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PREFACE

The following dissertation is organized into five chapters and is presented as follows:
Chapter 1:
Introduction (describes problem statement, aims and contribution to knowledge relating
to research).
Chapter 2:
Literature review (review of previous related studies and potential knowledge gaps).
Chapter 3: (Research objective 1):
Structural and physicochemical characterization of porous starch prepared by
enzymatic hydrolysis, solvent-exchange, and freeze-thaw cross-linking treatments
Chapter 4 (Research objective 2):
Anti-cancer potential of silver nanoparticles embedded in porous starch
Chapter 5:
Summary and conclusions (general discussion of key research findings, limitations,

recommendations and future work).
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ABSTRACT

Silver nanoparticles have been proven to have anticancer abilities but they have been
known to agglomerate and become toxic. Therefore, various studies have been conducted
to explore ways of preventing aggregation using biopolymers such as starch. This study
makes use of Lablab purpureus (hyacinth bean) porous starch to biosynthesize and
encapsulate silver nanoparticles and then test its anticancer potential. Porous starches were
produced from hyacinth bean using three different techniques. These were compared
against the native starch with silver nanoparticles, then synthesized and encapsulated using
the porous starch. In comparison to the native starch, the porous starches made through
solvent exchange and enzyme hydrolysis had similar outcomes with granules exhibiting
pores, as shown by the structural and chemical characteristics. The lack of pasting
properties and extremely distinct chemical and structural graphs of the porous starch,
produced by freeze-thaw procedures, may be related to the presence of mercaptosuccinic
acid. It was decided to employ porous starch made by solvent-exchange (SE) for the
manufacture of silver nanoparticles as it contained resistant starch. Nanoparticles were
produced using the porous starch from solvent-exchange, characterised and tested for
their anticancer potential. Silver nanoparticles were indicative of a colour change from
clear to brown, as well as, the characteristic peak at 425 nm for silver nanoparticle
formation. Silver nanoparticles were implanted into porous starch at a size of around 50
nm, as further evidenced by the particle size distribution and TEM images of spherical
granules with dark spots within. The zeta potential for the silver nanoparticles was -34 mV,
thereby indicating that aggregation was minimized and particles were stable. The
nanoparticles demonstrated less cytotoxicity in the human colon (CACO) and cervical
(HELA) cancer cell lines, but more inhibition in the human breast (MCF-7) cancer cell line
than the positive control camptothecin. The human muscle (C2C12), normal cell line's
capacity to sustain cell viability for silver nanoparticles demonstrated that AgNP were not
toxic. However, to maximize the potential of the silver nanoparticles implanted in porous

starch, more research is necessary.



Chapter 1: Introduction

Cancer is one of the top causes of mortality in the world associated with many cancer
patients finding their treatment to be difficult and stressful. According to WHO data from
2015 (Bray et al., 2018), cancer is within the top two leading causes of death before the
age of 70 in 91 of 172 countries. In another 22 nations, it ranks third or fourth in terms of
the primary causes of death before the age of 70. In a study by Buttacavoli et al. (2018)
it was found that many anticancer drugs do not reach their target sites in sufficient
quantities to have a positive pharmacological effect without irreparably harming healthy
tissues and cells with new and efficient therapies still being researched. Porous starch has
demonstrated qualities that make it suitable for use in medication delivery systems
capable of being used to improve a substance's stability and water solubility or dissolve
difficult-to-dissolve drugs as well as having a large specific surface area, which contributes

to its strong adsorption ability (Sujka et al. 2018).

Studies have shown that there are anti-cancerous characteristics in silver nanoparticles.
However, numerous studies have also demonstrated that elevated reactive oxygen species
(ROS) levels result in AgNP toxicity, with in vivo investigations potentially able to
demonstrate that elevated ROS levels promote cell death-regulating pathways, such as
p53, protein kinase B (AKT), and mitogen-activated protein kinase (MAPK) signalling
apoptotic pathways (Li et al., 2016). In a separate study, AgNPs were found to have
strong in vitro cytotoxicity and an anticancer impact against colorectal cancer cells when
they were conjugated to several colorectal medicines (Barabadi et al.,, 2019). It was
successfully used to bio-synthesise silver nanoparticles using Piper nigrum, which raises the
possibility of therapeutic applications for these nanoparticles in cancer studies. The
antitumor effect of biosynthesised AgNPs was dose-dependent and strongly inhibited both
MCF-7 and Hep-2 cells. Studying the potential of porous starch and silver nanoparticles
in a delivery system, as a therapeutic agent against cancer, may provide substantial

information for future treatment methods.

The bioavailability and solubility of the anticancer drug, paclitaxel, loaded into porous
starch as nanoparticles were compared to paclitaxel loaded into porous starch and raw

paclitaxel in a study by Wang et al. (2019).



The paclitaxel's improved bioavailability and solubility, due to the nanoparticles placed
into the porous starch, suggest a more potent mechanism of action for the anticancer drug.
Zhang et al. (2013) studied a unique delivery strategy that combined the benefits of
porous starch with a self-assembled nano-carrier in order to increase the oral absorption
of lipophilic medicines. This effective delivery approach shows the potential for increasing
oral bioavailability of lipophilic medications more than 10 times over the standard free

drug solution.



Chapter 2: Literature review

2.1. Cancer development and causes
Cancer occurs when there is an abnormal division and uncontrolled growth of cells, altering
their genes with numerous variables, including a mix of internal, genetic, environmental,

and external influences, contributing to the development of cancer cells (Figure 2.1).

Cancer cells
Normal cells ‘. o/

Cancer Research UK

Figure 2.1: Cancer development (Cancer-Research-UK, 2023).

Cancer develops when an altered cell becomes malignant and forms a mass of neoplastic
cells (Figure 2.2). There are three stages in the development of cancer which need to be
considered when administering pharmacologically active agents: initiation, promotion and

progression (Rather and Bhagat, 201 8).

Figure 2.2: Stages in cancer development and how chemo-preventative agents can interfere

(Rather and Bhagat, 2018).



In the past, cancer was linked to the professions that people have, however over the last
several years’ advancement within the field of science have shown that viruses are also
capable of causing cancer in people. Human T-cell lymphotropic virus, hepatitis B, HIV,
hepatitis C virus, Human Papillomavirus (HPV), Epstein-Barr virus, and human herpesvirus
8 are all known to cause cancer in people, according to the International Agency for
Research on Cancer (IARC) (Blackadar, 2016). Sunlight, medication, nicotine, alcohol,
hormones, fungi, parasites, plants, salted wood dust, fish, and bacteria are a few more
carcinogens that have been listed by the IARC. The World Cancer Research Fund and the
American Institute for Cancer Research have found more factors that contribute to cancer,
such as beta-carotene, processed foods, red meat, obesity, low-fibre diets, higher adult

height, and sedentary lifestyles (Blackadar, 2016).

2.1.1. Consequences of cancer
Over 19 million people received a cancer diagnosis in 2020, and it is predicted that there
will be over 10 million cancer-related deaths globally (Sung et al., 2021). Statistics show
that by 2040, there would likely be close to 28 million additional cases and 16 million
fatalities, respectively (Ferlay et al., 2021). In 2019, the cost of cancer treatment alone in
the globe was estimated to be US$1.2 trillion, or roughly 2% of the world's Gross National
Product (GNP). The low to middle income countries (LMICs) are responsible for 80% of the
world's cancer cases, but since they get just 5% of global funding to fight the illness, they
will always lag behind in efforts to provide their population access to high-quality cancer

care (Mao et al., 2022).

Additionally, these nations will not continue to work together to meet the 2030 WHO
Sustainable Development Goal Target, which seeks to reduce by one-third the premature
death rate from non-communicable illnesses, including cancer, in comparison to rates from
2015. Owing to delayed diagnosis, restricted access to therapeutic treatments, and a lack
of access to high-quality care, nations with poor human development indices (a summary
assessment of major aspects impacted by sustainability and fairness) have much higher

rates of premature death (Mao et al., 2022).



2.1.2. Cytotoxicity
A cytotoxic agent may be described as a substance that destroys cells, including cancer
cells. Cancer cells shrink and/ or stop growing when exposed to cytotoxic materials. The
extent to which a chemical component or substance may destroy a cell is known as
cytotoxicity (Lui and Pope, 2020). Cytotoxic drugs administered in chemotherapy is often
used to treat cancer but there are various undesirable side effects due to the drugs
targeting both healthy and cancerous cells (Nussbaumer et al., 2011). Cells in culture are
usually used in cytotoxicity assays. These tests involve the administration of test chemicals
to the cells, followed by an incubation period during which a marker is evaluated to
determine the number of viable cells present in relation to both positive (toxin) and
negative (vehicle) treatment controls. These stages can all be very revealing, in addition
to counting the number of live cells, distinguishing both cytotoxicity and cytostasis or growth
arrest, as well as counting the number of dead cells that have gathered over the duration
of the experiment. In some cases, estimating the total quantity of dead cells that have
accumulated is more accurate than detecting a reduction in a marker used to evaluate the

viable cell population (Riss et al., 2019).

Carbohydrates have recently gained popularity in their use for drug delivery systems due
to their beneficial properties. Starch especially have been used due to their
biocompatibility, affordability, environmentally friendly and readily available nature
(Sivamaruthi et al., 2022). Wang et al. (2019) studied the cytotoxicity of paclitaxel loaded
into porous starch and found that the ICso values of raw paclitaxel, the system of paclitaxel
directly loaded into porous starch and porous starch nanoparticles in Lewis Lung Carcinoma
(LLC) cells were 17 703.41£15.76, 95.10+£5.32 and 85.681t7.38 UM, respectively. This
indicated that the nanoparticles had higher inhibitory abilities than the paclitaxel loaded
into porous starch. Biosynthesis which includes the use of carbohydrates and silver
nanoparticles have been more favoured over chemical synthesis methods recently, due to
simplicity and environmental conscious factors (Algotiml et al., 2022). In a study where
silver biogenic nanoparticles were encapsulated by starch, it was found that the biogenic
nanoparticles were more cytotoxic to HEK293 cells than the starch encapsulated silver
biogenic nanoparticles (Saravanakumar et al., 2021). These findings were also supported
by other studies which found that a starch-silver-nanocomposite had cytotoxic behaviour
on MCF-7 cancer cells whilst having little to no damage to normal cells (Valera-Zaragoza

et al., 2020).



2.2. Prevalence of cancer
Lung cancer accounts for 11.6% of all cancer diagnoses, followed by female breast cancer
(11.6%), colorectal cancer (10.2%), and other cancers. It has been found that 18.4% of
all cancer-related deaths are attributable to lung cancer, followed by colorectal cancer
(92.5%) and stomach cancer (8.2%)(WHO, 2020). Cancer occurrence and outcomes are
influenced by factors of health, which include biological characteristics, physical and social
settings, and financial status. For instance, in nations of greater Human Development
Indexes, tobacco smoking is more common among lower socioeconomic categories, leading
to 60-90% higher incidence of tobacco-related malignancies. Variations in alcohol and
tobacco use, poor diet, obesity, and inactivity can all contribute to the unequal distribution
of cancer incidences by socioeconomic position. Figure 2.3 shows how environmental

variables play a role in cancer socioeconomic inequality (WHO, 2020).

‘ o
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Figure 2.3: Prevalence of cancer in different areas globally, 2018 (WHO 2020).

The provinces of Gauteng and KwaZulu-Natal had the largest number of cancer fatalities
in 2014, but not the highest age-standardized mortality rates, according to a study by
Made et al. (2017) which reported rates of cancer in South Africa from 2014,
Oesophageal cancer was the most prevalent type of cancer in the Eastern Cape, whereas

lung and breast cancer were the most common types in the Western and Northern Capes.



The second-largest continent in terms of population is the African continent with 54 nations
spread across five areas (Western, Northern, Middle, Southern, and Eastern Africa),
together with a diverse population in terms of both geography and culture. African
populations show significant variation in breast cancer (MCF-7) rates which is currently a
major global health concern. According to the Global Cancer Observatory, there were
2.1 million instances of breast cancer in women worldwide in 2018 and it was the second-
leading factor in women's cancer-related deaths. Despite being relatively low, the
prevalence of breast cancer in Africa is quickly increasing, particularly in sub-Saharan
Africa (SSA). It is anticipated that breast cancer in SSA in 2030 will double that of results
from 201 2. Sub-Saharan Africa includes a number of LMICs, many of which are in West
Africa and have low gross domestic products (GDPs) per capita and human development

indices (Nwagu et al., 2021).

The fourth most common cancer in women diagnosed globally is cervical cancer (HELA),
which is particularly widespread in LMIC countries such as South Africa (SA), India, Ching,
and Brazil. In 2018, there were approximately 311,000 cervical cancer-related fatalities
and 569,000 new instances of the disease globally (Hull ef al.,, 2020b). Overall, between
87 and 90% of fatalities and 84% of new cases are reported in LMICs. However, areas
with a high socioeconomic level also frequently experience HPV infections and the related
cancers. In the USA, it was projected that 80 million people had HPV infection in 2008.
Despite this, early death from cervical cancer affects more LMIC women than women from
affluent nations. The world's highest age-standardized incidence of cervical cancer is found
in SA, where there are 32 cases per 100 000 women, while Paraguay, a middle-income
country, has the highest prevalence (34.2 cases per 100 000 women) and the greatest
death rate (15.7 cases per 100 000 women) (Hull et al., 2020b).

Each year, colorectal cancers (CACO) cause injury to approximately 25% of the
population worldwide. The likelihood of acquiring an adenoma, a benign colon tumour, is
roughly 20% higher than the likelihood of having colorectal cancer, which is about 5% in
developed nations (Hull et al., 2020a). Effective treatments have a success rate of 70-
90% when the illness is contained or circumscribed; nonetheless, advanced colorectal
cancer has a high mortality rate and routinely ranks among the three leading cancer-
associated causes of mortality worldwide. Currently, colorectal cancer ranks third among

male cancers and second among female cancers.



Mortality rates from colorectal cancer have increased in developing countries as a result
of an increase in occurrence. Globally, it was anticipated that there were over 1.9 million
new instances of colorectal cancer and over 930,000 deaths from the disease in 2020
(World-Health-Organization, 2023). The strongest markers of effective cancer therapy
are fatality and the rate of survival, which are directly impacted by rates of prevalence,

screening, and diagnosis (Hull et al., 2020a).

2.3. Current treatments and side effects
Cancer therapies have a variety of side effects that can damage multiple body systems
both during and after treatment (Maltser et al., 2017). Pain, exhaustion, and shifts in bowel
consistency are also potential side effects of surgery. Chemotherapy can also cause
fatigue, neuropathy, hair loss, and digestive issues. Radiation therapy may also induce
rectal pain, nauseq, diarrhoea, and sexual difficulties (Barabadi et al., 2019). Not only
can these procedures cause side effects, but they often come at a high cost to the patients
with chemotherapy effecting organs which have normal cells that proliferate quickly
(Barabadi et al., 2019). Since chemotherapeutic drugs act on the ability of cells to multiply
themselves, some healthy cells that reproduce quickly can also be destroyed such as blood
cells, hair follicle cells, cells that line the mouth, stomach, and intestine, and reproductive
organ cells. These drugs attack both dividing cancer cells and healthy cells, causing DNA
damage or preventing cells from entering mitosis resulting in toxic side effects (Helleday,

2017).

