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ABSTRACT

Cellulose fiber-reinforced composite scaffolds have recently become an interesting target for
Biomedical Engineers and Biomaterials Researchers for Tissue Engineering (TE) applications.
This has led to the exploration of cellulose from diverse sources such as tunicates, bacteria and
especially from plants. Cassava bagasse, which is a fibrous solid residue obtained after the
extraction of cassava and soluble sugars, has recently been explored as a potential source of
cellulose, and has been successfully used to enhance the mechanical properties of gelatin
scaffold for TE purposes. However, there is lack of knowledge on the biocompatibility of this
fabricated scaffold, limiting its potential to be considered at the research level as a biomaterial
for TE purposes. This study provided knowledge on the cytotoxicity of the scaffold by using
HEK 293 and MDA MB 231 cell lines. The tests performed were according to ISO standards
for checking in vitro cytotoxicity of medical devices- extraction and direct contact tests.
Scaffold prepared with gelatin only, and cells cultured on well plates with no scaffold were
used as the controls. Extracts obtained from the samples were exposed to the cells and analyzed
after 24 h and 48 h of incubation, using optical and fluorescence microscopy. Additionally,
cells were seeded directly on the samples and analyzed after day 1, 3 and 5 using tetrazolium-
based colorimetric assay. Results obtained for HEK 293 cells demonstrated enhanced cell
viability and little/no changes in cell morphology. However, there was a decline in cell viability
and changes in cell morphology for MDA MB 231 cells. These results suggest that the presence
of the fiber in gelatin is not cytotoxic to HEK 293 cells and can be considered for TE purposes
when using normal cells. On the contrary, the presence of the fiber in gelatin is cytotoxic to
MDA MB 231 cells and may not be considered for TE purposes such as 3D tumor cell studies
that require the growth of cancer cells. However, further studies are required to explore the

use of the cassava bagasse for its anti-cancer cell properties as demonstrated in this study.
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CHAPTER 1

INTRODUCTION

Accidents, injuries, and some peculiar diseases result in large tissue loss. Previously, the health
sector relied solely on tissue transplants in such cases (Chandra et al., 2020; Shafiee & Atala,
2017). However, this conventional way of restoring lost tissues is adding to the death toll of
victims of these unfortunate circumstances due to factors such as mismatch in donor patient
numbers (Furth & Atala, 2014). To help address this problem, the emergence of a
multidisciplinary field that applies engineering and life sciences principles to produce
biological substitutes that restore, sustain or enhance tissue function has been in existence for
some time now; Tissue Engineering (Mallick & Cox, 2013; O’Brien, 2011). Subsequently,
over 4.5 million reconstructive surgical procedures are performed annually worldwide,
improving the lives of patients who would have otherwise become incapacitated or died
(Belleghem et al., 2020; Guerado & Caso, 2017; Sarkar et al., 2013).

The widely accepted framework used in this field of engineering to conceptualize what
constitutes “biological substitutes™ is the Tissue Engineering Triad, which is made up of cells,
biomaterials for scaffolds and exogenous bioactive factors. In general, the Tissue Engineering
(TE) approach involves at least two of the three constituents of the triad depending on the type
of tissue loss (Dzobo et al., 2018; Sharma et al., 2019). However, most approaches require the
use of scaffolds to regenerate or create new tissues due to damaged extracellular matrix (ECM)
(Hosseinkhani et al., 2014; Sidhu, 2020; Zhao et al., 2018).

The ECM, which is nature’s scaffold, is a complex network of structural and fibrous proteins,
glycosaminoglycans and proteoglycans, responsible for regulating cell migration,
communication, proliferation, differentiation, adhesion, and signaling (Frantz et al., 2010;
Theocharis et al., 2016). Without the ECM, cells would not be able to grow into the required

tissue and therefore the importance of artificial reconstruction of the ECM in Tissue
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Engineering (B.-S. Kim et al., 2011; Y. Kim et al., 2016; Walma & Yamada, 2020). Thus,
scaffolds (artificial ECM) serve as a template for the formation of tissues and are normally
seeded with cells and sometimes growth factors, or subjected to biophysical stimuli by using a
bioreactor; a device or system that applies various types of mechanical or chemical stimuli to
cells (Chan & Leong, 2008; P. X. Ma, 2004). These cell-seeded scaffolds are then either
cultured in vitro or in vivo (Howard et al., 2008; Seif-Naraghi & Christman, 2012).

An ideal scaffold for TE should be biocompatible, biodegradable, adequately porous with high
pore interconnectivity for proper tissue integration and vascularization and finally possess
adequate mechanical strength to ensure integrity (Eltom et al., 2019a; Hollister, 2005; Jones,
2005; Kazimierczak & Palka, 2019). Achieving these parameters depend greatly on the
biomaterials used and their processing techniques (Garg & Goyal, 2014; Hinderer et al., 2015;
Shick etal., 2019). As aresult, a lot of research is ongoing to come up with suitable biomaterials
that can support various types of tissue growth. For years, scaffold design has made sole use
of polymers (natural or synthetic) as the primary biomaterial (Chaudhari et al., 2016; He &
Benson, 2017; Khan et al., 2015b; Kohane & Langer, 2008; Kramschuster & Turng, 2012).
However, no one - type polymer can give rise to all these desirable characteristics. As a result,
a lot of research is ongoing to come up with suitable biomaterials that can support various types
of tissue growth by incorporating the desired scaffold characteristics.

Scientists and Engineers have resolved to forming composites of both natural and synthetic
polymers to compensate for the shortcomings of both kinds of polymers (Aslam Khan et al.,
2021; Davis & Leach, 2008; Egbo, 2020; Ramphul et al., 2017; Shapira et al., 2016). Cellulose
fiber-reinforced composite scaffolds have recently become an interesting target for Biomedical
Engineers and Biomaterials Researchers for TE applications (Muller et al., 2006; Novotna et
al., 2013). This is because cellulose is the most abundant biopolymer on earth with excellent

renewability (Poletto & Ornaghi Jr, 2015; Van De Ven & Godbout, 2013). It can be derived



from bacteria, tunicates, and plants. It has a densely-packed glucan chain structure which
improves its mechanical strength to support cellular structures and introduce various surface
modifications (Baghaei & Skrifvars, 2020; Dutta et al., 2019). Another advantage about
cellulose use is its ability to be sustained especially in this era of creating an eco-friendly and
green world(Hickey & Pelling, 2019).

Diverse cellulose types and modifications are currently under extensive scientific research, and
most importantly their biocompatibility and bioactivity are being tested with various cell types
(Credou & Berthelot, 2014 ; Miyamoto et al.,, 1989). To ensure uniformity in the
biocompatibility test, International Standards Organization (ISO) has developed standard
guidelines for the biological evaluation of different categories of medical devices (Assad &
Jackson, 2019). For in vitro cytotoxicity tests under the ISO 10993-5, there are three main
categories namely, extract test, direct contact test and indirect contact test. In all these tests, the
means of evaluating cytotoxicity is by assessing cell damage through morphological means,
measuring specific aspects of cellular metabolism and also measuring cell proliferation (1SO,
2009; M. O. Wang et al., 2013;(Abd EI-Aziz et al.,, 2021). Without satisfying the
biocompatibility property, the scaffold cannot be used (Li et al., 2015).

Research done by Larbie et al. (2012) in Ghana suggested cassava fiber as a potential
biomaterial. The results obtained from their research showed insignificant cytotoxic effect of
de-starched cassava fiber granules and fine powder on human peripheral blood mononuclear
cells (PBMC), together with little or no significant change in the composition of Simulated
Body Fluid when cassava fiber samples were immersed in it (Larbie et al., 2012). Diabor et al.
(2019), then explored cassava fiber as another source of cellulose fiber for Tissue Engineering
application. Considering the surging interest in cellulose fiber- reinforced composites, Diabor
et al. (2019), experimented on the use of cassava microfiber to reinforce gelatin. Gelatin is a

known polymer biomaterial that has been widely used for scaffold fabrication in TE due to its



biocompatibility, biodegradability, availability, and relatively cheaper cost. However, it has
poor mechanical properties and poor hydrolysis resistance, which limits its application for
implants in TE (Choi & Cha, 2019).

The fiber was extracted from cassava bagasse which is considered as waste. Per their findings,
they concluded that combining cassava microfiber with gelatin to form a composite scaffold
had significant effect on the microstructure, morphological and mechanical properties of the
scaffold. The scaffold fabricated was highly porous with surface porosity ranging between 84%
and 90 %, with an average interconnected pore size of 36.29 + 12.23 um. Out of the various
cassava microfiber composites, the 7 % (w/v) fiber load composite scaffold recorded a
maximum compressive strength of 0.292+0.02 MPa, roughly eight (8) times higher than the
pure gelatin scaffolds. It also enhanced the Young’s modulus of pure gelatin scaffolds from
(0.308 £ 0.03 MPa) to (1.308 + 0.03MPa) - approximately four times higher. All these
characteristics indicated that the cassava microfiber - gelatin composite scaffold will be
appropriate for cell seeding and growth for tissue culture. However, further research needs to
be done on this 7 % (w/v) fiber load gelatin scaffold to test for cytotoxicity of the composite.
Therefore, this study focused mainly on testing for the cytotoxicity of this scaffold, using both
the extraction test method and direct contact method. The extraction test method analyzed the
effect of the extract of the scaffold on the cell’s morphology and viability, while the direct
method was used in determining if cells seeded directly on the scaffold will proliferate or not
(1SO, 2009). Findings of this research will go a long way to help provide more information on
cassava microfiber as a potential biomaterial for scaffold enhancement when reviewing new
materials at the research and development levels.

1.1 Problem Statement

Cellulose obtained from different sources are being explored daily for the enhancement of the

properties of scaffolds for TE purposes. Cassava fiber which is also an alternate source for



cellulose has been studied to obtain its mechanical properties in order to consider it as a
prospective biomaterial for Tissue Engineering purposes. Diabor et al. (2019) studied the
cassava fiber and found that it had good material properties, the addition of the fiber to gelatin
changed the microstructure, morphology, and mechanical properties of the gelatin scaffold
significantly. These properties indicated that the 7 % (w/v) cassava microfiber- gelatin scaffold
can support cell seeding and growth in tissue culture, yet there is lack of information on the
viability of cells when in contact with this scaffold. Without this vital information, tissue
engineers may not consider the use of cassava fiber as a potential biomaterial for tissue
engineering unless such biocompatibility tests are done to prove that it will not be toxic to
biological systems.

1.2 Significance of Study

Ghana and Africa as a whole have a lot of local materials that have not been explored yet to
see their potential use as biomaterials for biomedical purposes. Having characterized cassava
fiber to obtain its material properties is a step in the right direction to help put Ghana on the
globe when it comes to biomaterials. Going further to predict the biocompatibility of the
cassava microfiber- gelatin scaffold will go a long way to contribute to the Tissue Engineering
field to be specific. Availability of this information will guide tissue engineers on whether or
not to use this material depending on the purpose they want it to function. Aside that, making
use of cassava bagasse which would have otherwise gone waste or polluted the environment is
very remarkable.

1.3 Research Questions

1. Will the extracts of the 7 % (w/v) cassava microfiber-gelatin scaffold affect the morphology
and growth of the cells?

2. Can the 7 % (w/v) cassava microfiber-gelatin scaffold support cell proliferation/growth?



3. Will there be enhanced cell proliferation in the cassava microfiber-gelatin than in pure
gelatin scaffold?

1.4 Hypothesis

(a) The presence of the cassava microfiber in the gelatin scaffold will lead to enhanced cell
proliferation with no effect on cell morphology.

1.5 Research Aims and Objective

This research aims to study the cytotoxicity of 7 wt. % cassava- microfiber gelatin scaffold for
potential use in tissue regeneration.

The main objective is to analyze effect of the 7 wt. % cassava microfiber-gelatin scaffold on
cell growth and morphology of cells after culturing the seeded cells on the scaffold for specified
time durations and after adding extract of the 7 wt. % cassava microfiber-gelatin scaffold, in

comparison to that of pure gelatin scaffold.

1.6 Organization of Dissertation

The first chapter provides the study's background and identifies knowledge gaps in certain
related literature in the field. The review of literature on work relating to the current study is
the subject of Chapter 2. The materials and procedures employed in the research are presented
in the third chapter. VVarious research methods used in the determination of the cytotoxicity of
cassava-microfiber gelatin scaffold developments are described and explained. The results and
explanations of the research findings are presented in Chapter 4. Finally, Chapter five

summarizes the most significant outcomes of the work.



