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Abstract

In recent years, culturing cells on synthetic surfaces has a growing importance in many fields
ranging from simple two-dimensional cell culture to biomedical applications such as tissue
engineering, regenerative medicine, medical devices and biosensor chips. The extent of cell
adhesion to these synthetic surfaces or biomaterials plays a decisive role in regulating the cells’
subsequent proliferation and differentiation. While a wide range of surface modification
technologies are available to modify surfaces and promote cell adhesion, many are either
complicated or expensive. Kode™ Technology FSL constructs have the ability to modify both

cells and surfaces, and thus have the potential to be adapted to cellular adhesion.

The aim of this study was to adhere proliferating non-adherent Jurkat cells to inert surfaces
using Kode™ Technology. This was investigated using a biotin-streptavidin model. Findings
reveal ability of FSL constructs to modify both cells and surfaces and facilitate direct adhesion
in a dose dependent manner. Some cytotoxicity was observed under high insertion
concentration. Although, presence of serum severely inhibits FSL insertion and retention, and
cell adhesion to FSL modified surfaces, Kode™ has the potential to facilitate cellular adhesion

to plastic and metal surfaces.

Vi



Chapter 1 Introduction

All complex life is built of cells that link together physically and biochemically to form tissues.
The organization of cells into tissue is sophisticated with various cell types forming unique
shapes and patterns. While the formation of native tissues is under the control of various
biological processes, there are few ways to create tissue-like material in the laboratory. In
recent years, culturing cells on artificial surfaces has a growing importance in many fields
ranging from simple two-dimensional cell culture to biomedical applications such as tissue
engineering, regenerative medicine, medical devices and biosensor chips. Biomaterials serve
as a substrate for these cell populations to attach and expand, be implanted with cells as cell
delivery vehicle, and/ or be used as a drug carrier to activate specific cellular responses in
targeted regions. Limitations in these methods is the ability of cells to adhere to some

biomaterials [1].

1.1 Significance of cell adhesion

In most applications, cells in contact with biomaterials require attachment to these surfaces for
viability, growth, expansion and differentiation. Cells in native tissues adhere to the
surrounding extracellular matrix (ECM) via cell membrane receptors, such as, integrins [2-4].
As synthetic biomaterials lack ECM, specialized receptors secreted by cells indirectly interact
with the substrate through adhesive factors, such as fibronectin, are absorbed on to the surface
from serum (see Figure 1). These interactions are merely mediated by weak non-specific
interactions such as ionic attraction, van der Waal’s forces, hydrogen bonding and hydrophobic
interaction. Thus, cells adhere rather poorly to synthetic biomaterials, subsequently hampering
the effectiveness of a cell-inert surface adhesion [5]. This could be overcome by coating the

synthetic surfaces with natural or synthetic ECM derivatives.

Wide variety of natural and synthetic surfaces or biomaterials are available to use in biomedical
and clinical applications. Natural biomaterials have excellent biocompatibility to enable cell
adhesion and proliferation. Natural biomaterials could be either native ECM from allografts
and xenografts or smaller building blocks, which include but are not limited to inorganic
ceramics such as calcium phosphates and organic polymers like proteins, polysaccharides,
lipids and polynucleotides. However, with limited mechanical and physical strength, natural
materials may not be suitable for load shear applications. Also, owing to the complexity of

composition and ultrastructure of native materials, synthesis of a mimetic with any degree of
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fidelity is not yet feasible [6]. Another issue is the potential immunogenicity as natural
biomaterials from allogenic or xenogenic sources may be antigenic to the hosts. In addition to
relatively high costs associated with purification or de novo synthesis, their poor mechanical
properties make them unsuitable for high strength applications [7,8].

Hydration of the surface Absorption of adhesive Cell adhesion and Organization of
with water or media proteins from serum spreading differentiated cells into
tissues

Interaction between the
cell and biomaterial

Time frame Within seconds Hours Days

Figure 1 Cell adhesion to synthetic surfaces via absorption

Synthetic biomaterials, on the other hand, have better controllable physical and mechanical
properties and could be manufactured reproducibly. Although a wide variety of materials are
available, the choice of materials to be used is defined by their application. For example, metals
are generally used in orthopaedic implants as the material needs to have good mechanical
properties and can take high loads. However, this material is poorly capable of inducing any
biological activity due to surface hardness, high friction coefficient, and wear resistance and
bio-inertness [9]. Some of these issues could be overcome with the use of ceramics. The
similarity in the chemistry of ceramics and that of native bone makes ceramics more usable as
part of orthopaedic implants or as dental materials. Nevertheless, ceramics are quite brittle [10].
In recent years, the use of polymers in tissue engineering applications has increased
tremendously. This is due to ease of fabricating them into various complex shapes and the
range of physical and chemical properties possible with these materials. However, polymers
are not as mechanically strong as metals and can undergo mechanical wear and breakdown.
Also, changes in surface chemistry following absorption of water and biomolecules from
surrounding environment and sterilization procedures may influence the chemical and

mechanical properties of the polymer [10].

In summary, surface properties, such as surface chemistry, hydrophilicity or surface tension

and topography are known to influence cell-substrate interaction [8]. Several studies have
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shown that altering the surface properties ranging from simple changes to hydrophilicity of the
material (by physicochemical modifications), to functionalization with charged groups,
peptides, or proteins (by biofunctionalization) can improve cell-surface affinities [9,11-13]. For
instance, the surface topography, chemistry and biocompatibility of polished titanium surfaces
treated with different acids (HCI, HF and H3PO4) have higher roughness, lower cytotoxicity
level and better biocompatibility than controls [14]. Similarly, biodegradable and
biocompatible Poly lactic-co-glycolic acid (PLGA) which are popularly used for
manufacturing tissue engineering scaffolds, still required incorporation of hydroxyapatite
(HAp) and B-tricalcium phosphate through oxygen plasma treatment for enhanced cell
adhesion, proliferation and differentiation of MC3T3-EL1 cells [15]. Table 1 lists the nature of
different biomaterials used in biotechnology applications along with the most common

methods employed for modifying their surface.

1.1.1 Functionalizing synthetic surfaces

A variety of physicochemical surface modification strategies have emerged to create materials
with improved biocontact properties [9,16,17]. This is achieved either by adding or removing
material from the surface or by altering the material already present. For example, excess
material from the surface are removed through mechanical modifications such as machining,
polishing and grit blasting, to provide the surface with specific roughness, the structure or
amplitude of which can optimize cell proliferation and cell adhesion [18]. Similarly, chemical
strategies are employed for removing contaminants and cleaning the surfaces through alkali,
alkaline or plasma etching [9,11,13,17,19]. Modification of surfaces with proteins, peptides,
growth factors or any other bioactive molecules such as hydroxyapatite is emerging as a
powerful tool to improve the biocompatibility of the synthetic material. Recently, Gabriel et
al. (2012) have illustrated increased initial cell attachment and spreading following covalent
immobilization of RGD-peptides on hydrophobic polymer polycaprolactone (PCL) surfaces
[20]. Likewise, incorporation of the growth factor, bone morphogenetic protein-2 (BMP-2), on
TiO/glass composites has shown to promote bone ingrowth in an in-vivo study [21].



Table 1 List of natural and synthetic materials used in cell culture with their advantages and disadvantages.

Materials Examples Advantages Disadvantages Major application Modification methods
Natural Collagen, chitosan, Mimic native ECM Poor mechanical Enable cell adhesion on Immobilizing on synthetic
[8,22] hyaluronic acid, silk, chitin, properties, batch to batch  synthetic materials materials

Synthetic polymers
[8,23-28]

Metals
[9,19,29-33]

Ceramics
[8,34-40]

fibrinogen, gelatine

Poly-ethylene glycol (PEG),
hydrogels, PLGA,
Polycaprolactone (PCL),
Polyuxrethane (PU)

Magnesium and its alloys, Ti
and its alloys, Nitinol (nickel
and titanium alloys)

Tri-Calcium phosphate, n-
HAp Calcium phosphate
glass

Controllable porosity,
pore size and pore
interconnectivity,
structural shape

High strength, ductility,
fracture toughness and
hardness

Promote
osteointegration,
functionalize inorganic
materials

variation, immunogenic
problems

Hydrophobic surface,
poor cell adhesion,
proliferation and
differentiation

Lack of biological
activity on the surface
materials

Low fracture toughness

Carriers for growth factors,
drug delivery, gene
transfection, cell therapy
with hydrogels

Dental and orthopaedic
implants

Bone scaffolding

Chemical grating, oxygen
or amino plasma
modification, biomimetic
deposition, self-assembled
monolayers

Acid and alkali etching, sol-
gel dip coating, anodic
oxidation, electrophoretic
deposition

Silanization, covalent
immobilization of
biomolecules




A plethora of coating techniques are available to deposit the biomolecule of interest to attain
desired biological response at the interface between the synthetic material and the surrounding
living tissue. Examples include but not limited to plasma spraying [41], sputter deposition [42],
sol—gel coating [33], electrophoretic deposition [43], biomimetic precipitation and the dipping
method [11,17,44,45]. The advantages and disadvantages of some of these methods discussed
by John et al. (2015) are presented in Table 2 [11].

In recent years, the designing of biomimetic biomaterials is gaining more interest as they elicit
specific cellular responses and new tissue formation is mediated by biomolecular recognition
[46]. Surface modification is simple and involves covalently [20,47] or non-covalently [11,48]
coupling biomolecules such as adhesive proteins like collagen, RGD-peptide and fibronectin
to biomaterial surface. Covalent coating ensures a strong linkage between the biomolecules
and the surface. However, the surface is chemically modified to accommodate the bioactive
molecules thereby changing the native surface property of the material. Moreover, it does not
guarantee the right orientation and may damage complex molecules like proteins. Irrespective
of the nature of the material (metals, natural or synthetic polymers, ceramics), non-specific
protein absorption through non-covalent interactions such as hydrogen bonding and van der
Waals forces is the first process observed at the cell-surface interface. Although, they employ
a simple strategy, such interactions are weak and uncontrollable often resulting in protein
unfolding and thereby resulting in decrease in biological activity [49]. The coatings and
adherent cells are also easily lost during some processing, such as washing. These issues are

shown to be circumvented by modifying surfaces by self-assembling monolayers (SAM) [50].

Self-assembly is the spontaneous interaction between the substrate and adsorbate molecules at
the solid—liquid interface resulting in spontaneous thin film formation. Various studies of self-
assembled proteins, RGD-like peptides [51], lipids [52] and nucleic acids [53] have provided
chemists and material scientists with a rich lexicon of self-assembly motifs and rules. This
allowed the construction of complex, adaptable and highly tuneable materials with potential
biological activity. Most monolayers are formed through multiple non-covalent interactions,
such as hydrogen bonding, electrostatic association and van der Waals forces [50,52,54-57].
Although non- covalent interactions are weak and random, studies have shown introducing
desirable chemical functionalities onto surface by specific ligand/receptor interaction, such as

antibody/antigen or biotin/(strept)avidin, provides a strong bonding with high affinity [58].



Table 2 List of advantages and disadvantages of surface coating technology (adapted from John et al. (2015)

[59)).

Coating Thickness _
. of layer Advantages Disadvantages
Technique
(um)
Plasma 0-250 e Coat complex materials e Extremely high temperature
Spraying ¢ high deposition rates o Coats only visible area
[25,32,41,60- e Coating decomposition due to high
70] temperature
e Amorphous coating
Sputter / pulsed- ~ 0.2-1.0 e Uniform coating on flat o Expensive
laser deposition surfaces e Time consuming
[11,42,71] e Inability to coat complex or porous
surfaces
Sol- gel coating <1 e Coat complex shapes and e Controlled atmosphere processing
[9,29,33] porous substrates

e Low processing temperatures
o Relatively cheap
o Very thin coatings

Electrophoretic 100- 2000 e Uniform coating thickness

Crack in coatings

deposition e Rapid deposition rates ¢ High sintering temperatures
[19,29] e Coat complex materials

Biomimetic <30 e Coating complex geometries e Time consuming

deposition o Co-deposition bio-molecules e Controlled pH
[21,46,48,72]

Dipping method 50-500 e Inexpensive  High sintering temperatures
[11,19,33] e Rapid coating e Amorphous coating

Coat complex substrates Fragile due to thickness

1.2 Cell adhesion to synthetic surface

The cell adhesion to biomaterials is very important as it initiates intracellular signals ranging
from cytoskeletal organization to cell polarity, proliferation or apoptosis. Given the crucial role
of cell/material association, synthetic materials are modified using several strategies as
discussed in the above section. Most of the widely used strategies are discussed in the sections

below.

