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Abstract

This work presents an investigation into the physiological state of the red blood cell
(RBC) membrane. Particular focus is given to the properties of the composite mem-
brane and their implication in cellular signalling resulting from increased mechanical

deformation.

Intense synchrotron x-ray radiation was used to probe Langmuir monolayers akin to
both leaflets of the RBC plasma membrane. Complex phospholipid mixtures were
spread at the air-subphase interface of a Langmuir trough, and investigated at a sur-
face pressure of 30 mN/m and temperature of 20°C. Three geometries were used to
probe the monolayers: grazing incidence x-ray diffraction (GIXD) measured lateral
ordering and crystalline structure within the monolayer, and both grazing incidence
x-ray off-specular scattering (GIXOS) and x-ray reflectivity (XRR) measured the
monolayer thickness and electron density profiles perpendicular to the air-subphase
interface. On the pure water subphase GIXD results demonstrated a hexagonal pack-
ing structure for both leaflets, although there were dissimilarities in the parameters of
this packing. The inner leaflet (IL) monolayer demonstrated larger domains of crys-
talline order than the outer leaflet (OL) monolayer, most likely a result of the IL’s
high phosphatidylethanolamine (PE) content in comparison to the OL’s high sphin-
gomyelin (SM) content. The two monolayers were of comparable thickness overall,
however, a greater electron density profile was measured for the IL monolayer. This
was suggestive of differences in the phospholipid tilt angle, relative to the normal of

the air-subphase interface, in the two monolayers.

The effect of oxidative stress on the mechanical properties of the RBC membrane
was extensively measured using thermal fluctuation spectroscopy (TFS). The spec-
tra of healthy RBCs were measured before and after treatment with three different
oxidising agents, chosen for their known ability to target specific components of the
membrane. Changes in each of the elastic moduli of the cell can be attributed to
oxidative damage to a particular component of the membrane, since the lipid bilayer
dominates the contribution to the cell’s bending modulus and the cytoskeleton governs

the shear modulus. In good agreement with the literature, the results demonstrated
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that hydrogen peroxide (H,O,) preferentially targeted the cytoskeleton and cumene
hydroperoxide (cumOOH) targeted the lipid bilayer to a greater extent than HyOo,
whilst diamide was less specific, affecting both the lipid bilayer and cytoskeleton to

a varying degree.

In parallel, a novel method for measuring the mechanically stimulated adenosine
triphosphate (ATP) release from RBCs was developed. Cells were subjected to an
externally applied increased shear rate, using a cannula attached to a syringe pump
which drove the flow. This novel approach allowed for acute control of experimental
parameters, such as the shear rate. Sample ATP was measured using a standard
luciferin based assay, which demonstrated that oxidative modification of the RBC
membrane leads to an altered ability to release ATP. Moreover, the change in ability
of the RBCs to release ATP upon mechanical stimulation was most likely a result of
underlying biological processes associated with the oxidative damage, rather than a

change to the cell’s mechanical properties.

In all stages of this work the molecular action of dimethyl sulphoxide (DMSO) on the
RBC membrane was investigated. This posed an interesting question since DMSO
has far reaching applications, but the true effects of the solvent are poorly under-
stood. At 10 vol-%, the x-ray monolayer studies demonstrated a strong reorientating
effect of the aqueous-DMSO subphase on both the IL and OL monolayers, with the
creation of DMSO rich/lipid poor domains. In the TFS study, DMSO treatment
at concentrations of 1, 5 and 10 vol-% were shown to weakly affect the mechanical
properties of the cell but importantly, recovery was observed. However, the mem-
brane became significantly permeable to ATP upon DMSO treatment, even without
mechanical stimulation. This result offers experimental evidence of the pore forming
nature of DMSO, as suggested by molecular dynamics simulations. Together, these
results provide clarity over the molecular action of DMSO on the RBC and, through

applicability to other cell types, offer justification for the many uses of the solvent.
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1 Introduction

1.1 Red blood cell membrane structure

The first published description of the red blood cell (RBC) is credited to Antoni van
Leeuwenhoek in 1675 [1], almost 350 years ago yet strikingly accurate. Since then
the RBC has become one of the most intensively studied cells, a direct consequence
of its abundance, ease of obtainment and more simple structure when compared with
other cells. In humans, the RBC makes up approximately 40 - 45% of total blood

volume |[2].

With a diameter of approximately 8 um, the RBC is highly specialised for its fun-
damental role of transporting oxygen (Og) through the circulatory system, where,
over a 120 day lifetime a cell will travel approximately 400 km. Lacking a nucleus
(anucleate), as well as most other cell organelles, the RBC has increased the internal
volume available for the O, carrying protein, haemoglobin. The biconcave, discocyte
shape increases the surface area to volume ratio for optimal Os diffusion, as well as
allowing for extreme deformations as the RBC traverses the micro-circulation. At this
level of the circulatory system vessel diameter is often smaller than that of the cell.
These deformations are fundamental in the proper functioning of the circulation, as
they reduce the O, diffusion distance between cell and vessel wall and, as described

throughout this thesis, can initiate cellular signalling pathways.

The RBC membrane is compound in structure, consisting of a lipid bilayer (plasma
membrane) and a mesh network of proteins which laminate the inner leaflet of the
bilayer. These components provide a selectively permeable barrier whilst maintain-
ing the overall cell shape and stability. A breakdown of typical membrane mass
unsurprisingly reveals that proteins are the largest constituent at ~52%, with lipids
and carbohydrates representing 40% and 8% respectively [3]. A schematic of the

membrane structure is provided in Figure 1.1.
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Figure 1.1: Schematic of the RBC membrane structure. Composite in nature, the
main structural elements of the RBC membrane are the lipid bilayer and spectrin cytoskel-
eton. The depicted proteins dispersed in the lipid bilayer act to anchor the lipid bilayer to
the cytoskeletal network. Adapted from [}].

1.1.1 Plasma membrane

The plasma membrane is dominated by phospholipid molecules which are interspersed
with various proteins. Focusing first on the phospholipids, the typical structure of
these molecules is a glycerol backbone attaching one or two fatty acids (acyl chains)
to a phosphate group, where the overall molecule is indexed by a defining "head"
group attached to the phosphate. Phospholipids are amphiphilic in nature, with
the lipid bilayer structure resulting from the entropic arrangement of the hydrophilic
polar head groups creating an enclosed region for the hydrophobic acyl chains of the

molecule.

The overall shape of the phospholipid molecule results from the size of the head group
and the saturation of the acyl chains. Cylindrical phospholipids have a head group
in proportion to two saturated chains, whilst conical phospholipids arise either when
the head group is out of proportion to the chains, where only one chain is present,
or where one or both chains are unsaturated. Unsaturated acyl chains are defined
by one or more double bonds in the fatty acid, causing a slight kink in the chain.
The saturation of a phospholipid determines the packing density, with unsaturated

phospholipids having a lower packing density than saturated phospholipids.
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1.1. Red blood cell membrane structure

Packing characteristics of phospholipids are often investigated through the use of
Langmuir monolayer systems which mimic bulk behaviour. The scattering of intense
x-ray radiation from a monolayer surface can be used to obtain molecular level in-
formation about either in-plane order or structure perpendicular to the air-subphase
interface, depending on the initial x-ray geometry. In-plane measurements detail the
crystallographic arrangements of the phospholipid acyl chains, with the ability to
measure lattice parameters and crystallographic domain size. Separately, the mono-
layer electron density, perpendicular to the air-subphase interface, can be obtained
through separating the perpendicular structure into slabs of varying thickness. In
this method, each slab represents one of the following regions: from the atmosphere,
through the phospholipid acyl chains, phospholipid head groups, and finally into the
subphase.

Whilst there are several hundred species of lipid that make up the RBC plasma
membrane, there are a handful of dominant head groups which give rise to a distinct
asymmetry between the leaflets of the lipid bilayer. As demonstrated by Rothman
and Lenard [5], phosphatidylethanolamine (PE) and phosphatidylserine (PS) are the
main types of lipids found in the inner leaflet, whilst sphingomyelins (SM, the only
phospholipid with a sphingosine backbone) and phosphatidylcholines (PC) dominate

the outer leaflet.

Other lipids species that can be found in the plasma membrane include glycolipids
(the product of a carbohydrate attached to an outer leaflet lipid) and cholesterol.
Glycolipids assist in many intercellular activities [6], whilst cholesterol appears to
have a more structural role. In recent studies [7], cholesterol has been implicated
in the formation of lipid complexes that compartmentalise sections of the membrane
due to tight packing with sphingolipids. These more ordered regions are termed rafts
and have been associated with protein functionality [8], although limited information

is currently disseminated about them.

Embedded proteins

Proteins embedded in the lipid bilayer fall into two subgroups depending on their
structural position within the bilayer. Integral proteins, also referred to as trans-
membrane, span the entire bilayer, connecting the inner leaflet to the outer leaflet.
These proteins primarily include ion channels and molecular pumps, but also of note

is the Band 3 protein which links the lipid bilayer to the cytoskeleton as demonstrated
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in Figure 1.1. Peripheral proteins sit in just one leaflet of the bilayer. Depending
on whether they are embedded in the inner or outer leaflet, they can be respons-
ible for anchoring the bilayer to the cytoskeleton, stimulating intra-cellular signalling

pathways, or receiving extracellular signals.

Figure 1.2: RBC cytoskeleton. Sub-units of the RBC cytoskeleton observed using elec-
tron microscopy (top) and displayed alongside a schematic of the heterodimer-node polygon
arrangement (bottom) [9].

1.1.2 Cytoskeleton

The RBC cytoskeleton is unique in that only the membrane bound element is present,
in contrast to nucleated cells which also support a cytoplasmic cytoskeleton. This
is a direct consequence of the specialisation of RBCs for the transport of Oy around
the body. As briefly mentioned, the RBC cytoskeleton spans the entire cytoplasmic
surface of the lipid bilayer. Coupling of the cytoskeleton to the lipid bilayer occurs

via anchor or junction points, as illustrated by the dark nodes in Figure 1.2. These
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1.1. Red blood cell membrane structure

points involve the aptly named ankyrin protein, which couples the mesh network to

Band 3, and protein 4.1 which aids coupling to Glycophorin C.

The cytoskeleton is exclusively composed of proteins, the most abundant of which is
spectrin, accounting for 20-25% of the mass of membrane proteins [10]. Spectrin is
a large heterodimeric protein built from non-identical a and £ sub-units, associated
side to side and interacting through hydrophobic bonds and electrostatic attraction
[11]. The heterodimers form pentagonal, hexagonal and heptagonal arrangements,
creating a mesh network with the anchor and junction points as nodes, as shown in

Figure 1.2.

1.1.3 Mechanical properties

Of significant importance is the role of the membrane in maintaining the cell shape
as the cell negotiates the circulatory system. Each cell will pass through vessels that
range in diameter from very large, at a few thousand microns, to very small, where
the vessel diameter becomes comparable to, if not smaller than the RBC itself. Not
only does this require the cell to significantly deform, but the recovery of the cell
to its original shape must occur quickly once the cell is on the venous side of the

microcirculation.

The mechanical properties of the RBC are therefore determined by the membrane
components described earlier in Section 1.1, and describe the energy-storing resist-
ance to deformation [12|. Whilst the deformation itself is quite complex, it takes just
three deformation modes to fully describe the behaviour (Figure 1.3). The deforma-
tion modes are the area, bending and shear modes, and each mode is characterised
by a specific elastic modulus: K, k, or u respectively. Area deformations of the
RBC membrane occur on a much higher energy scale (not physiologically relevant)
than bending or shear deformations, and as such the area modulus is not as widely

investigated as the latter two moduli.

Area deformations

The area modulus, K, reflects the elastic energy storage produced by an isotropic

area change of the membrane surface, described as

T, = K== (1.1)
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Figure 1.3: Mechanical properties of the RBC membrane. The three fundamental
deformation modes used to describe the mechanical properties of a soft biomatieral, such as
the RBC. The original shape with area A (a) can either undergo area expansion (b), bending
(¢) or shear (d) deformation. Each deformation mode is characterised by a specific elastic
moduli.

where T;, AA and Ay correspond to the isotropic tension, the change in surface
area and the original surface area respectively [13]. In RBCs, the elasticity of the
bilayer dominates measured values of K, as the bilayer is both highly inextensible

and incompressible.

Bending deformations

The bending of a 2D membrane, such as that of the RBC, involves both a compression
and expansion element; the leaflet on the concave side of the bend is compressed,
whilst the area on the convex side is increased. The chemical composition of the
phospholipids within the lipid bilayer is therefore a major determinant of the bending
modulus. This modulus is defined by the energy needed to change the curvature of

the membrane, and can be linked to the area modulus with

hK
_ 1.2
K 5 (1.2)
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where h is the bilayer separation distance [14]. Using a number of different techniques,
a broad range of values for x have been reported. These are discussed in detail in
Section 1.2.

Shear deformations

A shear deformation refers to the extension of a membrane surface, whilst the mem-
brane area remains constant. It is the cytoskeleton that endows the otherwise fluid
membrane with a shear rigidity, and hence the cytoskeleton dominates any measure-
ment of the shear modulus. The shear modulus is related to the shear tension, T;, by
multiplication with the elongation ratio, A = (Lo + AL)/Ly:

T, = gw 7Y (1.3)

where Ly and AL are the original and extension lengths respectively [15].

1.2 Methods of measurement of the RBC membrane

mechanics

Various techniques have been developed to probe the elastic moduli of the RBC
membrane, although inconsistent values between techniques have been widely repor-
ted [16]. This section serves to outline some of these methodologies and the values
that have been identified for the various moduli. The method employed within this
work, thermal fluctuation spectroscopy (TFS), has been discussed in detail later in
Section 4.1.1.

1.2.1 Ektacytometry

As whole blood method ektacytometry measures an average deformability of an en-
semble of cells, and is therefore unable to distinguish between the three elastic moduli
of the cell. However, it has been included here due to its sensitivity in measuring re-
lative, overall cellular deformability. The system consolidates laser diffractometry
with blood viscometry [17], where an incident beam is scattered by a dilute RBC
suspension that has been subjected to a shear stress externally applied using the

viscometer.
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1.2. Methods of measurement of the RBC membrane mechanics

The diffraction pattern obtained is elliptical in shape and corresponds to the average
shape of each cell within the sample. It is indexed by an elongation index, E'I, a ratio

of the long axis, L, to the short axis, W:

LW

El = .
L+W

(1.4)

Deformability is obtained by measuring the diffraction pattern and hence EI, over a
range of applied shear stresses. This method is advantageous due to the convenience
and short timescale of the measurement and the small volume of blood required
(~ uL). Measuring the deformability of the RBC population of the sample as a whole
makes this a desirable method in the study of RBC physiology.

1.2.2 Filtration and microfluidic devices

Similar to Ektacytometry, both filtration and microfluidic devices are classed as whole
blood methods and therefore, are unable to provide detailed evaluation of the RBC’s
elastic moduli at the fundamental level. The methods are based upon sample flow

trough either a pore-like grating or microchannel system.

Filtration

The filtration method probes the ability of a sample of RBCs to pass through a
membrane of mircopores. The sample flow is driven either by gravity or a pressure
gradient, and deformability is quantified by either the amount of time for a set volume
to percolate or the contrary. Although the method is simple and can be carried out in
any laboratory, disadvantages include frequent pore occlusion and non-uniform pore
diameter, leading to poor reproducibilty in experiments. Further, results are difficult
to interpret in terms of the well-defined elastic parameters of the RBC. Nevertheless,
the method has been successfully employed in a comparative study of RBCs from

diabetic patients and healthy controls [18].

Microfluidic devices
Microfluidic devices offer a solution to some of the limitations experienced using

the filtration method. Here, a sample is passed through channels, micrometer in

diameter, that mimic the conditions experienced by RBCs in the microcirculation
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1.2. Methods of measurement of the RBC membrane mechanics

[13]. By manufacturing the channel system on a chip, deformation of passing RBCs
can be directly observed using a microscope. The threshold pressure required to
drive the sample flow through the capillary system offers a quantitative measure of
RBC deformability [19]. This method has been employed in the assessment of the
deformability of both malaria infected RBCs [20] and RBCs from sickle cell patients
[21].

1.2.3 Micropipette aspiration

Micropipette aspiration describes the technique of drawing a membrane into a tapered
pipette, with diameter on the order of a micron, using a negative pressure to induce
the suction and inflict significant deformation on the membrane. This technique
was amongst the first used to attain mechanical measurements of cell membranes,
attributed to its versatility and ease of interpretation [22]. Not only is this one of
the more well established methods, but all three elastic moduli of the RBC can be

measured.

The area modulus is measured for osmotically swollen cells [23]| using Equation 1.1,
where 7T} is dependent on the applied pressure, P. For a cell of radius R., aspirated

into a pipette of radius R, this tension is defined as

Ry

T,=P——~%®
k 2(1 — R,/R.)

(1.5)
Pressure is applied to aspirate the cell until the external part of the cell is spherical.
At such point, any further increase in pressure will cause an increase in the protrusion
length of the cell into the pipette and hence, increase the membrane area. Therefore,
it follows that AA/A is dependent on the change in protrusion length AL relative
to the original protrusion length L. Accounting for osmotic volume changes the area
modulus was determined as K = 0.45 Nm~! [24], a relatively large, non-physiological

value.

In contrast, both the bending and shear moduli are determined using flaccid mem-
branes. By considering the ratio of the protrusion length, L, to the radius of the
pipette, R, the behaviour of the aspirated membrane can be divided into three re-
gimes. L/R, can either be: < 1 as the cell is newly aspirated into the pipette, = 1
when a hemispherical cap forms inside the pipette, or > 1 indicating a large protru-

sion. The behaviour of the membrane is non-specific until the latter regime is reached,
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1.2. Methods of measurement of the RBC membrane mechanics

where it is then classified as either solid or liquid drop like. A solid cell will continue
to extend into the pipette towards a new equilibrium position as demonstrated by
Theret et al. |25]. On the contrary, liquid drop behaviour is observed if the membrane

flows completely into the pipette, known as buckling.

At this point, the pressure difference between the inside and outside of the pipette is

related to the shear modulus, u, through the Law of Laplace

W L
P,~P=AP=+% (K — - K 1.6
i (g ) =
with P, the pressure outside the pipette and K; = 2.45 and K, = 0.63 [26]. Since this
is a linear approximation for the pressure, Equation 1.6 is only valid for 1 < L/R,, < 4.
This allows for a direct measurement of the shear modulus, of which Waugh and Evans

[27] obtained a value of = 6.6x107% Nm™!.

The bending modulus is determined by the critical pressure at which bucking occurs
and the ratio of the external to internal radii of the pipette [28]. When the external
radius is three times larger, bucking occurs at

K 1

~S — 1-
APR3 ™ 135 .7

However, when the external radius is six times larger this condition becomes

K 1

Using this method, the RBC bending modulus was determined at x = 1.8x1071% J
[28].

1.2.4 Optical traps

Optical traps employ highly focused lasers to manipulate microscopic objects, where
the momentum transfer from the laser to the object results in trapping forces. The
laser(s) can interact with the object either directly or indirectly via beads attached
to the object. Both these methods are outlined here.
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Direct optical trapping

Direct optical trapping is the result of a transfer of momentum from a laser directly
to an object, this method can be used to calculate the shear modulus of the RBC. A
laser incident on a RBC will transfer a small amount of momentum to the RBC as it
meets the boundary of the cell. In a similar manner, another momentum transfer will
occur once the laser has passed through the cell and is leaving on the other side. If the
refractive index of the RBC is larger than the surrounding medium, this momentum
will also be transferred to the RBC resulting in a force on the cell in the direction of
the beam. It then follows that two lasers directed at the RBC in opposing directions
will elongate the cell along the axis of the beams. The shear modulus was measured
at g = (1.3 = 0.5)x 107> Nm~! using this method in the case of an osmotically swollen
cell [29].

Indirect optical trapping

Indirect optical trapping requires the binding of silica beads to the RBC, acting
as handles with which to manipulate the RBC. It is preferable over the previously
described method as it minimises damage to the RBC as a result of interaction with
the laser. The process of binding the silica beads to the RBC is non-specific, the beads
are simply incubated with a RBC suspension after which only RBCs with two silica
beads in a diametrical position are measured. The beads are trapped in a similar
manner to that described for direct optical trapping, and in increasing the distance
between the beads the RBC is stretched. To calculate the shear modulus of the cell,
the cell’s diameter along the semi-minor axis, D, is measured as a function of the

calibrated applied force, F"

F
D(F) =Dy — — 1.9
(F)=Do— 5 (1.9
where Dy is the original diameter of the cell. Several values of y have been obtained
for the RBC under varying conditions; such as for a discocyte p = (2.054:0.3) x 107°
Nm™! or a spherocyte 1 = (1.9 £0.3) x 107 Nm~! [30]. Further, the value obtained
in measurements of permeabilised spherical ghost cells was two orders of magnitude

1

larger at © = 2 x 107* Nm~!. The discrepancy is most likely due to assumptions

made in the analysis of the discoid and spherical cells [31].
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Increasing the number of beads in the trap extends the technique to enable meas-
urement of the area modulus, K. For a free RBC membrane skeleton both pu and K
were measured at (2.4+0.7) x 107 Nm~! and (4.8 £2.7) x 107% Nm™?, respectively
[32].

1.2.5 Reflection interference contrast microscopy

Reflection interference contrast (RIC) microscopy can be used to calculate the RBC’s
bending modulus through measurements of the RBC’s mean square height fluctu-
ations, (|U(q)*). For a RBC enclosed in a cover slip/microscope slide chamber, an
incident light beam is reflected at both the cover slip boundary and the RBC bound-
ary. The interference of the two reflected beams creates a Newton ring diffraction
pattern from which (|U(q)|?) can be calculated. In the short wavelength approach,
U(q) is the Fourier transform of the RIC image which allows for easy obtainment of
(|U(q)*). The analysis of the long wavelength regime is slightly more complicated,
as in this regime a surface profile of the cell can be reconstructed. Here, {|U(q)[?) is
obtained from the difference between two consecutive surface profiles. The bending
modulus, k, is related to {|U(q)|?) through:

kyT'

= ST (1.10)

where S is the observed surface area and ¢ is the wavevector, and all other variables
having their usual meanings [33|. Using RIC, Zilker et al. [34] measured a value of
k=(3.440.8) x 10720 J.

1.2.6 Electrodeformation

Electrodeformation takes advantage of the Maxwell-Wagner polarisation effect to in-
flict a force upon a fixed RBC and hence, measure its shear modulus. In this tech-
nique an electric field is applied which fixes the RBC to a wedge-shaped electrode,
and deformations are induced by varying the field strength. The Maxwell-Wagner
polarisation effect is applicable since there is a difference between the conductivity
of the cell’s cytoplasm and the surrounding medium; the resulting force is calculated
by treating the cell as a conducting body in a dielectric field. The shear modulus is

quantified by using fast image processing to measure the elongation of the cell as a
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function of the electric (Maxwell) tension. Using this method, a shear modulus of
= 6.1x107% Nm~! was obtained for the RBC [35].

1.2.7 Summary

The techniques that have been described in this section and the corresponding re-
ported values of the elastic moduli, are summarised in Table 1.1. Whilst there are
a number of techniques available to the individual for probing the RBC’s elastic
moduli, it becomes clear that reported values can differ between techniques. These
inconsistencies often arise as a result of the assumptions made in applying a theor-
etical approach to the analysis of the practical measurement. This therefore remains

an area of intense investigation, both theoretically and experimentally.

Table 1.1: Summary of reported RBC elastic moduli. Note that for clarity, error
margins are not presented here but can be found within the text.

K K I

Method N J Nm-! Reference
Micropipette aspiration 0.45 1.8 x 1071 6.6 x 1076 | [24, 27, 28|
Direct optical trapping - - 1.3 x107° [29]
Indirect optical trap- - - 2.05 x 107¢ [30]
ping (two beads)
Indirect optical trap- | 4.8 x 107° - 2.4 x10°° [32]
ping (three beads)
RIC microscopy - 3.4 x107% - [34]
Electrodeformation - - 6.1 x 107° [35]

1.3 RBC as moderator of vascular tone

Quantifying the mechanical properties of the RBC is an important factor in under-
standing the physiological behaviour of the cell. It is well recognised that the cell is
subjected to extreme deformations as it traverses the circulatory system, and that
abnormalities in its elastic behaviour can have significant impacts on Oy transport.
More specifically, abnormalities in cellular mechanics could impact the RBC’s abil-
ity to dynamically control localised blood flow through altered ability to release the
vasodilator adenosine triphosphate (ATP).
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Suggesting that the RBC has the ability to dynamically control local blood flow is a
major shift from considering the RBC as simply a passive O, transporter. However, it
is now widely accepted that ATP release from the RBC is stimulated by a number of
physiological conditions such as small changes in pH [36], oxygen concentration [37],
osmotic pressure [38] and mechanical deformation of the cell [39]. The significance of
these findings is apparent through the involvement of ATP in the vasodilation of blood
vessels. It is thought that ATP binds with purinergic receptors on the endothelial
wall, initiating an endothelial- and smooth muscle cell-dependent vasoactive response

that can be conducted upstream [40].

However, the signalling pathway within the RBC that links the physical stimuli to the
release of ATP, remains under some debate and often varies between stimuli. Further,
in the case of stimulation via mechanical deformation, there is insubstantial evidence
over which specific elastic property of the RBC dominates the signalling response.

Research to clarify this could help explicate the dominant signalling pathway.

1.4 Clinical relevance

The RBC’s ability to both monitor and respond to local Oy demand raises important
questions about the clinical relevance of this mechanism. It would be anticipated
that such an intricate mechanism as this could be implicated in a diseased state.
Further, it follows that an increasing number of human diseases - such as diabetes
mellitus, cystic fibrosis, malaria, sickle cell anaemia and renal failure - are being
associated with abnormalities in the RBC [41]. Since the RBC is no longer considered
as simply a passive carrier of Oy, its role in regulating the circulatory system could
be significantly impacted by these abnormalities. A complete understanding of this
control mechanism could lead to new therapeutic approaches in treatment of the

following diseases.