CHAPTER 2

LITERATURE REVIEW

2.1 Tissue Engineering Overview

The term “tissue engineering” was first proposed by the attendees of the National Science
Foundation (NSF) sponsored meeting in 1988 and defined as “the application of the principles
and methods of engineering and life sciences toward fundamental understanding of structure-
function relationship in normal and pathological mammalian tissues and the development of
biological substitutes for the repair or regeneration of tissue or organ function” (Chapekar,
2000). The true emergence of tissue engineering as a medical field began in the early 1990s
when Langer and Vacanti defined tissue engineering as “an interdisciplinary field that applies
the principles of engineering and life sciences toward the development of biological substitutes
that restore, maintain or improve tissue or organ function” (Langer & Vacanti, 1993).

Over the years, there has been an increasing number of accidents, injuries and disease
occurrence that lead to large tissue loss. Tissue or organ transplantation has been the
conventional therapy to treat these patients (Chandra et al., 2020). However, limitations in
compatible and available donors has become an obstacle to this approach (Beyar, 2011). The
consistent increase in transplant waiting list versus the decline in organ donors necessitated the
development of other novel methods to curb this challenge (Furth & Atala, 2013). This led to
the emergence of the tissue engineering field with a primary goal of solving the critical shortage
of donor organs through in vitro fabrication of functional biological structures (Mandrycky et
al., 2017). Thus, this is an interdisciplinary field that integrates engineering, materials science,
biology, chemistry and medicine to develop biological substitutes that restore, maintain or

regenerate organs and tissues in the body (Chen & Liu, 2016).



Through this field, over 4.5 million reconstructive surgical procedures are performed annually
worldwide, improving the lives of patients who would have otherwise become incapacitated or
died (Guerado & Caso, 2017). The tissue engineering trio, which consists of cells, biomaterials
for scaffolds, and exogenous bioactive factors/biomolecules, is a generally acknowledged
umbrella utilized in this engineering field to define what constitutes ‘biological substitutes."
(Howard et al., 2008). Cells used for TE are either stem cells or mature cells. Stem cells are
generally known to have the ability to differentiate into any cell type depending on the
environment they are subjected to, while mature cells are already differentiated functional cells
specific to a particular tissue, e.g. fibroblasts, epithelial cells, endothelial cells (Yamzon et al.,
2008).

Biomolecules are also able to trigger or mediate crosstalk between cells and their immediate
microenvironment and any other molecular signalling mechanism needed for maintaining cell
growth. Hormones, cytokines, growth factors, ECM molecules, cell surface molecules, and
nucleic acids are examples of biomolecules (Mitchell et al., 2016 ; Gattazzo et al., 2014). In
most instances, they are embedded in the extracellular environment (scaffold/biomaterial) as
they release signals from there to coordinate the cellular processes taking place (Sarkar et al.,
2013). The scaffold on the other hand is known as the artificial extracellular matrix on which
the cells organize and restore function to damaged tissues. The biomaterials used in designing
these scaffolds need to mimic the natural 3-D extracellular matrix environment as much as
possible in order to ensure cell growth (Nikolova & Chavali, 2019).

There are generally 3 classifications of the methods used in the clinical implementation of
tissue engineering: acellular grafts, cellular grafts and cell therapy. These classified methods
are based on different combinations of the tissue engineering triad and the type of tissue loss
of the patient determines the method to be used (Belleghem et al., 2020b). Acellular grafts as

the name suggest is a method that is devoid of any cellular components, with this method



synthetic or donor-derived biomaterials platforms (scaffolds) are implanted in the patient’s
body to support and promote tissue regeneration by facilitating revascularization (Feinberg,
2012). This method is mostly used in cases where the patient has their extracellular matrix
severely damaged, e.g. used for burn management. Cellular grafts on the other hand make use
of both cells and scaffolds, cells derived from patient or donors are placed on a scaffold to
cellularize and mature before implanting in the patient. This method is mostly used when both
cells and extracellular matrix are damaged, e.g. used for bone formation. Cell therapy also uses
only cells without any scaffold, for this method cells derived from the patient or donors are
harvested and grown in vitro and then injected into the patient’s defective site (Dzobo et al.,
2018; Chen & Liu, 2016). Figure.1 below gives a pictorial view of the various methods. Among
the three major components of tissue engineering, scaffolds are used in most cases, these
scaffolds have certain key requirements that they must be able to meet in order to qualify for

use.

Acellular Grafts

Figure 1. Schematic diagram of tissue engineering methods (Belleghem et al., 2020)

2.2 Scaffolds
As explained previously, scaffolds happen to play a key role in tissue engineering owing to the
fact that in most cases patients suffer from damaged extracellular matrix (ECM). Scaffolds act
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as the artificial ECM and serve as platforms that provide the required environment for
engineering tissue and organs (Chandra et al., 2020). Thus, the term scaffold refers to the 3D
biomaterial that has been fabricated prior to the addition of cells. Like the natural ECM,
scaffolds also need to provide functional and structural support to the cells and their
composition also varies depending on the cell or tissue in question (O’Brien, 2011). The ECM
is made up of 2 main macromolecules: proteoglycans and fibrous proteins. Tissues have
different ECM properties depending on the abundance of fibrous proteins such as collagen and
elastin. For example for bone tissue engineering, high mechanical properties (stiffness) are
required and vice versa for skin tissue engineering (Asimeng et al., 2020). Despite the variation
in composition, generally an ideal scaffold needs to have suitable mechanical properties and
processability, have interconnected pore structure and high porosity, be biodegradable and
most importantly be biocompatible (Eltom et al.,, 2019; Loh & Choong, 2013). For
manipulation in vitro and in vivo, scaffolds must have acceptable mechanical characteristics.
For instance, for hard tissue regeneration the compression modulus ranges from 10-1500 MPa,
while soft tissues range from 0.4 — 350 MPa. Using a different mechanical property can lead
the cells to express a different phenotype or even lead to cell death(Chan & Leong, 2008 ;
Stevens et al., 1975). Furthermore, the scaffold should not collapse when being handled or
during a patient's normal activities. To ensure proper diffusion of nutrients, oxygen and
extracellular fluid in and out of the matrix in order to support cell growth, the porosity and pore
interconnectivity play a major role (Karande & Agrawal, 2008). The matrix needs to be 50-90
% porous with a minimum pore diameter of 100 pum and uniform pore distribution through the
structure in order to support cell attachment and interaction (Hollister, 2005).

However, one of the major challenges faced by tissue engineers is fabricating a scaffold with
an optimum balance between porosity and mechanical strength, since mechanical strength and

porosity are inversely proportional (Collins et al., 2021; Bahraminasab, 2020). Scaffolds also
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need to be biodegradable, thus after implanting the scaffold into the patient, the scaffold’s
degradation rate must match the rate at which the cells are producing their own natural ECM,
this way the scaffold will be able to maintain structural integrity within the body and eventually
breakdown leaving the newly formed tissue to take up the mechanical load (Sultana, 2013;
Amoabediny et al., 2011; L. Wang et al., 2020). Since scaffolds are targeted for commercial
and clinical use, they must have the ability to be processed into different shapes, reproducible
on a large scale, have the ability to be sterilized and stored with minimum fabrication cost.
Most importantly they must be biocompatible, without satisfying this property they cannot be
used as scaffolds for tissue engineering In most cases the biocompatibility depends more on
the material used in the fabrication of the scaffold (Bitar & Zakhem, 2014; Nardo et al., 2017).
Thus, the scaffold must provide a satisfactory response to the host tissue without causing
cytotoxic or immune response and its by-products after degrading should not produce
inflammatory or harmful reactions to the patient as well. It should be able to allow cells adhere
and proliferate without causing harm to the cells (O’Brien, 2011; Hussein et al., 2016);
Dolcimascolo et al., 2019). All these properties or requirements for scaffolds are dependent
on the material used and the fabrication technique used. Therefore, a lot of research is ongoing
to discover new materials and enhance the fabrication techniques for better scaffold design
(Haider et al., 2020).

2.2.1 Scaffold Fabrication

Engineers and scientists have come up with different fabrication techniques for the design of
porous scaffolds with the right mechanical strength and physico-chemical features required for
tissue engineering. Some of the fabrication technigues include solvent casting, particulate
leaching, gas foaming, polymer sponge replication method, phase separation, electrospinning,

freeze drying and additive manufacturing also known as 3D printing (Haider et al., 2020; Eltom
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et al., 2019). One of the simplest fabrication techniques known as freeze drying was used in
this project and thus will be discussed in detail below.

Freeze drying is a dehydration procedure in which a substance is frozen to an extremely low
temperature and then the surrounding pressure is reduced to allow the frozen water to sublime.
First, a polymeric solution containing the required polymer and solvent is created. The solution
is retained in order for polymerization to occur. By reducing the temperature of the solution in
a negative pressure environment, the solvent from the resultant solution is separated. The
solvent evaporates, leaving a solid polymeric scaffold structure with porous networks behind.
This approach does not necessitate the use of porogens to create porosity in the scaffold
structure and the pH of the solution and freezing rate can be used to monitor the structure’s
porosity. However, it is time demanding and the pore sizes created are usually quite
small(Brougham et al., 2017; Fereshteh, 2018).

2.2.2 Scaffold Biomaterials

In 1976, the first consensus conference of the European Society for Biomaterials (ESB) defined
a biomaterial as ‘a nonviable material used in a medical device, intended to interact with
biological systems’; however the current definition is a ‘material intended to interface with
biological systems to evaluate, treat, augment or replace any tissue, organ or function of the
body (O’Brien, 2011). This shows how much biomaterials have evolved over the years and
transitioned from just interacting with the body to having an influence on biological processes
for tissue regeneration. Scaffolds are known as artificial extracellular matrix on which the cells
organize and restore function to damaged tissues (Furth & Atala, 2013).

The biomaterials used in designing these scaffolds need to mimic the natural 3-D extracellular
matrix environment as much as possible in order to ensure cell growth, adhesion, migration
and differentiation (Collins et al., 2021). In some cases, these materials are also used as vehicles

to supply nutrients, bioactive factors and drugs that aid in directing specific tissue growth.

12



Synthetic polymers and natural polymers are the two types of biomaterials utilized to make
scaffolds, each with its own set of benefits and drawbacks (Basu et al., 2010). Synthetic
polymers are known to have established structures and tunable properties, can be produced in
huge quantities and possess longer shelf time. The ability to manipulate their chemical
composition, molecular weight or crystallinity to produce a desired property for a specific
application makes them attractive for scaffold design (Dhandayuthapani et al., 2011). When
used for scaffold development, they tend to have controlled degradation, porosity and
mechanical properties suitable for the tissue being regenerated. However, their composition is
not similar to the ECM, hence they lack cell adhesion sites, have reduced bioactivity and
require some form of chemical modification in most cases to support cell growth. Some
examples of synthetic polymers widely used for TE are polylactic acid (PLA), polyglycolic
acid (PGA), and polylactic-co-glycolic acid (PLGA) (Place et al., 2009; Dhandayuthapani et
al., 2011). Natural polymers on the other hand are made up of long chains of covalently
bonded nucleotides, amino acids, or monosaccharides, making them similar to the ECM found
in humans. The presence of biomolecules in them also makes them bioactive with biomimetic
surfaces and biocompatible, leaving behind little or no toxic by-products after degrading(Sofi
et al., 2018; Ebhodaghe, 2021).

However, unlike synthetic polymers they have reduced tuneable properties, weak mechanical
strength, uncontrollable degradation rate, and possible microbial contamination (i.e.,
endotoxins) when not purified properly after their extraction from their source. Some examples
of natural polymers widely used are collagen, gelatin, silk fibroin, chitosan, cellulose,
hyaluronic acid, and alginate. Over the past decade, synthetic polymers have been mostly
considered for hard tissue regeneration while natural polymers are mostly considered for soft
tissue regeneration until composites were explored (Reddy et al., 2021). Seeing that both

natural and synthetic polymers can compensate each other in terms of their drawbacks,
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scientists and engineers have resorted to the formation of composite materials for optimized
functional scaffold development (Davis & Leach, 2008). Hence, the selection of the
biomaterials for a particular tissue engineering project is very crucial, as the materials together
with the fabrication process determine the properties of the scaffold (Deb et al., 2018). In the
next paragraphs, gelatin and cellulose biomaterials will be discussed in detail since they were

used in this project.

