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Abstract

The biological membrane molecular landscape manages almost all interactions of the
cell with its environment. Thus, manipulating biological membranes has the potential to
improve our understanding of how cells interact with one another and provide new

avenues for diagnosis and treatment.

Kode technology is a passive modification technology which uses function, spacer, lipid
constructs (FSL) to modify biological membranes. Despite various FSL constructs being
known for many years for effective cell modification many aspects of their dynamics of
cell modification, cytotoxicity profile, and subsequent fate are not known. Additionally,
FSL construct retention behaviour on kodecytes has not been explored. If the dynamics
of FSL cellular labelling are better understood, improved methods of Kode
transformation may be possible, or at least the impact of variables in koding

experiments will be better understood and controlled.

Three FSL constructs, FSL-FLRO4, FSL-BODIPY (different fluorophore as functional
group), and FSL-biotin (biotin as functional group) were chosen for this study as they
could be identified by flow cytometry, fluorescence spectroscopy, fluorescence
microscopy methodologies. This research initially explored the dynamics of FSL uptake
by red blood cells and Jurkat cells, and considered factors like concentration,
temperature, time, protein/serum presence, and the glycocalyx. The impact of each of
these variables around the micellar concentration of FSL constructs during FSL uptake

was also analysed.

Retention studies showed that at 37°C, kodecytes lose FSLs when stored in protein or
BSA-supplemented media. Extended experiments found that the FSLs lost to the media
were not able to efficiently re-label fresh RBC and appeared to have been inactivated. It
was found that the storage medium in which koding reaction takes place actually
acquires proteins and lipids shed from 37°C incubated cells and this capture released
FSLs and prevent them from relabelling cells. Additionally, media supplemented with
protein/plasma-lipid although not necessarily causing the loss of FSL from kodecytes, do

instead interfere with the ability to relabel.



i
Thus, one of the important observations was that the act of incubation at 37°C leads to
the formation of RBC-derived membranous entities released to the media (e.g. proteins,
lipids, and microvesicles), which then interfere with the uptake of FSL. Hence, it could
be said that the act of koding inhibits the uptake of the FSL construct, and thus changes

the dynamics of FSL uptake over time.

Scanning Electron Microscopy (SEM) studies of visible characteristics of kodecytes did
not identify any specific consequence due to the FSL, but rather the observed changes

are due to the methodology - primarily 37°C incubation.

The conclusions from this research are that although many stages of the koding process
are predictable, some of the underlying mechanisms are complex, and influenced by
multiple external factors. Overall, this research has led to a greater depth in
understanding of the koding process, and new observation will inform future

experiments.
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Chapter 1 Introduction

Cells are fundamental to modern biochemical research and are irreplaceable tools for a
myriad of laboratory and therapeutic applications. Moreover, there has been a marked
transition in cell biology, immunology, and neuroscience research from structural
characteristics of cells to understanding of their dynamics processes.! To study the
dynamics of cells' behaviours and their associated interactions, it is imperative to
artificially modify (label or functionalize) them. Unfortunately, modifying what a cell
does is not easy, as small manipulations in the cell’s environment can have a detrimental
effect on the cell’s viability and function.? Additionally, considering the complexity and
dynamic nature of the cell membrane, it is challenging to bioengineer the cellular
landscape without being cytotoxic or potentially interfering with the cell’s

functionality.?3

Kode technology offers passive modification of cells by means of the incorporation of
desired functional components with biocompatibility and functionality.* For many years,
several FSL constructions have been used to effectively modify cells.>” Despite the fact
that FSL constructs have been used in vitro and in vivo, many aspects of their dynamics
of cell transformation, cytotoxic profile, and subsequent fate remain unknown.
Additionally, FSL construct uptake during the koding process and their retention
behaviour after koding have yet to be explored. Thus, this study was designed to explore
the dynamics and mechanisms of uptake, retention, fluorescence performance

characteristics, and release/loss of FSL constructs from cell membrane.

1.1 Structure and Composition of Biological Membrane

Cellular membranes are essentially a cooperative assembly of lipids, proteins, and
carbohydrates. All cell membranes consist of a lipid bilayer. However, the membranes
of different cell types have different lipid profiles.® The bilayer structure and fluidity of
the membrane are largely the responsibility of lipids. Membrane lipids are amphipathic
molecules, comprising two main parts: the hydrophilic head group (higher affinity to

polar solvents) and hydrophobic tails (higher affinity to nonpolar solvents).%1°

As the technology used in this thesis is a lipid-based construct and is relevant to

modification of the cell membrane lipid largely, this aspect (lipid) of the cell will be
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explored in detail with a focus on the red blood cell (RBC) membrane which is the
primary cell used in this research.!! The major lipid classes present in the cell membrane
are: glycerophospholipids, sphingophospholipids, phosphosphingolipids, and
glycolipids. Within the context of this thesis, key membrane lipids that have been

associated with the labelling and functionalization processes have been reviewed.

1.1.1 Glycerophospholipids

Glycerophospholipids are the most abundant lipids in the cell membrane, making up the
background or matrix of the bilayer.!? It consists of polar phosphate containing a
hydrophilic head group and two hydrophobic acyl chains joined by a glycerol backbone,
as depicted in Figure 1. Their hydrophobic portion contains saturated or cis-unsaturated
fatty acyl chains of varying lengths. Based on head group modification, the most
common glycerophospholipids found in biological membranes are phosphatidylcholine
(PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol (PI),
and phosphatidic acid (PA).*? The structure of the most common glycerophospholipids
is shown in Figure 1. Almost 70% of the total lipid content in eukaryotic membranes is
composed of glycerophospholipids, with PC and PE being the most dominant
glycerophospholipids, accounting for nearly 40-50% and 20—45%, respectively, while PS,
PA, and Pl make up around 10%.13
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Figure 1: Schematic chemical structure of Glycerophospholipid. Adapted from Chattopadhyay,
A, 2017.%

1.1.2 Sphingophospholipids

Sphingophospholipids are active participants in maintaining signal transduction and
cellular regulation.!> Sphingophospholipids are phosphorous-containing lipids that
contain an unsaturated amino alcohol sphingosine as its backbone (rather than glycerol
in glycerophospholipids), and here, a fatty acid is joined to sphingosine via an amide

linkage (rather than ester linkage in glycerophospholipids).'® Sphingomyelins are the
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simplest of all sphingophospholipids and are the most crucial component of the myelin

sheath surrounding the axon of a nerve cell.

1.1.3 Glycolipids

Glycolipids are crucial to the growth and differentiation of cells'’, cell-cell recognition
and attachment'®2°, immune responses?! and host cell recognition by bacteria and
viruses. 22 These sugar-containing lipids are found exclusively in the nocytosolic
monolayer of the membrane, partitioning preferentially into lipid rafts and generally
constituting 5% of the lipid molecules in the outer membrane. The variability in
characteristics such as sugar type, linkage type, branch positioning, shape, charge, ring
size, and epimeric and anomeric configuration results in more than 1 x 10'2 possible
structural combinations from a six-sugar glycan.?® This confirms the fact that sugars,
owing to their distinct branching structure, contain several orders of magnitude more

information in a short sequence than any other biological oligomers.

The most relevant glycolipids, with respect to blood group antigens, are
glycosphingolipids. Here, oligosaccharide chains are conjugated to a sphingolipid, also
known as ceramide. Ceramides are N-acyl derivatives of sphingosine, an amino alcohol
containing a long unsaturated carbon chain. The fatty acids linked to the amino group
of the sphingosine residue are either saturated or unsaturated molecules containing 16
to 26 carbon atoms. The oligosaccharide unit is linked covalently to the hydroxyl group
on carbon-1 of the sphingosine residue. Glycosphingolipids comprise about 10.5% of the

RBC membrane 24

and hence are its integral part. In addition to ABO blood group
determinants, it also carries contributing factors for Lewis, H, I, P1PK, GLOB, and FORS.
The glycolipid molecule (Figure 2) is anchored to the external lipid membrane of the RBC
by its bilipid tail. The glycolipid antigens are acquired from the plasma, in contrast to

glycoprotein-based ABO antigens.



Figure 2: Schematic chemical structure of glycolipid (glycosphingolipid).Adapted from Xia Y,
Peng L, 2018. %

1.2 Membrane Fluidity

Membrane fluidity is a complex feature of the cell membrane that reflects the main
membrane characteristic organisation (gel or liquid crystal structure).?® Basically, it
determines the ease of diffusion and mobility of lipids and proteins in the plane of the
membrane.?’ Different combinations of movement that lead to membrane fluidity are
lateral diffusion of molecules in the plane of the membrane, transverse diffusion of
molecules from one monolayer to the other, and the phase transition leading to lateral
phase separation.?® As the membrane is a heterogeneous structure, it comprises several

coexisting domains with different fluidity characteristics.?®

Lipid and protein composition regulate membrane fluidity.3° It is affected by biochemical
factors (degree of fatty acid unsaturation, protein/phospholipid ratio,
phospholipids/cholesterol ratio) and some biophysical factors (pH, temperature, electric
charges).?® Saturated lipid acyl chains tend to form non-fluid, tightly packed gel phases
at physiological temperatures, whereas unsaturated lipid acyl chains fluidize the bilayer.
Itis important to mention that cholesterol aids in maintaining membrane fluidity as well.
Cholesterol mitigates the effect of temperature on membranes and acts as a buffer. It
keeps lower temperatures from hindering fluidity and higher temperatures from

excessively enhancing fluidity.

Maintenance of membrane fluidity is essential for cell function, viability, growth, and
reproduction. Additionally, it also plays a crucial role in the efficiency of ligand binding,
in the outcome of direct cell-to-cell contacts, and in the modulation of the activity of

membrane enzymes.3!



1.3 Membrane Lipid Asymmetry

Membranes allow cellular compartmentalization by facilitating interfaces to coordinate
cellular interaction; hence, they are integral to how a cell functions. The compositional
differences between the inner and outer leaflets of the plasma membrane have been
well studied.® The asymmetric lipid distribution across the membrane is also well
defined.’® The outer monolayer has predominantly choline-containing
glycerophospholipids PC and SM, while the inner monolayer consists of considerable
amounts of amine- containing glycerophospholipids PE and all PS, together with the

minor Pl components as shown in Figure 3.

Cytoplasmic Leaflet Outer Leaflet

Pl SM™ PE

PS

PC

SM

PE

Figure 3: Major phospholipids distribution between the RBC membrane. Phospholipid
distribution is shown in the human RBC cytoplasmic and outer leaflet: sphingomyelin (SM),
phosphatidylcholine (PC), phosphatidylethanolamine (PE); phosphatidylserine (PS) and
phosphatidylinositol (P1). Adapted from Filipe HAL, 2014.32

Additionally, it is important to note that lipid head groups are not the only limiting factor
for lipid asymmetry, but also lipid saturation and chain length.? RBC exhibits similar lipid
localization in each leaflet of the membrane bilayer, along with an equal distribution of
cholesterol between the two leaflets.!! Moreover, the higher abundance of
unsaturation in the fatty acyl chains of RBC inner leaflet 33 facilitates the enhanced

fluidity and low viscosity of its membrane. 3*

This asymmetric lipid distribution, or lipid gradient, is generated and maintained by a
combination of protein-lipid interaction, slow trans-bilayer diffusion, and different types

of energy-dependent and energy-independent lipid transport proteins/lipid
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translocators.3>3% The lipid translocators can be divided into three classes: i) cytofacially-
directed, ATP-dependent transporters, aminophospholipids translocases also known as
flippases; ii) exofacially-directed, ATP-dependent transporters, translocases also known
as flippases; and iii) bidirectional, ATP-independent transporters known as
scramblases.?’ Flippases, being the most selective, catalyse the movement of lipids from
the outer to the inner monolayer, while flippases do the opposite against a
concentration gradient in an energy-dependent manner. On the contrary, scramblases

facilitate the bidirectional transfer of lipids in an energy-independent manner.*!

Although the RBC membrane skeleton is primarily responsible for maintaining its discoid
shape, the role of glycerophospholipid asymmetry across the membrane cannot be
undervalued.3® Transmembrane asymmetry of glycerophospholipid, in particular the
exclusive localization of PS to the inner monolayer, has several functional implications
in erythrocytes. RBC with exposed PS at their outer surface (thalassaemic and sickle red
cells) are recognised and phagocytosed by macrophages® (reticuloendothelial system,
especially spleen) and monocytes “° hence, the localization of PS in the inner monolayer
is critical to RBC survival. Furthermore, the conservation of PS to the inner monolayer
ensures the unrestricted passage of normal red cells through the microvasculature by

preventing its adhesion to vascular endothelial cells.14!

1.4 Lipid Microdomain

The Singer-Nicholson fluid mosaic model predicted the random distribution of lipid and
protein owing to their free rotational and lateral diffusion within the plane of the
membrane.*? Hence, it implies homogeneous organisation of membrane material. But
numerous lines of evidence suggest that within the membrane, movement of most of
the protein is partially restricted, and the membrane is highly asymmetric
(heterogeneous), with differences in the lipid and protein composition between the
inner and outer layers of the membrane. Protein-protein, protein-lipid, and lipid-lipid
interactions are responsible for this lateral heterogeneity and compartmentalization in

membrane organisation %3,

Compartmentalization of the cell membrane into functional microdomains plays a key
role in facilitating processes like cell signalling, cell adhesion, and membrane trafficking.

There are different types of membrane microdomains depending on size, composition,
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and dynamics. Within the context of this thesis, the lipid based microdomain would be
discussed. Lipid rafts (membrane microdomains, Figures 4A and 4B) are proposed to be
highly ordered, specific subdomains enriched in cholesterol and saturated lipids such as
sphingolipids, discrete from the surrounding sea of disordered, primarily unsaturated
lipid species.*® These subdomains arise due to interactions of cholesterol with saturated
acyl chains, resulting in tight packing of these lipids in comparison to phospholipids,
which are rich in kinked, unsaturated acyl chains. A liquid-ordered (lo) phase and a more
loosely packed liquid-disordered (Id) phase arise due to this differential lipid packing.
Cholesterol, along with the intermolecular hydrogen bonds present in sphingolipids,
plays a crucial role in regulating phase behaviour.** The sorting of lipid and proteins is
facilitated by the ability of lipids and protein to intercalate into this closed packed highly
ordered subdomain. Additionally, lipid raft seems to be capable of regulating (either
facilitating or inhibiting) neurotransmitter signalling or transport by guiding the
clustering and trafficking of receptors and transporters. Lipid rafts can be planar (flat,

Figure 4A) or non-planar (invaginated, Figure 4B).*°

Caveolae (Figure 4B), a non-planar sub-type of lipid raft, which has biochemical similarity
to lipid rafts, was identified 70 years ago. Their presence on the membrane is cell-type
dependent (absent in most neurons and lymphocytes but in abundance in endothelial
and adipocytes). Most caveolae are simple vesicular invaginations but can have
branching networks in some cell types. Moreover, the other defining feature of caveolae
is the presence of the cholesterol-binding protein caveolin. This protein is suggested to
play an indirect role in various cellular processes by regulating plasma membrane
organization and in particular, the distribution of both caveolae and lipid rafts (thus

regulating cholesterol-dependent microdomains).*



A Planar lipid raft membrane B Non-planar lipid raft membrane: Caveolae

Phospholipid 1 Cholesterol
CAV1
? Sphingolipid Flotll!m

Figure 4: Schematic representation of membrane microdomains. The plasma membrane is
composed of lipid rafts and non-lipid raft microdomains. Lipid rafts can be planar (flat) or non-
planar (invaginated). A) Planar lipid raft microdomain. Planar lipid rafts derive their name
because these microdomains are in the same plane as the non-raft membrane. B) Non-planar
lipid raft microdomains. Non-planar lipid rafts, also known as invaginated lipid rafts or caveolae,
are not situated in the same plane as the rest of the plasma membrane. Caveolae require
caveolin proteins for their formation. Caveolinl (CAV1) molecules in (B) are shown as hairpin-
shaped structures in the inner leaflet. Adapted from Lisanti MP et al, 2015.

1.5 Membrane proteins

Protein molecules can be bound to, or associated with, the cell membrane in a variety
of ways. Based on how the protein is associated with the membrane, it can be

categorised into two general groups.

a. Peripheral membrane proteins

b. Integral membrane proteins

Peripheral membrane proteins require mild treatment for their dissociation from the
membrane, forming lipid-free entities; hence, this suggests that they are loosely held to
the membrane by weak non-covalent interactions, mainly electrostatic interactions.*?
On the contrary, integral membrane proteins require drastic treatment with reagents
for their dissociation from the membrane. This leads to the formation of lipid-associated
entities, hence suggesting that they are permanently embedded within the
membrane.*? Depending upon the relationship of integral membrane proteins with the
bilayer, they can be further classified into transmembrane proteins and integral

monotopic proteins.

Transmembrane proteins span the entire plasma membrane and are amphipathic in

nature. Their hydrophobic region interacts with the hydrophobic tails of the lipid
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molecules in the interior of the bilayer. Additionally, their hydrophilic regions are
exposed on either side of the membrane. Integral monotopic proteins can be found
attached to either side of the membrane (the cytosolic monolayer or the external
surface cell). The type and amount of protein in a membrane are highly flexible and
depend on the function of the cells. More than 50 transmembrane proteins of various
abundances ranging from a few hundred to a million copies per red cell have been well
characterized.!! Different membrane proteins aid in transportation and adhesion;
hence, they regulate the interactions of red cells with other blood cells and endothelial

cells as signalling receptors.'!

Most RBC-associated proteins are peripheral membrane proteins bound to the cytosolic
side of the lipid bilayer. Spectrin is the most abundant of these proteins and is the main
component of the cytoskeleton, which in turn maintains the structural integrity and

biconcave shape of the membrane.!

Various blood group antigens are defined by a large fraction of transmembrane proteins.
With respect to ABO (H) blood group, glycophorin is an important single-pass
transmembrane glycoprotein. The external part of this protein carries all the
carbohydrates, accounting for 60% of the molecular mass. Around 40% of glycosylation
and 90% of the negative charge of RBC membranes (conferred by the saccharide sialic

acid) are associated with glycophorin.?*

Band 3 protein is another transmembrane protein exposed to the RBC. It is a multipass
membrane protein that regulates blood CO,/HCO; exchange and is often known as an
anion transporter.*¢4’ Additionally, owing to the architecture of the Band 3
transmembrane protein, it aids in the selective transport of hydrophobic molecules

across the membrane.

1.6 Critical role of membrane dynamics

The fluid-mosaic model of biomembranes establishes the importance of lipid dynamics
for membrane function. The liquid-crystalline nature of the lipid bilayer was brought to
the forefront and was recognised as the matrix of biological membranes, which is a
stable bilayer of mostly phospholipids that maintain liquid-like properties in their

molecular motions. All membrane components, including proteins, can have various
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forms of motion (conformational, translational, and rotational movements) with
different time scales, as shown in Figure 4. Regarding speed of movement, individual
bonds are fastest in movement, followed by motions of lipid segments. The time scale

of motion covers over 15 orders of magnitude, from femtoseconds to hours.'*

rotational diffusion
wobble 108 s

; ﬁ protrusion 109 s
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Figure 4: Lipid motion in biological membrane and their respective characteristic times. Adapted
from Filipe HAL, 2014.%2

Fluid character influences the working of the biological membrane immensely and is
imperative to its functionality. It facilitates the distribution of membrane lipids and
proteins from the insertion site to other regions of the cell, allows membranes to fuse
and mix molecules, and ensures the even distribution of membrane molecules.
Furthermore, the spontaneous desorption and insertion of lipids, which is another
critical movement or motion, is significant for the interaction of other molecules with

biomembranes.1#3248

Membrane order and dynamics can be influenced by biochemical factors (degree of
fatty acid unsaturation, protein/phospholipid ratio, phospholipid/cholesterol ratio) and

some biophysical factors (pH, temperature, electric charges, and interaction with
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solvents and solutes).?® Saturated lipid acyl chains tend to form non-fluid, tightly packed
gel phases at physiological temperatures, whereas unsaturated lipid acyl chains fluidize
the bilayer. It is important to mention that cholesterol aids in maintaining membrane
fluidity as well. Cholesterol mitigates the effect of temperature on membranes and acts
as a buffer. It prevents lower temperatures from inhibiting fluidity and higher
temperatures from increasing fluidity too much. Membrane fluidity and order have a

considerable impact on solute permeation and uptake and release processes.

1.7 Cell surface modification techniques

Cell surface composition mediates all interactions of the cell with its environment, along
with cell function and cell-cell interaction. Hence, cells have the potential to serve as
therapeutic and delivery agents, making them an invaluable biomedical tool. Cells are
also very essential for various laboratory-based diagnostic applications.*® This rich
repertoire of molecules (lipids, proteins, and carbohydrates) offers an excellent
opportunity to engineer the cell membrane and is a powerful tool to manipulate

interactions between cells and the surrounding environment.

Cell surface engineering, functionalization, or modification can be defined as a
technique through which the cell surface is modified by means of the localization of
biofunctional moieties or endogenous labels, conferring new characteristics and
functions to cells. However, cell surface engineering is particularly challenging owing to
the highly dynamic and complex nature of the cell membrane. Here, both lipid and
protein components of the membrane are continuously internalised, displaced,
degraded, and replaced by de novo synthesis.”® Additionally, a small change to the
biological environment of cells, like temperature, osmolarity, ionic strength, and pH,
induced by surface modification is highly detrimental to the cell’s viability and/or

function.>?

The starting point of any cell modification strategy involves looking into how to interface
the cell with the desired exogeneous material of interest. Over the years, a variety of
chemical and material science strategies have been developed to synthetically impart
cells (surfaces) with new properties and functions by redefining the molecular landscape

of the plasma membrane (Figure 5).
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Figure 5: An overview of present research in non-genetic cell surface engineering. Chemical and
material science strategies developed to synthetically impart cells (surfaces) with new
properties and functions by redefining the molecular landscape of the plasma membrane.
Adapted from Lui et al, 2019. 2

As reviewed by various authors >3, cell surface modification has commonly been
achieved by two major methods: Genetic engineering and non-genetic engineering.
Genetic engineering works by means of the incorporation of exogenous genetic material
into cells, which in turn codes for an artificial cell surface receptor to modulate its
functionality.>® Although robust and versatile in its methodology, genetic modification
is reported to include a complex and poorly controllable, time-consuming modification
process. Moreover, it is limited to single allele modification and does not modify all types

of cells, especially stem cells and slowly dividing cells.>>

The non-genetic cell surface modification process is further broadly divided into two

categories:
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a) Covalent conjugation

b) Non-covalent bioconjugation

Figure 6 represents the schematics of the mode of non-genetic cell surface modification

interactions.
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Figure 6: Schematics of the mode of non-genetic cell surface modification interactions (in detail).
Adapted from Lee et al, 2018. >°

1.7.1 Covalent conjugation

Covalent conjugation is achieved by pairing the desired exogeneous material with the
cell surface through the formation of a strong molecular bond made by the sharing of

electrons in the atoms. Here, the pre-existing (direct) or introduced (indirect) functional
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group on the cell surface protein, lipids, or polysaccharides chemically ligates with
targeting ligands. Direct covalent modification is the most straightforward cell
remodelling strategy. It takes advantage of naturally present, surface-exposed
functional groups (parts of proteins or carbohydrates) as grafting points.>> The most
straightforward approach involves the direct chemical reaction of an amino (lysine—
NHz) or thiol (cysteine—SH) group presented on a cell membrane protein with a
compatible reactive group or functionalized cross-linkers on exogeneous material. For
example, N-hydroxysuccinimidyl ester (NHS) groups, maleimides, and pyridyl dithiol-
conjugated material selectively attaches to surface-exposed amine groups and thiol

groups? (Figure 6).

Indirect covalent modifications mostly include metabolic-mediated and enzymatic-
mediated modifications. Both modification strategies require multiple steps to achieve
the desired cross-linking. For metabolic-mediated modifications, a chemically reactive
functional group (which is absent from the native plasma membrane) is first introduced
into target biomolecules via metabolic pathways. These metabolically introduced
functional groups are known as “chemical reporters” by the endogenous machinery of
the cell. In the second step, the reporter group covalently reacts with the target
functional molecules through bio-orthogonal ligation (or click chemistry). Azides and
ketones are the most common chemical reporters metabolically incorporated into the
cells by unnatural sialic acid biosynthesis. The corresponding biorthogonal ligations of
azide are aryl phosphine, alkyne, and cycloalkyne, while the reaction of ketone requires

hydrazide >2°® (Figure 6).

For enzymatic-mediated modifications, the reactive functional group is generated or
made available through enzymatic treatment of the originally existing cell surface
molecules. Here, the limited presence of aldehydes and ketones containing surface
functional groups is enhanced through enzymatic treatment (galactose oxidase) to

successfully attach complementary surface-modifying exogeneous molecules (Figure 6).

Direct covalent conjugation strategies have broad applicability; however, they provide
the least control over cell surface modification as the degree of modification is difficult
to regulate. The drawbacks associated with the indirect covalent conjugation approach

are mainly that the reactive groups are only generated through chemical and enzymatic
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treatment of existing cell surface molecules. Both approaches introduce significant
physiological alterations, mostly leading to damage to existing functional components

of the cell.2

1.7.2 Non-covalent conjugation

Non-covalent conjugation is possibly a passive modification strategy where exogeneous
molecules spontaneously modify or functionalize cell surfaces via either the
spontaneous insertion of hydrophobic anchors or electrostatic interaction or

adsorption. Different mechanisms of non-covalent modification are listed below.
Electrostatic interaction

The outer surface of mammalian cells is reported to carry a net negative charge owing
to the presence of sialic acid residues on glycoproteins, phosphate groups of
phospholipids, and carboxylate groups on proteins. Electrostatic interaction modifies
the cell surface by utilising the opposite charge interaction between the negatively
charged cell membrane and the positively charged modifying materials (cationic
polymers). Cells initially modified with cationic polymers can be engineered again via a
layer-by-layer technique by sequentially applying anionic and cationic polymers, forming
modified cells with multi-layered structural assembly and a defined
microenvironment. >’ This non-invasive encapsulation confers a reduced molecular
recognition of the modified cells, hence making it a prominent functionalizing agent for
cell transplantation research.>® However, the biocompatibility of cationic polymers is a

major issue of concern with electrostatic interaction.
Hydrophobic interaction

Hydrophobic residues in the transmembrane helices region of the integral membrane
proteins facilitate or enable their complementary interaction with the hydrophobic lipid
bilayer, hence anchoring the membrane protein into the cell membrane.? This
hydrophobic effect, which regulates the incorporation and orientation of
transmembrane proteins, has been utilised for cell surface modification. Thus,
hydrophobic interaction can be understood as a complementary interaction between
the hydrophobic zones in the cell membrane and the hydrophobic residues in the

modifying exogeneous labels. When biofunctional moieties (like fluorophores, peptides,
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chelators, etc.) coupled with an appropriate hydrophobic anchor are admixed with cells,
the hydrophobic component can spontaneously insert into the lipid bilayer, anchoring
the conjugated cargo on the surface.”® The hydrophobic anchors coupled to the

functional moieties could either be lipophilic (non-lipid)*® or lipid-based analogous.>>

Surface modification with hydrophobic insertion allows membrane-anchored bioactive
molecules to participate in the dynamic movement of the cell membrane, unlike
covalent conjugation and electrostatic interaction. Most importantly, cells modified
with lipid-conjugated biomaterials have been documented to resume normal cellular
activities with negligible toxicity.?%6? Although molecules of interest must be
hydrophobized (by lipid analogous or lipophilic alkyl chain conjugation), conferring
variable retention time, it could be summed up that hydrophobic insertion techniques
offer rapid and nontoxic modification to a wide range of cells. Within the context of this

thesis, non-covalent conjugation-based labels are of interest and are discussed.

1.8 Non-covalent Cell surface labelling agents

Over the years, the most widely used cell-modifying agents have included labels like
radionuclides or fluorescent-based labels. Some commonly used modifying agents are

discussed below.

1.8.1 Radiolabels/Radionuclides based labels

All elements can exist as two or more isotopes, some being stable indefinitely while
others are unstable (radionuclides). Radionuclide decays mainly through emitting a
particles, B particles, and y radiation, which is detected and visualised by scintillation
systems, positron emission tomography (PET), single photon emission computed
tomography (SPECT), or gamma cameras. The quick detection of even minimally emitted

radiation underlies the utility and high sensitivity of the radioactive label.

Radionuclide-based membrane anchoring agents (like lipophilic long alkyl chains or
hydrophobic groups) have been evaluated as cell membrane labelling agents, owing to
their property of anchoring into the lipid bilayer of the cell membrane. Radionuclides
lipophilic agents, like Hexadecyl-4-?*l-iodobenzoate (*?*I-HIB) ©2 (Figure 7A),
64Cu- labeled hexadecyl-1,4,7,10-tetraazacyclododecane-tetraacetic  acid-benzoate

(°*Cu-DOTA-HB) 3 (Figure 7B) and ¥F-HFGhexadecyl-4-8F-fluorobenzoate (‘8F-HFB) ®*
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(Figure 7C), anchors to the cell membrane by simply incubating with it. 24I-HIB and 8F-
HFB are radiotracer synthesized from a lipophilic long-chain ester and have been shown
to label adipose-derived stem cells (ADSCs) and mesenchymal stem cells (MSCs),
respectively. In the case of ®*Cu-DOTA-HB, hexadecyl benzoate (HB) has lipophilic

property; hence, it mediates an easy and tight anchorage of the radionuclide onto rat

ADSCs.
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Figure 7: Chemical structures of radionucleotide based lipophilic labeling probes. A) 12*I-HIB, B)
84Cu-DOTA and C) *®F-HFB. Schematic diagram of a D) 124I- HIB and E) ®**Cu-DOTA-HB labeled cell.
Adapted from Kim et al, 2015, and Ma et al, 2005. 52636

Although labelling cells with radionuclide labels via non-covalent conjugation is
promising, there are still many challenges to overcome. Due to the short half-life of 8F

radionuclide (109.7 min), it has a detection limit of 5-6h; hence, tracking of labelled cells
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is limited by the radionuclide label half-life. This has also impacted the evaluation of its
cytotoxic effect on labelled cells. Additionally, the label uptake into cells was only found
to be 25%, and it showed significant leakage into the supernatant, inferring low
retention and stability.®>%% 64Cu and %%l based radionuclides have a comparatively longer
half-life, but even after 2 hours of incubation with cells, their cell labeling efficiency is

only around 50% with > 80% viability.5%>

It could be summarised that although labelling cells with radionuclide labels allows for
sensitive detection of a very small number of cells, issues regarding cellular and systemic
toxicity still need to be evaluated. Moreover, lower uptake rates by cells, probe leakage,

and/or relative rapid loss of signals have limited its further application.

1.8.2 Fluorescence based labels

Fluorescence based labelling technology has grown over last few years as exogeneous
fluorophores are known to be particularly suitable for probing biological structure and
function.®’ It is important to understand why fluorescence-based labelling techniques
are so often chosen and why fluorescence detection is the key in a multi-billion-dollar
detection industry? The answer is complex, and factors vary for different applications.
But generally, fast signal acquisition, sensitivity, simultaneous use of multicoloured dyes
for multiplex assays, small label size and localized signals characteristics of fluorescence

detection drive the decision.

Fluorescence based membrane labels/probes which label cell membrane via possibly

passive modification with hydrophobic anchors can be categorised into

a. Lipophilic fluorescent probes/non-lipid membrane probes

b. Fluorescent analogous of natural lipids/Lipid conjugates

1.8.2.1 Lipophilic fluorescent probes/non-lipid membrane probes:

Lipophilic fluorescent probes have little structural resemblance to natural lipid
biomolecules, hence, are nonlipid in nature. It can be broadly divided into two groups.
First category comprises of long-chain hydrocarbons (carbocyanine) lipophilic probes
(Figure 8A): molecules which bears a charged fluorophore that localize the probe at the

membrane’s surface and lipophilic aliphatic "tails" that insert into the membrane and
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thus anchor the probe to the membrane. Most widely used carbocyanines membrane
probes have been the PKH, Dil, and Di0.%8 PKH lipophilic probes such as PKH2, PKH67
(green), PKH3 and PKH26 (red) have been used for labelling and tracking lymphocytes.
Dil, and DiO series of lipophilic dyes are comparatively recent and is often used as a long-
term tracer for neuronal cells.®® Although, carbocyanine dyes appear in to broadly cover
the visible spectral range, they exhibit irregular and inefficient labeling.®® They have
limited water and physiological buffer solubility, as the probes have a requirement of
organic solvent to disperse in. Moreover, PKH dyes require osmolarity-regulating agent
as diluent for labelling cells and have been reported to micro environmental

contamination.”®

Second category comprises of polycyclic aromatic hydrocarbons like classic membrane
probes (Figure 8B). Particularly notable members of this group are DPH, pyrenes, NBD,
prodan, laurdan. These probes tend to localize within or at cell membrane. They are
used for studying structural, biophysical (viscosity, polarity, lipid order) and membrane
dynamic (fluidity, membrane fusion/budding) properties of biological membranes.”?
Membrane probes limitations are quite like carbocyanine based dyes. They are insoluble
in water and aggregate strongly, thus possess variable non-uniform dye-dependent
characteristics. Incorporation of membrane probes like DPH increases the bilayer

thickness leading to local ordering effect.”?
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A) Dyes with long-chain hydrocarbons B) Polycyclic hydrocarbons
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Figure 8: Chemical structure of lipophilic fluorescent probes.A) Dyes with long-chain
hydrocarbons: Dialkylcarbocyanine dye, Octadecyl Rhodamine B Chloride (R18), PHK26 red dye.
B) Dyes with polycyclic hydrocarbons: DPH (1,6-Diphenyl-1,3,5-hexatriene), 22-
(diphenylhexatrienyl)-docosyltrimethylammonium  (LcTMA-DPH), Naphthopyrene (NAP),
Perylene, Terrylene, Rubicene.

1.8.2.2 Fluorescent analogous of natural lipids/Lipid conjugates:

Owing to the complexity of plasma membrane, observing, and understanding specific
interactions within the membrane is a challenging endeavour. Lipid bilayer being a
heterogeneous collection of lipid molecules, creates an inner and outer leaflet and it is
the primary structure of the membrane. Because the vast majority of naturally occurring
membrane lipids are non-fluorescent, extrinsic fluorescence-based membrane probes
have a particular advantage. Hence, it would enable researchers to study complex
biological with exquisite sensitivity in applications ranging from imaging to flow

cytometry.

As previously discussed in section 1.1, membrane lipids can broadly be defined as
hydrophobic or amphiphilic small molecules which consist of a hydrophobic chain and a
hydrophilic head group region. Accordingly, there are in principle two regions within the
molecule to which fluorescent dyes can be coupled. Fluorescent analogs of naturally

occurring lipid classes are briefly described below.

In the fluorescent phospholipid analogs, the fluorophore can be attached to one (or
both) of the fatty acyl chains or to the polar head group. The attachment position of the
fluorophore determines whether it is in the nonpolar interior or at the water/lipid

interface when the phospholipid analog is incorporated into a lipid bilayer membrane.
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Several glycerophospholipid analogs with fluorescent dye (Pyrene, DPH, NBD) labelled
acyl chain and fluorescent head group are available. Phospholipids based probes are
useful probe of lipid—water interfaces and for monitoring membrane fusion. Fluorescent
Sphingolipid analogs like NBD C6-Ceramide have been extensively used for
understanding sphingolipid metabolism in cells. Additionally, fluorescent fatty acids and
steroids-based analogues are also available as derivatives based on NBD, pyrene and

dansyl -fluorophores.

Fluorescent lipid analogues probes are structurally like natural lipids; hence they are
proposed to remain buried in hydrophobic interior of lipid membranes and emits
fluorescence by mimicking their natural counterpart. Several methods have been
proposed for labelling cells using lipid analogues. One of the easiest procedures involves
simple incubation of cells with fluorescent lipids. This has been reported to be least
effective as rapid internalization enables very small amount to be retained on
membrane.”? For example, fluorescent derivative of ceramide is incorporated into cells
by simple incubation step, but it mostly accumulates in the Golgi apparatus followed by

endoplasmic reticulum and membrane retention is minimal.”?

Another widely used procedure involves incubation of cells with BSA-fluorescent lipid
analogue complex. This protocol involves multiple temperature incubation setup.
Temperature variation causes activation of stress responses. Moreover, it also enhances
internalization of probes leading to low fluorescent signal intensities rendering
fluorescence detection difficult.”>7* Additionally, presently available fluorescent lipid
analogues require organic solvent (chloroform or mixtures of benzene or toluene) for
solubility and are also limited in application as there is a need of carrier (liposomes) for

gentler and more reproducible labelling of cells.”>7®

Given the differing, and often complementary, advantages and limitations for
fluorescence based described, there is need to develop better non-cytotoxic, stable,

uniform, intense, and reproducible fluorescent labeling agents of cells.

1.9 Dynamics of uptake of glycolipids in cell membrane

The concept of “spontaneous uptake” of hydrophobic anchors/antigen to modify the

RBC membrane has long been studied and documented.*® Different uptake mechanisms
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(for natural and exogenous lipid-based entities) via non-covalent modification are

discussed here.

1.9.1 Uptake of natural glycolipids

Glycolipids, by nature of their lipid tail, are proposed to spontaneously self-acquire from
the surrounding milieu into the RBC membranes (and other cells). Additionally,
modification of the membrane was also suggested to be aided by unique properties of
the plasma membrane, like the capability of membrane lipids to rearrange themselves
(Section 1.3). The following sections detail the dynamics of the uptake of various

glycolipid-based antigens.
1.9.1.1 Jand R antigen uptake

Stormont in 1949, reported that when bovine’s J-negative RBC was incubated with
J- positive plasma, J-negative RBC transformed to J-positive. It was inferred that this in
vitro transformation of RBC was acquired on contact with plasma.’” Stormont findings
was further supported by work undertaken in sheep, wherein the R-negative RBC
transformed to R-positive after sufficient incubation with plasma from R-positive

sheep.”®
1.9.1.2 Lewis antigen uptake

The transformation of human RBCs with Lewis antigen was first studied by Sneath and
Sneath in 1955.7° Initial studies explored whether the Lewis RBC antigens in a patient
could be transformed after transfusion of different Lewis groups.’®#° During the course
of the study, a recipient of Le(a-b+) received a transfusion of Le(a+b-) blood. After post-
transfusion separation of samples from patients, the donor RBCs were found to have
transformed from Le(a-b+) to Le(a+b+). Hence, it was inferred that the donor RBC had

acquired Le? Lewis antigen from the recipient’s plasma.

Sneath and Sneath reproduced the above finding of Lewis antigen transformation in
vitro as well. 7 During this study, one part of packed RBC was co-incubated and
continuously shaken with ten parts of plasma at 35°C for at least three days, with plasma
replacement every 24 hours. The results indicated that within 24 hours, Le(a+b-) RBCs

acquired Le®from Le(a-b+) plasma and transformed to Le(a+b+); Le(a-b+) RBCs acquired
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Le? from Le(a+b-) plasma and transformed to Le(a+b+). These results hold true when
cells are either A, or O cells. Moreover, Le(a+b-) and Le(a-b+) RBC, when incubated with
Le(a-b-) plasma, gradually lose their antigens, while Le(a-b-) RBC acquires either
antigen.”® Hence, in summary, red cells lacking Lewis antigens would acquire them from
plasma containing them. Likewise, red cells expressing Lewis’s antigens would lose them

to plasma lacking them, particularly inferring the soluble nature of Lewis antigens.

Although the methodology involved in the in vitro work of Sneath and Sneath
established plasma as a carrier medium for most upcoming insertion experiments, the
structural nature of the acquired Lewis antigen from plasma was still undiscovered and

it was largely believed to have a glycoprotein based nature. 8!

In 1969, Marcus and Cass reported that Lewis blood group antigens are not intrinsic to
red cells, i.e., the Lewis antigens are acquired on red cells from plasma and are not
synthesised in situ. 7222 This study also put an end to previous assumptions about the
glycoprotein nature of Lewis antigens in plasma and reported that they are

glycosphingolipids. &
1.9.1.3 ABH Antigen uptake

The ABH antigen uptake phenomenon was first observed and reported by Renton and
Hancock in 1962. 8 From the Renton and Hancock study (in an in vivo setting), it could
be summarised that when O cells were transfused to group A and B patients, circulating
O cells acquired A and B antigens present in the plasma. & These observations compelled
Renton and Hancock to further study the phenomenon in in vitro settings. In the planned
experiments, O red cells were incubated at 37°C with A; blood and A; plasma. Results
obtained from an in vitro study showed that the O red cells could not acquire A antigen.
This result was not found to be surprising, as it agreed with the slowness of antigen
uptake in in vivo settings, along with additional factors interfering with the uptake

(induced hemolysis due to prolonged incubation at 37°C). &

In 1974, Garretta reported the acquisition of A and B antigen by O red cells in an in vitro
setting.84 Here, the O red cells were incubated with five times more volumes of A and B
serums at 37°C with frequent resuspension.® Additionally, in 1975, Tilley and

co- workers also showed that A, B, and A;Le® antigens were acquired by red cells that
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had been incubated with glycosphingolipid fractions generated by the serum of donors
from groups A, B, and A; Le(ab*).®> This study also reported some important
observations, like: when a time-dependent uptake study was performed at 37°C, uptake
of antigen was found to be better at 2 than 1 h, and the uptake did not increase post-
3 h of incubation; Uptake of antigen by red cells was inhibited when the lipid fraction
had serum added to it.2° In summary, these studies implied that various parameters, like
duration of incubation, temperature of incubation, and concentration of the antigen

fraction, regulate the amount of antigen uptake by red cells.

1.9.2 Uptake of exogenous glycolipids

Studies on exogenous glycosphingolipids, especially gangliosides (charged glycolipids)
uptake from the culture medium has been documented by a wide range of cells in vitro.
Preliminary study on kinetics of uptake of different exogeneous ganglioside by cells was
carried forward by Callies and co-workers in 1975.8 Herein, murine CI-1-D fibroblast,
chicken embryo fibroblasts and chicken erythrocytes were utilized to estimate the
accumulation of exogeneous gangliosides at 37°C and 2- 4°C, over the period of 2 h. It
was concluded that gangliosides uptake at 37°C was biphasic in nature i.e., uptake
occurred (in two phases) with intermediate plateau of saturation: initially gangliosides
incorporated with time and attained plateau within 15 minutes, henceforth, after 10
minutes uptake gained momentum again to attain a final stage approximately after 2 h.
Additionally, at 2-4°C, uptake of gangliosides was lower compared to 37°C but was still
quite detectable. Out of all the cells used in this study, chicken erythrocytes accounted

for the least amount of uptake at both 37°C and 2-4°C.%®

Study on the mechanism of ganglioside uptake projected that the exogeneous
ganglioside could be present in the solution as either monomers, oligomers, or micelles.
There are three possible modes by which gangliosides can incorporate into the
membrane: serum sensitive loosely associated micelles; serum resistance, trypsin
releasable forms, consists of more firmly held monomers or micelles (interact via
attachment to proteins exposed on cell membrane/ protein-bound); trypsin stable
(impervious to proteolytic enzyme’s attach) mainly monomers acquired into the
hydrophobic regions of the membrane.?”:28 Physical properties of gangliosides regulate
the three abovementioned modes of incorporation as due to the amphiphilic properties

of gangliosides, the aggregates i.e., micelles of different shapes are formed in the
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suspension solution when concentration reaches above its critical micellar
concentration. Chemical composition of its hydrophobic and hydrophilic regions
regulates the shapes of these aggregates. Various factors are predicted which could
regulate the net uptake of ganglioside onto the cell membrane, like, ganglioside
concentration, temperature and length of incubation process, serum, cell shape and
electric charges, cell age and washing techniques. Fluorescent analogues of gangliosides
have been utilized to study the localization process after its uptake. These studies gave
inadequate insight into ganglioside localization because of limited resolution of light

microscope.®®

Exogenous lipid-based probes have been demonstrated to interact with RBC largely by
adsorption. Uptake via endocytosis is unlikely to occur because mature RBC do not carry
out endocytosis, yet some investigations have shown endocytosis in adult RBC. The
interaction of lipid-based probes with RBC is affected by their composition, charge and
concentration, as well as the temperature and time of incubation. Increasing these

settings can promote interaction but also RBC damage.*®

Exogeneous lipid-based probes have been demonstrated to adsorb both loosely
(removed by washing) and tightly (removed by enzyme treatment) to the RBC
surface.88 Negative charge, extended incubation time, higher incubation temperatures,
and increased probe concentration all improve RBC-lipid-based probe interaction.*88°
Damage to the RBC membrane was also shown to increase as incubation duration and
temperature were increased.’® Increased temperature would enhance the collision rate
between RBC and lipid-based probes as well as the fluidity of membranes, thereby

creating more favourable conditions for lipid-based probe transmission.'3°?

1.10 Cellular uptake of lipid-analogous probes or lipid conjugates

Lipid-analogous probes, upon contact with the cell's outer membrane, may interact with
the extracellular matrix or plasma membrane components and then potentially
penetrate the cell. This interaction is hypothesised to mainly happen through
adsorption, fusion, and lipid exchange. The interaction between cells and probe may
involve a combination of these interactions. Identifying the specific mechanisms
involved might be challenging, particularly when multiple pathways of uptake may

operate concurrently under particular circumstances. Additionally, these interactions
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will depend on both the characteristics/surface activity of the probe and the physical
properties of the host membrane.®?°3 Potential factors affecting these interactions are

discussed in detail in section.

1.10.1 Adsorption

Adsorption occurs when lipid-analogous probes become stably associated with the cell
surface or glycocalyx without becoming incorporated into the cell membrane or
internalised within the cell. This type of association is non-specific and occurs due to
electrostatic, van der Waals, and hydrophobic forces.?*%> The probes may be loosely
adsorbed to the cell membrane, in which case they can be removed by washing, or may
be tightly adsorbed to the cell surface.’®®’ Following adsorption lipid exchange and/or
fusion may occur, but usually the probe remains intact and distributed onto/into the
lipid membrane.®® However, the nature of the interactions between probe and lipid
bilayers is complex and involves different steps (insertion/uptake, translocation and

desorption).14°3

There is limited information available on mechanism of lipid-analogous probe
interactions with biological membranes which is surprising considering their biological
significance. Filipe HAL. (2014) proposed different models to explain the interaction of
lipid- analogous probe with biological or lipid membranes. These models were based on
the solubility of the probe (molecule of interest) in the agueous medium and the lipid
bilayer.}*%2 The three different models based on the solubility of the molecules of

interest (probe) are

e Probes with high solubility in the aqueous media and insoluble in the lipid bilayer
e Probes with very low solubility in the aqueous media and a high partition into the
lipid bilayer

e Probes with a moderate solubility in the aqueous media and lipid bilayer

The first model deals mostly with the target molecule (probe), which is completely
soluble in the aqueous medium and does not associate significantly with the lipid
bilayer. Thus, the probe molecules in the vicinity of the lipid bilayer on one side will
permeate directly into the other side of the bilayer with a given rate constant.}

Additionally, the second model deals mostly with the probe, which is highly soluble in
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the lipid bilayer with minimum or no solubility in aqueous media. The third model
requires the target molecule to be moderately soluble in aqueous media as well as in
the lipid bilayer. According to the third model, it is hypothesised that the target probe is
unrecognisable by transporters in the membrane, and the amphiphilic molecules cross
the membrane barrier by probably passive mechanisms. The target molecule binds with
the lipid bilayer moderately, i.e., by the partition-diffusion mechanism, and the target

molecule gradually equilibrates between the distinct compartments.

1.10.2 Endocytosis

Lipid-analogous probes can be taken up into cells via endocytosis. The cell membrane
engulfs lipid-based probes, forming an endocytic vesicle.®® The probe is normally sent to
lysosomes for destruction, although it may occasionally escape into the cytoplasm.
Endocytosis can be divided into two main uptake pathways: phagocytosis (immune-
regulated uptake of large particles) and pinocytosis. The mechanism is comparable to
the absorption of small molecules and fluids from the surrounding environment. It is
found in nearly every cell and is necessary for food intake.*® It can occur through both
specific (mediated by receptor-ligand binding processes) and non-specific
mechanisms.1%%19% Uptake via endocytosis is unlikely to occur as mature RBC do not
carry out endocytosis, although some studies have reported the detection of

endocytosis in adult RBC.1%?

1.10.3 Factors influencing interaction between lipids-analogue and cells

The interaction between lipid analogous probes and cells is dependent on many factors.
For example, on the cell type, probe composition and conformation in the solution

phase, and environmental conditions.?’