1.2.1 RGD and related peptides

Utilizing adhesive peptides that engage and activate integrin adhesion receptors on cell surface
is the most widely used method for rendering materials biocompatible and promoting cell
adhesion. Tri-amino acid sequence, arginine-glycine-aspartate, or RGD are the most
extensively studied adhesive peptide in biomaterials field. RGD is the principal integrin-

binding domain present within ECM proteins such as fibronectin, vitronectin, fibrinogen,



osteopontin, and bone sialoprotein. Immobilizing surfaces with RGD peptides has shown to
mediate cell adhesion on any biomaterial surface [20,47,73,74]. RGD peptides attached to gold
surfaces using self- assembled monolayers are shown to immobilize Chinese hamster ovary
(CHO) cells which otherwise is not possible [75]. Likewise, strong adhesion of epithelial cells
are detected through fluorescence microscopy in RGD functionalized porous silicon surface
[76]. Covalent immobilization of RGD sequences to hydrophobic polymer polycaprolactone
(PCL) demonstrated considerably higher initial attachment in osteoblasts, fibroblasts and
endothelial cells [20].

RGD peptides have been combined with other types of adhesive peptides, such as the laminin
receptors YIGSR sequence, or collagen the triple-helical GFOGER peptide to activate more
subtypes of adhesive receptors and facilitate better adhesion [77]. In fact, adhesion of cardiac
cells to silicone surfaces modified with synthetic RGD (fibronectin) and YIGSR (laminin)
peptides demonstrated the same degree of cellular adhesion as their native proteins [78].
Despite all these advantages incorporation of RGD peptides on synthetic surfaces are

applicable to only those cells that support integrin-based adhesion.

1.2.2 DNA based adhesion

DNA-programmed adhesions are also another strong platform for immobilizing cells to
biomaterial surfaces. In addition to cell adhesion, extensive studies have shown that DNA self-
assembled on gold surfaces through thiol linkage can have precise control of density and

orientation of cell-specific ligands. The attachment is fast and to specific areas [79].

In addition to surfaces, the cells are also efficiently observed to be modified and immobilized
on surfaces. For instance, using NHS-DNA (N-hydroxysuccimide- DNA), covalent attachment
of DNA to amines of the cell membrane is achieved [80,81]. A study carried out by Selden et
al. (2012) have demonstrated adhesion of Jurkat cells to a passivated glass surface by simply
programming the adhesive properties of mammalian cells using single-stranded DNA
oligonucleotides. The resulting chemically adherent cells are shown to maintain high viability
and proliferative capacity. When observed under a light microscope, the modified cells are
observed to behave identical to unmodified cells [81]. Although DNA strategies offer an
effective means of programming adhesion, they may also inadvertently engage the adhesion
machinery, perturb the cytoskeleton, or activate cell surface receptors due to the somewhat
indiscriminate nature of the modification process [79].



1.2.3 Biotin-avidin affinity based adhesion

In recent years, biotin-avidin based cell adhesion has attracted increasing attention. The bond
formation between the biotin and avidin is one of the strongest non-covalent bonds (10*°M)
and is unaffected by extremes of pH, temperature, organic solvents and most denaturing agents.
In fact, the non-covalent interaction between the biotin and avidin is much higher than
biospecific cell attachment reactions such as integrin-fibronectin (106 M) or integrin-laminin
(10° M%) [82].

In tissue engineering applications, biotin is conjugated to the cell membranes as almost all
kinds of cells have abundant amine groups on their membranes that can be biotinylated with
N-hydroxysuccinimide-D-biotin (NHS-D-biotin) [83-87]. For instance, sulfonated biotinyl-
NHS was covalently linked to amine group on chondrocytes cell surface. The cells are then
linked to polystyrene surfaces pre-absorbed with avidin [84,88]. Insertion of cells with biotin
is also biologically acceptable as those reactions are recognized to be part of natural processes.
Self- assembling of biotinylated lipids into cells membranes is an alternative strategy to
biotinylate cell membranes which are then attached to different surfaces via a streptavidin
linker [52,89]. Controlled adhesion of cells using biotin-avidin system was shown to be used
in cell-based microarrays. For instance, Jurkat cells biotinylated with lectin, immobilized on
streptavidin printed slides were used to construct microarray spots that was used to probe an
array of cells for target protein abundance, activation state and subcellular localization[90].

1.3 Kode™ Technology and FSL constructs

Kode™ Technology is a surface engineering technology that can add functionality to both the
cells and surfaces without causing any undesirable effect. Modification achieved through the
function-spacer-lipid (FSL) constructs from Kode™ has an unparalleled flexibility to precisely
control, manipulate and mimic biological surfaces. As the name implies, FSL constructs

comprises of a function head (F), spacer (S) and the lipid tail (L) (see Figure 2) [91].

The function head (F) is the bioactive component of the construct which equips the cell and
synthetic surfaces with novel function(s). The head group is interchangeable and designed to
present almost any antigen, fluorophore [92], peptide, carbohydrate [91,93] or any other
biological molecule [91]. For example, the biotin function head can be used in a cell membrane
for adhering cells to wide range of synthetic surfaces [91]. A range of FSL head groups are
available for modifying both the biological and non-biological surfaces along with their



established use in quality control, antibody mapping, diagnostic assay and in-vivo animal

modelling as reviewed in Korchagina et al. (2015) [94].

FSL constructs

Function

( ‘\,I biotin

, N-carboxymethyglycine (CMG)

Figure 2 Schematic representation of FSL construct (Adapted from Barr (2013) [91]).

The spacer (S) is normally a long chain of amino acid that facilitates the chemistry to conjugate
the lipid tail to the functional head. It also plays a key role in imparting solubility thereby
allowing the construct to disperse in water, saline or biological media [91]. FSL spacers are
either simple, short adipate linker or longer carboxymethylglycine (CMG). While an adipate
linker (1.9 nm) was commonly used for conjugating the FSL blood antigens with the lipid tail,
longer CMG (7.2 nm) spacer are now used for all applications including linking biotin to its
lipid tail [91,94].

The primary function of the lipid is to make the FSL construct amphipathic which allows the
FSL construct to be dispersed in water and spontaneously self-assemble onto surfaces or into
membranes. A variety of lipids have been used to create FSL constructs, including 1,2-
dioleoyl-sn-glycerol-3-phosphoethanolamine (DOPE), cholesterol, and natural and synthetic
ceramides. DOPE is the most common lipid chosen for FSL constructs. It is a membrane
phospholipid compatible with biological assays with its diacyl structure capable of being

retained in the cell membrane [91,94].



1.3.1 Kodecytes

Studies from the AUT Centre for Kode™ Technology Innovation have established that FSL
constructs can modify cells without any undesirable effect [93-97]. The process of modifying
cells using Kode™ Technology is simple and generic. Modification involves incubation of
cells with a solution of FSL constructs for 1-2 hours at 37°C. During this period, the lipid tail
in the FSL, spontaneously and stably incorporates into the lipid bilayer of the plasma

membrane. The resulting modified cells are termed as kodecytes.

Other than red cells, FSL constructs have been shown to modify the surface of bacteria,
embryos, spermatozoa, zebrafish, epithelial/endometrial cells and even viruses [95]. While
inactive (red cells) or fixed kodecytes were shown to stably retain FSL constructs indefinitely
in lipid free media, retention of FSL constructs in live proliferating cells were observed to

reduce to negligible levels after 24 hours, with/without serum presence [91,94,98,99].

1.3.2 Koding synthetic surfaces

Variations in the type of the biomaterial used depends on its application and there is no
universal technique for modifying them all [9]. However, Kode™ Technology is potentially an
alternative quick and easy platform for modifying any non-biological surface including paper,
polystyrene, metals and glass. Modification is simple and involves incubation of these surfaces
with FSL constructs in solution [97,100].

FSL construct are amphipathic in nature. When in solution, FSLs may form micellar structures.
These micelles then coat the synthetic surfaces by two different mechanisms and depends on
the surface type. If the surface is hydrophobic, the lipid tail of the construct interacts with the
surface to directly anchor FSL constructs. In contrast, the construct adheres by exclusion of
water processes when in contact with a hydrophilic surface (as shown in Figure 3). Once
formed, the FSL coating is relatively resistant to removal by water, mild detergents, serum
lipids, or solvents such as methanol. The attachment is relatively quick and the enzyme
immunoassay and antibody based immunostaining carried out shows that there is no difference
in the staining between 5 to 600 seconds of contact of FSL with the surface. [91,97,101].

Currently, the methods used for coating the FSL molecules include painting, soaking and inkjet
printing. Controllable, flexible and precise patterning of biological molecules without any
degradation has excellent use in biotechnology settings. This could be achieved by printing

FSL constructs on surfaces such as metals, polymers and other surfaces. Soaking was useful to

10



modify microbeads that are directly taken for assays without any drying. Painting is useful for
materials that could not be printed. Comparison of surfaces koded by drying (FSL constructs
prior to washing and further processing) to non-drying surfaces demonstrated no significant
difference in level of modification [91,94,97].

FSL construct

Function {

Spacer { Hydrophobic surface

Lipid { m - =
M I

~— Hydrophilic surface

/> % N

Figure 3 Mechanism of attachment to non-biological surfaces. Modified from Williams et al. (2016) [97].

FSL in solution

A wide range of non-biological surfaces modified with FSL constructs have been shown to
immobilize red cell kodecytes [91,94,97]. Based on these findings, it could be hypothesized
that the FSL constructs could potentially be used for developing new platform to render
therapeutic functions using synthetic materials and non- adherent cell lines. This thesis will
attempt to assess the feasibility of using Kode™ FSL- biotin technology as a universal platform
for adhering proliferating suspension cells to synthetic surfaces. This will be a cornerstone for
developing new diagnostic and therapeutic application using non-adherent cells which includes

some stem cells.

1.3.3 Adhering cells through Kode™ Technology

FSL constructs with a biotin via streptavidin and blood group A & B-tri via adhesion with
antibodies have shown to facilitate adhesion of different types of cells to various synthetic
surfaces [91]. Modification requires simple incubation of cells and surfaces with FSL and a
secondary attachment with either an avidin or antibody. While the lipid tail of the FSL anchors
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into the plasma membrane to introduce a biotin residue, surfaces are biotinylated through self-
assembly of the construct on the surface (see Figure 3). Although, Dou et al. (2015) utilized a
similar approach for adhering MC3T3 cells to hydrogels, biotinylation of cells and surfaces
were mediated through chemical covalent interactions [87]. This has a possibility to modify
the native properties of the cell or material surface which leads to disruption in cell and surface
morphology and function. Another advantage of utilizing FSL constructs is its interchangeable
function head. Thus, the potential of replacing the function head with RGD peptides, any
antigen or ssDNA could potentially be developed to cause cell- surface adherence.

1.4 Methodological background

The literature is replete with various publications for adhering live cells to synthetic surfaces.
Most of these are extensively investigated using adherent mammalian cells. Studies on
adhering proliferating suspension cells is very limited [75,81,102,103]. Although Barr (2013)
has established the adhesion of red cell to different surfaces, they are non-proliferating cells
[91]. Thus, adhesion of proliferating non- adherent cells to synthetic surfaces would be

investigated in this study.

1.4.1 Celllines

Studies have established that FSL constructs are successful in modifying embryos,
spermatozoa, zebrafish, epithelial/endometrial cells and red blood cells. As the aim of this
project is focussed on attaching non-adhering cells, the most widely investigated Jurkat T-
leukemic suspension cells were chosen for this investigation. Jurkat cells are commonly used
for investigating the interaction mechanism between immune cells and target tumour cells for
improving therapeutic efficacy. In fact, Jurkat cells have previously been modified with non-
biotin FSL constructs as a novel therapeutic approach for the systemic treatment of HIV/AIDS
[96].

