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Abstract
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Biophysics of Blood Membranes
by Sebastian Himbert, M.Sc., B.Sc.

Red blood cells (RBCs) are the predominant cell type in blood and have a two-
layered outer shell which is composed of a cytoskeleton network tethered to a
cytoplasmic membrane. In this thesis, I study the structure and mechanical prop-
erties of the RBC’s cytoplasmic membrane (RBCcm) on the nanoscale and utilize
this knowledge to functionalize this biological structure on a molecular level. In
a first case study, I measure the membrane’s bending rigidity from thermal fluc-
tuations observed in X-ray diffuse scattering (XDS) and Neutron Spin Echo (NSE)
experiments, as well as Molecular Dynamics (MD) simulations. I provide evi-
dence of the RBCcm’s highly deformable nature with a bending rigidity that is
substantially softer as compared to synthetic membranes. The methods are ap-
plied to RBCs that were stored for up to 5 weeks. I demonstrate that storage of
RBCs leads to an increased fraction of liquid ordered membrane domains and an
increased bending rigidity.

RBCs are ideal for pharmaceutical applications as they provide access to nu-
merous targets in the body, however lack specificity. Functionalizing the cyto-
plasmic membrane is thus a prerequisite to use these cells in biotechnology. I de-
velop protocols throughout two studies to tune the membrane’s lipid and protein
composition. I investigate the impact of synthetic lipid molecules on the mem-
brane’s structure and demonstrate that small molecules can be encapsulated into
liposomes that are formed from these hybrid membranes. Further, I provide di-
rect evidence that the SARS-CoV 2 spike protein can be anchored into the RBCcm
through a detergent mediated insertion protocol. These virus-like particles are
observed to trigger seroconversion in mouse models, which demonstrates the po-
tential of functionalized RBC in biotechnology.
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Chapter 1

Preface

Blood is an essential transport mechanism and has a pivotal role in human
metabolism. This fluid is composed of non-cellular blood plasma and a cellu-
lar fraction, of which red blood cells (RBCs) represent the predominant cell type.
These unique cells deliver oxygen and are characterized by a simple structure
with no internal organelles. They have a two-layered shell that is composed of a
cytoskeleton tethered to a cytoplasmic membrane.

This thesis is divided in two parts. First, I study, at the nanoscale, the structure
and mechanical properties of the RBC’s cytoplasmic membrane (RBCcm). Sec-
ond, I use the insight gained from the first section to functionalize this biological
structure on a molecular level.

RBCs are forced to undergo numerous deformations when passing through
the vascular system. This sets stringent demands on the mechanical properties
of the cell’s shell. The RBCcm is expected to dominate the elastic behavior on
nanometer length scales [1], which is most relevant for cellular processes that
take place between the fibrils of the cytoskeleton. Studying mechanical proper-
ties of biological cell membranes on this length scale is challenging. In the first
half of this thesis, I measure the RBCcm’s structure in X-ray diffraction (XRD) ex-
periments and determine its bending rigidity from thermal fluctuations in X-ray
Diffuse Scattering (XDS) and Neutron Spin Echo (NSE) experiments, as well as
Molecular Dynamics (MD) simulations. I develop protocols to extract the RBCem
from RBC and prepare them in a suitable manner for both experimental tech-
niques: as solid supported stack (XDS) and as nanometer-sized liposomes (NSE).
I further implement a parallelized computer program to analyze signals measured
in XDS experiments. Models for MD simulations are developed to match the ex-
perimentally probed lipid composition of the membrane. These methods are ap-
plied to membranes that are extracted from freshly collected RBCs as well as from
cells that are stored for up to 5 weeks. I demonstrate that the RBCcm is a highly
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deformable structure with a bending rigidity that is substantially softer than syn-
thetic membrane analogues.

The second half of this thesis focuses on the synthesis of functionalized RBC-
cms. RBCs can reach nearly any part of the human body as they pass through the
vascular system. This makes them ideal carriers for pharmaceuticals, as they pro-
vide direct access to numerous targets. However, the apparent advantage of these
endogenous cells is often limited due to their of lack of specificity. This can be
overcome by functionalizing the cell’s membrane. Of course, a good understand-
ing of the RBCcm'’s structure on nanometer length scale is an essential prerequisite
to altering its composition on the molecular level. I demonstrate that the mem-
brane can be modified with synthetic lipid molecules to adjust membrane thick-
ness, order, and charge. Furthermore, I anchor the spike protein (S-Protein) of the
SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) into the RBCcm
to synthesize virus-like particles that lead to seroconversion in mouse models.

1.1 Thesis Overview

This thesis is written such that scientists who are not necessarily experts in this
field can understand and appreciate the achievements of my PhD work. It has a
sandwich structure, where I first introduce the underlying concepts before pre-
senting four major first-author publications in my portfolio. A list of all of my
scientific contributions can be found in Sec. 1.2.

Chapter 2 presents the relevant scientific background to the reader. RBCs as
an integral part of blood are introduced, and the structure of their outer shell is
described with a special emphasis on the lipid composition of the cells” cytoplas-
mic membrane. Further, membrane deformations in the form of compression and
bending of membranes are discussed, and effects of the membrane’s composition
on its deformability are reviewed. The underlying theory of XRD and XDS ex-
periments on solid supported membranes is introduced, together with the most
important concepts of NSE and MD simulations.

Chapter 3 presents an overview of the sample preparation methods and anal-
ysis tools. The isolation of the RBC membrane is described, together with its
preparation as a solid supported membrane stack and nanometer-sized liposome.
It follows a walk-through of how the membrane composition can be tuned with
respect to lipid and protein content. A central achievement in this thesis is the
measurement of the RBC membrane’s bending modulus from XDS experiments
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and the development of a Graphics Processing Unit (GPU) accelerated analysis
program. The measurement procedures on the in-house X-ray diffractometer are
described, followed by an illustration of the implemented algorithm. Finally, I
explain how neutron spin echo experiments were performed and how computer
models for molecular dynamic simulations were developed.

Chapters 4-7 then focus on the scientific findings of this thesis, which can be
broadly divided in two parts. The first two publications study the structure and
mechanical properties of the RBCcm membrane, while the later two publications
focus the functionalization of this biological structure and their uses in biotech-
nology.

Paper I measures the bending modulus of the RBCcm with a combination
of XDS, NSE, and MD simulations. Paper II applies the developed methods to
membranes that were extracted from stored RBCs. Paper III demonstrate that the
RBCcm can be doped with synthetic lipid molecules and form a homogeneous hy-
brid structure on the nanoscale. This sets the base for Paper IV, where virus-like
particles were synthesized by anchoring the SARS-CoV-2 spike protein into the
RBCcm. These so-called Erythro-VLPs were observed to trigger seroconversion
in mouse models.

1.2 Scientific Contributions

1.2.1 First Author Publications

7. S. Himbert, A. D’Alessandro, S. M. Qadri, M. J. Majcher, T. Hoare, W. P.
Sheffield, M. Nagao, J. F. Nagle, and M. C. Rheinstddter The Bending Rigidity
of Red Blood Cell Membranes, in preparation

6. S. Himbert, S. M. Qadri, P. Schubert, W. P. Sheffield, A. D’ Alessandro, and
M. C. Rheinstéddter. Storage of red blood cells leads to an increased membrane
order and bending rigidity, submitted

5. S. Himbert, 1. Passos Gastaldo, R. Ahmed, S. Ros, J. Juhasz, B. Cowbrough,
H. D. H. Stover, G. Melacini, D. M. E. Bowdish, and M. C. Rheinstéddter. Erythro-
VLPs: Embedding SARS-CoV-2 spike proteins in red blood cell based proteolipo-
somes leads to pronounced antibody response in mouse models, submitted

4. S. Himbert, L. Zhang, R. J. Alsop, V. Cristiglio, G. Fragneto, and M. C. Rhe-
instadter. Anesthetics significantly increase the amount of intramembrane water
in lipid membranes, Soft Matter, 2020, DOI:10.1039 /D0SM01271H
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3. S. Himbert, M. J. Blacker, A. Kihm, Q. Pauli, A. Khondker, K. Yang, S. Sin-
jari, M. Johnson, J. Juhasz, C. Wagner, H. D. H. Stover, M. C. Rheinstddter, Hybrid
erythrocyte liposomes: functionalized red blood cell membranes for molecule en-
capsulation, Advanced Biosystems, 1900185.

2. S. Himbert, R. J. Alsop, M. Rose, L. Hertz, A. Dhaliwal, J. M. Moran-
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instidter, The Molecular Structure of Human Red Blood Cell Membranes from
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tion of Nucleotides in Different Environments and the Formation of Pre-Polymers,
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Chapter 2

Introduction

2.1 Red Blood Cells and Their Shell

Plasma

White Cells

Hematocrit
(Red Blood Cells)

FIGURE 2.1: A whole blood sample can be separated into its compo-
nents through centrifugation

Red blood cells (RBCs; also referred to as erythrocytes) are the most abundant
cell type in the human body [2] and, as the name suggests, are an integral part
of blood. Pumped by the heart, blood circulates through the vascular system and
supplies cells with oxygen and nutrients. It can be separated into a cellular and
non-cellular fraction through centrifugation as seen in Figure 2.1. The non-cellular
fraction is commonly known as blood plasma . The cellular fraction is comprised
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FIGURE 2.2: A RBCs under a DIC-Microscope: The cells are charac-

terized by a discocyte shape with a thicker outer rim and an indent in

their center. B Electron microscopic picture of the RBC’s outer shell

which is comprised of a cytoskeleton tethered to a cytoplasmic mem-

brane. The image in B was taken from [4] with permission from the
publisher (see Appendix B)

of white blood cells, platelets and RBCs [3]. The fraction of RBCs per blood vol-
ume is often referred to as the hematocrit. RBCs appear under the microscope as
round disks with a diameter of ~7 ym and a central indent (Figure 2.2 A). Cells
with this shape are commonly referred to as discocytes [5].

The cells’ primary purpose is the oxygen transport in the human body. Oxygen
diffuses across the cell’s outer shell and binds reversibly to the protein hemoglobin
[3]. It is not surprising that the cells interior lacks internal structures, such as a
nucleus and mitochondria [3], in favor of more volume for this oxygen binding
protein . This protein is also responsible for the cell’s red color [3].

The outer shell of RBCs consists of two layers: a cytoplasmic membrane (RBCcm)
tethered to a spectrin cytoskeleton [4]. This composite structure can be seen in the
electron microscope image in Figure 2.2 C: The cytoskeleton forms a triangular
filament network parallel to the cytoplasmic membrane. The distance between
tethers is ~80 nm [4].

A popular model of the cytoplasmic membrane is the fluid mosaic model [6],
which describes this structure as a 2-dimensional fluid-like lipid bilayer with em-
bedded proteins. More than 50 of these membrane proteins have been character-
ized for the RBCcm [7].
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FIGURE 2.3: A A lipid membrane is formed by two layers (leaflets)
of molecules known as lipids. B The structure of glycerophospho-
lipids and sphingomyelin can be divided in a hydrophilic head-
group and two hydrophobic tails. B-E Chemical structure of glyc-
erophospholipids, sphingomyelin and cholesterol. Common head-
groups are: Phosphatidylcholine (PC), Phosphatidylethanolamine
(PE), Phosphatidylserine (PS), Phosphatidylglycerol (PG), Phospha-
tidic Acid (PA) and Phosphatidylinositol (PI). F Lipidomics of an
RBC membrane.
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The lipid bilayer is a ~5 nm [8] thick membrane formed by two layers (re-
ferred to as leaflets) of molecules known as lipids (Figure 2.3 A). Membrane lipids
are amphiphilic, i.e.,, they have a hydrophilic and a hydrophobic part [9]. The
molecules orient themselves such that the hydrophobic parts of both leaflets face
towards each other while the hydrophilic part is exposed to the aqueous environ-
ment [9]. There is a variety of different lipids in a typical mammalian membrane.
Notable examples include glycerophospholipids (PLs), sphingomyelin (SM) and
cholesterol.

The molecular structure of PL and SM is characterized by a hydrophilic head-
group and flexible hydrophobic tails, as seen in Figure 2.3 B. PLs are built around
a glycerol moiety. Two of the carbon atoms are esterified to two fatty acids chains
(tails) with the third carbon atom bound to a polar headgroup (see Figure 2.3 C)
[9]. Common headgroups include Phosphatidylcholine (PC), Phosphatidylethano-
lamine (PE), Phosphatidylserine (PS), Phosphatidylglycerol (PG), Phosphatidic
Acid (PA) and Phosphatidylinositol (PI) [9]. The fatty acid tails can vary in length,
i.e., the number of carbon atoms per tail and in the degree of saturation, i.e., the
number of double bonds between the carbon atoms in the tail [9]. Table A.1 in the
Appendix lists a selection of lipid molecules with their respective abbreviations
that will be used throughout this thesis. SM is built around sphingosine with an
attached fatty acid chain and a PC headgroup (Figure 2.3 D).

Unlike PL and SM, cholesterol is dominated by a rigid structure formed by
hydrocarbon rings (Figure 2.3 E). It is highly abundant in cell membranes, with
molar ratios between 20 mol% and 50 mol% [10], and aligns itself upright along
the bilayer normal.

The lipid composition (also known as lipidomics) of the RBCcm can be de-
termined in mass spectroscopy experiments and was also provided by the group
of Dr. Angelo D’Alessandro (Columbia University) for the Molecular Dynamics
simulations in this thesis (see Chapter 3). The abundance of PL and SM is graphed
in Figure 2.3 F. PC and PE glycerophospholipids are the most abundant molecules
in the membrane followed, by SM. PS, PG, PA and P1I lipids account for ~20 % of
the membrane. Importantly, these lipids are asymmetrically distributed between
the two leaflets [7]. PC and SM lipids are predominantly found in the outer leaflet
of the membrane while the majority of PE and PI lipids as well as all PS and PG
lipids are located on the inner leaflet [7]. The cholesterol content of RBC has been
reported between 30 mol% and 50 mol% [11, 12].