2.3 Gelatin

Gelatin is a well- known protein based natural polymer made up of about 85-92 % proteins,
mineral salts and water and has been exploited for cosmetic, food (gelling agent, emulsifier),
cell culture (surface coatings), tissue engineering (scaffolds) and pharmaceutical (capsules,
ointments) applications (Echave et al., 2017; Al-Nimry et al., 2021). They are produced by
either alkaline hydrolysis (type B gelatin) or acidic hydrolysis (type A gelatin) of collagen, a
fibrous insoluble protein secreted by fibroblasts and epithelial cells, and most abundant in skin,
bone and connective tissues in all animals (Bao Ha et al., 2013). Gelatin is produced through
heat or enzymatic denaturation as seen in Figure.2 below, and because of that it has less
organization but similar molecular composition as collagen. As a result, it can easily replace
collagen by performing similar biomaterial functions as collagen for cell growth in vitro (Bello

et al., 2020).
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Figure 2. Denaturation of collagen to produce gelatin (Bello et al., 2020).

Besides, it is readily available, it is cheaper, more highly soluble than other ECM proteins, and
can be extracted from many sources such as fish, pig skin, insects and cattle bone. Additionally,
several studies have indicated that the varied sources have little or no significant effect on its
biocompatibility. In general, they do not induce toxicity, antigenicity or have any adverse
effects on cells (Echave et al., 2017).

The type of gelatin determines the characteristics such as the amino acid composition, the gel
strength, the isoelectric point and charge. Gelatin type A for instance has higher gel strength,
exhibits a positive charge at neutral pH, with more glycine and proline present. Gelatin type B
has an isoelectric point ranging between 4.8 and 5.4 with a negative charge at a neutral
pH(Gelatin Manufacturers Institute of America, 2012). They are characterized by high content
of amino acids such as proline, glycine and hydroxyproline, the repeating sequences of these
amino acids are responsible for the triple helical structure of gelatin and its ability to form gels
(Van Vlierberghe et al., 2014 ; Aramwit et al., 2015). It is known as a promising material for
tissue engineering scaffold development and also as drug delivery vehicle due to its

biocompatibility, biodegradability, low antigenicity, cost effectiveness, abundance, chemical
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similarities to the ECM in native tissues, and accessible functional groups that allow chemical
modifications with other biomaterials or biomolecules. (Bello et al., 2020).

Notably, differences in the collagen source and preparation technique lead to chemical
heterogeneity and complex physical characteristics. Therefore, in choosing gelatin as a
biomaterial for any application, these factors need to be considered: the type of gelatin; the
relative molecular weight also known as the ‘bloom’( this determines the gelling capacity and
gel strength); the purpose of the experiment ; and the crosslinking method (Echave et al., 2017;
Rose et al., 2014).

In spite of its desirable properties, gelatin scaffolds have low mechanical strength, are sensitive
to enzymatic degradation, have reduced solubility in concentrated aqueous media, and possess
poor hydrolysis resistance leading to instability when implanted. Applications such as
controlled drug release, cell differentiation and wound healing that require longer periods of
time become challenging when using gelatin-based materials only since the scaffolds do not
last (Choi & Cha, 2019). In order to address these limitations, gelatin scaffolds are stabilized
by crosslinking the material or by forming gelatin- polysaccharide composites.

For crosslinking methods there are three main types: use of physical methods such as treatment
with dehydrothermal and ultraviolet light; use of chemical agents like glutaraldehyde (GTA),
carbodiimides (EDC & NHS), and genipin (GP); and use of enzymes like transglutaminase,
tyrosinases, and horseradish peroxidases (N. Reddy et al., 2015). The physical crosslinking
method avoids potentially toxic compounds but have relatively low efficiency since they only
form mainly non-covalent bonds between the polymeric chains. Chemical crosslinking
methods on the other hand, are able to form more covalent bonds, resulting in much more stable
scaffolds, making them a preferable method. Under chemical crosslinking methods, there are
2 main types: non-zero length type cross linkers which react with amino or carboxyl groups of

amino acids and end up incorporated into the material’s (gelatin) network structure,
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glutaraldehyde (GTA) and genipin are considered the most used non-zero length cross-linkers;
whereas zero length type activate carboxyl groups to directly react with the amino acids present
on the adjacent gelatin chain (Hu et al., 2019 ; Bhattacharjee & Ahearne, 2021).

Nonetheless, unlike non-zero length cross-linkers, they do not end up incorporated in the
gelatin network. The most well-known and used non-zero length crosslinker is 1-ethyl-3-(3-
dimethylamino propyl) carbodiimide hydrochloride (EDC), it is most commonly utilized to
crosslink polysaccharides and proteins. EDC reacts with molecules containing free carboxylic
and amine groups to form an intermediate that reacts with primary amino groups. To further
stabilize the amine-reactive intermediate formed by EDC, N-hydroxysuccinimide (NHS) is
added to the reaction to significantly increase its cross-linking efficiency. Gelatin cross-linked
with EDC and NHS has produced matrices with good resistance to enzymatic degradation and
enhanced mechanical properties (Skopinska-Wisniewska et al., 2021; B. Ma et al., 2014 ;
Krishnakumar et al., 2019).

Gelatin-polysaccharide composites are made from the combination of gelatin with
polysaccharides such as chitosan, cellulose, hyaluronic acid, dextran and carrageenan.
Covalent bonds that are formed via the chemical interaction between carbohydrates
(polysaccharides) and proteins (gelatin) tend to resemble the proteoglycans in the native ECM
and mostly lead to hydrogel formation (Afewerki et al., 2019). Gelatin-polysaccharide
hydrogels tend to absorb about 100 times of water than their dry mass can, and this property
makes them a suitable in vitro platform/matrix for culturing cells, favouring cell adhesion,
growth, infiltration, and tissue vascularization due to their hydrophilic nature (Asiyanbi et al.,
2017). Also, the hybrid formation of these materials also results in the production of new and
wide range of properties that would have otherwise been impossible to attain if only one type
of material were to be used. This explains why gelatin- polysaccharide composites have been

explored for diverse biomedical applications, specifically as scaffolds for tissue engineering
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(Bealer et al., 2020). The presence of gelatin enhances biological performance while that of the
polysaccharide enhances stability and mechanical properties (Ye et al., 2021). Moreover, since
they are both green materials, they contribute to eco-technology and sustainable material
design. One of the polysaccharide materials that have gained much interest lately is cellulose.
Since they bring on board diverse and versatile biochemical and biophysical characteristics
depending on the source of origin (Seddigi et al., 2021). They will be discussed in depth in the

proceeding paragraph.

2.4 Cellulose

Cellulose is the most abundant polysaccharide on earth and most common organic compound.
It is a linear polysaccharide made up of 15,000 D-glucose residues linked by B-(1—4)-
glycosidic bonds with intermolecular hydrogen bond that determines its stiffness and rigidity
(Mikshina et al., 2013). It is typically found in nature in lignocellulosic biomass in the form of
microfibrils in the cell walls of wood and plants as seen in Figure 3 below. Other sources
include algae tissues, synthesized by bacteria and in the membrane of epidermal cells of
tunicates (Seddiqi et al., 2021). It features an intricate multi-level structure made of
bundles/aggregates of superfine fibrils, the fibrils are composed of repeating crystalline
domains and amorphous domains with a cross-sectional dimension ranging from 2 to 20 nm

depending on the source (Baghaei & Skrifvars, 2020; Kumar Gupta et al., 2019).
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Figure 3. Structure of lignocellulosic biomass with hemicellulose, cellulose and lignin
(Alonso et al., 2012).
In the past, cellulose has been extensively used in the industry especially for paper and
cardboard production. However, with the recent increasing demand on bio-based and eco-
friendly materials for scientific research purposes, there has been a sudden shift of attention to
cellulose-based materials (Yaradoddi et al., 2020; Anne, 2011). This is because, cellulose is
abundant and can be easily produced, has diverse and versatile biochemical and biophysical
characteristics owing to the different sources from which they can be obtained, they are
biocompatible, have good mechanical properties and are biodegradable (Kalia et al., 2011).
Since their properties can be manipulated to obtain the desired property, they have been
considered for tissue engineering. For instance, plant-based and wood-based cellulose have
crystallinity ranging from 40-60%, while the other sources show higher crystallinity, this
property influences the stiffness and structure of the cellulose (Sorieul et al., 2016). Courtenay
et al. (2018), reviewed applications of cellulose-based composites that have been used as

scaffolds to improve the regeneration of different tissues. The different cellulose types were

19



grouped into bacterial cellulose, nanocrystalline cellulose, microfibrillated cellulose, and
cellulose derivatives (Courtenay et al., 2018). In a study conducted by Ramphul et al. (2019),
cellulose obtained from sugar cane bagasse was used to form a composite scaffold with
polylactide. The presence of cellulose enhanced the mechanical properties of the scaffold and
increased the cell viability as well. Friend et al. (2019), also obtained cellulose from potato
peels to produce electrospun-cellulose scaffolds, which supported growth of BALB-3T3
fibroblasts cells based on results from several biocompatibility tests (Friend et al., 2019).

Plants are a desirable cellulose source mainly because they are abundant and there is a pre-
existing infrastructure in the textile industries for harvesting, retting/pulping (i.e. treating and
isolating micron sized cellulose particles), and product processing of cellulose. Thus, there has
been a lot of research to explore different sources of plant based cellulose biomaterials for
tissue engineering purpose. Plant based cellulose has been obtained from cotton, corn, wheat
straw, jute, and bagasse (Lavanya et al., 2011; Pachuau, 2015). Cellulose obtained from cassava
bagasse has been exploited mostly as a reinforcement filler of thermoplastic starch in order to
enhance its mechanical properties and make it a better alternative to synthetic thermoplastics
(Wicaksono et al., 2013). However, not much research has been done on the use of cellulose

obtained from cassava bagasse as a prospective biomaterial for tissue engineering application.

2.5 Cassava Fiber Cellulose

Cassava, biologically known as Manihot esculenta Crantz is one of the important agricultural
commodities in Ghana, grown primarily for food consumption and known as one of the most
staple food crops in developing countries (Adjei-Nsiah & Sakyi-Dawson, 2012). Ghana is
known as the third largest producer of cassava in Africa with a contribution of about 46%
agricultural Gross Domestic Product (GDP) to Ghana's agricultural economy(Bayitse et al.,

2017). Since it is readily available, low cost, recyclable, and biodegradable cassava has been
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exploited for industrial applications besides food consumption (S. Li et al., 2017). Cassava
starch and flour have been very popular in the food and textile industry. Cassava bagasse which
is a fibrous solid residue obtained after the extraction of cassava and soluble sugars has also
been used in other parts of the world as reinforcement material in the packaging industry for
biodegradable plastics and disposables. The bagasse is known to enhance the physical,
thermal, mechanical, and structural properties of these plastics (Diyana et al., 2021; Edhirej et
al., 2017).

Here in Ghana, cassava bagasse left behind after the industrial use of cassava is literally
disposed off as waste with no use found for it. Cassava bagasse from literature is known to be
made up of (40-60 %) residual starch, (5-11 %) moisture, (15-50 %) fiber of the total residue
and small amounts of lipids and proteins. What made this fiber worth exploiting is the fact that
it contains no cyanide and most importantly has high natural cellulose fiber present in it,
although it has hemicellulose and lignin present as well (Larbie et al., 2012).

In order to accrue some benefit from the waste left behind, Larbie et al., (2012), decided to
find use for cassava fiber by exploring it for tissue engineering purposes. Although cassava
bagasse was yet to find any meaningful application in biomedical engineering at the time,
cassava starch and flour had been used to develop a biodegradable polymer blend and bio-
composite for tissue scaffold by K. W. Kim et al., (2012). The results obtained from their
findings indicated that it had good biocompatibility, good mechanical properties, and non-toxic
degradation products (K. W. Kim et al., 2012).

Larbie et al., (2012) first tested the cytotoxicity of the cassava bagasse also known as de-
starched cassava fiber by checking its effect on human peripheral blood mononuclear cells
(PBMC) and examined any changes in the composition of simulated body fluid after immersion
the fiber samples in it. After immersing the samples in PBMC, the cytotoxicity was determined

by using lactate dehydrogenase test. When the cytoplasmic membrane is damaged, lactate
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dehydrogenase, a stable cytoplasmic enzyme, is released into the cell culture supernatant. As a
result, as the number of dead or membrane-damaged cells rises, so does the activity of the LDH
enzyme in the cell culture supernatant, indicating cytotoxicity. The results obtained after
performing this test indicated that the LDH concentration in the samples with the fiber fell
within the non- cytotoxic range. The samples were also immersed in Simulated Body Fluid
(SBF) and changes in the concentrations of elements such as Mg, Cu, Cl, Mn, Ca, Na, and K
present in the fluid were determined at specific end points using Instrumental Neutron
Activation Analysis (INAA). The results obtained showed that, there was no statistically
significant difference between the concentration of SBF only samples and SBF with the fiber
samples. These preliminary results suggested that cassava fiber in their granules or powder
form had no significant cytotoxic effect and thus could be considered for biomaterial
applications after extensive characterization has been done (Larbie et al., 2012).