The uptake of lipid conjugates or lipid analogue probes by biological membranes has
been shown to be affected by their conformation in the solution phase. In particular,
they could be present in aqueous solution as either monomers, micelles (mixtures of
monomers and micelles), or aggregates.?”88 The nature of their conformation is
determined by the structure of the compound. Thus, understanding the conformation
(free or micelle) of probes in the solution phase (i.e., characterisation) is important to
understanding their interaction with cells.191%* According to Schwarzmann G., the

critical micelle concentration (CMC) regulates the uptake of lipid conjugates into the
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biological membrane.? The CMC is defined as the concentration above which micelles
form in a dispersion of amphipathic molecules. The amphipathic molecules are found in
the aqueous phase as monomers below the CMC, but above the CMC, the monomers
group together to form micelles.'% Monomers and micelles are in a dynamic equilibrium
above CMC. Both the molecule's characteristics and the external environment have an
impact on CMC.1%619% With regard to phospholipids, this includes their charge,
temperature, pH, ambient electrolytes, and structure (including the size and structure
of the head group and the length and saturation of hydrophobic lipid chains). Surface
tension (Wilhelmy Plate, Du Nouy ring, and Pendant drop methods), electrical
conductivity, calorimetry, static and dynamic light scattering, and fluorescence
(quenching) spectroscopy are some of the techniques used for determining CMC.1%° The
technique and data interpretation have a significant impact on the measured CMC
outcome. There is no one gold standard approach to assess CMC, and there isn't always
a consensus on how to interpret experimental results to find the CMC point. Techniques
are chosen according to the specifications and properties of the molecule that has to be
measured. Lipid conjugates at or above CMC have shown to reduce their uptake

compared to when present in the monomer form. 8788

Additionally, various other factors which affects the net uptake of lipid conjugates are:

e Thecell type, cell shape, cell age, membrane fluidics and cellular activity (dormant
of actively dividing cells).8”:88

e Concentration’°86:88

e Physical and chemical characteristics (size, the phospholipid composition,
charge)!®

e Environmental factors

Temperature: The interaction between lipid conjugates and cells is temperature- and
time-dependent. At 37°C, lipid conjugate uptake is significantly higher than at 4°C. The
kind of interaction that takes place can also be influenced by temperature. At 37°C, for
instance, endocytosis is more likely to occur in actively dividing cells, but at 4°C, the
primary mechanism is probably lipid exchange and adsorption. Additionally, at low
temperature, lipid conjugate incorporation is shown to markedly decreased probably by

lowering the fluidity of the membrane.*®2 Serum plays a significant role in a variety of
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culture media. Apart from its many physiologic impacts on cells, it inhibits the uptake of
lipid conjugates into cells.*31° The presence of serum lipids and proteins e.g. HDL and
albumin have been shown to reduce lipid conjugate cell interaction.*® Change in pH and

presence of salt in the transformation media can affect the uptake adversely.*®°*

1.11 Kode™ Technology

Kode technology is a surface modification technology that enables the uptake or
attachment of chemically synthesised functional components to biological and non-
biological surfaces. The modification is attained by amphipathic Function-Spacer-Lipid
(FSL) constructs or Kode constructs in a very easy and harmless manner. Currently, over
60 FSLs are available, with more in the development phase. Each FSL is based on a
common design consisting of three units: a functional head group, a spacer, and a lipid

tail 11

1.11.1 FSL constructs

FSL constructs are made up of three parts: a functional head group (F), a linker or spacer
molecule (S), and a hydrophobic lipid tail (L). Because FSL molecules are configurable,
each component (lipid tail, spacer, and head group) can be adjusted and optimised for

a specific function.12113
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Figure 9: Schematic representation of a Kode FSL construct. The upper image shows a generic
Kode construct based on a carboxymethylglycine (CMG) spacer linked to a DOPE lipid tail. The
‘building block toy figure’ representations beneath show a yellow head representative of a single
type of functional head, the red body represents a spacer, and the grey legs represent a lipid
tail >111

Functional head group

The functional head group is the bioactive component of the FSL construct, and it can
be nearly anything, such as fluorescent markers, glycans, peptides, antimicrobial agents,
or other small molecules (Table 1). This capacity to carefully choose a specific and
desirable functional molecule enables FSL-based diagnostics to achieve a high level of

specificity and sensitivity. To summarise, the functional head group is (typically) small,

very specific, and well defined. Additionally, it is mostly hydrophilic in nature.'*
Table 1: Families of bioactive functional heads used for FSL constructs.
FSL Construct Functional Head groups Selected examples References
Glycans ABO, Lewis, H, P1PK, GLOB, 34,115
FORS, hyaluronic acids, sialic
acids
Peptides Miltenberger, syphilis, chagas, 6,116
leptospira, CMV
Fluorophores FITC, BODIPY 57
Anti-microbial Selenium, spermine 117,118
Reactive groups Maleimide, succinimide, click- unpublished
coupling
Enzyme substrates Sortase unpublished
Oligonucleotides Various unpublished

Charges Polycations unpublished
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Spacer

The spacer is a biologically inert core component of the FSL construct. It facilitates the
chemical conjugation of the functional head with the lipid tail. This linker unit presents
the FSL construct with very important novel features. Primarily, spacers enable a high
degree of dispersibility in water. Water dispersibility adds an attractive feature to the
FSL constructs as it simplifies its applicability and renders the technology suitable for use
with cells, unlike organic solvents required to dissolve some lipid and non-lipid
membrane-based probes (discussed in Section 1.8.2). Spacer also increases the distance
of the functional group from the membrane, thereby reducing steric hindrance and, in

turn, enhancing both sensitivity and specificity.>1%2
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Figure 10: Chemical structural of most common spacers used to make FSLs.1*1° A) the adipate,
B) CMG (2) spacers.

A variety of spacers are available (Table 2), and they can be further tailored to optimise
bioactivity; the short adipate linker (1 nm) and longer carboxymethylglycine (CMG)
motif (7 nm) are the most common ones in use (Figure 10).}*° The 'flexible-rigid'
structure of the CMG spacer is unique in that it is somewhat rigid, but at a central hinge
region, it has a significant degree of flexibility that permits the two parts to spin with

relative freedom.11!
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Table 2: Diagrammatic representation showing several FSL spacer configurations. A) natural
glycolipid, B) adipate spacer C) CMG(2) spacer D) CMG(4) E) B-DD spacer and F) branched TCMG
spacer.!!

Different spacer configurations Schematic diagram
A Natural glycolipid T'T\r#*‘“u'ﬁ'f
B Adipate spacer s 'l*”'t‘.rgif
C CMG (2) spacer e pm, phﬂ_a_,'ézi

D CMG (4) ' mw‘i’hmwmw

o7
E B-DD spacer W-"‘"""""Ib‘;
=
.:EF
‘_'.'.I...:."«icﬁz ’ .
F Branched TCMG spacer *‘hﬁ@,ﬁ’a
S
"5‘;
Lipid Tail

The lipid tail, being hydrophobic, conveys an amphiphilic property to the FSL construct.
The hydrophilic head group, along with the spacer, facilitates dispersion of the FSL
construct in water, and the lipid tail enables spontaneous self-assembly and
spontaneous membrane uptake. Dioleoylphosphatidylethanolamine (DOPE) is one of
the most commonly used lipids for FSL construct formation.’'? Being a membrane
phospholipid, it works very efficiently with biological assays. Moreover, a variety of
other lipids, like cholesterol and ceramide, are also available (Figure 11). Functional
heads, spacers, and lipid tails can be interchanged to make a variable Kode construct
with optimised bioactivity. Figure 11 shows the possible multiple configurations of the

FSL construct that can be synthesised.3
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Figure 11: Structural variation of lipids commonly used as tail in FSL constructs.'?®

1.11.2 Summary of uptake of FSL constructs by cells

Owing to the lipid tail of natural glycolipid, its suggestive passive membrane uptake has
long been known and has been used to modify the surface of RBC since 1955.1%2
However, various associated drawbacks of these natural glycolipids, like
nonhomogeneous insertion due to poor solubility and multistep, tedious purification
methods from natural sources, have limited their application.> Kode or FSL constructs
were originally designed to be synthetic analogues of natural glycolipids. However, it
was soon realised that the technology had the potential to attach almost any bioactive

compound to a cell membrane with possibly minimal side effects.!!

Blood group antigen-related structures make up a significant component of the 60 FSL.
and RBC koding with blood group based FSLs (FSL-A, FSL-B) have been widely
studied.*'1> Additionally, the Lewis blood group system which is highly complex, with a
wide spectrum of phenotypic and antigenic variations 3 have also been extensively

analysed by Kode technology. 12012}

Transformation of RBC is a simple method that involves incubation of RBC with a

solution of FSL constructs. During the incubation duration possibly the lipid tail of FSL
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embeds itself in the glycocalyx of the RBC, leaving the antigenic functional head group
exposed (schematic representation in Figure 12) and therefore in an ideal position to

interact with antibodies, enabling antigen-antibody interactions (Figure 12).

122

Transformed RBCs thus display normal functionality in in vitro assays.

10 -

Figure 12: Schematic location of FSLs of different design in RBC of glycocalyx. Adapted from
Henry and Bovin, 2018 * who reproduced and modified from Dane et al, 2015,'2% and Voet and
Voet, 2011. 1#

Kode technology was initially developed to attach blood group glycans to red blood cells
for use as quality control.> However, Kode technology application in
immunohematology has increased and includes quality control kits, competency
training panels, diagnostic reagents using artificial rare blood group antigens, and
infectious disease markers.3'22 In research and diagnostic assays, kodecytes outperform
normal human red blood cells for a number of reasons.>!?2 Kode technology is a method
of altering surfaces, such as those of human red blood cells, such that the cells can
express blood group antigens, even ones that are physiologically unfamiliar to them.
This makes it possible to create cell-based reagents that are completely standardised in
terms of the antigen they express and the amount of it they express.>!? Therefore,
batch-to-batch variance that is associated with assays that use natural RBC as antigen
targets is eliminated by this aspect of Kode technology. Kode technology helped assess
xeno-antigens and antibodies in human plasma and offered modern instruments to

examine the subject of complement stability using kodecytes rather than animal

cells 120,121
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Since then, it has been used to modify any kind of cell (RBC, white blood cells, platelets,
tissue cells, cell lines), enveloped viruses, liposomes, and nonbiological surfaces (such as
plastics, metals, and glass).*>71> FSL constructions can be used to modify organisms
and multicellular entities in addition to individual cells. Additionally, an organism's
compartments can be labelled. Additionally, cells and particles can be captured and

rendered immobile on solid surfaces using FSL constructions.!1>12>

Microorganisms can be labelled and attached to surfaces using Kode technology. It can
also be applied as a surface coating with antibacterial properties. FSL constructions have
a strong track record in virology research, and they can be used in a variety of ways to
either build diagnostic surrogates or label viruses and virus-like particles. Additionally,
FSL can serve as a toolkit for lectin research. Cell adhesion and other processes, many of
which are mediated by lectins, including selectins, siglecs, and galectins, can be studied
using living cells, cell vesicles, and liposomes koded with a specific FSL glycan that binds

with lectins.11%12>126

Presently, Kode technology and the resulting kodecytes are being utilised as potent
research instruments in a variety of cell-based diagnostics; most recently, FSL-Gala, AGI-
134 is being assessed as potential immuno-oncotherapeutic agent.!! Owing to the
presence of a wide range of R&D FSL constructs, Kode technology remains the most
comprehensive and user-friendly cell modification methodology for transforming the

surfaces of cells with bioactive material for research and diagnostics.12>127

Since 2001, when the first Kode construct was synthesised, various FSL constructs have
been utilised in modifying RBC. Although various parameters that regulate FSL construct
(especially glycolipid based FSL construct) modification in RBC have been studied, the
mechanisms underlying this process, and its limitations are not well understood. This
thesis sets out to address various questions that will help explore the dynamics and
mechanisms of uptake, retention, release, and loss of FSL constructs. Here, FSL
fluorophore constructs are being used to explore the above-mentioned issues as
fluorescence-based detection technology is simple and superior (discussed in Section

1.8.2).
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1.12 Rationale of the study

To be of translational relevance for diagnostic and therapeutic applications, ideally, cells
must be improved or changed by artificially modifying them. Unfortunately, very small
changes in the cell’s environment (e.g., exposure of cells to organic solvent, heat,
agitation, change in pH, or osmolarity) have been documented to have adverse effects
on cell viability and/or differentiated functions. Hence, bioconjugation/bioengineering
protocols and the presence of biofunctional moieties should not impair the viability,
growth, or receptor expression of the modified cells. Moreover, a well-engineered cell
surface modification agent should allow for optimizing desired functionality and
minimum compromise of the cell’s antigenicity.*?® Owing to the complexity and dynamic
nature of the cell surface, internalization and degradation of surface modification are
major challenges.'?>130 Therefore, prolonging the retention of engineered membrane
components on the surfaces of cells should be a desired target. In addition, the
synthetically modified cells should be biocompatible, as they would be exposed to a

complex mechanical and biochemical environment in vivo.13%132

Kode or FSL constructs were originally designed to be synthetic analogues of natural
glycolipids. However, it was soon realised that the technology had the potential to
attach almost any bioactive compound to a cell membrane with minimal side effects.
Kode Technology aims to eliminate most of the difficulties associated with the other
technology as it offers modification of cells by means of the incorporation of desired
functional components with biocompatibility and functionality. Despite the in
vitro and in vivo use of FSLs, many aspects of their dynamics of cell modification and
subsequent fate are still poorly understood. In this regard, this study explored the
dynamics and mechanisms of uptake, retention, fluorescence performance

characteristics, and release/loss of FSL constructs.
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1.13 Research aims

The aim of this research was to:

e Determine the dynamics of the koding process.

e Establish the consequences of koding on the morphology of RBC kodecytes and
further establish the viability and metabolic status of kodecytes prepared from
actively dividing cells.

e Determine the impact of media and temperature variations on the retention of
FSL constructs in kodecytes.

e Establish the consequences of kodecytes interaction with unkoded cells.



38
Chapter 2 Base Methods

2.1 Methods and Chapters overview

Chapter two describes the base methodology used in this research. Chapter three
explores the impact of RBC storage age on FSL construct uptake, examining if storage
age influences forming of kodecytes. Chapter three also investigates the dynamics of FSL
uptake into inactive (RBCs) and dividing cells, considering factors like concentrations,
temperature, time, protein/serum presence, and the glycocalyx. Chapter four explores
the mechanism of FSL uptake, i.e., how FSL constructs label the cell membrane. Chapter
five explores the FSL-FLRO4 signal loss observed during the koding process. Chapter six
investigates whether the uptake of FSL constructs under different koding conditions
(i.e., temperature, duration, concentration, cell types) impacts the integrity of the
membrane and the long-term survivability of the kodecytes. Finally, chapter seven
examines the retention of FSL constructs in kodecytes under different conditions of

temperature, time, concentrations, and storage medium with protein and serum.

2.2 Reasons for using RBCs as model membrane in this study

The cell membrane is paramount for cell surface modification techniques, and the RBC
membrane is crucial for its proper functioning, integrity, and survival. Additional unique
merits associated with RBCs, like a stable membrane, the lack of internal organelles and
associated membranes, higher biocompatibility, abundance (the most abundant type of
blood cells in the body), biodegradability (aged or damaged RBC being completely
biodegradable in the reticuloendothelial system without the generation of toxic by-
products >2133), uniformity in shape and size, and their potential use as an autonomous
delivery carrier for bioactive substances, make them a preferred model membrane for
studying exogenous labelling agents. Hence, in this study, FSL construct labelling
characteristics were primarily analysed on RBCs. Additionally, FSLs were also evaluated
for their labelling, cytotoxic, and retention characteristics in actively dividing cells like

Jurkat cells and PC-3 cells.
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2.3 Materials and Sample preparation

2.3.1 Overview of FSL constructs used in this study

Primarily, three FSL constructs were selected to be studied (Figure 13). They differed in
two basic aspects: different functional head groups, fluorophores (FSL-FLRO4 and
FSL- BODIPY) and a vitamin (FSL-biotin and FSL-BODIPY), and spacer moieties, one short
adipate (FSL-FLRO4) and one long CMG2. Using different head groups and spacers
potentially allows for detecting any difference in the interaction of FSL constructs and
cells owing to the variation in the structure of FSL (Table 3). FSL-FLRO4 and FSL-biotin
are commercially available (GlycoNZ, NZ). Additionally, two more FSL constructs
(FSL- GB3 and FSL-Zero) were used in this study when either a structural analogue of
FSL-FLRO4 was required or a lack of (significant) functional head group was a

requirement.
FSL-FLRO4

FSL-FLRO4 is a fluorophore-based FSL construct where the functional moiety is a
fluorescein residue, conjugated via an adipate spacer to the DOPE lipid tail (Figure 13A).
FSL-FLRO4 is an important fluorescence-based FSL construct as it has an excitation
maximum wavelength of 494 nm, which closely matches the 488 nm wavelength of the
spectral line of the argon-ion laser, making it a useful label for flow cytometry and
confocal laser-scanning microscopy applications. Although fluorescein residue is one of
the most commonly used fluorescent reagents due to its high absorptivity and
fluorescence quantum yield, it is limited by its photobleaching properties and broad

emission spectrum.
FSL-BODIPY

FSL-BODIPY is another green, fluorescent FSL construct, where the functional moiety is
a BODIPY residue, conjugated via a hydrophilic CMG2 spacer to the DOPE lipid tail
(Figure 13B). FSL-BODIPY is spectrally similar to FSL-FLRO4, but owing to the presence
of BODIPY residue, it is relatively insensitive to changes in pH, displays little or no
spectral overlap, has a narrow emission bandwidth (resulting in high peak intensity), and

has greater photostability. However, the low polarity of BODIPY residue makes FSL-
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BODIPY interact with the lipid membranes and thus does not behave like most other FSL

constructs, which have hydrophilic head groups.

FSL-biotin

FSL-biotin is comprised of a monomer of biotin (vitamin B7) conjugated to a CMG2 based
spacer, which in turn is conjugated to a DOPE lipid tail (Figure 13C). In this study,
biotinylated kodecytes are secondarily modified non-covalently with streptavidin
conjugated with green fluorophore (Alexa Fluor 488) for detection. FSL-biotin detection
with streptavidin conjugated with Alexa Fluor 488 is compatible with flow cytometry.
Additionally, due to the high affinity and specificity of the biotin residue with
streptavidin, this probe can be used to amplify signals even in the presence of minimally

kodecytes.

FSL-GB3

FSL-GB3 has the blood group GB3 trisaccharide (also known as Pk) as its functional head
group, conjugated via an adipate-based spacer to the DOPE lipid tail (Figure 13D). Both
FSL-GB3 and FSL-FLRO4 have an adipate-based spacer with nearly identical molecular
weights. In order to counteract the confounding effects of structural dissimilarities and
discover any differences in interaction with FSL-FLRO4 resulting from structural
variation, FSL-GB3 has been used in a few experiments that were set up as analogues of

FSL-FLROA4.

FSL-Zero

Since FSL-Zero lacks a large functional head group and is hence essentially benign or
inert, it was selected for use in specific experimental settings. This allows it to mimic the
spacer and lipid components of the FSL construct, also known as the "spacer-lipid"
reaction control 110. It transforms cells like any other FSL and has a negative charge to
it. FSL-Zero is available in three forms: FSL-Zero (amine), FSL-Zero (acetamide), and
FSL- Zero (succinate), two of which were used in this study. FSL-Zero structures are

shown in Figures 13E and 13F.
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A) FSL-FLRO4

B) FSL-BODIPY
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Figure 13: Chemical structure of the FSL constructs examined in this study. A)FSL-FLRO4 has a
fluorescein head group, attached to an adipate spacer B)FSL-BODIPY has a BODIPY head group
with CMG2 spacer C) FSL-biotin has a biotin head group with CMG2 spacer D) FSL-GB3 has a
blood group GB3 trisaccharide head group with adipate spacer B) FSL-Zero (amine) has amine
residue, conjugated via a CMG2 spacer E) FSL-Zero (acetamide) has an acetamide residue
attached to CMG2 spacer. All these FSL constructs have a common DOPE phospholipid tail.

Table 3: Summary of FSL constructs used in this research. CMG2 = Carboxymethylglycine, Ad =
adipate, DOPE = 1,2-di-O-oleoyl-sn-glycero-3-phosphoethanolamine.

FSL F S L kodecytes
FSL-FLRO4 Fluorescein Ad DOPE FLRO4-kodecytes
FSL-BODIPY BODIPY CMG2 DOPE BODIPY-kodecytes
FSL-biotin Biotin CMG2 DOPE biotin-kodecytes
FSL-GB3 Glycan Ad DOPE GB3-kodecytes
FSL-Zero (amine) NH> CMG2 DOPE Zero (NH;)-kodecytes

FSL-Zero (acetamide) CH3CONH, CMG2 DOPE Zero (CONH,)-kodecytes
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FSL constructs reconstitutionAll FSL constructs (GlycoNZ, NZ) were obtained in
powdered form. FSL constructs were reconstituted at a concentration of 2 mg/mL in
either RBC preservation solution, CellStab (BIO-RAD, New Zealand), or serum-free cell
culture media to make the stock solution. The stock solution was aliquoted for later use
and stored at -85°C. Immediately before use, the FSL stock solution was thawed at RT
and briefly vortexed before use. Desired working concentrations were prepared by
diluting the stock solution in either CellStab or serum-free cell culture media, depending

on the cells to be koded.

2.3.2 Kode terminology

The following terminology, published previously, has been adopted 434135 in this thesis,

with modifications.

e Koding is the process of cell or surface modification with FSL constructs.

e Kodecytes are cells transformed with the FSL construct.

o The working solution of the FSL construct used to modify cells is described as “uM
concentration-FSL-name". For example, the solution of FSL-FLRO4 at 50 uM is
termed 50 uM FSL-FLROA4.

e For this research project to distinguish if kodecytes were prepared from inactive
cells (RBCs) or active cells (Jurkat cells, PC-3 cells), an additional modification has
been incorporated into the kodecyte terminology, wherein the type of cell
transformed is preceded by the FSL construct used for modifying those cells.

e RBC koded with FSL at a given concentration is known as “cell uM concentration
FSL-kodecytes”. For example, RBC koded with 50 uM FSL-FLRO4 is termed RBC
50 uM FLRO4-kodecytes.

e Jurkat cells koded with FSL at a given concentration are known as “cell uM
concentration FSL-kodecytes.” For example, Jurkat cells koded with 50 uM FSL-
FLRO4 are termed Jurkat 50 uM FLRO4-kodecytes.
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2.3.3 Overview of cells used in koding process

Two distinct cell types were chosen to examine FSLs for their dynamics of uptake,

performance characteristics, stability, and cytotoxicity profile:

e RBC, which have a stable or inactive membrane and are very robust and non-
proliferating
e Cell lines that have an active membrane with proliferating and actively dividing

cells
RBC preparation

The blood donor gave verbal consent for blood to be used to create reagents. Blood
samples were drawn in ethylenediamine tetracetic acid (EDTA) tubes and centrifuged at
3500 rpm for 5 minutes at 4°C. The supernatant was removed, and RBC was washed
three times with working strength (1x) PBS (pH 7.4) to remove plasma and buffy coat
(platelets and white blood cells). Isolated RBC was resuspended in CellStab (10%), stored
at 4°C, and used within 10 days of collection. Prior research has demonstrated that the
outcomes derived from various donors vary only slightly. FSL-fluorphore constructs from
three distinct donors were compared in my earlier work. The variation in results from
various donors was negligible. Since | didn't want to add any more variables and make

the data more reliable, | just utilised the results from one donor in my thesis.
Jurkat cells

Jurkat cells were a generous gift from Dr. Hilary, Sheppard Lab, University of Auckland.
Jurkat cells (ATCC TIB-152) are suspension or non-adherent T lymphoblasts established

from the peripheral blood of an acute T-cell leukaemia patient.

Overview of Jurkat cells maintenance: Jurkat cells were routinely cultured in T25 tissue
culture flasks (Nunc; cat# 156367) using Roswell Park Memorial Institute-1640 medium
(RPMI 1640, Life Technologies, cat# 11875), which was supplemented with 10% (v/v)
Newborn Calf Serum (NBCS, Life Technologies, cat# 16016-159), 1 x GlutaMax (Life
Technologies, cat#t 35050061), and 1% penicillin/streptomycin (Life Technologies, cat#
51401220). Actively growing cells were maintained between 1-2 x 10° cells per mL at

37°C in a 5% C02/95% air-humidified atmosphere in a CO incubator. Regular
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observation of growing cultures was important to avoid 90-100% cell confluency and
media pH changes as they affect cell health adversely. Growing cells were subcultured
at regular intervals to facilitate their exponential growth phase. Around 70-80% cell
confluency is considered to be near the end of the exponential phase and ready to be
subcultured. As Jurkat cells are suspension cell lines, they do not require any dissociation
agent and were subcultured by centrifuging down the cultures at 130 x g for 5 min to
pellet cells. The spent medium or supernatant was removed, and the pellet was washed
using the working strength of PBS. Finally, the pellet was resuspended in fresh complete

medium and reseeded into fresh T25 flasks.
PC-3 cells

PC-3 cells were a generous gift from the School of Science at Auckland University of
Technology. PC-3 cells (ATCC CRL-1435) are adherent epithelial cells established from a

human prostatic adenocarcinoma.

Overview of PC-3 cells maintenance: PC-3 cells were routinely cultured in T75 tissue
culture flasks using a complete growth medium comprising RPMI 1640 medium
supplemented with 10% (v/v) NBCS, 1 x GlutaMax, and 1% penicillin/streptomycin.
Actively growing cells were maintained between 1-2 x 108 cells per mL at 37°C in a 5%
CO; 95% air-humidified atmosphere in a CO; incubator. The subculturing procedure
involved a brief rise of growing cells with the serum-free medium, followed by the
addition of the cell dissociation agent TrypLE™ Express. Once cells were detached,
complete growth medium was added, and the content was collected and spun at 130 x
g for 5 minutes to pellet cells. The spent medium/supernatant was removed, and finally,
the pellet was resuspended in fresh complete growth medium and reseeded into fresh

T25 flasks.

Jurkat cells and PC-3 cells were frozen on a regular basis and maintained in liquid
nitrogen to avoid extended passage culture. Extensive research suggests that passage
number impacts the cell line’s characteristics over a period of time 36138 Compared to
cells at lower passages, cells at higher passage experience modifications in morphology
and growth rate 136138 Thus, for experimental reproducibility and reliability, the use of

overpassed cells in experiments was avoided.
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2.4 Standard protocol for the koding process

Regardless of what type of cells were used, the koding process was essentially the same.
The schematic overview of the methodology is shown in Figure 14, followed by a

detailed explanation of the standard procedure for preparing RBC, Jurkat, and PC-3

kodecytes.
1 Flow Cytometry
FLRO4-kodecyte and/or
Incubat
[ Cells ]4’[ FSLconstructH neuba e]4’{BODIPY-kodecytc-3J Fluorescence
Y Microscopy
| biotin-kodecyte H[Incubate biotin+streptavidin
Alexa fluor®488

'Y kodecyte
STEPS

VARIABLES

Washed FSL-FLRO4 @ RT for 05 h with
Red blood cells (RBC) FSL-BODIPY @37°Cfor2h Streptavidin Alexa
Jurkat cells, FSL-biotin Fluor™ 488 conjugate

PC-3 cells Range 0.05-50uM

Figure 14: Schematic overview of the standard koding procedure for preparing kodecytes.

2.4.1.1 Flow Cytometry analysis

Flow cytometry has been utilised in routine laboratory and research facilities in many
different settings. It is a laser-based technique applied to detect and quantify the
physical, chemical, and fluorescent characteristics of cells or particles.'*® Flow cytometry
is a versatile and extremely powerful technology, because it is rapid (measures
thousands of particles per second) and quantitative. It also offers multiparametric
measurements of a large number of cells, which allows for a robust statistical

analysis.139-141

The universal components of a flow cytometer are fluidics, optics, and electronics. To

summarise what a flow cytometer does, fluorescently labelled cells in suspension are
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focused for interrogation by the lasers. The resulting fluorescence and scatter signals
(forward and side scatter) are collected, filtered, and converted into electronic signals.
These electronic signals are finally converted into digital data that is acquired and
recorded for analysis. With respect to forward scatter (FSC) and side scatter (SSC) signal
detection, FSC conveys information about cell size and membrane integrity, while SSC
provides information about cell complexity, granularity, and membrane roughness.
Information generated from FSC and SSC is unique to cells and is key to distinguishing

them from debris and noise.13°

Flow cytometry can be used to test a vast range of materials, for example, DNA and
microparticles.#>143 |t has been primarily useful for studying white blood cells (WBC)
but has found extensive use in examining RBCs in different immunohematology
settings.!** When studying RBCs by flow cytometry, there are a few methodological
considerations, for example, avoiding agglutination and gating regions on the FSC and

SSC plots (linear or log).14

With respect to RBC staining, literatures have suggested the use of logarithmic settings
for FSC and SSC.1#>146 | ogarithmic amplification of the forward and side scatter causes
clustering of most of the events as a discrete group. Gating around a discrete group leads
to the minimum exclusion of events with increased forward or side scatter.'4>146
Additionally, to assess the fluorescence intensity of single cells exclusively, doublets
were gated out using the doublet exclusion method.*” Hence, for this study, kodecytes
and unkoded cells were gated on a log scale, and mean fluorescence was measured for

the cell population and shown as Mean Fluorescence Intensity (MFI).

2.4.2 RBC kodecytes

A detailed explanation of the standard procedure for the preparation of RBC kodecytes

is as follows:

e FSL constructs stock solution was diluted to the desired concentration with
CellStab to obtain working stock.
e RBC were washed twice with 1x PBS and once with CellStab by centrifugation in

an Immufuge on high for 1 minute.
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One volume of FSL (typically 100-500uL) at a given working stock was incubated
with one volume of packed RBC at 37°C for two hours, with gentle mixing after
1 hour. Control or unkoded cells were prepared simultaneously by incubating one
volume of CellStab with one volume of RBC at 37°C for two hours.
After incubation, kodecytes and unkoded cells were washed twice with 1 x PBS
and once with CellStab by centrifugation, as mentioned above. The last wash is
always the solution used for analysis.
After incubation kodecytes and unkoded cells were washed twice with 1x PBS and
once with CellStab by centrifugation as mentioned above. Last wash is always the
solution used for analysis.
For flow cytometry analysis (see section 2.4.1.1), kodecytes were acquired and
examined using Cytek Northern Lights™ flow cytometry instrument. At a flow rate
of 15uL/minute, 10,000 events were collected, and data obtained from flow
cytometer is shown as Mean Fluorescence Intensity (MFI). Data were analysed
using Kaluza® Flow Cytometry Analysis Software (version 3.1).
For fluorescence microscopy analysis, after incubation and washing, koded cells
were diluted to give a 5% suspension. Cell suspension (~6uL) was placed on
microscope slides, and the cover slipped. Kodecytes and unkoded cells were
observed for fluorescence using an Olympus BX51 microscope at 10x
magnification.
Cells were excited at 488 nm, and emissions were recorded at 1.9 s exposure time
using a WIB filter (with an emission wavelength of 550nm). To track cells that did
not fluoresce, subsequent Differential Interference Contrast (DIC) images were

also recorded.

RBC biotin-kodecytes conjugation with Streptavidin, Alexa Fluor™ 488 conjugate.

Streptavidin, Alexa Fluor™ 488 conjugate, was diluted in 1x PBS to obtain a
concentration of 2 mg/mL (stock solution). Diluted to 1 mg/mL in CellStab for
further use.

A 5% suspension of biotin-kodecytes and unkoded cells (section 2.3.1) was

prepared.
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An equal volume of 5% biotin-kodecytes was incubated with 1 mg/mL (of
Streptavidin, Alexa Fluor™ 488 conjugate, for 30 minutes at RT in the dark,
wrapped in tin foil to protect from light, to form biotin+streptavidin Alexa Fluor™
488 kodecytes (biotin+SAF488 kodecytes).
An additional control was prepared for establishing secondary labelling with
streptavidin Alexa Fluor™ 488. It was prepared by incubating unkoded cells with
1 mg/mL of streptavidin Alexa Fluor™ 488 conjugate for 30 minutes at RT in the
dark. This control estimates the autofluorescence produced by streptavidin Alexa
Fluor™ 488 and also indicates if the streptavidin, Alexa Fluor™ 488 conjugate
binding to biotin kodecytes is specific (typically, these are negative controls).
Biotin-kodecytes were also measured as a control to detect any background
signals.
After incubation, kodecytes and various controls were washed twice with 1 x PBS
and once with CellStab by centrifugation to remove unbound streptavidin, Alexa
Fluor™ 488 conjugate, and suspended in CellStab.
Samples were prepared and analysed by flow cytometry and fluorescence

microscopy.

2.4.3 Jurkat kodecytes

The standard procedure for the preparation of Jurkat kodecytes is as follows:

FSL construct stock solution was diluted with medium (RPMI serum-free) to
obtain the desired working stock, transformation, or koding solution.

Jurkat cells were spun down at 130 x g for 5 minutes, and the pellet was
resuspended to estimate cell density.

An equal volume of Jurkat cell suspension (approximately 1 x 108 cells/mL;
suspended in RPMI serum-free medium) was added to an equal volume of FSL
working stock or RPMI serum-free (negative control) and incubated for 2 h at 5%
CO; at 37°C.

Kodecytes were washed twice by centrifuging the cell suspension at 130 x g for 5
minutes after the incubation step.

Pelleted kodecytes were finally resuspended in 500 pL of RPMI serum-free and

serum-supplemented medium and analysed by flow cytometry.
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For fluorescence microscopic analysis, 6 uL of washed kodecyte was dispensed on
a glass slide. Kodecytes and unkoded cells were observed for fluorescence using
an Olympus BX51 microscope at 100 x and 200 x magnification with a WIB filter
at 550nm emission wavelength for a 1.9-second exposure time. To track cells that
did not fluoresce, matching DIC images were also recorded for every fluorescent

image.

2.4.4 PC-3 kodecytes

PC-3 kodecytes were only prepared for fluorescence microscopy analysis. Standard

procedures for the preparation of PC-3 kodecytes are outlined below.

PC-3 monolayers were prepared by diluting the cell suspension in pre-warmed
serum-containing media to the required concentration, typically 4 x 10°to 1 x 10°
cells/mL. Nearly 25 L of cell suspension were seeded into the required wells in a
Terasaki tray so that each treatment was performed in duplicate.

The Terasaki tray was incubated overnight in 5% CO,, at 37°C until the monolayer
was ~60% confluent.

The following day, an FSL transformation solution was prepared in serum-free
media.

PC-3 monolayers were washed 2 x with serum-free media by removing the
supernatant with a pipette and adding media with a dropper.

The following steps were performed in the dark as much as possible. FSL
transformation solution was added into the respective wells and incubated at
37°C with 5% CO; for 2 h.

After incubation, the cell monolayer was washed 3 x with PBS.

Finally, for imaging, 10 pL of 1 x PBS was added to each well, and the Terasaki
plate was covered and inverted. Cells were excited at 488 nm, and emission was
recorded at 1.9-second exposure time using the WIB filter (with an emission
wavelength of 550nm) of the fluorescence microscope (Olympus BX-51
microscope). To track cells that did not fluoresce, matching DIC images were also

recorded for every fluorescent image.
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Chapter 3 Results — Dynamics of FSL uptake

3.1 Overview

Various FSL constructs have been known for many years for effective modification of
cells. Despite in vitro and in vivo use of several FSL constructs, many aspects of their
dynamics of cell modification, cytotoxicity profile and subsequent fate are not well
understood. Although previous work based on agglutination using serology has
established a few parameters for labelling of Red Blood Cells (RBC) with blood group
based FSL constructs, the serology-based technique has restricted applicability to blood
group FSL constructs. Thus, it is critical to use other sensitive technologies to understand
the mechanism (and associated limitations) underlying FSL construct cell modification

processes.

Flow cytometry, being a rapid and very sensitive technology, has a wider range of
detection, and the data generated by flow cytometry can help quantify the result in
detail. Additionally, it is an exceedingly versatile and effective method for single-cell
guantitative and qualitative research. Hence, for this study, flow cytometry was utilised
as the main instrument to establish parameters for the optimum understanding of FSL
construct dynamics and mechanisms of uptake, loss, and retention. Additionally, other
instruments like fluorescence spectrophotometer, fluorescence microscopy, scanning
electron microscopy, and Muse cell analyser were also used to either cross-check results
obtained from flow cytometry or as a tool to further process information generated by

flow cytometry.

3.2 RBC storage-age and its effect on the uptake of FSL constructs

Overview: RBC concentrates intended for transfusion are generally stored for up to 42
days at 4°C in appropriate additive solutions 18, During the course of the storage, many
changes, commonly known as ““RBC storage lesions’’, are known to occur. These changes
could be biochemical, biomechanical (e.g., deformability), or immunologic in nature,
and prolonged storage of RBC can impact laboratory measurements of RBC
parameters 1%°. It was, therefore, of concern that extended in vitro storage of RBC at 4°C
and, in turn, usage of relatively older RBC for the koding process could impact uptake of

FSL constructs. Experiments were designed to investigate the effect of storage-age of
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RBC on uptake of FSL constructs in order to establish if selection of RBC to make

kodecytes and results were RBC storage-age dependent.

Methodology: The methodology was designed to test the hypothesis that the RBC's
storage age influences the uptake of the FSL construct. The schematic overview of the
method is presented in Figure 15, followed by a detailed explanation of the experimental

protocol.

FLRO4-kodecyte
Incubate [—»|
RBC FSL construct ncuba e] [ BODIPY-kodecyte Flow Cytometry

STEPS

VARIABLES
)
storage at4°C | FSL-FLRO4
do, d15,d30and d42| Scenario-l FSL-BGDIPY @ 37°Cfor2h
(um)
Fresh d0 samples @ )
d15, d30, d42 Scenario-ll

Figure 15: Schematic overview of methodology testing RBC storage age and its effect on the
uptake of the FSLs.

3.2.1 FLRO4-kodecytes

Two scenarios were analysed to study the effect of the storage-age of RBC on the uptake
of FSL-FLROA. In the first scenario, RBCs were stored at 4°C over a period of 42 days in
CellStab, and RBCs were aliquoted (from the storage lot) at predetermined times and
evaluated for their ability to label with FSL constructs. Kodecytes were prepared using
various concentrations of FSL constructs at dO (the day on which blood was collected

and processed), d15, d30, and d42 and compared to dO.

In the second scenario, dO RBCs (from different batches) and aged RBCs of different
durations were tested for their insertion effectiveness on the same day, i.e., freshly
processed RBCs were compared with stored RBCs. For this experiment, fresh blood was
collected and processed into kodecytes on the days when the stored RBCs turned 15,
30, and 42 days old. For both scenarios, unwashed and washed post-preparation

kodecytes were analysed.
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Figure 16A shows the impact of the storage age of RBC on FSL-FLRO4 uptake across the
tested concentrations of 3-50 uM for the first scenario. Kodecytes made from dO RBCs
(Figure 16A) gave the highest mean fluorescence intensity (MFI, fluorescence signal),
which increased with increasing FSL concentration. This was seen regardless of the
storage age of RBCs. It could be seen that after d0O, older RBCs gave lower MFI’s, which
correlated with age (i.e., the older the RBC, the lower the MFI). However, the changes
in MFI were much less at 30-42 days compared to day 15, suggesting stabilisation of
uptake of FSL after 30 days. Statistical analysis of change in MFI was carried out using
PRISM GraphPad. To determine if MFI changed significantly over storage age of RBC,
mean MFI of d15, d30 and d42 were compared to the MFI result from d0. Two-way
ANOVA and Dunnett’s multiple tests were used to test the statistical significance.
Decrease in fluorescent intensity is significant for p<0.05 (*) and statistically highly
significant for p<0.001(***) and p<0.0001 (****). The statistical study demonstrated
that kodecytes prepared from older RBC generated lower MFI than fresh (d0) RBC, and
this difference in MFI was statistically significant. This observation was true across all
tested concentrations. Additionally, the statistical analysis also revealed that for 3 and
6 UM kodecytes the difference in the MFI of kodecytes prepared from d15 stored RBC
compared to d30 and d30 to d42 was statistically non-significant. For 13, 25, and 50
kodecytes, the difference was found to be statistically significant (p<0.05 *) between
d15 and d30. However, irrespective of the concentration of kodecytes, the difference in

the MFI was statistically non-significant between d15 and d30.

In Figure 16B, the same data (as in Figure 16A) was normalized against dO to allow a
more direct comparison of MFI change (i.e., MFI obtained from kodecytes made from
d15, 30, and 42 old RBCs normalized against d0, then indicated in % change). This result
highlights that irrespective of FSL concentration (3-50 uM) with respect to d0 RBC
kodecytes, the fluorescence signal reduced at approximately the same rate, which is
about 30% at d15, moving to 45-50% for days 30-42. From these results, it could be
concluded that FSL-FLRO4 uptake was greater for RBCs stored for a shorter time

compared to RBCs stored for a longer time.
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Figure 16: RBC storage age and its effect on uptake of FSL-FLRO4 (first scenario). A) MFI of RBC FLRO4-kodecytes, at two-week intervals on d0, 15, 30, and 42. B) The
% change was determined as a change in MFI of kodecytes compared to d0. Results shown are mean + standard deviation, n=7. ANOVA with Dunnett’s multiple
comparison test is carried out to test the statistical significance. *P<0.05, ***P<0.001, ****P<0.0001.
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To verify the previous results, experiments were repeated (testing the second scenario);
however, this time, d0 RBCs and aged RBC of different durations (i.e., from different
collection or batch of RBCs) were tested for their uptake effectiveness of FSL-FLRO4
constructs on the same day (second scenario). By making dO cells fresh each time, the
MFI generated from the baseline could be assured to be stable with respect to the
experiment, i.e., d0 and d15 RBC sets were tested for their labelling effectiveness at the
same time from two different lots of RBCs (unpaired samples) compared to, d0, d15,
d30, and d42 RBCs tested for labelling efficiency over a period of time against dO
prepared on one occasion (paired samples). This whole experiment set-up (performed
with two conditions) increases the ability (and the robustness) to measure the effect of

the storage age of RBCs on the labelling effectiveness with FSL-FLROA4.

MFI obtained from the confirmatory experiments (second scenario) revealed
comparable results (raw data not shown). Figure 17 accounts for a baseline difference
from dO RBC (MFI obtained from kodecytes made from different storage ages
normalized against dO, indicated in % change). Results obtained from the first scenario
tie in well with the second scenario studies (Figures 16 and 17) as there was no apparent
difference in the uptake of FSL-FLRO4 between the two scenarios depending on the

storage-age of RBCs.

Overall, these results show that older RBCs are less efficient than younger RBCs in
labelling with FSL-FLRO4. Therefore, it was suggested that RBCs for making kodecytes

should be less than 15 days old or younger, preferably only a few days old.
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Figure 17: MFI from the confirmatory experiments (second scenario). dO RBC and aged RBC of
different durations were assessed for their koding effectiveness on the same day. The % change
was determined as a change in MFI of kodecytes compared to d0. Results shown are mean %
standard deviation, n=4.

3.2.2 BODIPY-kodecytes

In order to evaluate the FSL-FLRO4 labelling results, FSL-BODIPY, a different fluorophore
with different characteristics (see Section 2.3.1), was also measured for its labelling
effectiveness at different storage ages of RBC. Because FSL-FLRO4 uptake based on RBC
storage age from two different scenarios showed comparable results (Figures 16 and
17), only the first scenario was tested with FSL- BODIPY. In comparison to FSL-FLRO4, a
more comprehensive concentration range of FSL-BODIPY from 0.4 to 50 uM was
evaluated. From Figure 18A, it could be seen that at tested concentration, when RBCs
were labelled with FSL-BODIPY at two-week intervals (dO, 15, and 30), FSL-BODIPY
uptake was similar for different storage ages of RBC, and unlike FSL-FLRO4, the
difference in the MFI generated from BODIPY-kodecytes prepared from different
storage age RBC was not statistically significant (statistical significance was determined

by two-way ANOVA, p<0.05).
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Figure 18: RBC storage age and its effect on uptake of FSL-BODIPY.A) MFI of RBC BODIPY-kodecytes, labelled at two-week intervals, starting from d0, 15, and 30. B)
Change in BODIPY-kodecytes MFI compared to d0 (indicated as %). Results shown are mean + standard deviation, n=2.
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For direct comparison, the raw data shown in Figure 18A was normalised against dO RBC
kodecytes. Figure 18B outlines the change in FSL-BODIPY MFI at d15 and 30
(standardised against dO, indicated in %). This result highlights that except for 25uM
FSL- BODIPY, fluorescence signals increased by approximately 10% and 15% when
kodecytes were prepared from RBC stored for a duration of 15 and 30 days, respectively.
However, for 25 uM FSL-BODIPY, the fluorescence signal decreased by approximately
3% for d15 and 30 stored RBC. It was speculated that the difference in the uptake trend
for 25 uM FSL-BODIPY was possibly due to a concentration-related aggregation factor
or some other factor (an experimental error). Statistical significance was tested using
two-way ANOVA, p<0.05. The analysis showed no interaction. Overall, the results
indicate that although, in the case of lower concentrations, there was an increase in MFI
when kodecytes were made from older RBC, the fluorescence signal levelled off for
higher concentrations. In summary, unlike FSL-FLRO4, the storage age of RBC does not

impact the uptake of FSL- BODIPY (into the RBC membrane).

The RBC storage age-based uptake study highlighted the following aspects:

e Results suggest that FSL-FLRO4 has concentration-independent, RBC storage-
age-dependent labelling. Most changes in labelling are apparent on day 15, and
the changes are much less for 30—42-day old RBCs compared to day 15.

e Unlike FSL-FLRO4, the storage-age of RBC does not impact the labelling of
FSL- BODIPY, as there was no significant difference in the uptake of FSL-BODIPY
when different-aged RBCs were used.

e Based on the results obtained from the RBC storage age-based uptake study, it
was decided to use RBC no older than 15 days of storage at 4°C for making
kodecytes. This would help maintain consistency in the usage of stored RBC (by
minimising experimental variables) and ensure reliable and reproducible results.

e Although there was a significant difference between the results of the two
different FSLs, the phenomenon observed with FSL-BODIPY may not be

consistent with most other FSL constructs.
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The differences between FSL-FLRO4 and FSL-BODIPY were unexpected; however, this
could be possibly attributed to the fact that FSL-BODIPY has a highly lipophilic functional
group, which has been reported to change polarity with high retainability °%1°1, As a
result of the relative high lipophilicity of BODIPY dye, it tends to bind and localise onto
the cellular membrane 1°%13, Hence, it could be suggested that prolonged storage of
RBC at 4°C did not impact the uptake of FSL-BODIPY because it has a slightly different
mechanism of labelling from the other FSLs. Most often FSL constructs (except FSL-biotin
and FSL-BODIPY) have a hydrophilic head; thus, experiment results from FSL-FLRO4 are

probably more applicable to generic FSL.

3.3 Factors impacting the uptake of FSL constructs in RBC and Jurkat cells

RBCs are atypical cells in that they are relatively inactive, and their membrane is very
stable. Therefore, to extend the RBC observations, the cell membrane of active cells (i.e.,
Jurkat cells) was also included. In this section, the dynamics of cellular uptake of FSL-
FLRO4, FSL-BODIPY, and FSL-biotin into the RBC and Jurkat culture cell lines were

investigated using flow cytometry.

3.3.1 Effect of FSL constructs concentration

Methodology: Experiments were performed to establish the relationship between FSL
construct concentration and transformation effectiveness. For the concentration-
dependent uptake study of FSL constructs, kodecytes and unkoded cells (as controls)
were prepared at 37°C after 2 h of incubation of RBC/Jurkat cells with respective FSL
constructs (detailed protocol in Section 2.4). RBCs and Jurkat cell kodecytes were
prepared with FSL-FLRO4, FSL-BODIPY, and FSL-biotin at increasing concentrations of
0.05-50 uM and 0.1-25 uM, respectively (Table 4). After completion of the incubation
step, both unwashed and washed kodecytes were analysed by flow cytometry. The data
presented below was obtained from washed kodecytes, as MFI generated from either
unwashed or washed kodecytes was not significantly different. The schematic overview

of the method is presented in Figure 19.
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Figure 19: Schematic overview of method testing concentration-dependent uptake of FSL
constructs in RBC and Jurkat cells.

Table 4: A detailed account of the FSL construct concentrations used in this section. RBC and
Jurkat kodecytes were examined to study concentration-dependent uptake at 37°C after 2 h of
incubation.

Cell FSL Concentration (uM)
types constructs 505 01 02 04 1 2 3 6 13 25 50
RBC FSL-FLRO4 X X X X X X X X X X X
FSL-BODIPY X X X X X X X X X x
FSL-biotin X X X X X

005 01 02 05 1 3 5 10 15 20 25

Jurkat  FSL-FLRO4 X X X X X X X X X X
FSL-BODIPY X X X
FSL-biotin X X X X
Results:
RBC kodecytes

Figure 20A shows that, as expected, as the concentration of FSL constructs increased,
the RBC kodecytes fluorescent signal (MFI) also increased. Additionally, uptake was
linear for all tested FSL constructs, and saturation in MFl was not observed. Hence, FSL-
FLRO4, FSL-BODIPY, and FSL-biotin all showed an expected dose-dependent cellular
uptake. Unkoded or control cells (0 uM) generated negligible fluorescence signals (data

not shown). For FSL-biotin, an additional control with only Streptavidin Alexa Fluor™ 488
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was prepared from unkoded cells (and no fluorescence was observed). This indicates

that the Streptavidin Alexa Fluor™ 488 binding to biotin-kodecytes is specific.

