, U. N. & SCHNITZER, H. 2009. Sustainable solutions for solid waste
management in Southeast Asian countries. Waste Management, 29, 1982-1995.

NGUYEN, L. T., NGUYEN, T. H., NGUYEN, L. T., KAMOSHITA, S., TRAN, T. P.,
LE, H. T., SHIMURA, F. & YAMAMOTO, S. 2019. Okara improved blood
glucose level in Vietnamese with type 2 diabetes mellitus. Journal of Nutritional
Science and Vitaminology, 65, 60-65.

NIMBALKAR, M. S., PAI S. R., PAWAR, N. V., OULKAR, D. & DIXIT, G. B. 2012.
Free amino acid profiling in grain amaranth using LC—MS/MS. Food Chemistry,
134, 2565-25609.

O’TOOLE, D. K. 1999. Characteristics and use of okara, the soybean residue from soy
milk productions-A review. J. Agri. Food Chem. , 47, 363-371.

OSTERMANN-PORCEL, M. V., RINALDONI, A. N., RODRIGUEZ-FURLAN, L. T.
& CAMPDERROS, M. E. 2017. Quality assessment of dried okara as a source
of production of gluten-free flour. Journal of the Science of Food and
Agriculture, 97, 2934-2941.

P. DINESH BABU, R. B. A. R. V. 2009. A Low Cost Nutritious Food “Tempeh”- A
Review. World Journal of Dairy and Food Sciences, 4, 22-27.

PAN, M., HAN, H., ZHONG, C. & GENG, Q. 2012. Effects of genistein and daidzein
on hippocampus neuronal cell proliferation and BDNF expression in H19-7
neural cell line. The Journal of Nutrition, Health and Aging, 16, 389-394.

PANDEY, A. 1992. Recent process developments in solid-state fermentation. Process
Biochemistry 27, 109-117.

PANDEY, A., SOCCOL, C. R. & MITCHELL, D. 2000. New developments in solid
state fermentation: I-bioprocess and products. Process Biochem, 35, 1153-1169.

PANDEY, A., SZAKACS, G., SOCCOL, C. R.,, RODRIGUEZ-LEON, J. A. &
SOCCOL, V. T. 2001. Production, purification and properties of microbial
phytases. Bioresour. Technol. , 77, 203-214.

PAPADIMITROPOULOS, M.-E. P., VASILOPOULOU, C. G., MAGA-NTEVE, C. &
KLAPA, M. I. 2018. Untargeted GC-MS metabolomics. Metabolic Profiling.

PARADES-LOPEZ, O. & HARRY, G. I. 1989. Changes in selected chemical and
antinutritional components during tempeh preparation using fresh and hardened
common beans. J. Food Sci., 54, 968-970.

PARAJO, J. C., ALONSO, J. L. & MOLDES, A. B. 1997. Production of lactic acid
from lignocellulose in a single stage of hydrolysis and fermentation. Food
Biotechnol, 11, 45-58.

PARIMALA, S. & SELVAN, A. T. 2017. Anticancer and antioxidant activity of Cissus
pallida and Cissus vitegenia. J Pharmacogn Phytochem, 6, 1521-1526.

PURANIK, S. I, GHAGANE, S. C., NERLI, R. B., JALALPURE, S. S. &
HIREMATH, M. B. 2017. Evaluation of in vitro antioxidant and anticancer
activity of Simarouba glauca leaf extracts on T-24 bladder cancer cell line.
Pharmacogn J., 9, 906-912.

REDONDO-CUENCA, A., VILLANUEVA-SUAREZ, M. J. & MATEOQOS-
APARICIO, 1. 2008. Soybean seeds and its by-product okara as sources of

121



dietary fibre. Measurement by AOAC and Englyst methods. Food Chem, 108,
1099-105.

REZAC, S., KOK, C. R.,, HEERMANN, M. & HUTKINS, R. 2018. Fermented foods
as a dietary source of live organisms. Frontiers in Microbiology, 9, 1785.