This study now led Diabor et al. (2019) to investigate the mechanical properties,
physicochemical, morphological and microstructural characteristics, and thermal degradation
profiles of single elementary cellulose fibers and the central vascular fiber (“thick-core fiber”)
isolated from three cassava genotypes. The results indicated no significant differences between
the single elementary fiber and the thick core fiber for all three genotypes, the XRD analysis
also showed similar diffraction pattern with minimal variation in the signal intensities implying
that there was little or no difference in their crystalline structure. However, there was
significant difference between the tensile strength and Young’s modulus of the fibers of the
genotypes studied, with a particular genotype, 1D4 recording the highest elastic modulus of
336.485 +£130.803 MPa and highest average tensile strength of 7.567 + 3.844 MPa. The fiber
that exhibited optimum properties was further used as a reinforcement material for the

fabrication of a composite gelatin scaffold for potential tissue engineering application.
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Different fiber weight fractions (3%, 5% and 7 % (w/v)) were used in fabricating the cassava
microfiber/gelatin composite 3- dimensional scaffold to examine the effect of the microfiber
on the mechanical properties and microstructure of the scaffold. The composite scaffold formed
had rougher surfaces than pure gelatin scaffolds, with about 84 — 90 % porosity and an average
interconnected pore size of 36 +12 um. the highest maximum compressive strength of
0.29+0.02 MPa which happened to be about eight (8) times higher than that of pure gelatin was
recorded by the 7 % (w/v) cassava fiber/ gelatin composite. From the results obtained it was
concluded that the destarched cassava fiber can be used as a reinforcement material to enhance
mechanical properties of polymeric tissue engineering scaffolds. Also, the surface architecture
and porosity gave an indication that the fibers have the potential to enhance cell-matrix
adhesion and support cell growth (Diabor et al., 2019). Hence, it was recommended that further
studies be done to test the biocompatibility (cytotoxicity) of this 7 % (w/v) cassava microfiber/
gelatin composite scaffold by seeding cells on them and performing cell viability studies to see
if the presence of the fiber in the scaffold induces any negative effects on cell growth.
Therefore, this study is part of a larger study to determine the suitability of cassava fiber for
potential tissue engineering application. Thus, the need for a cytotoxicity testing on the

scaffold fabricated by Diabor et.al. (2019).

2.6 In Vitro Cytotoxicity Test

Any medical device that will end up implanted in the human body undergoes preclinical testing
through a variety of in vitro and in vivo examinations in order to be approved by regulatory
bodies (Myers et al., 2017). The main objective of the tests done is to evaluate the
biocompatibility of the various biomaterials that are used in fabricating the device (Inayat-
Hussain et al., 2008). Where “biocompatibility is defined as the material’s ability to perform

with an appropriate host response in a specific application without having any negative effect
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on the adjacent host cells or lead to significant scarring or otherwise elicit a response that
detracts from its desired function” (Morais et al., 2010 ; W. Li et al., 2015). When it comes to
tissue engineering, this particular property must be satisfied because of how delicate tissue
engineered products are especially with respect to biomaterials used for fabricating scaffolds.
Considering that scaffolds interact directly with cells, it is essential to ensure the materials used
do not have any toxic effect on cells or the human body in general if implanted(Groth et al.,
1995).

In order to ensure uniformity in biocompatibility tests, International Standards Organization
(1SO) has developed standard guidelines for the biological evaluation of different categories of
medical devices. Under the ISO, there are a series of biocompatibility tests such as cytotoxicity,
genotoxicity, sensitization, irritation (intracutaneous reactivity), acute systemic toxicity,
subacute and subchronic toxicity, implantation, hemocompatibility, pyrogenicity, chronic
toxicity, and carcinogenicity as well as degradation testing that are essential in determining the
biological response and inertness of a medical device (ISO, 2009). It is after performing these
tests that one can be permitted to use an animal for an in vivo test. Therefore, these tests not
only help in detecting safety and efficacy of devices but also contribute to the reduction of
animals used for test procedures. For a medical device such as the scaffold, cytotoxicity is one
of the essential requirements the biomaterial must pass to be considered for TE (Assad &
Jackson, 2019).

In vitro cytotoxicity tests under the ISO 10993-5 can be categorized into three namely, extract
test, direct contact test and indirect contact test. The extraction test has the samples sterilized
and in the exact condition they would be in when used, an extraction vehicle that can precisely
mimic its use clinically is placed on the samples. The extract is then exposed to the test cells,
incubated for a minimum of 24 hours and then analyzed. With the direct contact, the samples

are sterilized and the test cells seeded directly on them. The cells together with the samples are
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incubated for a minimum of 24 hours and qualitative or quantitative assessment of the viability
of the cells is done. Indirect contact testing on the other hand has an agar overlay separating
the test cells from the sample which are then assessed after a specified incubation period (W.
Li et al., 2015). Generally all these tests assess cell damage by morphological means, measure
cell growth and also measure specific aspects of cellular metabolism (Assad & Jackson, 2019).
The nature of the sample to be tested and how it will be used clinically are the factors that
determine the type of test/s to use, in some cases the tests are combined if the need be (ISO,
2009). Fluorescence microscopy, optical microscopy, scanning electron microscopy (SEM)
and confocal laser scanning microscopy (CLSM) imaging have also been used to assess cell
viability, distribution, and morphology (Vielreicher et al., 2013).

There are various forms of assay used to determine cell viability in order to predict the
cytotoxicity of a biomaterial/medical device. The assays can be divided into four categories
dye exclusion assays, colorimetric assays, fluorometric assays and luminometric assays.
Examples of the various assays are: Dye exclusion ( Trypan blue, eosin, Congo red, erythrosine
B assays); Colorimetric assays (MTT assay, MTS assay, XTT assay, WWST-1 assay, WST-8
assay, LDH assay, SRB assay, NRU assay and crystal violet assay); Fluorometric assays
(Live/dead staining assay, alamarBlue assay, CFDA-AM assay) and Luminometric assays
(ATP assay and real-time viability assay) (Aslantiirk, 2018).

Some of the most common assays are discussed below:

2.6.1 MTT Assay

The MTT (3-(4,5-dimethylthiazol-2-yl)-2-5-diphenyltetrazolium bromide) assay is one of the
most widely used colorimetric techniques for assessing cytotoxicity or cell viability. . This
assay assesses cell viability primarily through the functioning of the cell’s mitochondria by
measuring the activity of mitochondrial enzymes such as succinate dehydrogenase. The reagent

used is a yellow substrate that cleaves to the mitochondria of living cells and gets reduced by
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NADH to yield dark blue formazan product (Kumar et al., 2018). The formazan product is
water insoluble, hence forms a precipitate, so an organic solvent such as DMSO/isopropanol is
added to dissolve it. After that, it can be quantified by light absorbance at specific wavelength
(usually between 500-600 nm) using a spectrophotometer, the corresponding absorbance
recorded is then directly proportional to the cell viability (Stone et al., 2009). A comparison
between the untreated negative control which does not elicit any cytotoxic effect is done and if
the % cell viability is equal to or more than 70 % of the negative control, the material is
biocompatible (Bopp & Lettieri, 2008). This approach has been frequently used to test cell
viability since it is simple to use, safe, and has good reproducibility. However, in performing
this test, because of how light sensitive it is, it must be done in the dark or with as minimum
light as possible to ensure accuracy in results. The general formula used in calculating the

percentage cell viability is (Aslantirk, 2018), where OD is optical density:

Test mean OD

Percentage cell viability = 100 ... ... ... ...equation. 1

Control mean OD i

2.6.2 Live/Dead Staining Assay

The Live Dead assay comprises a staining solution made up of two fluorescent dyes that
identify and label live and dead cells differently. The cell viability is measured by the level of
intracellular esterase activity in a fluorometric assay. Intact, viable cells are labeled green by
the live cell dye. It is membrane permeable and non-fluorescent until ester groups are removed
by numerous intracellular esterases and render the molecule fluorescent. The dead cell dye
labels cells with compromised plasma membrane red by binding to the DNA with high affinity
(Rissetal., 2004). It is membrane-impermeant and therefore can only get to the nucleus through
disordered areas of dead cell membrane. Once bound to DNA, it intercalates with the DNA
double helix and the red fluorescence increases >30-fold. This assay is useful for rapid
quantitation of cell viability and the results can be obtained by using a flow cytometer or

fluorescent microscope to capture images of the stained sample. An example of the commonly
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used dye is Calcien-AM for staining live cells and Propidium iodide for staining dead cells.
They both work on the principle of cell membrane permeability and give off different
fluorescence at different wavelengths, and can be used separately or together to assess cell
viability (Atale et al., 2014). The mode of data assessment is qualitative, thus a comparison
between the image for cells without treatment and the ones that have been treated with an
extract of the samples is done. The more the intensity/ number of cells with green fluorescence
the higher the cell viability and vice versa.

2.6.3 Trypan Blue Exclusion Dye Assay

In determining the number of live and/or dead cells in a cell suspension, trypan blue dye
exclusion assay can be used. Trypan blue is a molecule with significant negative charge and
works on the principle that live cells have intact cell membrane that keeps the dye out while
dead cells do not (Stone et al., 2009). In this assay, adherent or non-adherent cells are washed
and suspended in media or PBS. An amount of cell is taken from the cell suspension and mixed
with the dye, after which a drop is placed on a hemocytometer, and visualized under an optical
microscope to be counted manually or with an automatic cell counter. The viable cells will
have a clear cytoplasm while the dead cells will have a blue cytoplasm (Kamiloglu et al., 2020).
This method is widely used especially in determining cell viability before seeding cells for any
experiment. This is because it is relatively fast, easy, affordable and a good measure of the
membrane integrity of cells (Piccinini et al., 2017).

The percentage cell viability (%CV) can then be calculated using this formula (Strober, 2015):

total number of viable cells per ml of aliquot ]
%CV = - §oo ...... 5. equation.2
total number of cells per ml of aliquot
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2.6.4 Cell Choice for In Vitro Test

Generally, in performing all these viability tests to determine how biocompatible a material is,
the cells that need to be used are also considered. The factors that are taken into consideration
when choosing the cells are the ease of culture, availability, reproducibility, and wide range of
use in cytotoxicity tests (Geraghty et al., 2014). However, the 1ISO-10993-5 guideline also have
recommended cell lines for cytotoxicity tests of medical devices. In most cases L929 murine
fibroblast cells are used, however other cell lines such as human colorectal adenocarcinoma
cells (Caco-2), human keratinocyte cells (HaCaT), HeLa cells, different murine cell lines
(C3H-L, Balb/3T3) , human embryonic kidney cells (HEK293), and many more have also been
used (Anderson, 2016; Bacskay et al., 2018 ; Karakecili et al., 2007).

HEK 293 cell line has been successfully used to test the cytotoxicity of bacterial
cellulose/hydroxyapatite (Grande et al., 2009)and poly-p-hydroxybutyrate (PHB) scaffold
(Romo-Uribe et al., 2017). The cells have also been used for testing carbon nanotubes and
some nanoparticles explored for potential use as biosensors (Kumari et al., 2018; Jeyarani et
al., 2020).

2.6.5 In Vitro Tests Done on Composite Scaffolds

With the recent interest in the fabrication of composite materials to enhance scaffold properties,
new materials are constantly discovered and explored for potential tissue engineering
application. For all these materials that are incorporated into already existing biomaterials such
as gelatin, in vitro biocompatibility tests are done to ensure that the presence of the material
has no negative effect on cells. Some of the composite scaffolds fabricated are discussed with
a focus on their in vitro cytotoxicity. Xing et al., (2010), investigated the biocompatibility of a
porous 3-D cellulose microfiber/gelatin composite scaffold for cell culture. The cellulose
microfiber was obtained from bleached Kraft hardwood fiber sheets from a paper company.

Their findings indicated that the presence of the microfibers enhanced the mechanical property
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to 75 % higher than that of gelatin only, and the fibers also provided linear pathways for the
cells to attach and grow compared to gelatin where the cells had formed clusters. Thus, the
presence of the fiber significantly supported human mesenchymal cell growth and ECM
formation. They used MTT assay and live/dead staining assay to determine cell viability. Other
assays indicated that the presence of the fiber supported cell adhesion and even preserved the
multilineage differentiation of the cells. Therefore, it was concluded that cellulose from the
microfiber can be considered for potential tissue engineering application.