1.4.1 Diabetes mellitus

Diabetes mellitus, commonly called diabetes, is a disease in which the body fails to
regulate blood sugar levels, either through inability to produce insulin or failure to
produce enough /respond to insulin. It is a lifelong condition which if managed poorly,
can lead to many secondary complications. Some of these complications are a result

of impaired microvasular function as cells become glycated and oxidised.
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Previous studies on RBCs from diabetic patients have shown reduced deformability
of the cells [42] and in particular, an increased shear modulus [26]. Parallel to this, a
78% decrease in ATP released from RBCs of diabetic patients, as opposed to healthy
controls, has been reported [43]. It would appear that no link has yet been established
between the reduced deformability and the lack of ATP release in RBCs from diabetic

patients.

1.4.2 Cystic fibrosis

Cystic fibrosis (CF) is a hereditary disease caused by a recessive gene mutation which
controls the movement of salt and water across the cell membrane. As a result of
the mutation, a thick mucus builds up in the lungs of CF patients. Not only does
this reduce the lung capacity, the mucus is also largely responsible for secondary

complications associated with CF.

The faulty gene is responsible for the cystic fibrosis transmembrane conductance
regulator (CFTR) protein, with CF patients lacking this protein. RBCs from CF
patients have been shown to release less ATP than control RBCs when subjected to
mechanical deformation [44]. However, in contrast to the RBCs of diabetic patients,
the deformability of a CF human RBC remained consistent with that for the healthy
control. This work implicates the CFTR protein in the signalling pathway, linking

stimulation to ATP release.

1.4.3 Idiopathic pulmonary arterial hypertension

Idiopathic pulmonary arterial hypertenstion (IPAH) is an incurable disease in which
the vascular system of the lungs is subjected to increased resistance, causing an
increase in blood pressure. The reduced blood flow can lead to damage of the right

side of the heart, as it works harder to pump blood in the direction of the lungs.

Further hindering blood flow is the reduced ability of RBCs from patients with [IPAH
to release the vasodilator ATP upon mechanical stimulation [45]. This study also
found these RBCs to have a decreased deformability, in comparison to healthy con-

trols.

CHAPTER 1 15



1.5. Thesis outline

1.5 Thesis outline

This project serves to elucidate the link between the RBC’s mechanical properties and
mechanically stimulated ATP release from the cell. The starting focus of the work,
through use of model monolayer phospholipid systems and x-ray crystallography, was
to investigate the in-plane structure and electron density profile of the RBC plasma
membrane. The work then moved to quantifying the response of the RBC membrane
elastic moduli upon chemical insult, through thermal fluctuation studies. Chemical
treatments were chosen for their demonstrated targeting of specific structural com-
ponents of the RBC membrane. The design is such that the contribution of each
structural component to the cell’s overall deformability could be established. The
final area of focus for this work was the RBC’s ability to release ATP, stimulated
by mechanical deformation. Investigated using both pure blood and samples spiked
with the same chemicals as for the fluctuation studies, enabled comparison between
changes in the mechanical properties of the cell and altered ATP release. In all stages
of the project, further inquiry included detailing the effect(s) of dimethyl sulphoxide
(DMSO) on the RBC membrane in an attempt to justify and provide basis for the

solvent’s many uses in the biological and pharmacological fields.
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2 Methods

This chapter provides a comprehensive overview of the techniques that were applied in
the mesoscale and whole cell study of the human red blood cell (RBC). The theoretical
background underpinning each approach is first described, followed by an outline of
the protocols for sample preparation and measurement and then finally, details of the
analysis. Techniques relating to the mesoscale studies are presented first, followed by
the whole cell techniques comprising of thermal fluctuation spectroscopy (TFS) and

measurements of mechanically stimulated adenosine triphosphate (ATP) release.

2.1 Mesoscopic techniques

This section details the techniques used to probe the mesoscale properties of the RBC.
All techniques described here are performed on phospholipid monolayers composed of
various lipid species, chosen specifically to replicate the behaviour of the RBC mem-
brane. Monolayers are one of the most commonly used methods when investigating

lipid composition and structural organisation of the membrane.

2.1.1 Langmuir trough

Many characteristics of monolayers can be probed using a Langmuir trough, a high
precision instrument that utilises the hydrophobic nature of the phospholipid acyl

chains to form a monomolecular lamination of lipids at an air-subphase interface.

The trough is constructed from a shallow bath, movable barriers and a pressure probe,
as seen in Figure 2.1. The trough components (bath and barriers) are made using
PTFE, due to the fluorocarbon’s highly inert and hydrophobic properties [46]. The
bath is filled with a fluid subphase until a meniscus is formed, at which point phospho-
lipids in a chloroform solution are spread over the subphase surface. The formation
of the subphase meniscus is vital to ensure no lipid leakage from the experimental

area, between the barriers.

17



2.1. Mesoscopic techniques
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Figure 2.1: Langmuir trough schematic. The PTFE barriers move to increase or
decrease the surface area available to the lipid molecules. The surface pressure probe relays
the 2D surface pressure of the monolayer to a computer, where surface area is also recorded.

Moving the barriers changes the area available to the phospholipids which in turn,
affects the lipid packing, phase state, and surface pressure. Surface pressure, II, is
defined as the difference between the surface tension of the pure water surface, 7
(72.8 mN/m at 20°C), and the surface tension of the lipid monolayer, v(c), where ¢

is the surface concentration of the lipid [47]:

IT = 7 —7(c). (2.1)

IT is recorded via the surface balance probe which must be fully wetted by, but not
submerged in the air-subphase interface. Isotherms are the graphical representation
of I, measured as a function of the area per molecule, A. An idealised isotherm
is presented in Figure 2.2, detailing the various phases of phospholipid organisation

resulting from changing A.

Phospholipids are generally applied to the subphase surface in a chloroform solution
using a glass syringe, droplet at a time and with the barriers at maximum spacing,
Apaz- This creates a monolayer under low pressure, with the lipids forming a two
dimensional gas structure (inset, Figure 2.2). As the barriers are moved towards
each other decreasing A, Il increases and the monolayer condenses through a first-
order transition into the liquid expanded phase. A further decrease in A initiates
another first-order transition, through a stage of phase coexistence, between the liquid
expanded phase and a low ordered condensed phase. Continuing the decrease of A
finally initiates a second-order transition, characterised by a sharp increase in Il and

eventual monolayer collapse.
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Figure 2.2: Idealised Langmuir monolayer isotherm. Phase changes are depicted as
gradient kinks, whilst the horizontal section relates to phase coexistence. The monolayer
passes from a gaseous configuration at large area per molecule to a condensed phase at small
area per molecule, as the the barriers are moved closer together. Modified from [48].

2.1.2 Synchrotron geometries

Synchrotrons are cyclic particle accelerators that produce intense beams of light as
a by-product of deflecting the particle beam around their storage ring. The energy
spectrum of this light ranges from infrared to x-rays. As the wavelength of the x-ray
is comparable to the molecular dimensions of a monolayer, several techniques used to
characterise Langmuir monolayers have exploited this deflection by-product. Below
are three examples of these techniques as used in the experiments presented within

this thesis. A schematic of each geometry is presented in Figure 2.3.

Grazing incidence x-ray diffraction

Grazing incidence x-ray diffraction (GIXD) probes the lateral ordering in a monolayer.
This method provides information on the 2D crystalline structure and phospholipid
acyl chain orientation within the sample [49]. As the name suggests, the incident
beam is diffracted off the monolayer surface at an angle close to the critical angle for
total internal reflection. This geometry reduces the penetration of the beam to an

evanescent wave and assists in maximising the signal to noise ratio [50].
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kG IXD k)(RR

Figure 2.3: Synchrotron scattering geometries. In GIXD experiments the incident
beam, ki, is diffracted at an in-plane angle of 205y along kgrxp. The measured intensity is a
function of the momentum transfer q between the two beams. XRR measurements are made
along the same trajectory as the incident beam, as shown by kxrr. In the GIXOS geometry,
the scattered beam is measured at an in-plane angle 0°, as shown by karxos-

The arrangement of phospholipids on the subphase surface is considered a mosaic
of crystallites, i.e. the crystalline structure domain size is finite. Therefore, the
monolayer is described as a 2D powder and the diffraction pattern is averaged over
all possible domains (known as powder averaging) [48]. In real space any crystalline
structure is fully described by the lattice parameters and basis. The lattice parameters
consist of the unit cell primitive lattice vectors, a and b, and the angle between them,
v, and for this example the basis is assumed to be one lipid molecule per lattice point.
Any position within the lattice is given by r = ua + vb (where u, v are arbitrary

constants) and the area of the unit cell is defined as A = absin(7).

Lattice structures are also defined in reciprocal space by the reciprocal lattice vector
G = ha* + kb*, where h, k are the Miller indices and a*, b* are the reciprocal
primitive lattice vectors. Appreciable diffraction will only occur within the 2D lattice
when Gy, is equal to the scattering vector q = k¢ — k; [51]. Here, q corresponds to
the momentum transfer of the scattered (f) and incident (i) wave vectors, k;¢. This

geometry is defined in Figure 2.3 for ki = kqixp.
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Due to powder averaging the measured diffracted intensity can only be resolved into
two out of the three dimensional components. The out-of-plane component, ¢, is
characterised by the angle between the scattered beam and subphase surface, ay,
whereas the in-plane component, ¢,, = (¢ + qS)l/ 2 is characterised by the angle
between the incident and scattered beam in the plane of the subphase surface, 26,,
(see Figure 2.3). That is:

2 dr . 20,

¢ =~ sin o and Goy = —-sin —=. (2.2)

Raw GIXD images were first processed to produce 2-D heatmaps of the intensity in
the ¢, and ¢,, directions. This intensity was then integrated over, producing either
Bragg rods or Bragg peaks. When integrated over ¢, with projection onto the ¢, axis,
the data is presented as a Bragg rod. The inverse, integration over ¢, and projection
onto the ¢, axis, is a Bragg peak [49]. These stages of analysis were performed using
custom MATLAB scripts (C. Shen, DESY).

Phospholipid acyl chain orientation is observed from the position and quantity of
Bragg rod maxima, but can also be inferred from the 2-D heatmaps. There are 4
possible tilt orientations, each with a unique Bragg rod pattern. A single Bragg
rod centred at ¢, = 0 is indicative of the untilted phase. Here, the peak is inferred
as sixfold degenerate due to the lines of symmetry that exist within the crystalline
structure. Any deviation from the untilted arrangement leads to the lifting of this
degeneracy and therefore, the presence of more Bragg rod maxima at higher ¢, (cor-
responding peaks that would exist at ¢, < 0 are not observed in measurement), as
demonstrated by Ocko et al. [52|. A nearest-neighbour tilt is characterised by a rod
centred at ¢, = 0, followed by a degenerate rod at higher ¢,. Alternatively, if the first
maximum exists at ¢, > 0 and there exists a second maximum at even greater ¢., the
lipid tilt orientation is said to be towards the next-nearest-neighbour. This time the
peak at lower ¢, is the doubly degenerate peak. In the case of an intermediate tilt the
degeneracy is completely broken and three separate Bragg rods will be observed at
values of ¢, > 0. In each case the maxima must satisfy the condition ¢, + g2, = ¢3.,

where ¢3, is the largest value of the three.

The Bragg peaks were fitted with a Lorentz profile (B. McGill) to extract their posi-
tion and full width at half maximum (FWHM). The peak position, g,,, is related to
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the lattice d-spacing and | a |,| b |,~, through:

o [h2 & hk R
d="— = [? + =i 2 (%) cos(v)} sin(7). (2.3)

qgcy

To enable calculation of @ and b, each peak must be indexed by a set of Miller
indices, {h,k}. As with Bragg rods, peaks can be degenerate and therefore indexed
with multiple {h,%k}. Indexing allows for Equation 2.3 to be solved for a,b and ~
simultaneously and in turn, calculation of the area of the unit cell, A = absin(v).
The physical significance of A is the area occupied by one acyl chain of a phospholipid
molecule, giving the area per molecule as 2A. The FWHM of the peak determines the
length over which the crystalline domain structure is valid (crystallite dimensionality),

known as the coherence length:

2T

Le=09———
FW HM (q,)

(2.4)

X-ray reflectivity

X-ray reflectivity (XRR) is used to probe

the electron density of thin films per-

pendicular to the air-subphase inter- K,
face. X-rays are specularly reflected from g
the sample surface and the intensity of
the reflected beam recorded (Figure 2.3, -
kxgrr). For an abrupt change in refract- \\\\9\')‘ n

ive index, n, at the interface, a reflection R\\\
T ~

would follow the law of Fresnel reflectiv-

: . p R
%ty. With a and o defined in Figure 2.'4’ Figure 2.4: Specular Reflection. An incid-
it can be shown that the Fresnel reflectiv-  ent wave, ki, will reflect under Fresnel condi-

ity coefficient, Rp, is defined as [53]: tions at an interface with an abrupt change in
refractive index, n. Adapted from [53].

712

a—

Rp = (2.5)

a+ o

However, the addition of phospholipids to the surface of the subphase smooths the

change in refractive index across the interface. This perturbs the experimentally
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measured reflectivity from the Fresnel reflectivity as:

R(q) =| ¢(¢) | Re(q). (2.6)

Where ¢ is the wave vector transfer, ¢’ is that inside the material, and ¢(¢’) is defined
as the Fourier transform of a function of the electron density profile, p., and its

average pay |53]:

o) = Fo ). (2.7

Since Rp(q) can be calculated for a given interface, an XRR measurement results in
the left hand side of Equation 2.6, for which Equation 2.7 can then be used to obtain

an electron density profile of the monolayer perpendicular to the interface.

XRR data were analysed using custom
4 built software (O. Konovalov, ESRF).

The software inverted the XRR measure-

ments to obtain p, using the slab model

el

regression approach. In this model the

interface is split into a number of homo-

Head
groups

geneous slabs of thickness d, that repres-

Tails
Subphas

ent each region of the phospholipid mo-

v

0 z lecule (acyl chain and head group) and

the subphase, as shown in Figure 2.5.
Figure 2.5: Slab model representation.
Each layer of the interface is represented as a
slab with set thickness d, where the subphase is
taken to have near infinite thickness. A Gaus- o. The latter of these is incorporated
stan smoothing parameter is used to smooth
the resulting p. between the slabs.

Each slab has an associated refractive in-

dex and Gaussian smoothing parameter,

into the model since a physical interface
is less abrupt than the rigid boundaries
of each slab block within the model. As slab thickness is an output parameter from
the fit, an overall film thickness can be calculated. The fit of the reflectivity curve is
then inverted to obtain an electron density profile of the monolayer perpendicular to

the interface.
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Grazing incidence x-ray off-specular scattering

Similar to XRR, grazing incidence x-ray off-specular scattering (GIXOS) is used to
define the electron density profile of a monolayer perpendicular to the air-subphase
interface. Due to only needing a single exposure and as such no adjustment of the
beam, sample or detector, GIXOS is fast becoming the preferred method of the two.
These advantages significantly reduce the measurement time and consequently x-ray

induced sample degradation [54].

The experimental set-up is near identical to that of XRR, only for GIXOS the azimuth
angle, 0’, in Figure 2.3 is now non-zero (kgixos). This off-specular geometry requires
guard slits to minimise the level of specular reflection reaching the detector and hence

increase the signal ratio of the off-specular scattered beam.

The measured GIXOS intensity is proportional to the ratio of the XRR measured re-
flectivity and the Fresnel reflectivity, perturbed by a characteristic Vineyard Function

for the grazing incidence configuration [55]:

R(q-)

I(g.) o |T(kzout)2|RF(qz).

(2.8)

Employing Equation 2.7, the so-called Master Formula of specular reflectivity, the

GIXOS measurement can be inverted to obtain the electron density profile, p..

GIXOS data were analysed in a three step process. The first two stages used cus-
tom MATLAB scripts (C. Shen, DESY) to convert the raw measurement to GIXOS
data and then into a pseudo-reflectivity curve (by rearrangement of Equation 2.8 for
R(g.)). Once the pseudo-reflectivity had been obtained, the analysis followed the
same slab model method as described for the analysis of the XRR data.

2.2 Whole cell methods

The techniques used to study RBCs at whole cell level are outlined here. Both
single cell and whole blood methods are described in detail, including theoretical

background, data acquisition and processing.
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2.2.1 Thermal fluctuation spectroscopy

The RBC membrane is soft, enough so that the thermal energy available at room tem-
perature will cause membrane thermal fluctuations. Optical microscopy techniques
can be used to observe the amplitudes of these undulations, which provide informa-
tion on the elastic parameters of the membrane. Developed in our laboratory, this
technique is known as thermal fluctuation spectroscopy (TFS). In the TFS theory
the plasma membrane is considered in Monge representation as a 2-D free surface in
the z-y plane with height, h(z,y), above the plane, such that a point on the surface
would have coordinates r = [z,y, h(x,y)]. The surface has an associated bending
modulus, x, and mean curvature, H(r), defining the bending free energy of such a

surface as

p;:gfﬁApHmf. (2.9)

The first assumption of this model is that the surface is nearly flat, then |Vh| < 1.
Equation 2.9 is then better expressed in terms of the Monge parameters in r, where

L is a dimension of the surface:
k (L rt 2
F, = 5/ / [V2h(z,y)] dzdy. (2.10)
o Jo

Secondly, the TFS model assumes that the ends of the surface are pinned. This
results in a surface tension, o, that acts to maintain the surface area and introduces

a second energy term into the model:

F, = %jj [Vh(@y)fdxdy. (2.11)

The Helfrich free energy, Fp, of a fluid membrane under tension is then the sum of
Equations 2.10 and 2.11. Since frequencies are used to describe the physical fluctu-
ations of the membrane, it is advantageous to use the Fourier transform of h(z,y),
h(q), in the Helfrich free energy:

2

1A
Fy=F,+F, ==

512 | dalod’ + rg)h(a)h* (a). (2.12)

As each Fourier mode is independent and harmonic in nature, the equipartition the-

orem can be applied. This assigns an average energy of kgT'/2 for each mode and the
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mean square amplitude of h(q) can be calculated:

kgT
oq? + kgt

(Ih(@)?) = (2.13)

Thus far, the contribution of the cytoskeleton to the free energy of the cell has been
ignored. This vital component of the cellular structure introduces a harmonic confine-
ment potential, v, resulting from the minimal connections between the cytoskeleton
and lipid bilayer [56]. Equation 2.13 is modified to:

kT
oq? + kgt

([n(@)) = (2.14)

The above equation therefore details the relationship between the mean square amp-
litudes and elastic moduli of the fluctuating system. Treating the cellular membrane
as a composite structure, with a fluid phospholipid bilayer and solid cytoskeleton,
Auth et al. [57] were able to show that the shear elasticity, u, of the cytoskeleton is
derived from its relationship with the membrane tension:

_ YukpT

= . 2.15
4 167k ( )

Experimentally, fluctuations are only measured in the equatorial plane of the cell
(Figure 2.7). Therefore, the experimental contour shape can be represented by a

Fourier series in polar coordinates (r, 6):
r(0) = R{l + Z [a,, cos(nb) + b,sin(nd)] }, (2.16)

where R is the cell radius. In this geometry, fluctuations are quantified around the

mean shape of the contour by the Fourier amplitudes a, and b,, such that (c?) =

[{aR) = (an)?] + [(B7) = (Bw)?]-

It remains that Equation 2.14 must then be converted to represent the fluctuation
spectrum of an equatorial contour. To do so it is transformed into real space under the
assumption that one of the coordinates (y) equals zero, thus defining a fluctuating

line. The 2-D equatorial contour fluctuation spectrum accounting for the contour

26 CHAPTER 2



2.2. Whole cell methods

representation is then [58, 59]:

e P —

C2mR6R -5

Here, the tilde mark denotes a dimensionless variable, such that kK = k/kgT, ¢ =

—1/2 —-1/2
(F+n2-vE@=3) "= (540?57 ].(2.17)

o(R)?/2k and ¥ = v(R)*/k, for simplicity in the above equation. These parameters
are obtained through a least squares regression fit of Equation 2.17 to the Fourier
amplitudes obtained experimentally through Equation 2.16. Further, the membrane
tension, o, is used to obtain the membrane shear modulus, u, using Equation 2.15.

The analysis of fluctuation spectra is described in more detail later in this section.

TFS also offers a more sensitive measure of overall cell fluctuations in parallel to
the mode-decomposed fluctuation analysis described previously. This is achieved
through analysis of the cell radius normalised to the average cell radius at a set
angle; 7(6)/(r(#)). Normalised radii over all angles are combined into a single histo-
gram, with the overall degree of fluctuation given by the standard deviation of the

probability density function that describes the resulting normal distribution:

p(a) = Ur\l/%exp (-%) (2.18)

Blood sample preparation

A fresh blood sample was collected immediately before the experiment by use of a
pin-prick lancet device (Multiclix, Accu-Chek, UK). Approximately 1.5 uL of blood
was suspended in 1 mL of phosphate-buffered saline (PBS; 0.01 M, pH 7.4, Sigma-
Alrich, USA) with 1 g/L bovine serum albumin (BSA; VWR Life Science, UK) ad-
ded. The PBS and BSA (buffer) maintained the cells in their natural discoid shape,
counteracting the "glass effect" [60]. The concentration of the blood/buffer solution
prevented aggregation of cells allowing for individual cells to be observed under the

microscope.

Each blood donation was in accordance with UK ethics regulations (University of
Exeter eEthics ID: eEMPS000064). The participant was informed of the basis of the
study and provided the researchers with minimal personal information such as gender

and year of birth. The female participant had no underlying health conditions.
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Slide preparation

Microscope chambers were assembled from a microscope slide and cover slip (both
Fisher, UK). The slide and cover slip were rinsed in a chloroform : methanol solution
(3:1), air dried, and then assembled using two strips of parafilm (Starlab International
GmbH, Germany) to seal the chamber along the two longer edges of the slide (Figure
2.6). This configuration gave a chamber volume of approximately 220 pL and allowed

for exchange of the buffer solution during the experiment.

Top view Parafilm

Cover slip

Microscope slide Parafilm

Cover slip
Side view

Parafilm
N Microscope slide

Figure 2.6: TFS slide preparation. Schematic detailing the arrangement of the mi-
croscope slide and cover slip, creating a partially open chamber for buffer exchange during
experiments.

Measurement Protocol

20 uL of the blood /buffer solution were transferred to the microscope chamber, where
capillary forces drew the solution through the chamber. After allowing the cells to
settle for 5 - 10 minutes, a further 200 pL of buffer was added to the chamber,

counteracting the effects of evaporation for the duration of the experiment.

To observe the cell fluctuations, the microscope chamber was placed on the stage (MS-
2000, ASI Imaging, USA) of an upright microscope (DMLFS, Leica) housing a 63x
PL Fluotar phase-contrast objective (Leica). Fast-video phase contrast microscopy
was used to obtain a 2000 frame video, at 10 ms exposure time, of a single RBC. This

was repeated to observe several cells within the same sample.

After the initial video of each cell had been recorded, the buffer was exchanged with
that containing a chemical treatment. To ensure complete buffer exchange, 2 mL of
the new buffer was flushed through the chamber by addition on one of the open sides

of the chamber, then using tissue paper to aid the through-flow on the other side.
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Once the buffer was fully exchanged, each cell was further imaged at 10 or 20 minute
intervals for up to 90 minutes. This method allowed for single cell analysis, where
comparisons could be made for the same cell before and after treatment, negating the
time consuming need for a large population of cells to be analysed and avoiding cell

to cell variability.

Data analysis

Data analysis of the TFS videos is a multi-stage process that amalgamates the work
of several members of this laboratory. In the first stage, the single-frame equatorial
contours of a cell are extracted using a custom built ImageJ plugin (J. Hale). The
plugin allows for sub-pixel resolution of the contours by fitting an intensity profile
of the equator of the cell with a cubic polynomial and taking the minimum of the

polynomial as the contour point, demonstrated by Figure 2.7.

RBC edge ntensity profile

centered pixel position
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(a) (b)
Figure 2.7: TFS contour extraction algorithm. (a) The intensity profile fitted with

a cubic polynomial. Obtained from an equatorial slice of the membrane as demonstrated in
green in the phase contrast image (b) [3|. scate: 30 po = 1 pm.

The Fourier transform programme of stage 2 (D. Woods) converts the contour file
into a Fourier series, as described by Equation 2.16, and then extracts the amplitudes
a, and b, needed to calculate the fluctuation spectra. Here, the average radius of

each cell is also calculated in pixels.
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The third and final stage utilises a non-linear regression fitting programme (B. McGill,
see Appendix A) written in python to extract numerical values of the moduli. The
elastic moduli are obtained from fitting Equation 2.17 to the experimentally obtained
fluctuation amplitudes. Here, the input parameters were passed through an iterative
modification to minimise the sum of the normalised error squared values (difference
between the theoretical and experimental data sets). The bending modulus, x, and
an associated error were obtained directly from the fitting procedure, whilst the shear

modulus, u, was calculated from Equation 2.15 with the error propagated through.

Four chemical treatments were investigated, each at three or five concentrations.
Under each condition a minimum of 5 cells where analysed, with the fluctuation
spectra and normalised radii histograms presented being representative of the typical
observed behaviour. Elastic moduli were obtained for each individual cell and nor-
malised to the untreated state. An average of the normalised elastic moduli under
each condition have been presented in Chapter 4, with standard error as the experi-
mental uncertainty. Furthermore, the normalised standard deviations, obtained from
the histograms and detailing the kinetics of the cellular response, represent typical

behaviour of the sample.

2.2.2 Mechanically stimulated ATP release

A novel shearing device was used to induce mechanically stimulated ATP release from
RBCs in the laboratory environment. The physiological conditions were achieved in
vitro by controlling the shear stress applied to the blood sample through manipulation

of several parameters, including sample viscosity, flow rate and cannula length.

Shearing device

The mimicking of blood flow though the circulatory system was achieved by connect-
ing a 3 FG cannula (Portex, Smiths Medical, UK) to a syringe pump (Cole Palmer,
USA) that ensured a steady flow through the cannula. A schematic of the device is

shown in Figure 2.8.