These results also allow for comparisons of the relative fluorescence of different FSL
constructs. It is important to note that, unlike FLRO4 and BODIPY-kodecytes, which are
directly analysed, biotin-kodecytes require the secondary addition of Streptavidin Alexa
Fluor™ 488 (biotin+SAF488 kodecytes) for detection by flow cytometry. Thus, this
experiment’s results helped compare the fluorescent signal obtained from direct or
primary labelling (FLRO4 and BODIPY-kodecytes) to indirect or secondary Streptavidin

Alexa Fluor™ 488 fluorophore labelling analysis of biotin kodecytes.

In Figure 20B, the MFI generated by BODIPY and FLRO4-kodecytes (the same data from
Figure 20A) was normalised against the biotin+SAF488-kodecytes MFI to allow a more
direct comparison of MFI change (indicated in %). To do that, the obtained MFI intensity
from the BODIPY and FLRO4 kodecytes was normalised by dividing all the obtained MFI
by the maximum brightness of the biotin+SAF488 kodecytes. The maximum
fluorescence signal was set to 100% in all measured data (biotin+SAF488 kodecytes).
This result highlights that, irrespective of FSL-FLRO4 concentrations, with respect to
biotin+SAF488 kodecytes, FLRO4 kodecytes produce approximately 80% less
fluorescence signal. Additionally, compared to biotin+SAF488 kodecytes, BODIPY-
kodecytes generate around 50% less fluorescent signal at lower concentrations (3 to
13uM), whereas at higher concentrations (25 to 50uM), it changes to nearly 30%.
Similarly, in Figure 21C, the MFI of FLRO4-kodecytes was normalised against BODIPY-
kodecytes (100%) to allow for comparison between FLRO4 and BODIPY-kodecytes
(direct or primary labelling technique). It was observed that (Figure 20C) in comparison
to BODIPY-kodecytes, FLRO4-kodecytes generate approximately 50% less fluorescence
signal at lower concentrations (0.1 to 2uM), which decreases to nearly 65% for higher
concentrations (3 to 50uM). From these results (Figures 20A, B, and C), it could be
implied that at comparable concentrations, biotin+SAF488 kodecytes are most

fluorescent, followed by BODIPY and FLRO4-kodecytes.
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Figure 20: The concentration-dependent uptake of FSLs by RBC. kodecytes were prepared with FSL-FLRO4, FSL-BODIPY, and FSL-biotin at a range of concentrations
(representing a molarity range of 0 to 50 uM). A) MFI of FLRO4, BODIPY, and biotin+SAF488 kodecytes. B) The change in MFI of BODIPY and FLRO4-kodecytes
compared to biotin+SAF488 kodecytes (%). C) The change in MFI of FLRO4-kodecytes compared to BODIPY-kodecytes (%). Experiments were performed three times,
and the data (obtained from washed kodecytes) is expressed as the mean % SD.
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Jurkat kodecytes

As seen previously (Figure 20A) with RBC kodecytes, the data in Figure 21A shows that
the MFI generated by Jurkat kodecytes increases with concentration, i.e., all examined
FSL constructs demonstrated a concentration-dependent cellular uptake. Additionally,
the results shown in Figures 21B and 21C were also in agreement with the previously
seen results with RBC kodecytes (Figures 20B and 20C). Jurkat FLRO4 and
BODIPY- kodecytes produce approximately 65% and 20% less fluorescence signals
compared to biotin+SAF488 kodecytes (100%) (Figure 21B). Additionally, compared with
Jurkat BODIPY-kodecytes (100%, Figure 21C), FLRO4-kodecytes generated nearly 50%
and 30% less fluorescence signals at 5 and 25 uM concentrations. Finally, it could be
shown that the Jurkat biotin+SAF488-kodecytes are the most fluorescent, followed by
BODIPY and FLRO4-kodecytes.

Flow cytometry data are presented as dot plots and histograms, where each dot in a
forward scatter versus side scatter plot represents a single cell. These are helpful in
revealing information regarding the homogeneity or uniformity of the labelled
population®* j.e., the labelled cells can be differentiated based on their uptake
behaviour, which hence enables the identification of subpopulations of cells with
different intensities. For example, a two-peak histogram means there are dim and bright

cells in the main population of labelled cells.

FSL concentrations at 25 uM have been chosen as a representative concentration to
show flow cytometric dot plots and histogram data below (Figures 22 and 23), as this
concentration was analysed for a concentration-based uptake study for both RBCs and
Jurkat cells. From the flow cytometric dot plots and histograms (shown in Figures 22 and
23), it was seen that RBC and Jurkat cells kodecytes responded as one homogenous
population, and discrete subpopulations of kodecytes with different intensities were not
detected, i.e., cells taking up much more or much less FSL constructs than the main

population were not found.
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Figure 21: The concentration-dependent uptake of the FSLs by Jurkat cells. Jurkat kodecytes were prepared with FSL-FLRO4, FSL-BODIPY, and FSL-biotin at a range
of concentrations (representing molarity ranges from 0 to 25 uM). A) MFI of FLRO4, BODIPY, and biotin+SAF488 kodecytes. B) The change in MFI of BODIPY and
FLRO4-kodecytes compared to biotin+SAF488 kodecytes (%). C) The change in MFI of FLRO4-kodecytes compared to BODIPY-kodecytes (%). Experiments were
performed twice, mean + SD.
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Figure 22: Dot plot and histograms of unkoded RBCs and RBC kodecytes. The dot plot and respective histogram obtained from unkoded RBCs and 25 uM FLRO4,
BODIPY, and biotin+SAF488-kodecytes shows one homogenous population.
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Figure 23: Dot plot and histograms of unkoded Jurkat cells and Jurkat-kodecytes. The dot plot and respective histogram obtained from unkoded Jurkat cells and 25
UM FLRO4, BODIPY, and biotin+SAF488-kodecytes shows one homogenous population.
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Summary: The findings show that all examined FSL constructs exhibited concentration-
dependent cellular uptake, and Jurkat and RBC kodecytes stained as a single,
homogeneous population (regardless of the concentration of the FSL constructs).
Finally, it could be shown that the biotin+SAF488 kodecytes are the most fluorescent,
followed by BODIPY and FLRO4 kodecytes. RBC and Jurkat kodecytes both showed

comparable trends.

3.3.2 Effect of temperature on FSL uptake

Overview: Previous work on blood group based FSL constructs used for red cell
modification was predominantly carried out at 37°C, and uptake was measured
indirectly by agglutination. The use of agglutination to measure FSL uptake has its
limitations and can be influenced by several factors, including RBC shape. In contrast,
flow cytometry enables a more direct measurement of modification. Hence, to learn
more about the effect of temperature on FSL construct uptake in vitro, temperature-
dependent uptake of FSL was measured using flow cytometry. Additionally,
temperature-dependent uptake of FSL-FLRO4, FSL-BODIPY, and FSL-biotin has not been
analysed before, and in this section, different koding temperatures were examined for

their koding effectiveness at a comprehensive range of concentrations.

The recommended storage temperature for RBC is 2—8°C (refrigeration temperatures),
as, at this temperature range, cellular metabolism is slower and bacterial growth is
suppressed. Therefore, if RBCs are at their optimum storage condition at 2-8°C, studying
the uptake of FSL constructs within this temperature range would be useful.
Additionally, room temperature (RT) was an obvious choice for the simplicity of large-
scale manufacturing (rather than 37°C). Hence, experiments were carried out to
estimate and compare the uptake of FSL-FLRO4, FSL-BODIPY, and FSL-biotin at 2—-8 °C,
RT, and 37°C.

Temperature-dependent uptake studies were not performed at lower temperatures for
Jurkat cells, as 37°C is considered the optimum temperature for growing and
maintaining culture cells and incubating culture cells at 4°C and RT is detrimental to their

viability and optimum performance.
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Methodology: The methodology was designed to test the temperature-dependent
uptake of FSL constructs by RBC. The schematic overview of the method is presented in

Figure 24, followed by a detailed explanation of the experimental protocol.

e One volume of working concentrations of FSL constructs was added to one
volume of packed RBCs. The contents were mixed to ensure even suspension.
Control or unkoded cells were also prepared simultaneously by incubating one
volume of CellStab with one volume of RBCs.

e For O-time point analysis (0 h), samples were aliquoted from the mixture and
assessed in both unwashed and washed states by flow cytometry. RBC and FSL
mixtures were divided into three sets, with each set maintained at 37°C, RT, and
4°C.

e For 37°C and RT mixtures, samples were aliquoted at predetermined time
intervals for up to 24 h and assessed by flow cytometry.

e For FSL-FLRO4 and FSL-BODIPY, 4°C incubation was also extended to a 240 h (d10)
testing period, with regular testing at 1, 2, 4, 6, 24, 48 (d-2), 72 (d3), 192 (d8), and
240 h (d10) in both unwashed and washed states. For FSL-biotin, incubation at
4°C was extended to a 120-h (d5) testing period, with regular testing at 1, 2, 6, 24,
48 (d2), and 120 h (d5).

Flow Cytometry

biotin+SAF488
kodecyte

o

FLRO4-kodecyte
Mix RBCs with Aliquot into Incubate BODIPY-kodecyte
FSL constructs three sets
A
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Figure 24: Schematic overview of method testing temperature-dependent uptake of FSL
constructs in RBC.
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FSL-FLRO4

In Figure 25, three different koding temperatures (37°C, RT, and 4°C) were tested and
compared for their effectiveness to make FLRO4-RBC kodecytes at low, medium, and
high concentrations of FSL (6, 25, and 50uM), respectively. In Figure 25, it could be
shown that, at specific a time, MFI increases with increasing temperature. This trend
was observed for all tested concentrations (6, 25, and 50 uM). Interval testing also
confirms that 4 h at 37°C and 6 h at RT are the optimum incubation times, as MFl was at
its maximum at these time points. Thereafter, MFI declined following 4 h at 37°C and
between 6 and 24 h of incubation at RT. The result also confirms that FSL-FLRO4 can be
taken up by RBCs at refrigeration temperature (4°C; Figure 25). However, at 4°C, it does
not show the same progression or rate in labelling (effectiveness) as seen with 37°C and
RT methods, i.e., at the same point in time, FSLs were taken up fastest by RBCs at 37°C,
followed by RT and 4°C. FSL-FLRO4 uptake increased over time at 4°C, and it seems to
keep on labelling and not attain a plateau or the same uptake as 37°C even after 240

h/d10 (the last time point of analysis for 4°C).

Statistical analysis of change in MFI with respect to change in temperature, time, and
concentration of FLRO4-kodecytes was determined using PRISM GraphPad. Two-way
ANOVA and Tukey’s multiple tests were used to test the statistical significance.
Decrease/change in fluorescent intensity is significant for p<0.05 (*), p<0.003(**) and
statistically highly significant for p<0.001(***) and p<0.0001 (****). It was seen that
irrespective of the concentration of FLRO4-kodecytes made at 37°C after 4 h and 6 h of
koding, the decrease in MFI (compared to 24 h) was found to be highly significant
p<0.0001 (****). The decrease in MFI at RT after 4 h of koding was also found to be
significant. Additionally, at 4 °C, after 4 h and 6 h of koding (compared to 0, 1 and 2 h),
the increase in MFl was also found to be significant for 6 uM FLRO4-kodecytes and highly
significant for 25 and 50 uM FLRO4-kodecytes. There was also a significant increase in

the MFI (compared to 2 h) after 24 h of koding at 4 °C.
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Figure 25: Temperature-dependent uptake of FSL-FLRO4 in RBC. Data obtained by flow cytometry. Uptake of 6 (A1 and A2), 25 (B1 and B2), and 50 uM (C1 and C2)
of FSL-FLRO4 was measured at 37°C, RT, and 4°C over a period of 24 h. Experiments were performed thrice, and the data is expressed as the mean + SD. Note that
the Y axis is different between data sets and the data in Figures A1, B1, and C1 corresponds to Figures A2, B2, and C2 in scatter and column format; see Figure 26

for the data presentation at the same scale.
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For direct comparative purposes of the relative levels of uptake (same scale for the Y
axis), the data in Figure 25 is reproduced in a single graph (Figure 26). Additionally, it
also shows the prolonged uptake of FSL-FLRO4 at 4°C over a period of 240 h (d10).
Overall, it could be seen that, with respect to 37°C, after 2-4 h of incubation at RT, nearly
50% to 60% of available FSL-FLRO4 was taken up by RBC (Figure 26). Whereas at 4°C,
labelling efficiency accounted for approximately 14% to 20%. This trend was observed

for all tested concentrations.

Table 5 summarises the interval testing comparison at different temperatures and
indicates equivalence points of FSL-FLRO4 uptake at RT and 4°C with respect to 37°C
(after 1 h). It could be suggested that across the concentration range, RBC transformed
at 37°C for 1 h and RT for 4 h generate comparable MFI. Additionally, for the lower
concentrations, uptake at 4°C essentially reached the same level as the 37°C/1 h
transformation after 48 h and at higher concentrations after 192 h. It should be noted
that no flow cytometric analysis was performed between 72 and 192 h, and the 37°C

(1 h) MFI could have been observed prior to 192 h.

Table 5: Equivalence points of FSL-FLRO4 uptake at RT and 4°C compared to 37°C (after 1 h),
non-key data points are represented in light grey.

Temperature Time (h) Mean Fluorescence Intensity (MFI)

UM FLRO4-kodecytes

6 25 50
37°C 1 14+1 66+1 111+1
RT 4 13+2 61+3 110+ 3
4°C 48 14+2 50+1 84+4

4°C 192 201 65+2 113 +1
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Figure 26: Overall comparative temperature-dependent uptake of FSL-FLRO4. Uptake of FSL-FLRO4 is shown at 37°C and RT over 24 h and 4°C over 240 h (d10).

71



72

FSL-BODIPY

In Figure 27, it could be seen that for tested concentrations, when RBC were labelled
with FSL-BODIPY at different temperatures for the same point in time, MFI increased
with increasing temperatures. Although for 37°C and RT, at the 24 h incubation time
interval, the MFI was at its highest, there appears to be a minimal improvement in MFI
after 2 and 6 h time points, respectively. Hence, it could be proposed that after 2 h at
37°C and 6 h at RT, MFI seems to approach a plateau. Like FSL-FLRO4, FSL-BODIPY can
label RBC at 4°C (Figures 25 and 26), although the uptake of FSL constructs at 4°C is
slower compared to 37°C and the RT method. Additionally, as expected, at 4°C, uptake

plateaued after day 8 as MFI changed minimally.

Statistical analysis of change in MFI with respect to change in temperature, time, and
concentration of BODIPY-kodecytes was determined using PRISM GraphPad. Two-way
ANOVA and Tukey’s multiple tests were used to test the statistical significance. Change
in fluorescent intensity is significant for p<0.05 (*), p<0.003(**) and statistically highly
significant for p<0.001(***) and p<0.0001 (****). From the statistical analysis, it can be
seen that, irrespective of concentration of BODIPY-kodecytes at 37°C after 4 h of koding,
the change in MFI (compared to 24 h) is not significant. However, there was a significant

increase in the MFI (compared to 2 h) after 24 h of koding at 4 °C.
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Figure 27: Temperature-dependent uptake of FSL-BODIPY in RBC. Data obtained by flow cytometry. Uptake of 6 (A1 and A2), 25 (B1 and B2), and 50 (C1 and C2) uM
of FSL-BODIPY was measured at 37°C, RT, and 4°C over a period of 24 h. Experiments were performed thrice, and the data is expressed as the mean + SD. Note that
the Y axis is different between data sets and the data in Figures A1, B1, and C1 corresponds to Figures A2, B2, and C2 in scatter and column format; see Figure 28
for the data presentation presented at the same scale.
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For direct comparative purposes of the relative levels of uptake (same scale for Y axis),
the same data is reproduced in a single graph (Figure 28) with additional time points at
4°C up to 240 h (d10). Overall, the labelling effectiveness of FSL-BODIPY varied within
concentration ranges, with slower uptake at lower concentrations (by nearly 15%).
Additionally, with respect to 37°C, within 2 h of incubation at RT, nearly 80% of
FSL- BODIPY was taken up by RBC, and it improved to 90% within 4 h. Whereas at 4°C, it

was nearly 30% and 50%, respectively.

Table 6 indicates equivalence points of FSL-BODIPY uptake at RT and 4°C with respect to
37°C (after 1 h). RBC transformed at 37°C for 1 h and RT for 4—6 h generated nearly
similar fluorescence signals. As there was no testing between 4 and 6 h, chances are that
the MFI obtained at 6 h could have been observed prior to the 6 h testing point.
Additionally, uptake at 4°C essentially seems to reach a plateau after 192 h. From Table 6
(and Figure 28), it could be suggested that for 6 and 25 uM FSL-BODIPY, uptake at 4°C
essentially reached the same level as the 37°C/1 h transformation after 240 h. However,
a comparable MFI of 50 UM was not achieved even after 240 h of koding (it was about

10% lower).

Table 6: Equivalence points of FSL-BODIPY uptake at RT and 4°C compared to 37°C (after 1 h).

Temperature Time (h) Mean Fluorescence Intensity (MFI)

1M BODIPY-kodecytes

6 25 50
37°C 1 23+1 100+ 1 2305
RT 4 22+3 942 224 +4
4°C 192 20+1 92+2 191+3

4°C 240 22+1 94 +3 2025
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Figure 28: Overall comparative temperature-dependent uptake of FSL-BODIPY. Uptake of FSL-BODIPY is shown at 37°C and RT over 24 h and 4°C over 240 h (d10).
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FSL-biotin

The uptake of FSL-biotin is temperature-dependent, and as expected was fastest at
37°C. Transformation of RBC at RT closely follows this uptake, (Figure 29). Interval
testing revealed that the uptake was maximum after 24 h of incubation at 37°C or RT,
but biotin+SAF488 kodecytes reached their plateau within an hour of incubation at
either temperature. For both 37°C and RT, lower concentrations appeared to approach
the plateau within 1 h of incubation. For the higher concentration range, it took longer.
Like FSL-FLRO4 and FSL-BODIPY, FSL-biotin can transform RBC at 4°C (Figures 25, 27, and
39). On of the most important observation is that, although the overall rate of uptake of
FSL-biotin at 4°C was slower compared to 37°C and RT incubation, at 0 h it was much
quicker and efficient. For example, within seconds of mixing RBC with FSL-biotin,

biotin+SAF488 kodecytes accounted for nearly 35% of the uptake.

Statistical analysis of change in MFI with respect to change in temperature, time, and
temperature of biotin+SAF488 kodecytes was determined using PRISM GraphPad. Two-
way ANOVA and Tukey’s multiple tests were used to test the statistical significance.
Change in fluorescent intensity is significant for p<0.05 (*), p<0.003(**) and statistically
highly significant for p<0.001(***) and p<0.0001 (****). From the statistical analysis, it
can be seen that, for 6 and 25 uM biotin+SAF488 kodecytes at 37°C after 2 h of koding,
the change in MFl is not significant. However, there was a significant increase in the MFI
for 50 uM biotin+SAF488 kodecytes. Irrespective of concentration of FSL-biotin, at 4°C,

after 24 h of koding (compared to 2 h), increase in MFl is highly significant.
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Figure 29: Temperature-dependent uptake of FSL-biotin in RBC. biotin-kodecytes were detected with Streptavidin, Alexa Fluor™ 488 conjugate. Data obtained by
flow cytometry. Uptake of 6 (A1 and A2), 25 (B1 and B2), and 50 (C1 and C2) uM of FSL-BODIPY was measured at 37°C, RT, and 4°C over a period of 24 h. Experiments
were performed thrice, and the data is expressed as the mean + SD. Note that the Y axis is different between data sets and the data in Figures Al, B1, and C1

corresponds to Figures A2, B2, and C2 in scatter and column format; see Figure 30 for the data presentation at the same scale.
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For direct comparative purposes of the relative levels of uptake (same scale for Y axis),
the same data is reproduced in a single graph (Figure 30) with additional time points at

4°C up to 140 h (d5).

Table 7 below summarises interval testing comparisons of FSL-biotin uptake at 37°C, RT,
and 4°C over a period of 24 h and 120 h (5 days), respectively. For both lower and higher
concentrations, RBC transformed at 37°C/1 h and RT/1 h generated comparable MFI.
Insertion at 4°C essentially reached the same level as the 37°C/1 h transformation after
24 h. It should be noted here that there was no testing between 6 and 24 h; chances are
that biotin+SAF488 kodecytes MFI (attained at 24 h) could have been observed prior to

the 24 h testing point.

Table 7: Equivalence points of FSL-biotin uptake at RT and 4°C compared to 37°C (after 1 h).

Temperature Time (h) Mean Fluorescence Intensity (MFI)

UM biotin-kodecytes

6 25 50
37°C 1 59+1 222+1 361+4
RT 2 57+2 208 £ 4 371+6

4°C 24 54 +3 216 +4 375+11
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Figure 30: Overall comparative temperature-dependent uptake of FSL-biotin. Uptake of FSL-biotin is shown at 37°C and RT over 24 h and 4°C over 120 h (d5).
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Comparative evaluation of FSL constructs koding efficiency

In marked contrast to FSL-FLRO4 and FSL-BODIPY, the labelling efficiency of FSL-biotin
at 4°C (and RT) was much higher. For example, within seconds of mixing RBC with FSL-
biotin (0 h), biotin+SAF488 kodecytes accounted for nearly 35% of the uptake. This
finding was different from what was shown with FSL-FLRO4 and FSL-BODIPY, where the
kodecytes took up less than 1% of the FSLs at O h. Additionally irrespective of the tested

concentration of FSL-biotin, it demonstrated better koding efficiency.

In order to examine the notable difference in labelling efficiency of FSL-biotin and other
FSL constructions in more detail, MFI data obtained from 25uM FLRO4, BODIPY, and
biotin-kodecytes at 37°C and RT was replotted (Figure 31A and 31B). Additionally, for
direct comparative purposes (of the relative levels of uptake after 0 and 1 h), the data
shown in Figures 25, 27, and 29 are reproduced in Figure 31. For this, the MFI obtained
from respective kodecytes at 0 and 1 h was standardised against a 2 h time point, i.e.,

the MFIl at 0 h and 1 h was calculated as a percentage of the 2 h (maximum).

Figure 31 confirms the marked contrast in the labelling efficiency of FSL-biotin with
respect to FSL-FLRO4 and FSL-BODIPY at the 0 h time point. So, it would be appropriate
to analyse whether this increase in labelling efficiency of the FSL-biotin at 0 h is a
consequence of the detection methodology of biotin-kodecytes using Streptavidin,
Alexa Fluor™ 488 conjugate. As mentioned in Section 2.4.1, to detect biotin-kodecytes,
thereis an additional step wherein the biotin-kodecytes are incubated with Streptavidin,
Alexa Fluor™ 488 conjugate, for 30 minutes at RT. Hence, with respect to FLRO4 and
BODIPY kodecytes, biotin-kodecytes get an extra 30 minutes of incubation at RT
(because of the consequence of their detection methodology). This incubation time
frame could be proposed to aid in the uptake and rearrangement of the possibly trapped
FSL-biotin construct in glycocalyx, hence enhancing the availability of biotin-kodecytes

for detection.
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Relative uptake of FSL constructs at 37°C and RT (compared from 2 h)
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Figure 31: Relative uptake of different FSLs at 37°C and RT. Relative MFI of BODIPY, FLRO4, and
biotin+SAF488-kodecytes at A) 37°C and B) RT at 0 and 1 h. The change in MFl at 0 h and 1 h was
calculated as a percentage of the 2 h (maximum, 100%).

To cross-check this scenario and remove the variability of an extra half-hour incubation
used for detection of biotin-kodecytes, further experiment was planned, wherein
FLRO4-kodecytes and BODIPY-kodecytes were treated similar to
biotin+SAF488 - kodecytes. For this, RBC was incubated with 25uM of different FSL
constructs at 37°C. Then samples were aliquoted at 0, 0.5, 1, and 2 h of incubation and

washed. The 0 h time point time frame was maintained strictly. After specific time,
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samples were washed using working strength PBS thrice. FLRO4 and BODIPY- kodecytes
were incubated with CellStab and biotin-kodecytes with Streptavidin, Alexa Fluor™ 488
conjugate for half an hour at RT. Finally, kodecytes were washed and analysed by flow
cytometry. Figure 32 represents the % change in MFI compared from 2 h time point (MFI

at 2 h is considered to be 100%).

100 M FLRO4-kodecytes
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Figure 32: Analysing the enhanced koding efficiency of biotin-kodecytes. For this, the
consequence of the detection methodology of biotin-kodecytes using Streptavidin, Alexa Fluor™
488 conjugate was examined. Relative MFI of 25 uM FLRO4, BODIPY, and biotin+SAF488
kodecytes at 0, 0.5, and 1 h. The MFI at 0, 0.5, and 1 h was calculated as a percentage of the 2 h
(maximum 100%).

Figures 31 and 32 show that, compared to FSL-FLRO4 and FSL-BODIPY, FSL-biotin
labelling efficiency was quicker and more efficient. In Figure 31, the difference in
labelling efficiency among different kodecytes was more, and when it was retested to
remove the variability of an extra half-hour incubation used for the detection of biotin-
kodecytes, it decreased. However, regardless of koding temperatures, FSL-biotin uptake

efficiency was superior to that of FSL-FLRO4 and FSL-BODIPY.

A larger koding difference (Figure 31) is possibly due to extensive sample handling, as
three concentrations were tested for transformation efficiency at three different

temperatures. Thus the 0 h time point analysis could have extended from 0 h to minutes.
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When 0 h time point uptake was re-analysed with strict time frame maintenance
(Figure 31) at a single concentration, the uptake rate for biotin+SAF488-kodecytes
decreased compared to the results interpreted in Figure 31. However, from the overall
data, it could be proposed that FSL-biotin was capable of faster transformation

compared to FSL-FLRO4 and FSL-BODIPY.

As within 1 h of koding (37°C), nearly 95% of FSL-biotin and 91% of FSL-BODIPY were
taken up by RBCs, it is important to analyse the uptake efficiency of FSL constructs at
closer time. The comparison of closer uptake time points (5, 15 minutes) against the
maximum transformation time point (100%) would provide a more precise koding

efficiency of FSLs.

There could be multiple factors that might impact the temperature-dependent uptake
of FSL constructs. Temperature is known to impact the lipid bilayer's fluid state. At 37°C,
the membrane is more fluid than at RT and 4°C, making the uptake of the FSL construct
more rapid. Hence, it could be suggested that the smaller degree of FSL construct
incorporation at a lower temperature of 4°C was due to a decrease in membrane fluidity.
Additionally, temperatures might also regulate the availability of FSL constructs to

incorporate into the RBC membrane.

Temperature-based uptake study highlighted following aspects of the study along with

relevant outline for further investigations.

e The uptake of FSL constructs increases with temperature, with koding at 37°C
demonstrating the fastest uptake of FSLs, regardless of the different FSL-
construct.

o To better comprehend the kinetics of cellular uptake at 37°C, a shorter interval of
time points within the first hour of transformation needs to be carried out. This
aspect of the study would also negate the possibility that the kodecyte
fluorescence signal observed after 1 h of koding was not generated prior to 1 h of

testing.
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e With respect to RBCs, prolonged undesirable incubation at 37°C could be
substituted with an alternative combination of incubation times at RT and 4°C.
Thus, itisimportant to estimate and compare the transformation efficiency of FSL
constructs using a combination of different temperatures and incubation times.

e |t is important to highlight that, with FSL-BODIPY and FSL-biotin, there was no
fluorescence signal loss during extended incubation at 37°C; however, there was
a loss with FSL-FLRO4. Hence, the reasons behind FSL-FLRO4 signal loss during
24 h incubations at 37°C need to be investigated.

e For a better understanding of the FSL transformation/uptake phenomenon, post-
transformation solutions from different time intervals should be evaluated for the
presence of any residual FSL constructs. Therefore, it was planned that the post-
transformation solution would be recovered as a supernatant and assessed for
the presence of residual FSL constructs by analysing their possibility to transform

fresh RBC.

3.3.3 Effect of time on FSL uptake

Overview: The previous temperature-based uptake study highlighted the importance of
evaluating shorter koding duration for uptake of the FSL construct (within the first hour
of incubation at 37°C). Additionally, it was also considered that, for a better
understanding of the mechanism of uptake of FSLs by RBCs, after completion of the
respective koding duration, the post-transformation solution could be evaluated for the
presence of any residual FSL constructs. Hence, to determine the dynamics of cellular

uptake of FSL-constructs at 37°C in greater detail, a time-course uptake study was set

up.

Methodology: The following methodology was designed to test the time-dependent
uptake of FSL constructs in RBC over a period of 24 h. The schematic overview of the
method is presented in Figure 33, followed by a detailed explanation of the experimental

protocol.
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Figure 33: Schematic overview of method testing time-dependent uptake of FSLs at 37°C in RBC
over a period of 24 h.

The following protocol outlines the steps.

RBCs were incubated with FSL constructs at 37°C for up to 24 h. Samples were
aliquoted at predetermined intervals (Table 8), and MFI was estimated by flow
cytometry.

After 24 h of incubation, RBC and FSL mixture content was centrifuged in an
Immufuge on high for 3 minutes to separate supernatant, i.e., post
transformation solution (PTS). It was further centrifuged at 130xg for 5 minutes
to ensure removal of any residual kodecytes.

The post-transformation solution was evaluated for the presence of residual FSL
constructs by analysing its possibility to transform fresh RBCs. To achieve this, an
equal volume of post-transformation solution was incubated with an equal
volume of packed RBCs for 2 h at 37°C.

MFI obtained from kodecytes after 4 h for FSL-FLRO4 and 24 h for FSL-BODIPY
and FSL-biotin was combined with MFI obtained from respective post-
transformation solution kodecytes to obtain maximum MFI, which would be used
as a reference point for 100% uptake (maximum MFI). Henceforth, the koding
efficiency of the FSL construct at a predetermined time was calculated as the

percentage of the reference point of 100% uptake (maximum MFI).
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e Flow cytometry analysis of unwashed and washed samples of FSL-FLRO4 and FSL-
BODIPY kodecytes revealed minimal differences in MFI values. Therefore, to
ensure reliable and reproducible results, MFI obtained from washed samples was
only analysed. It is important to mention that in the case of FSL-biotin kodecytes,
only washed samples should be analysed, as it is important to remove any outliers
in the data generated from non-specific bindings of Streptavidin, Alexa Fluor™

488 conjugate. For all tested FSL constructs, only washed samples were analysed.

Table 8: Time-dependent uptake of FSLs in RBC at 37°C over a period of 24 h. The Table also
shows the time point at which post-transformation solution (PTS) was evaluated for the
presence of residual FSL construct.

FSL Concentration Kodecytes obtained at time PTS kodecytes
constructs (kM) points (h) obtained after time
point (h)
FSL-FLRO4 3,6, 12, 25,50 0,0.08,0.25,0.5,1, 2,3, 4, 6, 24 24
FSL-BODIPY 3,6, 12, 25,50 0,0.25,0.5,1,2, 4,24 24
FSL-biotin 6, 25 0,0.08,0.25,0.5,1, 2,6, 24 24
FSL-FLRO4

FSL-FLRO4 constructs showed a time-dependent uptake at 37°C in RBC as MFl increased
with an increase in incubation time. It could be seen from Figure 34 that FSL-FLRO4
uptake gradually increased past 5 minutes of incubation, and MFI attained at 1 h was
not observed prior to the 1 h testing point. Additionally, FSL-FLRO4 uptake was fastest
in the first hour, with a slower increase in MFI thereafter. At the 4 h time point of
analysis, the fluorescence signal (MFI) was highest, and past this time point of
incubation, MFI started decreasing. It was expected that the post-transformation
solution (obtained at 24 h) would account for the loss of the FSL-FLRO4 signal; hence,
after completion of the 24-hour incubation, the supernatant was separated and
incubated with fresh RBC. It was observed that MFI obtained from kodecytes prepared
from 24 h of supernatant did not match up to the level of fluorescence lost from
kodecytes obtained at the 24 h incubation time point. Chapter 5 discusses the
experimental setup and results obtained to understand the unaccounted signal loss for

FSL-FLROA.
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Figure 34: Time-dependent uptake of FSL-FLRO4 in RBC at 37°C over 24 h. Data obtained by flow
cytometry. Experiments were performed thrice, and the data is expressed as the mean + SD.

Koding efficiency of FSL-FLRO4 at specific time period was calculated as the percentage
of maximum MFI (reference point of 100% uptake) which is sum of MFI obtained from
FLRO4-kodecytes at 4 h time point and kodecytes prepared from post transformation
solution (24 h). Figure 35 summaries the kinetic of uptake of FSL-FLRO4 across the tested
concentrations. Within just 5, 15 and 30 minutes of incubation/koding, FSL accounted
for approximately 31%, 48%, 65% and 17%, 32%, 55% uptake, respectively. Across the
tested concentration range the most rapid uptake was observed in the first hour of
incubation, accounting for approximately 80% of maximum signal obtained.

Fluorescence signal increased only minimally afterwards.
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Figure 35: Dynamics of uptake of FSL-FLRO4 in RBC, flow cytometry data. The koding efficiency
was calculated as percentage of the maximum uptake and is plotted against time in minutes.
Koding efficiency at 0 h corresponds to MFI of RBC and FSL-FLRO4 mixture aliquoted
immediately after incubation with FSL-FLRO4, while the maximum MFI (4 h MFI +PTS MFI; not
shown) is 100%.

The statistical significance of finding that lower concentrations of FSL-FLRO4 (3 and 6
KUM) had better koding efficiency than higher concentrations (13 UM and above) during
5, 15, and 30 minutes of koding period was examined using a two-way ANOVA with
Tukey's multiple comparison test. Significant changes in koding efficiency are defined as
*P<0.05, **P<0.005, ***P<0.0005, and ****P<0.0001. The koding efficiency of 3 and
6 UM FSL-FLRO4 was examined at all koding durations and compared to all other tested
concentrations. The results of the statistical analysis showed that up to 30 minutes of
koding duration, 3 and 6 uM FSL-FLRO4 had significantly higher koding efficiency
(although with a different P value) than all other concentrations. However, after 60 and

120 minutes of koding, this change is not significant.

Due to the nature of FSL constructs, in koding solution (depending on their
concentration), they would probably exist as either free monomers (below CMC) or

micelles (at and above CMC). Based on earlier studies, FSL-FLRO4 and FSL-biotin in
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aqueous solution (dispersed in PBS pH 7.4) have been shown to form micelles at 14-30
UM and 5-130 pM concentrations, respectively.!!* The analysis of the FSL-BODIPY
micelle and its respective CMC had not been reported previously. Possibly the uptake of
FSL constructs below CMC is because free FSLs are acquired by the cell membrane
spontaneously. Additionally, depending on the nature of micelle &, there are a few
different possibilities for the uptake of FSL above CMC, like whether FSL monomers
dissociate from micelles and are then acquired by the cell membrane or whether FSL
micelles do not dissociate and are acquired by the cell membrane as a whole FSL micellar

unit. The following results would be discussed with respect to micellar FSL possibilities.

From Figure 36, it could be seen that lower concentrations (free FSLs), especially 3 and
6 UM, seem to be taken up faster within the initial incubation period than higher
concentrations (CMC), and as the incubation period progresses, the rate of uptake
becomes more uniform across the concentration range. This phenomenon of a slower
uptake rate for higher concentrations (CMC) during preliminary incubation time points
could be attributed to the nature of micelles. It could be proposed that during the initial
phase of incubation, FSL-FLRO4 at higher concentrations are in micellar form (or
transitioning) with a low off-rate, owing to which they are more stable and do not allow
exchange or dissociation of their monomers readily in the solution phase. As the
incubation time progresses, micelles will have more time to incorporate into the

membrane’s surface, levelling off the uptake efficiency of lower concentrations.

Methodology for exploring micelle concept

To investigate the micelle phenomenon, an experiment was set up wherein a non-
fluorescent FSL construct, FSL-GB3 (Figure 13D), was used along with FSL-FLRO4 (in two
different ratios) to attain a strength of 50 uM (representing micelle form of FSLs).
FSL- GB3 was chosen for this study as it has an adipate-based spacer (like FSL-FLRO4);
hence, confounding effects generated because of structural dissimilarities could be
avoided. Table 9 summarises the various individual and combinations of FSL constructs
(in different ratios) used in this experiment to examine the micelle hypothesis. FSL-GB3
being non-fluorescent only represents the concentration part and highlights the effect
of the micelle on the fluorescence signal. In this experimental set-up, RBC was incubated

with individual FSL (FSL-FLRO4, FSL-GB3) and grouped FSL constructs representing
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micelles (FSL-FLRO4+FSL-GB3) at 37°C for 5 and 60 minutes. The respective kodecytes

were washed and analysed by flow cytometry.

Table 9: Exploring the micelle concept of FSL-FLRO4. To examine the micelle hypothesis, various
individual and grouped combinations of FSL-FLRO4 and FSL-GB3 were tested.

FSL constructs Concentration (pM) Time points of analysis (minutes)
FSL-FLRO4 6 5, 60
FSL-GB3 44 5, 60
FSL-FLRO4 + FSL-GB3* 6+44 5, 60
FSL-FLRO4 13 5, 60
FSL-GB3 37 5,60
FSL-FLRO4 + FSL-GB3* 13 +37 5, 60

* Probably exists as micelles because above or near CMC

Results

Figure 36A shows that, when RBC FLRO4-kodecytes were made in the presence (of
different ratios) of FSL-GB3 representing micellar concentration, the fluorescence signal
decreased. This trend was observed at both 5 and 60 minutes of testing. Figure 36B
represents the percentage change in MFI, showing the effectiveness of labelling after 5
and 60 minutes of incubation in the presence of different ratios of FSL-GB3. Uptake
decreased by 60% * 4 and 47% + 1 after 5 minutes and 36% + 4 and 32% + 2 after 60
minutes of incubation in the presence of two tested ratio combinations of FSL-GB3. It
could be hypothesised that the presence of FSL-GB3 is affecting the availability of
FSL- FLRO4 for koding RBC, i.e., FSL-GB3 at tested concentrations may be affecting the
concurrent uptake of FSL-FLRO4 by retaining the FSL-FLRO4 in a micellar form and
reducing its interaction with RBC. Additionally, the abovementioned results also help
conclude that during preliminary incubation, higher concentrations contribute to
relatively slower uptake owing to micelle formation, and as the time of incubation

progresses, it levels out the uptake efficiency.
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Figure 36: Exploring the micelle concept of FSL-FLRO4. Micelle hypothesis examined by analysing uptake of FSL-FLRO4 in the concomitant presence of FSL-GB3 by
flow cytometry A) MFI obtained after 5 and 60 minutes of incubation at 37°C, when RBC FLRO4-kodecytes were made in the presence (of different ratios) of FSL-
GB3. B) % change in MFI, depicting the effectiveness of labelling after 5 and 60 minutes of incubation in the presence of different ratios of FSL-GB3.
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FSL-BODIPY

Figure 37 shows that FSL-BODIPY has time-dependent uptake, and within 15 minutes of
incubation with RBCs, MFI increases rapidly. Although MFI attained at 60 minutes was
not observed prior to the 60 minutes testing point, FSL-BODIPY showed an extremely
fast uptake within 15 to 30 minutes of incubation, as MFI increased considerably.
Furthermore, unlike FSL-FLRO4, FSL-BODIPY uptake approaches a plateau after 2 h of

incubation.
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Figure 37: Time dependent uptake of FSL-BODIPY in RBC at 37°C over 24 h. Data obtained by
flow cytometry. Experiments were performed thrice, and data is expressed as mean * SD.

The koding efficiency of FSL-BODIPY at a specific time was calculated as the percentage
of maximum MFI (reference point of 100% uptake), which is the sum of MFI obtained
from kodecytes at the 24 h time point and kodecytes prepared from the post-
transformation solution (24 h). The dynamics of uptake of FSL-BODIPY across the tested
concentrations are shown in Figure 38. The rate of uptake was different across the

tested concentrations (possibly due to CMC). For example, within 15 minutes of
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incubation, FSL tested at a lower concentration (free FSLs) accounted for 35% efficiency,
whereas it was nearly 60% at a higher concentration of FSL (above CMC). Furthermore,
in the first 60 minutes of incubation, approximately 80% of FSL-BODIPY was taken up by

the RBCs, and thereafter, only a minimal change occurred.
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Figure 38: Dynamics of the uptake of FSL-BODIPY in RBC, flow cytometry data. The koding
efficiency was calculated as a percentage of the maximum uptake and plotted against time in
hours. Koding efficiency at 0 h corresponds to the MFI of RBC and FSL-BODIPY admixture
aliquoted immediately after incubation with FSL-BODIPY, while the maximum MFI (24 h MFI
+PTS MFI; not shown) is 100%.

Figure 38 shows that FSL-BODIPY uptake looks like reaching its optimum faster for higher
concentrations range (50, 25 and 12 uM) than lower concentrations range (6 and 3 uM).
A two-way ANOVA with Tukey's multiple comparison test was used to examine the
statistical significance of the observation of the effect of concentration of FSL-BODIPY
on its koding efficiency (i.e., that lower concentration FSL-BODIPY (3 and 6 uM) had
reduced koding efficiency than higher concertation (13 uM and above) during 15 and 30

minutes of koding period). A change in koding efficiency is considered significant at
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*P<0.05, **P<0.005, ***P<0.0005, ****P<0.0001. For this, koding efficiency of 3 and 6
MM FSL-BODIPY was compared to all other tested concentrations at all tested koding
durations. The statistical analysis revealed that 3 and 6 uM BODIPY had significantly
lesser koding efficiency (although with a different P value) than tested higher
concentrations up to 30 minutes of koding duration. However, this difference is not
significant at 60 and 120 minutes of koding. The observation of concentration-
dependent uptake of FSL-BODIPY suggests that the concentration of FSL regulates the
rate of cellular uptake by determining the amount of FSL that would be available for
acquisition into the RBC cell membrane. As shown in Figure 36, possibly the difference

in koding efficiency may be due to the nature of FSL- BODIPY CMC.

The CMC of FSL-biotin and FSL-FLRO4 has been examined and reported previously;
however, the analysis of the FSL-BODIPY micelle and its respective CMC has not been
studied. During this study, a fluorescent plate reader-based experiment was set up to
possibly propose the CMC of FSL-BODIPY. However, this way of examining the CMCis an
indirect method, as other, more sophisticated methods are available. When the
fluorescence of FSL-BODIPY dispersions at increasing concentrations was analysed, it
was shown that at increasing concentrations, FSL-BODIPY dispersions showed increased
fluorescence until =13 uM (results not shown); above this concentration, the change in
fluorescence signal was not significant. This result possibly suggests that the CMC of FSL-
BODIPY could be around 13 uM, and above this concentration, all additional FSL
constructs form micelles (which are quenched and hence contribute no fluorescence).
Thus, in the case of FSL-BODIPY, it could be hypothesised that the apparent faster uptake
for higher concentrations could be due to the relatively less stable micelle form,
wherein, owing to its higher off-rate, micelles (which function as reservoirs of
monomers) would dissociate faster, releasing monomers that would be acquired at a
quicker rate. Furthermore, at lower concentrations (below CMC), there would be fewer

monomers available, leading to restrained uptake and a slower uptake rate.

In contrast to FSL-FLRO4 uptake (Figure 36), Figure 38 shows that FSL-BODIPY uptake
looks like reaching its optimum faster for higher concentrations range (50, 25, and 12
p1M) than lower concentrations range (6 and 3 uM). The observed results could possibly
be due to the difference in nature of CMC (stability, conformation), which in turn is

influenced in part by the combination of functional group, spacer, and lipid together
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with concentration, temperature, size, and hydrophobicity/hydrophilicity. Additionally,
irrespective of koding duration, more FSL-BODIPY is acquired by the RBC membrane

than FSL-FLRO4. This could be possibly due to the BODIPY hydrophobic functional group.

FSL-biotin

Figure 39 shows that FSL-biotin has an extremely fast uptake in the first 5 minutes of
incubation, as there is a sharp rise in MFI. Uptake continues past 30 minutes with a
slower increase of the MFI over time, and it approaches a plateau after 120 minutes.
From the results obtained, it can be concluded that the FSL labelling trend was similar

across the tested concentrations.
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Figure 39: Time-dependent uptake of FSL-biotin in RBC at 37°C over 24 h. Experiments were
performed twice, and the data is expressed as mean £SD.

The koding efficiency of FSL-biotin at different time periods was calculated as the
percentage of maximum MFI (reference point of 100% uptake), which is the sum of MFI
obtained from kodecytes at the 24 h time point and kodecytes prepared from the post-
transformation solution (24 h). Figure 40 summarises the dynamics of uptake of
FSL- biotin, and it could be seen that it varied marginally across the tested

concentrations of FSL-biotin. The increase in the uptake efficiency of FSL-biotin was
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substantial at the 0 h time point. Within just seconds of mixing RBC with FSL-biotin,
biotin-kodecytes accounted for approximately 23% +7 and 20% 6 uptake for 6, and
25 uM, respectively. This is in marked contrast to the results seen with FLRO4 constructs.
The proposed explanation for this scenario has been discussed in Section 3.3.2 wherein
an experiment was set up to analyse whether this was a consequence of the detection
methodology of biotin-kodecytes using Streptavidin, Alexa Fluor™ 488 conjugate.
Respective experiments revealed that biotin+SAF488 kodecytes labelled RBCs faster
than FLRO4 and BODIPY kodecytes at the 0 h time point, but the difference was not as
much as seen in Figures 33 and 34. Partly the difference in uptake effectiveness was
attributed to extensive handling of samples, as three different concentrations were
tested for their labelling efficiency at three different temperatures (37°C, RT, and 4°C).

Hence, the 0 h time point analysis could have been extended to 0—-5 minutes.

As mentioned earlier, the FSL-biotin labelling efficiency study became more well-defined
when closer time points of uptake (5, 15 minutes) were compared against the maximum
uptake time point (reference point of 100% uptake), which was performed through a
time point dependence study. Within 5 minutes of incubation, FSL-biotin accounted for
approximately more than 50% of uptake, and thereafter, it increased to approximately
85% within an hour of incubation. It could be seen from Figure 40 that, although
FSL- biotin uptake at 1 h was not observed prior to the 1 h testing point, koding efficiency
increased sharply past 5 minutes of incubation, and the fluorescence signal started to
plateau after 15 minutes of incubation. This experiment confirms that irrespective of
concentration used, after 0, 5, and 15 minutes of koding duration, compared to
FSL- FLRO4 and BODIPY, FSL-biotin labels the RBCs at a faster rate. The statistical
significance of the observation that (6 and 25uM) FSL-biotin was most effective
(compared to FSL-FLRO4 and BODIPY) in koding at 0, 5, and 15 minutes of the koding
period was examined using a two-way ANOVA with Tukey's multiple comparison
test. The statistical analysis revealed that after 0 and 15 minutes of koding, compared
to FSL-FLRO4 and BODIPY, the koding efficiency of FSL-biotin was statistically different
and significant at both 6 and 25uM (and better), with **P<0.001 and ***P<0.0003.
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Figure 40: Dynamics of uptake of FSL-biotin in RBC, flow cytometry data. The koding efficiency
was calculated as a percentage of the maximum uptake and plotted against time in hours.
Koding efficiency at 0 h corresponds to the MFI of RBC and FSL-biotin mixed and aliquoted
immediately after incubation with FSL-biotin, while the maximum MFI (24 h MFI +PTS MFI; not
shown) is 100%.

In the case of FSL-biotin, results showed (Figure 40) that irrespective of different
concentrations, FSL-biotin uptake at different koding durations was very similar. This
possibly indicates that unlike FSL-FLRO4 and FSL-BODIPY, the formation of micelles does
not impact the rate of FSL-biotin, as the CMC of FSL-biotin has been reported to be
between 14 and 30 uM. Possibly, either the micellar form of FSL-biotin is very unstable,
aiding in faster dissociation (into free FSL) and fast uptake by the membrane, or FSL-
biotin forms micelles at different concentrations than reported by the CMC study. This
probability could be true as the CMC value reported in the respective study was
measured in 1 x PBS, and hence it does not provide a true representation of the medium

(and behaviour of FSL-biotin) used in this study, which is CellStab.

Jurkat kodecytes

Experiments were also conducted to analyse the time-dependent uptake of 13 uM FSL-

FLRO4 and FSL-BODIPY by Jurkat cells at 37°C. Labelling effectiveness was estimated
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with regular testing at 5, 30, 60 and 120 minutes. Prolonged incubation of Jurkat cells
with FSL beyond 120 minutes was not continued (as in case with RBCs) because serum
deprivation for longer can cause harm to cell health and ultimately affect cell viability.

This would result in confounding results 1.

As shown in Figure 41, for FSL-FLRO4 and FSL-BODIPY, MFI increases with time, with
faster uptake within the first 30 minutes of incubation. FSL-FLRO4 uptake seems to have
reached a plateau after 120 minutes of incubation, as there was a minimal increase in
MFI between time points 60 and 120 minutes. FSL-BODIPY saturation of uptake was not
observed as MFI maintained an increasing trend and kept increasing past 1 h of

incubation, and a plateau in uptake needed to be attained.
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Figure 41: Time-dependent uptake of FSLs in Jurkat cells at 37°C over 2 h. 13 uM of FSL-FLRO4
and FSL-BODIPY was used for preparing Jurkat Kodecytes. Data obtained by flow cytometry.
Experiments were performed in triplicate, and the data is expressed as mean + SD.