RIET, W. B. V. D., WIGHT, A. W., CILLIERS, J. J. L. & DATEL, J. M. 1989. Food
chemical investigation of tofu and its byproduct okara. Food Chem. , 34, 193-
202.

RODRIGUES, C., VANDENBERGHE, L. P. D. S., TEODORO, J., OSS, J. F,,
PANDEY, A. & SOCCOL, C. R. 2009. A new alternative to produce gibberellic
acid by solid state fermentation Brazilian Archives of Biology and Technology,
52, 181-188.

S.MALAMAN, F., B.MORAES, L. A., WEST, C., FERREIRA, N. J. & L.OLIVEIRA,
A. 2011. Supercritical fluid extracts from the Brazilian cherry (Eugenia uniflora
L.): Relationship between the extracted compounds and the characteristic
flavour intensity of the fruit. Food Chemistry, 124, 85-92.

SABU, A., SARITA, S., PANDEY, A., BOGAR, B., SZAKACS, G. & SOCCOL, C.
R. 2002. Solid state fermentation for production of phytase by Rhizopus
oligosporus. Appl Biochem and Biotechnol., 102-103, 251-260.

SANNINO, A., DEMITRI, C. & MADAGHIELE, M. 2009. Biodegradable cellulose-
based hydrogels: design and applications. Materials, 2, 353-373.

SANTOS, V. A. Q., NASCIMENTO, C. G., SCHMIDT, C. A. P., MANTOVANI, D.,
DEKKER, R. F. H. & CUNHA, M. A. A. D. 2018. Solid-state fermentation of
soybean okara: Isoflavones biotransformation, antioxidant activity and
enhancement of nutritional quality. LWT - Food Science and Technology, 92,
509-515.

SASIDHARAN, K., SOGA, T., TOMITA, M. & MURRAY, D. B. 2012. A yeast
metabolite extraction protocol optimised for time-series analyses. PLoS One, 7,
e44283.

SHARMA, R., RAWAT, R., BHOGAL, R. S. & OBEROI, H. S. 2015. Multi-
component thermostable cellulolytic enzyme production by Aspergillus niger
HN-1 using pea pod waste: appraisal of hydrolytic potential with lignocellulosic
biomass. Process Biochemistry, 50, 696-704.

SPAGNUOLDO, C., RUSSO, G. L., ORHAN, I. E., HABTEMARIAM, S., DAGLIA,
M., SUREDA, A., NABAVI, S. F., DEVI, K. P., LOIZZO, M. R., TUNDIS, R.
& NABAVI, S. M. 2015. Genistein and cancer: current status, challenges, and
future directions. Advances in Nutrition, 6, 408-419.

STANOJEVIC, S. P., BARAC, M. B., PESIC, M. B., JANKOVIC, V. S. & VUCELIC-
RADOVIC, B. V. 2013. Bioactive proteins and energy value of okara as a
byproduct in hydrothermal processing of soy milk. J Agric Food Chem, 61,
9210-9.

STANOJEVIC, S. P, BARAC, M. B., PESIC, M. B. & VUCELIC-RADOVIC, B. V.
2012. Composition of proteins in okara as a byproduct in hydrothermal
processing of soy milk. Journal of Agricultural and Food Chemistry, 60, 9221-
9228.

STANOJEVIC, S. P., BARAC, M. B., PESIC, M. B,, ZILIC, S. M., KRESOVIC, M.
M. & VUCELIC-RADOVIC, B. V. 2014. Mineral elements, lipoxygenase
activity, and antioxidant capacity of okara as a byproduct in hydrothermal
processing of soy milk. J. Agric. Food Chem. , 62, 9017-23.

122



SUIRYANRAYNA, M. V. A. N. & RAMANA, J. V. 2015. A review of the effects of
dietary organic acids fed to swine. Journal of Animal Science and
Biotechnology, 6, 45.

SUN, Y. 1990. Free radicals, antioxidant enzymes, and carcinogenesis. Free Radic Biol
Med, 8, 583-5909.

SUTARDI & BUCKLE, K. A. 1986. Reduction in phytic acid levels in soybeans during
tempeh production, storage and frying. J. of Food Sci., 50, 260-263.