Experiments on model lipid systems that contain saturated, unsaturated PLs
and cholesterol (known as raft-forming mixture) [13-15] have shown that mem-
branes containing cholesterol form a patchy structure. Heterogeneities have been
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also reported in the RBCcm [16, 17]. The cholesterol molecule is preferably lo-
cated in areas with saturated lipid tails where it straightens the lipid tails and
leads to a reduced area per lipid [18]. These cholesterol-rich patches are referred
to as rafts which are a manifestation of the liquid ordered (/,) lipid phase [19].
The surrounding, less ordered, lipid patches are referred to as liquid disordered
(I7) domains [19]. In my Master’s thesis, I measured the RBCcm'’s structure in
XRD experiments [8] and demonstrated that the membrane is a patchy structure
with nanometer-sized (diameter <3 nm) /, and /; lipid domains [8]. In XRD ex-
periments, the scattering signal is measured for several hours and the observed
domain structure is thus suggested to be persistent throughout the measurement
time. Molecular Dynamics simulations however, suggest that theses domains are
the effect of ongoing mixing and de-mixing processes in the membrane [20, 21].

2.2 Bending of Membranes

Many biological processes, such as mobility, cell division and vesicle trafficking,
are intrinsically related to a cell membrane’s ability to undergo deformation [22—
24]. In this section, we will discuss the mathematical foundations to describe
membrane bending and compression, and introduce the bending modulus x and
the area compression modulus K4. We will first focus our discussion on model
lipid bilayers before elaborating on the deformation of RBC membranes. In-plane
will hereafter refer to the coordinates parallel to the membrane surface (x-y-plane)
and the out-of-plane direction is defined as axis perpendicular to the membrane
surface (z-axis).

221 Deforming A Lipid Bilayer

Let us consider two types of deformation of a lipid bilayer: in-plane compression
and bending. A simple picture that helps us understanding the deformation of
lipid bilayers is depicted in Figure 2.4: Lipid molecules can be thought of as being
connected by springs that each undergo compression and stretching when the
membrane is deformed [25].

Intuitively, we can understand in-plane compression as the compression of
springs between the lipid molecules. Of course, this compression comes with an
energy cost. It can be expressed as [25]
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FIGURE 2.4: A lipid bilayer can be pictured as a lattice of lipid

molecules connected by springs. The two types of deformation,

in-plane compression and bending, can be thus understood as the
stretching and compression of these springs.

Out-Of-Plane

where Aa refers to the change of the membrane area relative to the uncompressed
area ag. K, is a material property known as the area compression modulus [25].
Fcompress has the unit of an energy and it is consequently clear that K4 is required
to have the unit of force/length. We can thus understand K4 as a measure of the
force needed, per dimension, to compress a lipid bilayer by a certain length.

The in-plane compression deforms both monolayers evenly. This changes
when a bilayer is bent from its flat state. Returning to our rudimentary model
of springs between lipids, bending requires an uneven stretching and compres-
sion of springs along the out-of-plane coordinate. This is illustrated in Figure 2.4,
where springs in the lower leaflet are compressed while those in the upper leaflet
are stretched. The energy cost resulting from bilayer bending is well accepted to

be described by [25]
K
Fond = 3 |, da(V2u(x,))%, 2)
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where u(x,y) describes local spatial deviations of the bilayer center in the out-of-
plane direction, x is the membrane’s bending modulus, and A is the area covered
by the membrane. Equation 2.2 is widely referred to as the Helfrich-Canham-
Evans functional [25]. x is an additional material property that measures the
amount of energy that is needed to bend a membrane.

Both K4 and « characterize the membrane’s deformability and several exper-
imental methods have been developed to measure these entities. A particularly
popular technique is micropipette aspiration (MA), which can be applied to whole
cells and artificially formed liposomes. A small bulge is formed by sucking a sec-
tion of the membrane into a micropipette with an opening of a few micrometers.
This deformation is then visually inspected under a microscope and both material
properties can be determined from a shape analysis of the formed bulge [26-30].

This approach is taken further by the formation of membrane nanotubes (NT).
A nanometer-sized section (diameter ~ 100 nm) of the membrane is pulled out
of a liposome with an optical tweezer and « can be determined from the applied
pulling force [30-32]. The membrane’s elastic properties can also be measured
indirectly from a spectral analysis of flickering of cells under a microscope [33—
35], as well as optical interferometric techniques [5, 36].

In addition, techniques such as XDS [37, 38] and NSE spectrometry [39—41]
have become standard methods to determine the membrane’s bending modulus
from thermal membrane fluctuations but have been limited thus far to artificially
formed lipid bilayers [42—44] as they either require a large volume (a typical NSE
sample consists of 20 ml with a membrane mass concentration of ~20 mg/ml) or
well organized solid supported membrane stacks (XDS). It is important to note
that the measured values can vary when comparing different experimental meth-
ods. For instance, the bending modulus for DMPC has been reported over a range
between xk=7-30 kg T (Table 3.4 in [45]).

The area compression modulus of synthetically assembled membranes ranges
between 230 and 290 mN/m and was found to vary little with respect to tail sat-
uration and tail length [25, 46]. In contrast, the bending modulus « is reported to
vary significantly with both lipid characteristics. Rawicz et al. [46] showed that
single component lipid bilayers becomes stiffer with increasing tail length in sat-
urated and mono unsaturated tails, from ~12 kT for diC 13:0 PC to ~30 kgT for
diC 22:1 PC. No significant difference was observed for molecules with a single
monounsaturated tail (SOPC) as compared to molecules with two unsaturated
tails (DOPC) [46].

An important question concerns the effect of cholesterol on the membrane’s
mechanical properties. Table 2.1 lists literature values of x and K4 for different
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| Lipid | Method | « (kgT) | K4 (mnN/m) | References |
DMPC
0 mol% Cholesterol XDS 13+1% - [47]
30 mol% Cholesterol XDS 65+7% -
SOPC
0 mol% Cholesterol XDS 2242% -
30 mol% Cholesterol | XDS | 3343% - [48]
50 mol% Cholesterol XDS 3343t -
SOPC
0 mol% Cholesterol MA - 290+17* [49]
50 mol% Cholesterol MA - 1130+110*
DOPC
0 mol% Cholesterol | XDS | 184-2% -
30 mol% Cholesterol | XDS | 18+2% - [48]
50 mol% Cholesterol | XDS | 1842% -
DOPC
0 mol% Cholesterol NT 264+3* - [50]
30 mol% Cholesterol NT 2343* -
DOPC
0 mol% Cholesterol MA 16+2* [51]
30 mol% Cholesterol MA 15+4* -
DOPC
30 mol% Cholesterol NT 20+6% - [52]
DOPC
0 mol% Cholesterol MA - 3104+20* [49]
50 mol% Cholesterol MA - 870+20*
diC 22:1 PC
0 mol% Cholesterol XDS 29+3% - [48]
30 mol% Cholesterol XDS 30+3% -

TABLE 2.1: A summary of values reported for the bending rigidity «

in the literature (* Error represents the standard error of the mean;

Error represents the error estimate from a least square fit and apply-
ing the proper error propagation)

lipid-cholesterol mixtures. One may intuitively speculate that cholesterol’s rigid
nature increases the membrane’s rigidity, which can indeed be observed in a fully
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saturated lipid bilayer: The addition of cholesterol in DMPC bilayers (30 mol%)
led to a 5-fold increase in « in XDS experiments (see Table 2.1). However, the effect
is significantly reduced when there is a single monounsaturated chain (1.5-fold
increase in x in SOPC bilayers) and vanishes when both chains are unsaturated
(see table entries for DOPC) and with increasing tail length (see table entry for
di22:1 PC). This contrasts with the area compression modulus which increases in
the presence of cholesterol in all reported lipid mixtures (see Table. 2.1).

Biological membranes, are often composed of hundreds of different molecule
species, which raises the question of how mechanical properties scale in multi-
component lipid mixtures. A striking result was published by Briining et al.
[53], who reported a low ¥ = 1.8 £ 0.3 kgT in a DMPC:DOPC mixture (mo-
lar ratio 1:1). This is surprising since ¥ of DMPC and DOPC have been inde-
pendently reported to be >10 kgT [46, 48, 53, 54] and the result thus contra-
dicts the intuitive hypothesis of an averaged bending modulus in lipid mixtures.
The same change was observed when doping DMPC with lipid 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAB) [53].

Several studies have confirmed the trend of a lowered « in lipid mixtures [55—
57], though not consistently [51, 57] and a comprehensive study is still lacking.

2.2.2 Deformation of Red Blood Cell Membranes

The deformability of the RBC’s outer shell is of particular interest as these cells
are required to undergo various deformations when passing through the vascular
system. Strikingly, the cells can pass through constrictions where the aperture is
much smaller than the cell’s diameter [58].

This extraordinary flexibility is the result of the unique construction of their
shell: a 2-dimensional spectrin cytoskeleton tethered to a cytoplasmic membrane.
This composite structure of coupled layers leads to a wavelength, i.e., length scale
dependent bending modulus [1]. The cells bending stiffness is solely effected by
the cytoplasmic membrane at length scales < 400 nm but becomes influenced by
the interplay between both layers on cellular levels [1].

This becomes apparent in experiments where values of x over a wide range
between 5 and 230 kgT have been reported [26, 28, 33-36, 59]. Importantly, when
measuring RBC’s elasticity on small length scales, values for x of 5 kgT have been
reported [34, 36]. A summary of experimentally determined values of « is listed
in Table 1 in Paper I [60] (see Chapter 4).

The RBC’s bending modulus can be measured through MA [26] which gener-
ally analyzes deformations on cellular length-scales or through a spectral analysis
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FIGURE 2.5: A Diagram illustrating a scattering experiment: A wave

with wave vector k; is incident on a membrane and a wave with the

new wave vector kg is scattered. B The scattering vector q is defined
as the momentum transfer (see Equation 2.4)

of the cell’s membrane fluctuations. The length-scale of this last method is solely
limited by the resolution with which membrane fluctuations can be probed. The
smallest length scale can be achieved, when measuring out-of-plane membrane
fluctuations in XDS and NSE experiments, as it will be discussed in the next sec-
tion. These techniques have been thus far limited to synthetic lipid bilayer due
to experimental challenges, but have been applied for the first time to RBC mem-
branes as part of this thesis [60, 61].

2.3 Basics of Elastic Scattering Techniques

Resolving the structure and dynamics of RBC membranes on molecular length
scales is experimentally challenging. Scattering techniques, such as X-ray and
neutron scattering, have the advantage of probing membranes in a hydrated en-
vironment while allowing high-resolution structural and dynamical analysis.

A typical scattering experiment is sketched in Figure 2.5. A wave (X-ray or
neutron) with a wave vector k; is incident on a membrane under the angle 6. The
wave vector is proportional to the momentum, p; = 7ik;, and its absolute value is
related to the wavelength A through

ki = 270/ A (2.3)
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FIGURE 2.6: A The membrane shall be oriented such that the z

axis is normal to the membrane surface (out-of-plane direction).

In-plane coordinates are described by the two dimensional vector

r = (x,y) = (rcos(¥),rsin(¥)). B Membrane out-of-plane fluctu-

ations are described by local deviations u(r) of the bilayer center in
the z-direction.

The energy is given by E = % (for X-ray photons; c is the speed of light) and

— . _ h . . ]
E = TR (for neutrons; Apg = ] 18 the de Broglie wavelength, m, is neu

tron’s mass and |v| is neutron’s velocity). A wave with the new wave vector k¢
is scattered off the membrane and we can define the scattering vector q as the
momentum transfer

The geometric relation between the wave vectors and q is sketched in Figure 2.5 B.

It is best to understand scattering experiments as a measurement of correla-
tions: elastic scattering provides insight into spatial correlations in the sample,
i.e., structure; inelastic scattering measures temporal correlations, i.e., dynamics.

This section will focus on elastic scattering where the energy is invariant and
ki| = [ky|. Inelastic scattering will be addressed in Section 2.4.

Molecular structures, such as RBC membranes, consist of numerous atoms,
each contributing to the total measured scattered intensity. Let us consider a flat
membrane as sketched in Figure 2.6 A (proteins are omitted for clarity). The
membrane is aligned such that the z coordinate is normal to the membrane’s
surface (out-of-plane direction) and any location parallel to the membrane’s sur-
face (in-plane direction) is described by the two dimensional vector r = (x,y).

It is convenient to use cylindrical coordinates for the following discussion, i.e.,
r = (rcos(¥),rsin(¥)).
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Let the scattering length density p],;lat(z) describe the distribution of scatter-

ing centers along the out-of-plane direction in a static, flat membrane. We can
further account for out-of-plane fluctuations of the membrane as illustrated in
Figure 2.6 B. Such fluctuations can be described by local deviations u(r) of the bi-
layer center in the z-direction (see Figure 2.6 B). The out-of-plane scattering length
density profile of a fluctuating membrane can then be expressed as [62]

oIl (2) = ol (z = u(x)). (2.5)

Diffraction experiments in this thesis were performed on stacks of RBCcms
and the following discussion will thus focus on this specific geometry as sketched
in Figure 2.7. Such a stack can be pictured as N single membranes, each shifted
by nd in the z direction, where d is the average lamellar repeat distance, and n
can take discrete integer values (n = 1,2, ..., N). We can consequently express the
out-of-plane scattering length density [62]

N flat
p(z) = Z om (z—uy(r) —nd), (2.6)
n=0

where u,(r) refers to the local deviations of the center of n-th membrane in the
z-direction. Note that each membrane has been assigned an individual u,(r) and
is assumed to fluctuate independently.

Returning to scattering experiments, let us now calculate an expression for the
measured intensity. Scattering theory teaches us that each volume element dV of a
sample contributes p(z)dV to the sample’s scattering with a phase factor e/(9:2+ %)
[63]. Here, g, and q, = (q)| cos(q¥), q| sin(qy)) are the out-of-plane and in-plane
component of the scattering vector. It follows for the measured intensity [63]

2
/ p(z)e! @) g3y | (2.7)
v

I x

A typical X-ray diffraction experiment collects scattering signal over several hours
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and we consequently measure the thermal averaged intensity (I — (I)). Combin-
ing Equation 2.6 and 2.7, we can write [62]
| >

2
_ </d3r2pﬂatz zqzz+un()+nd)+iqrr >

= ‘/ dZ/ flat / o127 <‘/d21’261qz U (£)+nd)+ig,r >
— F@)R(S(a)), 8

where we utilized the substitution z = z’ 4+ nd + u(r). F(g;) is the form factor and
corresponds to the Fourier transformation of the membrane’s scattering length
density profile. The structure factor S(q) is the Fourier transformation of spatial
correlations in the sample that originate from the periodic stacking of membranes
and from out-of-plane membrane fluctuations.