Ramphul et al., (2017), also extracted cellulose from sugarcane bagasse and incorporated it
into polylactide and polydioxanone electrospun scaffold, L929 murine fibroblast cells were
used to determine the cytotoxicity. The results obtained from their MTT assay indicated higher
cell viability in the composites, and SEM imaging results also showed that the cells adopted a
round morphology similar to the control tissue culture plate (TCP). Additionally, plasma
membrane protrusions known to be indicators of healthy cellular adhesion and interaction were
present. Hence, the cellulose fiber was concluded not to be cytotoxic.

Cai & Kim, (2010), prepared and characterized bacterial cellulose/gelatin scaffold and tested
its cytotoxicity using 3T3 fibroblast cells. They reported that the presence of the bacterial
cellulose improved the Young’s modulus from 3.65 GPa to 3.87 GPa due to the alignment of
the nanofibers in the gelatin. The BC/gelatin scaffold also supported cell adhesion and
proliferation after incubating the scaffolds seeded with cells for 48 h. They suggested that the
scaffold is bioactive and can be used for wound dressing or TE applications. Grande et al.,
(2009), also reported that bacterial cellulose/hydroxyapatite composite material was able to
support HEK 293 cell growth. For their experiment, they formed a thin film of the composite
and seeded cells on them, however after taking the thin film out of the media, they realized
most of the cells did not attach to the surface of the film but instead the TCP. That

notwithstanding, they concluded that the material was not cytotoxic since cells were still able
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to proliferate in the presence of the composite material. Thus, the cell-surface adhesion
properties need to be improved in order to use it for TE application.

Another interesting thing to note is that, some of these scaffolds are also fabricated to support
the growth of some disease cells such as cancer cells in other to provide much better biomimetic
disease tissue models. Studies have shown that cellular response to drug treatment in 3-
Dimensional cell culture platforms are similar to what occurs in vivo compared to 2D
(Edmondson et al., 2014). J. Wang et al., (2018), investigated the use of novel bacterial
cellulose/gelatin hydrogel as a 3-D scaffold for tumor cell culture using MDA-MB 231 cancer
cell lines. They used MTT assay, SEM imaging and immunofluorescence staining to determine
the cell proliferation, morphology, adhesion and infiltration of the cells. Their results indicated
that the composite supported cell growth better than in the bacterial cellulose only. The cells
had transformed into spherical shapes with pseudopodia bonded to the scaffolds, indicating
good cell adhesion. Therefore, they concluded that the composite scaffold can be successfully
used for in vitro cancer biology studies, clinical diagnosis and for tumor TE. Moreover, since
both materials are cost effective, it can serve as an inexpensive candidate for tumor cells
cultured in vitro. Seo & You, (2009) fabricated y ray crosslinked gelatin- poly (vinyl alcohol)
hydrogels and Tao et al., (2017), also added Lap nanoparticles to
gelatin/carboxymethyl/chitosan to form composite scaffolds. In both cases, the incorporation
of the material enhanced and supported cell growth as seen in other similar experiments. This
goes to confirm that composites are really important, especially for a biomaterial like gelatin
and cellulose; gelatin enhances the biological properties while cellulose enhances the
mechanical properties. As seen in all cases, in vitro cytotoxicity tests had to be done hence the
need for this particular test for the 7 % (w/v) cassava microfiber-gelatin, in order to be

considered as a biomaterial for TE application also.
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CHAPTER 3

METHODOLOGY

In this chapter, methods used in determining the cytotoxicity of the samples are
described. All the experiments done were according to 1ISO10993-5 Standards for checking in
vitro cytotoxicity of medical devices, which in this case is the scaffold. The extraction test
method was used to obtain data for the analysis of cell growth and morphology (objective 1),
while the direct method (MTT assay) was used to obtain data for the analysis of the viability
of cells seeded directly on the scaffold at different time points (objectives 2 and 3). Fiber
extraction process and scaffold preparation were done following the protocol of Diabor et al.,
(2019). The only change made to the protocol was an increase in the Gelatin percentage from
1 % (w/v) to 3 % (w/v), this was a recommendation from Diabor et al., (2019) to improve the
binding effect of gelatin on the cassava microfibers. All experiments were performed in

triplicates.

3.1 Cassava Tubers

Cassava root tubers, biologically recognized as Manihot esculenta Crantz with cloned
genotype known as IHTA-TMS-GAEC-140006 were harvested from the farm of the
Biotechnology and Nuclear Agricultural Research Institute (BNARI), Ghana Atomic Energy

Commission (GAEC) and used for this study.

3.2 Reagents

Gelatin Type B powder from bovine skin (G9391), N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide, (E7750), N-hydroxysuccinimide (130672), Phosphate-buffered saline
(P5368), MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide, Live/Dead
cell double staining kit, Dulbecco’s Modified Eagle’s Medium (DMEM), Penicillin

31



Streptomycin, 0.5 % Trypsin- EDTA, Fetal Bovine Serum (FBS), were purchased from Sigma-
Aldrich. HEK 293 and MDA MB 231 cells were originally from American Type Culture
Collection (ATCC, USA).

Serological pipettes, 96 Well TC-treated microplates, pipette tips, 60 x 15 mm style

Polystyrene Petri dishes and cell culture flasks were also purchased from Sigma-Aldrich, USA.

3.3 Cassava Tuber Preparation and Fiber Isolation

The cassava tubers were obtained from GAEC and washed under running water to get rid of
any soil residue before transporting it to the laboratory. The cassava samples were then peeled
with a kitchen knife into basins, washed several times until they were clean and then soaked in
the basin with clean water enough to cover up samples as shown in Figure.4a. The cassava
samples soaked in the basin were allowed to degrade for a maximum of 14 days as shown in
Figure.4b .This method of fiber isolation used is known as the water retting method. After
soaking them, the samples were washed severally in order to get rid of all degraded parts
leaving only the fibers behind as shown in Figure.4c. The isolated fibers were then dried in an
Oven (GENLAB Prime) as shown in Figure.4d at 50°C for a maximum of 48 hours. Samples
were placed in Ziploc bags after drying and stored in a desiccator to prevent any form of
moisture absorption. The fibers were later pulverized using a Kitchen blender to form small
short fibers and further sieved using the USA standard sieve N0.80 (with pore opening of 180

pm) to obtain short uniform microfibers to fabricate the composite scaffold.
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Figure 4. Images of fiber extraction process, (a) cassava soaked in water; (b) cassava
soaked after 14 days; (c) extracted cassava fiber; (d) drying of fiber in oven.
3.4 Synthesis of Cassava Microfiber-Gelatin Scaffold
Using Diabor et.al, (2019) protocol for the scaffold fabrication, three-dimensional cassava
microfiber-gelatin scaffolds and pure gelatin scaffolds were fabricated by a freeze-drying
technique except that 3 % (w/v) gelatin was used instead of 1 % (w/v), as recommended by
Diabor et al., (2019) to improve the binding effect of gelatin and the cassava microfibers. The
3 % (w/v) gelatin solution was prepared by dissolving 1.20 g of gelatin (Type B powder from
bovine skin, Sigma-Aldrich G9391) in 40 ml of distilled water (DI water) in a beaker, heated
at 50 °C with stirring for 1 h using a hot plate magnetic stirrer. In preparing the composite
scaffold, the same steps for the gelatin solution were repeated except that 7 % (w/v) of the
cassava microfiber was weighed and added gently to the gelatin solution with continuous

stirring for 1 h to ensure even distribution of the fibers in the gel. The mixed solution for both
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the gelatin only and gelatin with the microfibers, was allowed to equilibrate to room
temperature and then specific amounts of the crosslinking agents were added to them. An
amount of 0.03 g of NHS and 0.05 g of EDC was added to each mixture and stirred using a
magnetic stirrer once again but without heat for a minimum of 15 minutes to crosslink the
mixture. The crosslinked mixture was then pipetted into either a 10 mm polystyrene petri dish
(20 ml of mixture) or 96 well plate (150 pul of mixture) depending on the test to be performed.
The samples were neatly covered and sealed with parafilm and transferred to a 4°C fridge to
allow gelation, and then later transferred to a -20 °C to form ice crystals, for 12 h each. All
these procedures stated above except for preparing the mixture on the hot plate magnetic stirrer,
were done under a laminar flow hood to ensure sterile conditions. The freeze drying method
was used in fabricating pores in the scaffold, thus samples were lyophilized in a Labconco
Freezone freeze dryer (Figure 6) for a maximum of 36 h. The samples were then stored in a

desiccator until further experiments and analyzes.

U
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Figure 5. Pictorial representation of scaffold fabrication process.
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Figure 6. Image of Labconco Freezone Freeze dryer and freeze dried samples.

3.5 Cell Culture

Cryopreserved cells for both HEK 293 and MDA MB 231 were obtained from the Department
of Biochemistry, Cell and Molecular Biology, University of Ghana (Cancer Lab_Aikins lab).
The frozen cells were thawed for < 1 minute in a 37°C water bath and quickly transferred into
a falcon tube. About 5 ml of pre-warmed growth media was gently added to it and spun in the
centrifuge at a speed of 700 rpm for 3 mins to separate the media from the cells. After spinning,
the supernatant was pipetted off leaving the cell pellet formed at the bottom of the falcon tube.
The cell pellet was then gently resuspended in 1 ml of media, transferred into a T-25 flask
(Corning/Costar) containing 5 ml of pre-warmed media and placed in a cell culture incubator
with 37°C and 5 % CO-, The cells were monitored under an optical microscope with media
changed every 2-3 days, upon reaching 80 % confluence, the cells were sub-cultured into a T-
75 culture flask to further expand their number. This was done by pipetting off the old media
in the T-25 culture flask, rinsing with 5 ml PBS twice, then adding 300-500 ul of trypsin-EDTA

(0.5 % trypsin, 5.3Mm EDTA) to the flask and incubating for about 3-5 mins. The cells were
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then viewed under the microscope to check if they have detached, 5 ml media was pipetted into
the flask, swirled and pipetted off into a falcon tube. The same procedure for the frozen cells
was repeated but the spinning speed used was 1000 rpm for 5 mins. The resuspended cell pellet
was then transferred into the T-75 flask. All media used for culturing the cells was prepared
with high glucose Dulbecco’s Modified Eagle’s Medium (D-MEM) with L-Glutamine, 4500
mg/L D-Glucose, without Sodium Pyruvate supplemented with 10 % Fetal Bovine Serum,
Research grade and 1 % Penicillin-Streptomycin (5,000 U/mL). All activities were performed

under aseptic conditions and reagents were obtained from Sigma Aldrich.

3.6 Sample Sterilization

All samples were sterilized under same conditions prior to each experiment. The samples were
placed in the laminar flow hood and a specific amount of 70 % ethanol was added to the
samples and left overnight in the hood to dry. For samples in the 96 well plate and the 10 mm
polystyrene petri dish, 50 pl and 1 ml of ethanol were added, respectively. Afterwards the

samples were washed with PBS twice prior to cell seeding.

3.7 Cell Proliferation Test

This test assessed the proliferation of cells seeded on the sterilized scaffold samples in 96 well
plate via MTT assay. Cells were harvested from the T-75 culture flask after the 2" - 3" passage
number using trypsin-EDTA, the harvested cell pellets were resuspended in 1 ml of media after
centrifuging. The cell concentration and viability were then determined using Trypan blue
exclusion method. The dilution factor (df) used was 10 ul of cell suspension and 30 pul of trypan
blue staining solution pipetted and mixed together in an Eppendorf tube. A hemocytometer was
used to count the cells, 10 pl of a mixture of the stain and cells was pipetted under the glass

cover slip on the hemocytometer and viewed under the microscope. The live cells in each
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quadrant was counted manually and the average live cell was calculated and recorded. The
formula used to calculate the live cell concentration is shown below:

live cell concentration (per ml) = average live cell number X df; ......... equation. 3

where df =4 X104

After calculating the cell concentration per ml, the ratio of required cell seeding concentration
was calculated from it. For the 96 well plate, 1x10* cells were seeded per well and 100 pl of
media was added to each well. The cells were seeded on the sterilized samples and incubated
for 3 hours prior to the addition of media, this was to allow the cells attach to the surface of the
scaffolds instead of the plate. In this assay, cells cultured in the well plate without the scaffold
was used as one of the controls. The samples with only media and no cells were used as the
color control, this was to cater for any absorbance produced from the samples themselves. The
blank used was media only with no cells to also cater for any absorbance produced from the
media only, and negative control used was cells growing in the well plate without any scaffold
present.