2.3.1. Importance of Apoptosis in cancer treatments
Apoptosis can be referred to as “programmed cell death” which is used to explain the
genetic intentional elimination of cells. It is a homeostatic mechanism that keeps cell
populations in tissues stable during growth and maturation. Apoptosis can be considered
as a defensive mechanism to immunological responses or cell damage brought on by illness
or toxic substances (Elmore, 2007). Both regular physiological processes and the
maintenance of a healthy balance between cell growth and death depend on apoptosis.
It is a natural, active mechanism that eliminates individual cells without harming
neighbouring cells or causing inflammation. Cell shrinkage, blabbing of the plasma
membrane, preservation of organelle integrity, condensation, and fragmentation of DNA
are all symptoms of apoptosis, which is accompanied by phagocytosis, which destroys the

apoptotic cell (Agrawal, 2019).



Apoptosis causes the cell to shrink and undergo pyknosis, which is characterised by DNA
breakage, chromatin condensation, and cytoplasmic compacting. These circumstances are
followed by the plasma membrane blebbing, which results in the nucleus breaking
(karyorrhexis). As a result, the cells continue to divide into fragments with the cytoplasm
packed tightly with organelles as they separate from the tissue around them. These little,
apoptotic bodies-like things then begin to bloom. The release of cell surface indicators
(phosphatidylserine) from the cellular membrane makes it easier for macrophages and
parenchyma to phagocytose these substances, thus allowing for further destruction and

prevents necrosis (Carneiro and El-Deiry 2020; Denecker et al. 2008; Obeng 2021).

Protein cleavage, DNA cleavage, and phagocytic degradation may all be thought of as
biochemical processes that result from the aforementioned circumstances. The last stage of
this process appears to be entirely dependent on caspase. The cysteine protease known
as caspase is a cysteine dependent aspartate specific protease. When it is activated it
cleaves aspartic residue. These are proenzymes that are latent and, when activated,
usually cause other pro-caspase to begin a cascade of proteases and carry out various
cell killing processes. Apoptotic caspase, which comprises the initiators (-2,-8,-9,-10),
effectors (-3,-6, 7), also known as executioners, and inflammatory caspases (-1,-4, 5),
which are crucial for cytokine processing during inflammation, total around 18 in number.
There are other caspases 11, 12, 13, and 14, each of which is known to behave in a
distinct way. The 11 and 12 are demonstrated to control cytokine maturation and
cytotoxicity during septic shock, with both of these having a role in apoptosis. The bovine-
derived gene caspase 13 can carry out apoptosis when triggered by caspase 8, but it is
also known that it is crucial for deactivating a number of proteins that are essential for
life. However, it is known that caspase 14 participates in epidermal differentiation

(Carneiro and El-Deiry, 2020, Denecker et al., 2008, Obeng, 2021).

It is believed that caspase-14 is necessary for the efficient cornification of (pro) filaggrin.
Due to the formation of tissue transglutaminase, which causes inter-nucleosomal DNA
cleavage and the generation of many fragments of DNA with a typical base pair length
of 180-200, protein crosslinking also acts as a biological mechanism for causing apoptosis.
This DNA ladder may be seen on agarose gel electrophoresis, however, the process
promotes the disintegration of specific cells, including macrophages and cells from
parenchyma, under the condition that the cell surface indicators (phosphatidylserine)

dissolve.



One of the intrinsic or exirinsic paths is responsible for carrying out these metabolic
processes. The two groups into which the intrinsic pathway may be divided are the
endoplasmic reticulum pathway and the mitochondrial pathway (Carneiro and El-Deiry,

2020, Denecker et al., 2008, Obeng, 2021).

2.3.2. Apoptotic pathways
Apoptosis is mostly explained by two processes. The first pathway, sometimes referred to
as “the intrinsic or mitochondrial pathway, results in the release of cytochrome ¢ from the
mitochondria and the activation of death signals when it is active”. The second pathway,
often known as the extrinsic or cytoplasmic pathway, is activated by the FAS death
receptors, a subfamily of the tumour necrosis factor (TNF) receptor super family. Both
mechanisms activate the caspase protease cascade, which cleaves regulatory and
structural components and eventually causes cell death. Figure 2.4 illustrates how the
pathways are also interwoven. The BCL-2 family protein overexpression in the intrinsic
route may suppress extrinsic mediated apoptosis, whereas TNF- may boost NF-B
expression and drive anti-apoptotic BCL-2 family members (Agrawal, 2019, Carneiro and

El-Deiry, 2020, D'Arcy, 2019).

Shrinkage, blebbing, and other morphological alterations are some of the characteristics
of apoptosis. Morphological alterations are also indicative of necrosis, although they are
brought on by distinct circumstances and mechanisms. With regard to apoptosis, their
technique for detection has changed through time as a result of changes in how apoptosis
is generally understood. Prior studies included morphological analysis that preceded the
DNA degradation process, nuclease testing for structural and functional changes, specific
biochemical modifications, and flow cytometry (Carneiro and El-Deiry, 2020, Obeng,

2021).

The intrinsic mitochondrial pathway involves a number of internal cellular processes that
take place within the mitochondria. Numerous chemicals, such as toxins, hormones, viral
infections, radiation, hypoxia, growth factors, and hyperthermia, which increases the
permeability of the mitochondrial intermembrane, can activate this system. Pro-apoptotic
proteins are also released during this process and enter the cytosol via the
intermembranes. Caspase-9 and apaf-1 (apoptotic protease activating factor-1) are
bound by cytochrome c in the cytoplasm to form the “apoptosome” complex (Agrawal,

2019, Carneiro and El-Deiry, 2020, Denecker et al., 2008, Obeng, 2021) .
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Intracellular organelles are included in the intrinsic endoplasmic reticulum (ER) pathway
which play a role in protein synthesis, modification, and folding and translocation. The ER's
capacity to fold proteins can be interfered with if its function is hindered. The unfolding
protein response (UPR), which is generally triggered by an ER state that is stressed, restores

protein homeostasis.

Apoptosis often occurs through either an intrinsic or an extrinsic mechanism when the UPR
activity fails. The extrinsic path causes cells to undergo apoptosis through the mediation of
a relationship between death ligands and death receptors. The family of death receptors
that these accumulating findings point to is believed to be represented by the tumour
necrosis factor (TNF), which also comprises the Fas ligands (Fas-l) and the TNF-related
apoptosis inducing ligand (TRAIL). By interacting with the death ligands (Fas ligands, TNF
ligands), the death domain/ adapter protein [Fas-associated Death Domain (FADD), TNF
receptor associated death domain (TRDD)] can connect to the death receptors (Fas
receptor, TNF receptors) throughout the process (Agrawal, 2019, Carneiro and El-Deiry,
2020, Denecker et al., 2008, Obeng, 2021).

Extrinsic pathway Intrinsic pathway
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.g. TRAILR and FA nst LSS
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hypoxia and metabolic stress
Pro-caspase-8 and
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Figure 2.4: Apoptosis pathways (Agrawal 2019).

11



When the adapter protein/ death domain binds to the receptor ligands complex, an
initiator caspase-10/ 8 can attach through its death effector domain (DED) to create the
Death Inducing Signalling Complex (DISC), an active complex. Additionally, the binding
and activation enable caspase-8 to transmit the death signal to an execution caspase,
resulting in apoptosis. Another protein called cellular FLICE Inhibitory Protein (c-FLIP), which
has the ability to bind to Death Domains, is responsible for stopping this process with an
adaptor protein, stopping the activity of caspase. Therefore, it may be argued that the c-
FLIP controls how the DISC operates (Agrawal, 2019, Carneiro and El-Deiry, 2020,
Denecker et al., 2008, Obeng, 2021) .

The difficulty in recognising illnesses, particularly at an early stage when they could have
been simple to treat, may be to blame for the abrupt surge. Understanding the apoptotic
signals in-depth will help with the development of drugs and therapies to treat these
disorders (Zhang et al., 2019). Additionally, it is acknowledged that the B cell /lymphoma
2 (BCL-2) family of proteins play a critical role in the control of apoptosis by functioning
either independently or dependently at a site where the cell's surface and internal death
signals converge, ensuring a balance (Agrawal, 2019, Carneiro and El-Deiry, 2020,

Denecker et al., 2008, Obeng, 2021).

The term BCI-2 (b-cell lymphoma?2), was originally discovered in the B-cell of human
lymphomas. They are separated into pro- and anti-apoptotic groups based on their
homology domain and function. These individuals have structural and functional subgroups
with the BH domain. Four BH domains (BH1-4) are found in members of the anti-apoptotic
protein family, whereas three or one BH domain (BH1-3) or BH3 is found in pro-apoptotic
proteins, but according to current investigations, they have been found to have the BH4
domain. These proteins, which are found in the outer membrane and undergo structural
modifications in response to a death signal. The anti-apoptotic members are neutralised,
while the pro-apoptotic members contribute to the cell's demise. While preventing the
development of the mitochondrial apoptosis induced channel (MAC), which blocks the
release of cytochrome C from the mitochondrial membrane, failure of the pro-apoptotic
pathway might result in cancer of the cell (Agrawal, 2019, Carneiro and El-Deiry, 2020,
Denecker et al., 2008, Obeng, 2021).
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The protein p53 is a tetramer of the tumor-suppressor protein p53, which has a protein
mass of roughly 53 kDa. They participate in the development and control of the cell cycle,
the induction of BCL-2 members, the permeabilization of the mitochondrial outer
membrane (MOMP), receptor signalling pathways, the mediation of oxidative and
endoplasmic stress, etc. However, some factors, including chemicals and viruses like the
Human Papillomavirus (HPV) infection, may inactivate p53 or diminish its activity, which
lessens the severity of the proliferation suppression. Apoptosis-inducing proteins like Bcl-
10, Bid, Bax, Bak, Bik, Bim, Bad, and Hrk are activated upon their activation, while anti-
apoptotic proteins like Bf-1, Bcl-XL, Bcl-x, B-XS, Bcl-w, and BAG are inhibited. They also
allow the cell cycle to be stopped in the G-phase. Recent studies have demonstrated that
flavonoids can induce apoptosis in breast cancer cells by downregulating many p53
downstream molecules, including Bcl-2 and Bcl-xI. Additionally, the fact that this process
cannot happen allows for carcinogenesis (Agrawal, 2019, Carneiro and El-Deiry, 2020,

Denecker et al., 2008, Obeng, 2021).

Eight caspase inhibitors make up the inhibitor apoptosis protein (IAP) family that include
the baculoviral IAP repeat (BIR), a new domain of roughly 70-80 amino acids. They consist
of the IAP-like protein 2 (ILP-2), X-linked inhibitors of apoptosis protein (XIAP), neuronal
apoptosis inhibitory protein (NAIP), Survivin, BIR-containing ubiquitin-conjugating enzyme
(BRUCE)/ (Apollon), livin, cellular IAP1(clAP1), and cellular IAP 2(clAP2). Inhibitor apoptosis
proteins are able to defend cells against Fas/ caspase-8 inducing apoptosis and block
the proteolysis cascade by binding their conserved domain (BIR) to the particular caspase.
These IAPs are often engaged in the direct suppression of certain caspase, such caspase-
3. Caspase-3,7 and -9 have been discovered to be directly inhibited by XIAP, c-IAP1,
and c-IAP2. Additionally, it has been discovered that Survivin interacts with XIAP to block
caspase-9, inhibiting the recruitment of Apafl. They are also considered to be among the
top five cancer-related genes, and through the overexpression of human telomerase
reverse transcriptase, they have been shown to be effective in the proliferation of cancer
cells. Livin has also been identified to be highly expressed in melanoma and is known to
have a single BIR for the suppression of apoptosis. However, as all IAPs are known to be
elevated in cancer cells, several studies have also confirmed this, demonstrating the close
association between IAPS and cancer (Agrawal, 2019, Carneiro and El-Deiry, 2020,
Denecker et al., 2008, Obeng, 2021).
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2.4. Alternative cancer treatment methods
The public has long used complementary and alternative medicine (CAM) in conjunction
with conventional cancer therapy to take the role of adjuvant therapies. Supplemental
treatments include things such as herbs and botanicals, traditional Chinese medicine,
vitamins and minerals, naturopathy, homoeopathy, and diet (Johnson et al.,, 2018).
Researchers have been creating anticancer therapeutics from diverse natural materials
and their components since the middle of the 20th century. Although traditional,
complementary, and integrative medicine (TCIM) is frequently utilised as a supplement to
conventional medicine among populations in high-income countries (HICs), TCIM may be

regarded as primary healthcare in LMICs such rural India, Brazil, and Chile.

A rising number of LMICs have started initiatives to offer conventional cancer screening,
treatment, and supportive care as a result of economic development and global
participation. Globally, TCIM and conventional medicine are both being used more often,
but there is still friction and conflict between these two schools of thought, and systematic
integration is still rare. Owing to this the expanding discipline of integrative oncology can
help families, patients, and practitioners navigate between the two health care paradigms.
The Society for Integrative Oncology (SIO) defines integrative oncology as a patient-
centred, evidence-informed approach to cancer care that combines traditional cancer
treatments with dietary changes, mind-body therapies, and herbal remedies from many
traditions. Integrative oncology provides a solution and a path for providing high-quality,

culturally appropriate treatment in LMICs (Mao et al., 2022).

Paclitaxel and doxorubicin are some of the more popular anticancer drugs developed
from plant derivatives, with anticancer drug development based on the specific target
approaches of the compound. Chemotherapy is the mostly used for cancer treatment,
however, cancer cell resistance to almost all forms of chemotherapy drugs and targeted
medicines has become common, resulting in drug resistance responsible for approximately
80 to 90% of patient deaths, either directly or indirectly. Natural products are thus used
due to their ability to increase intracellular concentrations of chemotherapeutic drugs

and /or induce alternative pathways to apoptosis-induced cell death (Amaral et al., 2019).
Another type of planned cell death is autophagy, which is recognised by the emergence

of autophagy vacuoles in the cytoplasm and may be induced by natural compounds for

cancer therapy. However there is a need for more research associated with autophagy-
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inducing natural products (Lin et al., 2017). Plant research has grown over the years
investigating their anti-cancer and apoptotic potential. In a study by Dwarka et al. (2017)
it was revealed that Bilirubin, an animal pigment, found in Strelitzia nicolai, had enhanced
properties when compared to the pigment alone and that the plant exhibited potential
chemo-therapeutic and preventive properties. Other research has also shown protein
isolates and hydrolysates to contain anticancer and high antioxidant potential properties

(Ramkisson et al., 2020, Thumbrain et al., 2020).

A novel treatment gaining momentum in research is nanotechnology which is the use of
particles between 1 and 100 nm to develop industries. Nanomaterials created expressly
for use in novel diagnostic and medication delivery technologies are used in treatment
modalities in nanomedicine, which integrates nanotechnology into biomedical research
(Abrahamse et al., 2017). In medicine, nanoparticles are frequently utilised to increase
bioavailability, as agents, or to establish novel imaging techniques, to improve therapeutic
delivery, and to ensure biological system regulation for single molecules or groups of

molecules (Jurj et al., 2017).