Figure 42 summarises the dynamics of uptake of 13 uM FSL-FLRO4 and FSL-BODIPY in
Jurkat cells. Here, MFI obtained after 2 h of incubation (the highest MFI) was used as a
reference point for 100% insertion. The koding efficiency of FSL-FLRO4 and FSL-BODIPY
at different time intervals was calculated as the percentage of maximum MFI and
considered as the reference point of 100% uptake (2 h). It could be inferred from
Figure 42 that for FSL-FLRO4 and FSL-BODIPY, within 30 minutes of incubation,

approximately 40% uptake was achieved. Thereafter, within an hour of incubation, it
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increased to about 89% and 72% for FSL-FLRO4 and FSL-BODIPY, respectively, suggesting

the fluorescence signal has plateaued for FSL-FLRO4.
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Figure 42: Dynamics of uptake of FSL-FLRO4 and FSL-BODIPY in Jurkat cells. Koding efficiency at
2 h (not shown) corresponds to 100% uptake. The koding efficiency after 5, 30, and 60 minutes
time interval was calculated as a percentage of the maximum insertion (2 hours) and plotted
against time in hours.

3.3.4 Effect of Protein on FSL uptake

Overview: Experiments were performed to study the effect of BSA (protein) on FSL
transformation effectiveness, i.e., how the absence or presence of different levels of
BSA in the transformation medium could regulates the uptake of FSL constructs by the

RBCs.

Methodology overview: The following methodology was proposed to test the uptake of
FSL constructs from BSA- free and BSA-supplemented transformation solutions into RBC.
The schematic overview of the methodology is presented in Figure 43, followed by an

overview of the experimental protocol.

e The FSL-FLRO4 and FSL-BODIPY working stock or transformation solution were

made with different amounts of BSA (CellStab as a diluent).
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e 6and 50 uM RBC FLRO4 and BODIPY-kodecytes were prepared by incubating RBC
with FSL transformation medium (with and without BSA) for 2 h at 37°C.
e Respective kodecytes were analysed to measure and compare the uptake of FSL

construct in the presences of BSA by flow cytometry.

Table 10: The uptake of FSLs by RBCs in the presence of BSA. Data generated by flow cytometry.
Table shows different concentrations (LM) of BSA and its approximate representation in %. FSL
uptake was tested at 37°C after 2 h of koding.

FSL constructs BSA concentration (uM) BSA concentration (%)
FSL-FLRO4 6-1200 0.03-10
FSL-BODIPY 50-1200 0.2-10
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Figure 43: Schematic overview of method testing the effect of BSA on koding process.

Results

FSL-FLRO4

The result in Figure 44A shows the effects of BSA on FSL-FLRO4 uptake efficiency by RBC
at the tested concentrations of 6 and 50 uM. Here, results are interpreted compared to
FLRO4-kodecytes prepared in the absence of BSA (0%). From the figure, it could be seen
that as the concentration of BSA in the FSL transformation medium increased, its
labelling effectiveness (of FSL-FLRO4 in RBC) decreased, i.e., the FLRO4-kodecytes were
most fluorescent and generated the maximum signal when the FSL-FLRO4
transformation medium was devoid of BSA (0%). This was more apparent for 50 uM than

6 UM FLRO4-kodecytes. For 6 puM FLRO4-kodecytes, 0.03 to 0.1% BSA in the
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transformation medium could not impact FSL-FLRO4 uptake notably as the MFI was very
similar. Significant changes in the MFI were observed from 0.2% BSA onwards. For 50
UM FLRO4-kodecytes, differences in the MFl were very apparent at 0.03% BSA. Two-way
Anova with Siddk's multiple comparison test is carried out to test the statistical
significance of difference in the MFI of 6 and 50 uM FLRO4-kodecytes in the presence of
different gradients of BSA. Change in fluorescent intensity is considered highly
significant for p<0.0001 (****). From the analysis, it was established that the mean
difference of FI between 50 and 6 uM FSL-FLRO4 was highly significant with increasing
concentration of BSA from 0.03 to 3%. However, the difference in MFI of 50 and 6 uM
FLRO4-kodecytes was insignificant when BSA concentration in the koding media was in

the range of 6 to 10% BSA.

In Figure 44B, the same data (as in Figure 44A) was normalised against FLRO4-kodecytes
prepared in the absence of BSA (0%), to allow a more direct comparison of MFI change
(indicated in % change). This result highlights that with respect to 0% BSA, the
fluorescence signal reduced to approximately about 30% for 0.1% BSA, moved to

45— 80% for 0.4—2% BSA, and finally stabilised at 6% BSA onwards.
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B) Change in MFI of FLRO4-kodecytes compared to 0% BSA
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Figure 44: FSL-FLRO4 uptake in RBCs in the presence of different levels of BSA. A) MFI of kodecytes was measured by flow cytometry when RBCs were incubated in
BSA-free and BSA-supplemented FSL-FLRO4 transformation solutions. B) Change in FLRO4-kodecytes MFI compared to 0% BSA (indicated as %). FSL-FLRO4
transformation medium was prepared in the presence of 0-10% BSA. Results shown are mean + standard deviation, n=2.
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FSL-BODIPY

In order to validate the FSL-FLRO4 labelling results, FSL-BODIPY, a different fluorophore,
was also measured for its labelling effectiveness in the presence of different
concentrations of BSA in the FSL-BODIPY transformation medium. From Figure 45A, it
could be seen that, when RBC was labelled with FSL-BODIPY in the presence of different
percentages of BSA, FSL-BODIPY uptake was impacted considerably, i.e., compared to
0% BSA. At the lowest tested concentration of 0.2% BSA, FSL-BODIPY uptake decreased
substantially, and unlike FSL-FLRO4, there was a sizable difference in the MFI even at

the presence of 0.2% BSA (in the koding media).

Two-way Anova with Sidak's multiple comparison test is carried out to test the statistical
significance of difference in the MFI of 6 and 50 uM BODIPY-kodecytes in the presence
of different gradients of BSA. Change in fluorescent intensity is considered highly
significant for p<0.0001 (****). From the analysis, it was established that the mean
difference of Fl between 50 and 6 uM FSL-BODIPY was highly significant with increasing
concentration of BSA from 0.2 to 2%. However, the difference in MFI of 50 and 6 uM
BODIPY-kodecytes was insignificant when BSA concentration in the koding media was in

the range of 3 to 10% BSA.

In Figure 45B, the same data (as in Figure 45A) was normalised against BODIPY-
kodecytes prepared in the absence of BSA (0%), to allow a more direct comparison of
MFI change (indicated in % change). Figure 45B outlines the change in FSL-BODIPY MFI
standardised against 0% BSA. This result highlights that in the presence of 0.2% BSA,
fluorescence signals decreased by approximately 60%, and in the presence of 1% BSA,
MFI decreased to approximately 85%. From 3% BSA onwards, MFl seems to have
attained stabilization. This trend was maintained across the tested concentrations of 6

and 50 uM FSL-BODIPY.



104

A) FSL-BODIPY uptake in the presence of different levels of BSA B) Change in MFI of BODIPY-kodecytes compared to 0% BSA
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Figure 45: FSL-BODIPY uptake in RBCs in the presence of different levels of BSA. A) MFI of kodecytes was measured by flow cytometry when RBCs were incubated in
BSA-free and BSA-supplemented FSL-FLRO4 transformation solution. B) Change in BODIPY-kodecytes MFI compared to 0% BSA (indicated as %). FSL-BODIPY
transformation medium was prepared in the presence of 0-10% BSA. Results shown are mean + standard deviation, n=2
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Overall, the results in Figures 44 and 45 indicate that when RBC were transformed with
respective FSL constructs in the presence of BSA, the uptake efficiency of FSL-FLRO4 and
FSL-BODIPY were both adversely affected. However, at comparable BSA concentrations
(essentially between 0.2-2%), FSL-FLRO4 koding efficiency was impacted to a lesser
extent compared to FSL-BODIPY constructs (Figure 46). For a clearer picture, MFl of 6uM
FLRO4 and BODIPY-kodecytes obtained at similar conditions have been compared. The
result shown in Figure 46 represents 6uM FLRO4 and BODIPY-kodecytes MFI data
obtained from respective transformation mediums having 0.2-10% BSA after being
standardised against 0% BSA. This represents a more efficient transformation/koding by
FSL-FLRO4 than FSL-BODIPY, as FSL-FLRO4 uptake was impacted to a lesser extent (in
the presence of BSA/protein). At 0.2 and 0.4 % BSA, this difference in koding was found
to be highly statistically significant (***P<0.0001).

Comparison of % change in MFI, FSL-FLRO4 vs. FSL-BODIPY
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Figure 46: Relative MFI of FLRO4 and BODIPY-kodecytes obtained from the respective
transformation media in the presence of 0.2-10% BSA. The % change in MFI of RBC kodecytes is
compared to 0% BSA. Data are represented from 6pM FLRO4 and BODIPY-kodecytes.

From the results, the following conclusions can be drawn: Firstly, uptake of FSL by RBCs
decreases in BSA-supplemented FSL working stock/transformation solution, and the

degree of decrease depends on the concentration of BSA in the solution. This implies
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that BSA is potentially interacting with FSL and interfering with its labelling of RBCs.
Secondly, the uptake of FSL by RBCs decreases significantly even in the presence of 0.2%
BSA, and the effect of the amount of BSA on the uptake of FSL plateaus around 6% BSA.
This implies that at higher concentrations of BSA, a saturation effect is coming into play.
Finally, the BSA-supplemented transformation solution significantly reduced the koding
efficiency of the two tested FSLs, with FSL-BODIPY showing a more significant decrease
of over 30%. The phenomenon observed with FSL-BODIPY could be attributed to the fact
that FSL-BODIPY has a highly lipophilic functional group. Thus, it could be proposed that
in the presence of BSA (in the transformation medium), FSL-BODIPY constructs were
more likely to be interacting with BSA, resulting in an FSL complex, and as the FSL units

were held up in the complex, they were not available for labelling of RBCs.

3.3.5 Effect of Serum on FSL uptake

Overview: Serum is vital for the proper functioning and maintenance of actively dividing
cells 156157 Lipophilic substances like serum have been proposed to affect the optimal
uptake of FSL (i.e., if transformation medium is supplemented with serum) 12, Hence, it
was essential to establish if the presence of serum in the transformation medium would
affect the uptake of FSL adversely using flow cytometry. For this aspect of the study
Newborn Calf Serum, (used as supplement to basal growth medium in cell culture
applications) was used. For this, serum-free and serum-supplemented FSL-FLRO4
transformation mediums were tested for their koding effectiveness. Two cell lines, PC-3
cells, an adherent cell line, and Jurkat cells, a suspension cell line, were tested for their
transformation into kodecytes in the presence of serum. For Jurkat cells, uptake
effectiveness was tested using two methodologies, flow cytometry and fluorescence
microscopy, whereas for PC-3 cells, it was tested using fluorescence microscopy only.
For fluorescence microscopy, the effectiveness of transformation was based on low
background and better fluorescent cells, and for flow cytometry, results were compared
based on the MFI generated by incubation of cells in serum-free and serum-

supplemented FSL-FLOR4 transformation medium.

Methodology overview: Setting up the PC-3 monolayer for fluorescence microscope

imaging:
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The PC-3 monolayer was set up by diluting the cell suspension in pre-warmed
serum-containing media to the required concentration, e.g., 4 x 10° cells/mL.
25 ul of cell suspension were seeded into the required wells in the Terasaki tray
so that each treatment was performed in duplicate.

The Terasaki tray was incubated overnight in 5% CO, at 37°C until the monolayer
was ~60% confluent.

The following day, FSL-FLRO4 working stock (25, 50 uM) was prepared in serum-
free and serum-supplemented media.

Before incubation/koding of the PC-3 monolayer with FSL-FLRO4 in serum-free or
serum-supplemented media, cells were washed twice with serum free media or
serum-supplemented media by removing the supernatant with a pipette and
adding media with a dropper.

The following steps should be performed in the dark as much as possible. 12 pL
of the FSL-FLRO4 serum-free or serum-containing media at concentrations 6, 25,
and 50 uM was added into the respective wells and incubated at 37°C with 5%
CO, for 2 h.

After completion of the 2 h incubation, the kodecytes and unkoded cells
monolayer was imaged. For this, cells were excited at 488 nm and emission
recorded at 1.9 s exposure time using the WIB filter (with an emission wavelength
of 550nm) of the fluorescence microscope (Olympus BX-51 microscope). To track
cells that did not fluoresce, subsequent DIC images were also recorded for every

fluorescent image.

Setting up Jurkat cells for fluorescence microscope imaging:

Actively growing Jurkat cells were harvested at the required concentration of
1x10° cells/mL. FSL-constructs were prepared at 6, 25, and 50 uM in CellStab.
One part of cell suspension was added to one part of freshly prepared FSL-FLRO4
in serum-free or serum-supplemented media and incubated for 2 h at 5% CO2
and 37°C.

After the incubation step, kodecytes were washed twice by adding respective

media and spinning at 130 x g for 5 minutes.
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e Kodecytes were finally resuspended in the respective media, and approximately
6uL was placed on the microscope slide and the cover slipped. Cells were
observed for fluorescence using an Olympus BX51 microscope at 10x
magnification with a WIB filter at 550nm emission wavelength for a 1.9s exposure

time.

Setting up Jurkat cells for flow cytometry analysis:

e Steps were the same until incubation/koding and washing. After the incubation
step, kodecytes were washed twice by adding the respective media and spinning
at 130 x g for 5 minutes.

e Pelleted kodecytes were finally resuspended in 500 pL of serum-free and
serum- supplemented medium and analysed by flow cytometry to establish the

MFI.

Fluorescence microscopy results

PC-3 kodecytes

The results shown in Figures 47 and 48 compare the koding effectiveness of serum-free
and serum-supplemented FSL-FLRO4 transformation media with respect to the
fluorescent images taken in different scenarios. From the fluorescence image, it could
be seen that when koding was done in serum-free media (25, 50 uM), FLRO4-PC-3
kodecytes had a homogenous intense fluorescent signal (compared to serum-
supplemented negligible background fluorescence), and the staining appears to
intensify with increasing concentrations of FSL-FLRO4 (Figure 47). However, serum-
supplemented media showed strongly fluorescent foci-like artefacts and had prominent
background signals. Since the kodecytes were not washed after the completion of 2
hours of koding, the FSLs that were not acquired by the cells remained in the
transformation medium and perhaps could also add to the intense background.
Additionally, the results shown in Section 2.6.3 infer the fact that approximately 80% of
FSL-FLRO4 was acquired by the Jurkat FLRO4-kodecytes, so not much residual FSLs
would have remained in the post-transformation solution. Overall, based on the results
shown in Figure 47, it could be suggested that optimal uptake requires serum-free

media.
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PC-3 FLRO4-kodecytes
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Figure 47: Effect of serum in the koding of PC-3 cells examined by fluorescence microscopy. PC-3 monolayers transformed with 25 and 50 uM FSL-FLRO4 in serum-
free and serum-supplemented transformation solution. Fluorescent images with their respective DIC are displayed at 10 x magnification at 1.9 s exposure time.
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Jurkat-kodecytes

From Figure 48, it could be seen that Jurkat cells transformed far more effectively in
serum-free transformation media with brighter cell membrane staining and no
background interference. However, it needs to be mentioned that after koding Jurkat
cells with FSL-FLRO4, the kodecytes were washed and then examined by fluorescence
microscopy. Hence, the FSLs that remained in the post-transformation media were

washed off, and images would account for a negligible background.

Kodecytes transformed in serum-supplemented media were comparatively less
fluorescent. Hence, it could be concluded that the presence of serum in the koding or
transformation solution slows down the uptake of FSL by the cells. Results shown in
Figures 47 and 48 suggest that serum (basically serum lipids and proteins) is potentially
interacting with FSL and interfering with its labelling of Jurkat cells. To establish more
clearly whether serum affects the koding process, it is important that data be generated

guantitatively, and results analysed.
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Jurkat FLRO4-kodecytes
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Figure 48: Effect of serum in the koding of Jurkat cells examined by fluorescence microscopy. Jurkat suspension cells transformed with 6, 25 and 50 uM FSL-FLRO4
in serum-free and serum-supplemented transformation solution. DIC and fluorescent images displayed at 10 x magnification at 1.9 s exposure time.
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Flow cytometry results

The result presented in Figure 49 shows the impact of serum on FSL-FLRO4 uptake by
Jurkat cells at the tested concentrations of 6 and 50 uM. From the flow cytometry data,
it could be seen that the presence of serum in the FSL transformation medium (koding
medium) generally, adversely affected the koding effectiveness of FSL-FLROA4, i.e., the
FLRO4- kodecytes were most fluorescent and generated the maximum signal when the

FSL- FLRO4 transformation medium was devoid of serum (0%).

A two-way ANOVA with Tukey's multiple comparison test is used to determine whether
the addition of serum in koding media affects the fluorescence signal generated by
kodecytes at the tested concentrations. A change in fluorescence intensity is considered
significant at p<0.004 (**). Figure 49 indicates the presence of serum in koding media
does not significantly affect the koding efficiency of 6 and 13 uM FLRO4-kodecytes.
However, at 25 and 50 uM FLRO4-kodecytes, the presence of serum in koding media has

a substantial effect on their koding efficacy.
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Figure 49: Flow cytometry analysis of the effect of serum on koding of Jurkat cells. Comparison
of MFI of Jurkat FLRO4-kodecytes transformed in serum-free and serum-supplemented
transformation media (koding media). Results shown are mean +* standard deviation, n=3,
p<0.004(**).

3.4 Chapter summary:

The following conclusion could be deduced from the cellular uptake of FSL constructs

studied in different scenarios.

e The uptake of FSL constructs by RBCs and culture cells is a function of the time
and temperature of incubation (or koding duration).
e The temperature and time-based uptake study shows that FSL-biotin was

acquired most efficiently, followed by FSL-BODIPY and FSL-FLROA4.
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The uptake efficiency of FSL-FLRO4 and FSL-BODIPY was adversely affected when
RBCs were transformed in the presence of BSA. However, at comparable BSA
concentrations (essentially between 0.2 and 2%), FSL-FLRO4 was capable of faster
transformation compared to FSL-BODIPY constructs (statistically significant). The
fact that uptake of FSL- BODIPY significantly decreased in the presence of BSA
could be attributed to the highly lipophilic functional group of FSL-BODIPY, which,
in the presence of BSA, was more likely to interact with BSA, interfering with its
labelling of RBCs.

Cellular uptake of the FSL construct decreased when proliferating cells like Jurkat
cells (non-adherent cells) and PC-3 (adherent cells) were transformed in
serum- supplemented FSL transformation medium.

This study shows that lipophilic substances like serum and BSA affect the optimal
uptake of FSL in non-proliferating red cells and proliferating, actively dividing
Jurkat cells and PC-3 cells, indicating that lipids and proteins are potentially
interacting with FSL and interfering with its labelling of cells.

Overall, the rate of uptake of FSLs is determined by the escape of monomers from
micelles, which in turn is temperature- and time-dependent, irrespective of the

nature of the membrane.
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Chapter 4 Interaction of FSL constructs with biological membrane

This aspect of the study aimed to answer the question: Firstly, how does the cell
membrane acquire FSL constructs? Secondly, during the process of labelling, does FSL
construct de-label or/and relabel kodecytes, and thus, does FSL uptake (during the
koding process) involve an equilibrium state between the FSLs in the transformation
solution and the biological membrane? If, during koding, an equilibrium state exists,
when does the equilibrium start to set in? To answer these questions, the
interrelationship between FSL constructs in the transformation solution pre- and post-

koding were explored.

Under ideal experimental conditions, dissociated free FSLs would be acquired by the cell
membrane via their lipid tails. However, FSL micelles or free molecules may also become
entrapped within the glycocalyx. Therefore, it needs to be examined whether and how
much the glycocalyx influences the uptake of FSL. This would further inform where FSL
predominantly accumulates in/on the cell membrane. Hence, experiments were also
designed to test whether the presence (or absence) of glycocalyx corelate effect the rate

of the FSL transformation process.

4.1 Stabilization of uptake of FSL constructs

Overview: The time-course-dependent uptake study in RBC helped establish the rate of
cellular uptake (and koding efficiency) of FSL constructs at 37°C. The methodology used
in the time-course-dependent study involved prolonged incubation of FSL constructs
with RBC at 37°C (discussed in Section 3.3.3). Here, (an improved) second methodology
is presented. It is based on the understanding gained from the temperature-based
uptake study of the FSL construct that an improved temperature and incubation could
be used. In this improved approach, prolonged (undesirable) incubation at 37°C was
replaced with a more favourable combination of RT and 4°C incubation. The koding
efficiency of FSL constructs in this new scenario and, in turn, the maximum uptake of

FSL were determined by flow cytometry.
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Methodology: This alternative methodology was used to test the stabilisation of the
uptake of FSL- FLRO4 in RBCs using a combination of different incubation durations and
temperatures. The schematic overview of the method is presented in Figure 50. The

following protocol outlines the experimental protocol:

Initially, for FSL-FLRO4, two scenarios were tested, the first being a more elaborate
combination of incubation duration at different temperatures. Based on the insight
gained from analysing two setups for the maximum uptake of FSL-FLRO4, a more concise
combination of incubation durations and temperatures was used for FSL-BODIPY and

FSL-biotin.

e Scenario-l: In this scenario, the RBCs were transformed with FSL-FLRO4 at 37°C
for 1 h, maintained at RT for 4 h, and then at 4°C for one week. MFI of kodecytes
was analysed over a week at respective time points using flow cytometry, i.e.,
kodecytes were analysed after 1 h incubation at 37°C, 4 h at RT, and on d3 and d7
at 4°Cincubation.

e Scenario-ll: In this scenario, the RBCs were transformed with FSL-FLRO4 at 37°C
for 1 h, maintained at RT for 6 h, and then at 4°C up to 24 h. MFI of kodecytes was
analysed after 1 h of incubation at 37°C, hourly at 6 h of incubation duration at
RT, and 24 h at 4 °C.

e Optimized: For FSL-BODIPY and FSL-biotin, RBCs were transformed with FSL at
37°Cfor 1 h, maintained at RT for 4 h, and then at 4°C up to 24 h. MFI of kodecytes
was analysed after 1 h of incubation at 37°C, 4 h at RT, and 24 h at 4°C.
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Figure 50: Schematic overview of method testing stabilisation of the FSLs uptake in RBCs. This
alternative methodology test combination of different koding durations and temperatures.

FSL-FLRO4

Figure 51 shows that the MFI obtained from FLRO4-kodecytes at different incubation
temperatures and analysis time points across the tested concentration of 3—-50uM
(scenario-l). MFI were attained from samples analysed after 1 h of incubation of RBCs
with FSL-FLRO4 at 37°C (indicated by the red dot), 4 h at RT (dark blue), and 7 days at
4°C (light blue). Samples maintained at 4°C were analysed on d3 and d7 to observe any
noteworthy difference in MFI due to the increased duration of incubation (from d3 to
d7). In Figure 51, MFI obtained during 37°C, RT, and 4°C incubation is plotted against a

concentration range of 3 uM-50 pM.

From Figure 51, it could be proposed that across all tested concentrations, MFl increased
noticeably when incubation was prolonged from 1 h 37°C to 4 h RT. After this time point,
MFI plateaued, i.e., there was minimal change in MFI when incubation increased from
RT to d3 at 4°C. MFI remained approximately unchanged when incubation increased
from d3 to d7 for 3 and 6 uM FSL-FLROA4. In contrast, for 13, 25, and 50 uM, MFI

decreased but not drastically.
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Figure 51: Stabilisation of uptake of FSL-FLRO4 in RBCs (scenario-1). MFI of FLRO4-kodecytes
obtained after 1 h incubation at 37°C as red dot, 4 h at RT as dark blue dot, and on d3 and d7 at
4°C as light blue dots. Experiments were performed three times, and the data is expressed as
mean * SD.

Based on the results shown in Figure 51, a time frame can be proposed for when the
maximum uptake of FSL-FLRO4 in RBCs approaches. It is important to note that it is not
a single time point but a time period. This can be suggested to be after 1 h of incubation
at 37°Cuntil 4 h at RT. Although maximum uptake appears to approach earlier for higher
concentrations (50, 25 uM) of FSL-FLRO4, it is not much different from lower

concentrations.

Since MFI shifted the most during 4 h of incubation at RT, it was decided that shorter
time points would be tested on dO (after 1 h of incubation at 37°C) at RT incubation. This
would establish a well-defined time point for maximum uptake of FSL-FLRO4 in RBCs
(indicating clearer stabilisation of uptake and loss from the membrane). To analyse this,
RBCs and the FSL-FLRO4 mixture were analysed at closer intervals at RT and 4°C
(scenario-ll). Thus, MFI was determined at 37°C (after 1 h of incubation), at RT (hourly

testing for 6 h), and at 4°C (subsequent 24 h of incubation).
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Figure 52: Stabilisation of uptake of FSL-FLRO4 in RBCs (scenario-Il) MFI of FLRO4-kodecytes
obtained after 1 h incubation at 37°C (red dot), with hourly testing at RT (dark blue) and
successive 24 h at 4°C (light blue). Experiments were performed three times, and the data is
expressed as the mean = SD.

Figure 52 supports the result shown in Figure 51. The main observations that can be
made from Figure 52 is that some FSL uptake still occurred during RT incubation (after
the initial 1 h of incubation at 37°C). However minimum uptake happened during 4°C
incubation. This was found to be true across the tested concentrations. During the RT
incubation period, the majority of uptake of FSLs occurs within 3 h, and beyond that,
uptake increases gradually but not substantially. Hence, it could be suggested that a
plateau in uptake (in turn, maximum uptake or stabilisation of FSL uptake) seems to
approach during RT incubation afterwards (after 3 h). It was also apparent from
Figure 52 that there was a slight dip in MFI for concentrations 13 and 6 during the latter
half of RT incubation, and for concentrations 25 and 50, MFI decreased when incubation
was continued from RT to 4°C. These changes or differences are marginal with respect
to all other shifts in MFI. The minor change in MFI could be attributed to experimental

errors.
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It could be concluded that the steadiness in uptake appeared to reach approximately
after 1 h of incubation at 37 °C, followed by 3 h of incubation at RT. Hence, this result
aids in understanding the rate of uptake of FSL-FLRO4, i.e., how readily the FSL construct

is taken up and retained and when stabilisation of uptake approaches.

FSL-BODIPY

In order to have an insight into the maximum uptake of other FSL constructs at different
incubation temperatures, FSL-BODIPY, a different fluorophore, and FSL-biotin were also
analysed for their labelling efficiency at different temperature combinations and
incubation periods. Based on the FSL-FLRO4 maximum uptake study (Figure 52), a more
precise time frame under which maximum uptake of the FSL construct could be studied
was proposed. Hence, only the second setup (of 1 hour 37°C, 4 hours RT, and 4 hours
RT) was tested for FSL-BODIPY and FSL-biotin. Compared to FSL-FLRO4, a lower
concentration range of FSL-BODIPY and FSL-biotin (from 6 to 25 uM) was evaluated.
These concentrations are still relevant, representing lower and higher concentrations

from the earlier study.

Figure 53 shows the MFI of BODIPY-kodecytes obtained after respective incubation
durations: 1 h at 37°C, 4 h RT, and 24 h at 4°C. Of all three different incubation
temperatures, MFl increased the most within 1 h of incubation at 37°C. Thus, it could be
proposed that for FSL-BODIPY, uptake was fastest within the first incubation duration of
1 h at 37°C, followed by slower uptake in the later half at RT and 4°C. The maximum
transformation appeared to have been reached during 37°C incubation, as MFI did not
change drastically during the transition to RT and 4°C incubation. The change in BODIPY-
kodecytes MFI at different incubation temperatures can be better understood in terms
of percentage change. From Figure 53, it could be seen that for 6 and 25uM BODIPY-
kodecytes, the fluorescence signal increased by approximately 10% and 4% when
incubation continued from 37°C to RT and RT to 4°C, respectively. Overall, the results
indicate that although there was an increase in MFI when BODIPY-kodecytes were
incubated for an increased duration at RT and 4°C, and was not substantial. Based on
the result shown in Figure 53, it is proposed that for FSL-BODIPY, maximum uptake

reaches within 1 h of incubation at 37 °C. In summary, in comparison to FSL-FLRO4, FSL-
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BODIPY is taken up faster by the RBC membrane and thus attains maximum uptake

faster.
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Figure 53: Stabilisation of uptake of FSL-BODIPY in RBCs. MFI of BODIPY-kodecytes after 1 h
incubation at 37°C (red dot), 4 h RT (dark blue), and 24 h at 4°C (light blue). Experiments were
performed twice, and the data is expressed as mean % SD.

FSL-biotin

Figure 54 shows the MFI obtained from biotin+SAF488 kodecytes after 1 h of incubation
at 37°C (red dot), 4 h of RT (dark blue), and 24 h at 4°C (light blue). MFI reached its
highest for both tested concentrations at 37°C, with a minimum increase during RT and
4°C incubation. The change in biotin+SAF488 kodecytes MFI at different incubation
temperatures, when indicated in %, highlights that for 6 and 25uM FSL-BODIPY, the
fluorescence signal increased by approximately 2% and 5% when incubation continued

from 37°C to RT and 4°C, respectively. Based on this result, it could be proposed that
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biotin+SAF488 kodecytes attain maximum labelling at 37°C and approach maximum

uptake at 37°C.

Stabilisation of uptake of FSL-biotin
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Figure 54: Stabilisation of uptake of FSL-biotin in RBCs. MFI of biotin+SAF488 kodecytes obtained
after 1 h incubation at 37°C (red dot), 4 h RT (blue line), and after 24 h at 4°C. Experiments were
performed twice, and the data is expressed as mean + SD.

The maximum/stabilisation of uptake of FSL constructs study highlighted the following

aspects:

e For FSL-FLRO4, the maximum uptake (thus stabilisation in FSLs acquisition) seems
to approach and set in after 1 h of incubation at 37°C and 3 h of incubation at RT.
e Unlike FSL-FLRO4, FSL-BODIPY, and FSL-biotin, maximum uptake approaches
faster and within 1 h of incubation at 37°. Hence, it could be proposed that
FSL- BODIPY and FSL-biotin are acquired and attain stabilisation (proposed) onto
the RBC membrane at a much faster rate than FSL-FLRO4, with FSL-biotin being

the fastest.
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e This study possibly confirms the finding cited in sections 3.3.2 and 3.3.3 that,
compared to FSL-FLRO4 and FSL-BODIPY, FSL-biotin are acquired in the RBCs at a

faster rate.

4.2 Evaluation of residual FSL construct in the post transformation solution

Overview: Understanding the interrelationship between FSL constructs in the
transformation solution pre- and post-koding would aid in informing FSL uptake
dynamics, i.e., if the koding process, involve an equilibrium state between the FSLs in
the transformation solution and the biological membrane? In order to evaluate this, the
post transformation solution (obtained after koding from various duration) was
examined for its ability to kode fresh RBCs, thus exploring the koding efficiency (and
mechanism) of the post transformation solutions. Flow cytometry and fluorescent plate
reader-based detection methodologies were used to (indirectly) detect and quantify any

residual FSL construct in the post-transformation solution.

Methodology: Currently, the standard maximum koding time is 2 h at 37°C. To
understand the koding process more comprehensively, kodecytes (of different
concentrations) were prepared using different incubation durations (up to 2 h), and
respective post- transformation solutions were evaluated for residual FSL (that was able
to modify cells). The data obtained from the transformation solution and post-
transformation solution (supernatant) was compared to establish the trend of FSL
construct uptake. To summarise, this alternative methodology was designed to test the
residual FSL construct in the post-transformation solution. The schematic overview of

the method is presented in Figure 55, followed by the experimental protocol.
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Figure 55: Schematic overview of method testing the residual FSLs in the post-transformation
solution.

Preparation of kodecytes and recovery of the supernatant

e RBC kodecytes were prepared at increasing concentrations of FSL constructs for
time periods of 5, 15, 30, 60, and 120 minutes. A fresh aliquot of RBC and FSLs

was used for each time point.

Post-transformation (after 5, 15, 30, 60, and 120 minutes of incubation), the

solution used for transformation was recovered as a supernatant.

Respective supernatant or post-transformation solution was examined for the
lost FSL-FLRO4 signal by two methodologies: flow cytometry and fluorescence

spectrophotometer (fluorescence plate reader).

Detection and quantitation of FSL in recovered post-transformation solutions

e For the flow cytometry analysis, the post-transformation solution was analysed
for the presence of residual FSL-FLRO4 by measuring its ability to transform fresh
RBCs into kodecytes using flow cytometry. The MFI of kodecytes prepared from
different transformation mediums and the supernatant were compared at the

respective time points.



125

e For fluorescence spectrophotometer analysis, the supernatant recovered from
respective time points was measured for fluorescence signal readouts by
fluorescence spectrophotometer (microplate-based assays). Sample preparation
for fluorescence spectrophotometer analysis is laid out in detail in Section 4.2.2.

Table 11: Determination of residual FSL construct in post-transformation solution. Table contain

the different concentrations, time periods for kodecyte preparation, and time points at which
the supernatant was harvested and evaluated for residual FSL construct.

FSL Concentration (uM)  Koding duration (minutes) Quantification of residual FSL
constructs (minutes)
FSL-FLRO4 3,6,13,25,50 5, 15, 30, 60, 120 5, 15, 30, 60, 120

FSL-BODIPY 6,13, 25,50 15, 30, 60, 120 15, 30, 60, 120
FSL-biotin 6, 25 15, 30, 60, 120 15, 30, 60, 120

4.2.1 Flow Cytometry

Flow cytometry-based detection of residual FSL in kodecyte supernatant (after labelling)
was an obvious choice because of its highly sensitive detection system. Essentially, this
analysis is based on the principle of evaluating the post-transformation solution for the
presence of residual constructs by analysing its ability to transform fresh RBCs.
Subsequently, the fluorescence signals obtained from kodecytes prepared from post-
transformation solutions and kodecytes prepared from actual transformation solutions

were compared to determine the labelling efficiency.

The standard protocol for kodecyte formation utilises packed RBCs, but there is always
a small amount of dilution as packed cells are approximately 85% packed. It should be
noted that at each sampling post kodecytes, due to the fact that the PCV of the
kodecytes is such, there would be nearly 10% dilution of the solution going forward. The
numbers have not been corrected to reflect this, but a comment would be made where

necessary.
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FSL-FLRO4

Figure 56 shows the MFI of FLRO4-kodecytes prepared from fresh transformation
solution (dark green) and post-transformation solution (light green) at respective koding
times. MFI of kodecytes (prepared from fresh transformation solution) increases with
increasing koding duration. In contrast, the MFI of kodecytes prepared from the post-
transformation solution showed an opposite trend. Kodecytes prepared from a shorter
koding duration post-transformation solution (5, 15, 30 minutes) generated more
fluorescence signal than kodecytes prepared from a longer koding duration (60 and 120
minutes) post-transformation solution. This result was expected as the shorter the
incubation time (in the working stock), the more residual FSL-FLRO4 constructs would
be expected to remain in the post- transformation solution (and hence more intensity
from the respective post-transformation kodecytes). However, kodecytes prepared with
post-transformation solution did not show a direct correlation in amount of MFI
increase with respect to kodecytes prepared with working stock, as approximately 45%
of the fluorescence signal was unaccounted for. For example, collective MFI generated
from 5 minutes of working stock and post-transformation solution kodecytes did not

equate to MFI generated from 2 hours of working stock kodecytes.
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Figure 56: Detection of residual FSL-FLRO4 in the post-transformation solution (capable of making kodecytes) obtained from different koding times (5, 15, 30, 60,
120 minutes). MFI of kodecytes obtained from transformation (dark green) and post-transformation solutions (light green). FSL-FLRO4 was tested at concentrations
ranging from A) 3 uM, B) 6 uM, C) 13 uM, D) 25 uM, and E) 50 uM. Experiments were performed three times, and the data is expressed as the mean + SD.
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The unaccounted signal loss could be due to various reasons. Additional experiments
were performed to evaluate this. After kodecytes were prepared from the post-
transformation solution, a second batch of post-transformation supernatant was
harvested from this lot of kodecytes and further tested for any residual FSL by incubating

them with fresh RBCs. The result obtained from this study are shown in Figure 57.

Figure 57 shows that the second lot of post-transformation solution could kode fresh
RBCs (and generate time-dependent fluorescence signals), indicating that some FSL
constructs remained in the second lot of post-transformation solutions. However, the
MFI of kodecytes prepared from the second lot of post-transformation solution

(obtained from different time points) did not differ substantially enough.

The results shown in Figures 56 and 57 suggest that, irrespective of incubation or koding
duration, residual FSL remains in the post-transformation solution. However, the
amount of residual FSL constructs in the post-transformation solution differs, as the
post-transformation solution obtained from a shorter koding duration has more residual
FSL constructs than a longer koding duration. Based on the finding, it could be suggested
that the koding process could be occurring via equilibrium binding, i.e., FSL uptake into
the membrane continues till some kind of stabilisation is attained between the FSL
construct present on the membrane and the transformation solution. Additionally,
equilibrium seems to be approaching between 60 and 120 minutes of koding, as the
acquisition of FSLs in RBCs plateaus within this time period. Moreover, the koding
capability of residual FSLs obtained from 60 and 120 minutes post-koding was very

comparable.
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Figure 57: Detection of residual FSLs in two consecutive supernatants (post-transformation solutions) obtained from respective koding times (5, 15, 30, 60, 120
minutes). MFl of FLRO4 kodecytes was obtained from transformation solution (dark green), post-transformation solution-1 (medium green), and post-transformation
solution-2 (light green). FSL-FLRO4 was tested at concentrations ranging from A) 6 uM B) 13 uM C) 25 uM and D) 50 uM. Experiments were performed three times,
and the data is expressed as the mean + SD.
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FSL-BODIPY

Figure 58 shows that the FSL-BODIPY post-transformation solution could kode fresh
RBCs and generate time-dependent fluorescence signals, i.e., a shorter contact period
with the FSL-construct, more residual FSLs remaining uninserted in the supernatant, and
hence more capacity to generate fluorescence signals. For example, kodecytes prepared
from a 15-minute post-transformation solution generated the most signals. Additionally,
Figure 58 shows that some fluorescence signal was unaccounted for, as observed in the
case of FSL-FLROA4. In the case of FSL-FLRO4, approximately 45% of the fluorescence
signal was unaccounted for, whereas it was only 15% for FSL-BODIPY. This loss in
fluorescence signal could be partly attributed to the dilution effect, as packed cells are
approximately 85% packed, and MFI obtained from kodecytes prepared from working
solution and post-transformation solution should be discounted. However, there was
activity in the post transformation solution. It isimportant to note that the results shown
in Figure 58 could not be performed again because of COVID lockdown and the

unavailability of flow cytometry.
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Figure 58: Detection of residual FSL-BODIPY in post-transformation solution (capable of making kodecytes) obtained from different koding times (15, 30, 60, and 120
minutes). MFI of BODIPY kodecytes was obtained from transformation solutions (dark orange) and post-transformation solutions (light orange). FSL-BODIPY was

tested at concentrations ranging from A) 6 uM B) 13 uM C) 25 uM and D) 50 uM.
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FSL-biotin

Similar to FSL-FLRO4 and FSL-BODIPY, the FSL-biotin post-transformation solution

contained residual constructs and could kode fresh RBCs. It generated time-dependent

fluorescence signals. From Figure 59, it could be proposed that only a 5% fluorescence

FSL-biotin signal was unaccounted for. This contrasts with the FSL-FLRO4 results, where

the signal loss was almost 45%, and the FSL-BODIPY results, which were 15%. It is

important to note that the results shown in Figure 59 could not be performed another

time because of COVID lockdown and the unavailability of flow cytometry.

The detection of residual FSL constructs (capable of making kodecytes) in the post-

transformation solution study highlighted the following aspects:

This study indicates that RBCs do not take up all available FSL constructs, and
residual FSL constructs capable of making kodecytes are available post-koding in
the transformation solution. This was irrespective of the harvesting time of the
post-transformation solution.

Residual FSL constructs were found to be present in the post-transformational
solution obtained for all three FSL constructs analysed in this study.

Kodecytes prepared from post-transformational solution (during 5 to 60 minutes
time points) never accounted for the total fluorescence signal with respect to the
2 h time point koding duration. This difference in fluorescence signal was highest
for FSL-FLRO4 and negligible for FSL-biotin.

Based on overall findings it could be said that irrespective of the duration of
incubation of RBC with FSL, (varying degree of) residual FSL remains in the post-
transformation solution/supernatant and possibly koding process could be
occurring via equilibrium binding.

Therefore, it could be said that when FSL constructs in the immediate vicinity of
the bilayer are in equilibrium with the FSL constructs in the transformation
solution, a state of balance or saturation is achieved. In this study, this is achieved

about 1 h for the tested FSL constructs.
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Detection of residual FSL-biotin in post transformation solution obtained after respective koding duration
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Figure 59: Detection of residual FSL-biotin in post-transformation solutions (capable of making kodecytes) obtained from different koding times (5, 15, 30, 60 and
120 minutes). MFI of biotin+SAF488 kodecytes obtained from transformation (dark grey) and post-transformation solution (light grey) FSL-biotin was tested at
concentrations of A) 6 UM and B) 25 uM.
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4.2.2 Fluorescence spectrophotometer

Overview: The uptake of FSL-FLRO4 and FSL-BODIPY have been studied in detail using
flow cytometry (Section 2). In this section, an alternative methodology based on a
fluorescence spectrophotometer (96 well microplate) assay was tested for examining
the effectiveness of koding of FSL-FLRO4 and FSL-BODIPY by measuring the (unknown)
concentration of FSL remaining in the kodecyte supernatant (i.e., post-transformation
solution) after transformation. Potentially, this methodology would help in the indirect
detection and quantification of any residual FSL construct in the post-transformation
solution and aid in further understanding the rate of interaction of FSLs construct with
biological membrane. Possibly, FSL constructs first diffuse into the region near the

bilayer, and afterwards will equilibrate within the membrane.

Fluorescence spectrophotometer-based assays have been extensively used to determine
the amount or concentration of fluorescent analytes in unknown fluorescent samples
because the technique is non-laborious, easily accessible, and quantitative 8%, These
assays are based on the basic concept that the fluorescence intensity is linearly
proportional to the concentration of the fluorescent molecule. This linear
proportionality with concentration applies to optically dilute samples, e.g., solutions

with an absorbance of less than 0.05 1°9-161,

Methodology: This methodology was designed to test the concentration of residual FSL
construct in the post-transformation solution using fluorescence spectrophotometer. In
this study, the standard or calibration curve was derived from a set of solutions obtained
by serial dilution of fluorescent FSL constructs. The fluorescence intensities generated
from known FSL concentrations (covering a desirable concentration range) were plotted
versus concentration. The resulting calibration curve was used to determine the
concentration of FSL (unknown samples) in the post-transformation solutions harvested
after different time durations of incubation of RBCs with FSL. In the fluorescence plate
reader set up, the fluorescence intensity of a given sample is measured using Tecan
Spark® 10M in triplicate. Excitation and emission wavelengths were set at 495 nm and
520 nm, respectively, and the fluorescence signal was acquired in relative fluorescence
units (RFU), which accounts for the amount of fluorescence light signal emitted by the

sample.
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The schematic overview of the method (testing the residual FSLs by fluorescence
spectrophotometer) is presented in Figure 60, followed by the detailed experimental

protocol.
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Figure 60: Schematic overview of method testing the residual FSLs by fluorescence
spectrophotometer. The concentration of residual FSL construct in the post-transformation
solution was quantified using fluorescence spectrophotometer.

The methodology involves working in three major stages, as mentioned below.

e Establishing linear range of detection to prepare a standard curve.

e Preparation of kodecytes and recovery of supernatant (post transformation
solution).

e Detection and quantitation of FSL in recovered post-transformation solution by

fluorescence spectrophotometer.

Linear range of detection

In order to maintain the linear proportionality between fluorescence signal/intensity
and (tested) concentration, it is important to first establish the linear signal range of the
fluorescence detection system. For fluorescence-based detection systems, the linear
range is proposed to be a range from its limit of quantification up to a threshold
intensity, above which the responsivity becomes increasingly non-linear with increasing

intensity. This decrease in the fluorescence intensity is observed at higher
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concentrations because too high a concentration will saturate the detector or cause the

instrument to use a very low gain (an insensitive setting).

To obtain a linear range of detection for FSL construction, a standard or calibration curve
was prepared. A few important factors that were important when planning the

preparation of the standard curve for FSL constructs are mentioned below.

e Firstly, standard concentrations should cover the range of concentrations that
were expected from samples, i.e., the harvested post-transformation solution.

e Secondly, fluorescence signals generated by FSL constructs should be
reproducible, and they should not decrease over the time period of being
measured.

e Finally, the linearity between fluorescence signals and concentration should not

break down at the tested dilution range.

To prepare the standard curve of FSL working stock, serial dilutions covering a 1024-fold
range and including zero were made. After testing various concentration ranges, a
concentration range of 0.002 to 1.56 uM was finalised for FSL-FLRO4 and FSL-BODIPY.
Negative controls of CellStab were also included. 100 pL of serially diluted FSL was
aliquoted into a 96-well plate to measure the fluorescent intensity and signal at each

concentration.

Preparation of kodecytes and recovery of supernatant

RBC kodecytes were prepared at increasing concentrations of FSL constructs over a
period of 2 hours (Table 12). A fresh aliquot of RBC and FSL was used for each time point
(5 to 120 minutes for FSL-FLRO4 and 15 to 120 minutes for FSL-BODIPY). Post-koding,
the solution used for transformation was recovered as a supernatant, and the
(unknown) concentration of residual FSL construct was measured and quantitated using

fluorescence spectrophotometer.
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Table 12: Fluorescence spectrophotometer quantification of residual FSL in post-transformation
solution. Table contains various concentrations and koding durations used for the preparation
of kodecytes and the respective time points at which, post-transformation, the supernatant was
harvested and quantitated for the residual FSL construct.

FSL concentration koding duration quantification of residual FSL by
constructs (uM) (minutes) (minutes)
FSL-FLRO4 6, 13, 25,50 5, 15, 30, 60, 120 5, 15, 30, 60, 120

FSL-BODIPY 6, 13, 25,50 15, 30, 60, 120 15, 30, 60, 120

Detection and quantitation of FSL in recovered post-transformation solution

Post-koding, the supernatant was harvested, and the (unknown) concentration of FSLs
in the recovered supernatant was calculated from the standard curve with the
appropriate dilution required to get the concentration within the measurable range of
the standard curve (as fluorescence signal generated by the supernatant was too high

and outside of the range of the chosen standard curve).

Results:

FSL-FLRO4
Figure 61 shows a standard curve of fluorescence intensity versus concentration of
FSL- FLRO4, acquired by fluorescence spectrophotometer. A concentration range of

0.002 to 1.56 uM was able to be measured for FSL-FLROA4.
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Figure 61: Calibration curve of FSL-FLRO4 fluorescence intensity versus concentration, measured
by fluorescence spectrophotometer. Excitation and emission wavelength were set at 495nm and
520nm. FSL-FLRO4 was prepared from 0.002 to 1.56 uM. Experiments were performed three
times, and results shown are mean + standard deviation.

Figure 61 shows that the fluorescence signal was linearly proportional to the respective
tested FSL construct concentration, and saturation in the signal at tested concentrations
was not observed. Hence, a fluorescence spectrophotometer-based assay could
establish that FSL-FLRO4 working stock showed an expected dose-dependent signal
generation and aid in determining the linear range of detection. This respective standard
or calibration curve was used to measure the unknown concentration of residual FSL

construct in post-transformational solution obtained from different koding times.

Earlier in Section 4.2.1, the post-transformation solution was examined for its ability to
kode fresh RBCs by flow cytometry. In here, (alternatively) quantifying the residual FSL-
FLRO4 in the post-transformation solution by fluorescence spectrophotometer, the rate
of uptake of FSL-FLRO4 post-labelling of RBCs with FSL-FLRO4 was analysed indirectly
(Figure 63A). Here it can be seen that as the koding time increases, the concentration of
residual FSL-FLRO4 in the post-transformation solution decreases. This trend was
observed regardless of the concentration from which the residual constructs were

harvested.
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In Figure 62B, the same data (as in Figure 62A) is shown, but in percentage. It
summarises the percentage of residual FSL-FLRO4 (left behind) in the post-
transformation solution at each koding time (by quantifying the amount of FSL
remaining in the supernatant). In Figure 62B, it could be seen that FSLs were acquired
the fastest in the first hour of incubation, as only 30% of residual FSL-FLRO4 was
remaining in the post-transformation solution. With respect to concentrations, it can be
noted that for lower concentration, 6 uM, a smaller amount remains in the supernatant
post-koding, compared to higher concentrations (13 uM onwards), suggesting that
koding is more efficient at lower concentration. For example, after 5 minutes of koding
with 6 UM FSL-FLRO4, around 65% of FSL remains in the supernatant, whereas for
50 uM, approximately 80% remains in the supernatant. This difference in koding
efficiency among concentrations decreases or levels off when koding time approaches
2 hours. It is important to mention that similar results were observed when koding

efficiency was analysed by flow cytometry (Section 3.3.3).