A system such as this is described by Poiseuille flow, that is the steady, laminar and

fully developed flow of a Newtonian liquid along the z-axis of a cylindrical geometry
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Figure 2.8: Schematic of the shearing device. A syringe pump was used to ensure a
steady flow of blood through the attached 3 FG cannula. Once the blood had passed though
the shearing device it was collected in an Eppendorf tube,ready for immediate measurement.

of radius R. The velocity profile of the flow is given by the following equation, where
Ap is the pressure change and p the fluid viscosity:
1 Ap

=L (R* —1?), (2.19)

v, (1)

The volumetric flow rate for this type of flow can be expressed as:

TR3|o|

Q= ”

, (2.20)
where |o| is the mean shear stress, chosen so that the system was physiologically

representative.

Since a syringe pump was used to drive the steady flow, it is more sensible to describe
the flow in terms of the speed of the pump, v,. For a syringe of radius a, ) relates

to v, as:

Q = ma*v,. (2.21)

In a set time frame, ¢, v, will correspond to a cross-sectional front of blood flowing a

distance, L, through the cannula:

2
vpat

L=

(2.22)

The experimental variables for the system are then L, t and o. Once these have been

established, v, can be calculated. The work of Forsyth et al. [61] suggested that o >

CHAPTER 2 31



2.2. Whole cell methods

3 Pa (regime III) be sufficient enough to produce an ATP release above a base level.
To be sure this system is of physiological relevance and sits well within Forsyth’s
proposed regime III, the shear stress inflicted upon the flow was set to ¢ = 5 Pa.

Also in line with Forsyth’s system, the shearing time frame was set to t = 30 s.

Buffer viscosity

For a simple PBS buffer akin to that used in the TFS experiments, the viscosity
would be similar to that of water at u ~ 0.9 mPa s. As previously mentioned, a 3
FG cannula was used for this system which has an inner radius of R ~ 0.28 mm. The
established variables allow for a calculation of Equation 2.20 and hence, Equation
2.22. This gives the desired cannula length as L = 41.7 m, however, the experimental
set-up was limited to L,,.. = 28 cm. A decreased cannula length could be obtained
by an increase in buffer viscosity. L., gives a minimum required buffer viscosity of

fmin = 37.4 mPa s.

It is known that buffer viscosity can be increased with the addition of dextran (high
fraction, Acros Organics, USA). Therefore, to establish the relationship between dex-
tran concentration and buffer viscosity, a simple viscosity experiment was performed.
Four different dextran concentrations (40, 75, 150 and 200 g/L) were prepared and
measured in comparison to PBS, using a standard viscometer. Four measurements
of each concentration were taken, where the average and standard deviation error
(extremely small) are shown in Figure 2.9. The data indicated a linear relationship of
the form log;, pr = 0.0075 ¢(dex) + 0.3059, thus the concentration of dextran required
to achieve fi;, = 37.4 mPa s was ¢(dex) = 169.1 g/L.

Blood sample preparation

A fresh blood sample was collected on the day of the experiment by venepuncture. 250
uL of blood was immediately diluted in 950 ml of buffer to form a 1 %-haematocrit
(Htc) solution. The buffer contained 1 g/L BSA and 169.1 g/L dextran. The degree of
Htc dilution was established in a preliminary experiment comparing %-Htc that had
been used in previous studies [61]. This preliminary experiment demonstrated the
desired affect of ATP release from a sheared sample at as low as 1 %-Htc, in agreement
with Forsyth et al. [61]. It was also observed that, since blood was initially drawn
from the donor into a neutral tube not containing an anticoagulant, higher %-Htc

concentrations experienced clotting.
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Figure 2.9: Buffer viscosity as a function of dextran concentration. The log of the
buffer viscosity is increased linearly with increasing dextran concentration. The relationship
is described by logg 1 = 0.0075¢(dex) + 0.3059. Error bars are one standard deviation and
lie within point size.

Blood collection was performed under the same ethics as for the TFS study of Section

2.2.1. Again, minimal personal information about the donor was gathered.

Luminometer assay

Sample ATP was measured using a luminometer (GloMax 20/20, Promega) to col-
lect the luminescent signal produced when luciferin reacts with ATP, as shown by
Equation 2.23. Luciferase catalyses the reaction between the ATP and luciferin, pro-
ducing oxyluciferin in an excited state, adenosine monophosphate (AMP), inorganic
pyrophosphate (PP;) and carbon dioxide (CO,) [62]. The oxyluciferin subsequently
decays to the ground state with the emission of light (hv):

ATP + D—luciferin + O, % Oxyluciferin + AMP + PP; + COqy + hv.
g

(2.23)

The luminometer follows a 10 measurement, 3s integration time protocol. Per kit
instruction and prior to the very first measurement, lyophilised rL/L reagent (Enliten
ATP Assay System, Promega) was combined with a reconstruction buffer and allowed

to reach room temperature [63]. The rL/L reagent was then divided into several
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aliquots to be used throughout the experiment, to prevent bulk deterioration of the

reagent.

Measurement protocol

As per the Enliten kit instructions, for a measurement of ATP concentration 100 uL
of the rL/L reagent were mixed with an equal amount of sample. Due to the high
viscosity of the sample, it was imperative to establish a mixing protocol for when the
rLL/L reagent was initially added. Three methods of reagent addition were tested;
simple addition of the reagent, repeatedly siphoning (using a wide-bore pipette tip)
the sample and reagent for 20 seconds after the initial addition and finally, vortexing
for 20 seconds after addition. The average of three samples measured using each
of the methods is displayed in Figure 2.10, where error bars indicate the standard
deviation. Results indicated that vortexing was too vigorous and may have led to
the deterioration of the reagent. With no significant difference between the other two
methods, simple addition was chosen as the preferred method for its simplicity. This
also further prevented excess shearing of the sample as it was siphoned in and out of

the pipette tip several times.
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Figure 2.10: Methods of addition of the rL/L reagent. Relative luminescent unit
(RLU) output measured after adding the rL/L reagent to a sample either by simple addition
(O), repeated siphoning () or vortexing (A). There was no observed difference between
stmple addition and repeated siphoning, however vortexing proved too vigorous.

Relative luminescence unit (RLU) measurements were recorded every 30 seconds from

the time of rLL/L reagent addition, for up to 4 minutes. This allowed the reagent to
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reach saturation with the sample, where it was generally observed that maximum
RLU was recorded at ~ 1 minute. Unless otherwise indicated, due to the large
variability within the same sample as established in preliminary experiments, five
samples were measured under each condition and an average with standard deviation
calculated. RLU measurements were made both before and after shearing, with
the difference between the two averages indicating the concentration of ATP released
during the shearing process. Pure blood samples were measured as a control, allowing
for comparison with blood samples that had been incubated with various chemicals

for a set amount of time.

Data analysis

An ATP calibration curve was measured each time a new aliquot of rL. /L was used, by
diluting an ATP standard of ¢ = 10~7 M in a dilution series with ATP-free water. This
allowed for conversion between RLU from the luminometer and ATP concentration,
c(ATP), using Equation 2.24. Here, C; and C, are constants established from the

calibration plot, an example of which is shown in Figure 2.11.

lOglo(R,LU) = CllOglo (C(ATP)) — CQ (224)

Due to large variability observed within the samples, each set of five condition-specific
repeats were further subjected to a Grubbs’ test. Extreme outliers are highlighted
upon calculation of a repeat-specific Z value, where 7 is the sample mean and o the

standard deviation;

(2.25)

A value is considered an outlier if Z; is greater than a critical value, Z.. This is
determined by the size of the sample, i.e. for n = 5, Z. = 1.71 at a significance level

of p = 0.05. Outliers were removed from further analysis.
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Figure 2.11: Calibration of rL/L reagent. The conversion of RLU values into ATP
concentration was achieved through calibration of each aliquot of rL/L reagent using four
ATP standards of concentration 10~7 to 10~19 M. The relationship between RLU and c¢(ATP)
was of a linear style on a log - log scale. For the calibration presented here, log;,(RLU) =
0.991og,o(c(ATP)) 4+ 14.75.
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3 Mesoscale structure in monolayers akin to the

RBC membrane

3.1 Introduction

The plasma membrane of a cell acts as the main barrier between the intra- and extra-
cellular spaces. Whilst much is know about the individual constituents that make up
the plasma membrane including lipid and protein species, little is understood about
the considerably complex molecular organisation of such systems [64]. The plasma
membrane can be simplified into model lipid bilayers, or further into Langmuir lipid
monolayers that are akin to either leaflet of the bilayer. Both are ideal candidates
for surface sensitive scattering techniques, such as x-ray crystallography which reveals
information about the lateral and transverse molecular organisation of the constituent
lipids. In turn, this provides the foundation for gaining a greater understanding of

the organisation of lipids within the plasma membrane.

3.1.1 Lipid monolayers akin to the RBC membrane

The cytoplasmic inner leaflet and the exoplasmic outer leaflet of the RBC plasma
membrane each provide a unique monolayer on which to examine structural order.
This results from the asymmetrical distribution of the four dominant phospholipid
species within the RBC plasma membrane, as illustrated in Figure 3.1. The dominant
lipid in the inner leaflet is phosphatidylethanolamine (PE), with the remaining three
species all present in smaller quantities. On the contrary, the outer leaflet contains
much more sphingomyelin (SM) and phosphatidylcholine (PC), whilst notably lacking
in phosphatidylserine (PS).

It is thought that this asymmetry may not be due to chance, but instead serves
a purpose in the physiological functioning of membrane proteins and other cellular
processes hosted in, or mediated by, the plasma membrane. For example, an increase

of PS in the outer leaflet of the membrane has been associated with the labelling of
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Figure 3.1: Asymmetry of lipid species within the plasma membrane. The percent-
age distribution of lipid species within the inner (IL) and outer (OL) leaflets of the human
RBC plasma membrane, (ld(lpt@d f7"0m [5/ Abbreviations: Chol, cholesterol; PE, phosphatidylethanolamine;

PS, phosphatidylserine; PC, phosphatidylcholine; SM, sphingomyelin.

cells to signal removal from the blood circulation [65]. Further, sphingolipids have
been implicated in the formation of lipid rafts [7], microdomains of highly ordered
and dense lipid packing, due to their high affinity for cholesterol [66]. At first a
controversial hypothesis, due to the experimental inability to prove their existence,
the importance of lipid rafts is still widely contested. However, it is now thought that
rafts provide specialised micro-environments to aid in protein function, as is the case
in certain cell signalling pathways [66]. The existence of lipid rafts within a membrane

implies the coexistence of domains of differing fluidity and degree of order.

The arrangement of phospholipids within a monolayer will, at the fundamental level,
depend on the structure of each individual lipid. As described in detail in Section
1.1.1, lipids can either be cylindrical or conical in shape depending on the relative size
of their headgroup to the acyl chain structure or quantity. This ratio is summarised by
the critical packing parameter, cpp = V/ar, where V is the hydrophobic volume, L the
acyl chain length and A the area of the hydrophilic region. Figure 3.2 demonstrates
the chemical structures for the four main RBC plasma membrane lipids (PE, PC, PS
and SM), where dipalmitoyl (DP, Cy4 saturated) lengths are shown as the fatty acid
moieties. The headgroup indexing a PE lipid is comparatively smaller suggesting that
these lipids have a more conical shape (e¢pp > 1 [67]), whereas the other lipid species
are more cylindrical (1/2 < e¢pp < 1 [67]) [68] . The bilayer structure within a plasma
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membrane is unfavourable for cone shaped lipids. It is therefore unsurprising to see
a large fraction of stabilising lipids such as PS, which naturally prefer the bilayer

arrangement, alongside the large amount of PE in the inner leaflet (Figure 3.1).

Figure 3.2: Chemical structures of phospholipid molecules. From top to bottom:
PE, PC, PS, and SM [69] represent lipids typically found in the RBC plasma membrane.
All are shown with 16-carbon acyl chains, demonstrating dipalmitoyl (DP) molecules.

3.1.2 Obtaining structural information from Langmuir monolayers

The molecular arrangement of a monolayer is studied using surface sensitive x-ray
techniques, possible as the dimensions within a monolayer are on a similar order of
magnitude to the x-ray wavelength (nanometre-scale). Since the successful introduc-
tion of the application of x-ray radiation in this manner, many biological and physical
systems have been studied at the air-subphase interface, from simple monomolecular
systems to more complex systems that focus on processes such as protein adsorption.
Importantly, synchrotron sources dedicated to the production of the intense radiation
required, have become more widely available for use. Depending on the technique em-
ployed x-ray scattering can probe the lateral order of a monolayer or the transverse
structure. Together both methods enable a complementary study of monolayers, giv-
ing rise to a comprehensive picture of the supramolecular arrangement of the lipids

within the monolayer.
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Lateral order

Grazing incidence x-ray diffraction (GIXD) is sensitive to monolayer lateral structure.
In this technique, x-rays are incident on the sample at a grazing angle that ensures
total reflection. Any periodicity in the form of lateral crystalline supramolecular
organisation located within the monolayer results in a diffraction peak. This technique

has been outlined in detail in Section 2.1.2.

Previous work has suggested that at higher surface pressures (45 mN/m), monolayers
of the DPPE phospholipid give rise to a single diffraction peak with a d-spacing of
4.16 £+ 0.01 A [70]. A diffraction pattern such as this is indicative of hexagonal
packing symmetry, defined by the unit cell parameters | a |=| b | and v = 120°.
Interestingly, the study of Helm et al. [71] measured the GIXD pattern of a DMPE
(dimyristoyl, DM, chains are Cy4 in length) monolayer at several intervals of increasing
surface pressure. Their results demonstrated that increasing surface pressure results
in a GIXD pattern that has a smaller FWHM but greater intensity, suggesting greater
lateral ordering of the PE monolayer. Miller et al. |72, 73] also detailed the increasing
degeneracy of the DPPE diffraction peak with increasing surface pressure. These
results demonstrate that an increase in peak FWHM at lower surface pressures could
be indicative of a breakdown in the peak degeneracy and therefore, a change in
lattice packing. At the lower surface pressure of 20 mN /m where multiple peaks were
observed for the DPPE monolayer, d-spacings of 4.394, 4.304 and 4.217 A have been
reported [73].

In contrast to the high lateral ordering of phospholipids with a PE headgroup, PC lipid
monolayers give rise to two distinct Bragg peaks indicative of a distorted hexagonal
packing arrangement (] a |=| b | and v < 120°) |73, 74]. In these studies, the peak
at smaller g,, was the degenerate {(1,0),(0,1)} peak, whilst the peak at larger g,
was the {1,-1} peak. At the lower pressure of 20 mN/m, the position of these peaks
corresponded to d-spacings of ~4.79 and ~4.33 A, respectively [73, 74]. As the lateral
pressure applied to the PC system was increased to 30 mN/m, the d-spacings were
reduced to 4.606 and 4.291 + 0.0005 A, respectively [75]. PC monolayers exhibit
a greater area per molecule than PE monolayers [73]|, as evident from the larger

d-spacings and likely a result of the larger size of the PC headgroup.

The lateral packing of the acyl chains in a DPPS monolayer is further distorted
from the ideal hexagonal packing of the PE lipid. DPPS diffraction patterns have

been characterised as three separate diffraction peaks, indicating an oblique unit
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cell (| a |#] b | and v < 120°) [74]. Not only is the degeneracy of the diffraction
peaks completely broken, but their positions are also at larger ¢,, than for DPPC
monolayers, corresponding to smaller d-spacings of 4.447, 4.563 and 4.268 4+ 0.001
A, respectively [74]. Additionally, the area per molecule of a DPPS monolayer falls
between that of PE and PC.

The final lipid with a significant contribution to the RBC plasma membrane is SM.
GIXD patterns of an SM monolayer differ greatly from the three previously described
monolayers. They are characterised by a broad low intensity peak even at higher sur-
face pressures, suggesting an amorphous packing arrangement [76]. Previous results
suggest the d-spacing of this peak ranges from 4.260 to 4.298 A as surface pressure is
varied between 18.5 and 35 mN /m |75, 76]. The area per molecule of an SM monolayer

is comparative to, if not slightly greater than, that of a DPPC monolayer.

The overwhelming majority of literature focuses on monolayers comprised of each
phospholipid species individually rather than a mixture which is more similar to
the RBC plasma membrane, with many different lipid headgroups and acyl chain
structures. However, in previous work where DPPS was added to a monolayer of
DPPC at a ratio of 10:90 mol-%, the results demonstrated that the diffraction pattern
of the GIXD measurement took a form similar to that of the dominant lipid species
but with overall less intensity [74]. This reduced peak intensity of the measurement
suggested that the mixing of various lipids disrupted the lateral order within the

monolayer.

Transverse structure

Transverse structure, in the form of electron density and monolayer thickness, is
measured using either grazing incidence x-ray off-specular scattering (GIXOS) or x-
ray reflectivity (XRR). The differences between these two measurement techniques
have been previously discussed in detail in Chapter 2. In summary, the main difference
is that XRR is a direct measurement of the monolayer reflectivity, whilst GIXOS
results in a pseudo-reflectivity that can be analysed using the exact same protocol
as for the reflectivity curves. Since XRR is the older of the two techniques, much
of the data available relating to transverse structure has been established using this
method. As electron density curves are often hard to compare between systems due to
the variety of scales they can be presented on, it is often easier to compare monolayer

slab thickness as calculated from fitting the reflectivity curve (see Section 2.1.2).
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Helm et al. [71] found that the acyl chain region thickness for a DMPE monolayer (PE
headgroup with 14-carbon length acyl chains) was in the region of 16.6 A. Naturally,
this suggests the 16-carbon chains of DPPE would lead to a thicker slab. This result is
supported by the work of Majewski et al. [70]. At a surface pressure of 45 mN /m, they
reported slab thicknesses of 8.2 & 0.2 and 18.8 + 0.1 A for the respective headgroup

and acyl chain regions of a DPPE monolayer on a water subphase.

The PC phospholipid is known to have a much larger headgroup than PE, so a
thicker headgroup region would be expected for a DPPC monolayer. Indeed this
value is reported between 8.4 £ 0.3 and 9.08 A at surface pressures of 35 and 30
mN /m respectively [75, 77|, unsurprisingly larger than that reported for the DPPE
monolayer. Both of these studies also reported the acyl chain slab thickness to be ~
155 A,

In order of increasing headgroup slab thickness, the work of Tae et al. [77] indicated
a thickness of 11.6 = 0.3 A for a DPPS monolayer. In contrast, the thickness for
the acyl chain slab reported in their study fell between that of a DPPE and DPPC
monolayer at 16.6 & 0.3 A. The variation in acyl chain slab thicknesses reported for
the various DP phospholipid monolayers could result from variations in chain tilt, as
measured from the interface normal. A smaller thickness would indicate a greater

degree of tilting.

Reported monolayer thickness values for the SM phospholipid species vary within the
literature, however this is most likely a result of each study using a SM lipid that
differed in acyl chain length. Reported values of the headgroup slab thickness are
in close agreement, at approximately 11 A [75, 76]. However, discrepancies in the
acyl chain region suggest the thickness is between 15 - 19 A, although this is further

dependent upon what pressure the system was investigated at.

It follows from the lateral order investigations that these systems have all been invest-
igated individually. Therefore, major questions remain as to what effect mixing of

the various lipid species will have on the electron density and monolayer thickness.

3.1.3 Dimethyl sulphoxide and the RBC

The dimethyl sulphoxide (DMSQO) structure is such that two hydrophobic methyl
groups are bonded to a central hydrophilic sulphoxide group. This gives rise to an

amphiphilic molecule that can interact with the RBC plasma membrane in multiple

42 CHAPTER 3



3.1. Introduction

ways. It serves to investigate the effect of this molecule on the organisation of Lang-
muir monolayers, as a means to provide justification for its myriad of uses within the

biological and pharmacological fields, described below.

First and foremost, DMSO has been found useful as a solvent |78] and penetration en-
hancer. In the latter case, DMSO aids the permeation of antiviral agents, antibiotics
and steroids through the skin and is generally used in relatively high concentrations
(>60%), which can induce negative side effects, such as erythema [79]. The effects
of DMSO treatment are also exploited in cellular differentiation, demonstrated to
be optimal at DMSO concentrations of 2 vol-% [80], and cell fusion at concentra-
tions ranging from 5 vol-% [81] to around 35% [82]. It is not known whether DMSO
is directly involved in these processes, or simply acts in such a way that aids other
protagonists. Further, DMSO has demonstrated protective properties. As a radiopro-
tector, Bishayee et al. demonstrated that DMSO is most effective at a concentration
of 10 vol-% [83]. Of significant importance is the use of DMSO as a cryoprotectant,
especially in the case of umbilical cord blood where concentrations of 10 vol-% are
cited as the norm [84].

Despite its extensive use, a comprehensive experimental evaluation of the explicit
effects of DMSO on the phospholipid membrane remains evasive and left often to
molecular dynamics simulations. Performed using single lipid species and cholesterol
containing bilayers, the simulations are in agreement that a 3-fold response to in-
creasing DMSO concentration exists [85-88]. In the first regime, low concentrations
of DMSO (up to ~ 10 mol-%) induce disordering, loosening, thinning and increased
hydrophobic core fluidity of a lipid bilayer. Increasing the concentration of DMSO
(often bilayer composition dependent) initiates pore formation, with larger concen-
trations of DMSO inducing increasingly more stable pores. In the final regime, where
DMSO concentration becomes excessive (> 40 mol-%), total disintegration of the
bilayer is observed. This behaviour indicates that interaction of the RBC membrane
with DMSO causes significant modifications to the structure of the membrane, not
least the lipid bilayer. As such, structure analysis tools such as GIXD and GIXOS
will prove useful in expanding the theoretical knowledge gained from simulations on
of the molecular level effects of DMSO on the membrane structure and integrity,

experimentally.

CHAPTER 3 43



3.2. Experimental methods

3.1.4 Chapter outline

Presented here is an investigation of the mesoscale structure in monolayers that are
akin to each leaflet of the lipid bilayer of RBC membranes. The two monolayer sys-
tems, inner leaflet and outer leaflet (IL and OL) were spread on a water subphase
and investigated using GIXD, GIXOS and XRR. The former technique probes the lat-
eral ordering and crystalline structure of monolayers, whilst the latter two techniques
probe the transverse electron density and thickness of the monolayer. Inclusion of
both the GIXOS and XRR techniques for the same monolayers allowed for compar-
ison of results and therefore, proof of concept. Together, all three methods provide a

coherent picture of the structure of each monolayer system.

As an extension to this work the addition of 10 vol-% DMSO to the subphase was
also investigated through GIXD and GIXOS measurements. This concentration rep-
licates that used in the cryopreservation of cord blood and further, the addition of
DMSO to the subphase allowed for observation of the structural effects of DMSO on
the monolayer. This method was chosen over a pre-incubation of DMSO with the
phospholipid solutions, as the latter method would have mainly detailed the effect of
DMSO directly on the lipid molecules but not necessarily their arrangement within
the monolayer. It is hoped that these results will elucidate the effect of DMSO on the
red cell membrane and provide justification for the solvent’s many uses in biological

and pharmacological fields.

3.2 Experimental methods

The theory, methodology, and data analysis of GIXD, GIXOS, and XRR have been
outlined in detail in Section 2.1.2. The section here serves to present specifics re-
garding the samples investigated and their preparation, along with the beamline

specifications.

3.2.1 Sample preparation

For all measurements monolayers were kept at a surface pressure of 30 mN/m, tem-
perature of 293.15 K (bath and thermostat used to temper the subphase), and in a
helium rich atmosphere for the duration of the experiment. Furthermore, lateral shift-

ing of the beam spot between measurements was incorporated to aid in minimising
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radiation damage to the monolayers. The subphase was kept simple, being either
ultra-pure water (UPW) or 10-vol% DMSO (>98%; Sigma-Aldrich, USA) diluted in
UPW .

Phospholipid mixtures were chosen to mimic both leaflets of the RBC membrane
lipid bilayer, with stock samples of each prepared as a chloroform solution at a total
concentration of 1 g/L. The molar composition of the inner leaflet (IL) mixture was
as follows: DPPC : DPPE : DPPS : CHOL : SM! = 12 : 38 : 22 : 20 : 8 mol-%,
where as the outer leaflet (OL) contained: DPPC : DPPE : DPPS : CHOL : SM =
31:9:1:20: 39 mol-% (Avanti Polar Lipids Inc., USA).

It is of note that these experiments were performed using phospholipids with saturated
chains, whilst unsaturated lipid chains are predominant in the native RBC plasma
membrane. The double bonds within the chains of unsaturated lipids create 'kinks’
which result in an increased area per lipid and reduced packing density. As such,
signal attenuation is observed in x-ray studies of unsaturated lipids in comparison
to studies of saturated lipids [89]. Since the aim of the study presented here was
to observe the distinct packing arrangement of the various lipid species within a
monolayer, lipids with saturated chains have been used to obtain a more desirable
signal in the x-ray experiments. Further, due to the complexity of the monolayers
investigated the saturated acyl chains allowed for better comparison of results to the
literature, where saturated acyl chains are frequently used, and hence, more definitive

conclusions could be drawn.

3.2.2 Beamline specifications

The GIXD and GIXOS data presented in this thesis were obtained at the PETRA III
beamline P08 of the Deutsches Elektronen-Synchrotron (DESY), Hamburg, Germany.
The Langmuir trough, with maximum area 182 cm?, consisted of two movable barriers,
a filter paper surface pressure sensor and a glass block positioned in the subphase
under the illuminated area (to reduce mechanically excited surface waves [90]). The
monolayer was illuminated at an incident angle of 0.07° (85% of the critical angle of
water), with monochromated x-ray radiation at 15 keV (A = 0.827 A, 100.24 mA)
with a high photon flux of 10*? photons per second. The area of sample illuminated

by the beam was method dependent: for the GIXD geometry the beam illuminated a

'DPPC (1,2-dipalmitoyl-sn-3-phosphocholine), DPPE (1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine), DPPS (1,2-dipalmitoyl-sn-glycero-3-phospho-L-serine, sodium salt),
(d18:1/16:0) SM (N-palmitoyl-d-erythro-sphingosylphosphorylcholine), CHOL (cholesterol)
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rectangle of 0.07 x 1 (vertical x horizontal) mm, but the GIXOS geometry was a line
illumination of 250 wm. A Mythen 1k linear detector recorded the diffracted beam
in the GIXD experiments, whilst a Pilatus 100k area detector recorded the GIXOS

signal.