2.5. Silver nanoparticles in cancer treatment
The most widely utilised nanomaterials are silver nanoparticles (AgNPs), which are also
among the most significant due to their great demand as materials for consumer products.
Silver nanoparticles (1-100 nm) can move the cell membrane and penetrate the nucleus,
where they can interfere with genetic material resulting in genotoxicity (Arpan et al,,
2019). Silver nanoparticles have a greater contact-area-to-volume ratio as compared to
bulk particles, which enhance their surface characteristics and improves their interaction
with saliva, fluid components, mucus, and serum of the lung lining (Akter et al., 2018). Silver
nanoparticles can be manufactured through biological, chemical and physical means
(Figure 2.5). Due to the cost of production, low yield and complicated techniques
associated with physical and chemical means, biological methods which utilizes natural
sources as reducing agents or stabilizers have been the most popular option (Arpan et al,,
2019). The genotoxicity and cytotoxicity of AgNPs is dependent on various factors such
as: particle size, cell type, concentration of nanoparticle, exposure time and, the

environment.
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Figure 2.5: TEM images of silver nanoparticles biosynthesized (Wypij et al., 2021).

Homeostasis of reactive oxygen species (ROS) is necessary for normal cell survival,
therefore, signalling with ROS in low levels is capable of being used to monitor metabolic
adaptation, differentiation, and cellular proliferation. Cancer cells produce more spatially
localized ROS than normal cells, which hyper activates the cell signalling pathways needed
for cellular transformation and tumorigenesis (Liou and Storz, 2010). Therefore, ROS
generation may be a potential mechanism for AgNPs-induced toxicity via oxidative stress.
Excessive ROS development by mitochondria can lead to a breakdown of the antioxidant
defence mechanism, causing damage to proteins, lipids, DNA, ATP synthesis, and
eventually apoptosis. Similarly, when AgNPs enter a cell, they normally contain ROS. As
ROS levels rise, glutathione levels drop significantly, while lactate dehydrogenase activity
(LDH) rises in the medium, resulting in apoptosis (Akter et al., 2018). Standard
chemotherapeutic drugs and silver nanoparticles have been used together to induce a
cytotoxic effect and have shown to be successful against leukaemia, breast, lung, prostate,

hepatic, cervical, skin, larynx, and colon cancer.

It has also been shown that silver nanoparticles are target specific and safe against normal
cells (Vlasceanu et al, 2016). Nanoparticles may be used to develop target-specific
medications for photosynthetic drug delivery that are absorbed by cancer cells and
prevent any side effects associated with photosynthetic pharmaceuticals or photodynamic
treatment. Research has revealed that the water solubility of photosensitizer drugs were
also improved using nanomaterials. The selective accumulation of the photosensitizer
pharmaceuticals in tumours was enhanced by the modification of the medications with

nanoparticles that have active targeting ligands (Abrahamse ef al., 2017).
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In a study looking at the anticancer and antioxidant properties of the black peel
pomegranate extract was revealed to exhibit selective cytotoxicity against cells, meaning
that they were harmful exclusively to tumour cell types. The extract also showed capacity
for the biogenesis of AgNPs by converting silver ions into tiny, stable, spherical AgNPs at
an extremely rapid rate without the need for heating or external accelerators (Khorrami

etal., 2019).

In a study that synthesised and characterised AgNPs using Origanum onites leaves, Caco-
2 and Capan-1 cancer cell lines were significantly harmed, but mouse normal fibroblast
cell lines (L929) were unaffected. The effect of the nanoparticles and extract on cell
viability in Capan-1 cell lines were found to be 45.4 and 24.6%, respectively (1.0
Mg.mL™") (Gecer, 2023). In a study examining the nano-toxic effects of AgNPs on normal
HEK-293 cells in comparison to cancerous Hela cell line, it was found that the cytotoxicity
on the cell lines was dose-dependent. At 2.5 L/mL of the AgNPs containing hydrosol, 100%
inhibition of HEK-293 cells and 75% inhibition of Hela cells were observed (Liu et al.,

2021).

2.6. Production of AgNPs
Biological, chemical and physical syntheses are only a few of the processes used to create
silver nanoparticles, with each technique showing advantages and downsides. During
biological manufacture, the organism used works as a stabilising, reducing, or capping
agent of AgNPs, reducing Ag+ to generate Ag0. Recently, there has been a growth in the
utilization of biological technologies based on natural products derived from microbial
and botanical sources due to their high production, affordability, and minimal toxicity in

humans and the environment (Almatroudi, 2020).

Chemical procedures are advantageous because they require less complicated and
handier equipment than biological alternatives. Silver ions are known to acquire electrons
from the reducing agent and change into the metallic state, which then assembles to
produce silver nanoparticles. Silver nitrate (AgNQO3) is one of the most commonly utilised
silver salts due to features such as low cost when creating AgNPs chemically. Sodium
borohydride is said to be an effective reducing agent for the creation of AgNPs with a
size range of 5-20 nm. The most effective reducing agent, however, for the production of

silver nanoparticles in the 60-100 nm size range is trisodium citrate.
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Other studies have used polyvinylpyrrolidone (PVP) as a capping agent together with
ethylene glycol as a reducing agent to make AgNPs which are approximately 10 nm
(Dang, 2012). An aqueous solution of silver nitrate is injected in the precursor heating
technique, with the reaction temperature important for reducing particle size and
producing monodispersity. Comparatively, the ramping rate of the precursor injection
technique, which employs a silver nitrate aqueous solution, is shown to have the biggest

influence on the size of the nanoparticles (Patil et al., 201 2).

The physical processes of evaporation-condensation and laser ablation are used to
produce AgNPs. These technologies' primary limitations are the energy used and time
needed to complete the entire operation. In order to compare the size and effectiveness
of colloidal particle production caused by femtosecond laser pulses versus colloidal
particle creation caused by nanosecond laser pulses, Tsuji et al. (2002) used laser ablation
to create nanosized silver particles in water. Femtosecond pulses have a considerably
poorer formation efficiency than nanosecond pulses, in addition, femtosecond laser pulses
produced colloids that were less scattered in size than nanosecond laser pulses did (Tsuji

et al., 2002).

Physical and chemical methods for producing silver nanoparticles are costly, time-
consuming, and unsustainable. Since hazardous chemicals and other issues related to
chemical and physical methods of manufacturing must be avoided, it is crucial to establish
an ecologically and economically acceptable technique. These gaps are filled by the
regulation of various biological processes, which also have numerous applications in the
management of health. Fungi, bacteria, and yeast are often used in biological production
techniques in addition to plant sources making this method highly well-liked for using

nanoparticles in medicinal applications (Almatroudi, 2020).

2.7. Characterization of silver nanoparticles
Numerous analytical techniques, including X-ray diffractometry (XRD), scanning electron
microscopy (SEM), dynamic light scattering (DLS), transmission electron microscopy (TEM),
atomic force microscopy (AFM), Fourier transform infrared spectroscopy (FTIR), and others,
have been used to evaluate the synthesised nanomaterials. The biological activity of
AgNPs are influenced by their size, cell type, surface chemistry, dissolving rate, size
distribution, efficiency of ion release, shape, particle reactivity in solution, coating or

capping, and agglomeration.
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Another crucial factor to be considered that is associated with cytotoxicity is the kind of

reducing agents utilised to create AgNPs (Zhang et al., 2016).

To determine the surface chemical properties and functional compounds in AgNPs, FTIR is
utilised. This method is affordable and quick for looking at how biomolecules contribute to
the conversion of silver nitrate to silver (Arpan et al.,, 2019). One of the first stages
associated with the characterisation of synthesised nanoparticles is UV-vis spectroscopy
which is used to assess stability and efficacy of AgNP manufacturing. The valence and
conduction bands in AgNPs are relatively close to one another, allowing electrons to
effortlessly pass through them. A surface plasmon resonance (SPR) absorption band is
produced as a result of the free electrons in the silver nanoparticles collectively oscillating
in resonance with the light wave. The size of the particles, the dielectric medium, and the
chemical environment all affect AgNPs absorption. This peak is often present in metal

nanoparticles with sizes between 2 and 100 nm (Zhang et al., 2016).

The popular analytical method known as X-ray diffraction (XRD) has been used for a
variety of purposes, including the analysis of crystal and molecular structures, the
determination of crystallinity, qualitative identification of various compounds, isomorphous
substitutions, quantitative resolution of particle sizes and chemical species, etc. Any crystal
will reflect X-ray radiation, causing a variety of diffraction patterns to occur which will
reveal the physicochemical properties of the crystal formations. Typically, diffracted
beams in a powder specimen originate from the sample and represent its structural
physicochemical characteristics. As a result, XRD may be used to investigate the structural

characteristics of a variety of materials.

Dynamic light scattering (DLS) can measure the zeta potential of particles and investigate
the size distribution of tiny particles in solution or suspension on a scale spanning from
submicron down to one nanometre. Zeta potential, a critical characteristic for
characterising stability in aqueous AgNP suspensions, assesses the surface electric charge
on the nanoparticle. Because of their surface charge, nanoparticles draw a layer of ions
with opposing charges to their surface. The nanoparticles travel with the formed double
layer of ions as they dissolve. The Zeta potential of the nanoparticles, or the net electric
charge potential between the layers, typically ranges from +100 to -100 mV. The

nanoparticle stability is predicted by the zeta potential (Rajeshkumar and Bharath, 2017).
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Transmission electron microscopy (TEM) is a valuable, widely applied, and significant tool
for accurate measurements of morphology size distribution, and particle and/or grain size
for nanomaterials. According to Zhang et al. (2016), the distance between the lens that
serves as the objective and the specimen as well as the distance between the objective

lens and its image plane heavily influence the magnification of TEM.

2.8. Starch-silver Nano-delivery systems
The creation, characterisation, biocompatibility, and antibacterial activity of starch-
encased silver nanoparticles (St-PF-AgNPs) were evaluated in a study by Saravanakumar
et al. (2021). Starch-encased silver nanoparticles were created in two steps: first, biogenic
silver nanoparticles were created using fungus extracts (PF-AgNPs), and then, starch was
enclosed within these nanoparticles to create St-PF-AgNPs. For the PF-AgNPs, the surface
plasmon resonance was discovered at 420 nm, but for the St-PF-AgNPs, it was discovered
at 260 and 420 nm. The capping and encapsulating of the starch and fungal extracts in
PF-AgNPs and St-PF-AgNPs were visible in the FTIR spectrum. The polydispersed,
spherical, and crystalline character of PF-AgNPs and St-PF-AgNPs with significant
indications of Ag were verified by the XRD and TEM-EDS. Dynamic light scattering and
zeta potential measurements of the St-PFAgNPs revealed a Z-average size of 115.2 d.nm
and a zeta potential of -17.8 (mV). In HEK293 cells, the cytotoxicity data showed PF-
AgNPs to be more harmful than St-PF-AgNPs. Starch-encased silver nanoparticles
exhibited more antibacterial efficacy against S. aureus than PF-AgNPs. In general, this
work discovered that the PF-AgNPs' antibacterial effect was significantly enhanced by
starch encapsulation. By using PF-AgNPs that are produced continuously to target
damaging bacterial cells, this discovery offers a novel method for treating bacterial

infections (Saravanakumar et al., 2021).

In a study by Wang et al. (2021) the impact of metal nanoparticles loaded with isoorientin
(Iso), a naturally occurring flavonoid was evaluated. The structural characterisation and
stability of AgNPs loaded with iso (AgNPs-Iso) were studied by UV-vis spectroscopy and
zetasizer. Silver nanoparticles were synthesised using maize starch and sodium citrate
using the green synthesis technique. The outcome shows that Iso (117%+2.13 nm, loading
efficiency: 76.60%) was effectively loaded onto AgNPs (651+0.87 nm, spheres). In a
solution with a pH range of 5-9 and 0.01-0.30 M of NaCl, there are no appreciable
variations in the stability of AgNPs and AgNPs-Iso.
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In the in vitro simulation of gastrointestinal digestion, AgNPs-Iso were more stable than
AgNPs. Additionally, AgNPs-Iso showed a significantly inhibitive impact on a-glucosidase
and pancreatic lipase in addition to having a decreased erythrocyte hemolysis ratio and
cytotoxicity. Therefore, this research might offer the fundamental justification for the
further development of Type Il diabetes and obesity-fighting, highly stable, and less
cytotoxic AgNPs-Iso (Wang et al., 2021).

In another study, cowpea starch was used to create AgNPs with the precursor silver nitrate
converted to AgNPs by the free aldehyde group of the glucose residue in the amylose
chain of the starch polymer. Starch served as a capping agent for AgNPs, controlling their
size, shape, and dispersion characteristics. Starch's hydroxyl group, which gives it its
capping capabilities, stabilises metal nanoparticles through it’s inter- and intramolecular
hydrogen bonds. Silver nanoparticles are more biocompatible when they are
encapsulated in starch, which also increases their immunological tolerance and
dispersibility and is also stated that AgNPs are not hazardous to healthy human cells.
While starch alone exhibited little bactericidal action, starch stabilised AgNPs have shown
strong antibacterial potential against both gram positive and negative bacterial strains,
demonstrating that the antimicrobial potential may be related to the AgNPs' stabilisation

with starch (Sivamaruthi et al., 2022).

2.9. Porous starch
A modified starch having a lot of holes from the surface to the middle and improved
characteristics is called porous starch (PS) (Benavent-Gil and Rosell, 2017 a). Porosity is
defined as “the ratio of pore volume to particle volume” with one- or two-sided pores as
well as closed pores are possible. Meso-pores are between 2-50 nm, micro-pores are <2

nm, and macropores are >50 nm (Sujka et al., 2018).

Pores are capable of enhancing the surface area that can be utilised for reactions with
enzymes or chemicals. The size of the pores affects how well starch granules can absorb
water and oil. Porous starch is also capable of supporting a wide range of bioactive
molecules, including bacteria, enzymes, tastes, and medications (Chen et al., 2020, Liu et

al., 2018).
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2.9.1. Significance of porous starch
In the human diet, starch can be considered as one of the most important carbohydrates
serving as one of the main constituents of non-animal foods. Starches serve many functions
due to their technological and texturizing characteristics (Lehmann and Robin, 2007). The
granules of pulse starch are frequently oval, although they can also be spherical, round,
elliptical, and irregularly shaped. Amylose and amylopectin are the two main components
of starch (Hoover et al.,, 2010). The use of native starch is constrained due to its
susceptibility to processing conditions such high shear rates, low pH, severe temperatures,
and freeze-thaw variation, however many starch properties may be improved by isolating

porous starch (Liv et al., 2018).

2.9.2. Production of porous starch
Porous starch has many desirable properties such as an enhanced adsorption capacity
which is highly desired in drug loading applications to increase the bioavailability of
insoluble drugs (Wang et al., 2019). Starch applications are restricted because of low
surface area and pore volume, despite the fact that it is one of the most extensively used
materials since it is an affordable, biodegradable, reusable, and ecologically benign

biopolymer. Porous starch is produced by chemical, physical, or enzymatic alteration.

Chemical and enzymatic methods

Porous starch may be made chemically using several techniques such as solvent exchange,
molecular insertion, and acid hydrolysis. Enzymatic hydrolysis is a reaction between raw
starches and starch-hydrolysing enzymes that produce porous starch at the temperature
of gelatinization of starch. After hydrolysis of the amorphous regions of starch, the result
is an undestroyed starch granule with craters on the surface and/or holes that extend to
the middle (Figure 2.6). a-Amylase and glucoamylase are the most commonly used

enzymes to produce porous starch (Zhang et al., 2012).