The theory thus far implicitly assumed a membrane stack with an infinite ex-
pansion. Of course, this assumption is insufficient to describe a realistic experi-
ment. A limiting factor in the out-of-plane direction is the number of membranes
that can be stacked with a sufficient degree of order. The in-plane direction is
limited by the sample’s dimensions (10x 10 mm?), the footprint of the beam (di-
ameter of 200 ym) on the sample, but most importantly, by the size of coherently
scattering membrane patches (diameter of ~500 A). These patches are different
from the lipid domains that will be discussed below and need to be understood
as finite blocks of N stacked membranes. The sample then consists of numerous
of these blocks.

Deriving the structure factor for such a patchy sample is lengthy and is de-
scribed in detail in [64] and [65]. Briefly, one can assume cylindrical patches with
a Gaussian distributed diameter L, (average patch size L, and variance ¢;) and a
Gaussian distributed height L, (average patch size L, and variance ¢;) and define

(Iy = < /d3r Zpﬂat (z — uy(r) — nd)e=>riar
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size effect functions [65]
00 1 o
H(z) = / dL, exp(—(L, — L;)?/202)(L, — z)/d, (2.9)
z z
H(r) = / dLrUl exp(—(L, — L,)?/202)L2
r r

{o r/L, >1 2.10)

cos Y(r/L,) —r/L,\/1— (r/L,)? t/L, <1.

We can further assume the membrane patch can be isotropic along the azimuth
axis and integrated out the ¥ dependency [64, 65]. The in-plane vector r can be
replaced with its radial component r [65].

The structure factor then has the form [65]

n=oo ] 00 .
S(qz,qH) = ; Hz(nd)elqznd/o rdrHr(r)]O(q|lr)ezqzéun(r)

n=oo

= Z Hz(nd)COS(and)/

n=—o0 0

N rdrHr(r)]o(q‘|r)eiqz‘5“”(r), (2.11)

where ]y is the zero order Bessel function and du,(r) is the height-height pair
correlation function.
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FIGURE 2.7: Diagram of a scattering experiment on a stack of mem-
branes. Each bilayer has the identical scattering length density p,
and the membranes are placed at a lamellar repeat distance d from
each other. The space between neighboring membranes is filled with
hydration water and the thickness d,, of this water layer is controlled
by the environments RH. This water layer thickness is small (mea-
sured to be around d;, ~ 13 A) at 88 % RH which consequently sup-
presses out-of-plane membrane fluctuations. Well hydrated samples
(99.9 % RH) on the other hand have a substantial (d,, ~ 28 A) water
layer between the membranes enabling out-of-plane fluctuations of
each membrane.

Solid supported RBCcms in this thesis were measured at 88 % and at 99.9 %
relative humidity (RH). Controlling the samples” environment with respect to the
RH allows to tune the amount of hydration water in the space between neigh-
boring membranes. The average thickness d,, of this water layer at 88 % RH was
measured to be around d;, ~ 13 A which leaves little space for out-of-plane mem-
brane fluctuations (u,(r) ~ 0). Y=, Hz(nd) cos(g.nd) in the structure factor is
non-zero for

when assuming an infinite stack of RBCems. The specular intensity profile (q; =
0) is thus a series of defined intensity peaks and the position of the n-th peak is
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defined by Equation 2.12. The location of the first order lamellar peak (n =1) will
be hereafter referred to as ¢;.

An exemplary measurement of a stack of RBCcm at 88 % RH is shown in
Fig 2.8 A. Details of the experimental setup are discussed in Chapter 3. A series
of N peaks are observed. We can use Equation 2.12 to determine the membrane
lamellar repeat distance from the observed peak positions to d = 55.4 4 0.5 A.

It is important to appreciate that Equation 2.8 teaches us that each peak cor-
responds to a measurement of |F(g.)|> probed at discrete values qg), with | =
1,..,N. The form factor is given by the Fourier transformation of the scattering

flat

length density py," (r,z) and is generally a complex quantity. However, the form

(1)

factor becomes real - F;, = 1/[;q;’ - in the case of stacks of centro-symmetric
membranes and we can determine the RBCcm'’s scattering length density from a
discrete 1-dimensional inverse Fourier transformation [66]:

_ gi\/ﬁ vcos (1zq"). (2.13)

Here, v; are phase factors that can take values of +1 (in the case of centro-symmetry).
The choices of v, can be assessed by fitting a periodic function [67]

N
Z\/Ilqz smc( d.q; — 7'(1) (2.14)

to the data. This method of reconstructing the scattering length density from spec-
ular scattering will be hereafter referred to as 1-dimensional Fourier analysis. The
method can be applied in neutron and X-ray diffraction experiments. I have used
used this method to determine the water concentration across lipid bilayers in the
presence of anesthetics [68] and in my publications [61] and [21].

The achievable resolution of the scattering length density depends on the max-
imal number of lamellar peaks measured in an experiment. Measurements at 88 %
RH showed up to 7 orders of lamellar peaks in contrast to measurements at 99.9 %
RH (maximal 2 peaks were detected) and were therefore used for the structural
analysis.

Hydrating RBCcm at 99.9 % RH leads to an influx of bulk water in the space in
between the stacked membranes. The water layer thickness in this environment
can not be measured directly as the detected two orders of lamellar peaks are
insufficient for a 1 dimensional Fourier analysis. However, we can estimate a



2.3. Basics of Elastic Scattering Techniques 25

A RBC Membrane B RBC Membrane
at 88 % RH at 99.9 % RH
0.2 0.2
Z,: Lamellar
~ Peaks
o
0.1 0.1 F
# X-ray Diffuse
. _ Scattering
-0.2 0 ] 0.2 .
q) (A aj (A_1)

FIGURE 2.8: 2-dimensional X-ray intensity maps recorded on a stack
of RBCcms. Measurements were performed at 88 % RH (A) and
99.9 % RH (B). The most intense scattering is specular (g, = 0) in
both scans and the signal consists of a series of defined lamellar
peaks. Importantly, a cloud of diffuse off-specular scattering was
observed in measurements at 99.9 %RH. This off-specular scatter-
ing ()] # 0) is caused by thermal out-of-plane fluctuations of mem-
branes in the stack.

water layer thickness of ~28 A, when assuming that the membrane’s thickness
remains consistent when hydrating the sample. This leaves substantially more
space for out-of-plane membrane fluctuations in this environment and u(r) no
longer vanishes.

The effect can be seen in Figure 2.8 B, where out-of-plane membrane fluctua-
tions lead to a cloud of off-specular scattering around the lamellar peaks known
as X-ray diffuse scattering (XDS).

XDS originates from a change in the structure factor (Equation 2.11), where we
now need to consider the height-height pair correlation function du,(r).

This leaves us with the task of finding a sufficient model to describe fluctua-
tions of the RBC membrane. A popular equation that determines the free energy
of a membranes’ out-of-plane fluctuations in stacks of synthetic lipid bilayers has
been invoked in the literature [65, 69]:

H = /Adzrfg: (3 () + Lo - wm2) . @19)
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Of course, one contribution to this free energy is the membrane’s resistance
to bending (first term in Equation 2.15; see discussion in Section 2.2). However,
we need to remember that our sample consists of stacks of RBCcms, which leads
to a hindrance of out-of-plane fluctuations due to interactions with neighbor-
ing membranes. This interaction is modeled in Equation 2.15 by Frteraction =
% (t441(r) — uy(r))?, where B is a modulus that accounts for attractive and repul-
sive forces [62].

Calculating the height-height pair correlation function from Equation 2.15 is
lengthy and non-trivial and has been described in detail in [62]. Briefly, membrane
fluctuations are governed by thermal energy and can be separated into normal
modes by transforming the out-of-plane displacement u,(r) into Fourier space
(un(r) — U,(Q)). Q spans the Fourier space of the membrane fluctuations and
differs form the scattering vector q. The free energy functional in Equation 2.2
decouples in Fourier space [62]. The equipartition theorem then assigns  kpT of
energy to each normal mode [62]. This allows to calculate the power spectrum
of the membrane fluctuations. In Fourier space, the height-height pair correlation

function is proportional to this power spectrum [62] and an analytical expression
of duy,(r)

S (x _217C/ i 1— Jo(r/&vV2x) (V14 x2 — x)2" 2.16)

xV 1+ x2

can be derived [62], where Jy(x) is the zero order bessel function and ¢ and 7,
are known as Caillé parameters which relate to the bending modulus « and the
membrane interaction modulus B through [65]

_ kpTq3 4 _ K
17C_87'(\/§ and ¢ =5 (2.17)

Here, kp is the Boltzmann constant and T is the temperature.

It has been emphasized above that out-of-plane membrane fluctuations lead
to off-specular scattering in diffraction experiments. Equation 2.11 and Equa-
tion 2.16 teach us that this XDS signal is influenced by the membrane’s bending
modulus x and interaction modulus B. This influence can be seen in Figure 2.9 A
and B where 2-dimensional maps of S(q) are shown for two settings of x and B.
xk=6.3 kgT and B=2.4 - 10° k3T /A* mimics a soft membrane and x=25.4 kgT and
B=6.2 - 1077 kgT/A* mimics a rigid membrane. The specular signal (q=0) is still
dominated by a series of defined lamellar peaks and shows little Variation be-
tween both structure factors (see Figure 2.9 C). This changes, in the out of plane
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FIGURE 2.9: A 2-dimensional map of S(q) at values of x=6.3 kgT

and B=2.4 - 10~ kzT/A*. B 2-dimensional map of S(q) at values of

k=25.4kpT and B=6.2-10~7 kgT/A*. C Normalized line-cuts of S(q)

taken at g, = 2¢; and g, = 2.5q;. D Normalized line-cuts of S(q)
taken at g = 0.

direction (see Figure 2.9 D): The diffuse signal in between peaks extends further
in the in-plane direction for softer membranes as compared to rigid membranes.
One can consequently determine both, the bending modulus x and the inter-
action modulus B, independently by fitting the structure factor S(qz, ¢)|) to exper-
imental data. This method has been developed in the groups of Dr. John Nagle
and Dr. Stephanie Tristram-Nagle at Carnegie Mellon University and has been
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thus far applied to synthetic membrane mixtures [37, 54, 70, 71].

In my publications [60, 61], I apply this method to RBC membranes. Diffuse
scattering signals were measured on an in-house diffractometer and a GPU ac-
celerated fit program was implemented for the analysis. The algorithm will be

addressed in Chapter 3.
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FIGURE 2.10: A wide range in-plane scan of stacks of RBCcm reveals

three peaks that can be assigned to a peptide signal and two lipid

signals that originate from liquid ordered /, and liquid disordered I,
domains.

We so far focused on out-of-plane correlations: The periodicity of stacked
membranes manifests in the observed lamellar peaks and height-height pair cor-
relations are probed indirectly by X-ray diffuse scattering. We implicitly ignored
any in-plane dependency and pictured the membrane to be homogeneous in this
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direction. This is an insufficient description as the membrane is composed of in-
dividual lipid molecules with embedded proteins. The in-plane structure can be
probed in a in-plane scan (see Section 3.2). A scan of a RBC membrane is depicted
in Figure 2.10. Three peaks are detected for stacked RBC membranes. Two peaks
originate from aforementioned /, and I; lipid domains (blue and green peak) [8].
The third peak results from a-helical coiled-coiled peptide structures [8].

This X-ray analysis was originally developed for synthetic lipid bilayers and
there are several caveats that need to be adressed when applying the methods to
RBC membranes.

First we need to remember that the outer shell of RBC is a composite struc-
ture of a RBCcm tethered to a cytoskeleton and both components affect the shell’s
fluctuations. However, the determined electron density profile, measured at 88 %
RH, does not indicate the presence of a cytoskeleton between the membrane lay-
ers and spectrin filaments are likely ruptured during the preparation process [8].
It is thus plausible to interpret the measured XDS signal as results of fluctuations
of the RBCcm.

It is well known that the RBCcm is asymmetric, which raises the question of
whether the discussed 1-dimensional Fourier analysis is applicable (absence of
centro-symmetry). Multilamellar stacks of RBCcm are formed through liposome
fusion when RBC liposomes are dried on a silicon wafer. This process does not
allow controlling of the membrane’s orientation within the stack: Either of the
leaflets can face up or down (along z). We consequently measure membranes
with an ensemble of different orientations and it is plausible to assume an average
symmetric scattering length density p(r, z).

2.4 Neutron Spin Echo Spectrometry

The elastic scattering theory can be generally applied to X-ray and neutron scatter-
ing. The following section, however, focuses on the specifics of neutron scattering
and the concept of NSE spectrometry.

The previous section introduced elastic scattering as a measurement of spatial
correlations in the sample. Membrane dynamics is not measured directly. This
limitation can be overcome in inelastic scattering experiments where we allow
the wave’s energy to change during the scattering process, i.e., k; # ky. It is best
to understand inelastic scattering as a measurement of a system’s response to an
external disturbance.
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FIGURE 2.11: Setup of a neutron spectrometer. Incoming neutrons
are first polarized before passing two magnetic coils before and after
interacting with the sample. The neutrons spin is undergoing lamor
precession when passing through this magnetic field. A change in
the neutron’s velocity can be measured by comparing the spin orien-
tation at the beginning and at the end of the instrument. The sample
studied in this thesis consists of RBC liposomes immersed in heavy
water (D,0)
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A harmonic oscillator can be used as a simple example to illuminate this con-
cept. Elongating the system out of equilibrium (disturbance) results in a periodic,
oscillating motion (response). Of course, the oscillator can be damped which re-
sults in a periodic motion with an exponentially decaying amplitude. The system
is called over-damped if any periodic motion is suppressed. The response func-
tion in this last scenario is an exponential decay.

We can picture membrane fluctuations very much like the oscillator in our
rudimentary example. An obvious question that arises from this analogy is whether
membrane dynamics in an aqueous environment is harmonic, damped, or over-
damped.