XRR measurements were made at the TORIKA II beamline ID10b of the European
Synchrotron Radiation Facility (ESRF), Grenoble, France. The Langmuir trough
had a maximal area of 711 cm?, with a single movable barrier and filter paper surface
pressure sensor. With a photon flux of 10'? photons per second the sample was
illuminated with monochromatic x-ray radiation at 8keV (A = 1.55 A, 200 mA) over
an area of 10 x 300 um. The specularly reflected beam was detected by a Cyberstar

scintillation counter.

3.3 Results

This section presents the results of the structural analyses of Langmuir monolayers
akin to both the inner and outer leaflets of the RBC lipid bilayer, on both UPW
and aqueous-DMSO subphases. For ease of comparison between monolayer systems,
a summary of the quantitative results obtained from the GIXD measurements are
presented in Table 3.1. Further, monolayer thicknesses obtained from both GIXOS

and XRR measurements are summarised in Table 3.2.

For clarity the IL monolayer is always depicted by blue circles (()) and the OL
monolayer is always depicted by green triangles (/\) when presented in graphical
format. Further, the results obtained on the UPW subphase are a lighter shade
than those obtained on the aqueous-DMSO subphase. Systems are identified as the
monolayer followed by the subphase. For example, the inner leaflet on the UPW
subphase will subsequently be referred to as IL._ water, and be presented as light blue

circles within graphs.

3.3.1 Grazing incidence x-ray diffraction

Reciprocal space 2-D heatmaps obtained from GIXD measurements of both the
IL _water and OL_ water monolayers are presented in Figure 3.3. The corresponding
1-D Bragg peaks are shown in Figure 3.4 (symbols). The experimental data were fit

with a superposition (solid line) of two Lorentzian curves (dashed lines). Whilst the
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Figure 3.3: GIXD 2-D heatmaps. The reciprocal space heatmaps obtained from GIXD
measurements of the IL (left) and OL (right) monolayers, each on the UPW subphase.

Lorentzian is not the ideal peak shape, it is the most frequent practice when fitting

Bragg peak data.

25 3

20

15 |

1/ a.u.
1/a.u.

10

5 H

0

0.8 18

Figure 3.4: 1-D Bragg peaks measured for the IL water and OL _water mono-
layers. The experimental data (IL - O left, OL - A right) were fitted using the sum (—)
of two Lorentzian curves (- - -). Note the order of magnitude difference in y-axis scaling.

The apparent single peak for the I water system appears to be centred at an ap-
proximate g, value of 1.4898 A-1, although it was observed that more accurate
information could be obtained when the data were fit with a superposition of two
Lorentz peaks. The enhanced trend of the double Lorentz curve, with respect to
the data, suggests that the degeneracy of the single peak reflection may have been
somewhat lifted. For further analyses the two peaks were indexed with the corres-
ponding Miller Indices. The lower intensity peak centred at g, — 1.483 4 0.003 At
and with a FWHM of 0.26 & 0.01 A~! corresponded to the degenerate {(0,1), (1,0)}
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reflection. These values transposed to d = 4.237 £+ 0.01 A and L, = 21 + 1A in the
{(0,1), (1,0)} crystallographic direction. The more intense peak centred at 2q,, =
1.491 A=' and with a 2FWHM of 0.03 A~! corresponded to the {1,-1} reflection. In
this crystallographic direction, 2d = 4.21 A and L, — 180 + 7 A.

The lifting of the degeneracy in the two peak fit suggested a packing arrangement
of the phospholipid acyl chains with distorted hexagonal lattice symmetry. A lattice
of this geometry is fully described by a unit cell with characteristics | a |=| b | and
v < 120°. Solving Equation 2.3 for each of the indexed peaks suggests | a |=| b | =
4.88 £ 0.02 A, 2y = 119.64° and the unit cell area, A = 20.7 + 0.2 A2.

Of note for the I water data, is the divergence of the fit from the experimental data
at ¢uy 2 1.55 A. This is most likely an artefact of the experimental design, where
a change in g, step occurred around this value. To prevent the g, step change
impacting any further measurements in such a manner, it was shifted to a higher ¢,

in measurements of the remaining systems.

Analysis for the OL_water system was much less complicated, as the lifting of the
peak degeneracy was much more pronounced. The {(0,1), (1,0)} peak, centred at
1.417 + 0.005 A~!, had a FWHM of 0.16 + 0.01 A=, In this crystallographic
direction, d = 4.44 £ 0.02 A and L. = 36 £ 1 A. The parameters for the {1,-1}
peak were as follows: ¢, = 1.473 £0.002 A-1, FWHM = 0.05+0.01 A, 2d = 4.27
A, and L. = 1054 15 A. In turn, the distorted hexagonal packing arrangement was
fully described by a unit cell with the parameters | a |=| b | = 4.99 4+ 0.01 A and
v = 117.37 + 0.01°, where A — 22.2 + 0.1 A2,

3.3.2 Grazing incidence x-ray off-specular scattering

The GIXOS measurements and the corresponding pseudo-reflectivity curves for all
systems are presented in Figure 3.5. Using the slab model to fit the pseudo-reflectivity
curves, slab thicknesses for each of the headgroup and acyl chain regions were ob-
tained and are presented in Figure 3.6. Whilst the overall shape of the GIXOS and
pseudo-reflectivity curves appear similar for the two monolayers on the UPW sub-
phase (aqueous-DMSO subphase discussed later, in Section 3.3.4), there are subtle
differences in the g, values of the inflexion points alluding to dissimilar monolayer

slab thicknesses.

2Negligible experimental uncertainty.
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Figure 3.5: GIXOS and pseudo-reflectivity curves for all systems. For clarity, the
GIXOS data (left) for the OL systems (/\) are presented offset from the IL systems ().
The corresponding pseudo-reflectivity curves (right, symbols) are also presented in a stacked
approach. Here, the solid line represents the parameterised fit using the slab model.

Figure 3.6 revealed the headgroup region for the OL_water system as significantly
smaller than that for the IL_ water system, at 7.5 & 0.7 and 8.5 + 0.2 A, respectively.
The experimental uncertainty in the measured values of the slabs representing the
acyl chain region of each monolayer suggested no significant difference in thickness.
These thicknesses were 16.7 + 0.5 and 17.1 + 0.2 A for the OL and IL systems

respectively.
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Figure 3.6: GIXOS slab thickness. The overall monolayer thickness (x) is presented
alongside the size of the acyl chain () and headgroup (O) slabs. Measured perpendicular
to the water surface for the two monolayers (IL and OL) on both subphases (UPW and 10
vol-% aqueous-DMSO).

Electron density, p., profiles were calculated from the fit of the pseudo-reflectivity

curves. Again focusing first on the systems with the UPW subphase, the electron
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40

Figure 3.7: Electron density profiles of the IL _water and OL_water monolayers.
The electron density profiles obtained from GIXOS measurements of the IL () and OL
(A) monolayers on a UPW subphase. p,, represents the electron density of the subphase and
arrows demonstrate the approximate overall slab thickness, with the acyl chain slab (T) from
z = 0 A, followed by the headgroup slab (H).

density profiles for IL.water and OL__water are presented in Figure 3.7. A smaller
overall p. was measured for the OL__ water system across all slabs, with the difference

being noticeably more pronounced in a comparison of the acyl chain region.

3.3.3 X-ray reflectivity

The transverse structure of the IL. _water and OL_ water systems were also investig-
ated using the classical XRR technique. The inclusion of these results served to act
as a proof of concept comparison for both the standard XRR and advanced GIXOS
techniques. Since the same UPW subphase was used for both methods, for this sec-
tion the systems are referred to as the monolayer type followed by the experimental
method (i.e. IL_XRR). Reflectivity curves (symbols), the parameterised fit (solid
lines) and resulting p, profiles from the XRR measurements are given in Figure 3.8.
The slab thicknesses output from the reflectivity fit are further presented in Figure
3.9, alongside the corresponding values from the GIXOS measurements (as already

shown in Figure 3.6).

There are noticeable differences between the reflectivity curves of the IL_ XRR and
OL_XRR systems. The local minima of the IL.__XRR curve are much more pro-
nounced and appear at lower q., implying differences in monolayer thickness which

was exemplified in the p. profiles. Here, the acyl chain region of the IL._ XRR system
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Figure 3.8: XRR reflectivity curves and electron density profiles. The XRR re-
flectivity curves (left) for the IL_XRR () and OL_XRR systems (/). The curves were
then converted into electron density profiles and normalised to the electron density of the
subphase, py, (right). Arrows demonstrate the approzimate overall slab thickness, with the
acyl chain slab (T) from z = 0 A, followed by the headgroup slab (H).

had a lower electron density than the acyl chain region of the OL _XRR system, but
this dissimilarity is reversed for the p. of the headgroup regions. Of particular note
the p. profiles presented in Figure 3.8 (right) differ from those obtained using the
GIXOS technique (Figure 3.7), particularly in the acyl chain region.
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Figure 3.9: Comparison of slab thickness between GIXOS and XRR. The overall
monolayer thickness (X) is presented alongside the size of the acyl chain (Q) and headgroup
(O) slabs. Measured using both GIXOS and XRR for the two monolayers (IL and OL) on a
UPW subphase.

A comparison of slab thickness between the XRR systems reveals that whilst there are
differences in the measured values, large experimental uncertainties suggest these are
not significant. The overall thickness of the IL monolayer was 25 + 3 A, whereas the

OL monolayer measured 23 + 8 A. Individual slab thicknesses for the IL monolayer
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were found to be 16 4+ 1 A for the acyl chain region and 10 + 2 A for the headgroup
region. Again, no significant differences were found between these data and the
thickness of the corresponding slabs of the OL monolayer. For the OL monolayer, the
acyl chain region was measured at 17 + 4 A and the headgroup region at 5 + 4 A.
Further, Figure 3.9 demonstrates that these results are similar to that obtained using

the GIXOS technique when the experimental uncertainties are accounted for.

3.3.4 Aqueous-DMSQO subphase

As an additional set of experiments, the UPW subphase was exchanged with an
aqueous-DMSO subphase at a concentration of 10 vol-%. GIXD and GIXOS meas-

urements were performed on both the IL and OL monolayers on this subphase.

Grazing incidence x-ray diffraction
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Figure 3.10: 2-D GIXD heatmaps, aqueous-DMSQO subphase. The reciprocal space
heatmaps obtained from GIXD measurements of the IL__DMSO (left) and OL_DMSO (right)
monolayers.

GIXD measurements of the IL and OL monolayers on an aqueous-DMSO subphase
are presented in heatmap format (Figure 3.10), with the corresponding 1-D Bragg
peaks presented in Figure 3.11. As with the monolayers on the UPW subphase, these

peaks were fit with a superposition of two Lorentz curves.

The aqueous-DMSO subphase appeared to definitively lift the peak degeneracy for
the IL monolayer, with GIXD data showing two Bragg peaks. The centre of the less
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Figure 3.11: 1-D Bragg peaks measured on the IL DMSO and OL DMSO
monolayers. The experimental data (IL - O left, OL - A right) were fitted using the
sum (—) of two Lorentzian curves (- - -). Note the different y-azis scaling between the two
monolayers.

intense peak shifted to ¢, — 1.408 £ 0.004 A1 and the FWHM of this peak was 0.27
+ 0.01 A~', giving a d-spacing of 4.46 4+ 0.01 A and coherence length L, = 20.7 +
0.8A in the {(0,1), (1,0)} crystallographic direction. The second peak was centred at
3y — 1.500 A= with a SFWHM of 0.02 A~'. These values correspond to *d = 4.19
A and L, = 250 = 5 A in the {1,-1} crystallographic direction. As with the UPW
subphase, the multiple Bragg peaks suggest that the acyl chains of the phospholipid
molecules were arranged with distorted hexagonal symmetry. It followed that the
lattice parameters were | a |[=| b | = 4.95 + 0.02 A with ®y = 115.59°, and the unit
cell area, A = 22.1 + 0.2 A2.

The aqueous-DMSO subphase increased the overall intensity of the Bragg peak ob-
tained from the OL monolayer when compared to that from the OL_water system.
For the OL_DMSO system, the first peak was centred at ¢, — 1.330 £ 0.008 At
with a FWHM of 0.23 + 0.02 A~!. From these values the d-spacing and coherence
lengths were calculated as d = 4.73 4 0.03 A and L. = 25 + 2 A in the {(0,1), (1,0)}
crystallographic direction. The second peak was centred at g, — 1.463 £ 0.001 At
with a FWHM of 0.11 + 0.01 A~!. The higher ¢,, decreased the d-spacing, whilst
the smaller FWHM increased the coherence length in the {1,-1} crystallographic dir-
ection. These values were *d = 4.30 A and L, = 50 &+ 2 A. Again, this behaviour is
typical of a distorted hexagonal packing arrangement and led to the following lattice
parameters: | a |=| b | = 5.14 + 0.04 A, v = 113.25 £0.01° and A = 24.3 + 0.4
A2,

3Negligible experimental uncertainty.
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Grazing incidence x-ray off-specular scattering

The GIXOS and pseudo-reflectivity curves for the IL__DMSO and OL _DMSO mono-
layers are presented alongside the UPW subphase results in Figure 3.5. For ease of
comparison, slab thicknesses for these systems are also presented in Figure 3.6. In
the case of both monolayers the aqueous-DMSO subphase increased the intensity of
the GIXOS measurement, although the resulting pseudo-reflectivity curves appeared
not to significantly change from that of the same monolayer on the UPW subphase.
In the case of each monolayer on the aqueous-DMSO subphase, the ¢, values of the
gradient changes in both the GIXOS and pseudo-reflectivity curves followed that on
the UPW subphase.

-10 0 10 20 30 40 -10 0 10 20 30 40

olL_water olL_DMSO ~OL_water »OL_DMSO

Figure 3.12: Comparison of electron density profiles for the IL and OL monolay-
ers on both the UPW and aqueous-DMSO subphases. The aqueous-DMSO subphase
reduced p. for the IL monolayer (left), but had the opposite effect on the OL monolayer
(right). py represents the electron density of the subphase and arrows demonstrate the ap-
proximate overall slab thickness, with the acyl chain slab (T) from z = 0 A, followed by the
headgroup slab (H).

As mentioned previously, the subtle differences in the pseudo-reflectivity curves trans-
late into varying thicknesses of the slab regions. When compared to that on the UPW
subphase, the aqueous-DMSO subphase had little effect on the individual slab and
overall thicknesses of the IL monolayer. For IL.__DMSO the thickness values were 8.4
+ 0.4 A for the headgroup and 17.1 4+ 0.3 A for the acyl chain regions. In contrast,
the aqueous-DMSO subphase significantly increased the thickness of the OL mono-
layer’s headgroup region to 8.8 + 0.4 A. However, within experimental uncertainty
the thickness of the acyl chain region remained unchanged and in turn, the overall
thickness of the OL _DMSO monolayer was comparable to that of the OL water

monolayer.
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Comparisons of the electron density profiles of the IL__DMSO and OL_DMSO sys-
tems to the same monolayer on the UPW subphase are presented in Figure 3.12.
Spreading the IL monolayer on the aqueous-DMSO subphase reduced the overall
electron density of the monolayer, particularly in the acyl chain region. Interestingly,
the aqueous-DMSO subphase had the opposite effect on the OL monolayer, with the

largest change again seen in the acyl chain region.

3.3.5 Summary tables

For clarity, GIXD measurements and uncertainties for each of the four systems invest-
igated are presented in Table 3.1. This is followed by a summary of the monolayer
thicknesses and uncertainties, obtained from the GIXOS and XRR measurements, in
Table 3.2.

CHAPTER 3 95



9¢

Table 3.1: GIXD parameters and experimental uncertainties for the four systems investigated at 1 = 30 mN/m and T = 295.15 K. Each
monolayer presented with distorted hexagonal packing symmetry although primitive unit cell parameters varied as outlined below.
1 denotes negligible experimental uncertainty.

Index ‘ IL _DMSO IL water ‘ OL water OL_ DMSO
Ay {(1,0),(0,1)} | 1.408 4 0.004 1.483 + 0.003 | 1.417 4+ 0.005 1.330 + 0.008
(A-1) {1-1} 1.500 T 1.491 T 1.473 £ 0.002 1.463 + 0.001
FWHM | {(1,0),(0,1)} | 0.274+0.01  026+0.01 | 0.16 4001  0.23 + 0.02
(A1) {1-1} 0.02 f 0.03 f 0.05 4+ 0.01  0.11 £ 0.01
d {(1,0,(0,1)} | 4.46 £0.01 4237 +0.01 | 444 +£0.02  4.73 4+ 0.03
(A) {1-1} 4.19 1 421 1 4.27 1 4.30 1
L. {(1,0),(0,)} | 20.7 £ 0.8 21 + 1 36 + 1 25 + 2
(R) {1-1} 250 + 5 180 + 7 105 + 15 50 + 2
Primitive | a =b (A) | 4.95+£0.02  483+0.02 | 499 +0.01 514+ 0.04
Unit ~ (°) 115.59 f 119.64 1 117.37 £ 0.01 113.25 4 0.01
Cell A (A?) 22.1 £ 0.2 20.7 £ 0.2 22.2 + 0.1 24.3 4+ 0.4
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Table 3.2: Monolayer thickness and experimental uncertainties obtained from both GIXOS and XRR measurements, for the four systems
investigated at m1 = 30 mN/m and T = 293.15 K. The data presented here are analogous of Figures 3.6 and 3.9.

Thickness GIXOS XRR
(A) IL_ DMSO IL_ water | OL_water OL_DMSO |IL_ water | OL_water
Total 25.54+0.7 257404 [24+1 24.7 + 0.8 25 + 3 23 + 8
Chains 17.1 £0.3  17.14+02 |16.7+0.5 159 4+ 0.3 16 + 1 17 £+ 4
Heads 8.4 & 0.4 85+02 |75+07 88+04 10 £ 2 544
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3.4. Discussion

3.4 Discussion

Both the GIXD and GIXOS techniques allow for the structural study of phosphol-
ipid monolayers at the air-subphase interface in fine detail. The two methods are
complementary in nature with GIXD probing lateral order and crystalline organisa-
tion, whilst GIXOS provides information about the transverse structure and electron
density. The investigation of complex monolayers containing several lipid species,
akin to the composition of the leaflets of RBC membrane bilayers, served to further
the current knowledge base in this field where only single or dual lipid monolayers
had thus far been investigated. Direct comparison of the results obtained from IL
and OL monolayers served to elucidate the role of the RBC membrane in physiolo-
gical cell functioning. Furthermore, the inclusion of studies of these monolayers on
an aqueous-DMSO subphase at a physiological concentration of 10 vol-% could aid in

justification of the solvent’s use as a cryoprotectant in the storage of cord blood.

3.4.1 Grazing incidence x-ray diffraction
Comparison of inner and outer leaflet monolayers on the UPW subphase

Contrary to first appearance of a single peak, the dual fitting of the Bragg peaks
measured for the IL water system suggests a distorted hexagonal packing arrange-
ment (] a |=| b |, v < 120 °). A similar result was obtained by our laboratory at
Diamond Light Source, UK (unpublished). A result such as this, demonstrating high
lateral order for the IL water monolayer, was to be somewhat expected. The IL is
rich in the PE phospholipid which has been shown to produce a sharp {1,-1} peak
with a broad {(0,1),(1,0)} shoulder at 7 = 20 mN/m [73], a lower surface pressure
than used in the experiments here. It follows that a higher 7 might induce a more
ordered state and thus, a less distinguishable shoulder for the {(0,1),(1,0)} reflection.
In support of this, Helm et al. [71] demonstrated that as surface pressure increases
the Bragg peak pattern for a DPPE monolayer reduces to one sharp peak. The result
presented here suggests that inclusion of other lipid species in the IL water mono-
layer leads to a slight distortion of the packing from perfect hexagonal symmetry.
Majewski and Stec [74] demonstrated that the mixing of DPPC and DPPS reduced
the order of the lipids within the monolayer. Further, at 4.237 and 4.2145 A, the
measured d-spacings of the I, water monolayer are much smaller than that reported

for monolayers of the individual lipid species. However, it remains unclear if this is a
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direct result of mixing the lipid species or the greater pressure at which these results

were obtained, with both potentially being contributing factors.

In support of the ordering of the IL water monolayer being dominated by the PE
moiety, are the values that describe the primitive unit cell. Here, at 119.64°, v devi-
ates only slightly from 120° which describes an arrangement with perfect hexagonal
symmetry. Further, the value obtained for the unit cell area, A = 20.7 A2, is only
slightly greater than that reported previously for the DPPE lipid at 19.9 & 0.2 A2 (in-
dependent of monolayer pressure) [48|. This is most likely a result of accommodating

the larger headgroups of the other lipid species like PC and PS.

The broad diffraction pattern obtained for the OL_water monolayer suggests much
less in-plane order than for the IL_water monolayer. Again, a similar result has
previously been obtained by our laboratory (unpublished). Less order within the
OL of the RBC lipid bilayer is not surprising due to the high concentration of the
SM phospholipid species. This lipid does not appear to develop long-range crystalline
order, even at higher surface pressures where other lipid species would show long-range
order in the monolayer [76]. In further support that the OL monolayer structure
is dominated by the SM lipid, the measured d-spacing of the {1,-1} peak, 4.27 A,
is in good agreement with that previously reported for monolayers of SM [75, 76].
Interestingly, the {(1,0),(0,1)} peak’s d-spacing of 4.44 A was the largest measured
in either of the two monolayers on the UPW subphase. This could be a result of
the high content of PC, for which previous literature has reported similarly large
d-spacings |73-75]. Since PC is a dominant species within the OL, its contribution
to the structural organisation of this monolayer must also be considered. Both SM
and PC have previously shown unit cell areas larger than that of PE [48, 74, 76|,
not surprising due to the smaller size of the PE headgroup. This suggests the unit
cell area of the OL monolayer would be larger than that of the IL monolayer, as
established through these experiments (Table 3.1). Further, the value of A = 22.2 A2
obtained for the OL monolayer is in rough agreement with the unit cell size for the

minimum molecular area required by the PC headgroup, at ~22.5 A2 [91].

Effect of DMSO on the inner leaflet monolayer

Whilst the Bragg peak patterns for both the IL water and IL_DMSO systems sug-
gest distorted hexagonal arrangements, differences are apparent in the derived lattice

parameters. The aqueous DMSO subphase causes a significant shift in the position
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of the {(1,0),(0,1)} peak from ¢, = 1.483 to 1.408 A~! although the FWHM re-
mains comparable (see Table 3.1). This propagates to an increased d-spacing but
comparable coherence length in the {(1,0),(0,1)} crystallographic direction of the two
systems. In contrast, the ¢, position of the {1,-1} peak remained comparable how-
ever, the aqueous-DMSO subphase reduced this peak’s FWHM from 0.03 to 0.02 A1,
in turn causing a sizeable increase in the {1,-1} coherence length of 69.89 A. Further,
the parameters describing the primitive unit cell of the IL__ DMSO system were signi-
ficantly different to those obtained for the IL _water system. The length of the unit
cell vector increased from 4.88 to 4.95 A and the the unit cell angle decreased by
4.05°. Overall, this gave rise to a significantly larger unit cell on the aqueous-DMSO
subphase of 22.1 A, compared to 20.7 A on the UPW subphase.

The marked increase in the {1,-1} coherence length suggests DMSO is capable of
increasing order within a monolayer akin to the IL of a RBC membrane. In support
of this, Chen et al. [92] demonstrated that increasing DMSO concentration reduced
the phase transition point between the gel and crystalline phases for DPPE, of which
the IL monolayer is rich in. In addition, Brewster Angle Microscopy (BAM) has
demonstrated that DMSO exhibits a condensing and caging effect on phospholipids
within a monolayer, irrespective of the lipid headgroup structure [93]. In this effect
the competitive hydrogen bonding between water, lipid headgroups and DMSO causes
the condensation of the monolayer into lipid rich/DMSO poor and DMSO rich/lipid
poor domains. Not only does the existence of these domains offer an explanation for
the observed increase in coherence length, they also suggest a mechanism by which
DMSO can enhance penetration of various solutes across a membrane, through the
DMSO rich/lipid poor domains.

Effect of DMSO on the outer leaflet monolayer

The results presented for the OL_water and OL_DMSO systems suggest that the
aqueous-DMSO subphase also had a marked effect on the OL monolayer. Whilst
the OL_DMSO system was still fully described by a distorted hexagonal packing
arrangement, there was much variation in the parameters between the two systems,
as outlined in Table 3.1. Most notably the peak of maximum intensity switched from
the {(1,0),(0,1)} peak to the {1,-1} peak, with both peaks shifting towards smaller
Qay, from 1.417 and 1.473 A1 to 1.330 and 1.463 A~! respectively. The FWHM of
each peak significantly increased on the aqueous-DMSO subphase, by 0.0719 A~! for
the {(1,0),(0,1)} peak and 0.0591 A~' for the {1-1} peak. These changes lead to
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significantly increased d-spacings and markedly reduced coherence lengths (see Table
3.1 for overview). Moreover, the parameters describing the primitive unit cell of the
OL_DMSO system were significantly different to those obtained for the OL water
system. The unit cell vectors were increased from 4.99 to 5.14 A and the angle between
them decreased by 4.12°, both leading to an overall increase in the unit cell area of

2.14 A2, Interestingly, this was a greater difference than seen for the IL monolayer.

The interchanging of peak intensities suggests that DMSO caused a change in tilt
orientation of the OL phospholipid acyl chains, with respect to the interface normal.
A greater tilt angle is supported by the observed increase in unit cell area, the physical
significance of which is the area occupied by a single acyl chain of a phospholipid
molecule (hence, area per molecule is 24). The reorientation of the lipid molecules as a
result of interaction with the aqueous-DMSO subphase, is likely to have occurred due
to the aforementioned competitive binding between phospholipid headgroups, water
and DMSO. It has been shown that water has an affinity for binding with DMSO
molecules over the headgroups of the lipids. This results in an apparent dehydration
of the monolayer region [94] and consequential reorientation of the headgroups [95]

and thus, acyl chain tilt angle will also be affected.

Also of interest are the markedly reduced coherence lengths in both crystallographic
directions, which suggests the presence of many domains of different acyl chain ori-
entation within the OL_DMSO monolayer. However, this observation is in stark
contrast to the increase in L. observed for the IL_ DMSO monolayer, suggesting that
the caging effect of DMSO is not the sole cause of these smaller domains. As an
alternative explanation DMSO has been implicated in the reduced packing of SM
bilayers [96] which, in concurrence with the reorientating effect described above, sug-
gests that the acyl chains of neighbouring lipids have reduced affinity for tilting in
the same direction. This effect would lead to many domains of differing chain tilt
direction, in turn reducing the measured coherence length. This analysis offers an
explanation for the observed disordering effect of low concentrations of DMSO seen

in molecular dynamics simulations [86].