Starch is combined with mercaptosuccinic acid to create a combination that is first
gelatinized and then freeze-dried to create a xerogel. Because mercaptosuccinic acid
may break the hydrogen bonds inside starch chains, intermolecular hydrogen bonds are
created between the mercaptosuccinic acid and the starch (Liv et al., 2018, Bao et al.,

2016).
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Starch xerogels have a wrinkled look as a result of the addition (during gelatinization)
and evaporation (during freeze-drying) of water atoms inside the starch chains. The porous
structure of starch is caused by the introduction of mercaptosuccinic acid atoms by the
rupturing of hydrogen bonds inside the starch chains (Qian and McClements, 2011). The
solvent- exchange method is another method to produce porous starch. Water can
dehydrate from ethanol due to the hydroxyl groups on the surface of starch materials,
and porous starch granules have a greater specific surface area, increasing the total
number of hydroxyl groups on the surface of starch particles. The increased surface area
allows for more reactive sites to be grafted with functionalized groups to enhance starch

properties (Han et al., 2020).

8h

Figure 2.6: Porous starch from corn starch during 8 h treatment by glucoamylase (Chen and

Zhang, 2012).
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Physical methods

Through traditional physical hole-forming techniques (such as mechanical extrusion,
microwave, and ultrasonic processes), porous starch may be made quickly and easily.
Mechanical extrusion involves a variety of physical unit operations, such as heating, mixing,
stirring, puffing, and spraying. This technique uses a significant pressure differential to
spray starch paste, which quickly evaporates water and creates loose porous structures in
the starch. Porous starch with enhanced porosity may be generated at temperatures of
160°C, 18% moisture content, and 200 rpm rotor speeds. Although the porosity of
extracted starch is inversely linked to the water content, it has a positive correlation with
temperature. Notably, mechanical extrusion-produced porous starch frequently exhibits
irregular pore size. This process produces a relatively low vyield of porous starch.
Additionally, the high extrusion temperature (<95°C) has the potential to gelatinize starch
granules and harm their structural integrity. Therefore, precooked cereal goods are

typically made using the mechanical extrusion process (Chen et al., 2020).

The microwave approach has been employed to develop porous starch since it is both
effective and ecologically safe. This technique is based on the heat effect produced by
microwaves that may penetrate starch granules through "molecular friction" in an
alternating electromagnetic field. Granules of swelled starch are neatly aligned in an
electric field. When exposed to a microwave, starch granules can vibrate at a high
frequency due to the alternating electromagnetic field's positive and negative polarities
which are constantly swapped. Granules of starch convert microwave radiation into heat
energy as a result. The resulting loss of heat from the starch granule surface may result in
the accumulation of thermal energy. Starch granules rapidly evaporate their moisture,

which results in a high pressure inside the granules (Chen et al., 2020).

In general, a variety of variables, including treatment time, microwave power, and starch
dose, have an impact on the structure of porous starch. Despite being easy and
inexpensive, the microwave approach produces porous starch with a low number of holes.
Therefore, it is inefficient to produce porous starch using the microwave. Ultrasonic
irradiation is a more accepted approach to prepare porous starch since it uses less energy
and is easy to use. The key variables determining the pore size are the ultrasonic operating

parameters, the strength, treatment time and frequency of the ultrasonic wave.
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The standing wave is created when the ultrasonic wave returns to the gas-liquid interface
after travelling to the starch solution. This will cause porous starch to have unequal pores,

which is disadvantageous for porous starch's industrial application (Chen et al., 2020).

2.9.3. Characterisation of porous starch

Differential scanning calorimetry (DSC), scanning electron microscopy (SEM), rheometry
and Fourier-transform infrared (FTIR) spectroscopy are tools often used to determine the
characteristics of porous starch (Liu et al., 2018). The molecular structure of starch is usually
determined by FTIR, through the interpretation of the absorption of characteristic peaks,
the structure of starch is evaluated. It has been found that the molecular structure of porous
starch obtained by an enzymatic reaction, did not change from its native state.
Demonstrating that the functional groups of corn native and porous starch are comparable.
However, because of the holes, which reduced the density of the starch granules, the peak
intensity was less intense. According to Liu et al. (2018) significant peaks that describe
starch include those at 1067 cm™! (C-H bending), 764 cm! (C-C stretch), 3165 cm! (-CH2
deformation), and 1344 cm! (C-O-H bending and -CH2 twisting).

The morphology of the starch granules is usually determined by SEM including: the shape,
number of pores and the type of surface which differ according to the sample, and method
of extraction. Some studies report smooth surfaces with a round and polygonal granular
shape with pores spread from the surface to the centre of the pores. The internal cavities
could explain the excellent adsorption capacity characteristic in porous starch (Liv et al.,
2018). X-ray diffraction is used to examine the amorphous and crystalline regions of the
starch. It was observed that the A-type pattern of native corn starch did not change in its
porous starch but the crystallinity was increased. The sharper and higher peaks show that
the majority of the enzymatic reaction's hydrolysis took place in the amorphous zone.
Therefore, as a result of the enzymatic process, the amorphous area shrank and the
crystalline region grew; causing maize PS to exhibit a greater crystallinity than native corn

starch (Liv et al., 2018).

The thermal characteristics of starch, in particular the changes in the physical states of the
starch structures, are studied using DSC. Typically determined and compared during
characterisation are the transition temperatures (To, Tp, and Tc), gelatinization

temperature range (Tc-To), enthalpies of gelatinization (H), and peak height index (PHI).
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The crystalline area may be connected to the temperature range of gelatinization due to
water molecules readily flowing into the amorphous portion of starch during the

endothermic reaction of gelatinization, entering the crystalline zone (Liv et al., 2018).

When starch is heated up in excess water, a change in phase from order to disorder,
known as gelatinization, which occurs over an ideal temperature range unique to the starch
source occurs. Phase change is related to the diffusion of water into the granule, following
that, water is absorbed by the amorphous background region, resulting in hydration and
radial expansion of the starch granules, loss of birefringence and crystallinity, heat
absorption, dissociation of double helices, and leaching of amylose. It is generally known
that the gelatinization transition temperatures To (onset), Tp (peak), Tc (endset), and the
enthalpy of gelatinization (AHgel) are all influenced by the molecular structure of the
crystalline region. Instead of the quantity of crystalline area or the amylose to amylopectin
ratio, it has been associated with how the short amylopectin chains are distributed within

the granule.

Differential scanning calorimetry (DSC) is used to assess how well starch gelatinizes. The
variable amylopectin content and distribution, degree of crystalline perfection, proportion
of lipid-complexed amylose chains, and proportion of the outer "A" branches of
amylopectin have all been reported as the causes of this variation in the gelatinization
temperatures of legume starches (Wani et al., 2016). The physicochemical properties are
usually done to determine the characteristics of compounds that are suitable for: desirable
coating of unappealing drugs, ingredient development; improvement and quality

management of food products (Naiker et al., 2019).

Starch composites consist of amylose and amylopectin, which are a-glucans and makeup
98-99% of the dry weight with the rest consisting of phosphates esterified to glucose
hydroxyls, minerals, and lipids. The amount and distribution of these glucans have an effect
on the physicochemical characteristics of starch. The fundamental characteristics that
depend on a substance's chemical, structural, and morphological characteristics include
swelling and solubility, syneresis, gelatinization, gelation, transmission, and pasting.
According to Wani et al. (2016) the amylose concentration of legume starches range from
17.00-51.69%. The swelling and solubility index of the starch are influenced by the

amorphous and crystalline areas of the starch granules.
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The granules absorb water and swell when the starch dispersions are heated in water. The
rise in temperature weakens the intrinsic bonds and binding forces of starch granules. The
amorphous amylose component is produced as a result, increasing the surrounding
medium's viscosity. A high swelling and solubility index is attributed to the low molecular
weight of amylose and the shape of free starch granules. Granules of starch having
complex and solid bonds inside the micellar structure and are more resistant to swelling,
which lowers the solubility index. The swelling and solubility of starch granules are
influenced by the ratio of amylose to amylopectin, the length, branching, and molecular
weight of the chain, the micellar structure inside the granule, the presence of lipid that
forms complexes with amylose, and the naturally occurring non-carbohydrate contaminants

in starch molecules (Wani et al., 2016).

"A viscous mass consisting of a continuous phase of solubilized amylose and/ or
amylopectin and a discontinuous phase of granule ghosts and fragments" (CSP) is how the
term "paste” is defined (Wani et al., 2016). The changes in starch that take place during
post-gelatinization heating are specifically related to a complex phenomenon known as
"pasting." Shear force application causes further swelling and polysaccharide leaching
from the starch granules, which increases viscosity. The Rapid Visco Analyzer (RVA) has
been used regularly to assess the starch pasting qualities. In order to connect functionality
with structural features, heating and cooling cycles are used to assess sample resistance to
controlled shear. It also replicates food processing settings. A normal RVA graph for starch
gelatinization follows a pattern in which viscosity first climbs to the maximum value then
decreases to the lowest value as a result of the granules' disintegration when shear is
applied. As a result, the breakdown and trough viscosities are used to express it. The
viscosity again increases to the greatest amount known as setback as the cooling cycle
progresses. Amylose content and peak viscosity have a negative association with peak
viscosity and a positive correlation with the setback values. Peak time and peak viscosity
are correlated with the ability of the starch granules to bind water and their ease of
disintegration. These characteristics are all known to affect the product's texture and
palatability (Wani et al., 2016).

"The amount of water held by the starch" is how the term "water absorption capacity"”
(WAC) is defined (Wani et al. 2016) and is reliant on the hydrophilic regions in the starch
molecules. The WAC increases with the number of hydrophilic sites available to engage in

hydrogen bonding interactions with water.
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At room temperature, amylose and amylopectin chains' interactions with water are still
modest, but become stronger as the temperature rises. The degree of water binding site
availability among the starches, stearic factors, structural traits, the existence of hydrogen
bonds, and the hydrophilic-hydrophobic balance all affect WAC. The WAC of starch
suspensions may also be impacted by the physicochemical environment, which includes
factors such as temperature, pH, vapour pressure, ionic strength, and the presence or
absence of a surfactant. In contrast to the swelling index, WAC accounts for the fact that
starch absorbs more water as the temperature rises. The amylose concentration, amylose-
lipid complexes, interactions between starch chains in the amorphous and crystalline area
of the granule, and the molecular makeup of amylopectin all have an impact on the
swelling index of starch. As opposed to WAC, the swelling power and solubility index

reveals how starch chains interact in the amorphous and crystalline areas (Wani et al.,

2016).

According to Wani et al. (2016), oil absorption capacity (OAC) is a crucial functional
feature for enhancing shelf life, taste retention, and palatability. The size and form of the
starch determines how physically entrapped the oil is (Verma et al. 201 8). Due to its crucial
function in preserving taste and improving the mouth feel of foods, the oil absorption
capacity of flours may also be ascribed to their hydrophobicity power. This property might
be leveraged to create food items with desirable ingredients (Ramsookmohan et al.,

2020).

Protein content and solubility are correlated with foaming and emulsifying capabilities.
Because of surface-active proteins, flours can create foams. Three things are necessary for
foam to form: molecular movement, penetration, and rearrangement at the air-water
interface. To assess the applicability of foaming agents, foam stability is crucial to
determining the capacity to sustain a foam over time (Ahmed Wani et al., 2015). Emulsion
stability refers to an emulsion's capacity to hold together. The maximum amount of oil that
may be emulsified by protein dispersion is known as the emulsion capacity. Proteins in
flours lower the interfacial energy because of the protein's adsorption at the oil-water
interface and the interfacial layer's impact on the electrostatic, structural, and mechanical
energy barriers that prevent the separation of the oil and water phases. Beyond the
various protein compositions (soluble plus insoluble), elements other than proteins (perhaps
carbohydrates) may greatly influence the ability of products like flours containing protein

to emulsify (Wani et al., 2016).
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2.94. Advantages and benefits of porous starch
Starch granules may be used to encapsulate and distribute active ingredients because of
their internal structure, which includes an internal channel. Porous starch has many benefits
and can be used to deliver a variety of actives, including medications, vitamins, flavour
compounds, and nutraceuticals, thanks to its surface pores and channels (Figure 2.7). While
the starch molecules are consumed by the active components in other products or
circumstances, they may be passively co-located with the active ingredients. Chemical or
physical interactions take place pre to, during, and after processing depending on the
starch, active components, and production circumstances (Qi and Tester, 2019). In a study
to protect L. plantarum from various stresses without affecting its survival rate, the
bacterium was enclosed in porous starch (Chen et al., 2020). Majzoobi et al. (2015) studied
the enhanced functional properties of porous starch from wheat. A combined treatment of
a-amylase and sonication improved the absorption properties of the wheat starch. In a
study by Zhu et al. (2019) porous maize starch was used to deliver the anticancer drug
doxorubicin using pectin/ chitosan beads. Results showed that most of the loaded drug
was delivered to the colon and proved to be an effective target-specific delivery system.
It also showed that oxidation-prone or low solubility drugs could be delivered using this

system.

Wu et al. (2011) created a biodegradable porous starch foam as a carrier to improve
the oral bioavailability and degradation of lovastatin, a water-insoluble medication. The
porous starch foam was made using the solvent-exchange process, and lovastatin was
loaded using immersion/ solvent evaporation. As compared to the crude and capsule
shape, the porous starch foam successfully improved lovastatin release and oral
bioavailability. Protection from the local environment (especially through the stomach),
safety, dissolution enhancement, removal of the need for the liquid carrier, absorption
capacity, stability, active ingredient protection (e.g. from oxidation), loading, ‘metering of
dose' where a small amount of is required, taste masking, and site-specificity are all
advantages of using porous starches as carriers. Diffusion (a vapour or a solvent),
enzymatic hydrolysis (amylases/ amyloglucosidase), and/or physical processing may all

be used to release encapsulated compounds (Qi and Tester, 2019).
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Figure 2.7: Benefits of porous starch.

Particulate carriers (mainly made of lipids and/ or polymers) and related treatments are
typically included in drug delivery systems. They are made to act as drug reservoirs,
change the pharmacokinetics and bio distribution of the linked medications, or both. A
pleasant, inert, biocompatible, bio adhesive, and high drug-loading drug delivery device
is desired. All of these requirements are met by porous starch. All significant regulatory
organisations have given their formal approval for the use of starch in various oral
medication delivery methods. Since starch polymer chains are hydrolysed into smaller,
physiologically acceptable molecules, the drug delivery system does not need to be
removed from the body after the active ingredient has been released. The capacity of a
microcapsule to absorb substances and adhere to surfaces can be improved by using

porous starch as a wall material (Sujka et al., 2018).

2.9.5. Porous starch in the treatment of diseases
Porous starch is often studied for its use in treatments with different ways to utilise the
starch such as aerogels, hydrogels, powders, etc. which are modified for optimal efficacy.
In a study by Jaruchalermrat and Niamlang (2021) a drug delivery hydrogel patch was
developed using corn starch and controlled using an electric field. It was investigated for
the treatment of hypertension and used hydrochlorothiazide (HCTZ) as a model drug

showing a direct relation between the amount of HCTZ and electrical voltage.
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To prevent the use of calcium propionate, which leads to the induction of diabetes mellitus
through propionic acid, Ju et al. (2019) encapsulated essential oils that work against
spoilage organisms using porous corn starch and to further preserve bread. The shelf-life
was successfully extended and showed practical application potential in the baking
industry. As an alternative to drugs for diabetes mellitus, algae usage has been studied.
Fucoxanthin, a microalgae, has many useful medicinal properties such as anti-diabetic,
antioxidant activity, anticancer, etc. but has limitations as a functional food. Porous starch
was used to encapsulate fucoxanthin together with halloysite nanotube. The study
concluded that porous starch and halloysite nanotube may be suitable as a carrier for
encapsulation of bioactive compounds with low water solubility in functional food. Double
encapsulation may be applicable for controlled or target release bioactive compounds

(Oliyaei et al., 2020).