1.4.2 FSL constructs

Affinity based biotin-avidin system has provided a universal matrix for adhering cells to
synthetic surfaces [52,82-87,90,104]. Thus, FSL with a functional biotin head, CMG spacer
and DOPE tail, commercially available from Kode Biotech, which are well established for
insertion and membrane retention, would be used for modifying the cell and material surface.
Other variants of FSL-biotin with ceramide or cholesterol as lipid tails are available (see Figure

4) and also would be investigated [94].
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Figure 4 Structure of FSL-biotin variants with a DOPE, cholesterol or ceramide as lipid tail.

1.4.3 Immunofluorescence studies

Immunofluorescence detection has previously been established as very efficient to investigate
the insertion and retention conditions of FSLs on cell membranes [91,98,99]. In this study, the
insertion and retention of FSL-biotin into cell membrane would be elucidated by labelling the
modified cells (kodecytes) with a streptavidin fluorophore (mostly streptavidin Alexa Fluor®
488). Either ImageJ or standard grading system would be used to semi- quantitively measure

the strength of the fluorescence exhibited by the kodecytes.

1.4.4 Analysing kodecytes characteristics

Nearly all cells are sensitive to any changes to their size and shape. Insertion of any exogenous
molecules into the surface of the cell has shown to bring about important cellular changes in
shape, motility and cytoskeletal remodelling [105,106]. Therefore, the influence of FSL-biotin
insertion on kodecyte’s shape, size and viability would also be investigated. The presence of
serum has shown to affect insertion and retention of FSL constructs [98,99] or any other
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exogenous molecule insertions [107]. Thus, in this study, the presence of serum affecting the

FSL-biotin insertion and retention on Jurkat cells would be investigated.

1.4.5 Synthetic surfaces for adhesion

The ability to culture cells in vitro is a fundamental aspect of modern science. Today,
polystyrene plates are widely used as a platform for evaluating clinical and therapeutic complex
biological systems. However, to enable cell adhesion, they are subjected to a range of different
chemical functionalities like carboxyl, amine, hydroxyl or ketone groups to the surface using
physicochemical treatments such as plasma modification. Despite all these strategies, adhesion
of suspension cells such T-cells and stem cells still require pre-treatment strategies [108,109].
Therefore, the ability of FSL constructs to adhere to cell culture surfaces will also be
investigated. In addition to polymers, the ability of FSL constructs to adhere biotin kodecytes

to non-traditional surfaces like stainless-steel would be investigated.

1.5 Objective

The aim of this research is to:

1. Investigate the ability of FSL-biotin to modify laboratory cultured cells (Jurkat).

2. Determine the optimal concentration and culture conditions for effective insertion of FSL-
biotin into Jurkat cells.

3. Determine the effect of FSL-biotin on cell size and cell viability and their persistence on
Jurkat cells.

4. Investigate adhesion of suspension Jurkat cells to inert cell culture and metal surfaces using

FSL-biotin-streptavidin model.
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Chapter 2 Methods and Results

Previous studies have shown that insertion of FSL constructs can be used to safely and
efficiently modify blood cells, endometrial cells and embryos [91,95,97-99,101]. In this study,
two different types of standard tumour cell lines, MCF-7 and Jurkat cells, were used to establish
the parameters and consequences of FSL-biotin insertion. MCF-7 cells are breast cancer cells
and are adherent in nature and were used as controls to see if FSLs would prevent or impair
normal adherence. As the focus of this study is to modify and adhere non- adherent cells to
inert surfaces, optimization and characterization studies were widely carried out using non-
adherent lymphoblastic T-Jurkat cells. Due to the developmental nature of these assays,
parameters were slightly varied between assays to allow for continual optimisation of insertion
conditions and detection using immuno-fluorescent staining. The ability and strength of
modified Jurkat cells adherence to solid surfaces were investigated on both planar (microplates)
and non- planar (microsphere) surfaces. Time dependent effect of FSL-biotin on cell viability

was also evaluated using trypan blue assay.

2.1 FSL-biotin insertion in adherent cells

2.1.1 Culturing MCF-7 cells

MCF-7 cell lines were maintained in a complete media (CM) composed of Roswell Park
Memorial Institute-1640 (RPMI 1640) medium (Life Technologies, cat# 11875) supplemented
with 10% fetal bovine serum (FBS), 1% GlutaMax (Life Technologies, cat# 35050061) and
1% penicillin/streptomycin (Life Technologies, cat# 5140122). The cells were incubated in a
37°C incubator with an atmosphere of 5% COz in air. The cells were passaged every 3-4 days
before reaching confluence. The growth medium was aspirated and cells were washed thrice
with 1x PBS, trypsinized and were dispersed by pipetting with fresh medium before cells were
transferred to a new flask at 1: 3 ratio of old to new media. For optimization studies, MCF-7
breast cancer cells were seeded into Terasaki plates with a cell density of 1 x 10° cell/cm?.
Plates were incubated for approximately 24 hours at 37°C to prepare monolayers of

approximately 70% confluence.

2.1.2 Preparing FSL constructs

A variety of lipids have been used to create FSL constructs, including 1,2-dioleoyl-sn- glycerol-

3-phosphoethanolamine (DOPE), cholesterol, and natural and synthetic ceramides. FSLs with
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ceramide and DOPE lipid tails were suggested to be best for insertion and membrane retention,
however, there are no published data [94]. Therefore, investigations were carried out to

determine the optimal lipid tail for FSL-biotin insertion into MCF-7 cells.

The FSL-biotin with DOPE tail (FSdL, Cat# 1887786-1) is available from Kode Biotech and
widely used in most studies. However, the other variants of FSL-biotin, with ceramide (FScL;
in R&D) and sterol (FSsL; 416661-1 R&D) as lipid tail, are still under development. MCF-7
cells were inserted with these three types of FSL-biotin and assessed for effective insertion.
Figure 4 presents the molecular weight of FSL-biotin variants and 50uM concentrations from
5 mgmLIstock was prepared by dispersing 2ul of FSdL-biotin and 1.8ul of each FScL and
FSsL in 998l of insertion media. RPMI 1640 (without any serum components or antibodies

or growth factors) was used as insertion media.

2.1.3 Koding MCF-7 cells with FSL-biotin variants

Each of the FSL-biotin variants listed in Figure 4 were incubated with MCF-7 breast cancer
cells seeded into Terasaki plates with monolayers of MCF-7 cells with approximately 70%
confluence. Cells were incubated with insertion media (RPMI) for 2 hours at 37°C. Cells in
Terasaki plates, were then gently washed using PBS and plates blotted gently with paper

towels.

Detection of FSL-biotin insertion into MCF-7 cells are assayed using biotin- streptavidin
model. To analyse whether the biotin-streptavidin model worked under these conditions, a two-
step experiment was devised whereby MCF-7 were incubated with or without FSL-biotin as
per standard protocols (i.e., for 2 hours at 37°C). Immediately after washing, the cells/
kodecytes were further incubated with a secondary label streptavidin Alexa Fluor® 488 (0.1
mgmL 1; Life Technologies; S11223) for 30 minutes in a humidified dark chamber at 37°C
and 5% CO concentration. Plates were washed thrice to remove any excess secondary
antibody and PBS was added to each well to aid viewing under the fluorescence microscope.
The sample was excited at 488 nm and emission recorded at 1.9s exposure using WIB filter
(which is a low pass filter which transmits everything above 550nm) of the fluorescence
microscope (Olympus BX-51 microscope and Optronics camera). To avoid prejudice of visual
based analysis, the strength of the fluorescent signal exhibited by kodecytes were quantified
using a graphical software- ImageJ. For this, all the images were converted to an 8- bit grey
scale image and regions of cells with fluorescence were selected. The “Analyse” function in

ImageJ, assigns a numerical grey value to each level of brightness between 0 to 255, with zero
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representing lowest degree of brightness. From this, the mean grey value is automatically
generated by the ImageJ software by dividing grey value of all the pixels in the selected region
by the number of pixels within the area. Areas next to the cells with no fluorescence were
selected to calculate the mean grey value of the background. The mean grey value of
fluorescent samples is then divided by the mean grey value of their corresponding background

to normalize uneven illumination and avoid any bias.

2.1.3.1 Results and interpretation

Indirect immunofluorescence visualized using streptavidin conjugated Alexa Fluor® 488 and
their respective Direct interference contrast (DIC) images are presented in Figure 5. The results
illustrate that all three different types of FSL-biotin, FSdL, FScL and FSsL, can transform
MCEF-7 cells into biotin kodecytes. The expression of FSL-biotin appears to be localized to cell
membrane. While the presence of the cells was evident under DIC, absence of fluorescent
staining in unmodified MCF-7 cells (in culture media) implies that the streptavidin Alexa
Fluor® 488 binding to biotin kodecytes are very specific. Both modified and unmodified MCF-
7 cells are observed to have a round morphology when observed under the DIC microscopy.

The fluorescent signal exhibited by biotin kodecytes inserted with FSdL-biotin appears to be
stronger in comparison to FScL and FSsL. The results of normalized mean grey of biotinylated
MCF-7 kodecytes graphically presented in Figure 6, as expected, agree with the above findings.
One-way ANOVA was calculated using SPSS statistical software. Threshold of p is set to 0.01
and p<0.01 would be considered statistically significant. The calculations presented in Table 3
illustrate the increase in staining intensity in FSdL is statistically significant when compared to
control and FSsL-biotin modified cells. Although, the intensity of FSAL modified cells are
higher, the difference in fluorescent intensity between FScL, and FSdL is statistically
insignificant. This would be expected as the structural difference between FScL and FSdL is
minimal. Based on these findings and construct availability, FSdL-biotin was the construct of

choice. FSL modification did not impact on cellular adhesion to cell culture surface.
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Filter 1 FScL (ceramide) FSAL(DOPE)

WIB

Figure 5 MCF-7 cells biotinylated using FSL-biotin with ceramide(FScL), cholesterol (FSsL) and DOPE (FSdL) tail. Each well was seeded with equal number of cells and
cultured for 24 hours to get ~70% confluence before modifying them with FSL-biotin. Fluorescent images captured under the WIB filter, post FSL treatment, are presented
with their respective DIC images. Untreated MCF-7 cells with/without (first column) secondary streptavidin Alexa Fluor® 488 were used as controls.
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Figure 6 Normalized mean grey value measurements of FSL-biotin inserted into MCF-7 cells. The
increase in fluorescent signal in cells inserted with FSL-biotin is statistically significant compared to
the control cells (p< 0.01).
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Table 3 One-way ANOVA calculations to determine the statistical significance of increase in fluorescent
signal.

95% confidence

Mean Std. interval
Untreated vs  Treated Difference Error vaFI)ue Lower Upper
bound bound
Control Ceramide 0.52 0.13 0.009 -0.90 -0.15
Cholesterol 0.88 0.13 0.000 -1.26 -0.51
DOPE 1.49 0.13 0.000 -1.86 -1.12

2.1.4 Optimizing the FSdL-biotin insertion conditions

To determine the optimal insertion concentration and incubation period, monolayers of MCF-
7 cells grown on Teraski plates were incubated with varying concentrations of FSdL-biotin. A
stock solution of 5 mgmL * was prepared by dispersing 1mg FSdL-biotin in 200ul of sterile
PBS (1x). From the stock, FSL-biotin at concentrations 0.5, 10, 25 and 50uM were prepared.
RPMI (without serum lipids) is used as insertion media. Cells were incubated at 37°C and 5%
CO:so. Incubation period was varied between 30 to 120 minutes. After washing and blotting the
excess PBS from the plates, kodecytes were incubated with streptavidin Alexa Fluor® 488 (0.1
mgmL™) for 30 minutes in culture conditions. After thorough washing, stained cells were
viewed under the WIB filter of fluorescence Olympus BX-51 microscope. Corresponding DIC
images were also recorded for every fluorescent image. Fluorescence intensity was quantified

as mean grey value and normalized using ImageJ analysis as described in section 2.1.3.
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2.1.4.1 Results and interpretation

Transformation of MCF-7 cells to biotin kodecytes were detected by using fluorophore tagged
Streptavidin molecule. The intensity of the fluorescent signal was observed to increase with
increasing incubation time and concentration (Figure 7 & Figure 8). Fluorescence is exhibited
uniformly around the periphery of the kodecytes. However, the staining pattern varies between
different conditions. At least 120 minutes of incubation is required to observe mild
fluorescence in kodecytes modified with 0.5uM FSdL-biotin. At 5uM concentration, FSL
molecules removed after an hour produced a mild staining while kodecytes incubated for 2
hours with FSL-biotin exhibited moderate staining (see Figure 7). Moderate to high intense
patches of fluorescence are observed in 50uM kodecytes incubated between 30 to 120 minutes,
respectively.