3.4.2 Grazing incidence x-ray off-specular scattering
Comparison of inner to outer leaflet monolayers

For both the IL _water and OL__water monolayers the thicknesses of the acyl chain
slabs fell within the limits of that suggested by the single-species monolayers [70, 75—
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77]. Whilst there was a small difference (0.4 A) in thicknesses of this region between
the two monolayers it was not significant (see Table 3.2). Since phospholipids with
Ci6 chains were investigated in both monolayers this is not a surprising result. The
nominal difference measured could indicate that the degree of tilt, as measured from

the normal to the subphase surface, varies between the monolayers.

The difference in thickness between the headgroup regions is more surprising. Even
though the IL monolayer was dominated by PE (the smallest headgroup), this slab was
significantly thicker than for the OL_water monolayer by 1.02 A. However, previous
literature suggests that DPPS gives rise to the largest headgroup slab [77] and for the
monolayers investigated here, DPPS is included in a rather small concentration in
the OL monolayer, but a much larger concentration in the IL monolayer. Therefore,
this difference in PS concentration could contribute to the larger slab thickness of the

IL water monolayer headgroup region.

The electron density profiles for both the I water and OL__water monolayers show
that the headgroup region has a greater electron density than the tail region. This
is to be expected considering the chemical structures of the phospholipids, as given
in Figure 3.2. The largest difference in electron density between the two monolayers
occurs in the tail region, with the IL acyl chain region having the larger electron
density. This difference could relate to the lipid packing as discussed in Section
3.4.1. Due to the relative lipid headgroup sizes, with the dominant IL lipid PE being
comparatively smaller, it is not a surprise that the difference in electron density

between the monolayers lessens as z approaches the headgroup region.

Effect of DMSO on the inner leaflet monolayer

The interaction of DMSO lowered the electron density across all regions of the
IL_DMSO monolayer, in comparison to that of the IL._ water monolayer. This result
is of particular interest considering there is nominal change in the overall thickness
of the monolayer, and individual slab regions, between the two systems. The GIXOS
technique results in transverse structure of the a monolayer, measured in the foot-
print of the beam and then averaged across the whole monolayer. It follows that if the
measurement was obtained near a DMSO rich/lipid poor domain - where the average
electron density would be reduced due to the sparsity of phospholipids resulting from
the caging effect of DMSO (described in Section 3.4.1) - then averaging this over the

whole monolayer could give a distorted representation of the true electron density.
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Effect of DMSO on the outer leaflet monolayer

In contrast to the IL monolayer, the electron density profile for the OL monolayer in-
creased when measured on the aqueous-DMSO subphase. This change was paralleled
by a significant increase in thickness of the headgroup slab (1.3 A) and a notable
decrease in the acyl chain slab thickness (0.83 A), see Table 3.2.

The observed increase in thickness of the slab representing the headgroup could be a
result of the dehydration and thus, greater exposure of the lipid headgroups on the
aqueous-DMSO subphase [94]. The latter measurement could be explained as a result
of the tilting of the phospholipid acyl chains, induced by DMSO interacting with and
modifying the orientation of the headgroups. Increasing the tilt of the phospholipid
acyl chains, with respect to the interface normal, would shorten the vertical distance
from the subphase surface to the end of the lipid molecule. This would in turn confine

more electrons to a smaller slab region and thus increase the electron density.

3.4.3 Comparison of GIXOS and XRR techniques

Of first note is the difference in ¢, step for the GIXOS and XRR measurements, which
was much larger in the XRR technique resulting in a reduced data set. Although the
XRR reflectivity curves (Figure 3.8) appear a similar shape to the pseudo-reflectivity
curves obtained from the GIXOS data (Figure 3.5), the XRR reflectivity curves ex-
hibit an overall steeper gradient. This difference was propagated through into the
electron density profiles, where greater density profiles were measured using the XRR
technique for both monolayers. Whilst the two methods are in agreement that the IL
headgroup region has a greater electron density than the OL headgroup region, the
same cannot be said for the acyl chain region. Interestingly, the XRR results suggest
that the OL monolayer has the greater electron density in the tail region, whilst the
GIXOS results suggest the opposite. Further, in the analysis of slab thickness it is
apparent that each monolayer was measured as having a greater thickness using the
GIXOS technique. The difference in overall thickness between the methods were 0.23
A for the IL monolayer and 1.74 A for the OL monolayer, although in neither case

were these significant.

Unfortunately, the large experimental uncertainties associated with the XRR results
(see Table 3.2) compound any meaningful comparison, particularly with respect to the

OL monolayer. These results suggest that in the context presented here, GIXOS was
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the more reliable method of measurement, further adding to this method’s advant-
ages over the classical XRR technique and making it convincingly the more desirable

technique of the two.

3.5 Conclusions

Synchrotron x-ray radiation has proved a useful tool in the structural analysis of
monolayers akin to the composition of the leaflets of the RBC lipid bilayer. In using
both GIXD and GIXOS, we have succeeded in elucidating the lateral and trans-
verse organisation of complex mixtures of phospholipids at the air-water interface. It
was this complexity of the monolayers that greatly increased the difficulty of giving
physical meaning to the quantitative results, especially in considering the individual

contribution of each lipid species.

GIXD results demonstrated that whilst both monolayers arranged with a distorted
hexagonal symmetry, the lattice parameters were considerably different. For the
OL monolayer the distance over which crystalline order was present was reduced,
most probably due to the greater concentration of the SM phospholipid which has

previously demonstrated to not develop long-range order.

The perpendicular slab structure of both monolayers agreed well with the range of
results obtained from single lipid monolayer studies. Through the GIXOS technique
it was also demonstrated that the IL monolayer had a greater overall electron density
than the OL monolayer, potentially due to the packing arrangement of the different
lipid species or the different headgroup structures of the dominant lipid species. Un-
fortunately, the comparison between the GIXOS and XRR techniques was impaired
by large experimental uncertainty in the XRR study. This comparison does suggest
that, for this particular experiment, parameters evaluated from the GIXOS technique

are more reliable.

Finally, both monolayers were investigated on an aqueous-DMSO subphase which
was at a concentration of 10 vol-%. This simulated the presence of DMSO at the
membrane, at the concentration used during the cryopreservation of cord blood. The
acyl chains within each monolayer retained the distorted hexagonal packing arrange-
ment, however the area per molecule (2A4) was increased upon DMSO interaction.
Particularly for the IL monolayer GIXD measurements indicated the formation of

DMSO poor/lipid rich and DMSO rich/lipid poor domains, suggesting a mechanism
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for the molecular action of DMSO that supports its use as a solvent and penetration
enhancer in the biological and pharmacological fields. Additionally, both GIXD and
GIXOS measurements of the OL monolayer on the aqueous-DMSO subphase indic-
ated that DMSO could have a reorientating or tilting effect on the phospholipid acyl
chains. This in turn, effected the thickness of the monolayer headgroup and acyl chain
regions. Curiously, the GIXD results showed that both monolayers were affected in a
similar manner, but in the GIXOS measurements there was a much greater effect on
the OL monolayer. This discrepancy results from the difference in fundamental meas-
urement of each method - where GIXD measures only ordered regions but GIXOS
measures both ordered and unordered regions - and suggests that the action of DMSO
may be more targeted towards the regions of less order of the acyl chains within the

monolayer.
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4 Chemical alteration of RBC mechanical

properties

4.1 Introduction

This chapter serves to present and discuss the findings of thermal fluctuation spectro-
scopy (TFS) studies into the chemical modification of red blood cell (RBC) membrane
structural components and the effect(s) this had on the cell’s mechanical properties.
Four chemical treatments were used: hydrogen peroxide (HyO3), cumene hydroper-
oxide (cumOOH), diamide and dimethyl sulphoxide (DMSQO), each proposed to alter
the cell in a different manner. The primary target for HoO5 treatment is thought
to be oxidisation of haemoglobin [97], initiating a cascade of interactions that af-
fect the membrane skeleton [98]. CumOOH is also an oxidative agent, thought to
primarily target the phospholipid acyl chains of the lipid bilayer [99], whilst diamide
oxidatively targets the cytoskeletal proteins [100]. Finally, not generally considered
oxidative DMSO is thought to alter the lipid arrangement within the bilayer [86].

4.1.1 Mechanical properties of the RBC

TFS is a static deformation technique used to examine the bending and shear moduli
of the RBC membrane, utilising the natural thermal undulations of the membrane.
The area modulus cannot be measured using this technique, as the energy scale is

not sufficiently large enough to produce a substantial area change.

The ability of the RBC to deform is imperative for its role in the circulation. Ab-
normalities in deformability lead to increased flow resistance and blood viscosity [19]
and results in quicker removal of cells from the circulation. Many pathophysiological
conditions result in such abnormalities, but improper function can also result from
osmotic concentration changes, membrane alterations, cell age or elevated levels of

oxidative stress.
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Previous TFS experiments have measured the bending modulus of healthy, untreated
cells to be on the order of 1071%J. Using the TFS method, Hale et al. [59] measured a
value of (5.6 £+ 0.7) x 107'%J which was in agreement with values from their coarse-
grained particle dynamics situations at 7.5 x 1071°J [101]. As summarised in Boal
[102], other measurement techniques have returned similar values for the bending
modulus, but discrepancies arise when moving between deformation length scales
and strain magnitudes in the measurement. Micropipette aspiration measures at a
comparable wavelength to TFS, returning a bending modulus of ~ 1.8 x 10719J [28],
whereas the techniques of Brochard et al. [33] and Zilker et al. [103]| are at smaller
wavelengths, obtaining smaller values of 5 x 1072°J and 2 x 1072°J respectively.
This discrepancy can, in part, be credited to the theoretical approximations used to
interpret fluctuation results which for longer wavelengths are impacted by the cell

geometry [101].

Values of the shear modulus obtained from TFS are, on average, three orders of
magnitude larger than when measured using other static deformation methods. Hale
et al. [59] presented a value of (1.0 £ 0.2) x 1073 Nm™!, in stark contrast to those
obtained through, for example, micropipette aspiration at (6 - 10) x 1076 Nm™! [13]
(see Table 1.1). Since the coarse-grained particle dynamics simulations of Hale et
al. are also in near-agreement with the static deformation experiments, this large
discrepancy must arise from the application of Equation 2.17 to the long wavelength
modes, at which the shear modulus is measured. This equation was derived for a
flat membrane geometry which a physical cell does not have and therefore, as the
wavelength of the fluctuation increases, the physical response of the cell deviates
from that theoretically described [58, 101].

This is not to say that the TFS method should be discarded. The comparatively
simple methodology allows for direct comparison between untreated and treated states
of individual single cells, thus findings can be presented as changes in the elastic
moduli relative to the untreated state. This negates the effects of any systematic dis-
crepancies arising from method limitations, whilst still allowing for a comprehensive

analysis and comparison.

4.1.2 Oxidative stress and antioxidant systems

Oxidative stress is a form of cellular damage resulting from an imbalance in the

concentration of reactive oxygen species (ROS) within the cell. Being in an oxygen
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rich environment and having an abundance of unsaturated phospholipid acyl chains in
the plasma membrane, the RBC is highly susceptible to oxidative damage. Therefore,
within the RBC there is a plethora of enzymatic and non-enzymatic defence systems
that counteract beneficial concentrations of ROS. Age (both cellular and patient) and
pathophysiological conditions have both been linked to dysregulation of ROS within
the blood [104-106]. Oxidation can be artificially induced by treatment with oxidising

chemicals such as HyO5, cumOOH or diamide.

ROS occur as either radicals or non-radicals. The former includes superoxide (O5°® "),
hydroxyl (*OH) and hydroperoxyl (HOO?®), whilst non-radicals include HyO5 and sing-
let oxygen ('O,) [105]. Superoxide is generated through several different enzymatic
reactions and in subsequent reactions will produce HyOy and *OH [106]. The hy-
droxyl radical is by far the most potent and can be formed through either the Fenton

reaction:

Fes ™ + HyOy — Fest + OH™ + *OH (4.1)
or Harber-Weiss reaction [107]:

05" + H,Oy — OH™ + *OH + O, (4.2)

ROS can cause extensive damage to the structural components of the cell membrane
through cross-linking of proteins, both in the cytoskeleton and plasma membrane,
and cleaving double bonds in polyunsaturated phospholipid chains. This in turn can

severely alter the mechanical properties of the cell.

Since ROS are required in many biological processes and can act as signalling mo-
lecules, in small concentrations they are highly beneficial. Therefore, to maintain
proper physiological concentrations of ROS within the cell there are both enzymatic
and non-enzymatic antioxidant systems present. The family of antioxidant enzymes
includes superoxide dismutase (SOD), catalase (Cat), glutathione peroxidases (GSHPx)
and peroxiredoxin-2 (Prx2) [104]. As suggested by its name, SOD catalyses the dis-
mutation of O5°* into HyO5 and O, then in turn, Cat and GSHPx degrade H,O5 into
oxygen and water [108]|. Prx2 is most associated with the bilayer, protecting against

lipid peroxidation [109].

Non-enzymatic antioxidants include glutathione (GSH) and Vitamins C and E. At
concentrations of 2 - 10 mM within the RBC, GSH works both independently and
collaboratively with GSHPx to remove HyO4 and lipid peroxides [110]. Both vitamins
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C and E are essential in preventing lipid peroxidation within the plasma membrane
[108, 111] where, although Vitamin C is hydrophilic and vitamin E is lipophylic, they

work in partnership.

4.1.3 Dimethyl sulphoxide and RBC mechanical properties

DMSO is a versatile solvent with a myriad of uses in the biological and pharmacolo-
gical fields, as outlined in Section 3.1.3. Although not an oxidant, each application
of DMSO alludes to changes in the cellular membrane, with the severity dependent
upon DMSO concentration. However, the specific method of action of DMSO re-
mains poorly understood with little experimental backing, this therefore resides as

an interesting area of investigation.

As an experimental method, TFS is used to determine changes in the individual
elastic moduli of a cell membrane. As such changes in each moduli can be explained
by alterations of the various membrane components, this places TFS as an import-
ant tool in investigating the specific effect(s) of DMSO on the red cell membrane

components.

The effect of DMSO on the bending modulus of a membrane is well documented.
Previous work using molecular dynamics simulations has demonstrated a 5 - fold
decrease in the bending modulus of DPPC bilayers in the presence of 12 mol-%
DMSO [86]. Further, this work is supported by that of Koch et al. [112]| reporting
a reduced bending modulus after treatment of RBCs with both 5 and 15% DMSO.
Notably, the reduction was only statistically significant at 15%. A decreased bending
modulus demonstrates that the resistance of the lipid bilayer to a bending deformation
has decreased; expressly, the flexibility of the lipid bilayer has increased. Due to the
solvents amphiphilic property, it comes as no surprise that notable effects on the lipid
bilayer have been documented. What remains to be elucidated is the effect of DMSO
on the shear modulus of the cell and hence, what effect the solvent has on the RBC

cytoskeleton.

4.1.4 Chapter outline
The structural components of the RBC membrane are selectively altered by one of

the three oxidising agents: HyOs, cumOOH or diamide. From these experiments, the

elastic parameters of the altered membranes are measured and compared to results
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from healthy, untreated membranes. Both spectral and edge displacement analyses
are provided and then discussed, to elucidate how the physical changes of the mem-
brane as a result of oxidisation contribute to changes in the elastic parameters. These
results serve as the foundation for establishing if altered elastic parameters of the
membrane contribute to reduced ATP release from RBCs, as discussed in the next

chapter.

Further, the inclusion of DMSO as one of the four chemical treatments aims to increase
clarity surrounding its molecular action on the cell membrane and hence, justify the
significant usage of DMSO throughout the scientific field.

4.2 Experimental methods

The TFS experimental procedure and analysis is presented in Chapter 2. Here, this
section serves to outline more specific details of the preparation of the chemical treat-

ments.

4.2.1 Preparation of oxidants

Each chemical treatment was investigated at 5 different concentrations. FEither a
stock solution was directly diluted to give the desired concentration or a dilution
series was employed. For HyO, (Fisher Bioreagents, Belgium), a stock solution with
concentration ¢ = 9.78 M was diluted in a PBS buffer, with 1 g/L BSA added, to give
final concentrations of 100, 200, 300, 400 and 500 uM. Due to the unstable nature of

the oxidant each dilution was prepared on the same day as the experiment.

For experiments involving cumOOH (Sigma-Aldrich, USA), a 100 uM dilution was
prepared from a stock solution (concentration ¢ = 5.42 M) and a PBS buffer with 1
g/L BSA added. From this, a dilution series was used to obtain further concentrations
of 10, 30, 50 and 70 uM. Due to the immiscible nature of cumOQOH, solutions were
sonicated for 1 minute using a finger probe sonicator (UP100H, Hielscher, Germany)

before addition to the blood sample.

Diamide (Sigma-Aldrich, USA) concentrations were also diluted in series from a base
solution of 10 mM, to 1, 3, 5 and 7 mM. The base solution was mixed from powdered

diamide, PBS buffer and BSA (1 g/L final concentration of BSA) using ¢ = ;.

70 CHAPTER 4



4.3. Results

Here, ¢ is the desired concentration, m the mass of diamide required for a desired
volume, V', of PBS, and M = 172.19 g mol~! is the molar mass of diamide.

4.2.2 Preparation of dimethyl sulphoxide

Stock DMSO (>98%; Sigma-Aldrich, USA) was diluted in a PBS buffer containing 1
g/L BSA. For the purpose of the TFS study, concentrations of 1, 5 and 10 vol-% were
prepared on the day of the experiment. Heavy emphasis was placed on the use of glass

apparatus in handling DMSO, due to the solvent’s high reactivity with plastic.

4.3 Results

This section presents the results of each of the four chemical treatments used to
modify the RBC membrane structural components and the effect(s) this had on the

mechanical properties of the cells.

Where fluctuation spectra are presented it should be noted that low mode number
fluctuations are dominated by the shear modulus, this is the cytoskeleton’s contribu-
tion to overall cell deformability. High mode number fluctuations are dominated by

the bending modulus, accounting for the lipid bilayer’s contribution.

4.3.1 Oxidative modification using hydrogen peroxide

Figure 4.1 (left) details the typical effect of HoO5 on the fluctuation spectra of RBCs
at each of the five concentrations used to modify the RBC membrane. In the case
of each concentration it is apparent that the cell was affected in a time-dependent
manner. The mean-square fluctuations are steadily dampened over the course of the
experiment, with the severity of the dampening increased with increasing HyO4 con-
centration. Smaller concentrations appeared to affect the lower modes the most, with
higher modes appearing relatively unaffected until the concentration of the treatment

became more extreme (at 400 puM).

The membrane elastic parameters can be obtained from fitting the experimental data
with Equation 2.17. Since TFS allows for single cell observations, this made for easy
comparison of the elastic moduli between pre- and post-treatment for each individual

cell. Therefore, post-treatment changes of the elastic moduli were normalised to the
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value obtained from the cell in its untreated state. The average sample change in
both the bending and shear moduli are presented in Figure 4.2, where the error bars
represent the standard error in the mean of 8 (100 uM), 12 (200 uM), 7 (300 uM), 7
(400 uM) and 5 (500 puM) cells respectively. It is worth noting that the spectra of
most cells in both the 400 and 500 uM samples indicated that the cells were too stiff

for further valid analysis beyond 50 minutes.

H50; treatment does not appear to largely affect the bending modulus at lower con-
centrations of 100 - 300 uM. However, at 400 and 500 uM the bending modulus
increased up to a value some 3-fold greater than pre-treatment. On the contrary,
after 90 minutes there was already a 50% increase in the shear modulus for the
lowest concentration of HoOy at 100 uM. The shear modulus then increased in a
concentration-dependent manner through the 90 minutes of the experiment. For
both the bending modulus and shear modulus, a large difference in the severity of
the effect of HyO, treatment was present between concentrations less than or equal
to, and greater than 300 uM.

As an alternative to the mode-decomposed fluctuation analysis presented above, the
radial fluctuation histograms provide sensitive detail as to changes in the overall
fluctuations of the cell. Figure 4.1 (right) demonstrates the marked changes in the
normal distribution of the radii, for each of the spectra presented. Over the course
of each experiment, changes in the histogram profiles became more prominent, with
this trend also reflected when comparing increasing concentrations of HyOs. The
normalised standard deviation, A/A, further demonstrated that for each concentra-
tion of HyOs, the overall fluctuations of the cell were diminished over the course of
the experiment (Figure 4.3). Further, the rate of change can be inferred from the
gradient in this trend. This indicated that by increasing the concentration of HyOs,
fluctuations were dampened at a quicker rate. That is, the cell became increasingly

more stiff with increasing HoO5 concentration.

4.3.2 Oxidative modification using cumene hydroperoxide

The effect of cumOOH on the fluctuation spectra of RBCs is represented in Figure
4.4 (left). There appeared a concentration-dependent dampening of fluctuation amp-
litudes across the whole spectra, although it remained difficult to determine if both

the lower and higher modes were affected in a similar manner.
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Figure 4.1: Fluctuation spectra and radial displacement histograms for RBCs
treated with HyOg. Spectra (left) and radial displacement histograms (right) are presented
for cells treated with 100, 200, 300, 400, and 500 uM Hz0s (A to E). Measurements were
made pre-treatment (x) and at the following minutes post-treatment: 10 (O), 20 (), 30
(A), 50 (W), 70 (A) and 90 (@).
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Figure 4.2: Effect of H2Oz on the elastic moduli of the RBC. Change in bending
(top) and shear (bottom) moduli of the RBC, relative to the untreated cell, for cells treated
with 100 pM (O), 200 pM (O), 300 pM (D), 400 uM (O), and 500 uM (V) HsO9. The
dashed line is at a value of 1, indicating no change in parameter from the cell’s untreated
state. Standard error is given as the experimental uncertainty. Insets detail the small effects
of the lower concentrations (100 - 300 uM) of HzOp.
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Figure 4.3: Kinetics of the cell response to Hs Oz treatment. Normalised cell radial
displacement standard deviation as a function of time, for cells treated with 100 pM (O),
200 pM (), 300 uM (A), 400 uM (O), and 500 uM (V) HsOz. The dashed line represents
A/Ag = 1, indicating no change in parameter from the cell’s untreated state. Ezperimental
uncertainty lies within the point size.

The spectra appeared to display kinks in the gradient at higher mode numbers, a
possible artefact of the experimental design. The cumOOH treatment appeared to
affect the slight adhesion of the cells to the microscope slide, resulting in many cells
being flushed from the field of view during the exchange of the buffer with that
containing the cumOOH treatment (this effect was also reported by Sinha et al.
[113]). Analysis could only be performed on the cells that had a stronger adhesion to
the microscope slide and therefore remained at the end of the buffer exchange. This
could be the reason for the observed irregularities in the highest modes which are
dominated by the lipid bilayer and therefore, more likely to be affected by greater

adhesion to the microscope slide.

The values of the elastic parameters were extracted from the experimental data and
are presented in Figure 4.5. In a similar manner to how results were presented for
H505 treatment, the normalised sample average is presented and the error bars denote
the standard error in the mean of 10 (10 uM), 6 (30 uM), 8 (50 uM), 5 (70 uM) and
6 (100 uM) cells respectively.

The maximum incubation period for cumOOH treatment was largely truncated es-

pecially for the higher concentrations (70 and 100 uM), where it became impossible
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Figure 4.4: Fluctuation spectra and radial displacement histograms for RBCs
treated with cumOOH. Spectra (left) and radial displacement histograms (right) are
presented for cells treated with 10, 30, 50, 70, and 100 uM cumOOH (A to E). Meas-
urements were made pre-treatment (x) and at the following minutes post-treatment: 10

(0), 20 (0), 30 (A), 40 (O), 50 (M), 60 (¢), 70 (A) and 90 (@).
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Figure 4.5: Effect of cumOOH on the elastic moduli of the RBC. Change in bending
(left) and shear (right) moduli of the RBC, relative to the untreated cell, for cells treated with
10 pM (O), 30 uM (0), 50 uM (L), 70 uM (O), and 100 uM (V) cumOOH. The dashed
line is at a value of 1, indicating no change in parameter from the cell’s untreated state.
Standard error is given as the experimental uncertainty.

to extract the moduli from the experimental data for measurement intervals greater
than 30 minutes. For both moduli two distinct trends appeared, dependant on the
severity of the cumOOH concentration. For the lower concentrations, 10 and 30 uM,
the bending modulus gradually increased up to a maximum 2-fold change over the 60
minutes experiment. Treatment with any higher concentration resulted in a quicker
increase in the bending modulus, up to ~3-fold after just 30 minutes. Similarly, the
lower concentrations had a more gradual effect on the shear modulus, whereas the

larger concentrations reached a 10-fold increase by the 30 minutes interval.

Observing the radial fluctuation histograms, it was evident that cumOOH treatment
had a marked effect on the overall fluctuations of the cell, increasing in severity with
increasing cumOOH concentration (Figure 4.4, right). The trend in the normalised
standard deviations of these histograms, presented in Figure 4.6, further supports
this notion. Not only does an increased concentration of cumOOH have a greater

dampening effect, it also occurs at a quicker rate.

4.3.3 Oxidative modification using diamide

The typical evolution of the fluctuation spectra for cells treated with diamide are
displayed in Figure 4.7. Diamide treatment caused a dampening in the fluctuation
amplitudes across all modes of the spectra, although it remains unclear if the degree

of dampening was concentration dependent. After the initial effect of the treatment,
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Figure 4.6: Kinetics of the cell response to cumOOH treatment. Normalised cell
radial displacement standard deviation as a function of time for cells treated with 10 uM
(0), 30 uM (0), 50 uM (L), 70 pM (O), and 100 uM (V) cumOOH. The dashed line
represents A/Ag = 1, indicating no change in parameter from the cell’s untreated state.
Ezxperimental uncertainty lies within the point size.

the incubation time appeared to be a mostly independent factor due to no apparent

large deviations between the later spectra.