In terms of medical applications, the use of porous starch-hydroxyapatite (HA) composites
have shown positive results in bone regeneration. The clinical trial indicated that the Thai
rice starch blend with cow bone are biocompatible and safe for bone regeneration, and
also fully healed bones on neurological and orthopaedic patients (Punyanitya et al., 2017).
Studies also investigated the hematic effects of tranexamic acid-loaded porous starch
(TAPS) with results showing TAPS to be successful in sealing injuries for homeostasis without
any side effects. The powder had beneficial properties such as security, absorbability,
affordable and easy production process (Xi et al., 2018). There have been limited studies
of cancer with porous starch but some have shown that porous starch may be used to

encapsulate, increase the adsorption and dissolution rate of chemotherapeutic drugs.

Porous maize starch was used to deliver the anticancer drug doxorubicin using pectin/
chitosan beads and showed that most of the loaded drug was delivered to the colon
proving to be an effective target-specific delivery system. It also showed that oxidation-
prone or low solubility drugs could be delivered using this system (Zhu et al. 2019). Ning
et al. (2018) conducted a study demonstrating an injectable hydrogel for encapsulation
of an anti-cancer drug and specific drug delivery that is pharmaceutical grade. Micro
porous starch was used to increase the anti-tumour activity showing injectable hydrogel

with lysozyme to be suitable for anti-cancer drug delivery system.
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2.10. Hyacinth bean (Lablab purpureus)

2.10.1.  History, Agricultural and Geographical information

Hyacinth bean, scientifically known as Lablab purpureus and Dolichos lablab, belongs to
the Fabaceae family. Origins of the hyacinth bean have not been identified but it is
commonly found in Africa, Asia and the Americas (Kilonzi ef al., 2017). It can grow annually
or for short periods, growing up to 6 m, twining, trailing, climbing or upright. Leaves are
usually trifoliate and alternate with leaflets being rhomboid in shape. Flowers vary in
colour, from either blue, purple or white and are approximately 1.5 cm long. The fruit of
hyacinth bean are long and straight, approximately 4-15 cm long and 1-4 cm in width,
smooth pods that contain up to 8 seeds. The seeds/ beans are oval and vary in colour
from white to dark brown or black (Figure 2.8), depending on the cultivar (Al-Snafi and
Esmail, 2017, Heuzé et al., 2016,).

In India, the legume remains unexploited due to low productivity, prolonged growth rate,
erratic growth and photosensitivity (Verma et al., 2014). The hyacinth bean is drought
tolerant, usually rain-fed and can withstand temperatures of 20-35°C (Akpapunam, 1996,
Maass et al.,, 2010). The legume crop can grow in areas with an annual rainfall of 60-90
cm. The occurrence and potential use of hyacinth bean in Africa has been studied by Maass

et al. (2010), shown in Figure 2.9, is based on various species by applying FloraMap®.

Figure 2.8: Hyacinth bean seeds (A) and pods (B) (Heuzé et al., 2016).
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Figure 2.9: The potential of hyacinth bean being grown in Africa (Maass et al. 2010).

2.10.2. Uses of hyacinth bean
Low-income groups take advantage of the hyacinth bean as a relatively cheap source of
protein. Reports have shown that the legume is versatile and the whole plant can be used
for many purposes. The unripe pods and leaves are popular in parts of India as
vegetables and the dried seeds as dhal (Verma et al., 2014). The beans are often
prepared by soaking, de-hulling, boiling and ground into a paste which is fried. The
hyacinth bean also has the potential to be used as animal feed due to the nutritional
quality of the seed, stem, pod, leaf and root, which would benefit goats, pigs and cattle
as well as horses, if supplemented with oats (Akpapunam, 1996). The hyacinth bean has
shown various pharmacological properties such as anti-inflammatory, antimicrobial,

anticancer, etc. (Al-Snafi and Esmail, 2017).

Traditionally the hyacinth bean plant was used as a remedy for alcohol intoxication, as
well as for treatments against diarrhoea, gonorrhoea, nausea, cholera, etc. The pods were
crushed and made into a juice for application for worm removal from inflamed ears and
throats, as well as used to aid digestion. The flowers from the hyacinth bean were also
used as a treatment for an inflamed uterus and to increase menstrual flow (Al-Snafi and

Esmail, 2017).
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2.10.3. Nutritional value of hyacinth bean
Generally, legumes are high in protein. This is evident in the hyacinth bean with protein
levels ranging from 21.5-24.9%. They also have an adequate amino acid profile limiting
in sulphur-containing amino acids, which is common in many legumes. They are high in
carbohydrates (60.1%), crude fibre (6.8%), phosphorous and potassium (Akpapunam,
1996).

Studies on the approximate composition of leguminous foods revealed that they included
60-66% carbohydrates, 20-25% crude protein, 4.9-6.9% total dietary fibre, 2.6-4.1%
crude fat, and 3.9-4.4% ash. Sodium, calcium, potassium, magnesium, iron, manganese,
and phosphorus are among the minerals which are also present in the hyacinth bean
together with niacin and ascorbic acid as examples of vitamins. All of the necessary amino
acids, apart from those containing sulphur and tryptophan, are present in the seed protein.
According to a study by Manickavasagan and Thirunathan (2020) hyacinth bean fatty
acid makeup consists of 24% saturated fatty acids, 18% monounsaturated fatty acids,
57% polyunsaturated fatty acids, and 44% linoleic acids. Other research has shown that
the dried seed has a 33% starch content as its main constituent, 25% protein, a very low

fat level of 0.8%, and a high 7.2% dietary fibre content.

Raffinose and stachyose, both 3.5% oligosaccharides, were also present, as well as phytic
acid, 82.0 mg/g, phosphorus, 430 mg/g, and phytates, 243 mg/g. The leaves included
up to 28% protein, legumes, 155 mg of iron, and 30 mg of zinc per 100 g of dry weight.
The grain had 57 mg of iron and 34 mg of zinc per kilogramme. The content of the ripe
seeds varied significantly, though. According to Al-Snafi and Esmail (2017) percentages
of crude protein, crude fibre, and total carbohydrates ranged from 22.4-31.3% and
54.2-63.3%, respectively.

2.10.4. Hyacinth bean starch
With respect to cultivar, cultivation techniques, and plant growth conditions, the amylose
concentration of the starch from legumes can range from 17.0-51.69%. Additionally,
iodine, fatty acids, and monoglycerides combine with amylose to produce helical clathrate
inclusion complexes. It is generally accepted that it results from a transformation of the
amylose coil conformation to helix shape. It is known that the guest molecules penetrate

the amylose helices' core cavities, reducing their availability in free form.
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Due to the use of various estimating approaches, under- or overestimation is therefore
likely to occur. The amylose content may affect the starch physicochemical and functional
characteristics, including its tendency to gelatinize, swell, paste, and retrograde (Wani et
al., 2016). According to its digestibility, rate and duration of glycaemic response, starch

and high starch dietary items can be categorised (Singh et al., 2010).

The starch content of hyacinth seeds range from 13.2-15.8%, according to a research
characterising the starch from three kinds of Lablab purpureus. The Rongai brown hyacinth
bean cultivar has the largest percentage of tiny granules, with granule sizes ranging from
12.51-20.56 pum. The starch crystallinity levels ranged from 37.0-46.3%, and their
diffraction patterns were of the C-type. The amylose contents, both apparent and
definitive; were 23.1-26.0% and 17.5-23.6%, respectively. The starches also exhibited
high gelatinization initiation temperatures (To = 73.5-75.7°C), one-phase swelling, and
amylose leaching patterns. The starch pastes had considerable shear thinning, poor clarity,

and poor freeze-thaw stability, according to Nwokocha et al. (2010).
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2.11. Aim and Objectives

Research problem

Current cancer treatments often lead to the destruction of healthy cells and escalated
toxicity, therefore a novel treatment that is non-toxic, efficient and inexpensive is required.
Embedding silver nanoparticles into porous starch may provide a suitable oral delivery

system against cancer.

Aim
To develop a novel delivery system for silver nanoparticles using porous starch to target

cancer cells (CACO, MCF-7 and C2C12).

Objectives

1. To isolate and characterize porous starch (SEM, FTIR, XRD, DSC, in vitro starch
digestibility, and physicochemical properties) from Lablab purpureus by hydrolysis,
freeze-thaw and solvent-exchange.

2. To synthesize and characterize silver nanoparticles embedded in porous starch (UV-
VIS, TEM, particle size analysis, zeta-potential, FTIR, XRD)

3. To determine the efficacy of silver nanoparticles embedded in porous starch against
cervical cancer (HELA), colon cancer (CACO), breast cancer (MCF-7), and muscle

(C2C12) cell lines using the MTT assay.
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Chapter 3: Structural and physicochemical characterization of porous
starch prepared by enzymatic hydrolysis, solvent-exchange, and freeze-

thaw cross-linking treatments

Abstract

Porous starches have been researched for its applications of its characteristics for use in
various industries. Although, it has been noted that different methods are used to influence
the properties manifested. In this study, native starch (NS) isolated from hyacinth bean
(Lablab purpureus) was used to create porous starch using three different methods viz.
solvent-exchange (SE), enzyme hydrolysis (EH) and addition of mercaptosuccinic acid
known as freeze-thaw (FT). The structural characteristics (Fourier-transform infrared
spectroscopy, X-Ray Diffraction) of SE and EH were very similar to that of NS. The
gelatinization properties of the porous starches were higher (97.15-112.86°C) than NS
(93.00-103.69°C). The pasting properties of SE and EH were higher than NS, whilst FT
did not pose any pasting abilities. This was due to its high solubility (42.92%1.70 %) and
lipophilic nature (4.6310.42 g/g). The adsorption properties of SE (4.06-16.35 mg/g)
and EH (4.31-15.45 mg/g) were similar to NS (3.53-15.50 mg/g). The swelling power of
SE (9.16£0.19 %) and EH (9.25%+0.13 %) were similar to NS (9.76+0.43 %), whilst the
amylose contents (15.48-19.43 %) were lower than NS (20.681+4.39 %). Only the SE
(11.42£3.40 %) from the porous starches had resistant starch present, whilst EH had mostly
rapidly digestible (13.231£0.00 %) and slowly digestible starch (127.1610.00 %). These
structural and physicochemical characteristics showed that these porous starches may be

suitable in delivery systems, improving solubility of drugs and adsorbing dyes.

Keywords

Porous starch, delivery system, encapsulation, starch
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3.1. Introduction

The most prolific carbohydrate in the human diet is starch, with starch granules usually 1
Mm to over 100 Um in diameter, oval in shape, but can occur as spherical, circular, elliptical,
and irregularly shaped (Hoover et al., 2010). Granular starch can be found in most parts
of higher plants and consists of amylose and amylopectin. Amylose is a linear molecule,
makes up 20-30% of starch, and is made by a-(1-4)-glycoside bonding of D-glucose units.
The amylose content may have an impact on the functional and physicochemical properties
of the starch such as gelatinization, swelling, pasting, and retrogradation behaviour (Wani
et al., 2016). Amylopectin is a large branched molecule, making up about 70-80% of
starch, consisting of linear chains a-(1-4)-linked D-glucose units interconnected through a-
(1-6) glycosidic bonds (Hanafi, 2020). The structure of starch is presented in amorphous
and crystalline parts forming a unique semi-crystalline pattern. C-type crystalline patterns
are found in legume starches and are a combination of A and B- type patterns. The main

differences of these structural patterns are the crystal packing and water content

(Rostamabadi et al., 2019).

Legumes have more slowly digestible starch than cereals and tubers and have been used
for many medicinal purposes (Phillips, 1993). Legume starch is an excellent source of
dietary fibre and due to the presence of resistant starch exhibit a low glycaemic index.
Legumes have up to 10% higher amylose starch content than cereals except for high
amylose cereal starches (Tayade et al.,, 2019). Hyacinth bean (Lablab purpureus) is a
versatile drought tolerant legume grown predominantly in Asia and Africa (Kokila et al.,
2014, Naeem et al., 2020). Hyacinth bean flour has been shown to have mostly starch
(48.66-51.02%) and protein (27.35-29.47%) (Naiker et al., 2020). Hyacinth bean has
also shown to be an excellent source of essential amino acids and fatty acids, tocopherols,
bioactive components and carotenoids (Habib et al.,, 2017). Although native starch has
many desirable characteristics that are useful to the food and pharmaceutical industries,
there are also limitations such as its sensitivity to processes such as extreme temperature,
low pH, high shear rate, and freeze-thaw variation. Modification of native starch to include
pores have been noted to improve many starch characteristics some of which are: water
binding capacity and solubility, granularity, gelatinization temperature, paste viscosity,

etc. (Chen et al., 2020; Sujka et al., 2018).
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Porous starch has many desirable properties such as an enhanced adsorption capacity
which is highly desired in drug loading applications to improve the bioavailability of drugs
that are typically insoluble by increasing the drug dissolution. Due to the capacity for high
drug loading, being inert, bio-adhesive, biocompatible, and comfortable for the patient,
porous starch is an ideal material for a drug delivery system. Other improved
characteristics are its large specific surface area and encapsulating properties (Wang et
al., 2019). Methods used to produce porous starch are usually physical, chemical, and/or
enzymatic, with more commonly reported methods being solvent-exchange, enzyme
hydrolysis and ultrasound. The technique is often chosen with consideration to specified
pore size, pore volume, specific surface area and optimized production output. Porous
starch may be characterized by its structure and physicochemical properties where
structural analysis shows pore size, shape, crystallinity, and intermolecular bonds.
Whereas, adsorption properties, swelling power and solubility, rheological, pasting and
thermal properties may be determined by physicochemical analysis (Chen et al. 2020,

Sujka et al. 2018).

Notable uses of porous starch have been carriers for medication, encapsulation of dietary
supplements and adsorbents for pollutants. Biocompatibility, non-toxic and biodegradable
abilities of porous starch are advantageous for encapsulation and slow-release of food
ingredients. Encapsulation has also been used to create stability of food ingredients. These
abilities have also been utilized in the pharmaceutical and environmental industries. Porous
starch may be used in the production of controlled-release drug delivery and adsorption
of various detergents. Before allocating a use for porous starch, the influence of the
production technique of its properties should be investigated. Therefore, this study involves
the production and characterization of porous starches using three techniques viz. solvent-
exchange, enzyme hydrolysis and freeze-thaw (addition of MSA) (Chen et al. 2020, Sujka
et al. 2018).
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3.2. Materials and methods

3.2.1. Sample preparation

Hyacinth bean (Lablab purpureus) samples were obtained from the Reservoir Hills, Umgeni
River Valley (KZN), South Africa, with a herbarium voucher containing specimen deposited
in the Ward Herbarium (UDW), University of KwaZulu-Natal, Westville Campus, Durban.

All chemicals used were of reagent grade purchased from Sigma-Aldrich.