The mean grey value was analysed using ImageJ tool to obtain more quantitative data. The
graphical plot presented in Figure 8 is normalized against the background to avoid any bias.
The results illustrate the intensities observed under the fluorescence WIB filter, increases with
FSdL-biotin insertion concentration and incubation time. ANOVA analysis with post hoc
Dunnett T test (see Table 4) showed, after two hours of removal, the fluorescent intensity
exhibited by all the kodecytes (inserted with 0.5, 5 and 50uM FSdL-biotin) is highly significant
compared to the control (OpM) cells (p<0.01). However, when the incubation was reduced to
an hour, only those cells inserted with 5 and 50uM FSL were observed with significant signals
(p<0.01). With a 30-minute incubation period, only the kodecytes inserted with 50uM FSL-

biotin are statistically significant relative to control cells.
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Figure 7 Comparison of FSdL-biotin insertion into MCF-7 cells at different concentration and time points. Cells
treated with varying concentrations of FSdL-biotin were incubated at 3 different time points. Cells magnified at
%200 with 1.9s exposure.
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Figure 8 Fluorescence exhibited by MCF-7 kodecytes inserted at different concentrations and
timepoints. Increase in fluorescent signal is semi-quantitively measured as mean grey value.
One-way ANOVA with post hoc Dunnett carried out to test the statistical significance shows the
increase in fluorescent intensity is statistically significant. p<0.05 (*), p<0.01(**) and p<0.001

(***) .
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Table 4 Statistical significance of fluorescent intensity increase, relative to concentration and incubation time.
One-way ANOVA with post-hoc Dunnett was carried out for correcting for multiple comparisons and avoiding
inflating a.

95% Confidence
Untreated  vs Treated Time Mean p Interval

(UM) (LM) (minutes) Difference value Lower Upper
Bound Bound

0 0.5 30 0.07 0.797 -0.09 0.22
0.5 60 0.08 0.542 -0.07 0.24

0.5 120 0.19 0.009 0.04 0.34

5.0 30 0.16 0.036 0.01 0.31

5.0 60 0.29 0.000 0.14 0.44

5.0 120 0.42 0.000 0.27 0.57

50.0 30 0.19 0.009 0.04 0.34

50.0 60 0.39 0.000 0.24 0.54

50.0 120 0.69 0.000 0.53 0.84

2.1.5 Koding MCF-7 cells in suspension

To assess the effect of FSdL-biotin insertion in suspension culture, 1x10® MCF-7 cells
trypsinized and washed from the culture flask were incubated with an equivolume of FSdL-
biotin in solution. A concentration of 50uM with an incubation period of 2 hours were used
based on the results obtained from section 2.1.4 above. To detect the success of MCF-7 cells
transformation to kodecytes, the cells were further incubated with streptavidin Alexa Fluor®
488 for 30 minutes at 37°C in a 5% CO>. The fluorescence exhibited by transformed kodecytes
was captured under the WIB filter of Olympus BX-51 microscope with an exposure of 1.9s.

Images captured under the DIC filter was used to confirm the presence of cells.

2.1.5.1 Results and interpretation

The results presented in Figure 9A illustrates the capability of FSL constructs to modify MCF-
7 cells in suspension. The fluorescent signals exhibited by cells in suspension visually appear
to be equivalent to the signal from monolayer culture. However, at higher magnification
(x1000), the FSL insertion was observed to cover the entire cell surface area and had a punctate
(marked with points and dots) pattern. This pattern was previously observed with RBCs and
was believed to be an artefact related to clustering of the constructs in the membrane post
reaction with streptavidin (Image courtesy Dr Eleanor Williams from AUT Centre for Kode™
Technology Innovation) (Figure 9B). The morphology of both modified and unmodified cells

under the DIC filter are round in shape.
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Figure 9 Fluorescent staining exhibited by MCF-7 cells modified by FSdL-biotin and streptavidin 488. A) Fluorescence is exhibited in only biotin kodecytes (bottom images).
Binding of streptavidin fluorophore is specific to FSL-biotin inserted MCF-7 cells. DIC images on the top shows cells present in both the FSL unmodified and modified
reactions. B) High magnification (x1000) of the FSL modified MCF-7 cells is presented as inset (from yellow box). Punctate (speckling) pattern observed at a similar
magnification in red blood cells (RBC) is presented on the right. (RBC image courtesy Dr. Eleanor Williams).
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2.2 FSdL-biotin insertion in non-adherent cells

2.2.1 Culturing Jurkat cells

The primary aim of this study was to modify and adhere non-adherent cells. Jurkat cells (a
generous gift from Dr Hilary Sheppard Lab, University of Auckland) were routinely cultured
in tissue culture flasks (Nunc; cat# 156367) using complete media (CM) constituting RPMI
1640 medium (Life Technologies, cat# 11875) supplemented with 10% (v/v) new born calf
serum (Life Technologies, cat# 16016-159), 1x GlutaMax (Life Technologies, cat# 35050061)
and 1% penicillin/streptomycin (Life Technologies, cat# 5140122). Actively growing cells
were maintained between 2x10°to 3x10° cells/ ml and passaged every 3 days. The cell cultures
were maintained at 37°C in a 5% CO2/95% air-humidified atmosphere. Medium was changed
when the cell solution has adopted a yellow colour due to pH changes. This was carried out by
spinning down the cultures at x120g for 5 min (Megafuge; Thermofisher, cat# 50138896-b) in
15 ml centrifuge tubes to pellet live cells. After removing most of the debris in the supernatant,
the pellets were resuspended in a fresh media. PBS was used for washing the cells. For
subcultures, cells are spilt in a 1:3 ratio of old: new media. For optimization studies, Jurkat
cells with a cell density of 1x 108 cells/ml were mixed with an equal volume of FSdL-biotin in

insertion media (RPMI without serum lipids).

2.2.2 Preparing FSdL-biotin

A stock solution of 5 mgmL ! was prepared by dispersing 1mg of FSdL-biotin in 200pl of
sterile PBS. From the stock, FSdL-biotin at concentrations, 5, 10, 25 and 50uM, were prepared.
Serum (lipid) free RPMI was used as insertion media.

2.2.3 Optimizing FSdL-biotin insertion conditions

For inserting FSdL-biotin, Jurkat cells with a cell density of 1x 10 cells were harvested and
washed thrice with sterile PBS. The media was replaced with an equivolume of freshly
prepared FSdL-biotin. The cells were cultured at 37°C, 5% CO2 concentration for 2 hours.
After 2 hours, the FSL modified cells, also referred to as biotin kodecytes, were collected by
centrifugation at 3000 rpm for 5 min (Sorvall; Cat# MC12V). After washing thrice with sterile
PBS, the kodecyte pellets were resuspended in RPMI media.

Immunofluorescence was used to detect the successful transformation of Jurkat cells into biotin
kodecytes. This was achieved by labelling the cells with streptavidin Alexa Fluor® 488 (0.1
mgmL 1) for 30 minutes at 37°C and 5% CO, concentration. Cells were then washed and
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analysed immediately using fluorescence microscopy (Olympus BX-51 microscope) for
binding. The sample was excited at 488 nm and emission was analysed at >550 nm using WIB
filter of the fluorescence microscope for 1.9s. Fluorescence exhibited by kodecytes was
quantified as mean grey value and normalized using ImageJ analysis as described in section
2.1.3.

2.2.3.1 Results and interpretation

The presence of fluorescent staining on kodecytes, shown in Figure 10, verifies the insertion
of FSL molecule into the Jurkat cell surface. All the images were captured using an exposure
time of 1.9s. As observed from the fluorescent images, it is evident that all the cells could be
modified by FSL-biotin. Also, the strength of the fluorescent signal appears to increase in a
dose dependent manner. The fluorescent intensity exhibited by the kodecytes, quantified as mean
grey value (see Figure 11), confirms this. One-way ANOVA with post-hoc Dunnett was used
to test the statistical significance in comparison to unmodified cells. While the increase is
marginally significant with 5uM insertion (p<0.05), it becomes highly significant (p< 0.001)
as the concentration of FSL inserted is increased (Table 5). No fluorescence is observed in
unmodified (OuM FSL-biotin) or control cells (images not shown). This shows that the
streptavidin Alexa Fluor® 488 binding to biotin kodecytes are specific. At higher
magnifications, (bottom row of Figure 10), the fluorescent staining was observed to have the
punctate pattern as observed in Figure 9. As the concentration was increased, round patches of
brightly fluorescent discrete domains were revealed. The diameter of the cell also appears to

have increased with increasing FSL concentration that is investigated in the next section.
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Figure 10 Immunofluorescence detection of FSdL-biotin modified Jurkat cells (kodecytes). Jurkat cells were modified with varying concentrations of FSdL-
biotin and conjugated with streptavidin Alexa Fluor® 488. Images captured under the DIC and the fluorescent signals exhibited by kodecytes captured using
the WIB fluorescence filter are presented in first two rows. Higher magnification images in the bottom row show typical variation in staining pattern.
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Figure 11 Fluorescent strength exhibited by biotin kodecytes quantified as normalized mean grey
value. ANOVA analysis with post hoc Dunnett implies that the increase is statistically significant.

Table 5 Increase in fluorescence intensity statistically analyzed with one-way ANOVA and post-hoc

Dunnett.
o ;
Untreated Treated Mean Std. p 95% Confidence Interval

(UM) (UM) Difference Error value Lower Upper
Bound Bound

0 5 0.65 0.20 0.011 0.14 1.17

10 1.22 0.20 0.000 0.70 1.74

25 1.99 0.20 0.000 1.47 2.50

50 2.18 0.20 0.000 1.66 2.70

2.3 Retention studies for non-adherent Jurkat cells

Retention studies were carried out to investigate the stability of FSdL binding to Jurkat cells.
This was accomplished by harvesting kodecytes from culture at regular intervals following
FSL-biotin treatment and labelling them with streptavidin Alexa Fluor® 488. The stability of
FSL-biotin binding to kodecytes were visually detected under the WIB filter of fluorescence
microscope. Serum provides essential growth factors and nutrients for healthier cell growth.
Therefore, the effect of FSL-biotin insertion and retention in complete media (CM) was also
simultaneously investigated. CM contains RPMI added with 10% new born calf serum, 1x

GlutaMax and 1% pencillin-streptomycin.
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2.3.1 Optimizing the retention concentration and conditions

Jurkat cells with a cell density of 1x 108 cells were harvested and washed thrice with sterile
PBS. The cells were incubated with an equivolume of freshly prepared FSdL-biotin. For
studying the effect of serum, RPMI was replaced with CM used for culturing Jurkat cells (see
section 2.2.1) as insertion media. Cells were cultured at 37°C, 5% CO2 concentration for 2
hours. After 2 hours, the FSL biotin kodecytes, were collected by centrifugation at 3000 rpm
for 5 min (Sorvall; Cat# MC12V). After washing thrice with sterile PBS, the kodecyte pellets
were resuspended in RPMI/ CM and returned to culture conditions. To test the persistence of
FSL constructs, small aliquots of kodecytes were harvested from culture at regular intervals (0,
12 and 24 hours) and immediately tagged with streptavidin Alexa Fluor® 488 (0.1 mgmL 1)
for 30 minutes at 37°C and 5% CO> concentration. Kodecytes were then washed and analysed
immediately for fluorescence under the WIB filter of the fluorescent microscope (Olympus
BX-51 microscope). Retention studies involve comparison of fluorescence strength from
multiple parameters, such as different insertional and retentional conditions and; different
concentrations, from various experiments. In addition, there were variations in order cells were
visualized and number of cells used for used for visualization over time. Thus, fluorescent
intensity from retentional studies were semi- quantitatively quantified using the standard
grading system.