A two-way ANOVA with Tukey's multiple comparison test was used to examine the
statistical significance of the observation that lower concentration FSL-FLRO4 (6 uM)
had more effective koding efficiency (and thus lesser amount of residual FSL in the post-
transformation solution) than higher concertation (13 uM and above) up until 60
minutes of koding. A change in the koding efficiency or residual amount of FSL is
considered significant at *P<0.05, **P<0.005, ***P<0.0005, ****P<0.0001. For this,
koding efficiency of 6 uM FSL-FLRO4 was compared to all other tested concentrations at
all tested koding durations. The statistical analysis (Figure 62 B) revealed that 6 UM FSL-
FLRO4 had significantly higher koding efficiency (although with a different P value) than
all other concentrations up to 60 minutes of koding duration. However, this difference

is not significant after 120 minutes of koding.
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Figure 62: Fluorescence spectrophotometer quantification of residual FSL-FLRO4 in post-transformation solution. A) Amount of residual FSL-FLRO4 quantified post
koding in the post-transformation solution. B) The percentage of residual FSL-FLRO4 remaining in the post-transformation solution. Residual FSL-FLRO4 was
harvested after different koding duration (5, 15, 30, 60, and 120 minutes). Experiments were performed thrice, and the data is expressed as the mean + SD. ANOVA
with Dunnett’s multiple comparison test is carried out to test the statistical significance. *P<0.05, **P<0.005, ***P<0.0005, ****P<0.0001
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FSL-BODIPY

Figure 63 shows a standard curve of fluorescence intensity verses concentration of FSL-
BODIPY, acquired by fluorescence spectrophotometer. Figure 64 establishes that FSL-
BODIPY showed an expected dose-dependent signal and aided in determining linear
range of detection based on fluorescence spectrophotometer. This respective standard
or calibration curve was used to measure the unknown concentration of residual FSL

construct in post transformation solution obtained after different koding duration.

FSL-BODIPY calibration curve measured by Fluorescence
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Figure 63: Calibration curve of FSL-BODIPY fluorescence intensity versus concentration,
measured by fluorescence spectrophotometer. The excitation and emission wavelengths were
set at 495nm and 520 nm, respectively. FSL-BODIPY was prepared from 0.003 to 1.56 uM. Error
bars =+ SD (n=3).

The amount of FSL-BODIPY remaining in the post-transformation solution following
koding of RBCs with (6, 13, 25, and 50 uM) FSL-BODIPY is shown in Figure 64A. It can be
seen that as the koding time increases, the concentration of residual FSL- BODIPY in the
post-transformation solution decreases. For example, out of 6, 13, 25, and 50 uM after
15 minutes of incubation, approximately 2, 5, 8, and 14 uM remain in the post-
transformation solution, and after 120 minutes, it decreases down to 0.8, 2, 5, and 10
UM. From the results shown in Figures 64A, it could be proposed that uptake of FSL-

BODIPY starts to approach a plateau after 30 minutes of incubation/koding, i.e.,



142

FSL- BODIPY reaches the fastest uptake within 30 minutes of incubation; following this

time point, only a minimum increase in uptake was observed.

In Figure 64B, the same data (as in Figure 64A) is shown, but in percentage. After 30
minutes of koding, approximately 75% of FSL was taken up by RBCs, as only around 25%
remained behind in the post-transformation solution. This trend was observed
regardless of the concentration from which the residual constructs were harvested. A
two-way ANOVA with Tukey's multiple comparison test was used to examine the
statistical significance of the observation that koding efficiency of FSL-BODIPY was very
similar across the tested concentrations at similar koding durations. The statistical
analysis revealed that there was no significant difference in the koding efficiency (or
residual amount of FSL-BODIPY in the post transformation solution) among different
concentrations of FSL at similar koding durations (i.e., after 15 minutes of koding, the
koding efficiency or residual amount of FSL in the post-transformation solution was very

similar across tested concentrations of FSL-BODIPY, Figure 64B).

When results in Figures 62 and 64 were compared with respect to the amount of residual
FSL remaining in the post-transformation solution, under similar circumstances,
FSL- BODIPY uptake was faster than FSL-FLROA4. For example, after 30 minutes of koding,
only 25% of residual FSL-BODIPY remained in the post-transformation solution
(accounting for 75% koding), whereas for FSL-FLRO4, it was nearly 50%. Similar results
were seen by flow cytometry as well (Section 3.3.3). This observation was also tested
for statistical significance. For this, a two-way ANOVA with Tukey's multiple comparison
test was used. The statistical analysis revealed that up until 60 minutes of koding,
FSL- BODIPY koding efficiency was statistically significantly (different) and better (with

varying P value) than FSL-FLRO4 across tested concentrations.
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B) % of residual FSL-BODIPY in the post-transformation solution
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Figure 64: Fluorescence spectrophotometer quantitation of residual FSL-BODIPY in post-transformation solution. A) Amount of residual FSL-BODIPY quantified post
koding. B) The percentage of residual FSL-BODIPY remaining in the post-transformation solution. Residual FSL-BODIPY was harvested after different koding duration
(15, 30, 60, and 120 minutes). Experiments were performed thrice, and the data is expressed as the mean * SD.
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Summary:

The (improved) methodology based on fluorescence spectrophotometer examining the

residual FSL in the solution post koding highlighted the following aspects:

There is a detectable amount of residual FSL remaining in the recovered
post- transformation solution. The concentration of residual FSLs decreases with
increasing koding duration. At a standard koding duration of 2 hours, 25% of
FSL- FLRO4 remains in the post-transformation solution, whereas it is nearly 13%
for FSL-BODIPY (statistically significant).

Under similar experimental conditions, fluorescence spectrophotometer results
are correlated with those generated by flow cytometry.

Based on the overall findings, it could be said that irrespective of the koding
duration of RBCs with FSL, a (varying degree of) residual FSL remains in the post-
transformation solution. This finding was observed both for flow cytometry and
fluorescence spectrophotometer. This possibly suggests that the koding process
could be occurring through equilibrium binding, i.e., FSL uptake into the
membrane continues until some kind of stabilisation is attained between free and

membrane bound FSL.
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4.3 Effect of glycocalyx on FSL uptake

This experiment was designed to test if the presence of glycocalyx is a rate-determining

step during the FSL modification process, i.e., does the glycocalyx affect the rate of the

FSL transformation? To evaluate this purpose, experiments were designed to determine

whether partially depleting glycocalyx before preparing kodecytes and after kodecyte

preparation would influence koding.

Methodology: For this experimental set-up, two scenarios were tested. In the first

scenario, RBCs were initially incubated with papain (treated/glycocalyx potentially

depleted) and without papain (untreated/glycocalyx non-depleted), and then the

respective RBCs (treated and untreated) were used for preparing kodecytes.

Packed RBCs were washed and diluted to 25% v/v in CellStab.

Equal volumes of RBCs were incubated with CellStab and papain at 37°C for 0.5 h.
This created glycocalyx-non-depleted native RBCs (untreated) and glycocalyx-
depleted RBCs (treated).

After incubation, RBCs were washed twice with 1x PBS and once with CellStab.

6 and 50 uM FLRO4-kodecytes were prepared by incubating untreated and
treated RBCs with 6 and 50 uM FSL-FLRO4 for 2 h at 37°C.

MFI generated from respective kodecytes was compared to observe the effect of
glycocalyx depletion and its subsequent effect on koding, i.e., cells with and

without glycocalyx depletion and its effect on FSL uptake.

In the second scenario, first kodecytes were prepared, and then kodecytes were treated

with papain (glycocalyx depleted) and without papain to analyse the effect of glycocalyx

depletion on the kodecytes fluorescence signal.

Packed RBCs were washed and diluted to 25% v/v in in CellStab.

6 and 50 uM FLRO4-kodecytes were prepared by incubating an equal volume of
native RBCs with 6 and 50 uM FSL-FLRO4 for 2 h at 37°C. After incubation,
kodecytes were washed twice with 1 x PBS and once with CellStab and
resuspended in CellStab.

FLRO4-kodecytes were incubated with CellStab (untreated) and papain (treated)
at37°Cfor 0.5 h.
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e Respective kodecytes were washed and MFI analysed using flow cytometry.

The schematic overview of the method is presented in Figure 65.

Sce n riu-z

Incubate Untreated| Treated Flow Mix RBC Untreated | Treated | | Flow
RBC e RBC Kodecytes Cytometry incubate Kodecytes kodecytes | kodecytes Cytometry

E— t I

A

incubate I incubate |

STEPS

VARIABLES

@ 37°Cfor0.5h FSL-FLRO4 FSL-FLRO4 @ 37°Cfor 0.5h
with CellStab (UT)| |0, 6, & 50 pM @ 37°C 0,6,&50 uM @ with CellStab (UT)
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Figure 65: Schematic overview of method testing the effect of glycocalyx, (the co-relationship
between FSL uptake and the presence of glycocalyx).

Results: Data generated from scenario 1 is shown in Figure 66, where papain-treated
RBCs had a greater degree of transformation than untreated RBCs; that is, the depletion
of glycocalyx accelerated the uptake of FSL-FLRO4. Overall, glycocalyx-depleted RBCs
had approximately 30-50% higher fluorescence signals than non-treated RBCs,
indicating that glycocalyx depletion accelerates the uptake of FSL-FLRO4. There was a
difference in signal generated from two concentration variants of kodecytes; 6uM
FLRO4- kodecytes (representing lower concentration, free FSLs) produced roughly 15%
higher signal than 50uM FLRO4-kodecytes (concentration above CMC). This difference

in signal generation suggests that glycocalyx may have some interaction with micelles.
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Effect on glycocalyx depletion prior to formation of FLRO4-kodecytes
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Figure 66: Effect of glycocalyx depletion on FSL-FLRO4 uptake (scenario-1) prior to the formation
of FLRO4-kodecytes. RBCs were incubated with papain (treated, glycocalyx-depleted) and
without papain in CellStab (untreated) before transformation of RBCs with FSL-FLRO4. MFI
measured by flow cytometry.

Figure 67 shows the MFI generated from the second scenario, where the effect of
glycocalyx depletion on FLRO4-kodecytes was examined (by a comparative
representation of the fluorescence signal generated from glycocalyx-depleted and non-
depleted FLRO4-kodecytes). The data suggests that papain-treated FLRO4-kodecytes
(glycocalyx-depleted) have a less fluorescence signal than non-treated kodecytes, thus
suggesting that the removal of the glycocalyx likely removed the glycocalyx-associated
FSL construct. It is of note that the rate of decrease of signal was not similar between
the tested concentrations; for example, 6uM FLRO4-kodecytes treated with papain
showed a decline in fluorescence signal of only 5% (and within the margin of error),
whereas for 50 uM FLRO4-kodecytes, almost 35% of the signals were lost. This supports

the entrapment FSL (micelles) in the glycocalyx.
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Effect of glycocalyx depletion after formation of FLRO4 kodecytes
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Figure 67: Effects of glycocalyx depletion on FSL-FLRO4 uptake (scenario-2) after the formation
of FLRO4-kodecytes. Kodecytes were incubated with papain (treated with glycocalyx depletion)
and without papain in CellStab (untreated), and the MFI of treated and untreated FLRO4-
kodecytes was measured by flow cytometry.

From the results shown in Figures 66 and 67, the following conclusions could be drawn:
Firstly, the removal of glycocalyx prior to the formation of kodecytes improves the
uptake of FSL by more than 30%. Hence, it could be proposed that cells’ glycocalyx
interacts with FSL constructs and plays a role in determining the rate of labelling of cell

membranes.

Secondly, when the glycocalyx of the kodecytes is removed following the koding process,
areduction in the fluorescence signal is observed (for the 50 UM kodecytes). This finding
implies that FSL constructs (probably as micelles) are resident in glycocalyx. However,
as all the signals were not lost after glycocalyx depletion of kodecytes, some FSL must

therefore be in the plasma membrane.
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4.4 Chapter summary:

The following conclusion could be deduced from the mechanism of the FSL construct

study in different scenarios.

Unlike FSL-FLROA4, FSL-BODIPY, and FSL-biotin, uptake approaches maximum and
within 1 h of incubation at 37°C.

An estimation of residual construct in the post-transformation study concludes
that at any time point of analysis, there is a detectable amount of residual FSL left
in the post-transformation solution of the kodecytes. The concentration of
residual FSLs decreases with increasing koding duration. At a standard koding
duration of 2 hours, 25% of FSL-FLRO4 remains in the post-transformation
solution, whereas it is nearly 13% for FSL-BODIPY.

At similar experimental conditions, the fluorescence spectrophotometer results
(Section 4.2.2) correlate with those generated by flow cytometry (Section 3.3.3).
The glycocalyx is a rate-determining step during the FSL modification process, as
the removal of glycocalyx before kodecyte formation enhances FSL uptake by
suggesting glycocalyx interacts with FSL constructs and influences cell membrane
labelling rate. Additionally, kodecytes' glycocalyx partial removal reduces the
fluorescence signal (for concentrations above CMC), suggesting FSL constructs

are resident in glycocalyx, but some FSL must be in the plasma membrane as well.
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Chapter 5 Investigating into FSL-FLRO4 signal loss during koding

Overview: The time-dependent uptake study of FSL-FLRO4 during 24 h incubations at
37°C showed that FSL-FLRO4 uptake reaches a maximum after 4 h of incubation (as the
fluorescence signal MFI was highest, Section 3.3.3). After this incubation time point, the
fluorescence signal starts decreasing. Compared to 4 h, FLRO4-kodecytes at 24 h lose

approximately half of their fluorescence signal.

It is also important to highlight that, with FSL-BODIPY and FSL-biotin, there was no
fluorescence signal loss during extended incubation at 37°C; however, there was a loss
with FSL-FLROA4. Hence, initially, experiments were set up to measure and explain the
reasons behind FSL-FLRO4 signal loss during 24-hour incubations at 37°C using flow

cytometry.

Methodology overview: The following methodology was designed to test the
hypothesis that post-transformation solution harvested after 24 h would account for the
lost FSL-FLRO4 signal. The schematic overview of the methodology is presented in

Figure 68, followed by a detailed explanation of the experimental protocol.
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Figure 68: Schematic of methodology for exploring lost FSL-FLRO4 while koding.

The following protocol outlines the steps.
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RBC kodecytes were prepared at increasing concentrations of FSL-FLRO4 for time
periods of 4 h and 24 h. A fresh aliquot of RBC and FSL was used for each time
point (4 and 24 h).

Post-transformation (after 4 h and 24 h incubation time points), the solution used
for transformation was recovered as a supernatant.

Respective supernatant or post-transformation solution was examined for the
lost FSL-FLRO4 signal by two methodologies: flow cytometry and fluorescence
spectrophotometer (fluorescence plate reader).

For the flow cytometry analysis, the post-transformation solution was analysed
for the presence of missing FSL-FLRO4 by measuring its ability to transform fresh
RBCs into kodecytes using flow cytometry.

The fluorescence signal generated by FLRO4-kodecytes prepared from
transformation solutions (working stock) and supernatant at 4 h and 24 h was
measured by flow cytometry.

To determine FSL-FLRO4 signal loss, the MFI of kodecytes prepared from different
transformation mediums (working stock and supernatant) was compared at
respective time point.

For fluorescence spectrophotometer analysis, supernatant recovered from 4 h
and 24 h time points were measured for fluorescence signal readouts by
fluorescence microplate-based assays.

A comparative analysis of readouts from 4 h and 24 h supernatant would aid in
determining if the 24 h harvested supernatant would account for FSL-FLRO4
signal loss (from 24 h time point kodecytes).

It is important to note that the experiment concerning fluorescence
spectrophotometer was performed in a separate setting (i.e., in separate
scenarios). This was done to test and support the unexpected result that was
observed in the following experiment.

First flow cytometry result is explained, followed by the fluorescence

spectrophotometer result.
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Results: Figure 69 compares the MFI generated from FLRO4-kodecytes obtained after
4 h and 24 h of RBC incubation with FSL-FLRO4 at 37°C and kodecytes prepared with
post-transformation solution, which was harvested after 24 h of incubation. From Figure
78, it could be seen that FLRO4-kodecytes obtained after 24 h of incubation generate
nearly half of the fluorescence signal with respect to 4 h of incubation at 37°C. For
example, compared to 4 h kodecytes, 24 h FLRO4-kodecytes produce approximately
45% less fluorescence signal at 3 and 6 uM and 55% at 13, 25, and 50 uM. MFI of
kodecytes prepared from post-transformation solution harvested at 24 h was virtually
negligible (around 1%). As 45-55% fluorescence signals were unaccounted for, it could
be observed that MFI obtained from kodecytes prepared from a 24 h
post- transformation solution did not match up to the level of fluorescence lost from

24 h working stock kodecytes.

A two-way ANOVA with Tukey's multiple comparison test was used to examine the
statistical significance of the observation that MFI of 24 h post-transformation
kodecytes is lesser than 4 and 24 kodecytes and different for 4 h and 24 h kodecytes. A
change in fluorescence intensity is considered significant at **P<0.003, and highly
significant at ****P<0.0001. The statistical analysis revealed that compared to 4 and 24
kodecytes, the difference in the MFI of 24 h post-transformation kodecytes was
statistically significant. However, this was not observed at 3uM FSL-FLROA4. It was also

observed that there was a significant difference between MFI of 4 h and 24 h kodecytes.
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Determination of FSL-FLRO4 signal loss in post-transformation solution
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Figure 69: Determination of FSL-FLRO4 signal loss in a 24 h post-transformation solution. MFI of
FLRO4-kodecytes obtained after 4 h and 24 h of incubation at 37°C (dark and light green bars,
respectively) MFI of kodecytes prepared from a 24-hour post-transformation solution is
represented by a lighter green bar.

From Figure 69, it could be surmised that there was loss in FLRO4-kodecytes lost
fluorescence at 24 h and the flow cytometry methodology could not account for the
fluorescence signals lost in the post-transformation solution (obtained at 24 h). Hence,

the following questions arose:

e Whether lost FSL-FLRO4 was present in the 24 h post-transformation solution,
e and if the lost FSL-FLRO4 was present in the 24 h post-transformation then why
did it not account for the lost signals i.e., unable to transform fresh red cells into

new kodecytes.

Thus, to test these questions, further experiments were conducted to seek an
explanation for the lost FSL-FLRO4 signal and specifically answer the following

questions:

e |slost FSL-FLRO4 degraded in the process of 24 h incubation at 37°C.
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e s lost FSL-FLRO4 present in the supernatant but, due to various factors, unable

to make new kodecytes.

5.1 Testing FSL-FLRO4 degradation concept

Overview: The objective of this analysis was to examine whether FSL-FLRO4 constructs

would degrade when maintained at 37°C for prolonged time periods of 24 h.

Method overview: The methodology was designed to examine whether FSL-FLRO4
constructs, in the absence of RBCs, would degrade if maintained at 37°C for an extended
period of 12 h and 24 h. The schematic overview of the methodology is presented in

Figure 70, followed by a detailed explanation of the experimental protocol.
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Figure 70: Schematic overview of method testing FSL-FLRO4 degradation concept.

The following protocol gives an overview of the steps involved.

e FSL-FLRO4 working stock of different concentrations was prepared and incubated
at 37°Cfor 12 h and 24 h.
e A fresh batch of FSL-FLRO4 working stock was also prepared on the day of the

experiment, representing O h.
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e Freshly prepared (0 h), 12 h, and 24 h preincubated (at 37°C) FSL-FLRO4 working
stocks were aliquoted into two sets.

e The first set was used to prepare kodecytes, and MFI generated from the
respective kodecytes was measured by flow cytometry.

e The second set was quantified for its fluorescence signal by fluorescence

spectrophotometer in a microplate-based assay.

Results: Figure 71 shows that comparable fluorescence signal was generated from
FLRO4- kodecytes prepared from 12 h and 24 h (pre) incubated working stock and
freshly prepared (0 h) working stock. This was observed across all the tested
concentrations. Hence, it could be summarised from the flow cytometry result that in
the absence of red cells the FSL-FLRO4 construct does not degrade during the prolonged
incubation period of 12 h and 24 h at 37°C as freshly prepared and extended incubated

working stock koded RBC generated similar MFI.



156

MFI of FLRO4-kodecytes prepared from working stock incubated for 0, 12

and 24 h at 37°C, Flow Cytometry data

90
m fresh working stock

m 37°Cfor12h

80 | w37°Cfor2ah

70

60

50

MFI

40

30

20

10

3 6 13 25
(LM) FLRO4-kodecytes

Figure 71: Analysis of degradation of the FSL construct using flow cytometry during prolonged
incubation at 37°C. MFI of FLRO4-kodecytes prepared from working stock prepared freshly (0 h)
and after 12 and 24 h incubation at 37°C. Experiments were performed thrice, and the data is
expressed as the mean + SD.

Alternatively, the fluorescence signal of FSL-FLRO4 constructs was also measured (and
compared) by fluorescence spectrophotometer. The fluorescence intensity of different
concentrations of FSL-FLRO4 (100pL aliquots) (obtained with and without incubation at
37°C) was measured using Tecan Spark® 10M in triplicate. In the fluorescence
spectrophotometer (fluorescence microplate reader set up), the fluorescence intensity
of a given sample is measured in relative fluorescence units (RFU), which account for the

amount of fluorescence light signal emitted by the sample.

Figure 72 shows data obtained from a fluorescence spectrophotometer-based assay.
Working stock of FSL-FLRO4 prepared freshly (0 h) and after 12, and 24 h incubation at
37°C generated approximately equivalent relative fluorescence. Hence, it could also be
proposed that the FSL-FLRO4 construct does not degrade if maintained at 37°C for 12 h

and 24 h, as the freshly prepared and 37°C incubated working stock generates very
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similar fluorescence. From Figure 72, it could also be observed that RFU does not
increase linearly with increasing concentrations of 3 to 50 uM. This effect is likely due to

the self-quenching of the fluorophore 162163,

Comparision of fluorescence signal obtained from working stock incubated at
37°Cfor 0, 12, and 24 h, Fluorescence Spectrophotometer data
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Figure 72: Analysis of degradation of the FSL construct using spectrophotometer during
prolonged incubation at 37°C. Relative fluorescence of FSL-FLRO4 working stock prepared
freshly and after 12, and 24 h incubation at 37°C.

5.2 Testing for lost FSL-FLRO4 in the post-transformation solution.

Overview: Based on the previous results (Figures 71 and 72) obtained by two
methodologies, it was determined that FSL-FLRO4 does not degrade if maintained at
37°Cfor 12 h.and 24 h (in the absence of red cells). Hence, it is possible that the missing
FSL constructs are present in the harvested post-transformation solution, but in a form

that is not able to transform fresh red cells into kodecytes. So, to test the second
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hypothesis that the lost FSL is present in the post-transformation solution, the following

experiment was set up.

Methodology: A schematic overview of methodology testing this concept is shown in

Figure 70.

Results: Figure 73 shows the fluorescence signal obtained from post-transformation
solution harvested after 4 and 24 hours of incubation of RBCs with FSL-FLRO4. Data was
acquired by a fluorescence microplate-based assay. From the results, it could be
observed that the post-transformation solution obtained after 24 h of incubation was
more fluorescent than the 4 h post-transformation solution. The probable reason for the
24-hour post-transformation solution being more fluorescent than 6 h could be the
comparatively more shedding off (or release) of the FSL-FLRO4 construct at 24 h (from
the kodecytes) into the supernatant. The study confirms the hypothesis that lost FSL
constructs are present in the harvested post-transformation solution, as evidenced by
the consecutive rise of fluorescence in the 24-hour post-transformation solution. In
other words, fluorescence signal loss from 24 h time point kodecytes and the
consecutive rise of fluorescence in the 24 h post-transformation solution confirms the
tested hypothesis that the lost FSL constructs are present in the harvested

post- transformation solution.

Summary: FSL-FLRO4 signal loss study highlighted the fact that the missing (shed)
FSL- FLRO4 was present in the post-transformation solution (supernatant) as measured
by fluorescence spectrophotometer. However, they are present in the supernatantin a
form that is not able to kode fresh RBCs (as shown in Figures 74 and 78). Therefore, it
was proposed that FSL- FLRO4 lost from kodecytes or/and residual unacquired FSL was
present in the post-transformation solution and is not able to kode fresh RBCs (at least

very efficiently).
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Relative fluorescence of post-transformation solution measured by
Fluorescence Spectrophotometer
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Figure 73: Relative fluorescence of post-transformation solution harvested after 4 and 24 h of
incubation of RBCs with FSL-FLROA4. Results obtained by a fluorescence spectrophotometer.

5.3 Factors regulating koding ability of FSL-FLRO4

Overview: In the previous section, with reference to the FSL-FLRO4 signal loss study
from 24 h post-transformation solution, it was shown that the lost FSL-FLRO4 did not
degrade and was present in the post-transformation solution (as measured by
spectrophotometer readout). Although FSL-FLRO4 were present in the post-
transformation solution, they were not able to transform fresh RBCs into kodecytes
suggesting that they may be associated with different RBC-derived (shed) bioactive
proteins, lipids, and microparticles or microvesicles (referred to as membranous
entities), which make up the interfering factor and which may also further regulate the
uptake of shed FSL-FLRO4. The accumulation of interfering factors in the
post- transformation solution could be either due to prolonged incubation at 37°C or

additional associated factors (storage lesions).
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Two hypotheses were suggested to test for the presence of these interfering factors.
Firstly, it was proposed that membranous entities could be either generated by the RBCs
or kodecytes in the process of koding which involved incubation at 37°C. Secondly, they
may have been associated with the RBC membrane (in the form of RBC-associated
microvesicles) before the koding process (despite washing), and ultimately ending up in
the transformation solution. Due to extended incubation at 37°C, these membranous
entities probably interact and associate with the available FSL. Hence, it could be
suggested that during prolonged incubation at 37 °C, all different entities (released FSLs,
membranous entities) could work in tandem to impact and change the dynamic of FSL
uptake (from the post-transformation solution), ultimately controlling the availability of
released FSL and further obstructing the FSL-FLRO4 koding process. The following
experiments were conducted to explore factors regulating the koding ability of
FSL- FLRO4 (which are mostly present in the post-transformation solution), and the
results were analysed by flow cytometry and fluorescence spectrophotometer to

understand this proposed phenomenon.

5.3.1 Potential membranous entities during the 37°C incubation of RBCs

Method overview: Experiments were set up to examine the first hypothesis that
(interfering) membranous entities were being generated in the process of extended
incubation of RBCs in CellStab at 37°C (in the absence of FSL constructs). The schematic
overview of the methodology testing this concept is shown in Figure 74, followed by a

detailed explanation of the experimental protocol.
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Figure 74: Schematic of method testing the concept of membranous entities created during at
37°C.

The following protocol was used to test the first hypothesis:

e RBCs were incubated with CellStab at 37°C for 0, 2, 4, 6, and 24 h. Separate tubes
were maintained for each combination.

e Post0, 2, 4, 6, and 24 h of incubation, respective supernatants were separated
(referred to as CellStab supernatants).

e FSL-FLRO4 working stock or transformation solution was prepared using the
CellStab supernatant as a diluent (obtained post 0, 2, 4, 6, and 24 h).

e Respective FSL-FLRO4 transformation solution were examined for its ability to
transform fresh RBCs into kodecytes (at 37°C for 2 h) by flow cytometry.

e Fluorescence signal (MFI) generated from kodecytes prepared by the respective
CellStab supernatant was compared with kodecytes prepared from the 0 h

FSL- FLRO4 working stock (standard kodecytes).
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Flow cytometry result

Figures 75A and 75B shows the impact on FSL-FLRO4 uptake (making of kodecytes) from
the transformation solution prepared from buffer (CellStab) previously incubated for 2,
4,6, and 24 h with RBC at 37°C. FSL-FLRO4 working stock was prepared across the tested
concentrations of 6, 25, and 50 uM. The MFI of kodecytes prepared using the
corresponding transformation solution was measured wusing flow cytometry
(Figure 75A). Kodecytes prepared from working stock that used buffer, previously
incubated for 2, 4, 6, and 24 h with RBCs, generated a lower fluorescence signal than

conventional kodecytes (0 h) prepared with fresh CellStab.

In Figure 75B, the same data (as in Figure 75A) was normalised against 0 h kodecytes to
allow a direct comparison of MFI change (i.e., MFI obtained from kodecytes made from
supernatants obtained after 2, 4, 6, and 24 h incubation of RBCs at 37°C were normalised
against 0 h incubation, then indicated as % change). The result shows that irrespective
of FSL concentration (6-50uM), the fluorescence signal reduced at approximately the
same rate, which is about 10% for 2 h, increasing to 20-25% for 4-6 h. Finally, at 24 h, it

reduced by around 35%.
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A) Uptake of FSL-FLRO4 from working stock prepared in supernatant

B) % change in MFI from standard kodecytes
obtained after 0, 2, 4, 6, and 24 h of incbation of RBCs in CellStab at
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Figure 75: Potential membranous entities production in the absence of FSLs. Examining the concept of membranous entities generated during the 37°C
incubation of RBCs without FSLs. Analysis of FSL-FLRO4 uptake from working stock (ws) prepared from diluent harvested from previously incubated buffer (CellStab)
for 2, 4, 6, and 24 h with RBC at 37°C, flow cytometry data. A) MFI of RBC FLRO4-kodecytes generated from different working stocks. B) Change in FLRO4-kodecytes
MFI compared to standard kodecytes (freshly prepared FSL-FLRO4 working stock), indicated as %.
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From the above results, it could be suggested that the probable reason behind the
decrease in MFI and hence the uptake of FSL-FLRO4 from working stock is due to
incubation at 37°C. Thus, incubation of RBCs at 37°C probably facilitates the release of
RBC-associated membranous entities, which interfere with and delay the efficient
uptake of FSL-FLRO4 in suspension (as FSLs were suspected to be taken up or entrapped
within these membranous lipids and hence were not available for further labelling of
RBCs). This interference in FSL uptake was found to be of lesser extent (compared to
prolonged incubation duration with FSL-FLRO4, Figure 69), and hence probably
represents only part of the problem, and possibly the FSL koding process contributes to
this issue. Thus, it was decided to perform experiments where different FSL constructs
(along with FSL-FLRO4) would be tested for their respective influence or outcome when

RBCs were incubated with FSL for an extended period of time.

5.3.2 Potential membranous entities generated in the process of koding

Methodology: To verify the possibility that the FSL koding process itself contributes or
increases the generation of interfering membranous entities in the process of extended
incubation of RBCs at 37°C, experiments were set up wherein two non-fluorescent FSL
constructs, FSL-GB3 and FSL-Zero (FSL-0), were used. FSL-GB3 was chosen to match FSL-
FLRO4 as they both have adipate-based spacers and similar molecular weights. FSL-0
was also chosen as it does not possess a significant functional group but does have a
substantial spacer and is representative of most FSL constructs thus representing the
spacer and lipid parts of the study. Two concentrations (6 and 50 pM) were used for FSL-
GB3 and FSL-0, as theses be expected to establish the effect of FSL concentration on the

rate of the release of membranous entities.

The methodology was designed to examine whether interfering membranous entities
were being generated in the FSL koding process. The schematic overview of the
methodology is presented in Figure 76, followed by a detailed explanation of the

experimental protocol.



165

Flow Cytometry

Incubate ]—{FLRO4»kodecytes]
|Fresh RBC I/

Fluorescence
Spectroscopy

harvested
supernatant
used as
diluent to
make
working stock

Mix RBC with Incubate harvest
supernatant

'Y

STEPS

VARIABLES

FSL-0, FSL-GB3 @ 37°C FSL-FLRO4 FSL-FLRO4 @ 37°C for
6 & 50 uM for24h 6& 50 UM 6&50uM 2h
Cellstab

Figure 76: Examining the effect of koding on generation of membranous entities (testing
whether incubation of RBCs with FSLs generates more membranous entities than without FSLs).

S

To test the proposed hypothesis, the following protocol was set up:

e RBCs were incubated with CellStab and 6 and 50 uM FSL-GB3 and FSL-0 at 37°C
for 24 h. Separate tubes were maintained for each combination.

e After 24 h incubation, the solution used for transformation was recovered as a
supernatant.

e FSL-FLRO4 working stock or transformation medium was prepared using these
supernatants as diluents. Additionally, a fresh FSL-FLRO4 working stock (using
fresh CellStab as diluent) was also prepared. These respective working stocks
were examined by two methodologies: flow cytometry, and fluorescence
spectrophotometer.

e For flow cytometry analysis, these different FSL-FLRO4 supernatants working
stock was examined for the interfering factor by measuring its ability to transform
fresh RBCs into kodecytes i.e., the efficiency of FSL-FLRO4 uptake by fresh RBCs.

o FLRO4-kodecytes prepared with different transformation media were compared
against standard FLRO4-kodecytes (prepared by incubating RBC with fresh
FSL- FLRO4 working stock) to establish the contribution of the FSL construct and
koding process in generating interfering membranous entities in the process of

extended incubation of RBCs at 37°C.
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e For fluorescence spectrophotometer analysis, different FSL-FLRO4 supernatants
working stocks were measured for relative fluorescence signal readouts.

e Data is represented after readouts from various FSL-FLRO4 supernatant working
stocks were compared to fresh FSL-FLRO4 working stock.

e First flow cytometry result is explained, followed by the fluorescence

spectrophotometer result.

Flow cytometry result

Figure 77 shows the impact of the FSL koding process (i.e., FSL constructs) on RBCs
during extended incubation at 37°C. Here, fluorescence signals generated by
FLRO4- kodecytes with FSL-FLRO4 transformation medium wherein the diluents (to
prepare FSL- FLRO4 working stock) were harvested after 24 h of incubation of RBCs in
CellStab, and 6, 50 uM of FSL-GB3 and FSL-0 were compared with standard
FLRO4- kodecytes (fresh working stock) using flow cytometry. As shown in Figure 77,
standard kodecytes generated the most fluorescent signals, and kodecytes prepared
with FSL- FLRO4 transformation medium, where diluent was obtained from CellStab

24 h incubation (no FSLs), generated the least fluorescence signal.
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Effect of transformation solution prepared from different diluents on FSL-
FLRO4 uptake analysed by Flow cytometry
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Figure 77: Potential Membranous entities production in the presence of FSLs (FC). Examining the
concept of membranous entities generated during the 37°C incubation of RBCs with FSLs. Effect
on uptake of FSLs from FSL-FLRO4 working stock prepared from different diluents harvested
after 24 h incubation of RBCs with and without different FSL constructs (CellStab and 6 and 50
UM of FSL-GB3 and FSL-0). MFI of FLRO4-kodecytes prepared from different working stock were
compared against MFI of FLRO4-kodecytes prepared using fresh working stock.

With respect to standard kodecytes, kodecytes prepared using FSL-FLRO4
transformation medium (diluent from O uM CellStab post 24 h) generated approximately
35% less signal, and kodecytes prepared using FSL-FLRO4 transformation medium
(diluents from 6, 50 uM FSL-GB3 and FSL-0 post 24 h) generated approximately 12% less
signal. This trend was observed irrespective of the strength of the FSL used (6 and
50 uM). Hence, based on the fluorescence signal generated by different kodecytes using
flow cytometry, it could be summarised that there was more uptake of FSL-FLRO4 when
diluent for transformation medium was prepared from supernatant harvested after

24 hincubation of RBCs with FSL-GB3 and FSL-0 than CellStab only.

An explanation for the observed phenomenon could be that the presence of FSL
constructs (during an extended incubation at 37°C) helps maintain RBC membrane
integrity as fewer membranous entities (and, in turn, interfering factors) could be
generated. In contrast, in the absence of the FSL construct, interference-causing entities

were more significant (thus regulating FSL-FLRO4 uptake). Hence, it could be concluded



168

that transforming red cells into kodecytes did not make them more likely to shed the

product.
Fluorescence spectrophotometer result

Figure 78 demonstrates a comparative representation of the fluorescence signal
generated by FSL-FLRO4 working stock/transformation medium, prepared from six
different diluents: supernatant obtained after 24 h of incubation of RBCs in CellStab, 6
and 50 uM of FSL-0 and FSL-GB3 at 37°C. Here, quantification of fluorescence signals

were performed by fluorescence spectrophotometer.

Relative fluorescence of FSL-FLRO4 in working stock prepared from different
60000 diluents by fluorescence spectrophotometer

M Fresh FSL-FLRO4 working stock

50000 m CellStab only
6 uM FSL-0
" diluents harvested after

M50 uM FSL-0 54 h

50 uM FSL-GB3 I
30000
20000
10000 ' '

0
6 50

FSL-FLRO4 (uM)
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Figure 78: Spectrophotometer data interpretation of membranous entities generated in the
process of koding process. Relative fluorescence of FSL-FLRO4 working stock prepared from
diluents obtained after 24 h of incubation of RBCs in CellStab and 6, 50uM of FSL- 0 and FSL-GB3
at 37°C. Freshly prepared FSL-FLRO4 working stock was used for comparative purposes.

From Figure 78, it could be observed that FSL-FLRO4 working stock prepared freshly
generated significantly more fluorescence signal than working stock prepared with

diluents harvested after 24 h. For example, 6 uM FSL-FLRO4 working stock prepared
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from supernatant harvested after 24 h incubation of RBCs with CellStab generated
approximately 42% less signal than standard working stock. This difference was found
to be around 60% for 50 uM FSL-FLRO4 working stock. Additionally, FSL-FLRO4 working
stock prepared from diluent harvested after 24 h of incubation of RBCs in FSL generated
more signals compared to when RBC was incubated without FSL. Fluorescence
spectrophotometer findings mostly correlate with the results obtained by flow
cytometry (Figure 77, when the same working stock aliquots were used for preparing

kodecytes).

The present tested hypothesis could not establish the complete cause behind the factor
causing FSL-FLRO4 fluorescence signal loss. It should be noted here that the FSLs
considered for testing this assumption resembled FSL-FLRO4 but was not FSL-FLRO4;
hence, the actual effect of prolonged RBC incubation with FSL-FLRO4 at 37°C could not
be discarded.

The second hypothesis aimed to examine the possible link between RBC-derived
extracellular membranous vesicles (probably associated with the RBC membrane since
the start of the transformation process) and their interference with the uptake of FSL-
FLRO4 during prolonged incubation at 37°C. The generation of RBCs-associated
membranous vesicle has been shown to be linked to in vitro storage and, subsequently,
the age of RBCs 148164165 The concern that extended in vitro storage of RBCs at 4°C may
generate RBCs-associated MVs (proposed interfering factor) and resultant usage of old
RBCs would impact the uptake of FSL constructs was already comprehended in the early
course of this study (detailed study in Section 3.2). Based on the results obtained from
the RBC storage age-based uptake study: as RBCs age during in vitro storage, their ability
to uptake FSL-FLRO4 decreases, so it was decided to use RBCs no older than 10 days of
storage at 4°C for making kodecytes. Since RBCs aged less than 10 days were always
used in this study, RBCs-associated membranous entity theory has a minimal role to play
in being the source or reservoir of interfering factors which, would impact the dynamics

of FSL-FLRO4 uptake and control the availability of missing or shed FSL.
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5.4 Chapter summary:

The following conclusion could be deduced from the study, where factors that regulate
the koding ability of shed FSL-FLRO4 (present in the post-transformation solution) were
examined. Conclusions are based on the flow cytometry and fluorescence

spectrophotometer results.

e The time-dependent uptake study of FSL-FLRO4 during 24 h incubations at 37°C
showed that FSL-FLRO4 uptake reaches a maximum after 4 h of incubation; after
this incubation time point, the fluorescence signal starts decreasing. Compared
to 4 h, FLRO4-kodecytes at 24 h lose more than half of their fluorescence signal.

e Unlike FSL-FLRO4, FSL-BODIPY and FSL-biotin at concentrations less than 100 uM
did not exhibit this behaviour of signal loss during extended koding.

e Based on results obtained by flow cytometry and fluorescence
spectrophotometer, it could be seen that FSL-FLRO4 does not degrade if
maintained at 37°C for 12 h and 24 h (in the absence of red cells), and the lost
and/or residual FSL-FLRO4 are present in the harvested post-transformation
solution but in a form that is not able to efficiently transform fresh red cells into
kodecytes.

e Extended incubation of RBCs in CellStab at 37°C facilitates the release of more
(interfering) RBC-associated membranous entities than when RBCs were
incubated with FSL constructs (tested FSL-GB3 and FSL-0). Hence, it could be
proposed that transforming red cells into kodecytes (i.e., the act of incubation at
37°C) make them more likely to shed their membrane and, in turn, the product.

e The tested hypothesis could not establish the full cause of FSL-FLRO4
fluorescence signal loss as the FSLs considered for testing the proposed
hypothesis resembled FSL-FLRO4 but were not FSL-FLRO4; hence, the actual
effect of prolonged RBC incubation with FSL-FLRO4 at 37°C could not be
discarded.

e In summary, at 37°C, RBC-derived membranous entities (proteins, lipids, and
microvesicles) make up or account for the interfering factor and further regulate

the uptake of missing FSL-FLRO4 from the supernatant.
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Chapter 6 Kodecytes morphology analysis and Cytotoxicity studies

Cells are sensitive to their environment. Application or uptake of exogenous
molecules/probes has been reported to bring about significant cellular changes in shape,
structure, functionality, viability, motility, and cytoskeleton remodelling 1. The aim of
this aspect of the study was to measure whether the uptake of FSL constructs under
different koding conditions (i.e., temperature, duration, concentration, and cell type)
visually impacts the integrity of the membrane or the vitality of the kodecytes.
Additionally, the influence of the koding process on the viability of actively dividing
Jurkat cells and PC-3 cells was also analysed. To examine the cytotoxicity profile of FSL
constructs, different cell viability assays based on different methodologies and

instrumentation were used.

6.1 Scanning electron microscope analysis of RBC kodecytes morphology

Overview: Optical microscopy has a limited resolution of approximately 200nm with
maximum magnification of around 2000x. In contrast Scanning Electron Microscopy
(SEM) provides tenfold improvement in resolution (nearly 1 nm) with magnification of
about 15,00,000x allowing access to three-dimensional shape of cells.'¢’-1’° The RBC
membrane is paramount to its survivability and is widely chosen as a methodology to

observe and examine its morphology.

In this study, Hitachi Ultra High-Resolution Analytical FE-SEM SU-70 was used to study
the surface morphology of red cells and Jurkat cells pre and post koding. It is important
to note that this SEM has advantage of not only providing ultra-high resolution (1.0
nm/15kV, 1.6nm/ 1 kV), but also reduced charge-up imaging, compositional-contrast

imaging, and ultra-low voltage imaging.

SEM can be used to view the RBC membrane's morphological changes, which can be
correlated to its functionality and survivability.}”* Hence, SEM was used to examine

RBCs' morphological characteristics (diameter and shape) post-koding.

Methodology: The following methodology was used for SEM (Hitachi SU-70) sample
preparation and analysis. A schematic overview of the methodology is presented in

Figure 79, followed by a detailed description of the experimental protocol.
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Figure 79: Schematic overview of methodology used for SEM sample preparation.

Procedure of SEM sample preparation for RBC kodecytes.

e FSL constructs were diluted to the required concentration in CellStab.

e One volume of FSL at a given concentration was incubated with one volume of
packed RBC at 37°C for 2 h. Unkoded cells were also prepared simultaneously. For
the RBC storage duration study (5.1.1), day-0 and day-15 old RBCs were used for
preparing kodecytes.

e Insection 5.1.3, different koding incubation periods were used (0-24 h).

e RBC kodecytes were washed 2x and made into a 5% suspension.

e Kodecyte samples were fixed with 2.5% glutaraldehyde for 20 minutes at RT.

e Fixed kodecytes were washed 3x with DI water. Samples were placed on a silicon
chip wafer and allowed to dry completely.

e Prior to viewing with SEM, the dried samples were mounted using a double-sided
carbon tape and sputter coated with platinum at 25mV for 60s (Hitachi; E-1045).

e SEM images were taken using the standard voltage of 5KV.

e Kodecytes and unkoded cells were counted and categorised by shape and graded
based on the nomenclature of Bessis 1° explained in detail in Section 1.10, Figure

80 and summarized in Table 13. Results are shown as percentage of normal cells.
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Table 13: Red cells categorised by shapes based on nomenclature of Bessis. 1

Red cells shape names

Abbreviation

Description

Discocyte
Type | Echinocyte
Type Il Echinocyte
Type Il Echinocyte

Type | Sphero-Echinocytes
Type Il Sphero-Echinocytes
Type | Stomatocytes

Type Il Stomatocytes

Type Ill Stomatocytes

D
El
Ell
Ell

SEI

SEIll

S

N

Sl

normal biconcave red cells
an irregularly countoured discocyte
a flat red cell with spicules

ovoid or spherical cell with 30 to 50 conical
spicules evenly distributed over its surface

a sphere with ~50 threadlike spicules
a smooth sphere

cup shape red cells with a shallow circular
invagination, rim is thicker compared with
the shorter circular invagination

cup shape with a deeper invagination, nearly
circular

cup shape with a deep invagination, often
elongated into a mouth or pit-like slit
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Ell

A) SEM micrographs of red blood cells with normal and altered morphology during 40d in-vitro storage

Echinocyte Discocyte Stomatocyte

Elll (Type Il echinocyte)

El (Type | Echinocyte)
Ell (Type Il Echinocyte)

D (Discocyte)

Sl (Type | Stomatocytes)

SEI (Type | Sphero- Echinocytes)

Sl SEIl
(Type Il Stomatocytes) (Type Il Sphero-Echinocytes)

C) SEM micrographs of red blood cells prepared at AUT

Figure 80: SEM micrographs of RBC with normal and altered morphology. Abbreviations used
for respective red cells are discocyte (D), type | echinocyte (El), type Il echinocyte (Ell), type llI
echinocyte (Elll), type | sphero-echinocytes (SEl), type Il sphero-echinocytes (SEll), type |
stomatocytes (Sl), and type Il stomatocytes (Sll) and detailed description is in table 13. Scale bar
= 30 um. A) During in vitro storage for 40 days. B) Reversible transformation stages C) SEM
preparation during the course of the study at AUT
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It is important to mention here that echinocyte subtypes (El, Ell, and Elll) and sphero-
echinocyte subtypes (SEl and SEIl) were easier to differentiate and categorise based on
different shapes; hence, their subtypes have been used to grade kodecytes and unkoded
cells in this study. However, for stomatocytes, their subtypes have been grouped and
analysed as one. The reason behind doing so was the lack of very clear demarcation in
the shape of the respective stomatocyte subtypes. It is important to note that kodecytes
and unkoded cells diameter measuring > to 6um in diameter are determined as

discocytes, and < 6um are determined as stomatocytes.

Procedure of SEM sample preparation for Jurkat kodecytes.

e Equal volumes of Jurkat cell suspension were added to an equal volume of FSL
working stock and serum-free medium (negative control) and incubated for 2 h
at 5% CO; and 37°C.

e Kodecytes were washed 2x and then fixed by incubating with 2.5%
glutaraldehyde for 20 minutes at RT.

e Fixed kodecytes were washed with DI water 3x by centrifugation at 130x g for 3
minutes.

o After final washing, kodecytes were processed the same as RBCs.

For characterising the diameter, the mean diameter of both kodecytes and control cells
was measured manually using an SEM micrograph and the analysis tool, Image J. For
this, a straight line (chosen as the diameter) was drawn in 4 separate directions across
several axes of the same cell. The mean diameter was then measured using the
automated measurement function in Image J. The diameters of at least 100 random cells
per image were measured, and the mean diameter of kodecytes and unkoded cells was
plotted. For each image, 4 random fields with representative 100 cells were counted.
Counting was done from left to right and a consistent pattern of counting cells was

followed. Each experiment was repeated at least twice.

During the course of the study, it was observed that kodecytes and unkoded cells graded
as stomatocytes (and their subtypes) on average have a smaller diameter. Hence,
kodecytes, or unkoded cells, were classified as stomatocytes based on their altered

shape and size (measuring < 6um in diameter).
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6.1.1 RBC storage-age effect on FLRO4-kodecytes morphology

Extended in vitro storage of RBC at 4°C and, in turn, usage of relatively older RBC for the
koding process have been shown to impact the uptake of FSL-FLRO4 (section 3.2).
Experiments were designed to analyse if the slower uptake of FSL constructs was
corelated to any change in the morphology of RBC. In summary, this section investigates
how the duration of RBC storage affects the morphology of RBCs and, in turn, the
morphology of FLRO4-kodecytes. The results would establish if the selection of RBC to

make kodecytes (and results) were dependent on RBC storage age.
FSL-FLRO4

Figures 81 and 82 show the impact of the storage age of RBC (d0 and d15) on FLRO4-
kodecyte morphology across the tested concentration range of 0-50 uM. Kodecytes
made from different storage age RBCs were categorised by shape and graded based on
the nomenclature of Bessis, summarised in Table 13 and Figure 80. Results are shown
as a percentage of normal cells (discocytes), i.e., normal cells/abnormal cells. Abnormal

cells account for a total of EI+EII+EIlI+SEI+SEII.
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kodecytes (scale bar = 30um) prepared from RBCs stored at 4°C for 0 and 15 days. The inset box on the left of each micrograph is the approximate % of normal cells.