NSE spectrometry is a suitable technique to address this question.

This instrument uses the neuton’s magnetic moment to probe velocity changes
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of the scattered neutrons. First, it is important to remind ourselves that neutrons
undergo Larmor precession when passing through a magnetic field (B) if the neu-
tron is polarized perpendicular to the field. The frequency of this precession can
be written as [72]

~

where 7 is the gyromagnetic ratio (yneutron = —1.83 ’;‘"—% [73]).

The setup of an NSE spectrometer is sketched in Figure 2.11. The z-axis shall
be parallel to neutron’s direction of motion and the x-y-plane is perpendicular to
the neutron’s direction of motion. The manipulation of the neutron’s spin orien-
tation throughout the instrument is visualized in Figure 2.12. First, the incoming
neutron beam is polarized with the magnetic moment pointing in the z-direction
before being flipped by 90° around the x-axis by a 7 flipper [72]. The neutron’s
spin is then pointing in the y direction. This is required for the neutron’s spin to
undergo Lamor precession in the subsequent magnetic field coil before interact-
ing with the sample. The magnetic field in this coil results in the neutron’s spin to
precess through an angle [72]

~ D
o = th:'y|B|m, (2.19)

where D is the length of the magnetic field coil and v is the neutron’s velocity.
The phase angle is determined as (® mod (277)) and the number of precessions
is N = %. Importantly, a wide wavelength spread (A/JA<18% for the used in-
strument [72]; see Chapter 3) results in the complete depolarization of the beam
before the sample.

A second magnetic field coil is placed at a scattering angle 26 relative to the
incoming beam. The scattered neutron’s spin is flipped by 180° (7t-flipper) before
being guided through this secondary coil [72]. This is experimentally realized
by a 7 flip of the neutron’s spin orientation (phase angle —(® mod (27))) prior
entering the secondary coil [72].

Let’s first consider an elastically scattered neutron. The neutron’s wavelength
and velocity is invariant and the number of precessions in both magnetic coils is
identical. Consequently, the neutrons’ polarization is the same before the first and
after the second magnetic coil (this is referred to as the Echo condition [72]).

In the case of inelastic scattering, the neutron’s change in velocity results in
an unequal number of Lamor precessions in both magnetic coils causing the final
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FIGURE 2.12: The orientation of the neutron’s magnetic moment
throughout the instrument: Neutrons are first polarized and the spin
orientation is flipped. The magnetic moment experiences Lamor pre-
cession in the two subsequent magnetic field coils. Inelastically scat-
tered neutrons show an unequal polarization before the first mag-
netic coil and after the second magnetic coil as a result of the neu-
tron’s change in velocity. The energy transfer can be thus measured
by analyzing the neutron’s polarization.

spin orientation to differ from the initial polarization. This results in an attenuated
polarization measured by the analyzer-detector combination [72].

It has been shown that the polarization (P;) of the scattered neutron beam can
be written as [72, 74]

(P.) = / F(A)dA / 5(q,w) cos (wT) dw = / FVI(Q,T)dA.  (2.20)

Here, f(A) is the wavelength distribution of the incoming neutron beam, I(Q, T)
is the intermediate scattering function and

o my\2 A3
is the Fourier time [72].
_ 1 i(qr—wt)
S(qw) = 5 //G(r,t)e drdt, (2.22)

is the scattering function and gives the probability that scattering changes the
energy of a system by an amount iw = E; — Ey and its momentum fq (= k; —
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hiky) [73]. It corresponds to the Fourier transformation of the time dependent self
pair-correlation function [75]

G@ﬂ:<2ﬁ#mﬂ@w, (2.23)
i

where 1; is the time-dependent coordinate of a single atom.

Measuring the spin orientation as function of the Fourier time T consequently
allows measuring the Fourier transformation of the scattering function which is
just the time-dependent self pair-correlation function itself [74].
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FIGURE 2.13: A: A list of X-ray and neutron cross sections for se-

lected elements. B:A liposome seen by X-ray and neutron scattering.

The significant contribution of hydrogen in neutron scattering exper-

iments substantially reduces contrast. The contrast can be enhanced
by replacing the solvent with heavy water D,O.
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This is a good place to discuss the sample studied in this thesis. Membrane
fluctuations were measured on RBC liposomes with a diameter of ~200 nm (ver-
ified through dynamic light scattering and small angle neutron scattering) that
were immersed in heavy water (deuterium hydroxide; D,0O). The sample was
then filled in a custom built titanium holder (see Chapter 3) and placed in the
NSE spectrometer.

The use of heavy water was indispensable in order to achieve a high contrast
between the solvent and membrane. Contrast refers to a difference of the scatter-
ing efficiency between two materials and allows X-ray’s and neutrons to distin-
guish between materials in the sample [76]. The scattering efficiency is quantified
by the scattering cross section ¢. The unit of ¢ is barn=100 fm?. Figure 2.13 visu-
alizes ¢ for a selection of elements commonly found in organic material.

Hydrogen is certainly the most abundant element in the studied sample as it is
an integral part of organic molecules and water. This element scatters X-rays very
weakly (o = 0.06 barn) but contributes substantially (¢ = 1.76 barn) in a neutron
scattering experiment resulting in a loss of contrast between the membrane and
water. This is illustrated in Figure 2.13 B: A phospholipid vesicle immersed in
H,O is seen by X-rays through the high contrast created by the the electron rich
head groups (phosphorous) of the membrane. This contrast is much weaker when
imaging this vesicle with neutrons.

The contrast can be enhanced by selectively substituting hydrogen with its
isotope deuterium which has a ~5x higher neutron scattering cross section com-
pared to hydrogen. This can be done by either immersing the liposomes in heavy
water (D,0) or using deuterated lipid molecules. Of course, this last option is un-
feasible for the study of RBC membranes as it would require to change the donors
metabolism to a heavy (deuterium based) diet.

Returning to the question raised at the beginning of this section we can now
use NSE to determine whether membranes in an aqueous environment show,
damped oscillatory dynamics or over-damped dynamics. NSE spectrometry mea-
sures the wave vector dependent self pair-correlation function in the time domain,
which is distinct in both scenarios [72].

The collected data from RBC vesicles [60] show an intermediate scattering
function that follows a stretched exponential decay demonstrating the over-damped
dynamics of the membrane fluctuations.

Quantifying the measured decay requires a good theoretical understanding of
the observed membrane fluctuations. This problem was first addressed by An-
ton Zilman and Rony Granek (ZG-Theory) [75]. They describe membrane fluc-
tuations by the Helfrich-Canham-Evans functional (Equation 2.2) in combination
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FIGURE 2.14: Measuring the bending modulus from NSE exper-
iments requires knowledge of the area compression modulus Ky4.
Two models are discussed: the coupled monolayer model and the
cholesterol model. The left panel shows the location of the concep-
tual neutral surface which is widely believed to be located at the
interface between the hydrophilic heads and the hydrophobic core.
The right panel shows the stiff region with a thickness J used in the
cholesterol model. It is assumed to be the height of cholesterol’s stiff
hydrocarbon rings.

with hydrodynamics [77] and their primary result can be written

I(q,T)/I(q,O)zexp[ (Tzc 7)2/3} (2.24)

where

1/2
Tz = 0.025 (kKT) (I‘BTT) 7. (2.25)

Here, I'z; is the g-dependent relaxation rate, 7 is the solute viscosity, kp is the
Boltzmann constant, T is the sample temperature and « is the dynamic bending
modulus.

We immediately recognize the stretched exponential dependency (stretch fac-
tor 2/3) of the intermediate scattering function. The most striking perception,
however, is that the model relates the decay constant I'z; to the membrane’s ma-
terial property &.

The ZG-Theory initially introduced « as the static bending modulus x. How-
ever, bending moduli obtained by NSE and the ZG-Theory were initially much
larger than values obtained by other methods [78-80]

This controversy was eventually resolved for lipid bilayer vesicles by Watson
et al. [81] by taking the friction between both leaflets into account [78] and express-

ing
& =K+ h?Ky, (2.26)
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where h is location of the membrane’s neutral surface relative to the bilayer
midplane. This neutral surface indicates the location in each monolayer where
stretching and compression modes are decoupled from bending modes [78, 82].

It is important to appreciate that Equation 2.26 contains both the bending mod-
ulus x and the area compression modulus K4. We have learned in Section 2.2 that
both moduli can scale very differently in synthetic lipid bilayer membranes: K4
is independent of the tail length while « increases (/22 x) for longer tails. Impor-
tantly, cholesterol increases K4 (=3 x) but has little effect on a bilayers bending
rigidity when there are saturated tails.

Equation 2.26 also shows that we can not determine both moduli indepen-
dently from a single fit and a good model is required to decouple both parameters.
Of course, such a model has to account for the effects of tail length, tail saturation,
the cholesterol concentration, and potentially the presence of proteins.

Currently, such a coherent model is missing but several approaches aim to
overcome this limitation. A particularly popular model is the coupled monolayer
model (crmm). It writes

K 2

Ky=4
A 82hc ,

(2.27)

where h¢ is the height of the hydrocarbon tails in one monolayer. Using this
relation, Equation 2.25 can be rewritten

kT V2 (kpT
cmm - 3
Fuse” = 0.025 (K(1+48(h/2hc)2)) ( n )q ' (2.28)

The exact location of the position of the neutral surface within a bilayer is
unknown but it is generally believed to be located at the interface between the
headgroup region and the hydrophobic tails (see Figure 2.14 for clarification) [40].
A value of h/2h, = 0.5 is thus commonly used in the literature [40].

It is important to appreciate that the cmm results in an invariant factor,

(1+ 48(h/2h)?), in the decay constant and does not account for effects of the
membrane composition on K,4. Especially the effect of cholesterol on K4 is not
considered as has been recently emphasized [78, 83].

Cholesterol’s structure differs significantly from lipid molecules and is dom-
inated by rigid sterol rings with a height § ~ 9 A. An alternative approach was
suggested [78, 84]:

Kq = 12x/62%. (2.29)
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This model, hereafter referred to as the cholesterol model, assumes a stiff region
with a height ¢ in the bilayer corresponding to the rigid hydrocarbon rings of the
cholesterol molecule as sketched in Figure 2.14. Consequently.

kpT V2 /jnT
chol __ B B 3
rehol — 0,025 (K T 12(hc/<5)2)> (—17 ) 7. (2.30)

This alternative model leads to a ~3.25x lowering of the measured bending mod-
ulus.

RBC membranes are rich in cholesterol and we consequently used the choles-
terol model for the analysis of the collected NSE data.

2.5 Molecular Dynamics Simulations

X-ray and neutron diffraction experiments provide measurements of structure
and dynamics on molecular length scales averaged over a large ensemble of molecules.
Information about individual molecules is lost in these techniques. It is often chal-
lenging - especially with multiplex structures such as RBC membranes - to model

the experimental results as it has been especially emphasized in the previous sec-
tion. MD simulations on the other hand provide insight into the dynamics of
single molecules but are often limited to small system sizes due to computational
constraints.
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MD Simulations attempt to numerically solve a N-Body problem. Every atom
in a molecular structure is represented as a bead. Chemical bonds are optionally
defined as relative constraints (relative distance and bond angle) between two or
more beads. A MD simulation is then performed by first dividing the desired time
frame t;o4,; in finite steps dt (typically 1-20 fs). For every time step, the computer
calculates the force that is acting on every atom by summing over all interactions
with the surrounding atoms. The equations of motion are then solved for every
bead and the new bead positions are recorded. This constitutes a single simula-
tion step. For every subsequent step, the computer re-evaluates the forces and
equations of motion using the latest bead positions. This process is repeated until
the desired time t;,;,; is reached.

The approach of representing every atom by a single bead is referred to as
all-atom simulation. The left panel of Figure 2.15 shows a bead model on the ex-
ample of the lipid DMPC. Carbon atoms are visualized in cyan, oxygen in red,
phosphorous in gold, nitrogen in blue and hydrogen in white.

The approach taken in MD simulations may sound intuitively simple but it
is important to appreciate that they remain computationally intense despite im-
provements on the underlying algorithms: The required computation-time scales
with the number of atoms in the system and ultimately limits the simulation’s
complexity. Determining the exact interactions between all atoms would require
calculating the exact quantum mechanical forces at every time-step of the sim-
ulation. To optimize this process, pre-determined approximations to the exact
interactions, so-called force fields, are used to determine the forces between atoms
in the system. A variety of force fields is available to simulate complex molecular
assemblies. A well accepted and validated all-atom force field is the charmm 36 force
field [85].

A three dimensional render of an all-atom membrane model (charmm 36) with
256 lipid molecules is depicted in Figure 2.15. It contains 27,392 beads (including
24 water molecules per lipid; omitted for clarity in Figure 2.15) and can be simu-
lated at a speed of <50 ns/day on the GPU accelerated setup described in Chap-
ter 3. The systems spans only ~9x9 nm? but provides detailed insight into the
dynamics of small molecular assemblies. I have used all-atom models to study the
interactions of antibiotics [68] and my students have designed models that mimic
brain membranes and the plastisizer Di(2-ethylhexyl)phthalate (DEHP) [86].

Modern force fields are optimized to reproduce experimental observations
and allow a realistic insight into the dynamics of molecules. They are also well
suited to determine static material properties such as the membrane’s bending
modulus from the power spectrum of out-of-plane fluctuations of the membrane
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model. Deriving an expression of the power spectrum is lengthy but has been
shown in the literature [82, 87]. It follows the same approach that was intro-
duced in Section 2.3 when describing the derivation of Equation 2.16. The mem-
brane fluctuations are separated into normal modes by a Fourier Transformation
(un(r) — U,(Q)) and the free energy functional in Equation 2.2 decouples in
Fourier space. The equipartition theorem then assigns § kgT of energy to each
normal mode. This allows to calculate the power spectrum of the membrane
fluctuations. The membrane, again, is isotropic along the azimuth axis and the
spectrum only depends on the radial component Q)| of the vector Q and can be
written [87]

 kgT

_ ksl (2.31)
KQﬁ

(@)

The spectrum thus follows a Qﬁ dependency and is proportional to the re-

ciprocal of the bending modulus x. Determining x from MD simulations and
Eq. 2.31 requires a sufficient sampling of the low-Q)| regime (long wavelength

fluctuations). This requires long simulations (t > 1 us) of patches >30x30 nm?.
Membrane patches of a few hundred lipid molecules are too small for this analysis
making all-atom simulations computationally expensive for this purpose.