2.3.1.1 Results and interpretation, at 0-hour

The results presented in Figure 12 compares the intensity of fluorescence produced by
kodecytes inserted using serum free RPMI or CM (with 10% serum) as the insertion media.
Intensities in kodecytes inserted with RPMI are comparable to previous results in Figure 10.
Kodecytes inserted with the presence of serum (CM) also illustrates increase in fluorescence
with increasing FSdL-biotin concentration. However, the fluorescent signal exhibited by
kodecytes in CM is less compared to RPMI insertion optically. A semi-quantitative
measurement of FSL expression achieved by using a standard grading system based on the
emitted fluorescence is presented in Table 6. While the fluorescent intensity was graded at
medium (++) to strong (+++) in kodecytes where the FSLs were inserted in RPMI (serum free
media), intensity displayed by kodecytes inserted in the presence of serum (in CM), was mild

(+) to medium (++).
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FSL Time = 0 hours

msertion FSdL-biotin (M)
media

RPMI

CM

Figure 12 Insertion of FSdL-biotin into Jurkat cells in the presence (CM) or absence (RPMI) of serum. Fluorescence detection using streptavidin alexa flour® 488 (0.2
mgmL1) immediately after 2 hours of FSdL-biotin insertion (0-hour) showed that the insertion of FSL was inhibited in the presence of serum.
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Table 6 Fluorescent intensity of biotin kodecytes at 0- hour, graded based on the fluorescence
emission under WIB filter, with exposure of 1.9s

Time= 0 hour

FSL insertion

media FSL- biotin (uM)
5 10 25 50
RPMI ++ ++ +++ +++
CM + + ++ ++

2.3.1.2 Results and interpretation, at 12-hours

After 12 hours, 100ul aliquots of kodecytes inserted in RPMI/CM and cultured in the
presence (CM) or absence of serum (RPMI), were tagged with streptavidin 488 and
observed under the Olympus BX-51 to determine the persistence of FSL-biotin. Figure
13 shows the DIC and fluorescent images of RPMI inserted kodecytes cultured either in
RPMI or CM. Compared to 0-hour, a typical decrease in fluorescence is observed across
different treatments. Kodecytes cultured in RPMI have better efficacy in retaining the
fluorescence than kodecytes cultured in serum enhanced media (CM). DIC and
fluorescent images of kodecytes inserted in CM and cultured in RPMI or CM are
presented in Figure 14. From the results, it is evident that >50% of CM inserted kodecytes

did not fluoresce after 12 hours, presumably due to less insertion.

The strength of the fluorescent signal exhibited by biotin kodecytes is semi-quantitatively
measured using standard grading system and presented in Table 7. The results show the
fluorescence emitted by RPMI inserted kodecytes cultured in serum free RPMI exhibits
moderate (++) to strong (+++) intensity at concentrations >10uM. However, when
cultured in CM with 10% serum, the intensity is reduced showing a mild (+) to moderate
(++) grading. At 12 hours, regardless of the culture media, biotin kodecytes inserted in
the presence of serum (CM) express a mild (+) or negligible staining. Kodecytes observed
with negligible fluorescent levels are presented with a negative (-) sign. Based on these
findings, it could be implied that the presence of serum in the insertion media limits the
persistence of FSL-biotin on biotin kodecytes to 12 hours and CM prevents or hinders

FSL insertion.
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Time= 12 hours

Cultqre Filter FSdL biotin (uM) inserted in RPMI
media
5 10 25 50
, : . . . -
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Figure 13 Fluorescent images of RPMI inserted biotin kodecytes after 12-hour culture. Varying
concentration of biotin kodecytes, after FSL insertion, are suspended in either RPMI or CM for further
culture. The first and second rows show the DIC and fluorescent images of biotin kodecytes inserted and
cultured in RPMI media respectively. In the bottom two rows, DIC and fluorescent images of kodecytes
cultured in CM (with 10% serum) are presented (scale bar = 50um).
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Time= 12 hours

Culture  poer FSdL-biotin (uM) inserted in CM
media
5 10 25 50
RPMI DIC
WIB
cM DIC

Figure 14 Fluorescent images of CM (with 10% serum) inserted biotin kodecytes after 12-hour culture.
Varying concentration of FSL-biotin was inserted into Jurkat cells using CM (with 10% serum) as insertion
media and further cultured in either RPMI or CM. The first two rows present images captured from the DIC
and fluorescence filter for CM inserted kodecytes cultured in RPMI. Kodecytes inserted and cultured in CM
are presented in the lower two rows (scale bar = 50pum).

Table 7 Fluorescent intensity of biotin kodecytes graded based on the fluorescence emission at 12-hour

Time= 12 hour
FSL msgrtlon Retent_lon FSL- biotin (M)
media media

5 10 25 50
RPMI RPMI + ++ +++ +++
(serum free) CM R + + +t
CM RPMI - - + +
(10% serum) CM R _ + "
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2.3.1.3 Results and interpretation, at 24-hours

The ability of RPMI inserted kodecytes to retain FSL molecules was investigated 24-
hours after insertion. The DIC images and fluorescent images captured using the WIB
filter of Olympus BX-51 microscope are presented in Figure 15. The intensity of
fluorescence is greatly reduced across different treatments compared to their respective
treatments at hours 0 and 12. While kodecytes inserted with >10uM FSdL-biotin and
retained in RPMI media were observed to exhibit mild to moderate fluorescent staining,
loss of fluorescent signal in CM cultured kodecytes is evident from their respective DIC
images. Regardless of the culture medium, fluorescent staining was completely lost in
5uM kodecytes. Fluorescence intensity grading is consistent with the observations made
from images captured under the WIB filter at exposure 1.9s. As the intensity of
fluorescence exhibited by kodecytes inserted in CM (with 10% serum) were negligible or
very mild at 12 hours, immunofluorescence studies on them were not investigated at 24-

hours.

2.3.1.3.1 Optimal conditions for FSL retention

Jurkat cells, at concentration 10pM or more, inserted and cultured in RPMI have retained
FSdL-biotin beyond 24 hours. Although kodecytes cultured in presence of serum (CM)
express fluorescence, the intensity is weaker in comparison to RPMI cultured kodecytes.
In fact, the fluorescence was observed to completely disappear at lower concentration,
within 12 hours. Based on these findings, it is evident that maximum retention of FSdL-
biotin is achieved when cells are inserted and retained in serum free RPMI media. A
minimum of 10uM FSdL-biotin inserted has shown to persist for at least 24 hours at the

cell surface.
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Time= 24 hours

Culture

. Filter FSdL-biotin (uM) inserted in RPMI
media
5 10 25
RPMI DIC
WIB
CM DIC
WIB

Figure 15 Persistence of FSdL-biotin on RPMI inserted kodecytes after 24 hours. DIC and fluorescence
images in the first two rows represent RPMI inserted kodecytes cultured in RPMI. Bottom two rows show
FSL persistence in CM cultured kodecytes (scale bar = 50um).

Table 8 Fluorescent intensity of biotin kodecytes graded based on the fluorescence emission at 24-hours

Time= 24-hour
FSL insertion Retention FSL- biotin (uM)
media media
5 10 25 50
RPMI RPMI - + ++ +++
(serum free)
CcM - + + *
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2.4 Characterizing Jurkat biotin kodecytes

2.4.1 Structure of kodecytes

Light microscopy images have limited resolution (as the maximum magnification is
generally x1000). In contrast, Scanning Electron Microscopy (SEM; Hitachi SU-70) is
widely used for studying the ultrastructure of biological samples. For viewing the samples
under SEM, kodecytes were fixed overnight at 4°C with 2.5% glutaraldehyde. Fixed cells
were then washed and dehydrated with graded ethanol series, starting with 25%, 50%,
75%, and 95% ethanol and three exchanges of anhydrous 100% ethanol. Although, it is
appreciated that this procedure will probably remove the FSL constructs, the prior
fixation with glutaraldehyde should be adequate to maintain the size and structure.
However, studies have shown ethanol, used in dehydration step, can fuse with the lipids
on the cell surface via hydrogen bonding. This has shown to result in overall changes to
cell size and shape [110,111]. In the present study, ethanol is used to dehydrate the cells
for SEM analysis as it easier and less hazardous compared to alternative methods [112].
Although it could be argued that the same treatments are used for the tests and controls
and the relative effect is expected to be proportional, insertion of FSL into cells increases
the lipid content on the cell surface and therefore, the treatment with ethanol could
potentially have more impact on kodecytes than the control cells.

Prior to viewing with SEM, the dehydrated samples were mounted using a double-sided
carbon tape and sputter coated with platinum at 25mV for 60s (Hitachi; E-1045). Sputter
coating was carried out to increase the surface conductivity and reduce the accumulation
of surface charge. Images were captured in SEM using the standard voltage of 5KV. The
results presented in Figure 16 shows that cells display a round morphology in both
unmodified and modified Jurkat cells and agrees with previous observation as in Figure
10. While the unmodified Jurkat cell surfaces appear irregular, surface appeared to
become regular with increasing FSL-biotin insertion.
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Figure 16 SEM images of unmodified and modified Jurkat cells. Images captured at lower magnifications are presented in the inset (scale bar- 10um). Pores indicated in circles
are shown more in detail in Figure 17.
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At higher magnification (x5000), pores were observed on the surface of both the control and
FSL modified cells and were not of any significance in number of occurrences. Some of these
pores were observed to have an opening on the cell surface. The diameter of these structures
was in order of ~500nm magnitude (Figure 17).

5.0kV 19.1mm x10.0k SE(M)

Figure 17 SEM image of Jurkat cell showing the membrane pores. The pores were present on both
normal cells and kodecytes as shown in Figure 16.

2.4.2 Size of the kodecytes

The size of the kodecytes was previously observed to potentially be enlarged as the
concentration of FSdL-biotin increased. Therefore, the diameter of both biotin kodecytes and
control cells were measured immediately after 2 hours of insertion. A straight line (in multiple
directions) drawn across the longest axis of the cell (approximately dividing it into two halves)
was chosen as the diameter and was measured using the automated measure function in SEM.
Diameter of at least random 10 cells per image were measured and mean diameter of kodecytes
treated with different concentrations of FSL-biotin are plotted in Figure 18. The diameter of
the kodecytes at concentrations >25uM, appear to be approximately 20% larger than control
cells. Subsequent culturing of kodecytes in RPMI for 24 hours did not show any changes to
cell diameter. One- way ANOVA statistical analysis carried out with post hoc Dunnett test
shows that increase in cell diameter at both 0 and 24 hours at concentrations >25uM is

statistically significant compared to their respective control.
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Figure 18 Average diameter of kodecytes at 0 and 24-hour post FSdL-biotin insertion.

Table 9 One- way ANOVA with post hoc Dunnett test carried out to test the significance of cell diameter increase
following FSL-biotin insertion.

95% Confidence
Time Untreated vs Treated Mean Std. p Interval

(hour) (M) Difference Error value Lower Upper
H Bound Bound

0 Control 5 0.16 0.67 1.000 -2.02 2.34

0 Control 10 -1.35 0.67 0.536 -3.53 0.83

0 Control 25 -2.99 0.67 0.002 -5.17 -0.81

0 Control 50 -3.09 0.67 0.001 -5.27 -0.92

24 Control 5 -0.49 0.67 0.998 -2.67 1.68

24 Control 10 -0.36 0.67 1.000 -2.54 1.81

24 Control 25 -3.19 0.67 0.001 -5.37 -1.01

24 Control 50 -3.09 0.67 0.001 -5.27 -0.92

2.4.2.1 Trypan Blue cell counting and viability

Cells were collected by centrifugation and resuspended in RPMI media. The cell suspension
was mixed with an equal volume of trypan blue solution (0.4% in PBS) and live and dead cells
were counted using a haemocytometer. Trypan Blue Solution (0.4%) is a cell stain routinely
used to assess the cell viability [104,113,114]. For this assay, the haemocytometer (improved
Neubauer® chamber) was used. After gently suspending the cells evenly into medium by
repeated pipetting, 10pl of suspension was loaded into haemocytometer from the edge of the
coverslip. Every count was duplicated by analysing two ruled counting areas. Using the 10x
objective of a microscope, the cells in each grid were counted using a counter. Both viable
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(unstained) cells, which do not uptake trypan blue, and non-viable (blue stained) cells were

counted. For calculating the cell number, following conventions were used.
Number of cells = number of cells x dilution factor x 10* cells/ ml
At least 200 cells were counted for each measurement.