TAJUDIN, T.-J. S. A, NASHRIYAHMAT, SITI-AISHAH, A. B., YUSRAN, A. A.
M., ALWI, A. & ALI, A. M. 2012. Cytotoxicity, antiproliferative effects, and
apoptosis induction of methanolic extract of Cynometra cauliflora Linn. whole
fruit on human promyelocytic leukemia HL-60 cells. Evidence-Based
Complementary and Alternative Medicine, 2012.

TAMANG, J. P, THAPA, N., TAMANG, B., RAI, A. & CHETTRI, R. 2015.
Microorganisms in fermented foods and beverages.

TEO, C., TAN, S., YONG, J., HEW, C. & ONG, E. 2010. Pressurized hot water
extraction (PHWE). Journal of chromatography. A., 1217, 2484-2494.

TEPAVCEVIC, V., ATANACKOVIC, M., MILADINOVIC, J., MALENCIC, D.,
POPOVIC, J. & CVEIJIC, J. 2010. Isoflavone composition, total polyphenolic
content and actioxidant activity in soybeans of different origin. Journal of
Medicinal Food, 13, 657-664.

TIWARI, B. K. 2015. Ultrasound: A clean, green extraction technology. Trends in
Analytical Chemistry, 71, 100-1009.

TOMANKOVA, K., POLAKOVA, K., PIZOVA, K., BINDER, S., HAVRDOVA, M.,
KOLAROVA, M., KRIEGOVA, E., ZAPLETALOVA, J., MALINA, L.,
HORAKOVA, J., MALOHLAVA, J., KOLOKITHAS-NTOUKAS, A,
BAKANDRITSOS, A., KOLAROVA, H. & ZBORIL, R. 2015. In vitro
cytotoxicity analysis of doxorubicin-loaded/superparamagnetic iron oxide
colloidal nanoassemblies on MCF7 and NIH3T3 cell lines. International
Journal of Nanomedicine, 10, 949-961.

TOUSEN, Y., ISHIWATA, H., TAKEDA, K. & ISHIMI, Y. 2015. Assessment of safety
and efficacy of perinatal or peripubertal exposure to daidzein on bone
development in rats. Toxicology Reports, 2, 429-436.

TRIMIGNO, A., MUNGER, L., PICONE, G., FREIBURGHAUS, C., PIMENTEL, G.,
VIONNET, N., PRALONG, F., CAPOZZI, F., BADERTSCHER, R. &
VERGERES, G. 2018. GC-MS based metabolomics and NMR spectroscopy
investigation of food intake biomarkers for milk and cheese in serum of healthy
humans. Metabolites, 8, 26.

VAUGHAN, R. A., GANNON, N. P., GARCIA-SMITH, R., LICON-MUNOZ, Y.,
BARBERENA, M. A., BISOFFI, M. & TRUJILLO, K. A. 2014. B-alanine
suppresses malignant breast epithelial cell aggressiveness through alterations in
metabolism and cellular acidity in vitro. Molecular Cancer, 13, 14.

VONG, W.C. & LIU, S.-Q. 2017. Changes in volatile profile of soybean residue (okara)
upon solid-state fermentation by yeasts. Journal of the Science of Food and
Agriculture, 97, 135-143.

VONG, W. C.,, YANG, K. L. C. A. & LIU, S.-Q. 2016. Okara (soybean residue)
biotransformation by yeast Yarrowia lipolytica. International Journal of Food
Microbiology, 235, 1-9.

WAGENKNECHT, A. C., MATTICK, L. R.,, LEWIN, L. M., D. B. HAND &
STEINKRAUS, K. H. 1961. Changes in soybean lipids during tempeh
fermentation. J. Food Sci., 26.

123



WAN, C., YU, Y., ZHOU, S., LIU, W.,, TIAN, S. & CAO, S. 2011. Antioxidant activity
and free radical-scavenging capacity of Gynura divaricata leaf extracts at
different temperatures. Pharmacogn. Mag., 7, 40-45.