Moduli were obtained from fitting the spectra (Figure 4.7, left) with Equation 2.17.
The normalised sample-average changes in both moduli are presented in Figure 4.8

as a function of diamide concentration. Error bars denote the standard error in the
mean of 6 (1 mM), 6 (3 mM), 6 (5 mM), 5 (7 mM) and 5 (10 mM) cells respectively.

Figure 4.8 supports the observation that after oxidative modification with diamide,
the elastic moduli of the cell were predominantly altered within the first 10 - 20
minutes of the experiment. After this initial change both moduli remained fairly
constant throughout the remainder of the experiment. This trend is present in the
results of each of the five concentrations of diamide used. The effect on the bending
modulus increased with increasing concentration of diamide, however there appeared
to be little concentration-dependent effect on the shear modulus, unless the concen-
tration was significantly large (10 mM). At this concentration, it became impossible
to extract the moduli during the fitting of the spectra, for time points greater than

30 minutes.
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Figure 4.7: Fluctuation spectra and radial displacement histograms for RBCs
treated with diamide. Spectra (left) and radial displacement histograms (right) are presen-
ted for cells treated with 1, 8, 5, 7, and 10 mM diamide (A to E). Measurements were made
pre-treatment (X) and at the following minutes post-treatment: 10 (O), 20 (0), 30 (A), 40
(O), 50 (M), 60 (¢), 70 (A) and 90 (@).
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Figure 4.8: Effect of diamide on the elastic moduli of the RBC. Change in bending
(left) and shear (right) moduli of the RBC, relative to the untreated cell, for cells treated with
1 mM (O), 3mM (0), 5 mM (A), 7mM (O), and 10 mM (V) diamide. The dashed line

represents a value of 1, indicating no change in parameter from the cell’s untreated state.
Standard error is given as the experimental uncertainty.

The radial fluctuation histograms and their normalised standard deviations (Figures
4.7, right, and 4.9 respectively) further demonstrated that the changes inflicted by
diamide occurred mostly within the first 10 minutes after treatment, after which
the rate of fluctuation dampening was greatly reduced. Comparing the normalised
standard deviations between diamide concentrations additionally suggested that the

degree of overall fluctuation dampening was largely concentration independent.

4.3.4 Chemical alteration with dimethyl sulphoxide

DMSO appeared to have a relatively small effect on the RBC fluctuation spec-
tra, which varied both by treatment concentration and individual mode response
as presented in Figure 4.10 (left). At 1 vol-% the lower modes of the spectra, cor-
responding to the shear modulus, exhibited a dampening after the DMSO treatment.
In contrast, the higher modes were slightly up-shifted, indicating a small decrease in
the bending modulus. For the 5 vol-% treatment, the lower modes appeared largely
unaffected but the higher modes exhibited a more pronounced up-shift. From the
presented spectra, the effect of the 10 vol-% treatment on the lower modes remained
unclear, but the higher modes demonstrated an initial up-shift before relaxing towards

the pre-treatment value over the course of the experiment.

The effect of DMSO on the mechanical properties of the cell is presented in Figure

4.11, where error bars denote the standard error in the mean of 7 cells (1 vol-%), 5
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Figure 4.9: Kinetics of the cell response to diamide treatment. Normalised cell
radial displacement standard deviation as a function of time for cells treated with 1 mM (O),
3mM (0), 5 mM (D), 7mM (O), and 10 mM (V) diamide. The dashed line represents
A/Ay = 1, indicating no change in parameter from the cell’s untreated state. Experimental
uncertainty lies within the point size.

cells (5 vol-%) and 6 cells (10 vol-%). This work has been partially published as part

of a collaborative project [96].

The most noticeable change in the bending modulus occurs within the first 10 minutes
post-treatment, regardless of DMSO concentration, as indicated by the initial sharp
change in k/kg. The 1 vol-% treatment resulted in a ~40% increase of the bend-
ing modulus, whereas the two larger concentrations caused a decrease with a weaker
effect seen for cells treated with 10 vol-% (approximately -30% and -20%, respect-
ively). The 1 vol-% treatment then remained constant at x/ko = 1.4 for the duration
of the experiment, whilst cells that underwent either the 5 or 10 vol-% treatment
displayed restorative behaviours over the course of the experiment. The restoration
of the samples treated with 10 vol-% DMSO was quicker than that of the samples
treated with 5 vol-%, reaching pre-treatment values within the time frame of the

experiment.

Changes in the shear modulus followed much the same trend as the bending modulus.
Here, p was strongly altered within the first 10 minutes post-treatment. Again, the
effect on the cells treated with 1 vol-% DMSO remained constant after this time, at
almost double the untreated value. However, cells with the 5 or 10 vol-% treatment

exhibited an initial decrease, followed by recovery towards the pre-treatment value

CHAPTER 4 81



4.3. Results

A 45 90
oy
80
50 F
§ ¥ ¥ 70
=
55 | i 2 60
= 3 50
%60 L] % §40
g r g
85 | l‘ 09_ 30
2 20
7O r "g 10
75 0
0.3 0.5 07 0.9 1.1 13 097 098 099 100 101 102 103
B 45 90
80
0T ¥ 70 |
LI B
55 | % » EBO .
== - |
% 4 © 50
80 8 240
g 2 ;:
65 | "Q 830
o
My | o
70 | X 0l
75 0 ‘e ’
0.3 05 07 0.9 11 13 097 098 099 100 101 102 103
C 45 90
ol 8 o F
55 | ﬁ& g 60 | 2
= < ,
== B0 |
260 § 2.0
g ;g 2
65 | ii S30
o
QQ 20
70 | 2 w0l
75 0 = A =
03 05 07 0.9 11 13 087 088 099 100 101 102 103

log(n)

Normalised radius

Figure 4.10: Fluctuation spectra and radial displacement histograms for RBCs
treated with DMSO. Spectra (left) and radial displacement histograms (right) are presented
for cells treated with 1, 5, and 10 vol-% DMSO (A to C). Measurements were made pre-
treatment (x) and at the following minutes post-treatment: 10 (O), 20 (), 30 (A), 50
(W), 70 (A) and 90 (@).
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at around 50 minutes. Interestingly, both moduli were affected to a similar degree

which was a trend not seen in the results of the oxidative modification study.

Since changes in the spectra of DMSO treated cells were relatively small, the radial
fluctuation histograms in Figure 4.10 (right) can provide a more sensitive measure-
ment to show how the overall fluctuations of the cells were affected. The change in the
normalised standard deviation (Figure 4.12) of the cell treated with 1 vol-% displayed
an initial steady decrease up to 40 minutes, followed by a short plateau, and then a
further decrease after 70 minutes. This demonstrates that the fluctuations were first
dampened at a steady rate which began to slow after 40 minutes. The converse is true
for the trend in both the 5 vol-% and 10 vol-% treatments. Albeit at differing rates,
both the cells treated with higher concentrations saw an initial increase in overall
fluctuations before a reduction towards the pre-treatment value, as mirrored in the

elastic moduli given in Figure 4.11.

4.4 Discussion

Chemical modification of the RBC membrane was achieved using HyOs, cumOOH,
diamide and DMSO. The effect of each chemical on the mechanical properties of
the RBC was investigated using TF'S. This method was chosen due to its ability to
simultaneously measure the bending and shear moduli of the cell, alongside being a
sensitive measure of overall cellular deformability through radial displacement ana-
lysis. From previous work in this area it was anticipated that the membrane structural
components and, hence, the elastic moduli could be selectively modified upon specific
oxidative treatment of the cell. Results are in agreement with this, demonstrating an
affinity of each of the treatments with a specific component of the RBC membrane.
Additionally, the DMSO treatment of RBCs and subsequent quantification of the ef-
fect on the mechanical properties of the cell, aids in furthering the understanding of

the molecular action of DMSO on the membrane.

4.4.1 Oxidative modification of the RBC mechanical properties

Hydrogen peroxide

The action of HyO5 on the red cell cytoskeleton is well documented in the literature.

As a water soluble molecule, H,O, will more readily incorporate itself in the cytoplasm
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Figure 4.11: Effect of DMSO on the elastic moduli of the RBC. Change in bending
(left) and shear (right) moduli of the RBC, relative to the untreated cell, for cells treated
with 1 vol-% (O), 5 vol-% (A), and 10 vol-% (O) DMSO. The dashed line represents a
value of 1, indicating no change in parameter from the cell’s untreated state. Standard error
1s grven as the experimental uncertainty.
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Figure 4.12: Kinetics of the cell response to DMSO treatment. Normalised cell
radial displacement standard deviation as a function of time for cells treated with 1 vol-
% (O), 5 vol-% (A), and 10 vol-% (O) DMSO. The dashed line represents AJ/Ay = 1,
indicating no change in parameter from the cell’s untreated state. Experimental uncertainty
lies within the point size.
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of the cell, rather than remain in the non-polar acyl chain region of the phospholipid
bilayer. The results presented in Figure 4.2 support this as, across all concentrations
of HyO, treatment, a larger effect was seen on the shear modulus, indicating that the
cytoplasm-facing cytoskeleton was affected more than the lipid bilayer. These results
are in good agreement with previous studies using HyOs to chemically stiffen the
membrane [59, 114, 115]. Yet most of these studies, with the exception of Hale et al.
[59], investigated the deformability of the cell as a whole, rather than attempting to
distinguish between the contribution of each structural component to overall cellular

mechanics.

The bending modulus remained largely unaffected by the HyO5 treatment up until the
more excessive concentrations of HoO, were used. The bending modulus accounts for
the lipid bilayer’s contribution to the mechanics of the membrane and therefore, these
results agree well with previous studies that have demonstrated lipid peroxidation
as not the main consequence of HyOy induced damage. Prior treatment of cells
with carbon monoxide (CO) [115, 116] or the antioxidant butylated hydroxytoluene
(BHT) [114] were used to demonstrate this. CO treatment negated any formation of
the lipid peroxide marker malonyldialdehyde, and the generation of fluorescent amino

immunopropene derivatives became obsolete after BHT treatment.

The results of Mendanha et al. [98] demonstrated that only HoO treatments exceed-
ing 300 uM caused significant lipid peroxidation, a trend that these experiments are
in agreement with. Using electron paramagnetic resonance spectroscopy to quantify
free sulthydryl (SH) groups at the membrane, Mendanha et al. demonstrated that the
membrane undergoes a concentration-mediated response to HoO, treatment. Below
300 uM the SH groups at the membrane increased, presumably due to the cross-
linking of haemoglobin to the spectrin cytoskeleton (see shear modulus discussion).
Above 300 uM, the number of free SH groups began to decrease, coupled with an
increase in thiobarbituric acid reactive species production and cell haemolysis. The
resulting hypothesis was that haemolysis must be a consequence of lipid peroxidation
and therefore, so too must be the reduction in SH groups. This could well explain
the concentration-dependent changes observed in the bending modulus, presented in

Figure 4.2.

The mostly concomitant effect of HyO, treatment on the cytoskeleton of the cell is
well documented in the literature with the primary oxidative target of HoOy being
haemoglobin. The results presented in Figures 4.1 and 4.2 are in agreement with

this, revealing that HyO5 had a significant effect on the shear modulus of the red cell,
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where even at the lowest concentration a 50% increase in shear modulus was observed.
Upon treatment with HyOs, the haemoglobin will rapidly oxidise giving rise to highly
volatile ferryl and/or hydroxyl radicals [117]. These radicals react with anything in
their near vicinity, making haemoglobin not only a source of radical formation but
also a primary target of radical action. Once oxidised, the damaged haemoglobin
has been shown to form cross-linked complexes with the spectrin filaments of the
cytoskeleton [118]. This decreases RBC deformability [119] and thus increases the

shear elastic modulus of the RBC membrane.

Cumene hydroperoxide

CumOOH has previously been reported to cause stiffening of the membrane [59, 113],

therefore the results presented in Figure 4.5 are of no surprise.

Most of the literature focuses on the oxidative target of cumOOH as the membrane
phospholipids, due to the peroxide’s water-immiscible nature and therefore affinity
for the enclosed non-polar region created by the acyl chains of the bilayer lipids [99,
117, 120]. The observed increase in bending modulus could result from the oxidation
of the polyunsaturated lipid tails, which are cleaved at the double bond [121] with
only a single bond remaining. This would reduce the area per molecule required and
therefore, could lead to an increase in lipid packing density. This has been verified
by loss of membrane area, in terms of radius shrinkage, by both Hale et al. [59] and
Jewell et al. [122].

The presented results also detailed a significant effect on the shear modulus of the
membrane and therefore, since the shear modulus is dominated by the cytoskeleton,
oxidation is not limited to the bilayer alone. Van den Berg et al. described the kinetics
of cumOOH treatment as a slow membrane-mediated release of the peroxide into the
cytosol [117]; i.e. a small fraction of cumOOH is miscible in the aqueous cytosol
[123]. Once in the cytosol, cumOOH can readily oxidise haemoglobin closest to the
membrane region, forming met-haemoglobin and inducing spectrin — haemoglobin
cross-linking. As a result, the cytoskeleton is damaged in a manner similar to that
induced by H50Os.
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Diamide

With both the bending and shear moduli having increased over the range of diamide
concentrations used, these results are in good agreement with previous literature that
suggests diamide decreases deformability of the cell [112, 113, 124-127|. Sinha et al.
[113] demonstrated that diamide treatments above 3 mM could lead to an altered
cell morphology, similar to results observed in a small number of experiments here.
Any cells displaying such echinocytic behaviour post-treatment were removed from
further analysis, preventing the inclusion of inaccurate readings since TFS cannot be

used to analyse this morphology.

In a short summary of past literature, Forsyth et al. [128] noted discrepancies in the
reporting of the effect of diamide on the mechanical properties of the cell, suggesting
the result would be method dependent. Methods that resembled more in vivo dynam-
ics reported no reduction in deformation with respect to diamide treatment, however,
these methods relied heavily on large-scale deformations of the cell, unlike TF'S which
relies on small deformations of the membrane. It must further be noted that these
papers only make up a small fraction of the literature and the widely accepted theory

is that diamide is a stiffening agent.

Phospholipid peroxidation induced by diamide has been demonstrated by Power et
al. [129], in an attempt to assess if GSH protected mammalian cells against peroxid-
ative damage. Power et al. treated cells with diamide, thought to oxidise the GSH,
but their method proved unsuccessful when they observed direct lipid peroxidation
at concentrations marginally above those required to fully oxidise GSH. Further, the
reorganisation of skeletal proteins (reduced mesh size of the cytoskeleton has been
shown by Sinha et al. [113]) could inevitably lead to a disruption of lipid order on
the inner leaflet of the bilayer and thus, affect the bending modulus of the mem-
brane. Incidentally, this is also the cause of echinocytes, already known to form upon
treatment with the larger diamide concentrations. Since the bilayer is in such close
proximity to the spectrin network, particularly that the two structures are coupled
together, it is not a surprise that a change in the spectrin network could modify the

bending modulus as demonstrated by the results presented in Figure 4.8.

It is well documented that the action of diamide is primarily on the spectrin network
of the cell. More specifically, cysteine is an amino acid of the spectrin protein and
diamide has been shown to have a specific affinity for oxidising its sulfhydryl group

[100]. This creates a disulphide bond between the thiol groups, leading to cross-linking
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between spectrin filaments [126]. It has also been shown that average spectrin length
and mesh size decrease under diamide treatment [113], further supporting the idea of
spectrin cross-linking. With this in mind, it is not surprising that diamide has been
shown to alter the morphology of cells. The results presented here suggest that this
cross-linking action leads to a marked reduction in RBC cytoskeleton deformability.
This effect is in agreement with Engelhardt et al. [35], who observed an 8-fold increase

in the shear modulus after diamide treatment at a concentration of 1 mM.

4.4.2 Effect of dimethyl sulphoxide on the mechanical properties of the RBC

membrane

The chemical properties of DMSO have led to its many uses in pharmacological
and biochemical fields. However, the mechanisms of action of DMSO remain poorly
understood and in many cases left only to theory. This highlights the importance
of obtaining a better understanding of this amphiphilic molecule via experimental

approaches.

The data presented in Figure 4.11 agrees well with literature that suggests higher
concentrations of DMSO lead to a reduced bending modulus [86, 112|. However, the
bending modulus increasing with low concentrations of DMSO has not been previously
reported, to our knowledge. The shear modulus is relatively under reported in the
literature, most likely because the primary target of DMSO is thought to be the

phospholipid bilayer with no contribution to the shear modulus.

The increase in bending modulus of the cells treated with 1 vol-% has not previ-
ously been seen. This phenomenon could be a result of DMSO reducing the bilayer
thickness and increasing phospholipid packing, as reported in molecular dynamics
simulations for bilayer systems treated with low concentrations of DMSO [87]. At
greater concentrations, a larger number of DMSO molecules will be incorporated into
the bilayer, thought to reside just below the lipid head groups. When positioned here,
DMSO would act as a spacer molecule increasing the average area per molecule of
each lipid and decreasing the resistance of the bilayer to bending deformations [86].
It is as expected that we observe the bending modulus decrease for 5 and 10 vol-%

treatments.

Whilst there is little in the literature to explain how DMSO would modify the cyto-

skeleton of the cell and hence, the shear modulus, it is not surprising that there are
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small alterations in these experiments. DMSO causes structural changes to the phos-
pholipid bilayer which could lead to the dissolution of lipids from, followed by form-
ation of transient pores across, the membrane [87]. With the cytoskeleton coupled
to the bilayer it could be speculated that in these instances, the spectrin filament
arrangement may also undergo a perturbation or local decoupling from the bilayer
and, hence, alter the shear modulus of the system. This idea is supported as the
concentration dependent effect of DMSO on the shear modulus of the cell follows

that of the bending modulus.

These results provide experimental evidence of the impact of DMSO on the elastic
moduli of the cell membrane and hence, help elucidate the effect of DMSO on the
structural components of the RBC membrane. It is evident that DMSO only has
a weak effect on the membrane and that recovery after treatment is possible. Both
of these findings go some way to justify the many uses of DMSO, especially as a
cryoprotectant, without causing major or long lasting cellular damage in terms of

membrane mechanical properties.

4.5 Conclusions

This chapter presented an investigation into the individual contribution of the struc-
tural components of the RBC to overall cell mechanics. Obtained through TF'S, the
bending and shear moduli were compared between healthy cells and the same cells

treated with various chemical modifiers at a range of concentrations.

Through a large modification of the shear modulus after treatment, the results confirm
that HyOs has an affinity for oxidising haemoglobin, in turn causing cross-linking
with the spectrin cytoskeleton. The bending modulus was only significantly modified
upon treatment with the highest concentrations, further supporting that the lipid
bilayer is not the primary target of HyO, oxidisation. Under cumOOH treatment
both moduli were increased, consistent with observations that cumOOH targets the
lipid bilayer but can also leak into the cytosol where it will affect the cytoskeleton. The
degradation of the mechanical properties of the cellular membrane under treatment
with cumOOH was observed to be quicker than when treated with HyO4, even at
smaller concentrations. This could have a 3-fold explanation: cumOOH targets more
components of the cell, HoO, must first access the cytosol whereas cumOOH is readily
incorporated into the bilayer and/or the immiscible nature of cumOOH may have led

to higher local concentrations of cumOOQOH.
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Diamide was demonstrated to target both the lipid bilayer and the cytoskeleton in
a oxidative manner, adding to similar conclusions found in the available literature
focusing on RBC treatment with diamide. A direct comparison between diamide and
the other chemical treatments should be cautious, owing to the significantly higher
range of diamide concentrations. However, it is worth noting that the maximum
concentration of HyOo (500 uM) was twenty times smaller than the maximum con-
centration of diamide (10 mM), but had a similar effect on the shear modulus. This

suggests that the oxidative action of HyO5 is much more effective than diamide.

DMSO differs from the previous three chemical treatments as it is not typically con-
sidered an oxidative agent. Previously lacking experimental reasoning, these results
aid in the explanation and justification of the pharmacological and biochemical uses
of DMSO. Of significant importance, it has been demonstrated here that the mech-
anical properties of the membrane are able to recover from insult with physiologically

relevant concentrations of DMSO.
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5 Mechanically stimulated ATP release from the
RBC

5.1 Introduction

The RBC is in the unique position to be able to monitor and feedback local blood flow
and oxygen (O3) content as a result of navigating the complete circulatory system.
In support of this, the ability of the RBC to release adenosine triphosphate (ATP) in
response to physiological stimuli and, in turn, the ability of ATP to elicit a vascular

response that results in an altered blood flow, has been demonstrated [36-39, 130].

However, the highly efficient adaptation of the RBC to contain large quantities of
haemoglobin comes at the cost of the ATP producing organelle, mitochondria. Since
ATP is a vital currency in many cellular processes, not just as a signalling molecule,
the RBC must be able to synthesise it by other anaerobic means. Glycolysis is the
metabolic process by which glucose is anaerobically converted to pyruvate or lactate
in RBCs. The Embden-Meyerhof pathway details how a net gain of two moles of
ATP are produced for every mole of glucose converted through the glycolysis process
[131]. Recent measurements of intracellular ATP suggest RBCs can contain as much
as 3.50 + 0.09 mM ATP [132].

5.1.1 Stimuli and signalling pathways

ATP release from the RBC has been demonstrated as a consequence of several
physiological stimuli, including low O, [37], acidosis [36], haemolytic index [38], and
mechanical stimulation. For the latter, Sprague et al. [39] was first to demonstrate
the ability of human RBCs to release ATP in response to mechanical stimulation in
the form of a deformation, by passing RBCs through filter paper with a similar pore
size to that of the RBC diameter.

Whilst there is agreement within the literature that the human RBC is a source

of ATP, much debate remains around the mechanism by which ATP is transported
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across the cell membrane to the extracellular space. Provided explanations are only
supported in the event of one or two stimuli, suggesting that transport could be a
stimuli-dependent pathway. Due to the inability of the RBC membrane to vesiculate,
proposed methods focus on channel or transporter pathways, as shown in Figure
5.1.
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Pump

Channel

mediated \T/ S

ATP

ATP ransporter
ATP < — — Release \w ATP

hemichannel

low O, / ) mechanical
acidosis haemolytic
index

Figure 5.1: Proposed pathways for stimulated ATP release from the RBC. Schem-
atic detailing the stimuli and proposed non-lytic and non-vesicular pathways for ATP release
from the RBC. Pathways include both transporter and channel mediated suggestions, with the
CFTR protein being favourably implicated in mechanically stimulated ATP release. Adapted
from [133].

In the case of mechanically stimulated ATP release, the cystic fibrosis transmembrane
conductance regulator (CFTR) protein is thought to be a principal component of the
signalling pathway. It has been observed that extracellular ATP above basal level
is negated when CFTR activity is inhibited by both sulfonylurea glibenclamide and
genetic abnormalities (such as in the RBCs of cystic fibrosis patients) [44]. The
work of Braunstein et al. [134] suggested that CFTR was not the primary exit
channel for ATP, instead its role is to regulate the release of ATP through another
channel. Further, Forsyth et al. [61] proposed this channel to be the pannexin 1
hemichannel that has also been implicated in mechanically stimulated ATP release
from the RBC.

In support of a secretion pathway involving CFTR, Gov and Safran [135] hypothesised

that deformation of the cell disassociates the spectrin network from actin filaments
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within the membrane. This would free actin binding sites for attachment to, and
hence activation of, the CFTR protein. Experimental support of this theory was
delivered by Wan et al. [127] who demonstrated two separate time frames, activation
and release, in the context of mechanically stimulated ATP release. The activation
time-frame, ~ 3 - 6 ms, corresponded to the reorganisation of spectrin and exposure of
actin sites for CFTR binding. Whilst the release time frame, ~ 25 - 75 ms, correlated
well with the time required for CFTR to diffuse towards and bind with the actin, ~
30 - 70 ms.

5.1.2 Vasodilatory effect of ATP release

The ability of the RBC to release ATP is important due to the vasodilatory effect
of ATP. Vasodilation occurs after ATP concentration in the extracellular space has
increased. Extracellular ATP is free to bind with P2Y receptors that line the en-
dothelial cells. These receptors are a subclass of purinergic ion channels, specifically
the class of P2 receptors that are activated by ATP and ADP [136]. Upon activation
the receptors will regulate ion exchange and transmembrane potentials and in the
case of activation by ATP, stimulate the release of nitric oxide (NO) [130].

NO is a potent and well known vasodilator, responsible for the activation of soluble
guanylate cyclase (sGC) [137, 138] within smooth muscle cells (SMC). It is this activ-
ation that initiates the SMC relaxation response and hence, conducted dilation of the
blood vessel. Interestingly, it appears that NO also serves as a regulatory feedback

mechanism for extracellular ATP concentration [40].

5.1.3 Regulating local blood flow

Able to release ATP upon stimulation and the subsequent role of ATP in vasodilation,
places the RBC as a prime candidate in the discussion of a mechanism to regulate local
control of blood flow in the microcirculation. At this level of the circulatory system
blood flow is not stable, but much more dynamic, matching supply to constantly

changing O, need.

Indeed in 1914, Barcroft [139] hypothesised that there must be such a mechanism by
which a "call for oxygen elicits a response". In early research on this topic, Krogh
[140] theorised that the response must include an increase in the diffusion surface

which occurs by increasing the capillary density in skeletal muscle. However, his
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work was unable to elucidate the mechanism by which such a response would have
been mediated and was later proved inaccurate, as resting skeletal muscle was shown

not to contain any such reserve of unused capillaries [141].

The RBC was first implicated as a vital component of this proposed control mech-
anism by Stein and Ellsworth [142|. Their research demonstrated that blood supply
was more influenced by O, content of the blood - specifically, of the RBC - than the
diffusion of Oy into surrounding tissue (O tension). This result lead to a move away
from the notion that the RBC simply be a passive Oy carrier. The aforementioned
stimulated ATP release from RBCs further supports the theory that the RBC can

regulate local blood flow.

Disease states

Abnormalities in any regulatory system can be expected to arise in diseased states. In
the specific case of the RBC acting as a local blood flow mediator, diseases which are
known to impact the circulatory system are of particular interest. An understanding
of the changes that occur within the RBC in these diseased states, and the impact the
changes have on the ability of the RBC to release ATP, would have major physiolo-
gical consequences that could lead to improved therapeutic approaches to alleviate

symptoms. The following diseases are discussed in detail in Section 1.4.