Note: Box % relates to the average observed for all experiments, not just the micrograph shown.
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Figure 82: SEM micrograph analysing RBC storage-age eff
30um) prepared from RBCs stored at 4°C for 0 and 15 days. The inset box on the left of each micrograph is the approximate % of normal cells. Note: Box % relates

to the average observed for all experiments, not just the micrograph shown.
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From the results shown in Figures 81 and 82, the following conclusions were made:
firstly, unkoded cells and (3—50 uM) kodecytes prepared from d0 or fresh RBCs had more
discocytes, i.e., normal cells, than when d15 stored RBCs were used. Secondly, the
transformation of RBCs with a concentration of >13uM FSL-FLRO4 resulted in a change
in morphology from predominantly discocytes to an increasing percentage of type I-llI
echinocytes. Although this observation was displayed irrespective of the storage age of
RBCs (used for preparing kodecytes), it was seen more for d15-stored RBCs at a 50uM

concentration.

Table 14 summarises the various transitions in kodecytes and unkoded cell shapes and
is categorised based on the nomenclature of Bessis. The results are shown as an
approximate percentage of cells. The data in Table 14 shows that when kodecytes were
prepared using older RBCs, more type Il and type lll echinocytes of flat and spherical
shape with conical spicules were observed from 13 uM concentration onwards. This
trend sets in as the concentration of FSL-FLRO4 increases, and more type Il echinocytes,

i.e., spherical cells with 30 to 50 conical spicules, start appearing.

Table 14: Effect of RBC storage-age on FLRO4-kodecyte. Unkoded cells and FLRO4-kodecytes
prepared from d0 and d15 stored RBC were categorised by shape based on the nomenclature of
Bessis. Results are shown as a percentage.

RBC-storage age (days)

do di5
FLRO4-kodecytes (uM) FLRO4-kodecytes (uM)

Cell type (%) 0 3 6 13 25 50 0 3 6 13 25 50
D 96 95 93 80 74 41 8 79 71 63 50 30

El 2 2 3 8 10 15 5 4 5 10 14 10

Ell 0 2 2 6 8 22 5 6 8 1 19 17

Elll 1 1 1 4 6 18 7 8 8 7 12 31

SEI 0 0 0 1 0 1 0 3 6 6 2 8

SEll 0 0 0 0 1 1 1 0 1 2 3 1

S 1 0 1 1 1 2 1 0 1 1 0 3
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6.1.2 Concentration-dependent effect

FSL-FLRO4

Based on SEM micrographs shown in Figures 81 and 82 and data shown in Table 14, it
could be concluded that treatment of RBCs with concentrations of >13uM FSL-FLRO4
resulted in a change in morphology from predominantly discocyte to increasing

percentage of type I-lll echinocytes.
FSL-BODIPY

Figure 83 shows the SEM micrograph of unkoded and 3-50uM BODIPY-kodecytes. It can
be seen that a concentration-dependent effect of FSL-BODIPY on kodecytes was not
observed until the 50uM concentration. For example, with respect to unkoded cells, the
appearance of abnormal cells like type | and Il echinocytes (which are irregularly
contoured discocytes) were observed when RBCs were transformed with FSL-BODIPY at
a 50uM concentration. Hence, it can be concluded that BODIPY-kodecytes mostly

appeared to behave similarly to control, i.e., unkoded cells.
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RBC BODIPY-kodecytes

Figure 83: Example SEM micrograph of unkoded and 3-50uM BODIPY-kodecytes (scale bar = 30um). The inset box on the left of each micrograph is the approximate
% of normal cells. Note: Box % refers to the average observed for all experiments, not just the micrograph shown.
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FSL-biotin

The standard procedure for detecting RBC biotin-kodecytes is by conjugation of
Streptavidin, Alexa Fluor™ 488 conjugate (SAF488). Hence, it was essential to examine
both the initial FSL-biotin labelling and the effect of the addition of the secondary label
SAF488 on biotin-kodecytes. To do this, various controls were prepared by incubating
unkoded cells (obtained by preincubation of RBC with CellStab at 37°C for 2 h) with and
without 1 mg/mL of SAF488 conjugate for 30 minutes at RT in the dark. Simultaneously,
1, 13, and 50uM biotin-kodecytes (representing low, intermediate, and high
concentrations) were incubated with 1 mg/mL of SAF488 conjugate and CellStab for

30 minutes at RT in the dark.

Figure 84 shows a comparative illustration of the SEM micrographs of unkoded cells,
biotin-kodecytes, and subsequent secondary modification with SAF488 conjugate plus
controls (without SAF488). From the results shown in Figure 85, it can be seen that
adding SAF488 conjugate to unkoded cells and biotin-kodecytes only brings about small
(<5%) changes to the respective unkoded cells and kodecytes. Therefore, it is concluded
that the FSL-biotin must be responsible for most of the changes in the resulting
kodecytes, and subsequent secondary treatment of these kodecytes with SAF488
conjugate only adds small additional (cumulative) modifications (predominantly of
type | and Il echinocytes). The data from various studies suggests that avidin binds to
biotinylated membrane polyvalently 172173; therefore, it is possible that multipoint

streptavidin attachment to FSL-biotin induces further rearrangement in the membrane.

Table 15 summarises the approximate % of normal cells found in unkoded cells and
biotin-kodecytes after secondary treatment of these kodecytes with and without
SAF488 conjugate. Table 15 also shows the change in the % of normal cells compared
with unkoded cells that were not treated with (-) SAF488 and the change in the % of
normal cells when treated with SAF488. This analysis was performed for both unkoded
cells and 1-50 uM biotin-kodecytes. Table 16 lists the percentage of different grades of
abnormal shapes for the experiment. From Table 15, it can be seen that additional

modification by SAF488 increases the % of abnormal cells by approximately 5%.
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Figure 84: Testing the effect of the secondary label SAF488 on biotin-kodecytes. A comparative representation of SEM micrographs of 1-50uM biotin-kodecytes and

unkoded (scale bar = 50um) incubated with SAF488 conjugate plus control (without SAF488). The inset box on the left of each micrograph is the approximate % of
normal cells. Note: Box % refers to the average observed for all experiments, not just the micrograph shown.
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From the data shown (Tables 15 and 16), it is concluded that more abnormal cells result
when RBCs are transformed with FSL-biotin at higher concentrations, and subsequent

SAF488 treatment only brings about minor additional changes.

Table 15: The effect of the secondary label SAF488 on biotin-kodecytes (part 1). Unkoded cells
and 1-50 uM biotin-kodecytes incubated with (+) and without (-) SAF488 conjugate, categorised
by shape, cells are graded on the basis of nomenclature of Bessis. Results are shown as a
percentage. The change in the % of normal cells from unkoded cells without (-) SAF488 is shown.
Change in the % of normal cells in the presence of SAF488 for unkoded cells and 1- 50 uM biotin-
kodecytes is also shown.

biotin-kodecytes

0 1 uM 13 uM 50 uM
Cell type SAF488 SAF488 SAF488 SAF488
(-) (+) (-) (+) (-) (+) (-) (+)
D (%) 93 87 92 90 89 84 66 62
A from (-) SAF488
unkoded cells (%) 6 ! 3 6 9 27 31
A from (-) and (+) 6 5 3 4

SAF488 (%)

Table 16: The effect of the secondary label SAF488 on biotin-kodecytes (part 2). The percentage
of different grades of abnormal shapes for analysing the effect of the addition of the secondary
label SAF488 on biotin-kodecytes.

biotin-kodecytes

0 1M 13 uM 50 UM
Cell type (%) SAF488 SAF488 SAF488 SAF488

() (+) (-) (+) (-) (+) (-) (+)

El 3 8 3 3 5 5 13 15

Ell 2 3 1 4 5 4 14 17

Elll 0 1 2 2 1 5 5 3

SEI 1 1 0 1 0 2 1 1

s 1 0 1 0 0 0 1 2

Following the initial analysis measuring the effect of the secondary labelling of SAF488
conjugate on biotin-kodecytes, a more comprehensive range of concentrations (0, 3, 6,
13, 25, and 50uM) of biotin+SAF488 kodecytes were tested for evidence of when the
concentration-dependent morphological changes occur. There was no major change in
the shape of biotin+SAF488 kodecytes up to 25 uM, but at 50 uM, morphology changed

from discocytes to echinocytes (Figure 85).
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biotin+SAF488 kodecytes

Flgure 85: Example SEM m|crograph of 3-50uM biotin+SAF488 kodecytes and unkoded cells (scale bar = 30um) The inset box on the left of each micrograph is the
approximate % of normal cells. Note: Box % relates to the average observed for all experiments, not just the micrograph shown.
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In summary, the data in Table 17 (and Figures 81, 82, 83, and 85) show that an FSL
concentration-dependent changes in kodecyte morphology is observed, and are most
noticeable for FSL-FLRO4, followed by FSL-biotin. Although BODIPY-kodecytes did show
concentration-dependent morphological changes at higher concentrations (e.g.,

50 uM), they appeared relatively minor when compared to unkoded cells.

Table 17: Summary of shapes of different RBC kodecytes and unkoded cells counted, categorised
and graded based on the nomenclature of Bessis. The results are shown as percentages.

1M FLRO4-kodecytes 1M BODIPY-kodecytes biotin+SAF488 kodecytes

Stage 0 3 6 13 25 50 3 6 13 25 50 3 6 13 25 50
D 9% 95 93 80 74 41 9% 91 95 88 80 8 86 84 82 62
El 2 2 3 8 10 15 2 4 2 6 9 3 4 5 6 12
Ell 0o 2 2 6 8 22 1 2 1 4 7 5 4 4 7 14
Ell 1 1 1 4 6 18 0 1 0 0 2 2 1 5 4 5
SEI 0O 0 O 1 0 1 0 1 0 0 1 2 2 2 0 3
SEII 0O 0 0 o 1 1 0 0 1 0 0 2 2 0 0 2
S 1 0 1 1 1 2 1 1 0 2 1 1 1 0 1 2

The following conclusion could be deduced from the SEM analysis of RBCs kodecytes

post-labelling with different FSL constructs.

e FLRO4-kodecytes prepared from d15 stored RBC had more changes in their
morphology than when kodecytes were prepared with dO RBCs.

e RBC transformation with a concentration of >13uM FSL-FLRO4 resulted in a
change in morphology from predominantly discocytes to an increasing
percentage of type I-lll echinocytes.

o BODIPY-kodecytes did not show any substantial concentration-dependent
morphological changes compared with unkoded cells.

e The transformation of RBCs with FSL-biotin causes change in the resulting
kodecytes as well. The secondary treatment of biotin-kodecytes with SAF488
conjugate adds a small but cumulative alteration (<5%), i.e., FSL-biotin brings
major changes, and subsequent SAF488 treatment brings minor changes.

e With respect to changes in the shape of unkoded cells, concentration- dependent
change in kodecyte morphology was observed. It was most noticeable for FSL-

FLRO4, followed by FSL-biotin.
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6.1.3 Time-dependent effect

A time course uptake study and subsequent SEM analysis were set up to determine the
effect of different koding times on RBC/kodecytes morphology at 37°C. For this, RBCs
were incubated with FSL constructs at 37°C for up to 24 h. Kodecytes and unkoded
samples were aliquoted at the respective times and prepared for SEM analysis
(Table 18). Morphological changes in kodecytes were compared to unkoded cells. For
information regarding characterising the diameter of kodecytes and unkoded cells, refer

to Section 6.1.

Table 18: Time-course uptake study and subsequent SEM analysis of kodecytes and unkoded
cells at 37°C over a period of 24 h.

FSL constructs Concentration (uM) SEM analysis (h)
FSL-FLRO4 0, 6, 25,50 0,05,1,2,3,4,6,24
FSL-BODIPY 0,6,25 0,0.25,0.5,1,2,4,24
FSL-biotin 0,6,25 0,0.25,0.5,1,2,4,24

FSL-FLRO4

Figure 86 shows the effect of FSL-FLRO4 uptake on the resulting kodecyte morphology
over an increasing incubation time. Only representative time points (0 h, 2 h, and 24 h)

showing apparent changes in the kodecyte morphology are shown.

The following conclusions were drawn from the experimental data (Figure 86). Firstly,
incubation of RBCs without FSL constructs results in approximately 2% abnormal cells at
2 h and approximately 80% at 24 h. Secondly, as the koding period increases from 0 h to
2 h, kodecytes morphology changes from discocytes to an increasing percentage of type
I-11l echinocytes. This observation was clearly seen for 25 and 50 uM FLRO4-kodecytes.
Post 2 h incubation, a transformation in shape from discocytes and echinocytes to
stomatocytes was observed. At 24 h, kodecytes were found to have few discocytes
(<15%) and more type | and Il stomatocytes (>85%), i.e., during the course of the
incubation duration, kodecytes showed a gradual transformation from standard
biconcave shape to echinocytes (irregularly contoured discocytes with spicules of
varying degree; from 0-2 h) to stomatocytes, which are smaller, more normal-looking

cup-shaped red cells with a thicker rim and a varying degree of central depression.
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Based on the results shown in Figure 86 and Table 19, it could be proposed that although
extended koding duration at 37°C induces shape change in the kodecytes, at 24 h,
unkoded cells were also shown to have a nearly similar morphology as FLRO4-kodecytes.
This time-dependent morphology change, essentially post-2 h, could be proposed

because of prolonged incubation at 37°C rather than the effect of FSL.

During the 0—4 h koding duration, the appearance of spiculated or crenated red cells or
echinocytes could be an indirect sign of the transformation or koding of cells with
FSL- FLRO4, as seen in the case of certain amphiphiles incubated with red cells'’4175,
Additionally, one of the most important observations from this aspect of the study is the
time-dependent reversible transformation of RBC FLRO4-kodecytes from discocytes to

echinocytes to a combination of abundant stomatocytes.

The average diameter of unkoded cells and 6-50 uM FLRO4-kodecytes prepared during
different koding durations at 37°C was also measured. The unmodified cells started at
approximately 7 um and gradually decreased in diameter to approximately 5 um.
Irrespective of koding time, compared to unkoded cells, there was no considerable
difference in the average diameter (Figure 87) of kodecytes. A two-way ANOVA with
Tukey's multiple comparison test was used to investigate the statistical significance of
the result that, when compared to unkoded cells, there was no significant difference in
the average diameter of kodecytes between the various koding durations. The statistical
study revealed no significant variation in the average diameter of kodecytes generated
at varied koding times when compared to unkoded cells. This was observed across all

tested FSL-FLRO4 concentrations.

A decrease in the diameter of FLRO4-kodecytes is probably the result of the conversion
of echinocytes to stomatocytes, and the natural effect of becoming smaller is what
causes echinocytes to become more normal-looking stomatocytes. Additionally, as the
unkoded cells became smaller in diameter with increasing incubation duration at 37°C,

the effect seen was due to incubation at 37°C, not FSL modification.
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Figure 86: RBC FLRO4-kodecytes SEM micrograph and effect of koding duration. Example SEM micrograph of unkoded cells and 6-50uM FLRO4-kodecytes showing
the effect of different koding duration at 37°C (scale bar = 50um). SEM micrographs are shown only at 0, 2, and 24 h. The inset box on the left of each micrograph is
the approximate percentage of normal cells. Note: Box % refers to the average observed for all experiments, not just the micrograph shown.
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Table 19: Effect of koding duration on RBC FLRO4-kodecytes (from SEM micrograph). Summary
of the effect of different koding durations on the morphology of RBC FLRO4- kodecytes and
unkoded cells at 37°C. The results are shown as a percentage of normal cells.

Koding duration (h)

0 2 24
FLRO4-kodecytes FLRO4-kodecytes FLRO4-kodecytes
(LM) (uM) (M)
stage 0 6 25 50 0 6 25 50 0 6 25 50
D 98 99 96 96 96 93 74 41 14 16 12 8
El 1 0 2 1 2 3 10 15 3 4 3 2
Ell 1 1 2 3 0 2 8 22 6 5 2 5
Elll 0 0 0 0 1 1 6 18 0 0 0 0
SEI 0 0 0 0 0 0 0 1 0 0 0 0
SEIl 0 0 0 0 0 0 1 1 0 0 0 0
S 0 0 0 0 1 1 1 2 77 75 83 85
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Figure 87: SEM analysis of the average diameter of RBC FLRO4-kodecytes prepared at 37°C
during different koding durations. RBCs were incubated with 0, 6, 25 and 50 uM of FSL-FLRO4
for0, 0.5, 1, 2, 3, 4, 6 and 24 hours.



191

FSL-BODIPY

Figure 88 shows the SEM micrographs of FSL-BODIPY uptake on the resulting kodecyte
morphology during different koding durations at 37°C. SEM micrographs from all the
studied time points are not shown; only representative time points (0 h, 2 h, and 24 h)
showing apparent changes in the kodecyte morphology are shown in Figure 88. The
following conclusions were drawn from the SEM micrograph: FSL-BODIPY does not
cause any major shape alteration post 2 h incubation at 37°C, but at 24 h, a combination
of stomatocytes, echinocytes, and discocytes were observed (Table 20). The occurrence
of approximately 20-25% echinocytes post-24-h incubation is in contrast to
FLRO4- kodecytes. Unkoded cells showed a similar trend, except for the absence of any

considerable number of echinocytes post-24-h incubation at 37°C.

Table 20: Effect of koding duration on RBC BODIPY-kodecytes (from SEM micrograph). Summary
of the effect of different koding durations on the morphology of RBC BODIPY- kodecytes and
unkoded cells at 37°C. The results are shown as a percentage of cells.

Koding duration (h)

0 2 24
BODIPY- kodecyte BODIPY- kodecyte BODIPY- kodecyte

(1M) (uM) (1M)
stage 0 6 25 0 6 25 0 6 25
D 98 94 92 96 91 88 14 9 12
El 1 3 6 2 4 6 3 10 6
Ell 1 2 2 1 2 4 6 13 12
Ell 0 1 0 0 1 0 0 9 12
SEI 0 0 0 0 1 0 0 0 0
SEll 0 0 0 0 0 0 0 0 0
S 0 0 0 1 1 2 77 59 58
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the effect of different koding durations at 37°C (scale bar = 50um). SEM micrographs are shown only at 0, 2, and 24 h. The inset box on the left of each micrograph
is the approximate % of normal cells. Note: Box % refers to the average observed for all experiments, not just the micrograph shown.
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Figure 89 shows the average diameter of unkoded cells and 6, 25 uM BODIPY-kodecytes
prepared during different koding durations at 37°C. Initially (i.e., at 0 h), the unmodified
cells were approximately 7 um in diameter, and after 24 h of koding, they were reduced
to 5 um. Simultaneously, the average diameter of BODIPY-kodecytes decreased at the
same rate. The overall results imply that the decrease in average diameter of kodecytes
and unkoded cells is related to prolonged incubation at 37°C rather than the FSL koding
process. A two-way ANOVA with Tukey's multiple comparison test was used to
investigate the statistical significance of the result that, when compared to unkoded
cells, there was no significant difference in the average diameter of BODIPY-kodecytes
between the various koding durations. The statistical study revealed no significant
variation in the average diameter of kodecytes generated at varied koding times when
compared to unkoded cells. This was observed across all tested FSL-BODIPY

concentrations.

Average diameter of RBC BODIPY-kodecytes prepared during different koding

10 durations
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Figure 89: SEM analysis of average diameter of RBC BODIPY-kodecytes prepared during different
koding duration at 37°C. RBCs were incubated with 0, 6, and 25 uM of FSL-BODIPY for 0, 0.25,
0.5,1, 2, 4, and 24 hours.
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FSL-biotin

SEM micrographs in Figure 90 show the effect of FSL-biotin uptake and subsequent
secondary modification by SAF488 on the resulting biotin+SAF488 kodecytes. RBCs were
incubated with (and without) FSL-biotin at 37°C for up to 24 h, followed by secondary
modification with SAF488 conjugate. Only representative time points (O h, 2 h, and 24 h)
showing apparent changes in the kodecyte morphology are shown. From Figure 91 (and
Table 21), it could be summarised that, with respect to unkoded RBCs, FSL-biotin did not
seem to induce any major shape alteration during 2 h of incubation at 37°C. At 24 h,
stomatocytes (>50%) along with echinocytes (>20%) and discocytes (<25%) populations
were seen. The presence of echinocytes after 24 h of incubation at 37°C was also
observed for BODIPY-kodecytes, but not in the case of FLRO4-kodecytes. Additionally,
at 24 h, the SEM micrograph of unkoded cells modified with SAF488 showed similar

trends and proportions of different cell shapes.

Table 21: Effect of koding duration on RBC biotin+SAF488-kodecytes (from SEM micrograph).
Summary of the effect of koding durations on biotin+SAF488-kodecytes and unkoded cells at
37°C. The results are shown as a percentage of cells.

Koding duration (h)

Oh 2h 24 h
+SAF488
biotin biotin biotin
kodecytes (uM) kodecytes (uM) kodecytes (uM)

stage 0 6 25 0 6 25 0 6 25
D 90 90 89 87 86 82 25 14 11
El 3 2 2 4 4 5 8 13 11
Ell 2 4 4 3 4 7 15 12 12
Elll 2 1 1 2 1 4 0 4 8
SEI 1 2 1 2 2 0 0 2 0
SEIl 1 0 2 1 2 0 0 0 0
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Figure 90: RBC biotin-kodecytes SEM micrograph and effect of koding duration. Example SEM micrograph of unkoded cells and 6, 25uM biotin+SAF488 kodecytes,

showing the effect of different koding times at 37°C (scale bar = 50um). SEM micrographs are shown only at 0, 2, and 24 h. The inset box on the left of each
micrograph is the approximate percentage of normal cells. Note: Box % refers to the average observed for all experiments, not just the micrograph shown.
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Figure 91 shows the average diameter of unkoded cells and 6, 25 uM biotin+488
kodecytes prepared during different koding durations at 37°C. As the koding duration
increased, the average diameter of unmodified cells and biotin+SAF488 kodecytes
decreased gradually. For example, immediately after koding, the average diameter was
found to be approximately 7, which changed to nearly 5 um during 24 hours of koding.
A two-way ANOVA with Tukey's multiple comparison test was used to examine the
statistical significance of the observation that compared to unkoded cells, there was no
considerable difference in the average diameter of biotin+488 kodecytes at respective
koding time. The statistical analysis revealed that there was no significant difference in
the average diameter of kodecytes formed at different koding times with respect to

unkoded cells. This was found to be true across tested concentrations of FSL-biotin.

Overall, the data in Figures 87, 89, and 91 show that regardless of the FSL used to
prepare kodecytes, the average diameter of kodecytes and unkoded cells decreases with
an increase in koding duration. This indicates that the decrease in the average diameter
of kodecytes and unkoded cells was due to prolonged incubation at 37°C rather than the
effect of FSL or FSL koding process. This observation was also verified by statistical
analysis. A two-way ANOVA with Tukey's multiple comparison test was performed to
determine the statistical significance of the observation that, when compared to
unkoded cells, there was no significant difference in the average diameter of kodecytes
generated with varied FSL at different koding periods. The statistical study revealed no
significant variation in the average diameter of kodecytes prepared from different FSL
generated at different koding times when compared to unkoded cells. This was found

to be true across tested concentrations of FSL.
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Figure 91: SEM analysis of average diameter of RBC biotin+SAF488-kodecytes prepared during
different koding duration at 37°C. RBCs were incubated with 0, 6, and 25 uM of FSL-biotin for 0,
0.25,0.5,1, 2,4, and 24 h.

6.2 SEM analysis of Jurkat kodecytes

6.2.1 Effect of uptake of different FSL constructs and concentrations.

SEM was used to examine the morphological characteristics of Jurkat kodecytes post-
labelling with different FSL constructs, as examined with RBC kodecytes. The results
shown in Figure 92 show the SEM micrographs of Jurkat FLRO4, BODIPY, and
biotin+SAF488 kodecytes formed after 2 h of incubation of FSL constructs with Jurkat
cells at 37°C. Two types of unkoded cells were also analysed and are represented in
Figure 92: one batch of unkoded cells was prepared by incubating Jurkat cells in serum-
free media, and the other batch of unkoded cells was obtained by subsequent secondary
incubation of unkoded Jurkat cells with 1 mg/mL SAF488. The second batch of unkoded

cells accounts for any structural changes due to the SAF488 conjugate.



198

The SEM micrographs in Figure 92 show Jurkat kodecyte morphology at different
concentrations of FSL constructs. The micrographs showed that FLRO4 and BODIPY
kodecytes and unkoded cells mostly display a round or spherical morphology with even
cell surfaces without any noticeable breakage, indicating preserved cell morphology.
This was found to be the same across all tested concentrations. Hence, it was concluded
that there is no observable difference between unkoded cells and kodecytes at

6— 50 uM.

Jurkat biotin+SAF488 kodecytes and SAF488-modified unkoded cells appear more
flattened than unkoded cells and FLRO4 and BODIPY-kodecytes. A SEM micrograph of
biotin-kodecytes showed a nearly rounded morphology at a lower concentration.
However, at a higher concentration of 50 uM, rounded morphology started to flatten
out but was not very significant (data not shown for FSL-biotin only). Hence, this
flattened morphology could be argued to be a result of either SAF488 conjugation, FSL-
biotin modification itself, or both. Thus, it could be proposed that both FSL-biotin uptake
and SAF488 secondary conjugation may be playing a part (in tandem or cooperative

action) in bringing about the flattened morphology of Jurkat biotin+SAF488 kodecytes.
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Figure 92: SEM micrographs analysis of Jurkat kodecytes (FLRO4, BODIPY, and biotin+SAF488 kodecytes) formed after 2 h of koding duration at 37°C. SEM
micrographs of unkoded Jurkat cells and subsequent secondary modification with SAF488 conjugate (controls) were also analysed (unkoded cells and kodecytes
scale bar = 10um).
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Figure 93 shows the change in average diameter of Jurkat kodecytes prepared after 2 h
of koding with FSL-FLRO4, FSL-BODIPY, and FSL-biotin at 37°C. The respective kodecytes
were measured and compared with those of unkoded cells. FLRO4 and
BODIPY- kodecytes average diameter changed marginally (<5%) compared to unkoded
cells. In the case of 25 and 50 uM BODIPY kodecytes, the average size changed only by
<2% and is similar to unkoded cells. Jurkat biotin+SAF488 kodecytes show an increase in
the average diameter with increasing concentrations. For example, 25-50 uM
biotin+SAF488 kodecytes became approximately 15% larger in diameter compared to
SAF488-modified unkoded cells (statistically significant). However, this increase in size
appears to be due to the flattening and not enlarging of the biotin+SAF488 kodecytes.
Overall, it can be concluded that (except for biotin+SAF488 kodecytes), the koding

process had no negative impact on the morphology of the resulting kodecytes.
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Figure 93: Change in kodecytes diameter with respect to unkoded cells. Difference in average
diameter of Jurkat FLRO4 and BODIPY-kodecytes were compared to unkoded cells. For
biotin+SAF488-kodecytes, difference in average diameter was compared to SAF488-modified
unkoded cells after 2 h of incubation with the respective FSL construct at 37°C.
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Summary

The following conclusion could be drawn from the SEM micrographs of RBCs and Jurkat

kodecytes post-labelling with FSL constructs.

e FLRO4-kodecytes prepared from d15-stored RBCs had more changes in their
morphology than when kodecytes were prepared with dO RBCs. Based on the
results obtained, it was decided to use RBC no older than 15 days of storage at
4°C for making kodecytes. This would help ensure reliable and reproducible
results by minimising experimental variables.

e RBC transformation with a concentration of >13uM FSL-FLRO4 resulted in a
change in morphology from predominantly discocytes (stage 0) to an increasing
percentage of stage 1-3 echinocytes. However, there was no observable
difference between unkoded cells and Jurkat kodecytes morphology prepared
from 3-13 uM.

e RBC BODIPY-kodecytes did not show any substantial concentration-dependent
(3—25 uM) morphological changes compared with unkoded cells. However, 50uM
BODIPY kodecytes showed an increasing percentage of stage 1-3 echinocytes.

e Compared to other kodecytes, the transformation of RBCs with FSL-biotin causes
intermediate change in the resulting kodecytes (more than FSL-BODIPY and less
than FSL-FLRO4). The secondary treatment of biotin-kodecytes with SAF488
conjugate adds cumulative modification (<5%), i.e., FSL- biotin brings major
changes, and subsequent SAF488 treatment brings minor changes.

e One more interesting observation from the extended (0—24 h) incubation study
at 37°C is the time-dependent reversible transformation of RBC kodecytes from
discocytes to echinocytes to a combination of abundant stomatocytes.

e Additionally, the unkoded cells and kodecytes became smaller in diameter with
increasing incubation duration at 37°C. These consequences observed were due
to simple incubation at 37°C rather than the extended koding process (duration)

with FSL constructs.
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6.3 Viability of Jurkat and PC-3 kodecytes

Overview: This aspect of the study aimed to measure the impact of FSL uptake on Jurkat
and PC-3 kodecyte viability under different koding conditions. Three assays were chosen
to examine the cytotoxic profile of FSL constructs: Trypan blue cell exclusion assay,
Muse™ Count & Viability assay, and MTT cell proliferation assay. The Trypan blue and
Muse™ Count and Viability assays determine cell viability by considering the integrity of
the cellular membrane. In contrast, the MTT assay measures cellular metabolism and, in
turn, the proliferation status of the cells. It is important to note that these assays are
based on different methodologies; Trypan blue assay uses a manual hemocytometer,
while the Muse™ Count & Viability assay uses a Muse™ Cell Analyzer (a cytometry-based

instrumentation), and the MTT assay uses spectrophotometry.

6.3.1 Trypan blue cell exclusion assay

The Trypan blue cell exclusion assay is based on the principle that Trypan blue solution
selectively stains dead cells blue; hence, it is helpful in the differentiation and counting
of the cells and estimating cell death. A schematic overview of the methodology for
testing the Jurkat kodecyte viability under different conditions is presented in Figure 94,

followed by the experimental protocol.

Mix Jurkat cells

with FSL Incub Unkoded cells _fl bat Cell viability
constructs ncubate FLRO4-kodecytes l ncubate calculated using

BODIPY-kodecytes haemocytometer
Iy .
Incubate biotin+SAF488 /
biotin-kodecytes kodecytes

STEPS

VARIABLES

FSL-FLRO4 @ 37°C, 5%
FSL-BODIPY €O, for 2h
FSL-biotin
0-25 (uM)

@ RT for 0.5 h with Trypan blue
SAF488 conjugate solution (0.4% in

1 x PBS)

Figure 94: Schematic overview of method testing the viability of Jurkat kodecyte by Trypan blue
cell exclusion assay under different koding variables and conditions.
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e Jurkat cells were incubated with different concentrations of FSL for 2 h at 37 °C
(in serum-free koding solution). Control or unkoded cells were also prepared
simultaneously. From this stage onwards, unkoded cells were subjected to the
same treatment as kodecytes.

e After a 2 h incubation, kodecytes were washed and resuspended in RPMI
medium. An equal volume of kodecytes was added to an equal volume of trypan
blue solution (0.4% in 1x PBS) and mixed well.

e 10 pl of this mixture was loaded into the V-shaped groove of the hemocytometer
counting chamber.

e The hemocytometer was placed in the inverted microscope under a 10x
objective, and unstained (viable) and stained (non-viable) cells were counted
separately within each of the four large quadrants of the hemocytometer and
then averaged. The total number of viable cells/mL, total number of cells/mL, and

cell viability were determined using the following formulas:

Viable cells/mL = Average number of viable cells x 2 (dilution factor) x 10*

Total cells/mL = Average number of viable and non-viable cells x 2 (dilution factor) x 10*

Cell viability (%) = (total viable cells (unstained) /total cells (unstained and stained)) x100

Effect of primary FSLs used in this study on Jurkat kodecytes viability

Figure 95 shows the difference in viability of FLRO4, BODIPY, and biotin+SAF488
kodecytes from unkoded cells. For this, Jurkat cells were incubated with and without FSL
constructs (0-25 uM) for 2 h at 37°C. Here, kodecyte viability obtained at respective
concentrations has been compared to controls, i.e., unkoded cells (indicated in %). From
the data, it could be seen that with respect to unkoded cells, there is an increase in
BODIPY and biotin+SAF488 kodecyte viability at a lower concentration range (0.5-6 uM).
However, beyond 6 uM, BODIPY kodecyte viability decreased by <4%, and for 6 to 25 uM
biotin+SAF488 kodecyte, viability decreased gradually by 4-14%. In contrast, with
increasing concentrations of FSL-FLRO4, kodecyte viability decreased, however, it was
about 10% by 6 uM and increased 24% by 25 uM. Hence, it can be concluded that for
FSL-FLRO4 (and to a lesser extent for biotin+SAF488 kodecyte), decrease in viability is
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most evident at 25 puM. Under similar testing concentrations, BODIPY-kodecytes were

the most viable, with approximately 95% viability at 25 puM.

Change in Jurkat kodecyte viability compared to unkoded cells
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Figure 95: Trypan blue cell exclusion assay examining the viability of kodecytes. The changes in
Jurkat FLRO4, BODIPY, and biotin+SAF488-kodecyte viability were compared with unkoded cells.
Cell viability was analysed after 2 h of incubation of the FSL construct (0-25 uM) with Jurkat cells
at 37 °C.

To explore the possible reasons behind decreased FLRO4-kodecyte viability, the
following aspects were considered: Firstly, is serum-free koding medium having an
impact on viability? Secondly, as the FSL constructs used for this study differ in their
spacers, are different spacers having a more negative impact? Hence, FSL constructs
with different spacers were tested for their impact on respective kodecytes.
Additionally, the impact of serum deprivation on FLRO4-kodecytes was also analysed in

a more detailed manner.
Effect on Jurkat kodecytes viability post koding (over 24 h)

The previous results (Figure 95) showed that, (after 2h koding) compared to FSL-BODIPY

and biotin, FLRO4-kodecytes had lower viability. To examine this issue and to have an
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overall idea of the viability of FLRO4-kodecytes after koding, FLRO4-kodecytes viability
was examined over 24 h in serum-free and serum-supplemented resuspension media.
The overview of the methodology testing the viability of Jurkat FLRO4-kodecytes over a

period of 24 h is shown in Figure 96, followed by the experimental protocol.

e Jurkat cells were incubated with and without FSL-FLRO4 transformation solution
(0-50 uM) for 2 h at 37°C (0 h). Following this, unkoded cells and FLRO4-kodecytes
were washed and resuspended in serum-free and serum-supplemented Jurkat
cell culture media and incubated at 37°C for 24 h.

e Trypan blue assay was used to measure the cell viability of Jurkat kodecytes and
unkoded cells at the following time points: initially, at O h, i.e., immediately after
2 h of incubation of RBCs with and without FSL-FLRO4, and secondly, after 24 h of

incubation of kodecytes and unkoded cells at 37 °C in the respective media.

Oh
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Figure 96: Schematic of method testing the effect of serum on kodecytes viability. Jurkat FLRO4-
kodecytes viability was tested over a period of 24 h (in serum-free and serum-supplemented
resuspension medium by Trypan blue cell exclusion assay).

From Figure 97A, it can be seen that at the 0 h time point, unkoded cells were the most
viable, and increasing concentrations of FLRO4-kodecytes reduced viability. Similarly,
after 24 hours of incubation, unkoded cells were most viable in both serum-free and
serum-supplemented resuspension media. However, the difference in viability between
serum-free and serum-supplemented resuspension media was noticeable. Additionally,

irrespective of the resuspension medium, kodecyte density decreased with increasing
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concentration. Compared to the serum-supplemented medium, kodecyte viability
decreased when maintained in the serum-free medium. The effect of serum deprivation

increased with increasing FSL concentrations and was very prominent at 50 uM.

For direct comparison, the raw data shown in Figure 97A was normalised against
unkoded cells (indicated as %). Figure 97B shows the change in the viability of kodecytes
at 0 h and 24 h in serum-free and serum-supplemented media. This result highlights
that, compared to unkoded cells, with increasing concentrations of kodecytes (e.g., 25
and 50 uM kodecytes), viability decreased by nearly 25% to 56% in serum-supplemented
medium and approximately 30 to 70% in serum-free medium (24 h). Based on the results
it can be proposed that viability of kodecytes is primarily affected due to koding whereas
serum deprivation adds an additional negative impact on kodecytes viability. Overall,
the negative effect on kodecytes viability was proposed to be a combination of FSL

concentration (major) and serum deprivation (minor).
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Figure 97: Effect of serum on kodecytes viability examined over 24 h. Jurkat FLRO4-kodecytes viability over 24 h in serum-free and serum-supplemented media
determined by Trypan blue cell exclusion assay. Unkoded cells were also examined simultaneously. A) Jurkat cells were incubated with (3—50 uM) FSL-FLRO4
transformation solution for 2 h at 37 °C (represented as 0 h serum-free) and the increase in the kodecytes and unkoded cell density in 24 h was quantified. B) Change
in FLRO4- kodecytes viability compared to unkoded cells (indicated as %).
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6.3.2 Muse™ Count & Viability assay

The Muse™ Count & Viability assay is a cytometry-based assay that determines cell
viability by considering the integrity of the cellular membrane. It is widely used as an
alternative to traditional methods like the Trypan blue assay. It uses pre-optimised DNA
binding dyes that differentially stain viable and non-viable cells based on their
permeability to ensure reproducible and consistent results. The overview of the
methodology used to investigate the impact of different FSL uptakes on the viability of
respective Jurkat kodecytes is presented in Figure 98, followed by the experimental

protocol.

Viable cell

Unkoded cells concentration
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Figure 98: Schematic overview of method testing the Jurkat kodecyte viability by the Muse™
Count and Viability assay.

e Jurkat cells were incubated with different concentrations of FSL for 2 h at 37 °C.
Control or unkoded cells were also prepared simultaneously.

o After a 2 h incubation, kodecytes were washed and resuspended in RPMI
medium. Kodecyte suspensions were incubated with Muse™ Count and Viability
reagent (1:10) for 5 minutes at RT. Muse™ Count & Viability reagent contains two
fluorescent nucleic acid stains in a buffered, saline solution that is physiologically
compatible. Workflow and test principles are shown in Figure 99.

e Kodecytes and Muse™ Count and Viability reagent mixture was loaded into the

Muse™ Cell Analyzer, and samples were acquired.
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Figure 99: Workflow used in Muse™ Count and Viability assay.The assay uses two DNA
intercalating dyes, membrane impermeant and membrane permeant dyes. Adapted from
Kiselev MA. 17¢

FSL constructs and viability by Muse™ Count & Viability assay

The concentration-dependent response of FLRO4, BODIPY and biotin+SAF488 on
respective kodecytes viability is shown in Figure 100. Data displayed is obtained after
2 h incubation of Jurkat cells with and without FSL construct (0-25 uM) at 37°C. Here,
the viability obtained at respective concentrations is compared against unkoded cells (%
of control). Muse™ Count & Viability assay showed that compared to unkoded cells,
kodecytes viability was very similar (<5%) up to 6 uM concentration. This trend was seen
irrespective of the FSL construct used. Additionally, compared to unkoded cells, the
viability of 25 uM FLRO4, BODIPY and biotin+SAF488 kodecytes decreased by
approximately 35%, 6% and 15%, respectively. Of all the tested FSL constructs,
BODIPY- kodecytes seems to maintain their viability quite consistently with under 6%

drop across the concentration range.
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Change in Jurkat kodecytes viability compared from unkoded cells
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Figure 100: Muse™ Count & Viability assay examining the viability of kodecytes. The changes in
Jurkat FLRO4, BODIPY, and biotin+SAF488 kodecytes viability were compared with unkoded
cells. Cell viability was analysed after 2 h of incubation of the FSL construct (0—25 uM) with Jurkat
cells at 37 °C.

Automated Muse™ Cell Analyzer versus manual haemocytometer

Trypan blue assay is a manual hemocytometer-based assay that allows for very few cells
to be analysed at a time. However, data attained from the Muse™ Cell Analyzer is
obtained after examining a sizable number of cells at a time. Therefore, in order to
determine the comparability (and reliability) of the results obtained from both assays,
the viability of FLRO4, BODIPY, and biotin+SAF488 kodecytes (with respect to unkoded

cells) was assessed simultaneously.

Figure 101 shows a comparative analysis of Jurkat FLRO4-kodecytes viability obtained
by the Muse™ Count & Viability assay (Muse™ Cell Analyzer) and Trypan Blue assay
(manual hemocytometer). Based on the results, the following conclusions can be drawn:
More kodecytes (<5%) were found to be viable when the automated Muse™ Cell
Analyzer was used for accessing viability than the manual hemocytometer. However,
this was the trend up to concentrations of only 13 uM, and at 25 uM, kodecytes viability

determined by the hemocytometer was approximately 12% higher than the Muse™ Cell
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Analyzer. This difference in kodecyte viability that was obtained from two different
analysis techniques could be attributed to the sample preparation steps required for the
automated Muse™ Cell Analyzer (like sample dilution for the assay to be run in the
optimal event range and additional incubation of kodecytes with the Muse count and
viability reagent). Based on the result shown in Figure 101, it could be concluded that at
similar experimental conditions, Trypan blue assay results, in general, correlated with

those of Muse™ Count & Viability assay results.

Comparative analysis of Kodecytes viability determined by two
different analysis techniques
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Figure 101: Comparative representation of Jurkat FLRO4-kodecytes viability measured by Trypan
Blue Assay (manual hemocytometer) and the Muse™ Count & Viability assay (automated Muse™
Cell Analyzer). Kodecytes were formed after 2 h of incubation (0-25 uM) with and without
FSL- FLRO4 with Jurkat cells at 37°C. Viability is compared to the control (%).

Effect of FSL construct with different spacers on kodecytes viability

Based on the data shown in Figures 95 and 97, it was found that the koding process had
a more negative impact on the viability of FLRO4-kodecytes than BODIPY and biotin-
kodecytes. It was proposed that perhaps this was due to either spacers or a functional

head group. Hence, to understand the cytotoxicity generated by FSL constructs in
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general, more FSL constructs (with different spacers) should be tested for their viability

profile.

Additional FSL constructs with different complexity of functional heads were tested for
their cytotoxicity profile during koding on Jurkat cells. From previous results shown in
the concentration and time-dependent uptake study of the FSL construct in Jurkat cells
(see Sections 3.3.1 and 3.3.3), it was concluded that a 25 uM concentration and 1 h
incubation duration was optimal for fluorescence signal generation and were chosen to
measure the influence of different FSL constructs on respective kodecyte viability. It is
important to note that FSL-A (tri) and FSL-FLRO4 have adipate-based spacers, whereas
all other constructs have CMG2 based spacers. Jurkat cells were incubated with 25 uM
of FSL-zero (amine), FSL-zero (acetamide), FSL-biotin, FSL-BODIPY, FSL-FLRO4, and FSL-
A (tri) for 1 h at 37 °C. Viability was measured by two different analysis techniques, i.e.,
using a manual hemocytometer and an automated Muse™ Cell Analyzer. Overall,

kodecytes viability was compared to unkoded cells (indicated as %).

Figure 102 shows a comparative analysis of kodecyte viability prepared using various FSL
constructs, revealing the following conclusions: Compared to unkoded cells, the viability
of zero (amine and acetamide)-kodecytes and BODIPY-kodecytes (CMG2-based spacers)
decreased by only 3%. Whereas the viability of A (tri)-kodecytes and FLRO4-kodecytes

(adipate-based spacers) decreased by 15%.

Moreover, biotin-kodecytes, which have a CMG2-based spacer, were shown to be less
viable (<12%) than other CMG2-based kodecytes (zero and BODIPY-kodecytes).
However, possibly the difference in viability is because of the functional head group (as
the spacer is a common entity here). Hence, it could be said that the biotin residue is
counterproductive and affects the viability of biotin-kodecytes. Based on the results, it
was proposed that CMG2-based kodecytes were more viable than adipate-based

constructs.

Overall, it could also be concluded that, compared to the 2 h koding duration,
FSL- constructs have a lesser cytotoxicity effect at 1 h; thus, 1 h is suggested to be the

optimal koding duration for active cells. Additionally, based on the results, it could be
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summarised that the Muse™ Cell Analyzer demonstrates agreement and provides

comparable results to the manual hemocytometer.

Comparative analysis of kodecytes viability post 1 h koding duration
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Figure 102: A comparative analysis of the viability of different kodecytes. The viability was
measured and compared by the Trypan Blue assay and the Muse™ Count & Viability assay.
Kodecytes were formed after 1 h of incubation of 25 uM FSL constructs with Jurkat cells at 37°C.
Viability is compared to the control (%).

6.4 MTT cell proliferation assay

Overview: The MTT cell proliferation assay assesses cellular metabolism and, in turn,
the proliferation status of cells (in question). It differentiates metabolically active and
proliferating cells from metabolically inert and non-dividing cells. The MTT assay is a
colorimetric assay and is based on the conversion of a water-soluble MTT (3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) compound to an insoluble
formazan product. In this assay, viable cells with active metabolism convert MTT into

formazan, whereas non-proliferating and dead cells lose this ability and therefore show
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no signal. Thus, colour formation is a marker of viable cells. The resulting intracellular
purple formazan (directly proportional to the number of viable cells) is solubilized and
guantified by measuring the absorbance or optical density at 540 nm using

spectrophotometry.

In this section, the MTT assay was first used to determine if the FSL-FLRO4 koding
process (at different koding durations) affects the kodecyte proliferation/metabolism
status, i.e., if the koding process stimulates or inhibits kodecyte proliferation. Once the
implication of different koding durations was examined, the viability of PC-3 kodecytes,
i.e., viable kodecytes with active metabolism (after koding), was measured by the MTT

cell proliferation assay over a period of 72 h.

6.4.1 Effect of different koding duration on PC-3 kodecytes

Methodology: A time-course FSL-FLRO4 uptake study and subsequent cell proliferation
analysis were set up to determine the effect of different koding duration on PC-3
FLRO4- kodecytes viability at 37°C. A schematic overview of the methodology is

presented in Figure 103, followed by the detailed experimental protocol.
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Figure 103: Schematic overview of method testing the effect of koding durations on PC-3
kodecyte proliferation by the MTT cell proliferation assay.



215

e PC-3 cells were detached from culture flasks, and an optimal cell count of
preferably 1 x 10* cells were placed in 100 pL of complete medium per well in a
96-well plate. The MTT assay plate design included a blank well-containing
medium only, unkoded control cells, and test cells transformed with FSL-FLRO4
to be assayed.

e 5 plates were seeded for 0, 0.5, 1, 2, and 4 h time point analysis. Prior to the
addition of FSL-FLRO4, the cells were incubated overnight at 37°C, 5% CO; (for
proper cell attachment).

o The following day, all 96-well plates were washed with serum-free medium, and
FSL-FLRO4 transformation solution was prepared.

e FSL-FLRO4 working stock was not added to plate-1 (representing 0 h). 0 h provides
the reference point from which cell proliferation is calculated.

e 100 pL of 6, 25 uM FSL-FLRO4 were added to plates 2, 3, 4 and 5, and incubated
for 0.5, 1, 2 and 4 h prior to performing the MTT assay. Six replicates for each
concentration were tested. 100 uL of the serum-free medium was added to the
column marked as blank and control.

e After the respective incubation of cells with FSL-FLRO4 transformation solution,
10 pL of MTT solution (5mg/mLin 1xPBS) was added into each well and incubated
for 3 h at 37°C. The plate was incubated for a few minutes to ensure proper
dissolution of the MTT formazan complex, and viability was determined by
measuring the photometric absorbance at 540nm using a microtiter plate reader.

e Foranalysing the effect of time over a period, the 0 h time point (plate 1) was also
analysed by MTT (0 h provides the reference point from which cell proliferation

is calculated).

Results

FSL-FLRO4

The effect of different koding durations on the proliferation (or cellular metabolism) of
6 and 25 uM PC-3 FLRO4-kodecytes (and unkoded cells) at 37°C is shown below (Figure
105). It is important to note that 0 h provides the reference point from which cell
proliferation was measured. As the MTT assay allows for quantification of cell viability

through cellular metabolism, the following inferences can be made from the results
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presented in Figure 104. Firstly, with respect to 0 h unkoded cells, after 0.5-2 h
incubation, unkoded cells (and 6 uM kodecytes) were found to be metabolically active
and proliferating, with a slight increase after 1 h (> 8%). However, after 4 h of incubation,
proliferation decreased by approximately 6%. Secondly, except after 4 h of incubation
(and after-2 h for 25 uM kodecytes), no difference in cell metabolic pattern was
observed between unkoded cells and FLRO4-kodecytes. Finally, based on the cellular
proliferation quantification, it could be proposed that the 1 h koding duration was the
most suitable, as kodecytes were found to be most viable and proliferating after 1 h

koding.
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Figure 104: Effect of different koding durations on PC-3 kodecyte proliferation/metabolism.
Unkoded cells were also quantified for proliferation after 0, 0.5, 1, 2, and 4 h of incubation in a
serum-free medium. PC-3 cells were transformed with (6 and 25 uM) FSL- FLRO4 for 0.5, 1, 2,
and 4 h in serum-free medium, and cell proliferation was compared to the 0 h unkoded cells
(reference point).