The cells seeded on the scaffold were incubated at specific time points, day 1, 3 & 5and MTT
assay was performed at these specific time points. MTT solution was prepared by weighing
0.025 g of the powder into 10 ml PBS, 20 ul of the solution was added to the samples, the
controls and blank and incubated for 4 h. After, 100 pl of isopropanol prepared by adding 163
pl of hydrochloric acid to 50 ml of propan-2-ol was added to each well and also incubated for
30 mins to dissolve the purple formazan precipitate formed. The absorbance of each well in the
plate was determined using the spectrophometer set at a wavelength of 590 nm as shown in

Figure 7 below.
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Figure 7. Setup of Spectrophotometer.

The percentage cell viability (% CV) was calculated from the absorbance using the formula

below:

test absorbance — color control absorbance )
% CV = - X 100% ... ... ....equation. 4
negative control absorbance — blank absorbance

Where:

e Test absorbance = absorbance of samples with cells

e Color control absorbance = absorbance of samples without cells
e Negative absorbance = absorbance of cells with media only

e Blank absorbance = absorbance of media only

Graphs of the viability was plotted and analyzed, all experiments were performed in triplicates.
MTT assay solution is light sensitive, hence all experiments were performed in the dark or with
minimum light as much as possible. Figure 8 below shows a graphical representation of the

experiment.
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Store samples Sterilize samples Harvest cells Seed cells Add MTT solution Measure absorbance

Figure 8. Pictorial representation of MTT assay to determine cell proliferation.

3.8 Scaffold Surface Morphology Imaging
This test was performed by imaging the surface morphology of the prepared scaffolds using
Zeiss Stereo Microscope as shown in Figure 9 below. The freeze-dried samples in petri dishes

were placed under the microscope and images were taken.

Figure 9. Setup of Zeiss Stereo Microscope

3.9 Cytotoxicity Extraction Test
This extraction test method was performed by checking the effect of the extract obtained from
sterilized samples in petri dishes on the morphology and viability of the cells. After sterilizing

samples and washing with PBS, a calculated amount of media was pipetted on the samples.
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The surface of the device to volume ratio of the extract vehicle recommended by 1SO 10993-5
(1SO, 2009) is 125 mm?/ml, hence this was used to calculate the corresponding volume of
media to be added to the samples. For a large petri dish with about 100 mm diameter, 15 ml of
media was added, while for a small petri dish with about 60 mm diameter, 10 ml of media was
added. The samples were covered and sealed with parafilm and incubated at 37 °C for 24 hours,
the extract from the samples at this specific time point was added to the cells.

Cells were seeded into 24 well plates at a seeding density of 1 x 10° cells/ml and further
incubated for 24 hours to ensure cells had attached and started growing before adding the
extract. The media on the cells was pipetted off and washed with PBS before adding 500 ul of
the extract to the fresh media added to the cells. After adding the extract to the cells, they were
incubated for 24 and 48 hours, respectively at 37 °C. The cells were analyzed for any changes
in morphology or cellular degeneration. The negative control used was the cells without any
extract, and for the positive control 70 % ethanol was used as the extract. All the experiments

were performed in triplicate.

Seed 1*10A5 cells Incubate scaffold in media Treat cells with extract and incubate
Incubate for 24 hours at37°C:24h for24 h & 48 h

Figure 10. Pictorial representation of the extraction method.
3.9.1 Cell Morphology Analysis:
After incubating the samples and controls with the extracts for 24 and 48 hours, the extract was
pipetted off and the cells were washed twice with PBS to get rid of debris from the extract
solution. Images of the cells were then taken with an optical microscope as shown in Figure 10

below, to check the effect of the extract on the cell morphology. Per ISO standards, Table 1
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was used to qualitatively grade cytotoxic effects of the extract on the cell morphology. A

comparison between the controls and the samples was done.

Figure 11. Setup of Optika Microscope (ltaly) equipped with an Optikam B9 Digital

Camera.
Table 1. Qualitative morphological grading of cytotoxicity of extracts (ISO, 2009)

Grade | Reactivity Conditions of all cultures

0 None Discrete intracytoplasmatic granules, no cell lysis, no reduction of cell
growth.

1 Slight Not more than 20 % of the cells are round, loosely attached and without
intracytoplasmatic granules, or show changes in morphology;
occasional lysed cells are present; only slight growth inhibition
observable.

2 Mild Not more than 50 % of the cr.:lls are round, devoid of intracytoplasmatic
granules, no extensive cell lysis: not more than 50 % growth inhibition
observable.

3 Moderate Not more than 70 % of the cell layers contain rounded cells or are lysed;
cell layers not completely destroyed, but more than 50 % growth
inhibition observable.

4 Severe Nearly complete destruction of the cell layers.
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3.9.2 Live/Dead Staining

The live/dead staining was to give a visual representation of the number of cells alive and the
number dead after incubating the cells with the extract. This staining kit contains Calcien-AM
which stained the live cells green and Propidium lodide (P1) which stained the dead ones red.
After pipetting off the extract from the cells, the cells were washed with PBS several times (4x)
to get rid of any residual esterase activity. The cells were then trypsinized from the petri dish
since the fluorescent microscope (ZEISS Axio Vert Al Inverted Phase Fluorescence
Microscope) used could not view the cells in the dish when stained directly. A volume of 300
ul trypsin-EDTA was added to the 24 well plate, incubated for about 5 mins and then viewed
under the optical microscope to check if the cells have successfully detached. PBS (1 ml) was
added to the trypsinized cells to stop the reaction, and then the trypsinized cells were transferred
into an Eppendorf tube. This was done for the all the cells with their tubes labelled with the
corresponding name tag. Using a micro-centrifuge, the cells in the Eppendorf tube were spun
at 1000 rpm speed for 3 mins, this was repeated four times. The supernatant was pipetted off,
leaving behind the cell pellet and 50 pl of the staining solution prepared was added to the cell
pellet and resuspended in it. Before adding the staining solution, the Eppendorf tubes were
covered with foil and the lights were turned off since the solution is light sensitive. The mixture
was then incubated at 37 °C for 15 mins prior to imaging of the cells. 20 pl of the mixture was
pipetted on a glass slide with a cover slip and then viewed using the fluorescent microscope as
shown in Figure. 11 to detect the live and dead cells.

In preparing the staining solution, the producers recommended staining the cells to determine
the suitable concentration of Pl and Calcien-AM that can effectively stain cells, after doing this
test the suitable concentration was between 1-5 pM. Then, 10 ul of Calcien-AM and 5 ul of PI
of the suitable concentration was added to 5 ml PBS to prepare the staining solution as

recommended by the producers.
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Figure 12. Setup of ZEISS Axio Vert Al Inverted Phase Fluorescence Microscope.

3.10 Data Analysis

The MTT assay produced continuous data in the form of the absorbance measured. Using
Microsoft Excel 2016, the data were organized and the three closest absorbance values were
used to calculate the percentage cell viability for each sample. The percentage cell viability
was expressed as a percentage of the control value obtained for the negative control (cells
without scaffold). Using the GraphPad Prism 8 Software, descriptive statistics was done to find
the mean and standard deviation (SD) of the three % cell viability calculated. The mean = SD
(represented as error bars) for each sample was plotted as bar graphs using the software.
Statistical analyzes of the results were carried out using one-way analysis of variance
(ANOVA) (GraphPad Prism 8 Software) to determine if there was any statistical significance
among the samples. Shapiro-Wilk test was performed to test for normality of the data before
using ANOVA and all data obtained were normally distributed. Tukey’s post hoc test was used
to further determine if the difference is significant at p value < 0.05. The level of significance
was represented by the number of “*’ displayed on the graph; p< 0.0001(****), p < 0.0002

(**%), p < 0.0021 (**), p < 0.0332 (*) and p > 0.05 (ns).
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Images obtained from fluorescence and optical microscopy were analyzed using ImagelJ
software. Table. 1 (adopted from ISO standards) was used to analyze the cytotoxicity of the
images obtained from the optical microscope. Images obtained from fluorescence microscopy
were analyzed by visually inspecting the intensity/number of the live (green) cells in
comparison to that of the dead (red) cells. Higher live cell intensity indicated less cytotoxicity

and vice versa.
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CHAPTER 4

RESULTS AND DISCUSSION

In this chapter the results obtained for each experiment are reported and discussed. The results
obtained are in two major sections, the extraction test and the direct contact test (MTT assay).
It is important to note that all tests performed were according to 1SO standards for checking in
vitro cytotoxicity of medical devices (1ISO, 2009). For all the experiments done, HEK 293 cells
and cancer cell line MDA MB 231 were used. The HEK 293 cells was to check if the scaffold
can be considered for TE purposes using normal cells, while MDA MB 231 cancer cells was
to check if the scaffold can be used for 3D tumor cell studies.

4.1 Scaffold Surface Morphology

Figure 13 below shows the surface morphology of GELCAS and GEL only. GELCAS had
rough surface and interconnected pores with fibers randomly dispersed in the gelatin matrix as
described in Diabor’s work (Diabor et al., 2019). Since the same scaffold fabrication procedure
was used, it can be suggested that the scaffold properties recorded in Diabor’s work are similar
to this work. Seo et al., (2009) performed a similar continuation study that focused solely on
analyzing biocompatibility of a scaffold they had already fabricated and characterized. Hence,
the reason for not performing characterization test of the GELCAS and GEL only scaffold

again, considering that this is also a continuation study.

Figure 13. Images of scaffold surface morphology of (a) GELCAS and (b) GEL only.
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4.2 Extraction Test Results

The results obtained for this test were in two parts, one was for cell morphology analysis while
the other was for live/dead staining assay. All experiments were performed in triplicate.

4.2.1 Cell Morphology Analysis

This analysis was done to determine the effect of the extract obtained from incubating the
samples with media at 37 °C for 24 h, on the morphology of both HEK 293 and MDA MB 231
cells. Per the 1SO standard, the factors that were considered in this analysis were the cell shape,
the state of the cell attachment to the plate, and observation of the cell growth inhibition after
addition of extract (ISO, 2009). These factors were used to determine the grade of cytotoxicity
using Table 1. The negative control which does not elicit cytotoxic effect, and the positive
control which elicit cytotoxic effect were also used as reference points to determine the
cytotoxic level, by comparing the results obtained for the test samples to them.

4.2.1.1 HEK 293 Optical Microscopy Images

Figure 14 below shows captured images from an optical microscope after exposing HEK 293
cells to the extracts. Since HEK 293 cells are adherent in culture, it was observed that the cells
had initial attachment and were connected to each other 24 hours after seeding in all cases. The
cells are also known to appear less circular than common cell lines and tend to display dendritic
processes, as seen from Figure 14 for all samples at the 24 hour time point. Thus, all the cells
were in the same condition and were exhibiting healthy cellular characteristics prior to the
addition of the extracts. After the addition of the extract from the GEL only and GELCAS to
the cells, it was observed that at time point 48 h (24 h incubation after adding extract), the cells
had increased in number, maintained their morphology, and were well attached to the well plate

for both samples.
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Figure 14. Morphological changes of HEK 293 observed under an inverted light
microscope (100 x magnification) after exposure to extract of samples, scale bar (100 pum).
A similar observation was made at time point 72 h (48 h incubation after adding extract) but
with a further increase in the cell number and increase in cell interconnection, indicating that
the presence of extracts had little or no effect on the cell morphology or growth. This
observation was expected for GEL only extract, since gelatin is a recognized biomaterial
already in use for TE applications. Similarly, for the negative control which had no extract
present, it was observed that there was a higher increase in cell number than in all cases as
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expected. The cells for the negative control had reached approximately 70-80 % confluence at
time point 48 h and increased to about 90-100 % at time point 72 h. Using this as a reference
point, it can be deduced that the cell confluence for the GELCAS and GEL only was
approximately 50-60 % at time point 48 h with an increase to 70-80 % confluence. Therefore,
although the presence of the extract did not affect the morphology and interconnection of the
cells, it had slight growth inhibition on the cells. Per the ISO standard Table 1, it can be inferred
that GELCAS can be considered as Grade 1, with slight reactivity. Since both test samples had
similar reactivity, it can be concluded that the presence of the cassava fiber in the gelatin had
little or no significant effect on the HEK 293 cell line. Thus, the GELCAS material is not
cytotoxic to HEK 293 cells. The positive control that was treated with 70 % alcohol on the
other hand, gave a cytotoxic response as expected; the cells became round, losing their initial
morphology and were suspended in culture instead of adhering to the well plate. After 72 h,
they had clustered together and were floating in the well plate.