FSL toxicity and kodecytes growth rate

Cellular growth (total number of cells) and cytotoxic effects of various concentrations of FSL-
biotin were measured by manually counting the live and dead modified or unmodified
kodecytes using the trypan blue assay immediately after insertion. Figure 19 shows the effect
of FSL-biotin insertion on cell viability, at 0- hour, under different insertion condition. As the
concentration of FSL-biotin inserted is increased there is an apparent slight decrease in number
of live cells. Statistical analysis carried out with one-way ANOV A with default post hoc Tukey
shows that the decrease in kodecytes viability, at concentrations <25uM, is not significant.
However, at 50uM insertions, the decrease in number of live cells was statistically significant,
compared to control cells (p< 0.001). Regardless of the concentration used for insertion, the
viability of cells inserted in the presence of serum (CM) was unaffected and comparable to that
of control cells. Even with a maximal of 50uM insertion, the percentage of live cells was >90%.
This is probably because the insertion was less inefficient in the presence of serum and this
supports the concept that the inserted material was responsible for the loss and not the presence

of the material.

B RPMI insert
gk m CM insert

- “ “ “
0.00

Control SuM 10uM 25uM 50uM

Figure 19 Schematic plot showing kodecytes live cell to dead cell ratio, at O hour, under
different insertion conditions.
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Table 10 One way-ANOVA with post hoc Tukey testing significance of FSL insertion on cell viability

95% Confidence

Untreated  vs Treated Insert M(_ean Std. p Interval
(LM) Diff. Error value Lower Upper
Bound Bound
Control 5 RPMI 0.01 0.03 1.000 -0.06 0.09
CM 0.02 0.03 1.000 -0.06 0.10
Control 10 RPMI 0.03 0.03 0.985 -0.05 0.01
CM 0.02 0.03 1.000 -0.06 0.10
Control 25 RPMI 0.07 0.03 0.087 -0.01 0.15
CM 0.04 0.03 0.794 -0.04 0.12
Control 50 RPMI 0.13 0.03 0.000 0.05 0.21
CM 0.05 0.03 0.467 -0.03 0.13

To determine the growth rate, kodecytes inserted in RPMI or CM were then resuspended either
in serum free RPMI or CM with 10% serum for further culturing and counted after 24 hours.
Retention studies illustrate that the FSL-biotin inserted in the presence of serum (CM) does not
insert well or persist in kodecytes beyond 12 hours, hence only viability of kodecyte inserted
with serum free RPMI were analysed for 24 hours. The results presented in Figure 20 show a
consistent increase in kodecytes number at concentrations <25uM. However, one- way
statistical ANOVA analysis with post hoc Tukey shows that the growth rate of kodecytes,
cultured either in RPMI or CM, is significant for insertions up to 10uM (Table 11). At 25uM,
the growth rate is only marginally significant. The growth rate is observed to be severely
inhibited at 50uM insertion. Number of kodecytes cultured in CM was greater than their
respective RPMI insertions at any given concentration, however, one-way ANOVA analysis
shows that the increase was not statistically significant (Table 12).

40



e===RPMI insert- hour 0
1.8 ====RPMI insert and RPMI culture- hour 24

1.6 ====RPMI insert and CM culture- hour 24
EE

Increase in kodecytes number in 24 hours

Control SuM 10pM 25uM 50pM

Figure 20 Schematic plot showing increase in kodecyte’s number after 24 hours FSdL-biotin insertion.
The rate of cell growth concentrations >25uM, is significant low compared to control cells (p<0.01 at 25
MM and p<0.001 at 50uM).

Table 11 Growth rate of biotin kodecytes compared to control cells statistically analysed with one- way
ANOVA and post hoc Tukey, over a 24- hour period.

95% Confidence Interval

Conc. (UM) Mean Std. p

. Lower Upper
(0 hrvs 24 hr) Difference Error value Bound BcF))L?nd
Control -0.62 0.09 0.000 -1.14 -0.10

5 -0.41 0.04 0.026 -0.60 -0.22

10 -0.47 0.05 0.013 -0.70 -0.25

25 -0.46 0.08 0.070 -0.97 0.04

50 -0.20 0.04 0.055 -0.38 -0.02

Table 12 Growth rate statistically analysed with one- way ANOVA and post- hoc Dunnett between
RPMI and CM cultured kodecytes.

95% Confidence
Conc. (uM) Mean Std. value Interval

(RPMI vs CM) Difference Error P Lower Upper
Bound Bound

Control 0.09 0.07 1.000 -0.36 0.18

5 0.24 0.07 0.145 -0.02 0.51

10 0.06 0.07 1.000 -0.33 0.21

25 0.14 0.07 0.964 -0.40 0.13

50 0.12 0.07 0.991 -0.39 0.15
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2.5 Surface modification and cell adhesion

The ability to attach cells to surfaces has huge applications in tissue engineering, regenerative
medicine, medical devices industry, biosensors and wound healing. FSL molecules have
already shown to adhere red cells to various surfaces using biotin- avidin model. Thus far,
successful transformation of Jurkat cells and MCF-7 into biotin kodecytes has been established.
The ability of FSL-biotin to attach non- adherent, proliferating Jurkat cells is investigated
further. Initially, the adhesion of biotin kodecytes to tissue culture surfaces was determined.
Following that, the adhesion ability of biotin kodecytes to FSL modified metal surfaces was

investigated.

2.5.1 Cell adhesion to tissue culture surface

2.5.1.1 Kodecytes adhesion to tissue culture treated polystyrene

To investigate the ability of FSL constructs to enable cell adhesion, tissue culture treated
polystyrene (TCP) plates were initially coated with FSL-biotin. Coating was carried out by
placing a drop (10ul) of 0.1uM FSdL-biotin (unpublished data) to 96-well polystyrene plate
(Falcon; cat # 353072) and was left to air dry (for at least 30 minutes). After rinsing the surfaces
with 1xPBS, the surfaces were then flooded with 0.2 mgmL-streptavidin (Life Technologies;
cat # 434301) and incubated for 30 minutes at room temperature (RT). Streptavidin coated (or
koded) plates were ready for kodecyte adhesion after removing excess streptavidin by
aspiration and thorough washing with sterile PBS. Surfaces, each time, were rinsed for at least

5% with sterile PBS to remove any unbound molecules.

Biotin kodecytes (10ptM) were prepared by incubating Jurkat cells with FSdL biotin for 2 hours
at 37°C and 5% CO2 (as described in section 2.2.1). After thorough washing for at least thrice
with sterile PBS, kodecytes (1x10° cells/ ml) were incubated in the 96-well streptavidin koded
plates for an hour at 37°C. The cells were then rinsed (for 5x with PBS) to remove unbound
kodecytes. Fixation was carried out by incubating the cells with 2.5% glutaraldehyde (Sigma;
cat # 111-30-8), overnight at 4°C. The following day, surfaces were washed to remove any

unbound molecules and observed under the DIC filter of the Olympus BX-51 microscope.

2.5.1.1.1 Results and interpretation
The results presented in Figure 21 compares the adhesion of control cells and biotin kodecytes
in streptavidin koded TCP surfaces. From the results, it is evident that, even after repeated

washing, biotin kodecytes firmly adhered to FSL-biotin-streptavidin modified surfaces.
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Kodecytes did not adhere to surfaces modified with either FSL biotin or streptavidin alone.
This might be due to the blocking of cell binding site by FSL-biotin or streptavidin molecule,
respectively. More interesting to note was adhesion of biotin kodecytes to untreated TCP
surfaces. This could either be due to the hydrophilicity induced by physical and/ chemical
modification on the TCP surfaces or through charged interactions between the hydroxyl groups
on TCP plates and biotin molecule on the kodecyte surface [115,116]. Adhesion of unmodified
Jurkat cells (OpM) to untreated TCP surfaces clearly indicates the ability of the cells to attach
to these surfaces in the absence of serum and are consistent to findings from Audiffred et al.
(2010). Hence, as suggested by Audiffred et al. (2010), the adhesion observed might be
mediated due to induced hydrophilicity and through charged interactions between the hydroxyl

groups on TCP and cell-surface integrins [116].

Adhesion of biotin kodecytes on FSL-biotin-streptavidin modified TCP surfaces appeared to
be in a monolayer. In contrast, adhesion of both modified (10uM) and unmodified (OpM) cells
were random and scattered in untreated TCP surfaces. While the morphology of modified cells
(10uM) on FSL- streptavidin surface and unmodified (OuM) Jurkat cells on untreated TCP
surfaces was round, 10uM kodecytes adhered to untreated TCP surfaces were irregular.

2.5.1.2 Jurkat cell transient adhesion in tissue culture vs non-tissue culture treated surfaces

Further experiment was carried out to investigate the transient adhesion of Jurkat cells in non-
tissue culture treated (nTCP) surfaces. Jurkat cells from culture were washed and resuspended
into either RPMI or CM (containing 10% serum). Approximately, 1x10° cells in either RPMI
or CM were suspended into 96-well nTCP plates and incubated for 2 hours at 37°C and 5%

COoa. Cells incubated in TCP plates were used as controls.
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Surface coating on TCP

FSL-biotin
insertion FSdL-biotin (0.1 uM) -
(uM) SA (0.2 mg/ ml) . SA (0.2 mg/ ml) ]

10

Figure 21 Adhesion of biotin kodecytes to FSL modified 96-well TCP plates. Biotin kodecytes adhered to both FSL modified and unmodified TCP plates.
While Jurkat cells did not adhere to FSL modified TCP wells, they are observed to randomly adhere to unmodified TCP surfaces. No cell/ kodecyte adhesion
is observed on surfaces treated with FSL-biotin (0.1uM) or SA (0.2 mgmL™) alone. Insets are (X200 magnification) images of kodecytes adhered to

streptavidin modified and untreated surfaces.
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2.5.1.2.1 Results and interpretation

The results presented in Figure 22 show that the Jurkat cells, either cultured in RPMI or CM,
do not adhere to nTCP plates. This suggests surface treatments carried out in TCP surfaces to
induce hydrophilicity and surface charge is the primary reason for cell adhesion to TCP plates.
While Jurkat cells adhered to TCP surfaces, no adhesion was observed in the presence of serum.
This was consistent with Audiffred et al. (2010) findings [116]. Based on these findings,
adhesion of Jurkat cells to nTCP surfaces, using FSL constructs, were investigated.

Culture Jurkat cells

media TCP nTCP

RPMI
(serum free)

CM
(10% serum)

Figure 22 Determining transient adhesion of Jurkat cells on untreated nTCP surfaces in the presence and
absence of serum.

2.5.1.3 Kodecytes adhesion to nTCP surfaces

To investigate the adhesion of kodecytes to nTCP plates (Falcon; cat # 351172) biotin
kodecytes (10uM) were attached to nTCP surfaces koded with 0.1uM FSL-biotin as described
in section 2.5.1.1 above. Kodecytes attached to surfaces were observed under the DIC filter of
Olympus BX-51 microscope.
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2.5.1.3.1 Results and interpretation

The results illustrate FSL mediated adhesion of Jurkat cells to inert nTCP surfaces via FSL-
biotin-streptavidin model (Figure 23). Despite several wash steps, most of the 10uM kodecytes
firmly adhered to FSL-streptavidin modified nTCP surfaces. However, they did not adhere to
surfaces modified with FSL or streptavidin alone. As suggested earlier, this might be due the
blocking of binding sites by these molecules. Opposed to the findings from TCP plates,
unmodified Jurkat cells (OuM) did not adhere to untreated nTCP surfaces (Figure 23). While
TCP plates are modified to generate charged groups, and alter the surface chemistry from
hydrophobic to hydrophilic, nTCP surfaces lacks such treatments and are hydrophobic.
However, adhesion of 10uM kodecytes to untreated nTCP surfaces was consistent to findings
using TCP plates. This suggest that the adhesion might be mediated by surface charge on the
biotin moiety present on the kodecyte surface. As observed on TCP plates, kodecytes on both
the FSL modified and unmodified surfaces have a round morphology. While cell placement on
modified surface appeared to be slightly regular, kodecytes adhered to unmodified surfaces are
random and scattered.