WANG, Q., TIAN, X., ZHANG, Y., ZHANG, J. & ZHANG, P. 2013. Soy isoflavone:
the multipurpose phytochemical Biomedical Reports, 1, 697-701.

WANG, Z., ZHANG, J., CHEN, L., LI, J., ZHANG, H. & GUO, X. 2019. Glycine
suppresses AGE/RAGE signaling pathway and subsequent oxidative stress by
restoring Glol function in the aorta of diabetic rats and in HUVECs. Oxidative
Medicine and Cellular Longevity.

WEN, Y., ZHANG, Y., LI, J, LUO, F., HUANG, Z. & LIU, K. 2018. Low
concentration trifluoperazine promotes proliferation and reduces calcium-
dependent apoptosis in glioma cells. Scientific Reports, 8.

WENG, Y., GUAN, S., WANG, L., QU, X. & ZHOU, S. 2019. Hollow carbon
nanospheres derived from biomass by-product okara for imaging-guided
photothermal therapy of cancers. Journal of Materials Chemistry B, 7, 1920-
1925,

WILLIAMSON, G. 2017. The role of polyphenols in modern nutrition. Nutrition
Bulletin, 42, 226-235.

YANG, S. & ZHANG, H. 2016. Enhanced polyunsaturated fatty acids production in
Mortierella alpina by SSF and the enrichment in chicken breasts. Food and
Nutrition Research, 60, 10.

YU, J., CHENG, Y., XIE, L. & ZHANG, R. 1999. Effects of genistein and daidzein on
membrane characteristics of HCT cells. Nutrition and Cancer, 33, 100-104.

ZAMUDIO, M., GONZALEZ, A. & MEDINA, J. A. 2001. Lactobacillus plantarum
phytase activity is due to non-specific acid phosphatase. Lett Appl Microbiol, 32,
181-184.

ZARGAR, B. A, MASOODI, M. H.,, AHMED, B. & GANIE, S. A. 2014.
Antihyperlipidemic and Antioxidant Potential of Paeonia emodi Royle against
High-Fat Diet Induced Oxidative Stress. ISRN Pharmacology.

ZARUBINA, I. V., LUKK, M. V. & SHABANOQOV, P. D. 2012. Antihypoxic and
antioxidant effects of exogenous succinc acid and aminothiol succinate-
containing antihypoxants. Bulletin of Experimental Biology and Medicine, 153,
336-339.

124



LIST OF PUBLICATIONS

1. GuptaS., LeeJ.J. L., Chen W.N., (2018). An analysis of improved nutritional
composition of potential functional food (okara) after probiotic solid-state

fermentation. Journal of Agricultural and Food Chemistry. 66 (21) : 5373-81.

2. Gupta S., Chen W.N., (2019). Characterization and in-vitro bioactivity of green

extract from fermented soybean waste. ACS Omega. 4 (26) : 21675-83.

125



APPENDIX

12000 y =241.26x + 93.624

10000 R*=0.9994 .

8000

6000

Abundance

4000

2000

0 10 20 30 40 50

Concentration (ug/mL)

Figure S1 : (a) Standard curve of daidzein. Concentration range: 10-40 ug/mL
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Figure S1 : (b) Standard curve of genistein. Concentration range: 10-40 ug/mL.
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Figure S2 : (a) m/z spectrum of daidzein in unfermented okara extract. m/z of
daidzein is 253.05.
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Figure S2 : (b) m/z spectrum of daidzein in fermented okara extract. m/z of daidzein
is 253.05

127



Appendix

x10 7 |-ESI Scan (rt: 54.078 min) Frag=175.0v C1.d
1.6

1.5
144
1.3
1.2
1.14

14
0.9
0.8
0.74
064
0.5
0.4
0.3
0.2+
0.1

100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 ¢

Figure S3 : (a) m/z spectrum of gensitein in unfermented okara extract. m/z of
genistein is 269.04.
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Figure S3 : (b) m/z spectrum of genistein in fermented okara extract. m/z of
genistein is 269.04.
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