4.2.1.2 MDA MB 231 Optical Microscopy Images

Figure 15 below shows optical microscopy images after exposing MDA MB 231 cells to the
extracts. MDA MB- 231 are adherent cancer cells that have epithelial- like morphology, they
appear phenotypically as spindle shaped cells similar to fibroblast like cells. As seen in Figure
15 below, the cells attached and were expressing their phenotype, 24 hours after seeding for all
samples. Indicating that the cells were in a healthy state prior to the addition of the extract.
After the addition of the extract from GEL only to the cells it was observed that the cells
maintained their morphology and slightly increased in cell number at time point 48 h, with
further increase in cell number at time point 72 h. Again, this was expected since gelatin has
been successfully used in fabricating a 3-D scaffold for tumor cell culture using the same cell

line (Wang et al., 2018).
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Figure 15. Morphological changes of MDA MB 231 cells observed under an inverted light
microscope (100 x magnification) after exposure to extract of samples, scale bar (100 pm)
Similarly, the negative control exhibited same cell characteristics as GEL only except that it
had higher cell proliferation than the GEL only, for all the different time points, similar to the
results for HEK 293 cells.

Contrary to the expectation for GELCAS, the cells were rather observed to be changing
morphology from their spindle shape to circular shapes. The positive control also had the cells

shrinking and losing their morphology as well, as expected because of the 70 % alcohol. To
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better understand and see more clearly what was going on, images of the cells after exposure

to the sample extracts were taken at (400x) magnification as seen in Figure 16 below.

NEGATIVE CONTROL
GEL ONLY

GELCAS
POSITIVE CONTROL

Figure 16. Optical microscopy images of cells after exposure to sample extract at 400x
magnification, scale bar (20 um); a- mitotic division of cells, b- cell disruption, c-
formation of apoptotic bodies, d- cellular shrinkage.

The negative control and GEL only had similar cell morphology, with some of the cells
undergoing mitosis as seen from Figure 16. On the other hand, the cells exposed to GELCAS
extract did not look healthy, they rather looked like the cell membrane had been disrupted
(Figure 16b) and did not have similar mitotic division ongoing as seen in the negative control
(Figure 16a) and GEL only. From literature this change indicated that the cells were undergoing
apoptotic cell death (Rahman et al., 2016), meaning the presence of the material from GELCAS
had a negative effect on the cells by inducing their death. After 72 hours, majority of the cells
showed apoptotic features such as cellular shrinkage and apoptotic bodies (Brown et al., 2014).
These features exhibited by the cells, were also similar to cancer cells after treatment with some

potent compounds that are being investigated as anti-cancer agents. For instance, ampelopsin
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E, a compound isolated from Dryobalanops, was reported to exhibit cytotoxic effect on MDA
MB 231 by inducing apoptosis and cell cycle arrest (Rahman et al., 2016). The morphological
changes reported after the treatment in varied concentrations are similar to the results obtained
in Figure 16 for GELCAS and can be seen in appendix (Figure 22).

Per ISO standard Table 1, it can be inferred that the effect of GELCAS extract on the cells is
between grades 3-4, moderate/severe with some similarities to the positive control. Therefore,
GELCAS can be said to be cytotoxic to MDA MB 231 cancer cells per the results obtained.
This is an interesting finding, considering that the extract was not toxic to the HEK 293 cells
but to the cancerous MDA MB 231. However, unlike the positive control where the mode of
cell death is usually classified as cell necrosis, as a result of the imbalance in cell environment
due to the presence of the alcohol (Hoek et al., 2002; Plante et al., 2013), the mode by which
the GELCAS extract caused the cells to die is not known. Hence, further studies will need to
be done in order to understand the mechanism of cell death, that way it can also be exploited
as a potential anti-cancer agent. Also, a co-culture of both normal and cancer cells can be done

to ascertain that the GELCAS extract has preferential cytotoxic effect on the cancer cells only.

4.2.2 Live/Dead Staining Assay

This study was done to show the number of cells alive and number of cells dead and to further
confirm the effect of the extracts on cell viability. This test was done for both HEK 293 and
MDA MB 231 cells, and the intensity of the live cells versus the dead cells was used in
determining the cytotoxicity level.

4.2.2.1 HEK 293 Fluorescence Microscopy Images

Figure. 17 below shows fluorescence microscopy images of the HEK 293 cells after exposure
to the extracts from the samples. Separate images of live only and dead only were taken and

then merged to fully represent both live and dead cells.
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Figure 17. Fluorescence microscopy Images depicting live cells stained green with
Calcein-AM solution and dead cells stained red with Propidium lodide solution for HEK
293 cells after exposure to sample extracts, scale bar (100 pm).

As seen in Figure 17, there was higher intensity of live cells for GELCAS, GEL only and the
negative control, with the least intensity observed for the positive control. This result is in
agreement with the results presented in Figure 14, where the cells maintained their morphology
for all samples with the exception of the positive control. Again, the intensity for dead cells
was highest in the positive control, followed by GEL only and GELCAS, with the least

intensity observed in the negative control as expected. The slightly higher intensity for dead

cells supports the slight inhibition of cell growth in GELCAS and GEL only samples as
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presented in Figure 14. Therefore, it can be concluded from these results that GELCAS is not
cytotoxic to HEK 293 cells, hence the presence of the cassava fiber in the gelatin had little or
no significant effect on the cells. This could be attributed to the fact that cellulose is generally
known to be biocompatible, thus its presence in the fiber had no toxic effect on the cells

(Mikshina et al., 2013).

4.2.2.2 MDA MB 231 Fluorescence Microscopy Images
Figure 18 below shows fluorescence microscopy images of the MDA MB 231 cells after

exposure to the extracts from the samples.
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Figure 18. Fluorescence microscopy images depicting live cells stained green with
Calcien-AM solution and dead cells stained red with Propidium lodide solution for MDA
MB 231 cells after exposure to sample extracts, scale bar (100 pm).

For the MDA MB 231 cells, the intensity of live cells for the GEL only was higher than that of
the GELCAS, whereas the intensity for dead cells was higher in GELCAS than in GEL only.
This indicates that, the presence of cassava fiber in gelatin resulted in an increase in the death
of the cancer cells, contrary to what occurred in the HEK 293 cells. Although this result was
not expected, the difference in results may be attributed to the presence of other components
such as hemicellulose and lignin attached to the cellulose (Sorieul et al., 2016) present in the
fiber. Since cellulose is generally known to be biocompatible and has been used to support
even cancer cell growth (Kumar Gupta et al., 2019).

According to Wang et al.,(2015), some lignin-carbohydrate complexes formed as a result of
chemical bonds between cellulose, hemicellulose and lignin are known to exhibit anti-
proliferative properties at the cellular level. They extracted two lignin-carbohydrate complexes
from the chaga mushroom (Inonotus obliquus), and examined their cytotoxicity against cancer
cells. Their findings indicated that the extracts had anti-tumoral activity on the cells as
expected. However, the mechanism by which cell apoptosis was induced was mostly by
inhibiting NF-kB, a protein transcription factor responsible for turning on the gene expression
that prevents cancer cells from undergoing cell apoptosis. This particular protein transcription
factor exists in an inactive form in normal cells, but is active in cancer cells (Wang et al., 2015).
Considering that the same extract from GELCAS resulted in the death of the MDA MB 231
cancer cells while supporting HEK 293 cell growth, it could be that the mechanism of cell
death may be similar to what was reported by Wang et al., (2015).

Also plant extracts or compounds such as phenolics, alkaloids, polysaccharides and

glycoproteins, lectins, tannins and lignins have been reported to selectively induce apoptosis
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in neoplastic cells instead of normal cells (Safarzadeh et al., 2014). However, more studies
need to be done to verify this hypothesis. Aside that, ethanol cassava extracts have also been
investigated for their cytotoxic effect against different cancer lines and they all showed
promising results as potential anti-cancer agents (Widiastuti et al., 2018; Sadudee, S., 2017;
Rahmat et al., 2004). Therefore, cassava in itself may possess anti-proliferative properties

against cancer cells.

4.3 MTT Assay Results

MTT assay is used to measure cellular metabolic activity as an indicator of cell viability,
proliferation and cytotoxicity. This colorimetric assay is based on the reduction of a yellow
tetrazolium salt to purple formazan crystals by metabolically active cells. The higher the
absorbance, the higher the cell viability (Kamiloglu et al., 2020). Hence, this test was done to
determine the viability of cells seeded directly on the scaffold, as this reflects better, the use of
the scaffold in a clinical setting. Also, the results obtained from this test assisted in further
confirming the results obtained from the extraction method test. Similar to the extraction test,
both HEK 293 and MDA MB 231 cells were used for this test. The raw data used in plotting
the graphs for both cell lines are represented in a tabular form in the appendix.

4.3.1 HEK 293

The mean absorbance of the negative control was calculated and used as the reference point
for 100 % cell viability at all the respective time points, since cells are generally known to
proliferate well on TCP. The cell viability for all the samples (GEL only and GELCAS) was
expressed as a percentage of the negative control value. The percentage cell viability (CV) was
calculated from the measured absorbance (AB) obtained from the spectrophotometer reading
using equation. 1. Figure 19 below shows a graphical representation of the percentage cell

viability for HEK 293 cells.
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Figure 19. Percentage cell viability after 1, 3, and 5 days of culture of HEK 293 cells on
the samples as determined by MTT assay; the control values were normalized to 100 %.
As seen in Figure. 19a, b and c, after culturing the cells on samples at the different time points
(day 1,3 and 5), GELCAS exhibited higher cell viability than the GEL only at all the time
points. Statistical analysis done indicated that, the difference in the cell viabilities was
significant for all the days with all p values < 0.05. This suggests that, the presence of the
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cassava microfiber in gelatin had a positive effect on cell growth as expected. The enhanced
cell growth in GELCAS compared to GEL only could be due to the differences in structure of
the scaffolds reported by Diabor et al. (2019). Considering that the same protocol used by
Diabor et al. (2019) in fabricating the scaffold was used in this work, it can be expected that
there will be similarity in the structure of the scaffold made by Diabor et al. (2019) and the one
fabricated in this work. In his work he indicated that, the GELCAS scaffold had short
discontinuous cassava fibers randomly dispersed in the gelatin matrix, and the surface
morphology appeared much rougher compared to that of GEL only. From literature, these
properties are known to support cell binding to the surface and serve as contact guidance for
directing and spacing cells to grow along the fibers (Xing et al., 2010). This is expected to
reduce the cluster growth of cells, preventing cells from competing for nutrients and ending up
dying as may have been the case in GEL only. Again, when cells are able to adhere strongly to
the scaffold, it permits multilayered cell formation, since there is a larger surface area for them
to attach and grow as proposed by Xing et al. (2010).

The results obtained are also comparable to similar composite scaffolds, found in literature that
also recorded higher cell viability in cellulose-enhanced composite scaffolds. Huang et al.
(2016), recorded higher cell viability in gelatin enhanced with partially sulfated cellulose, while
Ramphul et al. (2017), reported a similar trend for their cellulose enhanced PLLA-cellulose
composite. Xing et al. (2010), also very similar to this work, recorded higher cell viability in
cellulose enhanced gelatin than in gelatin only. All these suggest that the presence of cellulose
in composite scaffolds, promotes the growth of cells. Also, both 3D samples (GEL only and
GELCAS) had higher cell viability than the negative control which had cells growing on a 2-
D platform, further supporting the fact that 3D platforms have multiple layers for cell
attachment. Hence, can provide more room for cell attachment, unlike the negative control

which allows cell growth in one layer. From Figure 18c, it can be observed that although there
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was a significant difference between day 1 and day 3, with regard to cell viability for both
samples, there was no statistically significant difference in the viability between day 3 and 5.
This means that, there was not much cell growth after day 3 and this could be due to the
reduction in the inner cross section porosity of the scaffold as reported by Diabor et al. (2019).
Thus, the reduction in the porosity may have negatively affected the growth of the cells within
the matrix (Deb et al., 2018), preventing them from proliferating further as expected. In
conclusion, the deduction made from results obtained from this test is that GELCAS is not

cytotoxic to HEK 293 cells, in agreement with the results obtained from the extraction test.

4.3.2 MDA MB 231

The mean absorbance of the negative control was calculated and normalized to 100 % cell
viability at all the respective time points, since cells are generally known to proliferate well in
TCP. The cell viability for all the samples (GEL only & GELCAS) was expressed as a
percentage of the negative control value. The percentage cell viability (CV) was calculated
from the measured absorbance (AB) obtained from the spectrophotometer reading using
equation. 1. Figure 20 below represents the graphical representation of data obtained from the
MTT assay for MDA MB 231 cells.