2.5.1.3.2 SEM of kodecyte adhesion to surfaces

The biotin kodecytes adhered to FSL modified nTCP and control surfaces were further
analyzed under the SEM. For preparing the samples for SEM analysis, the gluteraldehyde fixed
kodecytes attached to the 96- well plates were dehydrated in graded ethanol series as decribed
in section 2.4.1. Then, the 96-well plates were were carefully cut to edges using a Dremel®
200 and uniformally coated with platinum for 60s using a ion-sputter (Hitachi; E-1045). After
mounting the samples, images were captured at different magnifications at 5kV using the
Hitachi SU-70 SEM.

The kodecytes were observed to spread uniformly onto both the FSL-koded and unmodified
nTCP surfaces (see Figure 24). While the adhesion of kodecytes to koded nTCP surfaces is
mediated by biotin and streptavidin affinity, adhesion of biotin kodecytes to untreated nTCP
surfaces might be mediated by surface charge on the FSL-biotin that is inserted into the Jurkat
cell surface. Cytoplasmic projections protruding from the kodecytes were noticed on both the

surfaces.
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FSL-biotin Surface coating on nTCP
insertion FSdL-biotin (0.1 uM) -
(uM) SA (0.2 mg/ ml) - SA (0.2 mg/ ml) -

10

Figure 23 Adhesion of modified Jurkat cells to inert nTCP surface, mediated by streptavidin as a bridge. Biotin kodecytes adhered to both FSL modified and
unmodified nTCP plates. Jurkat cells did adhere neither to FSL modified nor to unmodified surface. No cell/kodecyte adhesion was observed on surfaces treated
with FSL-biotin (0.1uM) or SA (0.2 mgmL?) alone. Inset are x200 magnification.
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Biotin kodecytes (10 uM) on nTCP surface
FSL-biotin (0.1 pM) -

SA (0.2 mg/ ml) -

observed under SEM.

2.5.1.4 Effect of serum in cell adhesion

Kodecytes, at concentrations > 10uM, inserted in the presence (CM) and cultured in RPMI,
retained FSL molecules for a maximum of 12 hours. In comparison to RPMI inserted
kodecytes, the viability and cell growth was marginally higher in CM inserted cells. Thus, the
ability of FSL constructs to adhere these kodecytes, inserted in CM, was further investigated.
For this study, kodecytes at 10, 25 and 50uM concentrations were prepared using either RPMI
or CM as insertion media. This was then incubated for an hour at 37°C in FSL modified nTCP

plates, using either RPMI or CM as attachment media. The surfaces were washed and fixed as
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described in section 2.5.1.1. The air-dried plates were observed under DIC filter of Olympus

BX-51 microscope.

The results presented in Figure 25 show that the kodecytes, both inserted in the presence (CM)
or absence (RPMI) of serum, adhere to FSL modified surfaces only when they were incubated
with serum free RPMI. Adhesion of kodecytes to nTCP surfaces was observed to increase in a
concentration dependent manner. This is expected as at higher concentrations, more FSL-biotin
gets inserted into the cell surfaces resulting in more kodecyte adhesion. Since the presence of
serum (CM) has shown to reduce FSL-biotin insertion into cells, adhesion of CM inserted
kodecytes to nTCP surfaces was comparatively less compared to RPMI inserted kodecytes.
These results illustrate that the adhesion of kodecytes to surfaces is hindered in the presence of

serum. Hence, serum free RPMI media would be a better choice for insertion and adhesion.

2.5.2 Cell adhesion to metal surfaces

2.5.2.1 Cell adhesion to non-planar surfaces (microbeads)

Varying concentrations of FSdL-biotin (0.01, 0.1, 0.5, 1, 5, 10, 25 and 50uM) were prepared
from 5 mgmL* stock. Each 1x 10° Jurkat cells were incubated with 100ul of varying FSdL-
biotin solutions for 2 hours at 37°C and 5% CO». The cells were thoroughly washed by
centrifugation and resuspended in PBS. Simultaneously, streptavidin beads (50pl from a stock
concentration of 10 mgmL™) (Invitrogen; cat # 11206D) were washed thrice with PBS by
centrifugation (for 1 min on high using Immufuge centrifuge). For a final concentration of 0.2
mgmL™?, 50l of streptavidin beads was diluted into 950ul of 1x PBS. An equal volume of
biotin kodecytes (100pl) and streptavidin beads (0.2 mgmL™) were then mixed thoroughly and
incubated for an hour at 37°C and 5% CO». Unbound kodecytes in the supernatant were
removed and beads were washed 3x with PBS by centrifugation (for 15s on low using
Immufuge centrifuge). The kodecytes adhered to streptavidin beads were fixed with 2.5%
glutaraldehyde for an hour at RT. After washing (3% with PBS), the kodecytes bound to

microbeads were observed under the DIC filter of Olympus BX-51 microscope.
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FSL-biotin (0.1pM) and SA (0.2mg/ml) modified nTCP surfaces

Insertion media RPMI
Attachment media CM

Biotin kodecytes (uM)
25

Figure 25 Effect of serum on kodecytes adhesion to FSL modified surface. Irrespective of the insertion media used, kodecytes adhered to FSL modified nTCP surfaces
when cultured in RPMI during the adhesion process. Presence of serum prohibited cell adhesion.
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2.5.2.1.1 Results and interpretation

Figure 26 shows biotin kodecytes attached to non-planar streptavidin microbeads. A minimum
of 0.05uM FSL-biotin have shown to sufficiently enable cell surface attachment. As the
concentration of FSL-biotin increases, the number of microbeads attached per cell also
increases. The kodecytes were also observed to cluster with increasing FSL insertion
concentration. This suggests that a monolayer attachment of cells to surfaces could be achieved
at lower FSL-biotin concentration. There was no evident attachment of streptavidin beads to
untreated Jurkat cells. Other than cell culture surfaces, this study has established that FSL

constructs could successfully attach live-proliferating non-adherent cells to non-planar

microbeads.
Biotin Biotin
kodecytes SA microbeads kodecytes SA microbeads
(uM) (uM)
0 1
0.05 5
0.1 10
0.5 50

Figure 26 Attaching biotin kodecytes modified with varying concentration of FSL-biotin to
streptavidin microbeads.
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2.5.2.2 Kodecytes adhesion to planar stainless-steel surfaces

The study was further extended to investigate the adherence of modified Jurkat cells to planar
stainless steel 316L (SS 316L) surfaces. For this, Jurkat cells at a cell density of 1x108 cells/
ml, were modified by incubating them with 10uM FSdL-biotin (in RPMI), for 2 hours at 37°C
and 5% CO,. Concurrently, pre-autoclaved SS 316L sheets were coated by placing 10ul of
0.1pM FSL-biotin and left to air dry for 30 minutes. After 30 minutes, the SS 316L surfaces
were washed thoroughly for at least 5x with sterile PBS to remove any unbound FSL from the
surface and flooded with streptavidin (0.2 mgmL™). Surfaces were incubated with streptavidin
for 30 minutes at RT. After washing the surfaces thoroughly, biotin kodecytes were incubated
on FSL modified surfaces for an hour at 37°C and 5% CO». Any unbound kodecytes were
removed by repeated washing. The cells were then fixed by incubating them with 2.5%
glutaraldehyde, overnight at 4°C. The following day, the fixative was aspirated and the surfaces
washed. The degree of kodecytes attachment to stainless steel surfaces were analysed under
the SEM. Therefore, surfaces were dehydrated in graded ethanol series and air dried as
described in section 2.4.1. Surfaces were washed each time with sterile PBS and or distilled

water for at least five times to ensure only bound cells were observed.

2.5.2.2.1 Results and interpretation

For imaging the surfaces under SEM, surfaces were mounted and sputter coated with platinum
for 60s using the Hitachi lon Sputter. All images with different magnifications were captured
at 5kV. Biotin kodecytes adhered to FSL-biotin and streptavidin koded SS 316L, despite
repeated washing of the surfaces for at least five times (Figure 27). There was no adhesion of
kodecytes to untreated SS 316L surfaces (images not shown). Metals, in general, are less
biocompatible and their surface properties is different to that of the cell culture plates.
Therefore, their ability to interact with different zones of FSL constructs also varies [97].
Hence, non-adhesion of biotin kodecytes to these surfaces is not unexpected. In contrast to the
observations on TCP and nTCP surfaces (Figure 21 & Figure 23), kodecytes adhered to
stainless steel surface presented a spherical morphology. Although, few cytoplasmic
projections anchored the cells to the stainless-steel surface, cells did not spread well across the
surface. Therefore, optimal conditions for effective cell adherence need to be further
investigated.
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There was no adhesion of kodecytes to untreated SS 316L surfaces. This indicates that the
adhesion of biotin kodecytes on stainless- steel surface is mediated by the FSL Biotin-
streptavidin bonding. However, the uneven spreading of the cells on the surface indicates that
the conditions for modifying and adhering the kodecytes to these surfaces requires further

optimization.
Magnification Biotin kodecytes (10 uM)
x100 Untreated SS 316L
Koded SS 316L
%1000
%2000

Figure 27 SEM images illustrating adhesion of biotin kodecytes to koded SS 316L surfaces.
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2.6 Summary of results

Based on the findings from FSL-biotin insertion and retention studies, the results are

summarised as;

e FSL-biotin does not prevent adherent cells from adhering
e FSL-biotin could be used to modify both adherent and non-adherent laboratory cultured
tumour cells and cause them to adhere.
e FSL-biotin with DOPE tail (FSdL) has greater insertional efficacy in comparison to
ceramide (FSsL) or cholesterol (FScL) lipid tail.
e The presence of serum during insertion or retention greatly reduces the FSL persistence
on cell surface.
e Cell size and viability was affected when FSL-biotin was inserted at higher
concentrations (50uM).
e FSL-biotin at 10uM was considered to be optimal for further studies due to the
following reasons;
o The FSL-biotin persist on kodecytes for at least 24 hours, irrespective of the
insertion/ culture media
o Cell viability was >95%

o Changes to cell size was minimal (if any)

Adhesion studies investigated with non-adherent Jurkat cells using FSL-biotin and streptavidin

model shows;

e FSL-biotin and streptavidin is able to adhere biotin kodecytes to plastic and metal
surfaces.

e FSL-biotin alone can cause adhesion to some plastic surfaces

e Increased FSL insertion increased kodecytes attachment.

e The presence of serum severely hinders the adhesion of kodecytes to surfaces.

e Further optimization is required for adhering kodecytes to stainless steel surfaces
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Chapter 3 Discussion

FSL constructs have been used to create novel modifications to many biological and non-
biological surfaces and have established use in quality control, antibody mapping,
antibody/toxin neutralization, diagnostic assays and immune modification [93,96-99,101,117].
The potential of FSL constructs to adhere red cells to a wide range of synthetic material was
further explored for immobilizing proliferating suspension cells. This is the first study to report
the adhesion of non- adherent Jurkat cells to cell culture plastics, microspheres and metal
surfaces using FSL constructs. It was achieved by modifying the cells and material surfaces
with FSL-biotin. Streptavidin was used as linker molecules to attach the biotin modified cells
to the biotin modified material surface. Although, PBS have been previously used as an
insertion media for dispersing molecules [52,84,118,119], RPMI was preferred and evaluated

as insertion media (with and without added serum) to maintain optimal culture conditions.