Coarse grained simulations have been developed and aim to overcome these
limitations. In this type of simulation, multiple atoms are grouped together and
are represented by one single bead which reduces the number of beads in the
simulated system and allows the simulation of larger systems. The grouping of
atoms in a given molecule varies from force field to force field and is determined
by an iterative process that aims to reproduce results from all-atom simulations
and experimental observations. Numerous coarse grained force fields have been
developed and are tested against experimental findings to accurately represent
large scale dynamics such as membrane domain formation and membrane undu-
lations. The widely accepted Martini 2.2 force field [88] has been used throughout
this thesis. A coarse grained model of DMPC (Martini 2.2) is depicted in Fig-
ure 2.15 B. The two tails of DMPC have 14 carbon atoms and 29 hydrogen atoms,
each, and are represented by 4 beads per tail. A model of the RBCcm has been de-
veloped and is described in Chapter 3. I have used MD simulations to study the
mixing behavior of synthetic lipids in hybrid RBC membranes [21]; investigated
the Triton-X 100 mediated insertion of the SARS-CoV 2 spike protein into RBC
membranes [89] and determined the bending modulus in RBC membrane mimics
[60, 61].
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Chapter 3

Methods

3.1 Sample Preparation

Several sample preparation protocols were developed for the projects in this the-
sis. A summary of the different methods is presented in Figure 3.1.

Preparation of RBC Ghosts

The preparation of RBC ghosts was first introduced by Dodge et al. in 1963 [90].
RBC ghosts are empty RBCs that consist of the RBCcm and remains of the spectrin
cytoskeleton. The hemoglobin is removed from the cell in a four-step process that
will be detailed below. Their name originates from their colorless appearance
under a microscope.

NSE experiments require an especially large sample volume (each sample con-
sists of 20 ml solution with a RBC liposome mass concentration of ~20 mg/ml)
and the protocol was thus optimized to achieve a high yield. Either whole blood
or leukocyte-reduced transfusion red cell concentrates (RC) can be used to pre-
pare RBC ghosts.

Whole blood samples (see Figure 3.2 A) were collected from volunteers in
10 ml heparinized blood collection tubes. RCs were provided by the Canadian
Blood Service’s (CBS’s) Network Center for Applied Development (netCAD, Van-
couver, BC) and stored in standardized PVC plastic bags in a citrate phosphate
dextrose and saline-adenine-glucose-mannitol (CPD-SAGM) solution. 100 ml con-
tain 0.33 g citric acid, 2.63 g sodium citrate, 0.25g sodium dihydrogen phosphate,
3.4 g dextrose, 0.88 g sodium chloride, 0.02 g adenine and 0.53 g mannitol [91].
The storage bags were stored at 4 °C until use.

In the case of RCs, 5 ml RC was mixed with 5 ml phosphate buffer saline (PBS).
This buffer contained sodium chloride (137 mM), potassium chloride (2.7 mM),
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FIGURE 3.1: Summary of the preparation protocols developed in this
thesis: First, RBC ghosts were prepared from isolated RBCs through
induced lysis and subsequent washing. These resulting RBC lipo-
somes were further processed following three different strategies: A
Solid supported RBCcms were prepared by applying the solution on
a silicon wafer and allowing them to slowly dry. B Optionally, the
liposomes were modified with synthetic lipid molecules. C Proteins
such as the S-protein can be anchored into the RBCem’s through a

detergent mediated insertion process.
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sodium phosphate (10 mM), and potassium phosphate (1.8 mM), and was pre-
pared from tablets purchased from Sigma-Aldrich (Product Number P4417) mixed
with ultra-pure water (resistivity 18.2 M()-cm). The ion concentration and osmo-
larity match those found in the human body reducing the risk of cell damage.

The collected samples were then centrifuged for 10 min at 4,000 g, resulting
in the separation of RBCs from blood plasma (Figure 3.2 B-C). The red, RBC-rich
fraction, is commonly referred to as hematocrit. The supernatant was removed
and replaced with fresh PBS. The sample was centrifuged for additional 10 min
at 4,000 g. This process of centrifugation with subsequent buffer exchange was
repeated two more times. A lysis buffer was prepared by mixing 16 ml PBS with
484 ml ultra pure water and chilled at ~4 °C. The pH was adjusted to pH 8 prior
to cooling by adding potassium hydroxide under continuous monitoring of the
solution’s pH. The RBCs were exposed to osmotic stress by mixing hematocrit
with this lysis buffer at a concentration of 6 vol%. This induces hemolysis, i.e. the
rupture of the cell with a subsequent release of hemoglobin. The ratio of hemat-
ocrit to lysis buffer was lowered to 3 vol% for the RC samples after an inadequate
lysis in these samples was observed. The tubes were immediately placed on ice
for 30 min to avoid a fast re-closing of the ruptured cells.

The solution was subsequently centrifuged at 4,000 g for 1 h resulting in a
pellet consisting of empty RBC. The centrifuge was pre-chilled to ~4 °C. The
supernatant was removed and replaced with fresh lysis buffer. This step of cen-
trifugation with subsequent buffer exchange was repeated four times until the
supernatant was found to be clear and a white pellet was observed on the bottom
of the tube (see Figure 3.2 D-H). The samples were stored on ice in between steps.
Potential inconsistencies in the preparation protocol due to interruptions in the
cooling chain and or variations in the lysis buffer's pH resulted in a red coloring of
the sample indicative of an inadequate rupturing of the cells. Such samples were
disposed to ensure a consistent sample quality.

The prepared RBC ghosts were visually inspected under a microscope and
had a diameter between 1 ym and 10 ym. Such large structures and especially
the remaining spectrin cytoskeleton are undesirable for the preparation of solid
supported membranes as they result in a poor level of order in the stacks [8].
Therefore, I combined the pellet from multiple reaction tubes (typically 6x15 ml
reaction tubes are prepared from a 10 ml blood sample) in a single 1.5 ml reaction
tube and the volume was adjusted to 500 pl. The sample was then tip-sonicated
with 20x5 s pulses at a power of 100 W. Note that the reaction tube was placed
on ice during sonication to prevent the sample from overheating. The sample was
subsequently centrifuged at 20,000 g for 20 minutes to remove any larger residues.
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Collection | Washing

FIGURE 3.2: Sample tube throughout the preparation of RBC ghosts.
First, RBC are isolated through centrifugation and washed with PBS
buffer (A-C). D The RBCs are then exposed to osmotic stress by mix-
ing hematocrit with lysis buffer at a concentration of 6 Vol%. The
released heamoglobin is subsequently washed out (E-H)

This results in liposomes with a diameter of ~200 nm (verified with dynamic light
scattering) that will be hereafter referred to as RBC liposome solution. Remains of
the cytoskeleton were no longer detectable in fluorescent microscopy experiments
[8] and are likely ruptured during sonication.

10 ml of a whole blood sample yielded ~500 u1 of final solution at a membrane
concentration of ~14 mg/ml (verified through drying the sample) [8]. RBC lipo-
somes were used for all further preparation that will be outlined in the following

paragraphs.
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Preparation of Solid Supported RBC Cytoplasmic Membranes

The formation of well-aligned multilamellar stacks of RBCcm is a prerequisite
for a high-resolution structural analysis in XRD experiments and has been first
introduced by Himbert et al. [8]. The protocol was optimized throughout this
PhD.

100 mm diameter, 300 um thick silicon wafers were pre-cut into 10x10 mm
chips. The wafers were cleaned with a solution of 15 ml sulfuric acid and 5 ml
hydrogen peroxide (Piranha solution) resulting in a hydrophilic surface. Each
wafer was then thoroughly rinsed with ~50 ml of ultra pure water and placed on
a hot plate (37 °C) in a 3-dimensional orbital shaker. 100 pl of the RBC liposome
solution was pipetted slowly onto the wafer. The sample was covered with a tilted
petri dish lid to allow the membrane solution to slowly dry over ~12 h. The
dried wafers were then incubated for 24 h at 97 % relative humidity and 37 °C by
placing the samples in a sealed container with a saturated K,SO, solution. This
incubation step promotes the fusion of the dried RBC liposomes, resulting in a
stack of RBCcms parallel to the silicon substrate.

2

Tuning the Lipid Composition of the RBC’s Cytoplasmic Membrane

This section of the protocol is also described in my publication Hybrid Erythro-
cyte Liposomes: Functionalized Red Blood Cell Membranes for Molecule Encapsulation
(Paper III) [21].

Aqueous solutions of synthetic lipid mixtures were prepared by dissolving
14 mg of lipids in 1 ml of ultra pure water. The solution appeared cloudy due
to the formation of larger multilamellar liposomes (1 — 10 ym) and was subse-
quently tip-sonicated 20 times for 10 s each at a power of 100 W until the solution
became clear. This sonicated solution will be referred to as Lipid solution. The RBC
liposome solution was then mixed with the lipid solution in the desired ratio and
tip-sonicated 20 times for 5 s each. The reaction tube was placed on ice to prevent
the sample from overheating and subsequently centrifuged at 20,000 g for 20 min-
utes to remove any larger residues. In my publication [21], I studied the impact
of DMPC, POPC, POPS and POPG onto the RBCcm'’s structure. Ratios of 1:4, 2:3,
1:1, 3:2, 4:1, and 9:1 (RBC liposome solution:lipid solution) were prepared for DMPC
and POPC. The impact of POPS and POPG were studied in ratios of 4:1 and 9:1.

The homogeneous fusion of the RBC and synthetic membrane species requires
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a two step process [21]. First, the solution is dried on to a silicon wafer as de-
scribed above. This creates a 2-dimensional confinement of the membrane mix-
ture. However, distinct, micrometer-sized patches of RBC-rich and RBC-poor ar-
eas were initially observed. Both membranes fused together during a subsequent
incubation of the sample at 37 °C and 97 % relative humidity after which a patchy
structure of the membrane was no longer detectable under the microscope.

Hybrid liposomes were synthesized by placing the silicon wafers in a reac-
tion tube filled with 2 ml of ultra pure water with subsequent bath sonication for
1 h at 37 °C. This re-hydrates the membrane stack, resulting in the formation of
multilamellar hybrid liposomes.

Molecules can be encapsulated within the liposomes by adding the molecule
of interest at a concentration of 1 mg/ml to the aqueous solution when incubating
the wafer. The sample was then centrifuged for 20 min at 20,000 g. The super-
natant was removed and replaced with ultra pure water. This washing step was
repeated twice to isolate the liposomes. This protocol was demonstrated in my
publication [21] by using fluorescein labeled dextran (3 - 5 kDalton).

Anchoring Proteins in the RBC’s Cytoplasmic Membrane

This section of the protocol is also described in my publication Erythro-VLPs:
anchoring SARS-CoV-2 spike proteins in erythrocyte liposomes (Paper IV) [89]. The
SARS-CoV-2 spike protein (S-Protein) was embedded into the RBCcm through a
Triton-X 100 mediated insertion protocol to prepare erythrocyte-based virus-like
particles (Erythro-VLPs).

Full-length S-protein was purchased from Acrobiosystems (SPN-C52H4). The
protein was delivered in a lyophilized form and the sample also contained tre-
halose. This cryoprotectant was first removed through analytical size-exclusion
chromatography with a Superdex 200 increase 10/300 analytical gel filtration col-
umn (GE Healthcare). The S-protein was eluted with ultra pure water and subse-
quently lyophilized.

The lyophilized state was preferred as it conveniently allows mixing the S-
Protein and the RBC-liposomes by simply resuspending the S-Protein in 50 ul of
the RBC liposome solution. The surfactant Triton-X 100 (9002-93-1, Sigma-Aldrich)
was added at a concentration of 25 mM in order to promote the insertion of the
protein into the RBCcm. The effect of Triton-X 100 is two fold: it solubilizes the
membrane and stabilizes the trans-membrane domain. The sample was allowed
to incubate for 3 h.
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Of course it is required to remove Triton-X 100 from the solution. This was
done by adding an excess of Amberlite XAD-2 (9003-70-7, Sigma-Aldrich). These
non-polar polystyrene beads are commonly used to remove surfactants, such as
Triton-X 100. The sample was incubated at room temperature for another 12 h. To
remove any remaining Triton-X 100, not removed by the beads, the supernatant
containing Erythro-VLPs was injected into an analytical gel filtration column and
eluted with 8-fold diluted PBS.

3.2 X-ray Diffraction Experiment

3.2.1 Experimental Setup

X-ray diffraction experiments were performed on a RIGAKU SmartLab Diffrac-
tometer. A photograph of the setup is shown in Figure 3.3 A and the primary
components are sketched in Figure 3.3 B. The instrument is equipped with a
9 kW CuKa rotating anode tube and a RIGAKU HyPix-3000 2-dimensional semi-
conductor detector. Multilayer optics consisting of a focusing mirror, a 5 de-
gree soller collimator, and a 5 mm monocapillary collimator provide a circular
beam with a diameter of ~200 ym, a divergence of 0.008 rad and an intensity of
108 counts/mm?-s. The wavelength is A = 1.5418 A with a spread of %=1 %.

The detector has an array of 775x385 pixels, each measuring 100x100 um?.
Each pixel is a single photon counter with a bit-depth of 32 bit, in contrast to
the widely used CCD based detectors which have a typical bit-depth of 16 bit.
A beam-block was installed to attenuate the intensity from the direct, i.e. non-
scattered, beam.