Flour preparation

The hyacinth bean seeds were soaked overnight in 10% (w/v) sodium hydroxide, de-
hulled and then oven dried at 50°C for 24 h. The dried seeds were milled [Alpine Fine
impact mill (Hosokawa Alpine AG, Augsburg, Germany)] into flour and sieved (180 [Um).
The flour was then defatted using hexane (1:5, w/v) overnight at 200 rpm (Stuart Orbital
Shaker SSL 1, Stuart Equipment) and centrifuged at 10 000 X g for 20 min at 20°C
(Heareus multifuge X 3 FR centrifuge, Thermo Scientific). The hexane was decanted, the
flour air-dried in a fume hood for 24 h and stored at 4°C until required (Mohan and

Mellem, 2020).

Starch isolation

The starch was isolated from the defatted flour using the method described by Rengadu
et al. (2020). The flour was diluted in 0.025 molL-' Na2SO3 (1:10, w/v). The mixture was
then homogenized and left at room temperature for 1 h. The slurry was then centrifuged
at 5 000 X g for 15 min, washed with ethanol twice, and then the pellet was washed with
distilled water, dried and stored in 4°C until required. A portion of the starch was kept

for native starch analyses.

3.2.2. Porous starch preparation

Enzyme hydrolysis

Starch was immersed in sodium acetate buffer (pH 4.6, 25% w/v) and stirred for 20 min
at 150 rpm in a 40°C water bath. A mixture (1%, 1:4) of a-amylase (Sigma 86250; 1.5
U/mg) and amyloglucosidase (Sigma A7095; 260 U/mL) was added to the starch slurry.
The mixture was left to agitate for 24 h in a 40°C water bath. The enzymes were
inactivated by adding 20 mL of sodium hydroxide solution (4%, w/v) and centrifuged at
1 800 X g for 5 min. The pellet was washed with distilled water (3 times) and then freeze-
dried (Guo ef al., 2013).
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Solvent-exchange

Porous starch was produced using the solvent-exchange method described by Wu et al.
(2011). Briefly, 8% w/v of starch and water suspension was boiled for 30 min while
stirring. The solution was cooled to 85°C and poured into centrifuge tubes. The slurry was
chilled in a refrigerator (5°C) overnight to facilitate gelation and thereafter frozen (-
10°C) overnight. The frozen starch was submerged in 95% ethanol for 24 h. The slurry

was then rotary evaporated at 30°C to remove the ethanol and freeze-dried.

Freeze-thaw

Using the method described by Bao et al. (2016) mercaptosuccinic acid (MSA), was
dissolved in Milli-Q water (5%, w/v) and starch added to the MSA solution (1:1). The
mixture was then heated to 90°C and stirred for 30 min to form gelatinized composites of

starch and MSA which were then freeze-dried.

3.2.3. Characterization of porous starch

Fourier-transform infrared spectroscopy (FTIR) analysis
The chemical structure of the porous starch was determined using an FTIR
spectrophotometer (Cary 630, Agilent, CA, USA). The spectrum range was 650-4 000

cm~1.

X-ray diffraction (XRD) analysis

The XRD measurements for the starch samples were taken using a X-ray diffractometer
(D8 Advance, BRUKER AXS, Germany) with Cu Ka radiation (AKoi = 1.54056A) at a
voltage of 40 kV and current of 40 mA. The scan range was between 0° and 80° with the

change rate of 0.5°/min in 26.

Differential scanning calorimetry (DSC) analysis

The gelatinization temperatures of the samples were determined using a Differential
Scanning Calorimeter (DSC 25, TA instruments, New Castle, USA). Starch and distilled
water were added (1:2, w/v) and sealed in a hermetically stainless-steel crucible which
were left at 4°C overnight to equilibrate. The samples were then heated at 10°C/min and
scanned between 30-120°C. An empty stainless-steel crucible was used as a blank control

(Wu et al., 2020).
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3.24. Total starch determination and in vitro digestibility

Total starch was determined using a commercially available kit (GOPOD kit) and following
the supplier’s instructions (Megazyme International Ireland Ltd., Bray Business Park, Bray,
Co. Wicklow, Ireland). Briefly, 5 mL of 80% ethanol was added to 100 mg of sample and
incubated at 85°C for 5 min. The wet samples were vortexed, thereafter 5 mL of 80%
ethanol was added. The mixture was then centrifuged for 10 min at 3 000 X g. The
supernatant was removed, and 2 mL of 2 molL-! KOH added. The samples were stirred in
an ice water bath for 20 min, subsequently 8 mL of 1.2 molL-! sodium acetate buffer (pH
3.8) was added and agitated lightly. The enzyme mixture of 70 mg of a-amylase (Sigma
86250; 1.5 U/mg) and 78 WL of amyloglucosidase (Sigma A7095; 260 U/mL) was
added. The solutions were mixed well and then incubated for 30 min at 50°C. After
centrifuging for 10 min at 3 000 X g, 33 UL were transferred to test tubes and 3 mL of
the GOPOD reagent added. The tubes were incubated for 20 min at 50°C, thereafter the

absorbance was measured at 510 nm.

In vitro starch digestibility was determined using the method described by Naiker et al.
(2020) with minor modifications. In brief, 500 mg of sample was stirred in 1 mL of porcine
a-amylase (Sigma 86250; 1.5 U/mg of carbonate buffer pH 7). Then, 5 mL of pepsin
(Sigma P-6887) solution prepared in 0.02 molL-! HCI was added and incubated at 37°C
for 30 min. The digesta was neutralized with 5 mL of 0.02 molL-'" NaOH, and further
adjusted with 25 mL of 0.20 molL"! sodium acetate buffer pH 6, with a pancreatin (Sigma
P-1750; 2 mg/mL of acetate buffer) and amyloglucosidase (Sigma A7095; 260 U/mL of
acetate buffer) mixture. Starch digestibility (%) was determined by quantification of
glucose in the digesta between 0 and 180 min of digestion using the Megazyme GOPOD
kit. The factor conversion from glucose to starch content used was 0.90. Determination of
rapidly digestible starch (RDS), slowly digestible starch (SDS), and resistant starch (RS):
RDS and SDS were measured as the percentage of total starch digested (%) at 20 and
120 min of enzymatic digestion respectively. Resistant starch was measured as the
difference between the total starch and the sum of RDS and SDS contents for respective

samples.
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3.2.5. Amylose content

The amylose content of the starches was determined using the method described by
Kaufman et al. (2015). Briefly, 5 mg of sample was weighed and added with 1 mL of
90% DMSO to a 2 mL Eppendorf tube, heated at 95°C and vortexed every 5 min for 1
h. The sample was then cooled and 100 UL was decanted into a 96-well plate. A solution
of 100 YL of 90% DMSO and 3.04 g/L iodine solution was added. The plate was then
shaken for 2 min and 20 UL was removed and placed into a new 96-well plate. Thereafter,
180 L of distilled water was added. The plate was shaken for 2 min before reading the
absorbance at 510 and 620 nm. The blank included 180 UL of distilled water, 20 UL of
the 90% DMSO, 100 YL of 90% DMSO and 3.04 g/L iodine solution.

3.2.6. Swelling power and solubility

The method described by Ramsookmohan et al. (2020) with modifications was used to
determine the swelling power and solubility index of the starches. Briefly, samples (2%
m/v) were incubated in a water bath for 30 min at 85°C and mixed after every 5 min.
After cooling to room temperature, the samples were centrifuged at 5 000 X g for 15
min. The pellet was weighed, and the supernatant poured into petri plates and dried
overnight. The swelling power was determined by the ratio of the pellet and initial mass
and the solubility (g/g) was determined by the gain in weight of the supernatant

compared to the initial mass.

3.2.7. Pasting

The pasting properties of starches were determined using a Rapid Visco™ Analyzer
(Perten Instruments Australia). Approximately 2 g of starch (corrected to 14% moisture
basis) as well as 25 ml of distilled water were combined and stirred in the aluminum RVA
sample canister. The samples were heated to 50°C and stirred at 960 rpm for 10 s. The
speed was decreased to 160 rpm for 50 s. The temp was then increased to 95°C before
decreasing to 50°C at 11 min. The test duration was 13 min with the viscosity recorded in

RVU (rapid viscosity units).

3.2.8. Water, oil and pigment adsorption capacity
The water, oil and pigment adsorption capacities were determined using the method
described by Guo et al. (2021). Starch was diluted in distilled water/ canola oil (1%, m/v)

and stirred for 25 min. The solution was filtered, and the filter paper weighed.
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The adsorption capacities (%) were determined by dividing the mass of starch adsorbing
water/oil by the sample mass. For the pigment adsorption, methylene blue (20 mg/L) was
added to the starch (1% m/v) samples and then stirred for 90 min. The absorbance was
measured at 660 nm. Equation 1 was used to determine the pigment adsorption capacity

(PAC).

PAC=(c1—cZ)><v><% ............................................................... [1]

Where c1 is pigment content in a solution before adsorption; c2 is pigment content in a
solution after adsorption; v is pigment solution volume; w is dry sample weight; m is

pigment molecular mass.

3.2.9. Statistical analysis

Most tests were carried out in triplicate and reported as mean * standard deviation with
a one-way analysis of variance (ANOVA) and a Tukey post-hoc test was used to determine
statistical differences. In vitro starch digestibility and amylose content tests were done in
duplicate, and a two-way analysis of variance was used to determine the statistical
differences. All statistical analyses were performed using GraphPad Prism version 5.01

for Windows (GraphPad Software, San Diego California USA).

3.3. Results and Discussion

3.3.1. Preparation and characterization of porous starch

The aim of the study was to create porous starches that had improved characteristics
compared to native starch and to document the effects. The solvent-exchange method
involved the gelatinization of the starch and then the displacement of the water with
ethanol to form an alcogel, thereby producing a foam (Wu et al. 2011). In the freeze-
thaw method, a xerogel was produced with the addition of mercaptosuccinic acid (MSA).
The addition of the MSA during gelatinization of the starch allows for the insertion of the
MSA into the starch chains (Bao ef al. 2016). Enzyme hydrolysis produced porous starch
that was partially hydrolyzed by a—amylase and amyloglucosidase to modify the granule

structural integrity and surface characteristics (Guo et al., 2013, Whistler et al., 201 2).
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The characteristic chemical bonds and functional groups that influence the structural
organization of the native starch (NS) and porous starch samples, were identified using
Fourier-Transform Infrared spectroscopy (Figure 3.1). The solvent-exchange (SE) and
enzyme hydrolysis (EH) bands were not significantly different from the NS band. The
absorption peaks at the O-H stretch for NS, SE and EH were between 3276.33 and
3265.15 cm', whilst the porous starch produced using the freeze-thaw (FT) method did
not have a peak present. These wide peaks are characteristic of vibration stretching of
hydroxyl groups showing weak intramolecular alcohol bonds. The reduced intensities of
the porous starches compared to the intensities of NS, indicates the formation of pores
which decreased the density of the granule. Absorption peaks between 2907.32 and

2925.96 cm'! are indicative of C-H stretching and medium strength alkane bonds.

The peak at 1 684.74 cm™' on the FT band represent strong, conjugated ketone bonds at
C=0O stretching, whilst the peaks at 1 636.30 and 1 643.76 cm™' of SE, EH and NS spectra
represents strong, alkene bonds at C=C stretching (Diblan et al., 2018). All starches had
bands at 1 077.20 and 991.47 cm! which is characteristic of strong C-O stretching, C=C
bending. The FT band had a peak at 767.83 cm' showing strong, tri-substituted C-H
bending. The similarity amongst the vibration bands of the porous starches are indicative
of similar chemical structures, although the change in intensities show the presence of holes
(Ghavimi et al., 2015). The porous starch produced by FT has a band significantly different
from native starch which may be attributed to the presence of mercaptosuccinic acid (Bao

et al. 2016).
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Figure 3.1: FTIR spectra of porous and native starch samples from Lablab purpureus.

The crystalline patterns and arrangement of the starch granule structure is determined
using x-ray diffraction (Figure 3.2). The diffractograms of NS and the porous starch
samples have three distinct peaks around (20) values 15°, 17°, 18° and 22°. Peaks at
these angles are characteristic of both A- and B-type crystalline patterns which indicates
a C-type crystalline pattern typically found in legumes (Chen, 2021, Bajaj et al., 2018).
The SE and EH porous starch samples are very similar to the diffractogram of NS with only
slightly lower intensities after 30°. FT had almost no similarities to NS with a low intensity
which may be due to a very weak crystalline region and highly hydrolysed starch, through

treatment by mercaptosuccinic acid (Bao et al. 2016).
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Figure 3.2: XRD patterns for porous and native starch samples from Lablab purpureus.

[NS: native starch; EH: enzyme hydrolysis; SE: solvent-exchange; FT: freeze-thaw]

Table 3.1: Enthalpies from phase changes for Lablab purpureus porous starch samples

(dwb)

Sample T. (°C) Tp (°C) AH (J/g) T (°C) ATgel (°C)
NS 93.00+13.78¢  102.66+0.45¢  102.36+4.81a  103.691+3.2éa  12.05+15.12a
SE 105.33+6.00°  113.08+0.38°  111.12+4.90°  112.86+0.84 7.53%5.16°
EH 97.1510.500 108.58+1.31¢  112.24+0.37¢  101.95+2.31¢ 4.80+1.82¢
FT 106.10+£1.73a  105.09+£0.39a  103.35+4.29a  108.84%1.63¢ 2.74+0.10a

All data is expressed as meantstandard deviation (n= 3). Values with different superscript letters are

significantly different (p<0.05). [NS: native starch; EH: enzyme hydrolysis; SE: solvent-exchange; FT:

freeze-thaw; AH: enthalpy of gelatinisation; ATgei: gelatinisation temperature range (Tc = To); To: onset

temperature; Tp: peak temperature; Te: conclusion temperature]

The gelatinization properties of NS and porous starch are represented in Table 3.1 and

were evaluated using Differential Scanning Calorimetry (DSC). The transition (To, Tp, Tc)

temperatures of the porous starch samples (97.15-112.86°C) are higher than that of NS

(93.00-103.69°C) but not significantly different. During gelatinization, the double helix

crystalline nature of starch is unwound, and it becomes amorphous due to the loss of the

maltese cross. The enthalpy of gelatinisation (AH) of the porous starches (103.35-

112.24°C) are higher than the enthalpy of NS (102.36°C).
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This may be due to the increase in temperature breaking the double helix structure and
hydrogen bonds, therefore, more energy is required (Lacerda et al., 2018, Zhao et dl,,
2018). The gelatinisation temperature range (ATgel) was the highest for NS showing its
heterogeneity in its granule crystalline regions (Acevedo et al.,, 2019). The pasting
properties of the native and porous starches are shown in Figure 3.3 and was determined
by the heating-cooling cycle using a rapid visco-analyser. The peak viscosities of SE (2
392.00 RVU) and EH (2 508.00 RVU) was higher than the peak viscosity of NS (1 896.00
RVU) whilst the peak viscosity of FT was 168.00 RVU. This may be due to the presence of
pores which increase the shear force when heated since the disrupted starch granules are
more susceptible to breakage (Chen et al., 2020). The FT sample did not form a paste.
This may be due to the presence of the mercaptosuccinic acid. The setback was the highest
for EH at 12 530.00 RVU, followed by SE at 876.00 RVU and then NS at 727.00 RVU

while FT had a setback value of 13.
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Figure 3.3: Pasting properties of porous and native starch samples from Lablab purpureus. [NS:

native starch; EH: enzyme hydrolysis; SE: solvent-exchange; FT: freeze-thaw]

The setback values (the area between the peak and final viscosity) show the ability of the
fractional amylose chains reforming a helical structure. The amylose chains of the porous
starch samples (SE and EH) had higher retrogradation abilities than NS. The granule size
may have an influence on the pasting properties and the difference in the pasting curves
may be due to the method of production of the porous starch (Bajaj et al., 2018). Similar
curves were produced in a study by Dura et al. (2014) when porous starch was produced

using a-amylase and amyloglucosidase under various pH conditions (pH 4-6).
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3.3.2. Physicochemical properties

The amylose content and amylopectin branch chains influence the amorphous and
crystalline natures of starch (Lacerda et al.,, 2018). The amylose content also influences
various characteristics of starch such as: maintaining the granule integrity, reducing the
swelling power and solubility of starch and preventing gelatinization (Chen et al., 2019).
The amylose content was determined using the equation obtained from the standard curve.
The amylose content of the porous starch samples (0.00-19.43%) were lower than the
amylose content of the NS (20.68%). The FT sample was significantly different from NS,
EH and SE (Table 3.2).