3.1 Cell surface modification

Conventionally, biotin modified cells were prepared by chemically crosslinking N -hydroxyl-
succinimide (NHS) biotin to amine groups present on the cell surface [84,87,120-123]. But
these modifications are random and have been reported to change cell morphology and function
[116,124]. Exogenous incorporation of lipid mediated insertion of biotin molecules on cell
surfaces has also been reported and is to less likely to interact with components in the plasma
membrane [52,89,107,118,125]. Kode™ uses a similar technology to these other technologies
but is also different and has several potential advantages. For instance, unlike other lipidated
molecules FSL constructs contain spacer of varying length. Apart from imparting solubility
which allows FSL dispersion into water or any other biological media [91,94,101], they also
distance the function head further from the cell surface. An increase in distance between the
head and lipid tail potentially reduces the steric hindrance and increases both sensitivity and
specificity of the inserted functional group. Apart from the spacer, FSL also have a variety of
lipid tails. For instance, FSL-biotin with three different lipid tails including DOPE (FSdL),
ceramide (FScL) and cholesterol (FSsL) are available from Kode™ [91,96]. Although, studies
have shown both FSL-biotin with DOPE or ceramide as lipid tail to be best for insertion and
retention on cell membrane [96], findings from this study show that the insertion of FSL-biotin
with DOPE tail (FSdL) is a better choice than ceramide or cholesterol. Insertion of molecules

using DOPE as a lipid tail was also found to be very effective in stable attachment of molecules
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on cell membrane surface [107,125]. Additional advantages of using Kode™ Technology over
other studies [52,89,107,118,125,126] is its universal ability to modify both biological or non-
biological surfaces. Furthermore, FSL-biotin can simultaneously be added with other FSL’s
with functional groups such carbohydrates into the same cells without causing any undesirable
effects [99,127-129].

3.1.1 FSL-biotin insertion and retention

Insertion of FSL-biotin into Jurkat cells was detected by fluorescence microscopy via
streptavidin Alexa Fluor® 488. The presence of fluorescence was used as an indication of
biotin accessible on the modified Jurkat cell (kodecyte) surface. Although speckling occurred,
this was believed to be an artefact due to streptavidin labelling and not due to distribution of
the FSL in the membrane. While most other studies using FSL-biotin used a minimum of 50uM
of the construct for cell surface modification [91,98,99,129], this study shows that cells
surfaces are modified with FSL-biotin at concentrations as low as 0.5uM. When the
concentration of FSL-biotin increased, as expected, the number of biotin molecules accessible
on the cell surface also increased. The strength of the fluorescence signal on kodecytes,
although reduced persisted beyond 24 hours at FSL-biotin insertion concentrations >10uM
(Table 13). This signifies that adhesion of Jurkat kodecytes to synthetic surfaces could
potentially extend beyond 24 hours. This contrasts with the findings using endometrial cells
where the fluorescence was observed to shift to interior of the cell within 24 hours post insertion
[98]. However, in those experiments endometrial cells were adherent cells and modifications
were carried out when cells were adhered to the surface. It is possible this difference is a
consequence of adherence and limited exposure of the FSL to the cell surface. This remains to
be established. On the other hand, Jurkat cells are non-adherent and almost the entire surface
of the cell is accessible for FSL-biotin insertion and might be a reason for longer persistence.
As suggested in other studies, the loss of FSL molecules overtime might probably be due to
metabolic endocytosis and expulsion [93,94,130,131]. It is also worth noting that the FSL
constructs directly involved in adhesion are unlikely or at least less likely to be recycled as
rapidly as unbound constructs. This could therefore allow adhesion well beyond 24 hours.
Additionally, after binding to the surfaces for a period of time, the FSL adhered cells probably

also develop their own adhesion independent of FSL.

Persistence of FSL-biotin reduced and disappeared within 24 hours in the presence of serum.

This is likely due to binding of FSL to serum lipids which reduces the efficiency of insertion
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and is supported by other studies [94,98,99,107,125]. DIC images reveal that kodecytes
survived normally even after losing FSL from the cell surface and this agrees with findings
from Oliver et al. (2011) [128].

Table 13 Overview of FSL- biotin retention on kodecytes inserted and cultured in different media

FSL insertion media Inserted in RPMI” Inserted in CM™
Growth media post insertion RPMI CM RPMI CM
0 hours ++++ +++ ++ ++

12 hours +++ ++ + +

24 hours ++ + - -

“No serum; "™ RPMI+10% serum

3.1.2 Morphological changes following FSL insertion

Insertion of high levels of FSL-biotin into Jurkat cells was observed to be accompanied by
number of changes to the kodecytes surface including cell size variation, appearance and
viability. It is possible that this could be due ethanol dehydration step used for SEM analysis.
Cells were dehydrated with ethanol as it a simple technique for dehydrating the cells compared
to alternative techniques such as critical point drying, osmium tetroxide or
hexamethyldisilazane [112]. Interaction of ethanol with the lipids on the cell surface via
hydrogen bonding has shown to cause overall changes to size and shape of the cell [110,111].
Initially, fixation of cells with 2.5% glutaraldehyde was considered to be sufficient to retain
the structural integrity, however literature shows that aldehyde fixation might as well contribute
to a small loss of lipids from the cell surface. In addition, it was also shown to create some
membrane blebbing, few vacuoles and secondary structure changes to proteins [132].
Although, all these changes are reported to be relatively small and negligible, it might be a
contributing factor for overall discrepancies observed in kodecytes morphology, which have

more lipid in their membranes than do unmodified cells.

Although, previous studies show no undesirable effect following FSL insertion into cells
[91,95,97-99], this is first study to report some cytotoxicity at higher concentrations. This is
not uncommon for most of the exogenous molecules inserted into live cell surfaces
[107,130,133]. However, most of the cells inserted with biotin moieties [52,84,120] have

always shown to have a viability >95%.
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3.2 Synthetic surface modification

Modification of synthetic surfaces generally requires complex physicochemical treatment or
biological functionalization for adhering cells [8,9,19,45,134,135]. This study has
demonstrated a simple method for modifying synthetic surfaces to enable cell adhesion (using
FSL constructs). Modification occurs within seconds of contact of FSL-biotin with surface.
Varying the incubation time and; drying and non-drying of FSL on surfaces appeared to have
no effect on cell attachment [91,97]. While the lipid tail spontaneously inserts into the lipid
bilayer of the cell, FSL constructs modify non-biological surfaces by spontaneous self-
assembling of FSL as monolayers or bi/multilayers [97]. Once modified, the modification is
stable for long periods and is relatively resistant to removal by water, mild detergents, serum
lipids, or solvents such as methanol [91,97]. Although, FSL constructs can be inkjet printed on
wide variety of surfaces to provide a reliable and controllable cell adhesion [91]. This is not
suitable to this study, as surface needed to be kept sterile for cell culture. Streptavidin was used
as linker molecule for adhering biotin kodecytes to FSL-biotin modified surfaces. Streptavidin
was attached to material surface rather than the kodecytes as observed in most of the biotin-
avidin adhesion studies [83,84,87,136]. The attachment of streptavidin to koded surfaces is
mediated by the strong biotin-avidin bond. However, in other studies, strep(avidin) has been
attached to surfaces by weak non-covalent interactions. For instance, Schmidt & Healy (2013)
physiosorbed avidin derivatives to material surfaces to bind to cells via biotinylated RGD
motifs [83]. Physiosorption is mediated by weak non- covalent interactions and has a limited
life span at the interface for its bound molecule [137]. Likewise, Tsai and Wang (2004) used a
simple absorption method for incorporating avidin into polymer surfaces [138]. Although, Dou
et al. (2015) attached biotinylated MC3T3 cells to biotin modified surfaces, streptavidin was
bound to biotinylated MC3T3. Both the cell and synthetic surfaces were modified using
chemical covalent interactions and this has the potential to affect the properties of the native

cell/ material surface [87].

3.2.1 Cell adhesion to planar tissue-culture and stainless surfaces

From this work and previous studies [91,94,97], we know that FSL constructs can be used for
adhering suspension cells to wide range of synthetic surfaces using biotin-streptavidin model.
In addition, biotin kodecytes in the absence of streptavidin also adhered to both TCP and nTCP
plate without any modification. This offers an alternative mechanism for attachment and

kodecytes could made with other heads which facilitate direct attachment. Adhesion of
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kodecytes to TCP surfaces is expected as the surfaces are subjected to various physicochemical
treatments to generate surface charge to enhance cell adhesion [116,139,140]. Interaction of
surface charge on the biotin moiety with the unmodified nTCP surface might be the reason for
kodecytes adhesion to nTCP surfaces. Consistent with Audiffred et al. (2010) findings,
unmodified Jurkat cells were observed to attach to TCP plates in the absence of serum [116].
Studies show that the non-adherent cells which are generally spherical in shape transform to
have elongated projections when firmly adhered to surface and then proceed to spread
[103,141]. Thus, uniform spreading of biotin kodecytes on these polystyrene surfaces
with/without FSL modification could indicate firm adhesion and potential for further expansion

of kodecytes on these surfaces.

The presence of serum, unlike in other studies [83,103], prevented kodecytes or Jurkat cell
attachment to any TCP/ nTCP surfaces. While non-adhesion of kodecytes might be due of
interaction of serum lipids with FSL constructs, increased adhesion of non- adhesive globular
proteins to unmodified polystyrene surfaces might be the cause for non- adhesion of Jurkat
cells [103,142]. In recent years, tissue engineering applications prefer serum-free media or
completely-defined media as there is a possibility of transmission of animal derived (xeno)
antigens and infectious agents present in serum to the recipient of the cell therapy. Moreover,
the precise composition of calf serum remains unclear and often there are significant variations
between batches [143-145]. Since the adhesion of Jurkat cells or kodecytes are not dependent
on serum- absorbed proteins, this would be an added advantage to expand the use of FSLs in

tissue engineering applications.

Kodecytes adhered to only stainless-steel surfaces when modified with FSL-biotin and
streptavidin. Although few cytoplasmic projections from the cells were observed on adhered
kodecytes, the cells still presented a spherical morphology. Although this is in contrast to our
observation with tissue culture surfaces, it is expected as the surface characteristics including
surface charge and hydrophilicity of stainless steel is different to polystyrene and hence, their
relative abilities to interact with different zones of FSL constructs also vary [97]. Further
studies are still required to determine the optimal conditions for firm adhesion of Jurkat cells

to stainless-steel surfaces.

3.2.2 Cell adhesion to non-planar microbead surfaces
In addition to cell culture and metal surfaces, findings from the current study demonstrate

adhesion of live cells to non-planar microsphere surfaces. Although microbeads have
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previously been attached to red cells and IgM antibodies [91,97,100], this is the first study to
report adhesion of non- red cells to microbeads using this technology. In recent years, use of
beads have been explored both in the lab and in the clinic for a wide range of applications
ranging from treatment of diabetes to creating immunological tolerance [113,146,147]. For
instance, selective modification of PEG-co-PLL microbeads with cell surface cadherin
receptors and pancreatic tissue specific ECM components has been demonstrated to provide a
native-like cell- cell and cell- ECM interaction. The resulting interaction between the p-cells
and microbeads has shown improved survival and function of pancreatic p-cells, which has
been a long-standing obstacle for diabetes therapy [148]. Likewise, polystyrene microbeads
incorporated with immunomodulatory peptides derived from human CD47 via biotin-
streptavidin binding supressed both the phagocytic uptake and tumour growth in a
subcutaneous in-vivo model [146]. A range of different microspheres including paramagnetic
beads have been modified with FSL constructs [91,97,100], and all these strategies could
potentially be constructed using the Kode™ platform by simply replacing biotin with RGD or
any other peptide/antibody of interest.

3.3 Conclusion

The results from this study demonstrates the potential of FSL constructs from Kode™
Technology to immobilize non- adherent Jurkat cells to different non-biological surfaces.
These proof-of-concept experiments illustrates that potential use of this technology to adhere
other non-adherent cells, such stem cells, that have important use in various biological and
medical fields but are limited by their inability to adhere to synthetic surfaces [149-151]. In
addition, direct attachment of biotin kodecytes to unmodified cell culture plates offers an
alternative mechanism for facilitating direct cell adhesion by just replacing the biotin with other
head groups such as RGD or other adhesion molecules. Since the characteristics of each cell
and material surface varies, parameters such as optimal concentration for FSL insertion and
retention and attachment conditions needs to be determined for each surface intended to be
modified. Because of the ability of FSL constructs to be custom-designed according to
requirements, there is an added potential to incorporate growth and differentiation factors and
some antibacterial properties into FSL constructs for enhancing cell survival, proliferation and

differentiation.
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