All samples were placed in a sealed humidity-controlled aluminum chamber
during the measurements, as depicted in Figure 3.3 C. Aluminum is opaque for
X-rays, so windows are machined on either side of the chamber and are sealed
with a 13 ym thick kapton foil. This polymeric material was chosen for its high
transmittance for X-rays and it’s defined background; the diffraction signal of the
Kapton windows consists of a powder diffraction peak at |q| ~0.45 A~ (half-
width at half-maximum =20.05 A~!). The sample is placed on a stage in the center
of the chamber. A basin at the bottom of the chamber below the sample is filled
with a saline solution. The temperature in the chamber is not controlled as the
ambient temperature inside the X-ray machine is ~30 °C. The humidity inside
the chamber is controlled through the choice of salt and the salinity of the saline
solution. Measurements on RBCcm were generally performed with two humidity
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settings: at ~88 % RH using a saturated KCI solution and at 99.9 % RH by using
a 40 mg/ml K;SOy solution. The dry sample environment results in a small spac-
ing between the membranes with suppressed out-of-plane fluctuations and was
found to be ideal for high resolution structure determination of RBCcms. A mea-
surement of the RBCcm'’s bending modulus « and interaction modulus B requires
the membrane stack to be in a fully hydrated state with a finite lamellar repeat
distance d. RBC samples were found to be unstable when measured at 100 % RH.
The membranes were found to be highly hygrosopcic and swell until the sample
washed off the silicon wafer. The humidity was therefore lowered to 99.9 % RH.
Both the X-ray tube and the detector are mounted on movable arms and move
on spherical coordinates. The detector moves along the meridional angle 6 and
the azimuth angle =, while the source’s movement is restricted to the meridional
angle (see Figure 3.3 B for angle assignment). This avoids any movement of the
sample during the measurement. The components 4, and ¢ of the scattering
vector are perpendicular and parallel to the membrane surface, and can be deter-
mined from
7. — 4 s;\n(@) (3.1)
47sin(E/2)
N="71

The instrument also allows the adjustment of the angular resolution of the
measurement through manipulating the sample-detector distance L between ~150 mm
and ~350 mm. This setting is not motorized and requires calibration after every
adjustment using the instrument’s control software.

A 0-scan is performed by first choosing a detector-sample distance and a fixed
azimuth angle. The X-ray tube is then moved along the meridional angle 6 thus
altering the incident angle of the X-ray beam. The scattered intensity is then
recorded by the 2-dimensional detector. However, only the pixel row which matches
the specular condition in its center is read out for a given setting of 6 (see blue
highlighted pixel in Figure 3.3 B). The detector then follows along the meridional
axis to cover the entire g-range of interest.

Multiple measurement protocols were used to collect the data presented in
this thesis and are listed in Table 3.1. The in-plane scan was optimized to probe
the RBCcm's in-plane structure; the out-of-plane scan was used to measure the
lamellar repeat distance d and the electron density profile from a 1-dimensional
Fourier analysis. The diffuse scan was optimized to measure XDS.
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| Scan \ Parameters \ g-range |
In-Plane Scan 2 Scans (Panorama) g, =0-19 Al
L =150 mm gy =0-34A""
20=0-26°

302120 and EOZ3SO
88 % relative humidity
Out-Of-Plane Scan 1 Scan g =0—08 AT
L =350 mm g = —0.45—0.45 A~1
26=0-10°
Ep=0°

88 % relative humidity

Diffuse Scan 4 Scans (Integrated) g: =0—-03A"1
L =350 mm g = —0.45 —0.45 A~1
20=0-4°
Ep=0°

99 % relative humidity

TABLE 3.1: Parameters and g-range of the performed scans.

Panorama refers to the stitching of two scans to cover a larger in-

plane g-range; For integrated scans 4 scans with the same settings
are performed and the intensities are added.

3.2.2 Analysis

The instrument saves the recorded data in the open .img file-format. The anal-
ysis capabilities of RIGAKU’s proprietary software are limited, so a customized
analysis library was developed in MATLAB.

Each file contains a 4096 byte long header formatted in the American Standard
Code for Information Interchange (ASCII) followed by 32-bit binarized image data
and can be read using MATLAB built-in functions. Scaled 4. and g axis are not
included in the file and need to be reconstructed from the instruments geometry.

It is important to recognize that the 2-dimensional flat detector subtends the
spherical coordinate system spanned by the meridional angle 6 and the azimuth
angle = and consequently measures a distorted image. This distortion can be
corrected when taking into account the geometry of the X-ray instrument and the
data acquisition by the detector. Let us first discuss pixels located at ;| = 0 A1 It
was emphasized above that the detector only records the pixel row matching the
specular condition in its center and moves along the meridional angle otherwise.
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Each pixel at ) = 0 A~ thus covers a small fraction on the meridional arc. The
data are consequently not distorted and the scattering angle for pixel k can be
determined from L and the pixel height of 0.1 mm to be

0.1k 360

YL 2

This changes in the in-plane direction, as can be seen in Figure 3.4. The pixel

position of the direct beam p,; on the detector at & = 0 is measured by the in-

strument and is stored in the header. We can use this information to calculate the

distance w, of a given pixel in a single detector row to p;. We can then determine
the azimuth angle of pixel / as

(3.2)

wx> 360 (3.3)

5= -1 (2E) =2

= = = +tan ( L/ 2’
where we account for a possible offset E( of the detector. The out-of-plane and
in-plane component of the scattering vector can be then calculated using Equa-
tion 3.2, once both angles are determined for a given dataset.

The developed library allows further options for the handling of multiple
scans. Two or more scans can be summed to enhance statistics. Alternatively,
scans at different settings of Z¢ can be stitched together resulting in a single scan
that covers a larger q|| range.

The 2-dimensional X-ray signals can be reduced in three different ways. Data
can be integrated within a rectangular box either along the ¢ axis or the g axis.

This option is used to determine out-of-plane intensity profiles (4, = 0 A=1yand
XDS profiles (see below). Alternatively, pixels for a fixed value |q| can be inte-
grated. This last option is used to calculate 1-dimensional in-plane scattering pro-
files from a 2-dimensional intensity map. An exemplary 1-dimensional in-plane
scattering profiles is depicted in Fig. 2.10 A.

The bending modulus x and the membrane interaction modulus B can be mea-
sured independently from XDS signal, as it was introduced in Chapter 2. First,
two 1-dimensional line cuts, each at a fixed value g, = g} and g, = 42 (typical,
gt = 2g1 > = 2.531) were extracted from a 2-dimensional X-ray intensity map
and then fitted simultaneously to Equation 2.11. Calculating S(qz, 4)|) is computa-
tionally intense and a program was thus written in C++ to analyze XDS data. The
algorithm was based on the program introduced in [65] but was modified to al-
low for GPU acceleration with the Compute Unified Device Architecture (CUDA)
provided by the Nvidia Corporation.



52 Chapter 3. Methods

10.1 mm
Pixel 0.7 mm

I
I

/

Azimuthal Detector
Trajectory

- E:Eo+tan—1(

&> 360

L/ 2n

FIGURE 3.4: Instrument geometry in the in-plane direction. The flat
detector (shown in blue) subtends the spherical in-plane coordinate
system spanned by the azimuth angle & and consequently measures

a distorted picture. The azimuth angle Z can be calculated from
Equation 3.3

GPU acceleration generally works by splitting the computation workload of a
given problem between multiple processors. However, this requires the algorithm
to be parallelizable, as can be explained on the example of numeric integration:
the widely used trapezoidal rule splits the range of an integral into finite steps
and approximates the integral by a sum of finite trapezoids. It is clear that the
areas of the individual trapezoids solely depend on the number of steps and are
independent of each other. They can be calculated in parallel. Adaptive methods
such as the gsl_integration_qagiu algorithm adjust the number of steps dynamically
during the algorithm’s run-time to ensure a faster convergence. The number of
trapezoids and the size of each trapezoid changes throughout the algorithm and
thus requires a serial processing of these methods.

The CUDA toolkit allows splitting of a processing job into threads that are
grouped in blocks. The number of threads per block is a hardware specific quan-
tity. The maximum number of block is independent of the hardware and is only
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limited by the CUDA toolkit [92]. As a result, a processing job can be split into as
many threads as required. Of course, it should be remembered that the effective
speed gain is limited by the hardware. The single Geforce GTX-1080 TI graphics
card that was used for this thesis has 3584 physical CUDA cores and allows 1024
threads per block.

The flow diagram of the implemented algorithm is depicted in Figs. 3.5 and
Figure 3.6. The program uses the program_options toolbox from the boost C++ li-
brary to handle user input and can operate in two modes: It can calculate the
2-dimensional structure factor for a given ¢; and g)| range, or it can fit a provided
data set.

Both routines rely on an algorithm that calculates the structure factor for given
values g, q), ¢, 7 and q;. Calculating and fitting the structure factor in Equa-
tion 2.11 is non-trivial due to the nested integration and summation and requires
computational approximations. First, it is important to appreciate that we can
isolate a term that solely depends on g, from the structure factor

Ar) = nioo H;(nD) cos(q.nD)G(r,n,q2),, (3.4)

n=-—oo

allowing us to rewrite Equation 2.11

59z q) = /Ooo rdrHy (r)Jo(q)7) A (3.5)

We can consequently calculate A(r) only once for a given g, before solving
the integration in Equation 3.5 numerically for the desired values of q|| (hereafter
referred to as g -profile).

Furthermore, the functions H,(r) and H,(nD) were introduced to account for
the finite size of membrane domains. This is convenient as it reduces the required
range for n and r [62].

The first step in calculating A(r) is to compute the height-height paircorrela-
tion function du,(r). It is computationally useful to use Equation 2.16 for n < 30
and r < 1000 and employ the widely accepted approximation [65]

St (r) = % [’yln (%) +0.5E; (4%)} (3.6)

for all other values for n and r. Further, it is important to appreciate that both
equations for du,(r) are independent of the scattering vector q. Importantly, we
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can introduce the transformation r = 7§, where 7 is the radius for { = 1 and #=1.
Any other combination of (&, #7) can then be calculated by simply rescaling r:

Suy(r,&,m) = nou,(ér,1,1). (3.7)

This enables us to calculate an array of du(r,1,1) at the beginning of the al-
gorithm for logarithmically spaced floating point values 107% < r < 10° and
linearly spaced integer values 0 < n < 1000. Equation 3.7 is then applied to
calculate an array for du(r, &, 7).

The integration in Equation 2.16 is performed numerically using the adaptive
gsl_integration_gagiu algorithm provided by the GNU scientific library [93]. The
trapezoidal rule can not be used due to the apparent singularity in the integrand
in Equation 2.16 (x — 0).

In the same way, arrays for H,(r) and H;(nd) (see Equation 2.9 and Equa-
tion 2.10) are pre-calculated. Again, logarithmically spaced floating-point val-
ues 1074 < r < 10° (10,000 values in total) and linearly spaced integer values
0 < n < 1000 were used in the calculation.

The calculation of H,(r) is further accelerated using the CUDA toolkit by split-
ting the process into 10 blocks with 1024 threads each. Each thread then calculates
the integration in Equation 2.10 for fixed values r and n and stores the results in
an array.

In the next step, the algorithm calculates A(r) (Equation 3.4) for integer values
of —1000 < n < 1000 using the array entries from all predetermined functions.
This process is split into 2 blocks with 1024 threads each. Each thread solely calcu-
lates the summation in Equation 3.4 for a given value r and stores the results in
an array.

Finally, the program calculates Equation 3.5. The numerical integration is per-
formed using the trapezoidal rule with 1 < r < 10° and a step width of 1 A.
Values of A between the grid points of the predetermined arrays are determined
from cubic interpolation. This process is once again parallelized. 2 blocks with
1024 threads each are defined, where each thread is instructed to compute the inte-
gration for a fixed value g;.

Equation 2.11 represents the structure factor for a finite membrane stack, but
does not account for characteristics of the X-ray instrument. In a real-world exper-
iment, the structure factor is convoluted with the beam’s footprint on the sample.
The beam profile in the described setup is circular with a Gaussian distribution
with a standard deviation of ¢; = 0.004 in both spatial directions. The deter-
mined g, profile is thus convoluted with a Gaussian distribution to account for
this beam geometry.
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FIGURE 3.7: Sample
Inlet chamber used for the
NSE experiements: A
circular cavity within a
titanium block is sealed
Quartz with quartz windows
Window and rubber O-rings
Rubber
O-Ring

Titanium
Chamber

Multiple g -profiles are calculated by looping through multiple setting of g to
calculate a 2-dimensional scan of the structure factor S(qz, q|)-

The bending modulus x and the membrane interaction modulus B can be de-
termined independently from XDS data by fitting the calculated structure factor
at two different values of g, = qgl) and g, = qu) to the experimental data.

For this purpose, a Levenberg-Marquardt least square fit was implemented us-
ing the gsl_multimin_fminimizer from the GNU Scientific library [93]. The function
to be minimized is given by the sum of the squared residuals

=20 + 2@ = k) - k)2 /alk] + (YBlk] — yalk)? /oK), (3.8)

where Y;[k| is the interpolated value of 5(qz,4)) at discrete values qgj ) and qgk)
and y;[k] are the corresponding experimental values. o1[k] and o, [k] are the exper-
imental errors.

3.3 Neutron Spin Echo

One paper discussed in this thesis contains NSE measurements. Experiments
were performed on the NGA-NSE spectrometer at the NIST Center for Neutron
Research (NCNR) in Gaithersburg, MD, U.S.A. [94].

The sample consisted of RBC liposomes with a diameter of ~200 nm immersed
in heavy water (D,0). The diameter was verified by dynamic light scattering
prior shipping the samples to the NCNR and by small angle neutron scattering
on site. Samples were filled in a custom made sample holder provided by the



58 Chapter 3. Methods

NCNR, as depicted in Figure 3.7. The holder consists of a titanium block with a
circular cavity with a diameter of 40 mm and a depth of 4 mm (capacity 20 ml).
The cavity is sealed with quartz windows and rubber O-rings on either side. The
entire holder is held together tightly by screwed titanium retainers.

Measurements were performed at g = 0.0523 A~1, 0.0664 A~1, 0.0794 A1
and 0.0959 A~ using wavelengths of A = 8 and 11 A, with a wavelength spread
AA/A =0.18 [72], providing access to Fourier times ranging from 0.01 to 100 ns.
The sample temperature was controlled by a recirculation bath with an accuracy
of &1 °C. All experiments were performed at a sample temperature of 37 °C. NSE
data were corrected for instrumental resolution and solvent background using the
DAVE software package [95]. Fits of the Zilman-Granek theory to the experimen-
tally probed intermediate scattering function were performed in MATLAB using
the speclD library provided by the Institute Laue Langevin, Genoble, France.