This indicates that the amylose was preferentially hydrolysed by each treatment. The type
and combination of enzymes greatly influence the level of amylose hydrolysis and the
combined use of a-amylase and amyloglucosidase may have resulted in the hydrolysis of

the amorphous and crystalline regions of the starches (Benavent-Gil and Rosell, 2017 a).

As seen in Table 3.2, the amylose content of NS (20.68) coincided with the results reported
for various legumes 20-23% (Chavez-Murillo et al., 2018) and was higher than the
amylose content of native pea starch (13.12-16.34%) (Gao et al., 2022). Total starch of
all the samples were significantly different. Solvent-exchange (77.03%) and EH (76.09%)
had higher starch levels than NS (72.42%), whilst FT (40.60%) had lower starch levels
than NS. The resistant starches were significantly different with SE (11.42%) having a
lower percentage of resistant starch than NS (16.71%), whilst EH and FT did not have any
resistant starch. The SDS (47.26-127.16%) and RDS (8.46-13.23%) values of SE, EH and
NS were significantly different, whilst FT was completely hydrolysed at initial introduction
of the enzymes used for in vitro starch digestibility (Figure 3.4). The method used to
produce the porous starch, number and size of the pores in porous starches may be

influential in the digestibility of the starch (Benavent-Gil and Rosell, 2017b)
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Table 3.2: Amylose content and in vitro starch properties of porous starch samples for Lablab

purpureus
Sample A'“Y'°(s(;° )°°"'e"' TS (%) RS (%) SDS (%) RDS (%)
NS 20.68+4.390  72.4210.040 1671+1.460 47.26+070°  8.460.70¢
SE 19.43+3.465  77.03+0.016 11.42+0.00> 52.68+0.00> 12.92+0.00b
EH 15.48£3.40a  76.09£0.01c 0.00£0.00< 127.16+0.00< 13.23+0.00b<
FT 0.00+0.006  40.6010.04¢ 0.00+0.00¢  0.00£0.00¢  0.00%0.00¢

All data is expressed as meantstandard deviation (n= 3). Values with different superscript letters are
significantly different (p<0.05). [NS: native starch; EH: enzyme hydrolysis; SE: solvent-exchange; FT:
freeze-thaw; TS: total starch; RS: Resistant Starch; SDS: Slowly Digestible Starch; RDS: Rapidly Digestible
Starch]

140- -+ NS
- ] -= SE
§ 120 g
-] 100+
2 = FT
8 80+
e
= 604
=
B 40
v

204

0 Y

20 60 100 120 180

[«F

Time (minutes)

Figure 3.4: In vitro starch digestion of porous and native starch samples from Lablab purpureus.

[NS: native starch; EH: enzyme hydrolysis; SE: solvent-exchange; FT: freeze-thaw]

The WAC and OAC were determined by the amount of water/oil adsorbed (Table 3.3).
The water adsorption capacity of the porous starches (5.42-6.20g/g) were not
significantly different from NS (5.75 g/g) whereas the oil adsorption capacity of the
porous starches (4.06-4.63 g/g) was significantly different from NS (3.53 g/g). It had
been shown that potato porous starch modified with mercaptosuccinic acid was successful
in removing Gardenia Yellow, but was expensive to produce due to the cost of
mercaptosuccinic acid (Bao et al. 2016). Enzyme hydrolysis had the highest WAC and FT
had the highest OAC. The adsorption capacities of the NS and porous starch samples
(3.53-6.20 mg/g) were higher than those reported for wheat (0.65-1.10 mg/g), rice
(0.92-1.16 mg/g), potato (0.48-1.20 mg/g) and cassava (0.63-1.13 mg/g) starch
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(Benavent-Gil and Rosell, 2017 a). The higher WAC suggests that hyacinth bean starch has
a more hydrophilic than lipophilic nature (Chen et al. 2019). The PAC was not significantly
different for EH (15.45 mg/g) and NS (15.50 mg/g) whilst SE (16.35 mg/g) had the
highest PAC. The results for the hyacinth bean porous starch and NS (13.85-16.35 mg/g)
was higher than adsorption capacities for methylene blue of native corn starch (3.11
mg,/g) and cross-linked porous corn starch (7.26 mg/g) as well as porous starch obtained

by SE (0.43-0.58 mg/g) (Guo et al. 2013; Oliyaei et al. 2020).

The swelling powers for EH and SE (9.16 %, 9.25 %) were not significantly different from
NS (9.76 %) whilst FT was significantly different (3.47 %). The solubility of the EH and SE
(3.22%, 4.08%) samples were higher than that of NS (2.44 %) but FT (42.92%) was
significantly higher. Amaranthus cruentus had lower swelling and solubility properties
(0.00-7.26%) than results from Lablab purpureus shown (Ramsookmohan et al. 2020).
Similar swelling powers were reported by Zhang et al. (2019) at 80°C for Red adzuki
(6.87%) and Baiyue (6.84 %) legumes, whilst the solubility’s were 9.50% and 7.33%,
respectively. The swelling power and solubility may have been influenced by various
properties such as amylose content, particle size distribution, surface area, water
adsorption capacity and crystallinity (Rengadu et al. 2020). The low gelatinization and
retrogradation properties shown in the DSC results of FT reflects in its low swelling power
and high solubility results. The high swelling powers of the starches may also be related to

the hydrophilic nature of hyacinth bean (Naiker et al. 2020).

Table 3.3: Physicochemical characteristics of native and porous starch samples for Lablab

purpureus

Sample WAC (g/9) OAC (g/9) PAC (mg/g) SP (%) Solubility (%)
NS 5.75%0.20¢ 3.53+0.22¢«  15.50%0.32¢  9.76+0.43¢ 2.44+0.47¢
EH 6.2010.28¢ 4.3110.14>  15.45+0.13«¢  9.25+0.13« 3.22+0.33¢
SE 5.4210.42¢  4.06%£0.06<  16.35+£0.11p  9.16%0.19¢ 4.08%0.31¢
FT 5.58+0.41¢ 4.63+0.42bc  13.85+0.06c  3.47+0.11>  42.92+1.70b

All data is expressed as meantstandard deviation (n= 3). Values with different superscript letters are
significantly different (p<0.05). [NS: native starch; EH: enzyme hydrolysis; SE: solvent-exchange; FT:
freeze-thaw; WAC: water adsorption capacity; OAC: oil adsorption capacity; PAC: pigment adsorption
capacity; SP: swelling power]
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3.4. Conclusion

The production method used to prepare porous starch greatly influences its structural and
physicochemical properties. The structural and chemical natures of the porous starch
samples produced, using SE and EH, were similar to that of NS, whilst the addition of MSA
in the freeze-thaw method had greatly influenced its characteristics. The gelatinization
property (DSC) of FT was lower than the SE and EH, therefore it would be useful for
absorption of dyes due to its high solubility. Solvent-exchange and EH had more
favourable results such as increased adsorption properties, swelling powers, pasting, and
gelatinization properties, showing that they may be useful in carriers in delivery systems
and increasing the adsorption of poorly soluble drugs. Further research on different
preparation techniques, of developing porous starch with specific properties, is essential

for its industrial commercialization.
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Chapter 4: Anti-cancer potential of silver nanoparticles embedded in

porous starch

Abstract

Using porous starch created by solvent exchange, silver nanoparticles were successfully
created. They were then examined for in vitro cytotoxicity activity in CACO, MCF-7, and
HELA cancer cells as well as C2C12 healthy cells. According to the features, porous starch
contributed to the effective reduction and stability of the nanoparticles. The particle size
distribution exhibited peaks at 18 769 and 16 226 nm, the zeta potential was -34.1 mV,
the UV-vis spectra had a peak at 425 nm, the FTIR showed intensity bands at hydroxyl
stretching, and the TEM indicated spherical nanoparticles. The nanoparticles demonstrated
less cytotoxicity in the CACO and HELA cell lines, but more inhibition in the MCF-7 cell line
than camptothecin. The overall cell viability for the C2C12 cell line was favourable for
silver nanoparticles. Further research is required for optimizing the potential of the silver

nanoparticles embedded in porous starch.

Keywords

Silver nanoparticles, cytotoxicity, porous starch
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4.1. Introduction
Nanoscience has been significantly growing in application recently due to its range of
metal-nanoparticles and the versatility of use within the food sector. Nanoparticles are
particles that are 1-100 nm in size with silver nanoparticles most commonly used due to
their unique physicochemical properties present. Nanoparticles are popular in many
applications due to associated morphological properties, distribution, structure, size, and
surface area. Currently chemistry, medicine, energy and electronics are the most common
fields making use of metal nanoparticles on a global scale (Huy et al.,, 2020, Abdulsahib,
2021). With an emphasis on biomedicine for therapy against breast, stomach, and colon
cancer, cytotoxicity, and in vivo and in vitro research of anti-inflammatory drug catalysts,
silver nanoparticles have been employed in surgical tools, water treatments, electronics,
bio-sensing, and other applications. Silver nanoparticles are regarded as non-toxic and
eco-friendly in relatively low quantities and shows promise in developing efficient

anticancer therapies (Abdulsahib 2021).

There are many techniques used to produce silver nanoparticles including, physical
biological and chemical methods. However, chemical and physical techniques are
expensive, complicated and toxic (Rajeshkumar and Bharath 2017). Biological methods
make use of polysaccharides, microorganisms, and plant extracts as reducing agents,
commonly referred to as green chemistry and considered to be eco-friendly (Yaqoob et
al.,, 2020, Lomeli-Marroquin et al., 2019). In biological-mediated production of silver
nanoparticles, the biomolecules cause the bio-reduction of silver cations in order to convert
them into silver nanoparticles. The biomolecules also become attached to the silver
nanoparticles surfaces thereby acting as stabilizing and capping agents (Barabadi et al.

2019).

Cancer is a collection of illnesses that metabolically and pathologically affect cells. It
develops by a variety of processes, including metastasis, angiogenesis, and cell
proliferation. Current cancer therapies have adverse side effects and affect normal cell
functions in excessive exposure to drugs and radiation with silver nanoparticles evaluated
for their use to improve the drug delivery and efficacy of chemotherapeutic drugs (Abdel-

Fattah and Ali, 2018).
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Green nanotechnology is eco-friendly, affordable and able to reduce metal ions and
stabilize nanomaterials produced (Lomeli-Marroquin et al. 2019). Starch is made of
amylopectin (70-80%) and amylose (20-30%) with the Hyacinth bean made up of mostly
starch (48.66-51.02%). Porous starch is classified as modified starch granules having
minute pores (X 1Jm) varying in size and depth (Sujka et al. 2018, Zhang et al. 2012).
There are various methods to synthesise porous starch using biological, physical and
chemical means with solvent-exchange involving the dehydration of water on the starch
granule surface using ethanol. Due to the greater surface area of starch granules, the more
hydroxyl groups present result in more reactive sites to produce more pores (Han et al,,

2020).

Functions of porous starches include improved adsorption and dissolution of poorly soluble
drugs, as well as the ability to serve as carriers of various biological materials. The
dissolution and bioavailability of paclitaxel (an anti-cancer drug) loaded into porous
starch in the form of nanoparticles were compared to raw paclitaxel and paclitaxel
loaded into porous starch in a study conducted by Wang et al. (2019). The nanoparticles
loaded into the porous starch increased paclitaxel dissolution and bioavailability, implying
a more effective mode of action for the anti-cancer medication. Therefore, in this study,
porous starch prepared by solvent-exchange was used as a stabilizing and capping agent
to synthesize silver nanoparticles, which were then characterized and tested for its
potential as an eco-friendly, affordable method to synthesize a nutraceutical-based

therapeutic delivery system against cancer.

4.2. Materials and methods

4.2.1. Native starch preparation
Lablab purpureus seeds were soaked overnight in NaOH, dehulled and dried. Seeds were
then ground, sieved (180 JUm) and the subsequent flour defatted and dried in a laminar
flow. The powder was then diluted at 1:10 w/v in 0.025 mol/L Na2SO3. The composite
was left at room temperature for approximately 1 hour before centrifugation (5 000 X g
for 15 min), washing with ethanol and deionised water before freeze-drying (Mohan and

Mellem, 2022)
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4.2.2. Porous starch preparation
The method by Mohan and Mellem (2022) using a solvent-exchange technique was used
for producing porous starch. In brief, 30 min were spent boiling 8% w/v of starch in
distilled water while stirring. The starch slurry was placed into centrifuge tubes once it had
cooled, kept at 5°C for an overnight storage period, and then frozen at -10°C. After
being submerged in 95% ethanol for 24 h, the frozen starch had the ethanol evaporated

using a rotary evaporator, thereafter it was freeze-dried.

4.2.3. Synthesis of silver nanoparticles (AgNPs)
With a few minor adjustments, the Lomeli-Marroquin et al. (2019) approach was used to
create the silver nanoparticles. In brief, 1% w/v starch was agitated in boiling water for
30 min. Thereafter, the pH of the supernatant was adjusted to 11. After cooling, the
solution was then centrifuged for 10 min at 10 000 X g. The starch solution was then mixed
for 2 h at 70°C with 25 mM silver nitrate added in a 2:1 ratio. After the solution became
dark brown, it was then centrifuged for 15 min at 10 000 X g and the pellet was utilised

in the analysis.

4.2.4. Characterization of the silver nanoparticles

UV-visible spectroscopy
The nanoparticles were dissolved in distilled water (1:5 w/v), filtered through a Millipore

filter (0.2 JM) then scanned in the range of 200-900 nm using a Caryé0 spectrometer.

Zeta potential and size distribution
The particle size distribution and zeta potential were determined using a Litesizer 500
(Anton Paar) after samples were dissolved in distilled water (1:5 w/v) and filtered through

a Millipore filter (0.2 UM).

Fourier-transform infrared spectroscopy (FTIR)
The chemical structure of nanoparticles were determined using an FTIR spectrophotometer
(Cary 630, Agilent, CA, USA) with a spectrum range of 650-4 000 cm~'. The

spectrophotometer conducted 32 scans.
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Transmission electron microscopy (TEM)
A Leica EM UC 7 microtome was used to section silver nanoparticles, and images from a

Jeol 1010 TEM microscope were taken while the sections were cut.