The percentage cell viability calculated from Table 4 (appendix) generally indicated that
GELCAS had the least cell viability at all-time points as compared to the other samples. From
Figure.20a, b and c, the trend of GEL only having the highest cell viability, followed by the
negative control was consistent throughout. Although GEL only recorded the highest cell
viability in all cases, there was a reduction in cell viability from 111.1+ 10.34 recorded on day

1, to 79.07+3.28 recorded on day 5.
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Figure 20. Percentage cell viability after 1, 3, and 5 days of culture of MDA MB 231 cells
on the samples as determined by MTT assay; the control values were normalized to 100

%.

This was unexpected, however the reduction could have been as a result of cells inability to
form aggregates or cluster due to the structure of the gel, this is known to reduce cancer cell

proliferation and metabolic activity (Labuschagne et al., 2019).
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The difference between percentage cell viability of GEL only and GELCAS was also
statistically significant for all the time points, indicating that the presence of the fiber did not
support the growth of the MDA MB 231 cancer cells unlike it did for HEK 293 cells. This
result was unexpected because from literature, Wang et al., (2018), fabricated bacterial
cellulose/ gelatin scaffold and investigated its potential use as a 3D scaffold for tumor cell
culture by seeding MDA MB- 231 cells on it. Their findings indicated that the cells
significantly attached, proliferated and differentiated, making it an ideal in vitro culture
scaffold for tumor cells. Ul-Islam et al., (2019), also fabricated bacterial cellulose/chitosan
scaffold for potential application in the diagnosis of ovarian cancer, similarly the scaffold
supported the cell growth of the ovarian cancer cells (A2780). Therefore, the presence of
cellulose can be said to have little or no negative effect on the cell viability of cancer cell lines,
but rather supports their growth. This happened to be contrary to the results obtained in this
study.

From Table 4 (appendix), there is a gradual decline in the cell viability of the MDA MB 231
cells cultured in the GELCAS scaffold from 50.13+7.89 to 25.48+4.88. This decline may not
be associated with the structure of the scaffold since the same scaffold has been able to support
HEK 293 cell lines. In addition to that, MDA MB 231 cell diameter is averagely 17- 18 um in
the same range as HEK 293 cells, hence the pores in the scaffold can allow cell movement
(Connolly et al., 2020). Taking into consideration how fast cancer cells in general proliferate,
it was expected that there would be even higher cell viability than that of HEK 293, but clearly
that was not the case. Since, the presence of cellulose from literature so far has been seen to
support cancer cell lines (Wang et al., 2018), it can be inferred that the other components
present in the cassava fiber may be a contributing factor to the decline recorded, since the fiber

was not chemically treated to obtain pure cellulose.

60



Lignin is known to be the second most abundant polymer after cellulose and forms 30 % of the
lignocellulosic biomass (Chen, 2014). Current studies are focusing on the use of lignin and its
derivatives as promising candidates for anti-cancer applications. Lignin is also being explored
as a delivery vehicle for enhanced cancer therapy (Vinardell & Mitjans, 2017). A novel
alkaline-lignin-conjugated-poly (lactic-co-glycolic acid) (L-PLGA) nanoparticle drug delivery
system (NPDDS) to improve the efficacy of GDC-0623, a targeted cancer therapy, was recently
studied. The result obtained indicated that, L-PLGA NPs loaded with GDC-0623 NPs
demonstrated a nearly 50% reduction in cell numbers compared to free GDC-0623 and PLGA-
GDC NPs when tested in vitro (Byrne, 2020). Another study showed that FezOs-LNPs at
concentration of 250 pg/mL showed an increased toxicity towards MDA-MB-231, MCF-7, and
EA.hy926 cell lines, and the Fe-LNPs (250 pg/mL) were also toxic against MDA-MB-231
cells (Figueiredo et.al, 2017). All these suggest that the presence of the lignin in the fiber may
have resulted in the decline in cell viability. The results obtained from this MTT assay result
further validates the extraction test result, indicating that GELCAS is cytotoxic to the growth

of MDA MB 231 cells.

4.3.3 Comparison of MTT Assay Results for MDA MB 231 and HEK 293 cells

Figure. 21 below compares cell viability results for the two cell lines used in this experiment.
It can be concluded from the graphs that compared to GEL only, GELCAS enhanced the growth
of HEK 293 cells negatively affected cell growth of cancerous MDA MB 231 cells. These
results are very interesting as they suggest that the presence of the cassava fiber in gelatin is
not cytotoxic to HEK 293 cells but to MDA MB 231 cancer cells. Thus, the hypothesis that
the presence of the cassava microfiber in the gelatin scaffold will lead to enhanced cell
proliferation with no effect on cell morphology, can be accepted for HEK 293 cells but rejected

for MDA MB 231 cancer cells.
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Figure 21. Comparison of percentage cell viability of HEK 293 cells and MDA MB 231

cells seeded directly on the samples at day 1, 3 & 5.
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CHAPTER 5

SUMMARY, CONCLUSION AND RECOMMENDATION

5.1 Summary

This study was conducted to investigate the cytotoxicity of 7 % (w/v) cassava microfiber
gelatin composite scaffold, by studying its effect on cell viability and cell morphology, in
accordance with ISO standards for in vitro cytotoxicity testing of medical devices. Cassava
microfiber was isolated and used in fabricating the composite scaffold via freeze-drying
methods. Optical microscopy and fluorescence microscopy were used in examining changes in
cell morphology and determining the ratio of live/ dead cells using Calcien AM and Propidium
lodide staining solutions, after the cells had been exposed to extracts from the samples. The
results obtained were compared to gelatin scaffold only and to cells cultured on TCP with no
scaffold.

Cells were also seeded directly onto the fabricated scaffolds and cell viability analyzed at
different time points after seeding (Day 1, 3&5) using MTT assay. The % cell viability was
calculated using the measured absorbance and graphs were plotted to compare the results
obtained. Statistical analysis was performed (p< 0.05) on the results obtained to determine if

the presence of the cassava microfiber influenced the cell viability.

5.2 Conclusion

The following conclusions can be drawn from the study:

1. Results obtained from the cytotoxicity extraction test suggested that, the presence of the
cassava fiber had insignificant effect on the cell morphology and cell viability of HEK 293
cells. There was no change in cell morphology, and there was good cell adhesion to the

well plate even after incubating the cells with the extracts for 48 h. The cells were able to
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maintain their morphology and proliferate in the presence of the extract, although there was
a slight inhibition of cell growth when compared to the cells without the extract.
Fluorescence microscopy images obtained further validated the optical microscopy results,
as there was higher live cell intensity than dead cell intensity after adding the extract to the
cells. Both GEL only and GELCAS scaffolds exhibited similar results, suggesting that the
presence of the fiber had no significant effect of the HEK 293 cell morphology and the

cells’ ability to proliferate.

MTT assay results for HEK 293 cells seeded directly on the scaffolds also indicated higher
cell viability in GELCAS than in GEL only. There was significant increase in % cell
viability from 181.9+16.88 to 440.4+34.71 for GELCAS, whereas GEL only increased
from 137.74£10.84 to 249.3+£62.13 from day 1 to 3, respectively. However, there was a
decline in viability from day 3 to 5 in all cases, although the difference was not statistically
significant (p > 0.05). The higher cell viability in GELCAS than the pure gelatin scaffold
indicated that, the cassava fiber is not toxic to cell growth of HEK 293, and thus can be
considered as a reinforcement material to enhance cell growth in tissue engineering

scaffolds.

. The cytotoxicity extraction test conducted for MDA MB 231 cancer cells suggested that,
the presence of the cassava fiber in gelatin had negative effect on the cell morphology and
viability, contrary to the results obtained for HEK 293. The cell morphology changed from
their spindle shape to circular shapes, after the cells were exposed to the extract from
GELCAS, whereas that of GEL only maintained the morphology and cell growth.

Fluorescence microscopy images indicated higher intensity of live cells for GEL only than
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GELCAS, while GELCAS had higher intensity of dead cells, confirming that the GELCAS
was toxic to cancer cells.

MTT assay results for MDA MB 231 cells seeded directly on the scaffolds also indicated
higher cell viability in GEL only than in GELCAS. The difference between the cell viability
of GEL only and GELCAS was statistically significant (p < 0.05) at all the time points.
There was a decline in cell viability of GELCAS from 50.13+7.89 to 25.48+4.88 from day
1to 5. This suggests that GELCAS did not support the growth of the cells and the presence
of the fiber in gelatin is cytotoxic to MDA MB 231 cells.

. GELCAS influenced the two cell types studied differently; it supported the growth of HEK
293 cells, while inducing the death of MDA MB 231 cancer cells. Presence of other
components such as lignin in the cassava fiber could be a contributing factor to the death
of cancer cells. The incorporation of the fiber significantly enhanced HEK 293 cell growth.
Since GELCAS (7 % (w/v) fiber/gelatin composite) is not cytotoxic to HEK 293 cells, it

can be considered as a reinforcement material for gelatin for tissue engineering purposes.

5.3 Contribution to knowledge

This study was able to achieve the objectives set out, by providing in depth knowledge on the

cytotoxicity of the 7 % (w/v) cassava microfiber gelatin composite scaffold, by assessing its

effect on cell viability and cell morphology. The study provided interesting findings that

suggest that, the presence of the fiber in gelatin is not cytotoxic to HEK 293 cells but cytotoxic

to MDA MB 231 cancer cells. Therefore, these findings could help inform biomaterials

engineers and materials researchers about the cytotoxicity of this material when considering it

as a reinforcement material for tissue engineering purposes. It can also be potentially

considered for bone tissue engineering. Materials researchers may also consider exploring the

material as a potential anti-cancer agent.

65



5.4 Recommendation

It is recommended that further studies be done to analyze the morphology and adhesion of cells
seeded directly on the GELCAS scaffold in order to further validate the results obtained from
the MTT assay. Based on the results obtained for MDA MB 231 cells, further experiments need
to be done to better understand why the scaffold is toxic to the cancer cells, and the mode
through which they are inducing the death of the cancer cells. Additionally, a comparative
study between the untreated fiber and pure cellulose obtained from the chemically treated fiber
can be done, to confirm if the presence of the other components (lignin, hemicellulose, etc.)
affect the cells in any way. Since scaffolds are required to have controlled degradability, it is
recommended that degradation studies are done to ensure the fabricated scaffold has an
optimum degradation rate. Further studies can also focus on exploiting lignin extracts from
different cassava fiber genotypes as potential anti-cancer agents or as nanoparticles for drug

loading in cancer therapy.
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APPENDIX

Table 2. Raw data of MTT assay for HEK 293 cellsatday 1, 3 & 5.

NEG CONTROL GELATIN GELCAS
DAY | AB CV (%) AB CV (%) CV (%) AB CV (%) CV (%)
(mean £SD) | (meanz SD) (meanz SD) (meanz SD)
1 0.073%0.00 10040.00 0.101 140.93 137.7+10.84 | 0.121 175.814 | 181.9+16.88
0.09 125.581 0.144 168.837
0.105 146.512 0.126 | 200.93
3 0.340%0.06 10040.00 0.725 282.119 | 249.3+62.13 | 1.182 467.682 | 440.4+34.71
0.71 288.079 0.921 401.325
0.447 177.616 1.177 | 452.185
5 0.383%0.08 1000.00 0.801 231.838 | 245.9+16.82 | 1.493 | 432.127 | 427.6+9.39
0.834 241.389 1.499 | 433.864
0.914 264.544 1.44 416.787
Table 3. Raw data of MTT assay for MDA MB 231 cellsatday 1, 3 & 5.
NEG CONTROL GELATIN GELCAS
DAY | AB CV (%) AB cV (%) | cv(%) AB eV (%) | cv(%)
(mean = SD) | (meanz SD) (meanz SD) (meant SD)
1 0.264%0.03 100+ 0.00 0.298 112.879 | 111.1£10.34 | 0.139 | 52.652 | 50.13+7.89
0.318 120.455 0.109 | 41.288
0.264 100 0.149 | 56.439
3 0.37410.06 100%0.00 0.405 108.192 | 103.1+8.33 0.143 | 38.201 | 36.95%2.88
0.403 107.658 0.146 | 39.002
0.350 e 0.126 | 33.659
5 0.392+0.05 100+0.00 0.301 76.688 79.07+3.28 0.091 | 23.185 | 25.48%4.88
0.305 77.707 0.123 | 31.083
0.325 82.803 0.087 | 22.166
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Figure 22. Morphological changes of ampelopsin E-treated MDA-MB-231 cells observed
under an inverted light microscope (400 x magnification). Cells showed the features of
apoptosis such as membrane blebbing (MB), cellular shrinkage (CS) and formation of
apoptotic bodies (AB) at 48 to 72 h (Rahman et al., 2016).
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