3.4 Molecular Dynamics Simulations

MD simulations were performed on a GPU accelerated computer workstation us-
ing GROMACS Version 5.1.4. The device is equipped with a 40 Core central pro-
cessing unit (CPU, Intel(R) Xeon(R) CPU E5-2630 v4 @ 2.20GHz), 130 GB random-
access memory (RAM) and three graphic processing units (GPU, 2 x NVIDIA
1080 TI + 1 x GeForce GT 730).

Membrane models were created using the CHARMM-GUI membrane-builder
(http://charmm-gui.org/) [96, 97] and the Martini force field 2.2 [97].

Martini is a coarse-grained force field, as was introduced in Chapter 2 and
was specifically designed to simulate bio-molecules [88]. A RBCcm model can
thus only approximate the exact membrane composition.

A program was written to represent the experimentally determined lipidomics
with molecules that are available in the Martini force field. A flow diagram of this
mapping program is shown in Figure 3.8. The program aims to represent each
experimentally determined lipid with a Martini molecule by matching the tail
length and degree of saturation.

This is done through calculating an error coefficient for every available model
lipid. This error value is composed of an error of saturation Es; and an error of
tail length E,;;;. Esq is the difference in tail saturation between the model and
the experimental lipid. In the same way, E;;;; was defined as the difference in tail
length. Let us illustrate this on the example of di22:1 PC. In Martini, each bead
can represent multiple CH, groups and one model lipid can mimic an ensemble
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Main
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and Lower Leaflet

Input Molecular Code, Get Percentages
e.g. PC 16:0-18:1 (POPC) in final Membrane
Get Martini Lipid Remove Lipids with an e_ Get Me‘mbrane
Abundance of Size
* <1 Lipid/Membrane
Calculate Error Coefficient *
for Tail Saturation Egg¢ Create Final Table
* for Total Membrane
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Calculate Error Coefficient on upper and lower leaflet
for Tail Length E1gj|
I Split Table in Upper

Etot=
ETail + Esat Export Table

\ 4

Determine Lipid with
Minimal Error

FIGURE 3.8: Flow diagram of the program used to map experimental
lipidomics to available molecules in the Martini force field.

of tail lengths. The Martini lipid with two identical, 16-18 carbon atoms long tails
and two double bonds per tail would result in an error value of E = Egyt + Ey =
2-(2—1)+2-(22—18) = 10. The Martini lipid with the smallest error value was
then used for each experimental lipid respectively.

A membrane patch was then created from the list of mapped molecules by
matching the relative lipid concentration to the experimental abundance. The
finite size of the patch requires some molecules to have a concentration of less
than one molecule per patch. These molecules were ignored when building the
final model.

RBCcms are known to be asymmetric, with PS and PE lipids preferably lo-
cated on the inner leaflet [7]. This asymmetry between different lipid species was
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adjusted by using values for the compositional asymmetry published in previ-
ous coarse grained plasma membrane simulations [20]. For a given species, the
simulated lipid population was split among both leaflets to match the relative
abundance. For instance, PC lipids were split in a ratio of 3:1 between the upper
and lower leaflet. Thus, simulated PC lipids were placed 75 % in the upper leaflet
and 25 % in the lower leaflet.

RBCcms have a high cholesterol level of up to 50 mol% [90], which was con-
sequently used in the design of the membrane patch. However, concentrations
as low as 30 mol% have been used in the simulations of stored RBCcms to mimic
maximal changes in the cholesterol concentration throughout storage [61].

The calculation of the fluctuation spectrum from simulation data requires an
accurate interpolation of the function u(r) at every time step of the simulation.
To remind the reader, u(r) describes local deviations of the bilayer center in the
out-of-plane direction.

This is done by first calculating these local out-of-plane deviations for the
headgroups of both leaflets respectively. The position of the headgroup beads
of all lipid molecules (minus cholesterol) was exported in steps of 4 ns and the
z position from all beads was interpolated using the 2-dimensional cubic inter-
polation provided by the MATLAB’s built-in griddata function for both leaflets
respectively. u(r) was then determined by calculating the average displacement
of the upper and lower leaflet. The 2-dimensional power spectrum was then de-
termined using the built-in MATLAB function fft2. This spectrum was averaged
over all exported time frames and subsequently reduced to a 1-dimensional spec-
trum. First, the reciprocal coordinates Q and Q, were determined for all pixels.
The 2-dimensional power spectrum was then integrated along concentric rings

with , /Q2 + Q§ = Q)| = const. This spectrum was then fit to Equation 2.31 in the

low Q‘ -Tegime (<01 A‘l) to determine the membrane’s bending modulus «.
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Chapter 4

Paper I: The Bending of Red Blood
Cell Membranes

4.1 Preface to: The Bending of Red Blood Cell Mem-
branes

In this publication, we study the bending of the RBCcm on the nanoscale with a
combination of XDS and NSE experiments as well as MD simulations.

The membranes are extracted from a freshly collected blood sample and are
prepared as solid supported stacks (XDS) and RBC liposomes (NSE) as it was
introduced in Chapter 3.

XDS experiments are conducted on the described in-house instrument using
the optimized measurement protocol (see Table. 3.1). The analysis of XDS data
is computationally challenging and requires the GPU accelerated computer pro-
gram that is described in Chapter 3.

NSE experiments are performed on the NSE instrument at the NCNR in Gaithers-
burg, MD, USA. The bending modulus from these measurements was initially
10x higher than values obtained from XDS and MD simulations when using the
cmm model in the analysis. However, this discrepancy is eventually resolved
when considering the cholesterol concentration (=50 mol% [11]) in the RBCcm
and consequently applying the cholesterol model as it is emphasized in Chap-
ter 2.

The experiments are complemented by MD simulations where a coarse grained
model is specifically designed to mimic the RBC’s lipidomics that is provided by
Dr. Angelo D’Alessandro from Columbia University.

We measure a bending modulus between 2 and 5 kT, which is substantially
lower than previously reported values on purely synthetic membranes.
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To the best of my knowledge, this is the first time that the combination of these
three techniques was applied to a biological membrane.
Status: in preparation
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An important mechanical property of cells is the membrane bending modulus, . In the case of
red blood cells (RBCs) there is a composite membrane consisting of a cytoplasmic membrane and an
underlying spectrin cytoskeleton. Literature values of k are puzzling, as they are reported over a wide
range, from 5 to 230 kgT. To disentangle the contribution of the cytoplasmic membrane from the
spectrin network, we investigated the bending of red blood cell eytoplasmic membranes (RBCcm)
in the absence of spectrin and also no ATP. We used a combination of X-ray diffuse scattering
(XDS), neutron spin-echo (NSE) spectrometry and Molecular Dynamics (MD) simulations. Our
results indicate values of x of order 4 to 6 kgT, relatively small compared to literature values for
intact RBC membranes, and for most single component lipid bilayers. We suggest that this relative

softness may have biological advantage.

20 Keywords: red blood cell membrane, bending modulus, blood storage

SIGNIFICANCE

It has been challenging to understand the widely
disparate reported values of the bending rigidity
of the complex RBC shell. By isolating the mem-
brane of red blood cells and removing the spectrin
network, we determined that the bending modulus
of just the RBCcm cytoplasmic membrane is quite
small compared to the value obtained for the en-
tire macroscopic RBC shell. This makes sense be-
cause the cytoplasmic membrane should dominate
the elastic behavior at length scales smaller than
the 80 nm length scale of the spectrin mesh, and
this is the length scale that is relevant for oxygen
permeability and other biochemical processes that
should be facilitated by a soft, fluid membrane en-
vironment.

21

22 Cellular functions, such as mobility, division and vesi-
2 cle trafficking, are intrinsically related to a cell’s ability
2 to comply to deformation.'™. In the case of red blood
2 cells (RBCs) that have no internal structure, this ability
2 depends upon its two-dimensional “shell”, which consists
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of a spectrin cytoskeleton tethered to a cytoplasmic mem-
brane.

A suite of techniques has been used to study cell elas-
ticity. Mechanical properties on cellular length scales
are measured by micropipette aspiration®, while atomic
force microscopy (AFM)® probes elastic behavior on the
nanoscale. Cell stiffness is studied indirectly by spectral
analysis of flickering of cells under a microscope®®, as
well as optical interferometric techniques®1°.

A particularly appropriate measure of elasticity is
the bending modulus x, which gives the energy re-
quired to bend away from the resting state. Table 1
shows values for the bending modulus « of RBCs that
have been reported over the years, ranging from 5 to
230 kg T*6 91112 A reasonable hypothesis for this dis-
parity is that the bending modulus depends on the length
scale of the measurements.'®> On length scales smaller
than the mesh size of the cytoskeleton of ~ 80 nm, the
average bending modulus could be due mostly to the cy-
toplasmic membrane, while the spectrin network would
add a contribution at longer length scales. When mea-
suring RBC elasticity on small length scales, values for
r of 5 kgT7 and 7 kgT,"* have been reported in con-
trast to the much larger values for length scales of the
entire RBC*®11:12 " According to the above hypothesis,
this would imply a substantial bending modulus for the



Technique t (kgT) Lengthscale Reference
(pm)
Literature RBC
Optical T'weezer 68 1-7 12
Diffraction Phase Microscopy 219 0.7-7 1
Micropipette Aspiration Buckling 43 1-2 4
Reflection Interference Microscopy 97 1-2 8
Reflection Interference Microscopy 5 0.25-3 7
Diffraction Phase Microscopy 20 0.1-5 o
Reanalysis of*? 14,25 0.1- 5 13
Diffraction Phase Microscopy 7 0.1-5 o
This paper RBCcm
Diffuse X-ray Scattering 2-6
Neutron Spin Echo 4-7
Molecular Dynamics 4

TABLE 1. A summary of values reported for the bending
rigidity, x, of discocytic intact ghost red blood cells from the
literature and our RBC,,, membranes.

cytoskeleton. It may be noted, however, this is incon-
sistent with a report that the bending modulus of the
cytoskeleton is very small.'

Supposing that the bending modulus of the cytoplas-
mic membrane is only of order 6 kgT, it is noteworthy
that this  is significantly smaller than bending rigidities
reported for single component lipid bilayers of similar
thickness that have values of x typically between 15 and
50 kBT16‘29. It is further intriguing that the cytoplasmic
membrane contains considerable cholesterol which is con-
63 ventionally thought to stiffen lipid membranes, although
e that depends on the lipid.2°
¢s  Here we measure the bending rigidity of the RBC’s cy-
toplasmic membrane to clearly separate the elastic con-
o7 tribution of the membrane from that of the spectrin net-
e work. We will call these RBCcm. Our samples also
have no ATP, which has sometimes been reported to af-
fect membrane ﬂuctuationsl2*30, but sometimes not!'!.
Solid-supported multi-lamellar RBC" membrane stacks
were prepared for measurements of X-ray diffuse scat-
tering (XDS), and unilamellar RBC. liposomes were pre-
71 pared for neutron spin-echo (NSE) spectroscopy. We
also performed coarse grained MD simulations of multi-
component membranes that essentially matched the lipid
composition of the RBC membranes in the experiments.
Table 1 shows our values of x to facilitate comparison
with literature values.
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80 RESULTS
81 X-ray diffuse scattering

&2 The geometry of X-ray reflectivity experiments on
g3 stacks of membranes is depicted in Fig. 1 A. The most
s intense scattering is specular (g, = 0 A—1); as shown in
ss Fig. 1 B this includes peaks due to the average lamellar
s repeat distance in the stack of membranes, and it includes
&7 the sharp line of reflectivity from the silicon substrate.
s Only two lamellar repeat spacing peaks are visible for

A

diffuse
gl scattering

0.05

e q=25q, —fitted S(q)
o q,=2.0q, —fitted S(q)|

Normalized Intensity
o =]
e [«)}

o
)
T

0 0.02 0.04 0.06 0.08 0.1
q A

FIG. 1. A Schematic of a stack of fluctuating membranes and
the geometry of specular (g = 0) and off-specular (g # 0) X-
ray scattering. B g-space X-ray intensity map of a solid sup-
ported RBC membrane stack. Two orders of lamellar peaks
surrounded by diffuse X-ray intensity are visible. The white
lines show the locations and ranges of the data presented in
the next panel. C Off-specular intensities at ¢, = 2¢1 and
q. = 2.5q1, normalized to the respective X-ray intensity at
q = 0.01 A7"). Fits of the structure factor S(g) following
Eq. (4) are shown as solid lines.



s the RBC samples, indicating a high degree of structural
o disorder within each membrane. The first order peak was
o observed at ¢;=0.084 A~1 corresponding to a membrane
o d-spacing of d = 74.8 A. Most importantly for elastic
o3 properties, a cloud of diffuse off-specular scattering was
o observed. Fig. 1 C displays the g dependence for q. =
s 2¢q1 and q, = 2.5¢q;.

o  Off-specular scattering (g # 0 A1) is due to thermal
o7 fluctuations of membrane undulation modes and com-
e pression modes of the stack of membranes. The energy
o of these fluctuations is given by smectic liquid crystal
wo elastic theory as?2:3!