4.2.5. Cytotoxicity
Cells were cultured at 37°C in a humidified incubator with 5% CO2 using DMEM
supplemented with 10% foetal calf serum and antibiotics (penicillin: 10000 U/mL,
streptomycin sulphate: 10 000 U/mL). The medium of culture was changed every 2 d. Cells
were trypsinized and subcultured after confluency. According to the method of Sipahli et
al. (2020), cytotoxicity was assessed using the 3-(4,5 dimethylthiazol2-yl)-2,5-
diphenyltetrazolium bromide (MTT) test. The cells were seeded (1x102 cells/mL) in a 96-
well flat bottom plate and incubated for 24 h at 37°C (5% CO2). After that, cells were
exposed to 50 UL of a sample diluted to 5% DMSO (1 000-7.81 pg/mL) and incubated
for 24 h. For the MTT assay, the positive control used was camptothecin, with untreated
cells serving as the negative control. Cells were treated with a 20 YL aliquot of MTT
solution (5 mg/mL) made in PBS, which was then incubated for 4 h at 37°C before 100 L
of DMSO was added. Using a microplate spectrophotometer (Multiscan Go, Thermo
Scientific), the sample absorbance was then measured at 570 nm, and the % viability was

calculated as follows:

Absorbance of treated cells

Cell viability [%] = X 100 ceiiiiiiiiiiiiiiiiniaene, [

Absorbance of untreated cells

4.2.6. Statistical analysis
Two-way analysis of variance (ANOVA) and Bonferroni's post hoc test were used to assess
statistical differences in cell viability assays that were performed in triplicate. GraphPad
Prism version 5.01 for Windows (GraphPad Software, San Diego, California, USA) was

used to conduct the statistical analyses.

4.3. Results and discussion
Results obtained from this study have shown leguminous starch from Hyacinth bean to
produce stable nanoparticles embedded in porous starch. Upon heating of the 1% porous
starch solution to 70°C, 25 mM silver nitrate was added and the colour of the solution

turned from clear to dark brown after 120 min under constant aggression.
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The colour change obtained was in accordance with the excitation effect of surface plasmin
resonance (Gomathi et al., 2020, Satapathy et al., 2013, Singh et al., 2018). Starch has
proven to have reducing properties, which are related to the presence of glucose units that
form when starch is hydrolysed at high temperatures, and the ability of the glucose to
oxidize into carboxylic acid, which results in the reduction of metallic ions to metal

nanoparticles (Ortega-Arroyo et al., 2013).

The hydroxyl groups present in starch, stabilize the silver nanoparticles through inter- and
intramolecular hydrogen bonds which shows capping abilities (Lomeli-Marroquin et al.
2019). The UV-vis results revealed a peak at 425 nm (Figure 4.1) which correlates with
the formation of silver nanoparticles (Abdulsahib 2021). However, these findings were
higher than usually reported (420nm) but within the range (400-450 nm) of the typical
surface plasmon resonance (SPR) of silver nanoparticles (Azizi et al.,, 2017 a, Azizi et al.,,
2017b, Singh et al., 2018). The peak at 425 nm was similar to those reported by Algotiml
et al. (2022) which had peaks between 409-424 nm for the AgNPs. The peak is indicative
of the reduction of silver ions to metallic silver nanoparticles and is formed due to the
excitation of the free electrons in the AgNPs when absorbing visible light (Sarwer et al.,,
2022, Suganthi et al., 2019). The single peak shows that the AgNPs are spherical in shape
and the broadness of the peak is indicative of the formation of poly dispersed AgNPs by

using porous starch (Gomathi et al. 2020).
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Figure 4.1: UV-vis spectra of silver nanoparticles (AgNP), porous starch (PS) and 25 mM silver
nitrate (AgNO3).
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The TEM images (Figure 4.2) revealed the shape and size of the AgNPs, such as the
spherical and sub-rounded shape as well as the dark spots (indicated with red arrows)
inside which shows the porous starch encapsulating the silver nanoparticle. The AGNPs were
found to be approximately 50 nm in size with similar images reported by Singh et al.
(2018) who produced silver nanoparticles using extracts from plants as well as Algotiml et
al. (2022) who produced silver nanoparticles from Red sea marine algae which reported

spherical, grey and dark points in stabilized AgNPs.

Figure 4.2: TEM images of silver nanoparticles.

The mean zeta-potential (Figure 4.3A) was -34.110.8 mV and the particle size distribution
(Figure 4.3B) revealed two mean particle size diameter peaks at 187169 and 16.2+2.6
nm. The zeta-potential determines the degree of electrostatic repulsion between particles
that are similarly charged and next to each other in a solution (Azizi et al. 2017a). AgNPs
are stable, twisted with anionic organic phases, and responsible for electrostatic
stabilisation, according to the zeta-potential data (Azizi et al. 2017b). The zeta-potential
was within the range that is typical of nanoparticles which is from +100 to -100 mV and
is higher than the minimum of £30 mV (Rajeshkumar and Bharath 2017).
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Figure 4.3: Zeta-potential distribution of silver nanoparticles [A] and particle size distribution of

silver nanoparticles [B].
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The FTIR spectra of the porous starch (PS), silver nanoparticles (AgNP) and 25 mM silver
nitrate (AgNO3) all show a broad band at 3280 ecm! which is typical of the stretching of
hydroxyl groups (Figure 4.4). The band around 2900 cm! in PS is due to the C-H bond
stretching and the band at 1600 cm™! in all spectra represents strong alkene bonds at

C=C stretching (Algotiml et al., 2022, Lomeli-Marroquin et al., 2019, Singh et al., 2018).
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Figure 4.4: FTIR spectra of silver nanoparticles (AgNP), porous starch (PS) and 25 mM silver
nitrate (AgNO3).

The MTT assay was used to determine whether the porous starch (PS), 25 mM silver nitrate
(AgNO3), and the silver nanoparticles embedded in porous starch (AgNP) were able to
limit the proliferation of cancerous cell lines CACO, MCF-7 and HELA (Figure 4.5). The
cytotoxicity activity on cell growth was investigated at different concentrations (7.81-
1000 pg/mL). The percentage viability was found to decrease for all compounds as the

concentration increased, showing cytotoxicity to be dose-dependent (Liao ef al., 2019).

The IC50 values for the silver nanoparticles were 170.60; 38.31; 98.56 and 189.70
Mg/mL for CACO, MCF-7, HELA and C2C1 2 cell lines, respectively. The silver nanoparticles
showed minimal cytotoxic potential in all the cell lines. The low cytotoxicity activity of the
silver nanoparticles may be dependent on various factors related to the variation of their
size, concentration, shape, coatings, agglomeration, surface charges, etc. (Akter et al.
2018). Since the AgNPs had the highest overall cell viability in the muscular cell line
(C2C12) this shows that the silver nanoparticles may have target specific behaviour and

non-toxic nature in the presence of healthy cells (Azizi et al., 2017b, Cai et al., 2022).
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The IC50 of the silver nanoparticles for the breast cancer cell line (MCF-7) was lower than
the IC50 of camptothecin (45.76 pug/mL), thus showing greater cytotoxicity in the silver

nanoparticles as compared to the chemo-preventative agent (Sipahli et al., 2020).

The conditions in which the experiments were conducted may have contributed to the results
shown. In a study investigating the doxorubicin-loaded carboxymethyl cellulose /starch/
ZnO nanocomposite hydrogel beads as an anticancer drug carrier agent, it was observed
that the percentage cell viability decreased as the concentration increased which
confirmed cytotoxicity (Gholamali and Yadollahi, 2020). Silver nanoparticles
biosynthesized using a fruit shell had cytotoxicity against MCF-7 cell lines with the
inhibitory concentration being 20 ug/mL (Gomathi et al., 2020).
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Figure 4.5: Cytotoxic potential of porous starch (PS), 25 mM silver nitrate (AgNO3), silver
nanoparticles (AgNP) and Camptothecin on HELA [A], CACO [B], C2C12 and MCF-7 [D] cells.
Values with different letters are significantly different (p < 0.05) [n=3].
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4.4. Conclusions
Based on the colour change, UV-Vis, and FTIR data, which also showed that the fabrication
of the silver nanoparticles embedded in porous starch was effective, it was determined
that the nanoparticles were stable. Porous starch may offer an effective, inexpensive, and
environmentally acceptable way to create silver nanoparticles because chemical and
physical processes are laborious, costly, and difficult. For CACO and HELA cancer cells,
the silver nanoparticles displayed minimal cytotoxicity. This may be because of the
concentration; possibly increasing the dosage might boost the cytotoxicity. Since the IC50
of the silver nanoparticles (38.31 g/mL) was lower than that of camptothecin (45.76
g/mlL), the silver nanoparticles embedded in porous starch demonstrated cytotoxic
potential in MCF-7 cells. Further research with in vitro apoptotic studies and key cancer
enzymes are required to determine the anticancer activity and mechanism of action of the

silver nanoparticles to improve their selectivity.
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Chapter 5: General Discussion

Cancer is the second leading cause of death and a serious public health issue. Cancer
detection and treatments were significantly delayed in 2020 as a result of the COVID-19
pandemic, which led to forecasts for 2023 of 1 958 310 additional cancer cases and 609
820 cancer deaths (Siegel et al., 2023, Siegel et al., 2019). The efficacy and the adverse
effects of current treatments on patients had lead the increase in urgency for an effective,

safe and affordable treatment for cancer (Abrahamse et al., 2017, Adu et al., 2023).

Due to their qualities, AQNPs are becoming more common and are employed in various
sectors. To satisfy their needs, AgNPs have been created using a variety of techniques.
Since biological methods have emerged as the most dependable, simple, effective, safe,
and environmentally friendly method to synthesize silver nanoparticles with a definite
morphology and size, the use of green chemistry to produce silver nanoparticles has
enormous potential (Mahmud et al., 2023). They also have antimicrobial, antibacterial,
and anticancer abilities, however there is a risk of aggregation of silver ions from
nanoparticles in the body, ultimately creating a poisonous environment. Therefore, to
create stable silver nanoparticles, an adequate biopolymer is required as a capping

agent (Arpan et al., 2019, Restrepo and Villa, 2021).

The biopolymer starch has been mostly used as a reducing agent due to the Cé positions
of the glucose unit providing hydroxyl groups to interact with silver ions and prevent
aggregation (Restrepo and Villa, 2021). Starch has the highest content of carbohydrate
in legume seeds (22-45%) (Ashogbon et al., 2021). Lablab purpureus is a highly utilized
crop that is unpopular providing a high source of starch (48.66-51.02%) and proteins
(27.35-29.47%) and it is a drought-tolerant crop with some cultivars growing year-round

(Maass et al., 2010, Naiker et al., 2020).

Although native starch has various useful properties, there are limitations to its abilities,
therefore modifications to include pores to improve properties are needed (Mohan and
Mellem, 2022). Porous biopolymers such as starch have improved properties such as high
surface area and porosity, low density, biodegradability, biocompatibility, increased

bioavailability amongst others (Ubeyitogullari et al., 2022).
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The first research chapter (Chapter 3) involved the investigation of different isolation
techniques and their impact on the structural and physicochemical characteristics of porous
starches from hyacinth bean and how they improved the properties of the native starch.
The different methods were, firstly, solvent-exchange which involved the displacement of
water from the starch gel with ethanol, creating a foam which thereby makes the starch
porous. The second method was the freeze-thaw method, with the addition of
mercaptosuccinic acid, a xerogel was produced. Lastly, the enzyme hydrolysis used a-

amylase and amyloglucosidase to modify the starch granule integrity.

The characteristics of the native starch (NS), porous starches by solvent-exchange (SE);
freeze-thaw (FT) and enzyme hydrolysis (EH) were observed using Fourier-transform
infrared spectroscopy (FTIR), x-ray diffraction (XRD), differential scanning colorimetry
(DSQ), total starch determination and in vitro starch digestibility, amylose content, swelling

power and solubility, pasting, and adsorption properties.

The structural characteristics of the SE and EH porous starches were similar to that of the
native starch, with porous starch prepared by FT significantly different than NS in FTIR,
XRD and pasting properties. This is most likely due to the presence of the mercaptosuccinic
acid (Bao et al., 2016). The FTIR spectra of the SE and EH showed the change in intensities
revealing the presence of pores. The physicochemical characteristics of the porous starches
had different trends. The total starches of SE and EH was higher than the NS. Resistant
starch was present only in porous starch produced from SE with it being lower than NS.
This may be due to the presence of pores on EH and FT causing the complete hydrolysis
of the resistant starch. The starch digestibility is related to the amylose content and resistant
starch, which controls the swelling capacity of the starch granules. The swelling capacity is
dependent on the inter-molecular and intra-molecular bonds present in the starch chains

(Bangar et al., 2022).

The method utilized to create porous starch had a significant impact on both its
physicochemical and structural characteristics. The porous starch samples made with SE and
EH had many of the same structural and chemical properties as NS, however the addition
of MSA to the freeze-thaw process significantly changed its properties. Given that FT has
a greater solubility and a lower gelatinization property (DSC) than SE and EH, it would

be advantageous for dye absorption.
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Solvent-exchange and EH produced more positive findings, including improved adsorption,
swelling, pasting, and gelatinization abilities, indicating that they have potential in being
effective carriers in delivery systems and enhancing the adsorption of poorly soluble

pharmaceuticals.

The physicochemical and structural characteristics, especially the presence of resistant
starch, as well as the simplicity of the method to produce porous starch using solvent-
exchange, strongly influenced the decision of using it as a reducing and capping agent in

the synthesis of silver nanoparticles.

In the second research study, silver nanoparticles were produced using porous starch
prepared by solvent-exchange and then characterised and tested for its cytotoxicity
potential against colon cancer (CACO), breast cancer (MCF-7), cervical cancer (HELA) and
muscle (C2C12) cell lines. The study aimed to determine the potential of silver
nanoparticles embedded in porous starch (AgNP) as a therapeutic delivery system against

cancer.

It was observed that the AgNP had a low inhibition concentration (ICs0) and high cell
proliferation for the CACO and HELA cell lines. This may be due to the dosages, or
problems during the growth of the cells. The AgNP had a lower ICso for MCF-7 cancer cell
line than that of Camptothecin. This showed promise as an anticancer treatment against
breast cancer. Similarly, Khan et al. (2021) reported AgNPs, biosynthesized by using plant
extract (Heliotropium bacciferum), having anticancer potential for MCF-7 and HCT-116
(colorectal) cancer cell lines. The study also revealed that the rise in production of ROS
caused the cell death when treated with AgNPs. These results were also supported through
a study by Valera-Zaragoza et al. (2020) who showed starch/AgNPs-3 composite to
exhibit cytotoxic activity against MCF-7 cancer cells with minor deterioration to the healthy

cells.
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Chapter 6: Conclusion and recommendations

The research conducted represents the potential of porous starch from Lablab purpureus to
synthesize, encapsulate and enhance the properties of silver nanoparticles for a
therapeutic agent against cancer. Further research is required to understand and optimize
the functionalities discovered in the silver nanoparticles embedded in porous starch study

such as:

1. The porous starches have potential in use as carriers as well as biosynthesizing
silver nanoparticles. Legume porous starches provide a reliable source of
biopolymers that could be used to enhance adsorption abilities of compounds.

2. The silver nanoparticles cytotoxic abilities against breast cancer cells whilst leaving
the normal cells unharmed and further apoptotic studies focussing on the in vitro

and in vivo anti-cancer activity is recommended.
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