6.4.2 Effect on PC-3 kodecytes proliferation post koding (over 72 h)

In the earlier result (section 6.3.1), the effect of koding process and storage media on
Jurkat-kodecytes viability was examined over 24 h by Trypan blue cell exclusion assay.

Based on the results, it was proposed that the negative effect on Jurkat kodecytes



217

viability was due to a combination of FSL concentration (koding process) and serum

deprivation.

Compared to the Trypan blue cell exclusion assay, the MTT cell proliferation/metabolism
assay is less labour-intensive. Hence, in this section, after 1 h of koding, the proliferation
rate of a different kodecyte (PC-3 kodecyte) in serum-supplemented storage media was

examined over a longer duration (72 h).

The methodology overview is presented in Figure 105, and the detailed experimental

protocol is as follows.

e PC-3 cells were seeded in 96-well plates at a cell density of 10 x 10* cells/well and
incubated overnight at 37°C with 5% CO2 (for proper cell attachment).

e After overnight incubation, PC-3 cells were koded with (6 and 25 uM) and without
FSL-FLRO4 transformation solution for 1 h at 37°C. Following this, unkoded cells
and FLRO4-kodecytes were washed and resuspended into serum-supplemented
PC-3 culture medium and incubated at 37°C for O, 24, 48, and 72 h.

e The MTT proliferation assay was performed at 0 h, i.e., immediately after 1 h of
koding with FSL-FLRO4, and after completion of 24, 48, and 72 h of incubation of
kodecytes and unkoded cells at 37 °C in the serum-supplemented medium. Here,
kodecytes and unkoded cells’ proliferation ability was quantified, and the
proliferation rate was determined by measuring the photometric absorbance at
540nm using a microtiter plate reader.
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Figure 105: Schematic overview of method testing for proliferation post-koding. The
proliferation of PC-3 kodecyte was examined by the MTT cell proliferation assay over a period
of 72 hours post-koding.
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The effect of the koding process on PC-3 kodecyte proliferation over 72 hours is shown
in Figure 106. Here, after 1 h of koding of PC-3 cells, the time-dependent response of
unkoded cells and PC-3 kodecyte proliferation over a period of 24, 48, and 72 h in the
serum-supplemented medium was analysed. The result presented showed that over a
period of 72 h, both unkoded cells and kodecytes were metabolically active, as
proliferation was not majorly affected adversely. For example, after 24, 48, and 72 h of
culture in serum-supplemented medium, the number of kodecytes and unkoded cells
increased consistently. However, compared to 25 puM kodecytes, the rate of

proliferation of unkoded cells was higher (nearly 10%).

Cell proliferation/metabolism over a period of 72 h post koding
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Figure 106: Effect of koding process on PC-3 kodecytes proliferation/metabolism (over 72 h).
Unkoded cells and PC-3 kodecytes proliferation over a period of 72 h in the serum-supplemented
medium. PC-3 cells were transformed with (6 and 25 uM) and without FSL-FLRO4 transformation
solution for 1 h at 37 °C, and cell proliferation was measured over a period of 72 h by the MTT
cell proliferation assay.

Based on results from Sections 7.4 and 7.5, it was shown that Jurkat-kodecytes lost more
than half of their acquired FSLs within 3 hours of culture in resuspension media. Hence,
the results in Figure 107 show a consequence of koding on the long-term proliferation
of PC-3 kodecytes, which eventually lose FSL and continue growing as PC-3 cells. Overall,
the koding process had a marginal effect on the proliferation of cells that were once

kodecytes.
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6.5 Chapter summary:

Following summary could be drawn from the FSL constructs cytotoxicity study:

The SEM study of RBC kodecytes suggests that the morphology of kodecyte
changes in response to FSL concentrations greater than 13 uM. This change is
most pronounced for FSL-FLRO4 and is detected to a lesser extent for FSL-biotin
and FSL-BODIPY. The change in morphology from predominantly discocytes
(stage 0) and an increasing percentage of stage 1-3 echinocytes is probably due
to the uptake of FSL constructs.

There was no observable difference between unkoded cells and Jurkat kodecytes
morphology and diameter prepared from 3—13 uM FSL constructs

An interesting observation from the extended (0-24 h) koding duration study at
37°C is the time-dependent reversible transformation of RBC kodecytes from
discocytes to echinocytes to a combination of abundant stomatocytes.
Additionally, the unkoded cells and kodecytes became smaller in diameter with
increasing koding duration at 37°C. These observed consequences were due to
simple incubation at 37°C rather than the extended koding process (duration)
with FSL constructs.

Results obtained from the Trypan blue cell exclusion assay, Muse™ count viability
assay, and MTT cell proliferation assay (on Jurkat and PC-3 kodecytes) suggest
that FSL-constructs have low cytotoxicity at 1 h of koding, making 1 h the optimal
duration of koding for active cells.

A study comparing the viability of kodecytes made from different FSL constructs
found that overall, CMG2-based kodecytes were more viable than adipate-based
constructs.

The effect of the koding process on PC-3 kodecyte proliferation over 72 hours
showed that the number of kodecytes and unkoded cells increased consistently.
However, a concentration-dependent effect on kodecyte proliferation was
observed post-koding, suggesting that koding with higher concentrations could

possibly affect the viability post-koding.
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Chapter 7 Retention and cell-to-cell transfer of FSL constructs

Overview: An ideal cell labelling and tracking agent should not only label a wide range
of cell types with minimum or no cytotoxicity but also exhibit minimum cell-to-cell
transfer (membrane retainability) and have reliable chemical and metabolic stability

over the relevant period. This aspect of the study aimed to:

Examine the retention of FSL constructs on kodecytes by flow cytometry.

e Examine whether FSL constructs transfer from kodecytes to unkoded cells when
co-incubated. It was anticipated that this experiment might led to further
understanding of the dynamics of loss and relabelling of kodecytes.

e Compare the retention and transfer of FSL constructs in a co-incubation (and co-
culture) scenario when kodecytes are prepared from cells with a dormant

membrane (RBC) and active membrane (Jurkat cells).

The different criteria during which retention, cell-to-cell interaction and transfer

phenomena were tested are:

e FSL constructs differing in functional head groups and spacers:
- two functional head group; fluorophore (FSL-FLRO4 and FSL-BODIPY)
and vitamin (FSL-biotin)
- two different spacers; one short adipate (FSL-FLRO4), one long CMG2
(FSL-BODIPY and FSL-biotin).
e Different storage temperatures: 37°C, and 4°C
e Different storage media: effect of protein (BSA), plasma-lipids and plasma-protein
(plasma) and serum on retention of FSLs in RBC and Jurkat kodecytes.
- for RBC-kodecytes; CellStab (glycine buffered saline used for RBC
preservation) with different concentration of BSA and 50% plasma
- for Jurkat-kodecytes; two concentrations of serum in cell culture

medium.

Table 22 provides a summary of the experiments conducted in this section, outlining
their objectives, tested variables. Outcomes from respective study is discussed in result

section.
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Table 22: A summary of the experiments conducted in retention study section outlining their

objectives, and tested variables. JC: Jurkat cells, RBC: Red Blood Cells.

Sections  Cells FSL Objective Variables
7.1 RBC FLRO4 Factors influencing 37°Cand 4°C
BODIPY  retention of FSL 0,5, 15% BSA and 50%
biotin plasma
storage time: 0-24 h
FSL (uM): 6 and 25
7.2 RBC FLRO4 Transfer of FSL in co- 37°Cand 4°C
BODIPY  incubation CellStab with 0, 5, 15%
biotin dynamics of loss and re- BSA and 50% plasma
labelling of kodecytes storage time: 0 - 24 h
FSL (uM): 6 and 25
7.3 RBC FLRO4 FSL retention in long-term 0, 5, and 15% BSA
BODIPY  storage 4°C Storage time: 0 -12
biotin weeks
FSL (uM): 6 and 25
7.4 RBC FLRO4 Glycocalyx contribution on storage time: 0-24 h
retention of FSL at 37°C FSL (uM): 6 and 25
7.5 JC FLRO4 Contribution of active koding duration: 1 h and
BODIPY Mmembrane on retention 2h
storage time: 0 —24
FSL: 6uM
7.6 JC FLRO4 Contribution of serum on 5% and 10% serum
BODIPY  theretention of FSL storage time: 0-48 h
biotin
7.7 JC FLRO4 Interaction of Jurkat storage time: 0-24 h
BoDIPY kodecytes with unkoded

cells in co-culture

Methodology: A schematic overview of the methodology examining the retention of

FSL-FLRO4, BODIPY and biotin on respective red blood cell kodecytes is shown in

Figure 107, followed by the detailed experimental protocol.
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Figure 107: Schematic overview of method testing the retention of FSLs (FSL-FLRO4, BODIPY,
and biotin) on their respective RBC-kodecytes by flow cytometry.

FSL koding solution was prepared using red cell preservative solution (CellStab)
as a diluent.

Kodecytes were prepared with 6 and 25 uM FSL koding solution at 37°C for 2 h.
Control or unkoded cells were prepared by incubating RBCs with CellStab at 37°C
for 2 h.

After completion of incubation duration, kodecytes and control cells were
washed 2x with PBS and once with CellStab.

Four red cell storage or resuspension medium were prepared: 0, 5, and 15 % BSA
prepared in CellStab. For 50% plasma preparation in CellStab, first plasma was
separated by centrifugation from whole blood and diluted in a 1:1 with CellStab.
To examine the retention of FSL constructs in kodecytes: the kodecytes were
finally resuspended at 5% v/v in respective red cell storage or resuspension
medium as mentioned above. Relevant samples were divided equally into three
sets and maintained at 37°C, RT, and 4°C. Finally, retention or stability of FSL
constructs was assessed by flow cytometry over a period of 0, 6, and 24 h.
Retention of FSL constructs on kodecytes at 4°C was extended and tested over 12

weeks. The resuspension or storage medium was changed every 4 weeks.
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e The change in the retention of FSL constructs in kodecytes under different tested
scenarios (over a period) was correlated with a shift in the mean fluorescence
intensity of kodecytes.

e To allow for a more direct comparison of MFI change over a specific period of
time, the raw data was normalised against O h. For this, the change in MFI and,
consequently, the retention of the FSL construct was determined using the
formula [(Fi / FO) x 100] -100, where FO and Fi represent the kodecytes
fluorescence intensity at 0 h or a specific period of analysis. Negative values
indicate a decrease in the retention of the FSL construct from the 0 h time point,
whereas positive values represent an increase in the retention of the FSL

constructs.
7.1 Retention of FSL in RBC kodecytes

7.1.1 FSL-FLRO4

This section explores the impact of media and temperature variations on the retention
of FSL. Figure 108 shows the effect of different storage media and temperatures over a
period of 24 h on the retention of FSL-FLRO4 in FLRO4-kodecytes. The following
conclusions are made based on the data: Firstly, the fluorescence signal of kodecytes
stored in 0 and 5% BSA CellStab and 50% plasma CellStab remained nearly consistent
over 24 h of incubation at 4°C. Secondly, within 24 h, when the storage temperature was
increased to 37°C, the fluorescence signal of kodecytes maintained in a similar storage
medium decreased substantially. For example, when kodecytes were stored in CellStab

only, the fluorescence signal decreased by 13% in the first 6 h and 75% by 24 h.

The signal decreased even more in the presence of BSA or plasma. From Figure 108, it
could be summarized that at 37°C storage temperature, in the presence of BSA in the
storage medium, the fluorescence signal decreased by approximately 72% in the first
6 h and 90% by 24 h. Additionally, in 50% plasma, signals decreased by nearly 50% and
85%, respectively. Notably, in the first 6 h of storage, the fluorescence signal relatively
decreased more for 6 uM kodecytes than 25 uM kodecytes (approximately 21%). This

trend was also observed when kodecytes were stored in 50% plasma.
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In Table 22, the data shown in Figure 108 was normalised against O h to allow a more
direct comparison of MFI change (at different incubation temperatures and storage
media). Overall, the results showed that at 37°C, FSL-FLRO4 was lost from the kodecytes
much quicker, thus decreasing the retention of FSLs on FLRO4-kodecytes. This
observation could be because, at 37°C, the membrane becomes more fluid, favouring
FSL movement and facilitating the release of FSL. Additionally, within 6 h of storage in
the presence of BSA or plasma, more than 40% of FSLs were lost from the kodecytes,
indicating that the presence of BSA/plasma increases the loss of FSLs from the
kodecytes. However, it is important to note that the presence of BSA/serum is not
necessarily causing the loss of FSL from the kodecytes but may instead be hindering the

ability of the released FSL to re-label the kodecytes.

Table 23: Change in MFI of 6 and 25 uM FLRO4-kodecytes at 6 and 24 h from 0 h (%)in 0, 5, 15%
BSA, and 50% plasma in CellStab at 37°C and 4°C. The change in MFIl and, consequently, the
retention of the FSL were determined using the formula [(Fi / FO) x 100] -100, where FO and Fi
represent the kodecytes MFI at O h or a specific period of 6 and 24 h. Negative values indicate a
decrease in the retention of the FSL construct from the 0 h time point, whereas positive values
represent an increase in the retention of the FSL constructs.

Change in MFI from 0 h (%)

FLRO4-kodecytes

4°c 37°C
6 uM 25 um 6 uM 25 um

CellStab 6h 24 h 6h 24h 6h 24 h 6h 24 h

@ 0% BSA 2 0 -1 2 -13 -71 -14 -75
S

g = 5% BSA -4 -5 0 -2 -71 -89 -46 91
2%

Qv 15% BSA -8 -10 -1 -9 -79 -94 -58 -96

50% plasma -3 -2 1 0 -58 -89 -45 -84

7.1.2 FSL-BODIPY

Figure 109 shows the effect of different storage media (with temperature variation) on
the retention of FSL-BODIPY in BODIPY-kodecytes over 24 h. The data in Figure 109 has
been normalised against 0 h and is shown in Table 23 for clarity. It shows the change in
BODIPY-kodecytes fluorescence signal from 0 h (%) over a period of 24 h storage,
indicating the retention of FSL-BODIPY. The following conclusions can be drawn from

the data shown in Figure 109 and Table 23: Firstly, at 4°C, irrespective of different
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concentrations of BSA in the storage media, the MFI of BODIPY-kodecytes remains

stable, and in the presence of 50% plasma, the MFI decreases by 5%.

Secondly, at 37°C, within 6 h of storage, the MFI of BODIPY-kodecytes decreases by
nearly 9% in CellStab, while it decreases further to 15% in the presence of BSA and 25%
in the presence of plasma. Further incubation for 24 h in CellStab increased the signal

loss by 6%, whereas in the presence of BSA and plasma, it increased to 45%.

This result highlights that at 37°C, within 6 h of storage, the presence of BSA or plasma
does not have a major impact on the retention of FSL-BODIPY, but after 24 h of storage,
the presence of proteins or plasma lipids significantly decreases the retention of FSL-
BODIPY in kodecytes. Hence, it could be said that an elevated temperature of 37°C
causes a minor impact on FSL-BODIPY retention, and the effect of protein and plasma

lipids amplifies its negative effect mostly after 24 h of storage.

Table 24: Change in MFI of 6 and 25 puM BODIPY-kodecytes at 6 and 24 h from O h (%) in 0, 5,
15% BSA and 50% plasma in CellStab at 37°C, and 4°C.

Change in MFI from 0 h (%)

BODIPY-kodecytes

4°C 37°C
6 UM 25 um 6 UM 25 um

CellStab 6h 24 h 6h 24 h 6h 24 h 6h 24 h
e 0% BSA 2 0 2 -2 -9 -15 -7 -12
© 5
% ] 5% BSA 4 1 3 0.5 -26 -71 -16 -65
— ©
g 15% BSA 4 -1 3 2 -35 -92 -21 -79

50% plasma -6 -5 -4 -2 -38 -80 -35 -86
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Figure 109: The retention of FSL-BODIPY in BODIPY-kodecytes over 24 hin 0, 5, 15% BSA and 50% plasma in CellStab at 37°C, and 4°C. Results shown are mean +
standard deviation, n=3.Change in the MFI of A) 6 UM BODIPY-kodecytes B) 25 uM BODIPY-kodecytes.
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7.1.3 FSL-biotin

Similar to FSL-FLRO4 and FSL-BODIPY, the retention of FSL-biotin in biotin+SAF488
kodecytes was examined over a period of 24 h in different storage media at 37°C and
4°C. Results (Figure 110) showed that when biotin+SAF488 kodecytes were stored at
4°C, the MFI of kodecytes decreased, indicating a decrease in retention (by 8%).
Additionally, irrespective of the FSL concentration (6 and 25uM) tested, the fluorescence
signal changed at approximately the same rate under a similar incubation temperature

and storage media.

The data in Table 24, normalised against 0 h, provides a direct comparison of the
retention levels of FSL-biotin at 6 and 24 h. Compared to 4°C, biotin+SAF488 kodecytes
lost more FSLs when kodecytes were maintained at 37°C. Compared to CellStab within
6 h of storage, the MFI of biotin+SAF488-kodecytes decreased by more than 10% in the
presence of BSA. However, the impact of BSA in storage media was clearly established
after 24 h of storage, as the MFI of biotin+SAF488-kodecytes decreased further by 40%.
Hence, it could be concluded that after 24 h at 37°C, the retention of FSL-biotin is
impacted mostly by the presence of BSA in the storage media, and this negative effect

is enhanced by elevated temperature.
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Similar results were observed in the case of FSL-BODIPY retention study. A possible
explanation behind this finding could be the presence of a hydrophobic head group in
both FSLs, which have more affinity towards protein and plasma-lipid, thus may facilitate

more release of FSLs from kodecytes.

Table 25: Change in MFI of biotin+SAF488 kodecytes at 6 and 24 h from 0 h (%) in 0, 5, and 15%
BSA in CellStab at 37°C, and 4°C. 6 and 25 uM of biotin+SAF488 kodecytes were prepared.

Change in MFI from 0 h (%)

biotin+SAF488 kodecytes

a°c 37°C
6 UM 25 um 6 UM 25 pm
CellStab 6h 24h 6h 24h 6h 24h 6h 24h
% < 0% BSA -4 -9 -3 9 -8 21 -6 -15
§ % 5% BSA -6 -10 -2 -8 21 -69 -17 -63
87 1s%BsA -1 -7 -3 -6 24 -82 -15 -75

7.1.4 Comparative analysis of retention between different FSL constructs

The data shown in Tables 23, 24, and 25 are potted in Figure 111 to allow for a more
direct comparison between the different FSL constructs and reveal which FSL constructs
are retained most efficiently in kodecytes when stored at 37°C. The data in Figure 111 is
calculated by normalising the MFI generated by the 25 uM kodecytes over a specific

period against the MFI of the 0 h time point.

From Figures 108—-111, the following conclusion could be drawn: Firstly, when kodecytes
are stored at 37°C in BSA (protein) or plasma (plasma lipid and protein) free medium,
within 24 h of storage, approximately 75% of acquired FSL-FLRO4 is lost from the
kodecytes, whereas the loss was only around 12% for the FSL-BODIPY and FSL-biotin
constructs. This implies that an increase in temperature has a minor effect on the
retention of FSL-BODIPY and FSL-biotin in the respective kodecytes. Overall, the loss of
signal suggests the possibility that lost FSL constructs are being retained by the storage
media (i.e., unable to relabel the kodecytes). Additionally, in protein/serum-lipid free
media at 37 °C, the loss of signal (and hence the decrease in relabelling of kodecytes)

could be attributed to the fact that the storage medium in which the reaction is taking
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place actually acquires proteins and lipids shed from 37°C-incubated cells and captures

the released FSLs (see Chapter 5).

Secondly, irrespective of the FSL constructs used to prepare kodecytes, BSA
supplementation in the media led to more loss of FSL construct than in the BSA-free
media. Within 24 h of storage, in BSA-supplemented media, FLRO4-kodecytes lost 90%
of their FSL constructs, whereas BODIPY and biotin+SAF488 kodecytes lost
approximately 65% of their FSL constructs. Thus, it could be seen that at 37°C, the
protein-supplemented media has a greater impact on FSL-FLRO4 than FSL-BODIPY and
FSL-biotin. Additionally, FSL-FLRO4 and FSL-BODIPY had comparable losses of respective
constructs in a 50% plasma-supplemented medium. Overall data indicates that relatively
more FSL constructs are lost in protein and plasma-lipid supplemented storage media.
However, it is essential to note that possibly, the protein or plasma-lipids are not
necessarily causing or increasing the loss of FSL from the kodecytes but are probably
hindering their ability to re-label the kodecytes. This is supported by evidence in
Chapters 3, 5 and 7, where the impact of membrane lipids and protein/plasma-lipid on

the koding process and retention of FSL constructs is discussed.

A comparison of these FSL constructs in large scenarios is not shown for 4°C storage, as
the retention of most FSL constructs remained largely unchanged over the period of

24 h.
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7.2 Co-incubation study

This experiment was designed to analyse the interaction and transfer of FSL constructs

from kodecytes to unkoded cells when co-incubated in equal proportions. It was

anticipated that this experiment might led to further understanding of the dynamics of

loss and relabelling of kodecytes. The methodology is described in detail below, and a

schematic overview is shown in Figure 112.

Kodecytes were prepared with 6 and 25 uM FSL koding solution at 37°C for 2 h.
After koding, kodecytes were washed 2x with PBS and once with CellStab.
To examine the transfer of FSL constructs from kodecytes to unkoded cells, a co-
incubation set-up was prepared, wherein an equal volume of kodecytes and
unkoded cells (1:1) was mixed and thereafter resuspended at 5% v/v in respective
resuspension media.
The resulting samples were divided equally into three sets and maintained at
37°C, RT, and 4°C.
6 and 25 uM kodecytes were also maintained in isolation at similar conditions.
To establish the evidence of transfer of FSL-construct, two comparisons were
made.
Firstly, FSL-construct transfer was examined during the 24 h co-incubation of
what initially contained an equal mixture (1:1) of kodecytes and unkoded cells.
For this, the MFI of kodecytes and unkoded cells were measured by flow
cytometry at 0, 6, and 24 h co-incubation. Change in MFI of respective unkoded
cells and kodecytes (after 0, 6 and 24 h) determined if FSL constructs were either:
o lost from kodecytes and acquired by unkoded cells, i.e., an increase in
the MFI of the unkoded cell population and the concomitant decrease
in the MFI of kodecytes during 24 h of co-incubation served as an
indication of the complete transfer of FSL construct (from kodecytes
to unkoded cells).
o lost from kodecytes and not taken up by unkoded cells, (indicating) a
loss to the storage media, where the lost FSL could no longer label

unkoded cells.
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o lost from kodecytes and are partially taken up by unkoded cells,
indicating some constructs were lost to the storage media and some
constructs partially label unkoded cells.

e There is also a fourth possibility that there is no change in the MFI of kodecytes
and unkoded cells throughout co-incubation, indicating no loss of FSL constructs
by kodecytes and, hence, no uptake of FSL constructs by kodecytes. However, all
experimentation data so far supports the loss of FSL constructs from the
kodecytes with varying degrees (owing to 4°C and 37°C storage), so this scenario
is highly unlikely.

e Second, the MFI of kodecytes in isolation would be compared with the MFI of
kodecytes stored in co-incubation to determine if the presence of unkoded cells

regulates the retention of FSL constructs.

Experiment-1 :
1

]

]

mix unkoded cells :
1

]

]

]

1

1

co-incubate (1:1)
Mix RBC with v & Flow Cytometry
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FSL-biotin
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@37°C&4°C
For0,6 &24h

Figure 112: Schematic overview of methodology examining co-incubation scenario. The transfer
of FSL-FLRO4, FSL-BODIPY, and FSL-biotin from RBC kodecytes to unkoded cells was studied in a
co-incubation set up by flow cytometry.
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7.2.1 FSL-FLRO4

Figures 113and 114 show the effects of various storage media and storage temperatures
on RBC kodecytes and unkoded cells in the co-incubation experiment. In order to
investigate the differences caused by two distinct concentrations of FSL-FLRO4 (6 and
25uM), two co-incubation scenarios (equal mixtures (1:1) of RBC kodecytes and
unkoded cells) were set up and are denoted as (0+6) and (0+25), where 0 represents the
unkoded part, and 6 and 25 represent the koded part. The MFI from unkoded and

kodecytes components was measured over 24 h using flow cytometry.

The following observations were made using the data shown in Figures 113 and 114:
Firstly, the MFI of unkoded cells and RBC kodecytes experienced minimal change over
the testing period at 4°C. This was observed regardless of the tested storage media (0%
BSA, 5% BSA, 15% BSA, and 50% plasma). This suggests that FSL-FLRO4 constructs are

largely retained in FLRO4-kodecytes at 4°C, as observed in Section 7.1.1 (Figure 108).

Secondly, at 37°C, in the co-incubation experiment, the MFI of unkoded cells increased
over the 24 h period. The increase in MFI by the unkoded cells was greater when the co-
incubation was maintained in 0% BSA rather than 5% BSA, 15% BSA, and 50% plasma.
This indicates that BSA and plasma in the storage media decrease the likelihood of

FSL- FLRO4 transferring from kodecytes to unkoded cells.

Finally, throughout 24 h, the amount of fluorescence signal lost from kodecytes in any
scenario did not represent the fluorescence signal gained by the unkoded cells. For
example, in co-incubation after 24 h at 37°C in 0% BSA storage medium, 6 and 25 uM
kodecytes lost approximately 75% of their fluorescence signal, whereas unkoded cells
gained only around 5%. This suggests the lack of total FSL transfer from kodecytes to
unkoded cells and retention of FSL constructs by the media. It was also observed that as
the concentration of BSA in the storage media increases, the fluorescence signals
produced by unkoded cells further decrease, indicating that a higher concentration of
BSA has a greater capacity to retain FSL constructs, and interfere with them from being

able to relabel (refer to Section 3.3.4)

An important observation in this data is that in 0% BSA/plasma at 37 °C, the relabelling

rate, although higher than when plasma or protein were present in the media was not
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as high as could be expected. This means that FSLs shed by kodecytes into media without
added lipid or protein are still poorly labeled. This could be due to the fact that the
storage medium in which the reaction is taking place actually acquires proteins and lipids

shed from 37°C-incubated cells and captures the released FSLs.

It needs to be appreciated that the loss-relabelling process is very dynamic, as FSL lost
from kodecytes can relabel either another kodecyte or an (initially) unlabelled cell.
Additionally, the unkoded cells, which become labelled, also probably lose their FSLs to
the media. Furthermore, it is not known if kodecytes or unkoded cells would have a
labelling preference. Overall, it can be concluded that FSL constructs lost from kodecytes
in the presence of protein (BSA) or plasma-lipid (plasma) do not relabel adjacent cells,

at least to any significance.

To ensure that the co-incubation experiment was not influenced by the presence of
unkoded cells (i.e., the koded cells lost their constructs at any different rate in the
presence of unkoded cells), a full set of experiments for each FSL construct was done
(kodecytes only). A comparative analysis of kodecytes when maintained in isolation or
when maintained with unkoded cells (in co-incubation) established that the rate of loss
of FSL constructs from koded cells was the same regardless of the presence or absence

of unkoded cells (results not shown).
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Figure 113: Change in MFI of FLRO4-kodecytes and unkoded cells in coincubation. Koded and unkoded cells were co-incubated and stored in A) 0% BSA/Plasma 4°C
and B) 0% BSA/Plasma 37°C C) 50% Plasma 4°C and D) 50% Plasma 37°C for 0, 6 and 24 h. (0+6) and (0+25) represent a co-incubation experiment.
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Figure 114: Change in MFI of FLRO4-kodecytes and unkoded cells in coincubation. Co-incubated koded and unkoded cells were stored in A) 5% BSA 4°C and B) 5%
BSA 37°C C) 15% Plasma 4°C and D) 15% Plasma 37°C for 0, 6 and 24 h. (0+6) and (0+25) represent a co-incubation experiment.
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7.2.2 FSL-BODIPY

Figures 115 and 116 show the effect of different resuspension media and incubation
temperatures on RBC BODIPY-kodecytes and unkoded cells in the co-incubation set-up.
Two different concentrations of FSL-BODIPY (6 and 25uM) were tested for their
kodecytes membrane retention in the co-incubation set-up. The co-incubation set-up is
indicated as (0+6) and (0+25), where O represents the unkoded part, and 6 and 25
represent the koded part. The following conclusions can be made from the co-incubation
data obtained during 24 h storage in various conditions: Firstly, at 4°C, irrespective of
different concentrations of BSA in the storage media, the MFI of BODIPY-kodecytes
remain primarily unchanged (< 1%), indicating higher membrane retention of FSL-

BODIPY. The MFI of unkoded cells increased by 0.4%.

Secondly, at 37°C, in the absence of BSA or plasma, the MFI of BODIPY-kodecytes
decreased by nearly 30%. In BSA or plasma, the MFI of BODIPY kodecytes decreased by
considerable margin of 70-80%. The MFI of unkoded cells increased by 20% in the

absence of BSA and plasma and by 4% in the presence of BSA and plasma.

This result highlights that comparatively, more FSL-BODIPY was taken up by the unkoded
cells in the absence of BSA and plasma, which is predominantly observed at 37°C. Hence,
increased temperature and absence of BSA and plasma enhance the uptake of FSL-
BODIPY by unkoded cells. Additionally, in the co-incubation set-up, the stability of FSL-
BODIPY in kodecytes was predominantly negatively influenced by the presence of BSA
and plasma, i.e., at increased storage temperature, the presence of BSA/plasma has a

significant negative impact on the retention of FSL-BODIPY.

Like the FSL-FLRO4 co-incubation study, the FSL-BODIPY co-incubation study also
supports the fact that BSA plays a role in preventing the FSL construct from relabelling

unkoded cells.
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Figure 115: Change in MFI of BODIPY-kodecytes and unkoded cells in coincubation.Co-incubated koded and unkoded cells were stored in A) 0% BSA/Plasma 4°C and
B) 0% BSA/Plasma 37°C C) 50% Plasma 4°C and D) 50% Plasma 37°C for 0, 6 and 24 h (0+6) and (0+25) represent a co-incubation experiment.
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Figure 116: Change in MFI of BODIPY-kodecytes and unkoded cells in coincubation. Co-incubated koded and unkoded cells were stored in A) 5% BSA 4°C and B) 5%
BSA 37°C C) 15% Plasma 4°C and D) 15% Plasma 37°C for 0, 6 and 24 h. (0+6) and (0+25) represent a co-incubation experiment.
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7.2.3 FSL-biotin

Similar to FSL-FLRO4 and FSL-BODIPY, the retention of FSL-biotin in RBC biotin+SAF488
kodecytes in a co-incubation set-up was examined over a period of 24 h when stored in

0, 5, and 15% BSA CellStab storage media at 37°C, and 4°C.

Figures 117 and 118 showed that, regardless of storage media, the MFI of co-incubated
biotin+SAF488 kodecytes dropped by around 7% (+2) after 24 h storage at 4°C, indicating
a marginal decline in retention. The MFI of unkoded cells increased by 1% in the absence

of BSA and by 0.1% in its presence.

At 37°C, the MFI of biotin+SAF488 kodecytes dropped by over 55% when BSA was not
present in the storage medium. It further decreased to 70-80% in 5-15% BSA. In the
absence of BSA, the MFI of unkoded cells rose by 25%, whereas in the presence of 5-
15% BSA, it increased by only 4 - 0.4%. In addition, under similar incubation temperature
and storage medium, the fluorescence signal changed at about the same pace regardless
of FSL concentration (6 and 25uM). Following conclusion can be made from the overall
data. Increase in storage temperature decreased the retention of FSL-biotin in

biotin+SAF488 kodecytes and the presence of BSA further decreases retention.

The amount of fluorescence signal lost from kodecytes in any scenario did not represent
the fluorescence signal gained by the unkoded cells. This signifies the lack of total FSL
transfer from kodecytes to unkoded cells and supports the retention of constructs in the
media. Presence of BSA further impedes the acquisition of FSL construct by unkoded
cells indicating that a higher concentration of BSA has a greater capacity to retain FSL

constructs and prevents them from being able to relabel.

Overall, it could be concluded that, during co-incubation at 4°C, the MFI of the
biotin+SAF488 kodecytes dropped by 7%. In the case of FLRO4 and BODIPY kodecytes,
this was less than 1%. This indicates that at 4°C, over the period of 24 h, out of all tested
FSL constructs, FSL-biotin is the least retainable, Hence, the long-term analysis of
proteins' impact on FSL construct retention in kodecytes at 4°C is crucial to determining

their lasting effect.
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Figure 117: Change in MFI of biotin kodecytes and unkoded cells in coincubation. Co-incubated koded and unkoded cells were stored in A) 0% BSA/Plasma 4°C and
B) 0% BSA/Plasma 37°C C) 5% BSA 4°C and D) 5% BSA 37°C for 0, 6 and 24 h. (0+6) and (0+25) represent a co-incubation set-up.
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Figure 118: Change in MFI of biotin kodecytes and unkoded cells in coincubation. Co-incubated koded and unkoded cells were stored in A) 15% BSA 4°C and B) 15%

BSA 37°C for 0, 6 and 24 h (0+6) and (0+25) represent a co-incubation set-up
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7.2.4 Comparative analysis of FSL uptake by unkoded cell in co-incubation

To summarise how unkoded cells (RBC) behave differently when co-incubated with
different RBC kodecytes, the uptake of the FSL construct by unkoded cells from various
co-incubation experiments was compared using the data generated from previous

experiments (Figures 113 to 118).

Figure 119 shows the signal gain by unkoded cells when (different) kodecytes were
stored with unkoded cells in co-incubation at 37°C. To determine the amount of FSL
acquired by unkoded cells, the change in the MFI (%) of unkoded cells was calculated by
normalising the MFI generated by unkoded cells over a specific period (0, 6, 24 h) against
the MFI of 0 h kodecytes. The MFI generated by koded cells at the 0 h time point was

considered the maximum signal (100%).

The overall co-incubation study allows for the following conclusion: Primarily, there was
a noticeable increase in fluorescence signal and, in turn, the FSL constructs by unkoded
cells at 37°C when co-incubation experiments were incubated in BSA (protein) and
plasma (serum-lipid)-free storage media. Unkoded cells acquired the most FSLs when
co-incubation was with biotin-kodecytes (approximately 26%). The acquisition of FSLs
decreased (by unkoded cells) slightly with BODIPY-kodecytes (15%). In contrast,
unkoded cells acquired the fewest FSLs when co-incubated with FSL-FLRO4 kodecytes
(nearly 6%). The amount of FSL acquisition by unkoded cells decreased significantly
(<2%) when the co-incubation experiments were stored in protein and serum-lipid-free

media. Based on the results, the following three questions need to be answered:

e Why, in protein or plasma-lipid free storage media, the acquisition of lost FSLs
occurs but is not complete, indicating that the transfer process is not entirely
efficient?

e Why does the acquisition of lost FSLs by unkoded cells decrease even more in
protein or serum-lipid-supplemented media?

o Why were different FSL constructs acquired differently by unkoded cells?

Overall, it could be seen that (Figure 119) the amount of fluorescence signal or FSLs lost
from kodecytes in any scenario did not represent the fluorescence signal gained or

acquired by the unkoded cells. Compared to protein/serum-lipid supplemented storage
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media, unkoded cells acquired more shed or lost FSLs in protein/serum free media, but
this does not account for all lost FSLs (by kodecytes). This indicates the possibility of
interfering factors in the media that may retain and further regulate the uptake of shed
FSLs and prevent the acquisition of FSLs by unkoded cells. The accumulation of
interfering factors (membranous entities) in the storage media could be due to
prolonged incubation at 37°C. Thus, probably, these membranous entities present in the
storage media were interfering with the acquisition of (shed) FSLs by unkoded cells (and

also the relabelling of kodecytes).

Additionally, in protein or plasma-lipid supplemented storage media, unkoded cells
acquired even fewer lost FSLs. This indicates the possibility of FSL constructs being
retained by the storage medium even more. This suggests that proteins and serum may
bind to the FSL construct, thus preventing unkoded cells from acquiring it. Additionally,
the scavenging and storing action of BSA and plasma for the lost FSL construct is also
supported by the observation that as the percentage of BSA in the storage media
increased, the fluorescence signals acquired by unkoded cells decreased further
(Figure 119), implying that retention of the FSL construct by the storage mediums
increased proportionally with the increasing percentage of BSA (and plasma). Hence, the
presence of BSA and plasma in a storage media adds to the cumulative change and

delays the acquisition of lost FSLs by unkoded cells even further.

Finally, the nature of the FSL construct itself (like the degree of hydrophobicity of the
head group, length of the spacer, etc.) could be responsible for the observation that in
different FSL construct co-incubation setups, the unkoded cells acquired lost FSLs

differently. FSL-related factors are discussed in Section 7.

Overall, the unkoded cells at 4°C did not show any significant change in fluorescence

signal over 24 h of co-incubation; hence, the comparison for this scenario is not shown.
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Figure 119: Uptake of FSLs by unkoded cells in co-incubation experiments stored at 37°C.The Y axis shows change in MFI (%) of unkoded cells at specific periods (0,
6 and 24 h) with respect to the MFI of RBC (25uM) kodecytes at 0 h only (100%). Data shown correspond to co-incubation set-up when stored in A) 0% BSA B) 5%
BSA, C) 15 % BSA and D) 50% plasma in CellStab.
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7.3 Retention of FSL constructs in Jurkat kodecytes

In the previous section, the retention of various FSL constructs in RBC kodecytes was
examined. Since it is important to investigate the retention of FSL constructs and
examine the dynamics of loss in actively growing cells, Jurkat cell cultures were
established, and the retention of FSL-FLRO4, FSL-BODIPY, and FSL-biotin in Jurkat
kodecytes at 37°C in different culture media was examined. Initially, two different
koding durations were tested to analyse if koding duration regulates the retention of
FSL constructs in kodecytes. Moreover, various serum concentrations in culture media
were investigated for their significance in the retention of FSL constructs once the

influence of varying koding durations on retention effectiveness was established.

7.3.1 Koding duration and retention of FSL constructs

Methodology

Two different koding durations were used to examine the retention of 6 uM FSL-FLRO4
and FSL-BODIPY on their respective kodecytes over a 24 h timeframe. To do this, 6 uM
FLRO4 and BODIPY kodecytes were formed during a koding time of 1 and 2 h. Following
the formation of the corresponding kodecytes, they were washed, resuspended in the
complete media, and subsequently cultured at 37°C. At regular intervals of 0, 2, 4, and
24 h, kodecytes were harvested, and the retention of each kodecyte was assessed. Flow

cytometry was used to determine the retention of FSL constructs in kodecytes.
Results

The study demonstrates the impact of different koding durations on the retention of
FSL-FLRO4 and FSL-BODIPY in respective kodecytes over 24 h (Figures 120 A, B, and C).
The same data in Figures 120 A and B is represented in Figure 120 C as percentage for
clarity. In the case of FLRO4-kodecytes, a 2 h koding duration generated a greater initial
signal at time point 0 h (0 h signifies MFI obtained just after koding). However,
throughout the course of a 24 h retention test, koding duration had nearly no influence
on the retention of FSL-FLRO4. Further, for BODIPY-kodecytes, a 2 h koding duration
resulted in improved retention of FSL-BODIPY over a 2 and 4 h testing period.
Additionally, over 24 h, the MFI of FLRO4 and BODIPY-kodecytes decreased gradually

but showed a different pattern of loss. For example, post 2 and 4 h in the culture
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medium, BODIPY-kodecytes lost approximately 25—-45% of their FSL constructs, whereas
in the case of FLRO4-kodecytes, this increased from 75-85%. It could be summarised
that post 2 or 4 h in culture medium, FSL-BODIPY was approximately 40% more retained
than FSL-FLRO4. However, irrespective of the different koding durations and post-24 h
retention in culture media, approximately 90% of signals were lost for FSL constructs. As
2 h of koding duration provided better retainability for FSL-BODIPY and had no obvious

adverse effect on FSL-FLRO4, it was used for koding hereafter.
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Effect of two different koding durations on the retention of the FSL construct on Jurkat kodecytes
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Figure 120: Effect of koding durations on the retention of FSLs in Jurkat-kodecytes at 37°C. Two different koding durations of 1 h and 2 h were tested for establishing
their effectiveness on retention of 6 uM A) FSL-FLRO4 and B) FSL-BODIPY over a period of 0, 2, 4 and 24 h; where 0 h signifies MFl obtained just after either 1 h or 2
h koding. C) Change (loss) in MFI (%) of 6uM FLRO4 and BODIPY-kodecytes from 0 h, depicting effectiveness of retention of respective FSL constructs after 1 and 2
h of koding duration. The change in MFI, was determined using the formula [(Fi / FO) x 100] -100, where FO and Fi represent the kodecytes fluorescence intensity at
0 h or a specific period of 2, 4, and 24 h. Note: scales are different across the graphs.
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Factors probably affecting the retention of FSL constructs are: the expected refreshment
or recycling of the cell membrane, including cells growing in a continuous culture; or the
loss of FSL constructs to the media, which may be either temperature-dependent (37°C)

or the constituent of the storage media, like 10% serum or both.

Lipids, along with other membrane constituents, are recycled between the membrane
constituents and intracellular compartments. Depending upon the hydrophobicity of
lipids, this process could be of a varied rate (rapid or slow). As FSL constructs are lipid-
based constructs, this phenomenon could play a role in maintaining the retention of the
FSLs in the kodecyte membrane. Additionally, Jurkat cells have a doubling time of 20.7 +
2.2 hso it is unlikely that the loss observed within 2 and 4 h of incubation in culture is
because of cell proliferation. From Figure 123 C, it could be seen that the FLRO4-
kodecytes lost nearly 80% of their construct within 4 h of incubation in culture medium,
whereas the BODIPY-kodecytes lost 45% of FSL-BODIPY. This result indicates that though
both FSLs were lost into the media due to greater membrane fluidity at 37°C (enabling
quick movement of FSLs from membrane to media), at similar testing conditions,
incubation at 37°C had a more negative impact on FLRO4-kodecytes than the BODIPY-
kodecytes. Moreover, cell proliferation could be the probable cause of the loss of FSL

constructs from kodecytes at 24 h.

7.3.2 Different culture medium and retention of FSL construct

Serum provides vital nutrients and growth factors that help cells grow more effectively.
Thus, this section investigates the effects of culture medium with varying serum
gradients (5, and 10% serum) on the retention of FSL constructs. In order to achieve this,
6 UM FLRO4 and BODIPY kodecytes were formed after 2 h of koding of Jurkat cells.
Following the formation of the corresponding kodecytes, they were washed,
resuspended in two different culture mediums, either containing 5% or 10% serum, and
subsequently cultured at 37°C. At regular intervals of 0, 3, 24, and 48 h, respective
kodecytes were harvested, and the retention of the FSL construct was assessed. Flow

cytometry was used to establish the presence of FSL constructs in kodecytes.

The impact of culture media with different gradients of serum (5 and 10% serum) on the
retention of FSL constructs in kodecytes over a 48 h period is shown in Figure 121. Post

3 h incubation in a storage medium, in the case of FLRO4-kodecytes, a rapid decline in



252

MFI was observed, whereas a more gradual decrease in MFl was noted for BODIPY and
biotin+SAF488-kodecytes. Although after 24 h FLRO4 and BODIPY-kodecytes lost most
of their signal, biotin+SAF488-kodecytes managed to maintain a noticeable amount.
Probably the rapid decline in MFI could be attributed to a less retained FSL construct,
and the gradual decline in MFI could be attributed to the anticipated recycling of the cell

membrane and cell proliferation for cells growing in continuous culture.

Overall, a comparative study on MFI from various kodecytes suggests that serum
gradients of 5-10% in culture medium does not affect FSL construct retention over the
48 h testing period. Additionally, it could also be summarized that of all three tested FSL

constructs, FSL-biotin was more effectively retained in the corresponding kodecytes.

It is important to note that in Section 6.3, where the viability of Jurkat kodecytes was
analysed under similar circumstances, it was shown that kodecytes were largely viable
and metabolically active, and proliferation was not affected adversely. This suggests
factors (such as internalization of FSLs) other than degradation of the kodecytes are

involved in the decrease in retention of FSL constructs over the period of 24 h.

To conclude, FSL-FLRO4 does not appear to be suitable for long-term tracking of active
cells at 37°C, as approximately 80% of signals was lost within 3 h of koding. However,
FSL-BODIPY retained about 60% of their signal for up to 3-4 h and thus retained for
longer. Finally, as observed FSL-biotin was the best retainable construct tested and can
be used as a long-term tracking agent for actively dividing cells. Additionally, 10% serum,
which is the usual concentration of serum used in standard cell culture conditions, is

acceptable if used post-koding.
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Impact of serum (5 and 10% serum) in culture media on the retention of FSLs in Jurkat kodecytes
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Figure 121: The effect of serum on the retention of FSL in Jurkat kodecytes over 48 h (5, and 10% serum in culture media). MFI of 6 UM A) FLRO4-kodecytes, B)
BODIPY-kodecytes and C) biotin+SAF488-kodecytes generated over a period of 0, 3, 24 and 48 h at 37°C was determined using flow cytometry. Experiment was
repeated twice, mean £ SD. Note: scales are different across the graphs.
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7.4 Assessment of FSL constructs transfer with co-culture studies

To ensure cell tracking or proliferation monitoring, it is crucial to avoid the transfer of
probes from labelled cells to unlabelled cells. In this work, 6 uM FLRO4 and
BODIPY- kodecytes were formed after 2 h of koding of Jurkat cells. Following the
formation of the corresponding Jurkat kodecytes, they were washed and maintained in
an in vitro culture in complete media with either koded cells in isolation or an equal
mixture of koded and unkoded cells to examine the transfer of FSL from kodecytes to
unkoded cells. Samples were harvested at 0, 2, 4, and 24 h following the start of the co-
culture. The MFI (in turn, the stability of the binding of FSL constructs to kodecytes) of
koded in isolation and co-culture was determined by flow cytometry. It is important to
note that the results shown could not be performed another time because of COVID

lockdown and the unavailability of flow cytometry.

As can be seen in Figure 122, the MFI of unkoded cell populations does not rise during
the 24 h co-culture period, suggesting that none of the tested FSL constructs (FSL-FLRO4
and FSL-BODIPY) shows any appreciable transfer from kodecytes to unkoded cells. The
FLRO4-koded cell populations in co-culture exhibited a rapid decrease in MFI, indicating
a faster decrease in retention of FSL-FLRO4. In comparison, the BODIPY-kodecytes
showed a gradual decrease in signal hence, loss of FSLs construct was slower and

gradual.

Additionally, the MFI of kodecytes in co-culture with unkoded cells and isolation was
comparable. This was observed for both FSL-FLRO4 and FSL-BODIPY. This suggests that
the presence of unkoded cells with kodecytes in co-culture does not influence the
decrease in fluorescence signal and, consequently, the decrease in FSL stability. The loss
in signal and, thus, retention of respective FSL could align partly with the loss of FSL
constructs to media and partly with the anticipated refreshment or recycling of the cell

membrane, including cells growing in a continuous culture.
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Change in MFI of Jurkat FLRO4 and BODIPY-kodecytes and unkoded cells in co-culture

A) Co-culture study of FLRO4-kodecytes at 37°C B) Co-culture study of BODIPY-kodecytes at 37°C
100 250
90 M koded cells in isolation M koded cells in isolation
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Figure 122: Change in MFI of Jurkat kodecytes and unkoded cells in coincubation. A) FLRO4-kodecytes B) BODIPY-kodecytes, and unkoded cells were cultured in
complete medium at 37°C for 0, 2, 4 and 24 h. Both FSLs (FSL-FLRO4 and FSL-BODIPY) were tested at similar coincubation set-up. Kodecytes were maintained in
isolation and tested simultaneously for a comparative analysis. Note: scales are different across the graph.
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7.5 Chapter summary:

Initial experiments established that kodecytes stored at 4°C retain FSL constructs
in the kodecyte efficiently. This was true regardless of the presence of protein or
plasma in storage media. In contrast, at 37°C, the FSL constructs were lost from
kodecytes over time more rapidly.

Overall data indicates that relatively more fluorescence signal was lost in protein
and plasma-supplemented storage media. However, it is essential to note that
the protein/plasma-lipid may not necessarily cause the loss of FSL from the
kodecytes but may instead be hindering its ability to re-label the kodecytes.
Regardless of the presence of protein or plasma in storage media, at 37°C, FSL-
BODIPY and FSL-biotin are better retained in their respective kodecytes than FSL-
FLROA4.

The retention of FSL-FLRO4 in kodecytes is primarily influenced by the presence
of BSA and plasma in storage media, as within 6 h of storage, nearly 70% of the
signal is lost. In the case of FSL-BODIPY and FSL-biotin, the presence of protein or
plasma lipid in the storage media also impacts the retention of FSL constructs, but
at a slower pace.

FSL-FLRO4 is not very suitable for tracking of active cells at 37°C due to quick
signal loss. Comparatively, FSL-BODIPY retained more signal under similar
conditions, making it more suitable for short-term tracking of cells (< 1 day).
Finally, FSL-biotin is the best retainable construct, retaining approximately 40%
of its signal even after 48 h of koding and could potentially serve as a long-term
tracking agent.