RBCs from both diabetic (type 2) and cystic fibrosis (CF) patients have been as-
sociated with reduced ability to release ATP, although circumstances vary between
the two. Many of the secondary complications in diabetic patients are a result of
impaired microvascular function as RBCs become glycated and oxidised. Not only
does this impact the mechanical properties of the cells (see Chapter 4), but parallel
to this diabetic RBCs exhibit a marked decrease in their ability to release ATP after

mechanical stimulation [43].

CF patients lack a functional cystic fibrosis transmembrane conductance regulator
(CFTR) protein, which usually resides in the RBC plasma membrane. When subjec-
ted to mechanical deformation, RBCs from CF patients have been shown to release
less ATP than healthy control RBCs [44]|. However, in contrast to the RBCs of dia-
betic patients the deformability of the human CF RBC was unchanged. This lead
to the conclusion that the CFTR protein is likely to be involved in the signalling

pathway for ATP release via mechanical stimulation.
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5.1.4 Membrane structural integrity after dimethyl sulphoxide insult

Measuring extracellular ATP concentration also provides a novel way to investigate
the integrity of the membrane upon insult with physiological concentrations of DMSO.
Many of the biological and pharmacological uses of DMSO, described in detail in
Section 3.1.3, are accepted with little experimental justification. The use of DMSO
in enhancing solute penetration, cellular fusion or differentiation, or as a protectant
alludes to the exploitation of structural disruption to the cellular membrane. DMSO
is used in a wide range of concentrations, from as low as 2 vol-% [80] in the case of

cellular differentiation, up to > 60% when used as a penetration enhancer |79)].

So far, the most compelling experimental arguments in support of membrane dis-
ruption have come from molecular dynamics simulations. Pore formation as a result
of DMSO treatment to DPPC bilayers has been demonstrated by both Notman et
al. [86] and Gurtovenko and Anwar [87]. The former study suggested that pore
formation, mirrored by an increase in membrane flexibility, would facilitate the per-
meability of the membrane to larger and/or charged molecules. Therefore providing
justification for the use of DMSO as a penetration enhancer. The later study sug-
gested DMSO action occurs across three concentration dependent modes (for detail
see Section 3.1.3): firstly through decreasing bilayer thickness, secondly by inducing
membrane pore formation and finally by destroying the membrane structural integrity
completely. Moreover, increased secretion after DMSO treatment has been demon-
strated experimentally, as in the case of neurotransmitters released from cells treated
with low (< 1%) concentrations of DMSO [143].

In the present work, the use of a luciferin-based assay to determine extracellular ATP
concentration helps elucidate the effect of DMSO on cell membranes. In a comparison
between non-treated and DMSO-treated blood samples, any increase in extracellular
ATP after treatment would allude to cellular leakage and potential disruption of the

membrane.

5.1.5 Chapter outline

This chapter details the effect(s) of different oxidising agents on the ability of the
RBC to release ATP after mechanical stimulation. Since the membrane elasticity
governs how well a cell can respond to external mechanical deformation, it becomes

a vital area of investigation. By using the oxidising agents to selectively alter the
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membrane structural components and hence, their associated elastic moduli (as out-
lined in chapter 4), the contribution of each elastic parameter in the mechanically
stimulated ATP release can be probed. The discussion elucidates any relationship
between specifically altered mechanical properties of the cell and ATP release, but
also demonstrates that the essence of this proposed flow control mechanism may be
much more complex. Secondly, RBCs were incubated with DMSO to establish if the
structural integrity of the cell membrane was compromised by DMSO, a problem not

previously addressed in full detail.

5.2 Experimental methods

For the experiments presented in this chapter, the methodology has been outlined in
full in Chapter 2. The following section details more specific steps taken in the case

of each chemical treatment.

5.2.1 Chemical treatment preparation
Oxidants

Blood samples were aliquoted into 1 mL vials for treatment and measurement pur-
poses. For the oxidising chemicals (hydrogen peroxide (HyO5), cumene hydroperoxide
(cumOOH), and diamide) stock solutions were first diluted to an intermediate con-
centration in a PBS/BSA buffer. This ensured that samples were not excessively
diluted, so as not to affect the viscosity and therefore the applied shear stress during

the shearing process.

An intermediate concentration, ¢; = 19.56 mM, of H,O, (Fisher Bioreagents, Belgium)
was prepared the morning of the experiment, from which the 1 mL blood aliquots
could be diluted to the desired concentration (100 - 500 uM) with a volume not

exceeding 25.55 ul.. Samples were incubated for 30 minutes before measurement.

The intermediate concentration of cumOOH (Sigma-Aldrich, USA) was 2 mM, pre-
pared the day before the experiment. From this, the individual 1 mL blood samples
could be diluted to between 10 - 100 uL. with a volume not exceeding 50 nL. Samples
were incubated for 20 minutes before measurement. The reduced incubation time
for cumOOH treatment was a direct result of observation within the fluctuation ex-

periments. The results obtained from TFS indicated cumOOH had a much faster
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mechanism of action on the cell. Therefore the incubation time was reduced accord-

ingly to avoid excessively damaged cells introducing anomalies into the data.

Stock diamide (Sigma-Aldrich, USA) was diluted to 0.2 M and prepared the day
before the experiment. Blood samples were then diluted with a volume up to 50 uL,

creating concentrations in the range 1 - 10 mM, 30 minutes before measurement.

Dimethyl sulphoxide

Since samples treated with dimethyl sulphoxide (DMSO; >98%, Sigma-Aldrich, USA)
were only measured pre-shear, the sample viscosity became an obsolete parameter.
Therefore, blood was diluted directly with stock DMSO in 1 mL vials. Treatment
concentrations ranged from 1 - 10 vol-%, where the maximum addition of DMSO to
the sample was still only 100 uL. Samples were incubated with DMSO for 30 minutes

before measurement.

5.2.2 Effect of chemicals on assay

Two methods were used to establish if any of the four chemicals impacted the luciferin-
based assay, used to determine sample ATP concentration. In the first method (M1),
an ATP calibration curve was measured using pure ATP standards and those doped
with an intermediate concentration of each chemical. This method, used for H,O, and
DMSO, tested both the effect of the chemicals on the assay and their interaction with
ATP. The second method (M2) compared buffer background measurements (a small
concentration of ATP was present in the buffer) to that of the same buffer diluted
with an intermediate concentration of the chemical. In this case, it was assumed that
any discrepancy between the results would be due to the chemical affecting the assay.
This method was used for cumOOH and diamide.

Results of these tests are shown in Figure 5.2. Comparison using M1 are displayed on
the left and comparisons made using M2 are displayed on the right, in both cases error
bars denote the standard deviation. All comparisons were further subjected to a T-
test with confidence level of p = 0.05. All samples returned statistically insignificant
differences, except the comparison between the ATP sample at ¢(ATP) = 1071 M
and that treated with both HyOy and DMSO (made using M1).

The significant T-test result for comparisons based on the c(ATP) = 107! M standard

could be influenced by inaccuracies in the dilution series used. The provided ATP
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standard of ¢(ATP) = 107" M was 4-fold diluted to obtain this concentration, whereas
the ¢(ATP) = 10~® M standard was only diluted once and therefore should be more
accurate. At this concentration, the test provided an insignificant T-test result for
both chemicals. Further, no experimental values were as low as 107! M. These
results, particularly for diamide, are supported by several publications that report no

affect from diamide on the luciferin-based assay [144, 145].

8.0 30.0
300 uM H,0, u Buffer
BATP standard 25.0 | . -
: Buffer and chemical

6.0 u 5 vol-% DMSO
—~ 20.0 r
=)
4
=4.0 2150 |
g; 14
= 100 | !

2.0

50
0.0 0.0
-8.0 -10.0 50 yM cumOOH 5 mM diamide

logse(c)

Figure 5.2: Effect of chemical treatments on the luciferin-based assay. The ef-
fect of each chemical on the chemiluminescent assay used to measure ATP concentration is
presented here. Method 1 (M1, left) was used to check HzOz and DMSO treatment, whilst
method 2 (M2, right) was used to check cumOOH and diamide treatment. Further T-tests
revealed that treatments caused no significant differences of concern.

5.3 Results

5.3.1 Oxidative modification using hydrogen peroxide

The effect of HyO5 on ATP release from RBCs subjected to a physiological shear stress
for 30 seconds is presented in Figure 5.3, where error bars denote the standard error.
As with many of the results presented in this chapter, the size of the error bars suggests
a large variability in the measurements. Although several repeat measurements were
taken to account for this, the variability was to be expected as has been reported in
several previous studies, both between samples from different individuals and between

samples from the same individual taken on different days [144, 145].

The untreated sample, ¢(H202) = 0, released 0.55 £ 0.21 nM of ATP. Whilst there
could be a slight trend towards increased ATP release after treatment with H,Os,

overall there were no large differences when compared to the untreated sample.
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Figure 5.3: Effect of H2O2 on mechanically stimulated ATP release. Error bars
denote the standard error. Due to large uncertainty within the results, HpOg treatment
appeared to have little effect on mechanically stimulated ATP release from the RBCS.

5.3.2 Oxidative modification using cumene hydroperoxide

Figure 5.4 details the change in extracellular ATP concentration, as a result of the
increased mechanical stress during shearing, in samples treated with various concen-
trations of cumOOH. Error bars denote the standard error. The data from Sample
1 produced large uncertainty masking any trends that could potentially be present,
this indicated the need for a repeat measurement. Sample 2 data produced much
smaller uncertainties. Here, the untreated sample released 1.84 + 0.62 nM of ATP,
with a similar amount also released when the concentration of cumOOH was initially
increased to 10 uM. Whilst blood treated with higher concentrations of cumOOH ap-
peared to release less ATP, there was still no significant difference with the untreated

sample.

5.3.3 Oxidative modification using diamide

The change in extracellular ATP concentration, as a result of increased mechanical
stress during the shearing process, in samples treated with various concentrations of
diamide is shown in Figure 5.5. Error bars denote the standard error. The untreated

sample released 4.57 £ 0.78 nM of ATP during the shearing process. Increasing
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Figure 5.4: Effect of cumOOH on mechanically stimulated ATP release. Two
samples are presented, sample 1 (O) and sample 2 (x), with the error bars denoting the
standard error. Whilst the experimental uncertainty obtained from sample 2 was smaller
than that of sample 1, there were still no significant differences in mechanically stimulated
ATP release after the blood was treated with cumQOOH.

the concentration of diamide reduced the amount of shear-induced ATP release by a

significant amount, to around 0.5 nM.

Of note with these results is the larger ATP release for the c(diamide) = 0 mM
sample, when compared to that from the experiments involving the other two oxidising
treatments. It could be interpreted that this would provide a “false-positive” as to
the effect of diamide on ATP release, however this isn’t believed to be the case. The
sample clearly contains a larger than average background or reserve of ATP, which
could result from a change in the physiological state of the donor, or an unaccounted
for event during sample preparation. However, this would have equally affected all
samples in the experiment, since all samples were aliquoted from the same blood
sample into buffer aliquoted from the same stock solution. In this case the error
introduced would be systematic, indicating that the trend - reduced ATP release

after diamide treatment - is still significant.

5.3.4 Chemical modification with dimethyl sulphoxide

Figure 5.6 details the ATP released from each sample after incubation with DMSO,

where error bars denote one standard deviation. These results indicate that even
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Figure 5.5: Effect of diamide on mechanically stimulated ATP release. Error bars
denote the standard error. Diamide treatment appeared to significantly impact the ability of
the RBC to release ATP upon mechanical stimulation.

after incubation with the smallest concentration of DMSO, 1 vol-%, the membrane
was rendered significantly permeable to ATP, followed by a DMSO dependent increase
in ATP leakage. A plateau in extracellular ATP concentration was reached around
the 5 vol-% treatment, at ¢(ATP) ~ 400 nM.

5.4 Discussion

Using a microfluidic approach to measure ATP release from RBCs as a result of
mechanical stimulation has proven successful in previous studies investigating the
dynamics of shear-induced ATP release from RBCs [127]. The method allows for
easy and precise control over the duration and magnitude of increased mechanical
stress that the sample was subjected to, as well as ease of measurement using the
luciferin based assay. Preliminary experiments with pure blood samples justified
the use of 1 %-Htc blood samples and further, the different chemical treatments were
shown not to affect the assay. It was anticipated that the selective altering of the RBC
membrane structural components with each of the oxidative chemicals would provide
a clear link between targeted altered deformability and ATP release. However, the
results obtained appear to demonstrate a much more complex cell response involving

not just the structural components.
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Figure 5.6: DMSO-induced ATP leakage from the RBC. Error bars denote one
standard deviation. Upon insult with DMSO, even at the lowest of concentrations, the RBC
membrane becomes significantly permeable to ATP. A plateau in A c¢(ATP) was reached
around the 5 vol-% DMSO treatment.

5.4.1 Comparison to changes in mechanical properties

Hydrogen peroxide

The TFS measurements demonstrated that HyOo, predominantly and significantly
increased the shear modulus, with only a slight increase in the bending modulus
observable at higher concentrations. Taken alongside the results presented in this
chapter, this suggests that artificially stiffening the cytoskeleton with HyO5 does not
lead to suppression of mechanically stimulated ATP release from the RBC. This res-
ult seemingly contradicts the hypothesis that an increased shear modulus leads to
reduced ATP release, as can be extrapolated from the individual works on diabetic
RBCs to assess their mechanical properties [26] and ability to release ATP [43]. The
results of the study presented here suggest that the target of HyO5 oxidation, namely
the haemoglobin and its oxidised form’s subsequent binding to and stiffening of the
spectrin cytoskeleton, does not negatively disrupt the signalling pathway between the
mechanical stimuli and release of ATP. Instead, the binding of the oxidised haemo-
globin to the spectrin must occur in such a way that does not impact the pathway,
suggesting another modification within diabetic cells (perhaps oxidation of GSH) to

be responsible for the decrease in ATP release.
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Cumene hydroperoxide

CumOOH affects both of the elastic moduli in a step-like manner. There is very little
effect on the cell’s mechanical properties if cumOQOH treatment is less concentrated,
which provides some explanation for the similar concentration of ATP released for
the untreated and 10 pM samples (figure 5.4). For the more concentrated treatments
which are known to increase the bending and shear moduli, there appeared a corres-
ponding reduction in ATP release although large experimental uncertainty renders
this insignificant. Taken alongside the results from HyO5 treatment in which no ef-
fect on the ATP release was observed, this finding suggests that when considering the
mechanisms of mechanically stimulated ATP release, the importance of a cell having
an unperturbed bending modulus may dominate the need for a physiological shear

modulus.

Diamide

Treatment with diamide further supports the idea that the bending modulus is the
more influential factor in determining deformation induced ATP release from RBCs.
Whilst the shear modulus is significantly altered, as in the case of HyOy or cumOOH
treatments, diamide induces a comparatively large increase in the bending modulus
and is mirrored by a large, concentration dependent decrease in ATP release after
mechanical stimulation. It would appear that the cross-linking of transmembrane
integral proteins contributes greatly to the increased bending modulus and decreased

ATP release after mechanical stimulation.

Summary

To provide a visual overview of ATP release in comparison to the change in RBC
mechanical properties, the data from both the TFS and ATP studies have been
presented in Figure 5.7 for all three oxidative treatments. For all three parameters, the
values presented are relative to the values obtained from measurements of untreated
blood samples in both the TFS and ATP release experiments. Where data is red in
colour, this indicates that more ATP has been released upon mechanical stimulation;
whereas blue data indicates the opposite, that less ATP has been released. The
grouping of darker points to the high end of the x/k¢ and /g scales indicates that

increasing the elastic parameters of the cell has some effect on the amount of ATP
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release stimulated by mechanical stress. However, the large spread within the data

suggests that this effect could be far more complicated than anticipated.
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Figure 5.7: Comparison of mechanically stimulated ATP release and change in
elastic moduli. Change in ATP release is presented as a function of both elastic parameters
(bending, k, and shear, p) of the RBC membrane. Values presented are the change in
parameter relative to the untreated blood sample, i.e. a value of 1 indicates no change.

5.4.2 Effect of oxidisation

Examining the results in a stand-alone capacity, away from simultaneous changes
in mechanical properties, demonstrates a much more complex idea. If instead the
targeted sites of oxidisation and the role these play in the proposed signalling path-
way (between stimulation and release of ATP) are scrutinised, a much more detailed

explanation is obtained.
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Hydrogen peroxide

ATP released upon mechanical stimulation appears largely independent from concen-
tration of HyOy. The oxidisation of haemoglobin produces irreversible hemichromes
(iIHCRs) which initiate a more complex attack on membrane proteins, resulting in
the destabilisation of the spectrin - protein 4.1 - actin complex [146]. These results
(Figure 5.3) suggest that with actin then disassociated from the main spectrin cyto-
skeleton, it is more readily available to bind with the CFTR protein. As outlined in
Section 5.1.1, this would activate the mechanotransductive pathway for ATP release
from the RBC and as a result, the ATP released upon mechanical deformation of the
cell remained largely unaffected after HoO, treatment in the experiment presented

here.

Cumene hydroperoxide

In contrast, CumOOH appears to have a weak effect on the mechanically stimulated
release of ATP from RBCs, reducing sample ATP at concentrations of cumOOH
above 10 uM. This reduction may not be significant because the effect of oxidation
on the lipid bilayer and cytoskeleton are combative in nature, with one cancelling out
the other. For example, if the haemoglobin is collaterally damaged during cumOOH
oxidation of the cell it will bind to spectrin which, in turn, exposes more actin to
the CFTR protein as observed in treatment with HyO,. Counter productively, the
oxidative effect of cumOOH on the membrane phospholipids would increase the lipid
packing, thus reducing membrane fluidity [147| and increasing protein lateral diffusion
time [148]. This indicates that the CFTR protein will not be as readily able to diffuse
towards and thus bind with exposed actin filaments to stimulate the ATP signalling
pathway. This results in the decreased ATP release upon mechanical stimulation.
Since cumOOH treatment results in a slight decrease in ATP release overall, this is
further suggestive that oxidisation targeting the lipid bilayer has a greater effect than

oxidisation of the cytoskeleton on deformation-induced ATP release from RBCs.

Diamide

The effect of diamide treatment on ATP release has been documented in the liter-
ature, where diamide is usually the artificial stiffening agent of choice to investigate
mechanically stimulated ATP release. It has been used by Price et al. [144, 145] and
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Wan et al. [127], all demonstrating a reduced ability of RBCs to release ATP upon

mechanical deformation after treatment with diamide.

Diamide is known to directly affect cytoskeletal spectrin and reduce spectrin - actin
binding mediated by protein 4.1 [100]. However, if this were the only effect it would
be assumed that the system would respond in a similar manner to when treated with
H50s; the ATP release would remain unchanged or trend towards an increase after
treatment, as more actin becomes available to bind with CFTR. With a significant
reduction in ATP release apparent after diamide treatment, it is likely that other
structural components of the membrane have also been targeted. More specifically,
diamide has an affinity for the thiol groups of the cysteine amino acid. Therefore it
must be considered which other membrane proteins contain potentially susceptible

cysteines in their amino acid sequences.

Spangenberg et al. [149] demonstrated that upon treatment with diamide, platelet
actin undergoes oxidation resulting in the formation of disulphide cross-linking. Fur-
ther, it is known that the cytoskeletons of sickle cells are markedly less deformable
than healthy cytoskeletons, and that disulphide cross-linking of cysteines within the
actin filaments is a contributing factor of this [150]. Disulphide cross-linking of actin
is supported in several further studies [151, 152]. This suggests that the direct ox-
idisation of actin by diamide reduces its ability to bind with the CFTR protein and
initiate the ATP release signalling pathway.

It is further known that diamide induces oxidisation of glutathione (GSH) [129] ini-
tiating formation of a disulphide bond between GSH and a cysteine on CFTR, [153],
and that these bridges significantly impair the functionality of CF'TR. Not only would
this inhibit the binding of actin and CFTR, but GSH is a known antioxidant that
removes lipid peroxides [110]. The oxidisation of GSH would therefore leave bilayer
lipids open to such an attack as described in the case of cumOOH peroxidation. In
support of this, the oxidation of GSH has previously been linked to reduced ATP
release from diabetic RBCs and healthy RBCs treated with diamide [154]. The fact
that the diffusion time of CFTR remains relatively unaffected under diamide treat-
ment [35, 127| suggests that the cross-linking of CFTR has more of an effect on ATP
release than the direct oxidation of bilayer lipids. Not only does this provide an ex-
planation as to the majorly reduced ATP release shown in Figure 5.5, but also could

also explain why diamide has a much larger effect than cumOOH.

The bond between actin and CFTR could further be inhibited by membrane shape

changes induced by diamide treatment. As previously mentioned in Chapter 4, Sinha
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et al. [113] demonstrated the echinocytic nature of cells after being treated with
high concentrations of diamide. This morphology could increase the lateral diffusion
distance between CFTR and the nearest actin molecule. In turn, this would lead to
local disassociation between the cytoskeleton and bilayer and remove the ability of
CFTR to bind with actin altogether.

5.4.3 Permeability enhancing dimethyl sulphoxide

The permeability enhancing property of DMSO has been expounded through quanti-
fying the extracellular ATP before and after treatment with DMSO at varying concen-
trations, presented here. The results demonstrate that the RBC membrane becomes
significantly permeable to ATP upon insult with DMSO, appearing fully permeable
as DMSO concentration is increased above 5 vol-%. Since the cells were not subjected
to an external mechanical stimuli, it is fully possible that the mechanism by which
ATP was released from the cell here differs greatly from that described in treatments

involving the oxidants (see Section 5.4.2).

Of course, DMSO could directly affect one or more of the proteins involved in the
signal transduction pathway described in Section 5.1.1, leading to improper function-
ing and thus, ATP leakage. This is not implausible, since ATP transport across the
membrane is increasingly thought to be regulated, but it remains unclear what the
specific effect of DMSO would be. In support of this, it has previously been shown
that low concentrations of DMSO, similar to those tested here, can change protein
secondary structure from a-helical to S-sheet [155]. Affecting one or more of the

signalling pathway proteins in this manner could therefore facilitate ATP release.

However, it remains that haemolysis is still the preferred explanation for DMSO
induced ATP release from RBCs [156, 157|. The cell undergoing haemolysis suggests
that DMSO disrupts the structural integrity of the lipid bilayer. Evidence of this has
previously been demonstrated through increased membrane permeability or thinning,
and the suggestion of pore formation (see Section 5.1.4). Structural abnormalities or
faults such as these would provide a compelling explanation as to the severity of ATP

release after DMSO treatment demonstrated here.

Regardless of the mechanism of release these results raise important questions in the
justification of the solvent’s physiological uses. Assuming increased permeability to
ATP can be generalised to other cell types, and considering that a number of cellular

processes are ATP dependent, cell functionality could be significantly impaired upon
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DMSO treatment. This is particularly important considering that at 10 vol-% DMSO
is used in the cryopreservation of cord blood [84] - a vital therapeutic aid in the

treatment of several genetic and inherited disorders.

5.5 Conclusions

These results demonstrate that mechanically stimulated ATP release is affected by
oxidatively modifying the RBC membrane. The degree of change in ATP release
correlates with the target site of oxidisation. HyO, oxidises the haemoglobin which
in turn, affects the mechanics of the cytoskeleton but has relatively little impact
on the amount of ATP released as a result of mechanical stimulation. CumOOH
oxidation primarily targets the lipid bilayer whilst inadvertently also modifying the
RBC cytoskeleton. At higher concentrations, cumOOH can reduce ATP release after
mechanical deformation. Considered an all-round stiffening agent, diamide oxidisa-
tion targets both cytoskeletal and integral membrane proteins, cross-linking available
thiol groups of the cysteine amino acid. In turn, diamide treatment has a marked
impact on the amount of ATP released after mechanical stimulation, dramatically
reducing the RBCs ability to do so.

The chemical alteration of the lipid bilayer has more of an effect on ATP released
from the RBC after mechanical stimulation and as such, suggests that the signalling
pathway between stimulation and ATP secretion primarily resides within the lipid
bilayer domain. The degree to which each oxidative agent affects either the bending
or shear moduli suggests that the bending modulus may be the more important
factor in controlling ATP release under mechanical deformation. Relating this to the
biological process of ATP release, this suggests that the ability of the CFTR protein
to migrate within the lipid bilayer and its availability to bind with other proteins, has
a greater effect on mechanically stimulated ATP release than the availability of actin
sites to bind to CFTR to initiate the signalling pathway. This further indicates that
the presence of the CF'TR protein is a major determinant in mechanically stimulated
ATP release.

DMSO treatment of the RBC results in extensive ATP loss from within the cell,
even in the absence of mechanical stimulation. The effect that DMSO has on the
cell and hence the cause of this leakage, is largely disputed within the literature.
Suggestions range from DMSO altering one or more of the proteins involved in the

signalling pathway, to DMSO affecting the structural integrity of the lipid bilayer.
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Whatever the mechanism is, it remains an important question within the biological
field. That said, these results do provide headway into further understanding the
effect that DMSO treatment has on the RBC and justification of its various uses.
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6.1 Conclusions

This thesis probes the physiological state of the RBC at both the molecular and whole
cell level. Perturbations as a result of oxidative damage are quantified in terms of the
elasto-mechanical properties of the cell, and these are paralleled with ability of the
RBC to release the signalling molecule adenosine triphosphate (ATP) under increased
mechanical deformation. Additionally, the effects of dimethyl sulphoxide (DMSO)
treatment were investigated throughout the work, seeking to further evidence the

solvent’s action on the RBC.

Not only is the RBC abundant and easy to obtain, it is also relatively simple in
structure making it an attractive entity for investigation. The large volume of oxygen
carrying haemoglobin is enclosed by a semipermeable membrane barrier, structurally
consisting of the plasma membrane and protein cytoskeleton. This composite struc-
ture endows the membrane with both a bending and shear rigidity, allowing the cell
to undergo large deformations in the circulation without compromising its structural
integrity. These mechanical properties have been investigated through a number of
different approaches, but these are often limited by use of whole blood samples or the
length scales of the chosen measurement, leading to poor reproducibility and discrep-
ancies in obtained values, as well as method-dependant empirical elastic parameters.
Moreover, it is imperative to be able to establish the mechanical properties of the
RBC due to their possible implication as stimuli of signalling pathways, such as that
which results in the release of the vasodilator, ATP. Work in this area has strong but

poorly understood clinical relevance.