Jurkat kodecytes were found to be viable with intact membranes and active
metabolism, suggesting factors other than degradation may be affecting the
decrease in FSL construct retention over 24 hours. These factors could include
expected membrane refreshment or recycling, continuous culture, and loss of FSL
construct to media, indicating the importance of these factors in maintaining FSL

construct integrity.
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The co-incubation study, where the interaction and transfer of FSL constructs
from koded to unkoded cells were examined, found that the unkoded cells did
not account for the total loss, hence there was no significant transfer. This
indicates that the lost FSLs were probably partially labelling unkoded cells, and
storage media could account for the rest of the lost FSLs.

The finding that protein and serum-supplemented media prevent or slow down
the acquisition of shed FSLs by unkoded cells in a co-incubation setup supports
the previous hypothesis that protein/serum are not necessarily causing the loss
of FSL from the kodecytes. However, it may instead be hindering its ability to re-
label the kodecytes.

None of the tested FSL constructs showed any appreciable transfer when Jurkat
kodecytes were co-cultured with unkoded cells, suggesting that a similar
phenomenon is preventing the acquisition (or relabelling) of lost FSLs.

Generally, the MFI of koded cells in co-incubation (or co-culture in the case of
Jurkat kodecytes) and isolation were comparable. This suggests that the presence
of unkoded cells in co-incubation usually does not influence FSL retention.
Overall, it could be summarised that the retention of the FSL construct is
negatively affected by an elevated temperature of 37°C, and this effect is even
more pronounced when protein and plasma-lipid are present in storage medium.
Hence, the optimal storage conditions for kodecytes are crucial for their optimal

performance and longevity.
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Chapter 8 Discussion

8.1 The biological membrane

Life exists because of biological membranes.! The molecular landscape of the biological
membranes that wrap cells is astonishingly similar in primitive unicellular prokaryotes
to sophisticated multicellular eukaryotes like humans. It is made up of a diverse array of
molecules, including lipids, proteins, and glycans. Each of these molecules is essential to

the organism's continued existence and integrity. *

The biological membranes molecular landscape manages almost all interactions of the
cell with its environment. 2 It regulates cell-cell interactions and maintains optimum cell
function. Thus, manipulating biological membranes has the potential to improve our
understanding of how cells interact with one another and provide new avenues for
diagnosis and treatment. Given the intricate and dynamic nature of the cell membrane,
bioengineering cell surfaces without impacting their viability, function, or antigenicity

has been a problem. 2

8.2 Bioengineering the molecular landscape of the biological membrane

Modification of the molecular landscape of the biological membrane with exogeneous
material can potentially be achieved through three main methods: chemical
conjugation, genetic modification, and passive modification using hydrophobic
anchors.>?® While most chemical methods harm the cell's already-existing functional
components, genetic alteration is often exceedingly complicated, difficult to manage,
and confined to single allele mutations. On the other hand, the molecular landscape of
the biological membrane can be modified without (significant) damage by using

hydrophobic anchors in passive modification.?

Kode technology offers modification of any cells, organisms, viruses, or surfaces by
means of the incorporation of desired functional components with biocompatibility and
functionality.? Various FSL constructs have been known for several years for effective
cell modification.!!! Despite the in vitro and in vivo use of several FSL constructs, many
aspects of their dynamics of cell modification, cytotoxicity profile, and subsequent fate

are not well understood. Additionally, mechanism of FSL construct uptake during the
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koding process and their retention behaviour after koding have yet to be explored and
are complicated as comparisons between methodologies is challenging. Furthermore, if
the dynamics of cellular uptake are understood, improved methods of time of
transformation may be possible, or at least the impact of the variable on the

experiments will be better understood.

Previous work based on agglutination using serology has established some parameters
(temperature, resuspension media, antibody variant) for labelling of RBC primarily with
blood group based FSL constructs. However, the serology-based technique are
restricted in applicability to non-blood group FSL constructs and to other cells. Thus, it
is critical to use other sensitive technologies to understand the mechanism (and

associated limitations) underlying FSL construct cell modification processes.

This research project explores in detail the interaction dynamics of FSL constructs, the
mechanism of FSL uptake, the cytotoxicity profile of FSL constructs (based on different
key indicators), and the retention of FSL constructs on inactive (RBCs) and actively
dividing cell (Jurkat, PC-3) membranes using flow cytometry, fluorescence
spectrophotometer, fluorescence microscopy, and scanning electron microscopy. Flow
cytometry, being a very sensitive technology, has a wide range of detection, and the
data generated by flow cytometry can help quantify the result by measuring the physical
and chemical characteristics of kodecytes. This study was designed to optimise
parameters for FSL construct uptake and retention on inactive and dormant cell

membranes.

In brief, the most important findings of this study were that FSL modification of inactive
and active cell membranes did not have any significant detrimental effects on the
viability of the cells, and various factors (storage temperature and time, lipids, proteins,
and different cell types) which effect the retention of FSL constructs on kodecytes have
now been established. This study also established in detail the differences in the
dynamics of uptake and retention detected between different FSL constructs (FSL-

FLRO4, FSL- BODIPY and FSL-biotin).
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8.3 RBC storage age and its effect on uptake of FSL constructs

RBC concentrates used for this study were stored at 4°C, and according to various
literature, prolonged storage of RBC at 4°C causes changes known as "RBC storage
lesions".17-180 Hence, this study investigated the impact of RBC storage age on FSL
construct uptake, aiming to determine if the selection of RBC for kodecyte preparation
is RBC storage age dependent. The results obtained by flow cytometry showed that FSL-
FLRO4 was taken up less efficiently by older stored RBCs (> d10 storage age) than
younger stored RBCs. This indicates that FSL-FLRO4 show RBC storage-age-dependent
uptake. However, unlike FSL-FLRO4, the storage age of RBC does not impact the uptake
of FSL-BODIPY, as there was no significant difference in the uptake of FSL-BODIPY when
different-aged RBCs were used. Potential explanations for the abovementioned findings

are as below.

Human RBC have an average lifespan of 120 days in circulation, and at the time of blood
donation, blood contains a heterogeneous population of both recently enucleated
younger and older RBC!® as reticulocytes, which are immature nucleated RBC
precursors that constantly renew the mature enucleated RBC in the bone marrow. 8!
The first hypothesis that could be proposed for the observation that FSL-FLRO4 uptake
was more intense for d0 RBC (freshly processed blood) than d15 (storage-age) could be
attributed to the age of RBCs at collection, i.e., to the difference in uptake efficiency of
young and old RBC in the blood collected and processed for preparing kodecytes.'® This
hypothesis could have been tested if young and old RBCs were able to be separated from
blood after collection and were further examined for their uptake efficiency of FSL
constructs. However, this experiment was not done as the methodology for isolation of

young red cells is restricted to isolating reticulocytes, and the processing to achieve this

could potentially influence the results.

Secondly, the effect of storage lesions on RBC probably is the major contributor to
koding efficiency of storage age RBCs. Cells that are stored for longer periods will have
more storage lesions, and , thus when incubated will release more bioactive proteins,
lipids, and RBC-derived microparticles or microvesicles (MP/MV).1%4 This concept was
clearly established when supernatant of incubated red cells was able to reduce FSL

uptake. In retrospect ideally, this method would have been extended to examine old
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verses young storage age supernatant as it is probable storage age will increase the

number of MVs in the supernatant.

At the same, various studies have reported that microvesicles (MV) is produced during
RBC storage and that its production is closely related to adverse morphological changes
(i.e., changes in the asymmetry of the lipid bilayer of the cellular membrane).180.181,183
Additionally, it has also been documented that MV accumulation gradually increases

with storage time, and timings could be variable. 164184,

Irrespective of the different storage ages of RBC, FSL-BODIPY uptake was found to be
similar. The differences between FSL-FLRO4 and FSL-BODIPY was unexpected; however,
this could be attributed to the fact that FSL-BODIPY has a highly lipophilic neutral
functional group, which has been reported to be highly photostable and retainable.?>%51
As a result of the relative high lipophilicity of BODIPY dye, it tends to bind and localise
onto the cellular membrane.?>%153 Hence, it could be suggested that prolonged storage
of RBC at 4°C did not impact the uptake of FSL-BODIPY because it has a slightly different
mechanism of labelling from the other FSLs (i.e., the functional head can interact with
the lipid membrane) Most FSL constructs (except FSL-biotin and FSL-BODIPY) have a
hydrophilic head; thus, experiment results from FSL-FLRO4 are probably most applicable

to generic FSL.

8.4 Interaction of FSL constructs with biological membranes

Although the biological use of FSL has been addressed in several papers 12618 the
factors involved in the koding process has not been systematically investigated. Hence,
one of the primary aims of this research was to examine the dynamics of cellular uptake
of FSL-FLRO4, FSL-BODIPY, and FSL-biotin by inactive (RBCs) and actively dividing cells
(Jurkat cells and PC- 3 cells) using flow cytometry. For this, initial experiments were

carried out to examine various factors which would affect the uptake of FSL constructs.

8.4.1 Potential Factors affecting the uptake of FSL constructs

The uptake of lipid conjugates or lipid analogue probes (amphiphilic molecules) by
biological membranes has been shown to be affected by their conformation in the
solution phase.®988 |n particular, they could be present in aqueous solution as either

monomers, micelles (mixture of monomers and micelles), or aggregates.”88 The nature
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of their conformation is determined by the structure of the compound including lipid,
spacers and functional head. Additionally, various other factors like concentration,
temperature and length of incubation process, presence of protein, serum, cell shape,
cell age, membrane fluidics and cellular activity (dormant of actively dividing cells) would

also affect the net uptake of lipid conjugates. &’

Thus, understanding the conformation (free or micelle) of FSL in the solution phase (i.e.,
FSL characterization) is usual to understanding the koding process. Previous studies
involving the characterization of FSLs in agueous solutions (dispersed in PBS pH 7.4)
have shown that in the absence of lipids and detergents, FSL constructions reside in
aqueous solutions as free molecules when below their critical micelle concentration
(CMC) 12 and when above CMC as micelles. Additionally, the exact conformation an FSL
takes in solution is typically unknown and variable depending upon the functional head

group, spacer, medium used for transformation, temperature, etc.!?

According to Schwarzmann G., the CMC regulates the uptake of lipid conjugates into the
biological membrane.® Lipid conjugates at or above CMC have reduced are shown to
reduce their uptake compared to when present in the monomer form. As FSL constructs
are lipid analogue constructs, they could be proposed to have a similar effect.
Additionally, it also needs to be appreciated that the CMC point measurement is
influenced by the chosen method and interpretation of the data, with no universally
applicable or accepted method for determining it.88 The CMC of FSL-biotin and
FSL- FLRO4 ranged between 14-30 pM and 5-130 pM. ! The CMC analysis of FSL-

BODIPY has not been reported previously.

During this research, initial experiments were carried out to examine factors that would

potentially impact the uptake of FSL construct, including:

e FSL concentration: FSL-FLRO4 (0.5 to 50uM), FSL-BODIPY (0.1 to 50 uM) and
FSL- biotin (6 to 50 uM)

e Temperatures (4°C, RT, 37°C)

e Koding duration (5 minutes to 24 hours)

e BSA (accounting for protein) or serum (accounting for lipids and proteins)

e Glycocalyx (intact verses partially depleted)
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Concentration dependent uptake

In this aspect of the study, a wide range of FSL construct concentrations were tested for
their uptake by cells, and they mostly included concentrations below and above their
CMC. At the standard koding scenario (koding duration of 2h at 37 °C), the
concentration-dependent uptake study of FSL constructs showed an expected dose-
dependent cellular uptake with negligible background signals. At tested concentrations
(£ 50uM), uptake of FSL was linear for FSL-FLRO4, FSL-BODIPY, and FSL-biotin. A plateau
of saturation in the fluorescence signal was not observed with the highest concentration
used in this study, indicating that flow cytometry allowed for the dynamic range of
sample concentrations to be analysed. Additionally, concentration-dependent cellular

uptake was observed for both RBC-kodecytes and Jurkat-kodecytes.

Preferably stained (or exogenously labelled/probed) populations should have a
relatively homogenous Gaussian distribution on a log scale, with as low a peak width
(CV) as can be obtained.’® Hence, CV can be said to signify staining uniformity. A
symmetrical CV is associated with uniform, homogeneous staining, and a broader CV is
associated with a non-uniform, asymmetrical, dimly stained subpopulation.'>* It should
be noted that both RBC and Jurkat kodecytes reacted as homogenous, uniform,
symmetrical populations, and subpopulations of kodecytes with non-homogeneous

(multiple peaks) staining were not detected.

Temperature-dependent uptake

A previous temperature-dependent uptake study of blood group-based FSL constructs
for red cell modification using agglutination methodology found that koding efficiency
improves with temperature.'® However, temperature-dependent uptake of FSL-FLRO4,
FSL-BODIPY, and FSL-biotin has not been analysed before. In this study, three different
koding temperatures (37°C, RT, and 4°C) were examined and compared for their
effectiveness in making RBC kodecytes at a range of representative concentrations (i.e.,
low: 6 uM, medium: 25 uM, and high: 50 uM concentrations of FSL). Additionally, the
koding efficiency of these FSLs and concentration was analysed over a range of koding

durations of 1, 2, 4, 6, and 24 h.
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The results confirmed, as expected that the uptake of FSL constructs increases with
temperature. At 37°C, FSLs were the more readily acquired, followed by koding at RT
and 4°C. This was observed regardless of the different FSL constructs used for koding
RBCs and at all tested concentrations (6, 25, and 50 uM). Additionally, regardless of
different koding temperatures, FSL-biotin koding efficiency was superior to that of
FSL- FLRO4 and FSL-BODIPY. In marked contrast to FSL-FLRO4 and FSL-BODIPY, the
labelling efficiency of FSL-biotin even at 4°C was much faster and more efficient. For
example, within seconds of mixing RBC with FSL-biotin (0 h), biotin+SAF488 kodecytes
accounted for nearly 15% of the uptake, whereas for FSL-FLRO4 and FSL-BODIPY, the

respective kodecytes acquired less than 1% of the FSLs (Section 3.3.1).

There could be multiple factors that might impact the temperature-dependent uptake
of FSL constructs. These factors may work in tandem or separately. The fluid state of the
lipid bilayer is affected by temperature.*® At 37°C, the membrane has been shown to be
more fluid than at RT and 4°C, and probably the greater fluidity of the biological
membrane facilitates the rapid uptake of the FSL construct. Hence, it could be suggested
that the smaller degree of FSL construct incorporation at lower temperatures was due
to a decrease in membrane fluidity.*®8¢ Additionally, higher temperatures could also
increase the availability of FSL constructs to incorporate into the RBC membrane. It is
probable that higher temperature affects how quickly monomers leave from their
micellar form. Overall, at 37°C and RT, FSL constructs could be proposed to be in rapid
motion, colliding more constantly with the surrounding RBC, hence increasing the

effectiveness of labeling and uptake.

The results obtained from the temperature-dependent uptake study of FSL constructs
were in good agreement with literature investigating the uptake of various lipid
analogue probes like exogenous glycolipid by biological membranes.*® It was previously
reported that exogenous glycolipid and lipid analogue probe (amphiphilic molecules)
incorporation is significantly reduced at low temperatures, most likely as a result of the

membrane's decreased fluidity.*®#°

Another important insight from this study was the determination of temperature uptake
equivalences, i.e., equivalence points of FSL uptake at RT and 4°C with respect to 37°C

(after 1 h). This study proposes the approximate equivalence uptake points for



265

FSL- FLRO4, FSL-BODIPY, and FSL-biotin. For FSL-FLRO4 and FSL-BODIPY, it was
estimated to be 1-2 h at 37°C = 4-8 h at RT = 200-300 h at 4°C, whereas for FSL-biotin, it
was 1 h at 37°C = 2 h at RT = 24 h at 4°C. These results suggest that uptake efficiency

differs among FSL constructs (at least those tested here).
Time-dependent uptake

Currently, the standard koding duration is 2 hours. In this aspect of the study, kodecytes
were prepared at 37°C with koding durations ranging from 5 minutes to 24 h, with a
range of FSL concentrations. The results confirmed, as expected that the uptake of FSL
constructs increases with increasing koding duration. FSL construct uptake was fastest
in the first hour, and then slowed. In, the case of FSL-FLRO4, uptake reaches a maximum
at 4 h of koding, and after 4 h of koding duration, the fluorescence signal (MFI)
surprisingly starts decreasing. Compared to 4 h, FLRO4-kodecytes at 24 h lose
approximately half of their fluorescence signal. In contrast It is also important to
FSL- BODIPY and FSL-biotin, did not show any significant fluorescence signal loss with
extended incubation at 37°C. Additional experiments were then designed to evaluate

mechanism for FSL-FLRO4 loss (See Chapter 5),

The impact of CMC on the uptake of FSL construct became much clearer from the
time - dependent uptake study. Results showed that in the case of FSL-FLRO4, lower
concentrations, especially 3 and 6 uM (below CMC), seem to be taken up faster within
the initial incubation/koding period than higher (above CMC) concentrations (= 25 uM),
and as the incubation period progresses, the rate of uptake becomes more uniform
across the concentration range. It is possible to speculate that the difference in koding
efficiency is due the (CMC), and monomers more efficiently label the cells.}'? As the
micelle form is said to be more stable as it does not readily dissociate or exchange

monomers in the solution phase.®

This the slower uptake rate at higher concentrations (> 25 uM) of FSL- FLRO4 during
preliminary incubation time points could be attributed to the presence of micelles. It
could be proposed that during the initial phase of incubation, FSL-FLRO4 at higher
concentrations are in micellar form (or transitioning) with a low off-rate, owing to which

they are more stable and do not allow exchange or dissociation of their monomers
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readily in the solution phase. As the incubation/koding time progresses, micelles will
have more time to incorporate into the membrane’s surface, levelling off the uptake
efficiency of lower concentrations. The CMC of FSL-FLRO4 has been proposed to be in
the range of 14-30 pM. 111

To further investigate the micelle phenomenon, an experiment was run wherein a non-
fluorescent FSL construct, FSL-GB3, was used along with FSL-FLRO4 (in two different
ratios) to attain a strength of 50 uM (representing micelles). FSL-GB3 was chosen for this
study as it has an adipate-based spacer (like FSL-FLRO4); hence, confounding effects
generated because of structural dissimilarities could be avoided. Results (3.3.3) show
that, when RBC FLRO4-kodecytes were made in the presence of FSL-GB3 inducing the
formation of micelles due to total lipid contained the fluorescence signal decreased. This
was observed at both 5 and 60 minutes of koding duration. Based on the results (see
Section 3.3.3), it could be hypothesised that FSL-GB3 induced micelle formation thus
affecting the uptake of FSL-FLRO4 by retaining the FSL-FLRO4 in a micellar form and

reducing its interaction with the RBC.

However, in contrast to FSL-FLRO4 uptake, FSL-BODIPY uptake reached its optimum
quicker for higher concentrations (50, 25, and 13 uM) than lower concentrations (6 and
3 uM). This is not surprising as the FSL-BODIPY micelle would be expected to be
significantly different to other micelle as it is more hydrophobic, and the stability of the
micelle is probably much lower.'818 Hence, the inferred observation in the case of FSL-
BODIPY (Section 2.6.3) may be due to the presence of less stable micelles, and /or their

enhanced interaction with the cell lipid layer

The CMC of FSL-BODIPY has not been previously determined. During this study, a
fluorescent plate reader-based experiment was set up to determine a potential CMC for
FSL-BODIPY. When the fluorescence of FSL-BODIPY dispersions at increasing
concentrations was analysed, it was shown that at increasing concentrations, FSL-
BODIPY dispersions showed increased fluorescence until =13 uM; above this
concentration, the change in fluorescence signal was not significant. This result suggests
that the CMC of FSL-BODIPY could be around 13 uM, which is within the range expected.

However, other methods are required to determine this value more accurately.
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In the case of FSL-biotin, only two concentrations (6 and 25 uM) were tested for the
time-dependent uptake study. Results showed that FSL-biotin uptake at different koding
durations was very similar, suggesting (unlike FSL-FLRO4 and FSL-BODIPY) that possibly
micelles have less impact the rate of FSL-biotin uptake. However, according to earlier
studies, it was proposed that the CMC of FSL-biotin ranged between 14 and 30 uM, but
the results obtained in this study do not relate to it. This could probably be because:
Firstly, of all tested FSLs in this study, FSL-biotin has the least stable micelle form with a
higher off-rate. Thus, FSL-biotin micelles would dissociate faster and release monomers
with the quickest uptake rate. Based on the results shown in sections 3.3.2 and 3.3.3, it
could be proposed that FSL-biotin was acquired with the highest koding efficiency,
followed by FSL-BODIPY, and finally by FSL-FLRO4. Thus, the concept of FSL-biotin having

the least stable micelle with a higher off-rate seems possibly.

Additionally, during the process of koding, microvesicles are released into the koding
medium, which can change the CMC of FSL-biotin. Therefore, understanding how the
process of koding affects micellar stability and degradation is of crucial importance for
proper understanding of the interaction of FSLs with biological membranes. Due to a
lack of appropriate instruments and difficulties in studying micellar assembilies,

experiments testing the stability of FSL constructs in micelle were not performed.

Experiments were also conducted to examine the time-dependent cellular uptake of
FSL-FLRO4 and FSL-BODIPY by Jurkat cells at 37°C. Overall, the results from Jurkat
kodecytes showed that within 30 minutes of incubation or koding, approximately 40%
of FSL-FLRO4 and FSL-BODIPY were acquired by Jurkat cells. Thereafter, within an hour
of incubation, it increased to about 90% and 70% for FSL-FLRO4 and FSL-BODIPY,
respectively, suggesting the fluorescence signal has plateaued for FSL-FLROA4. Jurkat cells
acquired FSL-FLRO4 faster than FSL-BODIPY, whereas during the RBC koding process,
FSL-BODIPY outperformed FSL-FLRO4. These observations could probably be attributed
to the difference in the biological membrane of RBCs and Jurkat cells (non-active vs.

actively dividing.

In summary, the uptake of FSL by the biological membrane is time, temperature,
concentration, and FSL construct dependent. Additionally, the koding efficiency of FSLs

is influenced by the presence of the micelle, which in turn is influenced by factors like
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functional group, spacer, lipid, concentration, temperature, size, and

hydrophobicity/hydrophilicity.
Impact of BSA (protein) and serum (protein or lipid) on koding process

Serum and serum components like albumin, protein, LDLs, and HDLs have been
documented to form stable complexes with various lipid compounds include
glycolipids.8®®” Thus serum and lipid-probe complexes can affect availability (and
uptake) to the cell membrane. The uptake of the lipid probes has been shown to be
dependent on both the concentration of serum and the time of cell membrane exposure
to the lipid analogue probe.*® Additionally, these complexes could be of variable
strength depending on the strength of the interaction between the lipid analogue probe
and protein or lipid components.'#32 These complexes are important as they determine
the labelling and relabelling of lipid analogue probes by virtue of the release of the
bound probe, which could further depend upon the micellar concentration of the lipid
probe. Similarly, these interactions could possibly be involved in labelling and relabelling

of cells with FSLs.

BSA is a serum albumin protein and is often used as a model for human serum albumin
(HSA) due to its 76% structural homology to HAS 43248 and is a good candidate for the
studying the impact of components of protein. Also BSA is known to associate with

protein.®°

In section 3.3.4, the impact of BSA (protein) on the uptake of FSL constructs by RBCs was
investigated. Result shows that as the concentration of BSA in the FSL transformation
medium increased, its koding effectiveness decreased. The uptake of FSL by RBCs
decreases significantly with 0.4% BSA, plateauing around 6% BSA, suggesting a
saturation effect at higher concentrations. This negative impact on the uptake of FSL
construct was more apparent at higher concentration. This implies that BSA is
interacting with FSLs and interfering with labelling RBCs. This result is in good agreement

with the findings reported in Saqr H et al. 48

Another important finding from this aspect of the study was that protein had lesser
impact on FSL- FLRO4 uptake than FSL-BODIPY and thus in the presence of BSA in

transformation media, FSL-FLRO4 was capable of faster transformation (>30%)
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compared to FSL-BODIPY constructs (Section 3.3.4). The phenomenon observed with
FSL-BODIPY could be attributed to the lipophilic functional group of FSL-BODIPY. It has
been known in literature that albumin has affinity for binding a variety of hydrophobic
ligands such as fatty acids, tryptophan, steroids, anaesthetics, and several dyes it is the
main transport agent in the plasma.'®* Additionally, it also been shown that serum
albumins has several lipid binding site and due to a hydrophobic cleft, albumin tends to
bind to lipophilic drugs.’®? Thus, it could be proposed that in the presence of BSA (in the
transformation medium), FSL- BODIPY constructs are more likely to be interacting with
BSA, resulting in an FSL-BSA complex, and as the FSL constructs are not readily available

for labelling or relabelling of RBCs.

FSL-glycan were not examined in this study. It has been known (personal
communication) that at 4°C, FSL-Glycan does not interact with BSA and thus does not
associate with BSA. However, this interaction has not been studied at 37°C; hence, to
establish the effect of BSA at physiological conditions (37 °C), the impact of BSA on FSL-

Glycan still needs to be studied.

Glycocalyx and its effect on FSL uptake

From this aspect of the study, it was shown that the glycocalyx is a rate-determining step
during the FSL modification process in RBC, as the reduction in the glycocalyx before
kodecyte formation enhances FSL uptake, suggesting the glycocalyx interacts with FSL
constructs. Additionally, when the kodecytes' glycocalyx is partially removed
fluorescence signal is reduced (for concentrations above CMC), suggesting FSL
constructs as micelles are possibly resident in glycocalyx. However, as other cells that
differed in their glycocalyx thickness were not examined (only RBCs with a 0.015 um
glycocalyx was studied), it could be suggested that, in addition to the presence of
glycocalyx, a number of additional parameters (possibly more important), like the
relative bulk of the FSL, its charge and relative hydrophobicity/hydrophilicity could also
influence the rate at which FSLs would interact with glycocalyx and eventually modify

the cell membranes.
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8.5 SEM analysis of kodecytes

SEM provides resolution on the order of 1-2 nm allowing access to the three-
dimensional shape of cells.?®® However, it is difficult to process biological specimens for
SEM without the process causing changes in the cellular morphology.*®* Hence, in this
study, an alternative methodology for SEM sample preparation was used. Difficult steps
like the usage of OsO4 and different-grade ethanol dehydration steps were replaced to
make the method safer and easier to perform.1®* The new procedure was used with two
cell types, RBCs and actively dividing Jurkat cells, to examine their morphological

characteristics (size and shape) postlabeling with different FSL constructs.

The ethanol dehydration step was also primarily omitted from the protocol because
studies have shown that the use of ethanol in the dehydration step can affect lipids
present on the cell membrane. Although it could be argued here that use of ethanol
would have shown the same effect on unkoded and koded cells and the relative adverse
effect would be proportional to both control and test, FSL being a lipid-based construct
will cause the lipid content on kodecytes, and thus, application of ethanol could impact
the kodecytes more adversely than to unkoded cells. However, the disadvantages of this
alternative method cannot be ignored, as it could possibly lead to the appearance of

artefacts on the cell surface.

The primary aim of the study was to determine if the uptake of FSL constructs under
different koding conditions (i.e., temperature, duration, concentration, and cell type)
visually impacts the cell membrane. Based on the results (Section 6.1.2), it was observed
that RBC transformation with a concentration of >13uM FSL- FLRO4 resulted in a change
in morphology from predominantly discocytes (normal biconcave shape) to an
increasing percentage of type I-lll echinocytes (increased spikiness). Moreover,
concentration- dependent morphological changes were prominently observed for

FLRO4-kodecytes, followed by biotin, and least for BODIPY-kodecytes.

This FSL concentration-induced phenomenon has been observed by Ferrell, who found
that human RBCs incubated with certain phospholipids became spiculate echinocytes,
and changes in the morphology of RBC are dependent on its concentration.}’41%
Moreover, Isomaa studied shape transformations induced by different amphiphiles and

suggested that anionic amphiphiles like sodium alkyl sulphates and zwitterionic
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amphiphiles like 3-(alkyldimethylammonio)-I-propanesulfonates) shown to be powerful
echinocytogenic agents. In contrast, non-ionic amphiphiles were mostly
stomatocytogenic agents.'’”> Amphiphiles-induced shape change was proposed to be a

protective mechanism against membrane bilayer collapse.'”®

Additionally, results (Tables 15 and 16) also showed that the secondary treatment of
biotin-kodecytes with SAF488 conjugate adds cumulative morphological changes to
biotin-kodecytes (predominantly of type | and Il echinocytes). Previously, the data from
studies showed that avidin binds to biotinylated membrane polyvalently 7173;
therefore, it is possible that multipoint streptavidin attachment to FSL-biotin induces

further rearrangement in the cell membrane.

A time-course FSL uptake study and subsequent SEM analysis were performed to
determine the effect of different koding times on RBC/kodecytes morphology at 37°C.
For this, RBCs were incubated with FSL constructs at 37°C for up to 24 h. Results from
the extended (0-24 h) incubation study at 37°C showed a gradual transformation from
standard biconcave shape to echinocytes to stomatocytes (from 7 to 5um). Additionally,
the unkoded cells and kodecytes became smaller in diameter with increasing incubation
duration at 37°C, indicating the change in diameter is a consequence of incubation at
37°C. Isomaa showed strong time-dependent shape-alteration when RBCs were treated
with cationic amphiphiles. They show that post-cationic amphiphile incubation, RBCs
immediately induce strongly crenated erythrocytes, which, during further incubation,
shift to less crenated erythrocytes or to stomatocytes. Thus, RBCs transformed from

echinocytic stages before stomatocytic shapes were attained.'’>

SEM was also used to examine the morphological characteristics of Jurkat kodecytes
post-labelling with different FSL constructs. Results from SEM micrographs showed that
FLRO4 and BODIPY Jurkat kodecytes mostly display a round or spherical morphology
with even cell surfaces without any noticeable breakage, indicating preserved cell
morphology. Additionally, FLRO4 and Jurkat BODIPY-kodecytes average diameter
changed only marginally (<5%) compared to unkoded cells. However, Jurkat
biotin+SAF488 kodecytes show an increase in the average diameter with increasing
concentrations although this change was probably associated with flattening and not

enlarging the biotin+SAF488 kodecytes.
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8.6 Examining cytotoxic effects of FSLs on Jurkat and PC-3 kodecytes

This aspect of the study aimed to measure and compare the impact of different FSL
construct uptake on Jurkat and PC-3 kodecyte viability under different koding conditions
(koding duration, concentration and FSL constructs spacers). Three assays were chosen
to examine the cytotoxic profile of FSL constructs: the Trypan blue cell exclusion assay,
the Muse™ Count & Viability assay (which measures viability based on the integrity of
the cellular membrane), and the MTT cell proliferation assay (which measures cellular
metabolism, accounting for the proliferation status of the cells). Moreover, the effect

on the proliferation status of kodecytes post-koding was also examined.

Based on the results, it was established that FSL-constructs have low cytotoxicity after
1 h of koding, suggesting 1 h is the optimal duration of koding for active cells (Section
6.4.1). However, 2 h of koding duration (as recommended in the standard protocol) was
shown to be more effective in koding with lower concentrations of FSL-FLRO4. The

choice is therefore a compromise.

Additionally, compared to BODIPY and biotin-kodecytes, FLRO4-kodecytes had lower
viability, and a concentration-dependent effect on kodecyte viability was clearly
observed at 25 uM (Sections 6.3.1 and 5.3.2). At similar experimental conditions, it was
also shown that Trypan blue assay results, in general, were correlated with those of

Muse™ Count & Viability assay results (Figure 102).

The effect on kodecyte viability and proliferation status post-koding was also examined.
This aspect of the study showed that the concentration of FSLs used to prepare Jurkat
kodecytes has an impact on the viability of kodecytes post-koding (25-50 uM kodecytes
survived poorly compared to 6-13 uM kodecytes; Figure 98). Moreover, similar results
were observed when the proliferation ability of PC-3 kodecytes over 72 h was assessed
post-koding (Section 6.4.2). From the results (Section 6.4.2), two important conclusions
can be drawn: Firstly, unkoded cells and kodecytes proliferation increased over 72 h of
culture suggesting normal process are unaffected. Secondly, a concentration-dependent
effect on kodecyte proliferation was observed post-koding, suggesting that koding with

higher concentrations could possibly affect the viability of PC-3 kodecytes post-koding.
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Based on the results discussed, it can be proposed that the concentration of FSL used
for preparing kodecytes is the most important factor in maintaining the viability and

proliferation status of kodecytes post-koding and should be less than 25uM.

8.7 Predictive mechanism of FSL uptake

Dynamics of uptake, desorption and translocation

The mechanism by which FSL constructs, and biological membranes interact was
unknown. Hence, the next aim of this project was to understand the mechanism of
uptake of FSL-FLRO4, FSL-BODIPY, and FSL-biotin by inactive (RBCs) and actively dividing

cells (Jurkat cells and PC-3 cells).

Since FSL constructs were originally designed to be synthetic analogues of natural
glycolipids (amphiphiles), it is hypothesised that the FSL mechanism of uptake by the
cell membrane could mimic the cell labelling process of biologically active
ampbhiphiles. *2 Hence, based on the understanding of biologically active amphiphiles,
the mechanism by which FSL constructs, and biological membranes would interact could
be predicted. An overview of the interaction of biologically active amphiphiles with the
cell membrane would be useful for predicting the mechanism of FSL uptake. Biologically
active amphiphiles (metabolites) interact with the cell membrane substantially (if not
preeminently) through passive transport.}*# However, the nature of the interactions
between amphiphilic molecules and lipid bilayers is intricate and comprises multistep
interactions (i.e., uptake, translocation, and desorption) that further regulate the extent

and rate of uptake.'*

There is limited information available on glycolipid interactions with lipid bilayers and
biological membranes which is surprising considering their biological significance. Filipe
HAL. (2014) proposed different models to explain the interaction of amphiphiles with
biological or lipid membranes.'* These models were based on the solubility of the solute
(molecule of interest) in the agueous medium and the lipid bilayer. The three different

models 1 based on the solubility of the molecules of interest (amphiphiles) are :

e Solutes with high solubility in the agueous media and insoluble in the lipid bilayer
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e Solutes with very low solubility in the aqueous media and a high partition into the
lipid bilayer

e Solutes with a moderate solubility in the aqueous media and lipid bilayer

The first model deals mostly with characterising the effects of charged peptides and
surfactants. Here, the target molecule is completely soluble in the aqueous medium and
insoluble in the lipid bilayer, thus it does not bind to or interact with the lipid bilayer.
Additionally, the second model does not suit the vitals of our target molecule of interest,
as the solute used for this model is highly soluble in the lipid bilayer with minimum or
no solubility in aqueous media. Hence, these models cannot be fully utilised to
characterise our molecules (amphiphilic) of interest, as these models do not suit the

characteristics of FSLs of interest.

The third model requires the target molecule to be moderately soluble in aqueous media
as well as in the lipid bilayer. This model could be proposed to be most relevant for this
study (and aid in figuring out the overall mechanism of uptake of the FSL construct), as

FSL constructs are amphiphilic molecules.

However, FSL constructs are highly soluble in aqueous medium owing to the presence
of a spacer, which imparts a high degree of dispersibility in water, and the presence of
a lipid-based tail aids in its interaction with the lipid membrane as well. Thus, the first
and the second models could represent some aspects of the FSL construct, and possibly

FSL constructs would resemble their mechanism of uptake.

According to the third model, it is hypothesised that the target amphiphilic molecules
are unrecognisable by transporters in the membrane, and the amphiphilic molecules
cross the membrane barrier by possibly passive mechanisms 4. The target molecule
binds with the lipid bilayer moderately, i.e., by the partition-diffusion mechanism, and

the target molecule gradually equilibrates between the distinct compartments.

Schwarzmann, 2001; Wilchek & Bayer, 1987, reviewed the uptake of exogeneous
glycolipids by red blood cells and actively dividing cells. 881% This review concluded that
the uptake of exogeneous glycolipids varied depending upon the physical and chemical
conformation of glycolipids in the transformation solution, cell type used for study, and

complexity of glycocalyy, i.e., the form of exogeneous glycolipids (micelles, monomers,
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and aggregates), membrane permeability, thickness of glycocalyx, etc. A study on the
mechanism of exogeneous glycolipid uptake projected that there are three possible
modes by which glycolipids can interact and be incorporated into the membrane:
serum -sensitive loosely associated micelles; serum-resistance, trypsin-releasable
forms, which consist of more firmly held monomers or micelles (interact via attachment
to proteins exposed on the cell membrane/protein-bound); trypsin stable (impervious
to proteolytic enzyme’s attachment) mainly monomers acquired into the hydrophobic
regions of the membrane. 87 Additionally, the physical and chemical properties of

glycolipids regulate the three abovementioned modes of incorporation.

It is known that glycolipids freely exchange between plasma and RBC membranes, and
glycolipids are thought to be distributed between membrane and plasma (in the

lipoprotein fraction) compartments at an equilibrium of one-third to two-thirds. 81%7

FSL constructs were originally designed to be synthetic analogues of natural glycolipids
that are capable of mimicking the spontaneous cell labelling process, originally
associated with natural glycolipids but designed to be used in PBS. There could be
several ways for the FSL construct to attach to a surface; these will depend on the type
of surface being tagged, the type of construct (including its functional group, type of
spacer, and type of lipid), as well as the labelling environment. It is likely that some or
all of the non-covalent forces (hydrophobic, electrostatic, van der Waals interactions)
are involved in promoting and preserving FSL attachment to a surface. Owing to the lipid
tail FSL constructs in aqueous solutions will rapidly associate with the lipid membrane.
Overall, it is well established that the amphipathic FSL construct is able to self-assemble

into lipid membranes.

To understand and predict the mechanism of uptake of FSL constructs, experiments
were conducted aiming to comprehend the time period during which RBCs would
acquire maximum FSL constructs and indicate clearer stabilisation of uptake and loss of
FSLs from the membrane. For this, prolonged (undesirable) incubation at 37°C was
replaced with a more favourable combination of RT and 4°C incubation. Henceforth, the
koding efficiency of FSL constructs in different scenarios was analysed. The time frame
in which the stabilisation of the fluorescence signal begins and remains unchanged

foretells the maximum uptake of FSL. This would help in predicting whether stabilisation
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of uptake of FSL constructs occurs or not, and in turn, it would help in forecasting the

mechanism by which FSL uptake occurs.

Based on the experiments, the following conclusions were made: Firstly, for FSL-FLRO4,
the maximum uptake seems to approach later than for FSL-BODIPY, and FSL- biotin.
Hence, it could be proposed that FSL-BODIPY and FSL-biotin acquisition attain
stabilisation (proposed) onto the RBC membrane at a much faster rate than FSL-FLRO4,
with FSL-biotin being the fastest. In summary, it could be concluded that during the
koding process, after a certain time period (which depends on the FSL used), saturation
of signals occurs. This suggests that the FSL constructs, tested are mimicking the natural
glycolipid uptake mechanism and acquired by the lipid bilayer via the partition-diffusion

mechanism as the target FSLs gradually equilibrate between the distinct compartments.

To cross-check the abovementioned observation, further experiments were performed
where the interrelationship between FSL constructs in the transformation solution pre-
and post-koding was explored. Based on the results obtained from these experiments,
it appears that RBCs did not take up all FSL constructs, and residual FSL constructs are
available post-koding in the post-transformation solution. This was found, irrespective
of the FSL constructs used and the harvesting time of the post- transformation solution;
however, the strength of the FSL construct in the post- transformation solution varied
and was found to be dependent on the time of harvest. Additionally, kodecytes prepared
from transformation and post-transformational solution (for 5 minutes to 1 h time
points) never accounted for the total fluorescence signal with respect to the 2 h time
point. Some percentages of fluorescence signals were always unaccounted for. This
difference in fluorescence signal loss was highest for FSL-FLRO4 and negligible for FSL-
biotin. This suggests that FSL uptake into membrane continues until some kind of
equilibrium is attained between free and membrane bound FSL (as they are actively
exchanging). Therefore, it could be said that at certain time period when FSL constructs
in the immediate vicinity of the bilayer are in equilibrium with the FSL constructs in the
transformation solution (with free exchange between transformation medium and RBC
membranes), a state of balance or saturation is achieved. This is usually around 1 h for

the tested FSL constructs.
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Additionally, an alternative methodology based on a fluorescence microplate assay was
tested for examining the effectiveness of koding of FSL-FLRO4 and FSL-BODIPY and in
turn the mechanism of FSL uptake by measuring the (unknown) concentration of FSL
remaining in the kodecyte supernatant (i.e., post-transformation solution) after
transformation. This methodology helped in the indirect detection and quantification of
any residual FSL construct in the post-transformation solution and aided in further
understanding whether FSL uptake, i.e., the koding process, occurs equilibrium binding
into the cell membrane. At similar experimental conditions, fluorescence
spectrophotometer results were highly correlated with those generated by flow

cytometry.

Overall, it could be proposed that, the FSL constructs are acquired by the lipid bilayer
via the partition-diffusion mechanism (free exchange of FSL between koding medium
and cell membrane) as the target FSLs gradually equilibrate between the distinct

compartments.

8.8 Potential explanation for (interfering) factor regulating koding process

The standard koding duration of cells is 2 h at 37°C. To analyse the koding duration
where maximum FSLs are acquired in RBCs, FSL uptake was tested for extended koding
duration over 24 h. During the (extended 24 h) koding process of RBCs with FSL-FLRO4
at 37°C, it was shown that FSL-FLRO4 uptake was maximum at 4 h of koding (as the
fluorescence signal MFI was highest), and after this incubation period, the MFI started
decreasing. Compared to 4 h, FLRO4-kodecytes at 24 h lose approximately half of their
fluorescence signal (Figure 70). The study investigating the FSL-FLRO4 signal loss during
koding showed that the missing (shed) FSL-FLRO4 construct did not degrade over the
period of koding and are present in the harvested post-transformation supernatant
(Sections 4.1 and 4.2). However, it was found that FSL lost from kodecytes or/and
residual unacquired FSL is not able to kode fresh RBCs (at least very efficiently),
suggesting that they are being captured by material in the supernatant. Thus, it was
proposed that possibly these lost FSLs may be associated with different RBC-derived
(shed) bioactive proteins, lipids, and microparticles or microvesicles (referred to as
membranous entities), which make up the interfering factor and which may also further

regulate the uptake of shed FSL. The accumulation of interfering factors in the post-
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transformation solution could possibly be due to prolonged incubation at 37°C and

additional associated factors (storage lesions).

Experiments were set up to examine whether, during prolonged incubation at 37°C,
(interfering) membranous entities were generated or not. Additionally, it was also
analysed whether membranous entities were generated in the absence of FSL constructs
orin the presence of FSL constructs, i.e., during the koding process. Based on the results
(Section 4.3), it was shown that the act of incubation of RBCs at 37°C probably facilitates
the release of RBC-associated membranous entities, which interfere with and delay the
efficient uptake of FSL-FLRO4 in suspension (i.e. FSLs are suspected to be taken up or
entrapped within these membranous lipids and hence not available for further labelling

of RBCs).

Overall, this aspect of the study showed that membranous entities (shed bioactive
proteins, lipids, and RBC-derived microvesicles) are probably generated either by the
RBCs and/or kodecytes in the process of involved incubation at 37°C. Any additional
effect of koding due to the process of koding was not established. These membranous
entities ultimately end up in the transformation solution and probably interact with and
associate with the available FSL. Hence, it could be suggested that incubation at 37°C
will change the dynamics of FSL uptake, ultimately affecting the koding process and this

process is probably accelerated by the uptake of FSL constructs.

8.9 Retention of FSL constructs in kodecytes

This aspect of the study aimed to primarily examine the retention of FSL constructs on
(mainly) RBC kodecytes when stored in different resuspension media with temperature
variations. Experiments were also designed to analyse the interaction and transfer of
FSL constructs from kodecytes to unkoded cells when co-incubated. These experiments,

led to a further understanding of the dynamics of the loss and relabelling of kodecytes.

Based on the results it can be seen that over a period of 24 h, temperature impacts the
retention of FSL construct on kodecytes. Compared to 4°C, the FSL constructs are lost
from kodecytes over time more rapidly at 37°C (Section 7.1). Additionally, at 37°C more
FSLs are lost in protein and plasma-supplemented storage media. However, the rate of

loss was found to be different for different FSL constructs. Under any tested scenarios,
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FSL-BODIPY and FSL-biotin are better retained in their respective kodecytes than
FSL- FLRO4 (7.1.4).

An important observation from this study is that in 0% BSA/plasma at 37°C, the
relabelling rate, although higher than when plasma or protein were present in the media
was not as high as could be expected. This means that FSLs shed by kodecytes into media
without added lipid or protein are still poorly labeled. This could be due to the fact that
the storage medium in which the reaction is taking place actually acquires proteins and
lipids shed from 37°C-incubated cells and captures the released FSLs. It needs to be
appreciated that the loss-relabelling process is very dynamic, as FSL lost from kodecytes
can relabel either another kodecyte or an (initially) unlabelled cell. Additionally, the

unkoded cells, which become labelled, also probably lose their FSLs to the media

The co-incubation study, where the interaction and transfer of FSL constructs from
koded to unkoded cells were examined, found that the unkoded cells did not account
for the total loss, hence there was no significant transfer (Section 7.3.4). This indicates
that the lost FSLs were probably partially labelling unkoded cells, and storage media
could account for the rest of the lost FSLs. Additionally, the finding that protein and
serum-supplemented media prevent or slow down the acquisition of shed FSLs by
unkoded cells in a co-incubation setup supports the previous hypothesis (7.1.4) that
protein/serum are not necessarily causing the loss of FSL from the kodecytes. However,

it may instead be hindering its ability to re-label the kodecytes.

Overall, the loss of signal suggests the possibility that the lost FSL constructs are being
retained by the storage media (i.e., unable to relabel the kodecytes). Additionally, in
protein/serum-lipid free media at 37°C, the loss of signal (and hence the decrease in
relabelling of kodecytes) could be attributed to the fact that the storage medium in
which the reaction is taking place actually acquires proteins and lipids shed from 37°C
incubated cells and captures the released FSLs (see Chapter 5). It is essential to note that
the protein/plasma-lipid may not necessarily cause the loss of FSL from the kodecytes

but may instead be hindering its ability to re-label the kodecytes.

Furthermore, it is not known if kodecytes or unkoded cells would have a labelling

preference. Overall, it can be concluded that FSL constructs lost from kodecytes in the
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presence of protein (BSA), or plasma-lipid (plasma) do not relabel adjacent cells, at least

to any significance.

8.10 Conclusions

RBC storage-age has an adverse impact on the koding efficiency of FSL-FLRO4, but
no impact on FSL-BODIPY. Based on the results, it is advisable to use fresh RBCs
for preparing kodecytes, or no older than 10 days of storage at 4°C.

As expected, all examined FSL constructs exhibited concentration-dependent
uptake of FSL, and irrespective of the concentration of FSL used to prepare
kodecytes, they were labelled as homogeneous populations.

The optimal koding duration for FSLis 1 h at 37°C or 4 h at RT. This was found to
be true for the FSL tested in this research. However, a time-dependent study
showed that the rate of koding is different among constructs (FSL-biotin>FSL-
BODIPY>FSL-FLRO4). RBC and Jurkat kodecytes both showed comparable trends.
The rate of uptake of FSL constructs by biological membranes appears depends
on the presence of micelles in the transformation solution with monomers being
acquired fastest.

Lipophilic substances like serum and BSA may affect the uptake of FSLs especially
if the functional group is lipophilic, e.g. BODIPY.

The glycocalyx is a rate-determining step during the FSL modification process, as
the partial removal of glycocalyx before kodecyte formation enhances FSL uptake
by suggesting glycocalyx interacts with FSL constructs (and micelles) and thus

influences cell membrane labelling rate.
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e Extended koding duration at 37°C, found that FSL- FLRO4 uptake reaches a
maximum after 4 h of incubation, and after this incubation time point, the MFI
decreased. Lost and/or residual FSL-FLRO4 are present in the harvested post-
transformation solution but in a form that is not able to efficiently transform fresh
red cells into kodecytes. This study highlighted that the act of incubation at 37°C
probably leads to the formation of RBC-derived membranous entities (proteins,
lipids, and microvesicles). These entities further interfere with the uptake of FSL-
FLRO4. Thus, the act of koding affects the uptake of the FSL construct, and
primarily due to incubation at 37°C.

o As expected, 4°C, the FSL constructs are lost from kodecytes over time more
rapidly at 37°C. Additionally, at 37 °C, and this is enhanced in the presences of
protein and plasma-supplemented storage media for FSL-FLRO4. However,
FSL- BODIPY and FSL-biotin are better retained in their respective kodecytes than
FSL-FLRO4 possibly because of the hydrophobic head. It is not known if this
applies to FSL-glycans

e The co-incubation study showed that unkoded cells became kodecytes over the
period, but the strength of the kodecytes very slowly and do not acquire all the

FSLs lost from the kodecytes.

The conclusions from this research are that although many stages of the koding process
are predictable, the underlying mechanisms are complex and influenced by several
external factors. Overall, this research has led to further in depth understanding of the

koding process and will inform future experiments.
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