Here, synchrotron x-ray studies, thermal fluctuation spectroscopy (TFS) and shear-
flow chemiluminescence analysis were utilised to satisfy the aims of the project. Ini-
tially, the structure of the phospholipid bilayer was investigated using Langmuir
monolayers akin to each leaflet of the RBC membrane bilayer. The monolayers
were probed with intense x-ray radiation in both the grazing incidence x-ray diffrac-

tion (GIXD) and grazing incidence x-ray off-specular scattering (GIXOS) geometries,
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providing both the lateral ordering and transverse structure of the monolayers re-
spectively. Further, the GIXOS technique was compared to x-ray reflectivity (XRR),
providing proof of concept of the newly established GIXOS technique.

Whilst the two monolayers both exhibited a hexagonal packing structure, it was
evident that variations in population size of each phospholipid species contributed to
distinct parameters of the lattice packing between the monolayers. Furthermore,
the IL monolayer exhibited a greater range over which the crystalline order was
present. Moreover, the difference in electron density profiles of the two monolayers
supported the notion of varying packing arrangements. Regrettably, analysis of the
XRR measurements returned large experimental uncertainties impeding meaningful
comparison to the overall GIXOS results. Nevertheless, this suggests GIXOS as the

more reliable technique further increasing the desirability of its use over XRR.

In the second stage of the project, the mechanical properties of the cell were quan-
tified using TFS, a method capable of probing the mechanical state of single cells.
This method allowed for continual cell analysis, meaning that as the same cell was
measured both before and after chemical modification, a change in elastic moduli
relative to the physiological state could be presented. Further, this method measures
fluctuations of the cell in both the long and short length scale regimes, therefore

allowing simultaneous measurement of the bending and shear moduli of the cell.

As changes in the bending or shear moduli are a result of alterations to either the
lipid bilayer or cytoskeleton respectively, the target of each of the oxidants could
be established. Whilst hydrogen peroxide (HyO,) demonstrated an affinity for the
cytoskeleton and cumene hydroperoxide (cumOOH) preferentially partitioned into
the lipid bilayer, the action of diamide appeared non-specific. In all cases, results
agreed well with previous literature and set the foundation for exploring the associ-
ation between RBC mechanical properties and the cell’s ability to release ATP under

increased mechanical deformation.

To that effect, a novel method for examining the increase of mechanical stress as a
stimuli for ATP release from the RBC was designed. The simple shear apparatus
consisted of a syringe pump attached to a narrow cannula tubing, mimicking the en-
vironment within the circulatory system. Magnitude and duration of the increased
shear stress could be easily controlled, although an increased buffer viscosity was
required due to limitations with the experimental apparatus. Once sheared, sample
ATP concentration was measured with the commonly used luciferin based chemilu-

minescence assay.
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The data showed oxidative modification to the RBC membrane impacted mechanic-
ally stimulated ATP release and further, that the target site of oxidation was associ-
ated with the degree of impact. A reduction in mechanically stimulated ATP release
was attributed most strongly to an increase in bending modulus and hence, alteration
of the lipid bilayer. However it appears that this is not a direct association, rather the
oxidant works to target the structural elements of the membrane and the biological

process within simultaneously.

The effect of DMSO on the RBC membrane has also been extensively investigated
throughout this work, with results offering promising justification for the multi-uses
of DMSO. Synchrotron studies suggested a strong reorientating effect on the phos-
pholipids of a DMSO treated monolayer, with the possibility of monolayer division
into DMSO rich/lipid poor and DMSO poor/lipid rich domains. This result offers a
mechanism by which the molecular action of DMSO can enhance solute penetration
across the membrane through the lipid poor domains effectively acting as pores. The
effect of DMSO on the mechanical properties of the cell appears complex at first
but despite this, recovery from insult with a physiologically relevant concentration
was observed in the TFS study. This finding is of significant importance considering
the use of DMSO in the cryopreservation of cells. Finally, the membrane became
significantly permeable to ATP after treatment with even the lowest concentration
of DMSO and importantly, this occurred without mechanical stimulation. Whilst it
remains possible that DMSO could positively affect the ATP signalling pathway, a
more compelling argument is that this result provides strong evidence of the pore

forming molecular action of DMSO.

To outline, this work consolidates several different areas of investigation in respect to
the RBC membrane. Langmuir monolayer studies of RBC phospholipids have pro-
gressed through the consideration of more complex mixtures of phospholipid species,
akin to the RBC plasma membrane. Further, RBC membrane mechanics have been
explored, through selective oxidisation of each of the structural components in correla-
tion with the cell’s ability to release ATP and stimulate vasodilation upon mechanical
stimulation. The results suggest that changes in the mechanical properties and any
mirrored effect on ATP release from the RBC may occur as a result of underlying

biological processes that are yet to be fully understood.
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6.2 Future work

6.2.1 Investigate oxidative stress using synchrotron techniques

The effect of oxidative stress on the ordering and electron density profiles of RBC
plasma membrane phospholipids could be investigated using synchrotron x-ray radi-
ation techniques. As a major target of lipid peroxidation is the cleavage of the double
bond in the unsaturated acyl chains, a study such as this would require the use of
native lipids that are more unsaturated than the dipalmitoyl chains of the lipids used
in the studies presented here. Of course, unsaturated chains would decrease the lipid
organisation in the plane of the air-subphase interface, consequently diminishing the
intensity of any possible GIXD peaks. However, this would still act as a sensitive
measure of peroxidation as any cleavage of the double bond would be thought to
increase the lipid ordering and hence, result in a more notable GIXD pattern. The
results of this thesis, particularly in Chapter 4, suggest cumOOH as a good candidate
for a study of this nature due to its high affinity for oxidising the lipid bilayer. Both
H>05 and diamide could also be investigated, but more so above the concentrations

where oxidation of the lipids within the plasma membrane was observed.

6.2.2 Use of RBC modelling to obtain mechanical parameters

A major disadvantage in the quantitative measurement of RBC mechanical paramet-
ers is the often large discrepancies in values obtained between the various techniques.
The reasons for these discrepancies have previously been described, but one major
theme that arises is the application of the theoretical approximation to the experi-
mental setting. Particularly in the case of TFS the discoid shape of the cell is not
fully accounted for. A solution to this problem could be the amalgamation of coarse-
grained particle dynamic simulations with the experimental approach, as suggested
by Hale et al. [101]. Here, the experimentally obtained mean square fluctuations
could be matched to that of a simulated RBC, of which one has full control of the
elasticity and shape.

6.2.3 Further investigate the role of the RBC in circulatory signalling

The supporting evidence demonstrating the RBC to be heavily involved in control of

the physiological functioning of the circulatory system is an exciting prospect. Indeed,
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6.2. Future work

the ability of the RBC to release ATP and stimulate vasodilation suggests that the
RBC could potentially be involved in other circulatory control mechanisms. In view
of this, the novel methods described within this thesis could be used to investigate
the effect(s) of oxidative stress on the release of other signalling molecules, such as
sphingosine-1-phosphate (S1P). This is of interest since it has been demonstrated that
S1P, released from rat erythrocytes, maintains normal venial microvessel permeability
[158].

6.2.4 Inclusion of complementary techniques

There is a plethora of biophysical techniques available that could provide comple-
mentary analysis of the role of the RBC membrane in the physiological functioning
of the overall cell. These include but are not limited to fluorescence microscopy,

Brewster angle microscopy (BAM), and ratiometric fluorescence imaging.

Fluorescence / Brewster angle microscopy on Langmuir Monolayers

Langmuir monolayers akin to the RBC plasma membrane could be investigated using
fluorescence microscopy. This general-lab based technique is particularly useful for the
observation of domain structures within the monolayer, and could therefore provide
further evidence of the partitioning of the membrane into DMSO rich/lipid poor and
DMSO poor/lipid rich domains. It involves spiking the phospholipid sample with
rhodamine labelled lipids, such as Rh-DHPE, at a concentration of no more than
0.2 mol-%. However, due to the large size of the rhodamine moiety, these lipids
preferentially partition into less ordered phases and therefore have the potential to
be excluded towards the edges of the more densely packed DMSO poor/lipid rich

phases.

BAM offers a desirable alternative to this, removing the need for the sample to be
spiked whilst still allowing for observation of domain formation. In this method, p-
polarised light is incident on the air-subphase interface at the Brewster angle, the
angle at which no reflection will occur. If the interface is then perturbed by a phos-
pholipid monolayer, reflection will occur from the domains where lipids are present.
Whilst domain formation is expected in standard monolayers akin to the RBC plasma
membrane, BAM could help elucidate changes to these domains under DMSO treat-

ment.
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6.2. Future work

Ratiometric fluorescence imaging of whole cells

Ratiometric fluorescence imaging is used as a sensitive measure of the membrane
dipole potential. In order to obtain RBC images, RBCs are incubated with the fluor-
escent probes, such as di-8-ANEPPS. The probe is then excited at two wavelengths,
420 and 520 nm, and images of the resulting emission intensities are obtained. The
ratiometric intensity, R = f420/155, can then be calculated and converted into the ap-
proximate membrane dipole potential using a calibration equation. Using this method
on RBCs treated with the oxidising agents (as in [122]) and in parallel to the ATP
release studies, would extend the knowledge base presented in this thesis. Further,
since this technique also provides information about lipid packing in whole cells, it
would serve as another method for observing the molecular action of DMSO on the
RBC.

6.2.5 Clinical use of established techniques

The clinical relevance of measuring RBC mechanical properties alongside ability to
release ATP has been made apparent throughout this thesis. Most notably though,
these results suggest that changes away from the physiological state of the RBC in
certain diseases most likely result from more complex underlying biological processes.
Since as yet, there is no clear link between altered mechanical properties and ability
to release ATP in diseased states, the techniques described in this thesis are some
way off use as diagnostic tools. However, as a more clinical extension to this work,
these techniques could be used in a longitudinal study to monitor the progression of

certain diseases and their impact on the RBC.
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A  Fluctuation spectra analysis code

# Curve plotting and Non-Linear Regression Analysts

# This script will first produce a PDF file plot of data from sq.txt

# Next 2t will fit the theoretical curve to the experimental data and output

# the values of the parameters of the fit, as well as a plot of the fit.

# Load libraries

import numpy as np

from scipy.optimize import curve_fit
import matplotlib.pyplot as plt
import csv

from itertools import zip_longest

import os

# Load data direct from sq.txzt file

data = np.loadtxt('sq.txt') #read in file

data2 = data.transpose() #convert rows to columns and vise versa

# asign mames to each row that is meeded for analysis
old_n = data2[0]

old_logn = data2[10]

old_y2 = data2[12]

old_y1 = data2[13]

# Here is a list of rows that will be deleted (ie modes 1, 2 and > 20),

# note that the index starts at zero, so mode 1 ©s indexr 0 and so on

index = [0, 1, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31,

32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43,
44, 45, 46, 47, 48, 49]
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# Deleteing the above rows in the T and y data
n = np.delete(old_n, index)

logn = np.delete(old_logn, index)

y2 = np.delete(old_y2, index)

yl = np.delete(old_yl, index)

# Plot logarithmic fluctuation spectrum

# Here data is added to the plot as (z, y, 'black z') using the column titles set
# above

plt.plot(logn, y1, 'kx')

# Here the azis range and labels are added
plt.title('Cell6") # Can change title
plt.xlabel('logn')
plt.ylabel('$<\delta_n~2>$"')
#plt.zscale('log')

# Display the plot and save it to file

plt.tight_layout() #prevents the graph being cropped in the pdf
plt.savefig('FlucSpec.pdf') #Prints the plot to pdf

plt.show() #Prints the plot to screen

plt.close() #Closes pdf file

# e
# F1t Two-Parameter Equation

# Set wartables and constants

xdata = n
ydata = y2

pi = 3.1415926535
# Function to fit (two-parameter equation)

def func(x, kappa, sigma):
return (1.0 / (2.0 * pi * kappa)) * (1.0 / (np.sqrt(sigma + x**2.0))**3.0)
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# Ezecute fit
# Initial guesses for Kappa and sigma are set in p0 = (kappa, sigma)

popt, pcov = curve_fit (func, xdata, ydata, p0=(150.0, 20.0))

# Printing outputs to the screen

Print (' — - o e ")

print ('Output values of fitting the two parameter equation:')

print(' ')

print(' [ kappa, sigma ] = ', popt) #prints popt - contains the output wvalues
#of kappa and sigma

print(' ')

# Extract associated with Kappa and Sigma
perr_2param = np.sqrt(np.diag(pcov))

print (' [err_kappa, err_sigmal = ', perr_2param)

#Calculating minimised normalised error squared and data from output parameters
# Set kappa and sigma to output values

popt [0]

sigma = popt[1]

Il

kappa

# Calculate the sum of the mnormalised error squared
residuals = (func(xdata, kappa, sigma) - ydata) / ydata
err = residuals**2.0

fres = sum(err)

# Calculate estimated data

Est = (1.0 / (2.0 * pi* kappa)) * (1.0 / (np.sqrt(sigma + n**2.0))*%3.0)

# Fit Three-Parameter Equation

# This section of the file will use the values of kappa and sigma output abowve,

# as the input quesses for the corresponding parameters in the three-parameter
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# equation for the fluctuation spectra.

# Variables included here, commented out, for reference
#xrdata = n

#ydata = y2

#pr = 3.1415926535

# Function to fit
def function(x, kap, sig, m2):
#m2 = np.sqrt((sig**2 - gam)) # This line ts for reference only
return ( 1.0 / (2.0 * pi) ) * ( 1.0 / (kap * m2) ) * ( ( 1.0 / np.sqrt(sig +
x*%2.0 - m2) ) - (1.0 / np.sqrt(sig + x**2.0 + m2) ) )

# Fitting function
# Inittal guesses for kap, sig and m2 are set in p0 = (kap, sig, m2)

popt, pcov = curve_fit(function, xdata, ydata, pO=(kappa, sigma, 1.0))

# Set output wvalues

kap = popt[0]
sig = poptl[1]
m2 = popt[2]

params = [kap, sig, m2]

gam = sig**2.0 - (m2)**2.0 # Calculate gam from m2

# Set optimal wvalues of kappa, sigma and gamma

Optimal_P = [kap, sig, gam]

# Calculate errors associated with each parameter

perr = np.sqrt(np.diag(pcov))

# Convert to errors associated with optimal values of kappa, sigma and gamma
err_kap = perr[0]
err_sig = perr[1]
err_m2 = perr[2]

err_gam = np.sqrt( ( 2.0 * sig * err_sig )**2.0 + ( -2.0 * m2 * err_m2 )**2.0 )
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err_P = [err_kap, err_sig, err_gam]

# Check for stize of m2 and error

x_check = [m2, err_m2]

# Calculate error in overall fit (the sum of the normalised error squared (NES))
res = (function(xdata, kap, sig, m2) - ydata) / ydata
error = res**x2.0

NES = sum(error)

# Calculate estimated data

# ETPE -> Estimated Three-Parameter Equation

n_fine = np.arange(3.0, 17.0, 0.01);

ETPE = (1.0 / (2.0 * pi)) * (1.0 / (kap * m2)) * ( ( 1.0 / np.sqrt(sig +
n_fine**2.0 - m2) ) - ( 1.0 / np.sqrt(sig + n_fine**2.0 + m2) ) )

# Calculate the shear modulus, mu

# This section will be used to calculate the dimensionless shear modulus and its
# associated error. The shear modulus is a function of kap, sig and av_R (the
# averge radius) calculated from the pizel length given in geo.dat which will

# need to be read in and converted from pizels to micro-m

# Read im geo.dat and extract the average radius and stdev in pizels
f=open('geo.dat',"r")
lines=f.readlines()
result=[]
for x in lines:
result.append(x.split(' ') [2])
f.close()

result = [float(i) for i in result]

pix_av_R = np.mean(result)

pix_err_av_R = np.std(result)
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#set wvariables and constants
const = (32.0 * pi)/9.0
pix_conversion = 51.0E-9

av_R = pix_av_R * pix_conversion

err_av_R = pix_err_av_R * pix_conversion

#calculate mu for ratio

mu = (kap**2.0 * sig) / av_R**2.0

#calculate error in mu

err_mu = np.sqrt(((2.0 * kap * sig * err_kap)/av_R**2.0)**2.0 + ((kap**2.0
* err_sig)/av_R*x2.0)*%2.0 + ((-3.0 * kap**2.0 * sig * err_av_R)
/av_R**3.0)**2)

# Dimensionally correct wvalues

#added 23/01/2020

KT = (1.38E-23 * 295.15) #assumes Toom temp of 22C
const_mu = ((32.0 * pi)/9.0)* (1.38E-23 * 295.15)

dimensional_kappa = kap * KT

dimensional_sigma = 2 * dimensional_kappa * sig / (av_R)**2

dimensional_gamma = gam * av_R**4 / kap

dimensional_mu = mu * const_mu

err_dimensional_kappa = KT * err_kap

# add rest of errors

#err_dimensional_sigma

#err_dimensional_qgamma

err_dimensional_mu = const_mu * err_mu

#Collate values

dimensional_params [dimensional_kappa, dimensional_mul

err_dimensional_params = [err_dimensional_kappa, err_dimensional_mu]
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#Collate all parameters and assoctated errors
parameters = [kap, sig, gam, mu]

err_parameters = [err_kap, err_sig, err_gam, err_mu]

# Plotting of amplitudes and respective histograms

print(' ')

print ('**Plotting amplitudes and histograms**')
print(' ')

# create Amplitude_analysis file to save all pdfs to

dir = 'Amplitude_analysis'

if not os.path.exists(dir):

os.makedirs(dir)

amp_a2=[]

for x in lines:
amp_a2.append(x.split(' ') [5])

f.close()

amp_a2 = [float(i) for i in amp_a2]

plt.hist(amp_a2, bins = 20)
plt.xlabel('Amplitude')
plt.ylabel('Frequency')

plt.title('a2')

plt.tight_layout ()
plt.savefig('Amplitude_analysis/Hist_a2.pdf')
plt.close()

contour_number = np.arange(1.0, 2001.0, 1);
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plt.plot(contour_number, amp_a2, 'b-')
plt.title('a2')

plt.xlabel('Contour number')
plt.ylabel('Amplitude')

# Display the plot and save 1t to file

plt.tight_layout() #prevents the graph being cropped in the pdf
plt.savefig('Amplitude_analysis/Amp_a2.pdf')

#plt.show() #Prints the plot to screen

plt.close()

amp_b2=]

for x in lines:
amp_b2.append(x.split(' ') [6])

f.close()

amp_b2 = [float(i) for i in amp_b2]

plt.hist(amp_b2, bins = 20)
plt.xlabel('Amplitude')
plt.ylabel('Frequency')

plt.title('b2")

plt.tight_layout()
plt.savefig('Amplitude_analysis/Hist_b2.pdf")
plt.close()

contour_number = np.arange(1.0, 2001.0, 1);
plt.plot(contour_number, amp_b2, 'b-')
plt.title('b2")

plt.xlabel('Contour number')
plt.ylabel('Amplitude')

# Display the plot and save it to file

plt.tight_layout() #prevents the graph being cropped in the pdf
plt.savefig('Amplitude_analysis/Amp_b2.pdf")

#plt.show() #Prints the plot to screen
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plt.close()

amp_a3=[]

for x in lines:
amp_a3.append(x.split (' ') [7])

f.close()

amp_a3 = [float(i) for i in amp_a3]

plt.hist(amp_a3, bins = 20)
plt.xlabel('Amplitude')
plt.ylabel('Frequency')

plt.title('a3")

plt.tight_layout()
plt.savefig('Amplitude_analysis/Hist_a3.pdf')
plt.close()

contour_number = np.arange(1.0, 2001.0, 1);
plt.plot(contour_number, amp_a3, 'b-')
plt.title('a3")

plt.xlabel('Contour number')
plt.ylabel('Amplitude')

# Display the plot and save 1t to file

plt.tight_layout() #prevents the graph being cropped in the pdf
plt.savefig('Amplitude_analysis/Amp_a3.pdf')

#plt.show() #Prints the plot to screen

plt.close()

amp_b3=[]

for x in lines:
amp_b3.append(x.split(' ') [8])

f.close()

amp_b3 = [float(i) for i in amp_b3]
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plt.hist(amp_b3, bins = 20)
plt.xlabel('Amplitude')
plt.ylabel('Frequency')

plt.title('b3")

plt.tight_layout()
plt.savefig('Amplitude_analysis/Hist_b3.pdf')
plt.close()

contour_number = np.arange(1.0, 2001.0, 1);
plt.plot(contour_number, amp_b3, 'b-')
plt.title('b3")

plt.xlabel('Contour number')
plt.ylabel('Amplitude')

# Display the plot and save 1t to file

plt.tight_layout() #prevents the graph being cropped in the pdf
plt.savefig('Amplitude_analysis/Amp_b3.pdf')

#plt.show() #Prints the plot to screen

plt.close()

amp_a4d=[]
for x in lines:

amp_a4 . append (x.split (" ') [9])
f.close()

amp_a4 = [float(i) for i in amp_a4]

plt.hist(amp_a4, bins = 20)
plt.xlabel('Amplitude')
plt.ylabel('Frequency')

plt.title('ad")

plt.tight_layout()
plt.savefig('Amplitude_analysis/Hist_ad.pdf')
plt.close()
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contour_number = np.arange(1.0, 2001.0, 1);
plt.plot(contour_number, amp_a4, 'b-')
plt.title('ad")

plt.xlabel('Contour number')
plt.ylabel('Amplitude')

# Display the plot and save it to file

plt.tight_layout() #prevents the graph being cropped in the pdf
plt.savefig('Amplitude_analysis/Amp_a4.pdf')

#plt.show() #Prints the plot to screen

plt.close()

amp_b4=[]
for x in lines:

amp_b4 . append(x.split (' ') [10])
f.close()

amp_b4 = [float(i) for i in amp_b4]

plt.hist(amp_b4, bins = 20)
plt.xlabel('Amplitude')
plt.ylabel('Frequency')

plt.title('b4")

plt.tight_layout ()
plt.savefig('Amplitude_analysis/Hist_b4.pdf')
plt.close()

contour_number = np.arange(1.0, 2001.0, 1);
plt.plot(contour_number, amp_b4, 'b-')
plt.title('b4"')

plt.xlabel('Contour number')
plt.ylabel('Amplitude')

# Display the plot and save it to file
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plt.tight_layout() #prevents the graph being cropped in the pdf
plt.savefig('Amplitude_analysis/Amp_b4.pdf')

#plt.show() #Prints the plot to screen

plt.close()

amp_a9=[]
for x in lines:

amp_a9.append (x.split (' ') [19])
f.close()

amp_a9 = [float(i) for i in amp_a9]

plt.hist(amp_a9, bins = 20)
plt.xlabel('Amplitude')
plt.ylabel('Frequency')

plt.title('a9")

plt.tight_layout()
plt.savefig('Amplitude_analysis/Hist_a9.pdf"')
plt.close()

contour_number = np.arange(1.0, 2001.0, 1);
plt.plot(contour_number, amp_a9, 'b-')
plt.title('a9")

plt.xlabel('Contour number')
plt.ylabel('Amplitude')

# Display the plot and save it to file

plt.tight_layout() #prevents the graph being cropped in the pdf
plt.savefig('Amplitude_analysis/Amp_a9.pdf')

#plt.show() #Prints the plot to screen

plt.close()

amp_b9=[]
for x in lines:

amp_b9.append (x.split (' ') [20])
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f.close()

amp_b9 = [float(i) for i in amp_b9]

plt.hist(amp_b9, bins = 20)
plt.xlabel('Amplitude')
plt.ylabel('Frequency')

plt.title('b9")

plt.tight_layout()
plt.savefig('Amplitude_analysis/Hist_b9.pdf')
plt.close()

contour_number = np.arange(1.0, 2001.0, 1);
plt.plot(contour_number, amp_b9, 'b-')
plt.title('b9")

plt.xlabel('Contour number')
plt.ylabel('Amplitude')

# Display the plot and save 1t to file
plt.tight_layout() #prevents the graph being cropped in the pdf
plt.savefig('Amplitude_analysis/Amp_b9.pdf')

#plt.show() #Prints the plot to screen
plt.close()

# Printing outputs of three param equation to the screen

Print (' —-m oo
print ('Output values of fitting the three parameter equation:')

print(' ')

print(' [ kappa, sigma, gamma, mu ] = ', parameters)

print(' ')

print('[ err_k, err_s, err_g, err_m] = ', err_parameters)

print(' ')
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# Save outputs to csv file

# Convert NES to array
# NAN -> not a number, used as a filler
a = [NES, 'NAN']

#Convert radius (av_R) and error in radius (err_av_R) to array

radius = [av_R, err_av_R]

# Save ALl outputs to one file, including shear modulus

# column 1 -> estimated values of data

# column 2 -> row 1 s the sum of the mormalised error squared

# column 3 -> row 1 s average radius and Tow 2 1S error in average radius
# column 4 -> dimensionless kap, sig, gam, mu (optimal/calculated values)

# column 5 -> errors assoctated with kap, sig, gam and mu

# column 6 -> dimensional Kappa and Mu

# column 7 -> errors in dimensional Kappa and Mu

# column 8 -> row 1 is m2 and Tow 2 is the associated error (row 2 > row 1)

rows = zip_longest(ETPE, a, radius, parameters, err_parameters, dimensional_params,
err_dimensional_params, x_check, fillvalue='"')
with open("OutputData.csv", "w") as f:

csv.writer(f) .writerows (rows)

# Plot graph

# Can change colour and marker types here

plt.plot(n, ydata,'bx', label = "Experimental") #Plots experimental data
plt.plot(n_fine, ETPE,'r-', label = "Fit") #Plots fitted data

# Define title, legend and azxis

plt.title('Cell6"') #Gives graph title - can change
plt.legend(loc="upper right') #Prints the legend
plt.xlabel('n') #Sets = azis label
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plt.ylabel('$<\delta_n~2>$"') #Sets y azis label

plt.tight_layout () #prevents the graph being cropped in the pdf
plt.savefig('Fit.pdf"') #Prints the plot to pdf - can change file name
plt.show() #Prints the plot to screen

plt.close() #Closes pdf file

print ('**Finished*x*"')
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