H= /d2 ( (Vllun)2+B(un+1 —un)2>,
(1)

w1 where u,, is the locally varying displacement. & is the
102 bending modulus, B is the compression modulus, N is
the number of membranes and d is the lamellar spac-
ing between neighboring membranes. Given values of k
and B this model predicts the structure factor S(q., q))*?
which contains the important ¢, dependence of the dif-
fuse scattering intensity. The best values for the samples
were obtained by varying x and B to provide the best fit
of this model to the off-specular diffuse intensity. Values
of k=2 kgT and B=2-10""7 kBT/A4 were determined,
and are listed in Table 1.
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112 Neutron spin echo

u3  Membrane dynamics are measured in unilamellar vesi-
cles by NSE. The precession of the neutron spin.in a
well-defined magnetic field is used to determine the en-
ergy transfer between neutrons and membranes on length
scales of ~10 nm. The basic set up. of the experiment is
shown in Fig. 2 A. Nanometer sized RBC liposomes were
immersed in DO and mounted in a custom-made tita-
nium chamber. Details of the experimental setup are de-
scribed in Materials € Methods. The liposome size distri-
bution was measured by dynamic light scattering (DLS)
and small angle neutron scattering (SANS) prior to the
experiment, giving respective diameters of 199 + 3 nm
(polydispersityindex: - 0.1-+ 0.01) and 189.8+ 5.5 nm
(polydispersity index: 0.15 + 0.03), as shown in Fig. S2
in the Supplementary Material. Data for the interme-
diate scattering function were fitted to the Zilman and
Granek?? theory, as shown by solid lines in Fig. 2. The
inset shows the decay constant I" versus gq. These val-
ues of I' were then used to obtain the dynamical bending
modulus % using

T'(q) = 0.025 (kiT> (anT) 7,

where kpT is thermal energy and 7 is the solvent viscos-
ity.
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FIG. 2. A Experimental setup of the NSE experiment. 6 ml
of RBC liposomes immersed in D20 at a concentration of
20 mg/ml were filled in custom made titanium/quartz cham-
bers provided by the NIST Center for Neutron Scattering
(NCNR). B Intermediate scattering function I(q,t)/1(q,0) at

=(0.0523, 0.0664, 0.0794 and 0.0959) A~'. Data were fitted
by Eq. (9). The inset shows the determined decay constant
I" is graphed versus the scattering vector ¢q. Data were fit-
ted with a ¢® dependency as predicted by the Zilman-Granek
(ZG) Theory and a bending modulus of 4 kgT was deter-
mined using the cholesterol model.

The theory of Watson and Brown?* relates the dynam-
ical bending modulus & to the customary bending mod-
ulus x by the formula

F=r+h*Ka, (3)
that also involves the area compressibility modulus K4
and the distance h of the neutral surface of each mono-
layer from the bilayer midplane. To obtain k it is nec-
essary to eliminate K 4. As detailed in Materials and
Methods, the value of k = 4 kgT listed in Table 1 is the
result of a model that is appropriate for bilayers with a

high concentration of cholesterol.??

Molecular dynamics simulations

We used results from mass spectrometry on extracted
lipids from native RBCs36 for the composition of the
RBC membranes. The cholesterol concentration was
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FIG. 3. 3-dimensional renders of the undulation simulation
after 1 ps (side-view A and top-view B). Lipid molecules
are represented by rods representing intra-molecular bonds.
Each lipid species (Phosphatidylcholine, PC; Ceramide, CER;
Monoglucosyl lipids, MG; Diacylglycerol lipids, DG; Fatty
acids, FA; Sphingomyelin, SM; Phosphatidylethanolamine,
PE; Phosphatidylserine, PS; Phosphatidylglycerol, PG; Phos-
phatidic acid, PA; Phosphatidylinositol, PI) are represented
by different colors indicated in the legend. Cholesterol
(CHOL) is symbolized by red spheres. C The fluctuation
spectrum determined from the wundulation simulation aver-
aged over the last 800 ns. The fit of Eq. (12) onto the data is
depicted as red solid line. The fit range was g < 0.2A7*
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o was later reduced to 7 kp

not determined but taken from3’ reporting a choles-

terol to lipid ratio of &~ 1. Two membrane models con-
taining ~ 5,000 molecules forming a patch of ~ 30 nm
x 30 nm were created. For the first model, the determined
membrane composition was recreated in coarse grained
MD simulations by mapping experimental lipids to the
molecules available in the MARTINI force-field. This
model will be referred to as Model 1 In second model, we
removed any lipid molecule with more than 2 unsaturated
bonds per tail. We will call this model Model 2. Choles-
terol accounted for 50 mol% of both membrane models.
Details about the mapping process can be found in Ma-
terials € Methods and the model compeosition is listed
in Tab. S1 in the Supplementary Material. Fig. 3 A and
B show a 3-dimensional rendering.of Model 1 (side- and
top-view).

The undulation spectrum was determined and is shown
in Fig. 3 C. It has a ¢* dependency in the low-q
regime (¢ <0.2 A=1) in good-agreement with the Hel-
frich-Canham (HC) theory (Eq. (12)). This theory mod-
els the membrane as an elastic sheet and is only valid for
length scales much larger than the membrane thickness,
i.e. small ¢3%3°. The measured spectrum consequently
differs from-the ¢* dependency for ¢ >0.2 A~ due to
molecular-tilt that is characterized by the tilt modulus
K%, Fits of Eq. (12) for values of ¢ <0.2 A~! are dis-
played as ared solid line from which the bending modulus
and tilt. modulus were determined to be x =4.24+0.8 kgT
and K;=3.63x1 kgT. Determining the bending modu-
lus in asymmetric membranes is non-trivial because an
uneven area per lipid in both leaflets*! can potentially
induce curvature, which can impact the results. Simula-
tions on membrane patches with symmetrized upper and
lower leaflet were thus conducted. We find values of 5 and
6 kT, respectively (shown in Fig. S4 in the Supplemen-
tary Material), in good agreement with the asymmetric
membrane that confirm our results. The bending rigid-
ity and the membrane’s tilt modulus were both found to
increase in Model 2 and values of k = 13 £0.6 kgT and
K; =30.4+1.5 kgT were determined.

DISCUSSION

The bending rigidity of red blood cells has been re-
ported many times, as shown in Table I. Interestingly,
the smallest k¥ = 5 kgT came from the same lab as one
of the largest values.”® Likewise, the value of 20 kgT
T1014 The disparate ex-
perimental results have been appropriately described as
puzzling®!3. However, correlation of the magnitude of
k with the length scale of the experiments has been
noted,'® with the larger values generally coming from
measurements on the length scale of the whole cell,
such as buckling in an aspiration pipette experiment?,
spectral analysis of membrane fluctuations observed in
microscopy experiments (k=97 kgT® k=68 kpT'?,
k=218 kgT!") and deformations induced by optical



204 tweezers (k=67 kgT'?). The smaller values in Table
25 I by Brochard et al. (k=12 kBT,G), and Park et al
26 (k=7 kgT?), Zilker et al. (k=5kgT") come from length
207 scales of the order of the wavelength 400 nm of the optical
28 methods employed. Our results for x are a bit smaller.
200 One might be tempted to attribute this to even smaller
210 length scale of 1-10 nm of our three methods. However,
ain this would be misleading because there is only one true
212 value of the Helfrich k for a homogeneous RBCcm mem-
brane, which is independent of length scale. This value
will apparently change at small length scales due to sec-
ond order local features, such as molecular tilt, that are
not included in the first order Helfrich theory. This is
clearly revealed by the high ¢ simulation results in Fig. 3.

213
214
215
216

217

Unfortunately, we can not use higher order elastic the-
ory with our NSE data because there is no existing anal-
ysis. While a higher order analysis of XDS data has been
employed to obtain the higher order tilt modulus for sin-
gle component bilayers?4, our RBC data are not strong
enough to employ that analysis. Nevertheless, the higher
order analysis shows that inclusion of a tilt modulus in-
creases the value of « for typical bilayers by 25-50%. For
RBCcm we can make an independent estimate of the in-
crease in k due to the higher order theory, as described
in Supplementary Material. This estimate gives the up-
per range value of 6 kgT, shown in Table 1 for the XDS
method.

As has been widely recognized, the reason that the
RBCs’ k appears to be length scale dependent is that
previous methods have measured the apparent k for the
composite structure of a bilayer tethered to a spectrin
network and it was previously speculated that these ap-
parent controversial results can be explained by the com-
plex interplay between the membrane bilayer and the cel-
lular cytoskeleton®. While the cytoplasmic membrane is
homogeneous on the lateral length scale of 10 nm, the
spectrin cytoskeleton has a mesh size of order 80 nm.
As has been emphasized®*2; one‘would therefore expect
a corresponding crossover with varying length scale in
the value of an effective bending modulus , especially if
that is the primary parameter in the analysis. The most
recent analysis? recognized this and included other pa-
rameters combined with theory for dynamic optical mea-
surements to obtain x = 6.7£3.3 kg'T for the cytoplasmic
membrane but-with a disconcertingly small value of K4
= 15.542.5 uN/m for the area compressibility modulus
compared to directly measured values.*”

In contrast, we have measured x on length scales
smaller than the bond length of the cytoskeleton to probe
23 the bending rigidity of the RBC,,, directly. Using our
254 prepration protocol of sonication with subsequent cen-
25 trifugation of RBC ghosts*?, spectrin filaments were no
26 longer detectable by fluorescent microscopy. In addition,
»s7 the d-spacing in XDS experiments together with elec-
s tron density profiles are inconsistent with the presence of
50 cytoskeleton structures between membranes in the solid
x0 supported stack. We thus argue that our results measure
21 the bending modulus of the cytoplasmic RBC membrane
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in the absence of the spectrin cytoskeleton. While our
values tend to be smaller than those of Park et al.?, their
measurements were in an excess of 100 nm length scale,
somewhat larger than the cytoskeleton network, so an
even larger difference might have been expected. In any
case, there is considerable overlap within the considerable
quoted uncertainties for .

These considerations for the two experimental methods
lead us to suggest that RBCcm have a value of £ in the
range of 4 to 6 kgT. Even though this is a rather large
uncertainty range, it is still significant in that the bending
modulus of the RBCcm is relatively small compared to
most pure lipid bilayers, such as POPC, for which & is of
order 20 kBTls; this is also the value that we obtained by
our analysis of POPC XDS data in this study to confirm
the validity of our implementation of the XDS method.

The MD simulations were conducted in the absence of
any proteins in order to specifically study the influence of
the lipid membrane on the bending modulus. The analy-
sis of the XDS experiment is based on smectic elastic the-
ory and does not include potential protein induced local
curvature. Simulating a bilayer in the absence of proteins
thus allows a direct comparison between both methods
and provides insight into the contribution of the lipid bi-
layer to the membranes’ bending rigidity. The simulated
value of k essentially agrees with those from XDS and
NSE. This suggests that x can in first order be well ap-
proximated by the properties of just the lipid membrane.

The observed low bending rigidity in the experiment
and simulation is surprising as it contrasts values that are
typically measured on synthetic membranes (20 kgT<
x <50 kgT) and may be well attributed to the large lipid
diversity in this biological membrane. A particularly in-
teresting observation in this context is the increase in
both the bending rigidity and tilt modulus in the simu-
lation of Model 2. This suggest that the softness may be
partially explained by the presence of lipids with higher
degrees of tail unsaturation within the RBCcm.

The nanoscopic regime is most relevant for cellular
processes which take place between the ribs of the cy-
toskeleton. Especially the non-active transport of small
molecules is intrinsically related to the membrane’s prop-
erties on small length scales**. Specifically, red blood
cells are required to efficiently exchange oxygen across
the membrane and one may speculate that this soft na-
ture at the small length scale is physiologically valuable.

In summary, we have studied the bending of red blood
cell membranes by combining X-ray diffuse scattering,
neutron spin echo spectrometry and molecular dynamics
simulations. We determine values for x for the cytoplas-
mic component of the RBC between 4 to 6 kgT, which
is rather softer than most single component lipid bilay-
ers. This leads us to suggest that nature has designed
the RBC to be soft for regions involved in the perme-
ability of oxygen while providing overall stiffness for the
macroscopic elasticity of the complex shell.
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MATERIALS & METHODS

This research was approved by the Hamilton Integrated Research
Ethics Board (HIREB) under approval number 1354-T. Informed
consent was obtained from all blood donors. The authors con-
firm that all methods were performed in accordance with the rele-
vant guidelines and regulations. Certain trade names and company
products are identified in order to specify adequately the experi-
mental procedure. In no case does such identification imply recom-
mendation or endorsement by the National Institute of Standards
and Technology, nor does it imply that the products are necessarily
the best for the purpose.

Preparation of RBC liposomes

10 ml of blood samples were collected from volunteers in hep-
aranized blood collection tubes. RBC liposomes were then pre-
pared from all samples following a previously published protocol®3.
Briefly: The blood was washed twice and the RBCs were isolated
by successive centrifugation and replacing the supernatant with
phosphate saline buffer (PBS). The cells were exposed to osmotic
stress by mixing hematocrit with lysis buffer (3 % PBS buffer, pH
8) at a volume fraction of 5 %. The lysis buffer was pre-chilled
to &= 4 °C and the reaction tube was immediately stored on ice
to prevent a fast re-closing of the ruptured cells. Hemoglobin and
other cellular compartments were removed through multiple wash-
ing steps, as demonstrated in*3. The protocol results in a white
pellet containing empty RBC vesicles, commonly known as RBC
ghosts.

These RBC ghosts were suspended in heavy water (D20O) in the
case of the NSE experiment: the supernatant was removed from
the pallet and the tube was refilled with D2O. The sample was
centrifuged at 20,000 g for 20 minutes and the resulting supernatant
was subsequently replaced with D2 O. This step was repeated twice.
This buffer exchange was obmitted when preparing the samples for
the XDS experiment.

The resulting ghost solution was then tip sonicated 20 times
for 5 s each at a power of 100 W. The reaction tube was placed
on ice during sonication to prevent the sample from overheating.
Afterwards, the tube was centrifuged for 15 min at ~ 20,000 g.
This additional centrifugation step was found to be an efficient
method for removing remaining undesired structures from the so-
lution: The supernatant consists of a solution of large unilamellar
vesicles (LUV, Diameter: 199 nm , PID. = 0.1) while any larger
structures sediment into a pellet. This supernatant has an approx-
imate concentration of ~ 14 mg/ml*3 and will be hereafter referred
to as the membrane solution.

Multi-lamellar, solid supported membranes were prepared for
the X-ray experiments. Membranes from the membrane solution
were applied onto single-side polished silicon wafers. 100 mm di-
ameter, 300 um thick silicon wafers were pre-cut into 10x10 mm?
chips. The wafers were functionalized with a solution of 15 ml
sulfuric acid and 5 ml hydrogen peroxide (Piranha solution) result-
ing in.a hydrophilic surface. This strong oxidizing agent removes
all organic contaminants on the surface, but does not disturb the
native silicon oxide layer. Each wafer was then thoroughly rinsed
with & 50 ml of ultra pure water (18.2 MQ-cm) and placed on a hot
plate (37 °C) in a 3-dimensional orbital shaker. 100 pl of the mem-
brane solution was pipetted slowly onto the wafer. The sample was
covered with a tilted lid of a petri dish and to allow the membrane
solution to slowly dry within /&~ 12 h. The dried wafers were further
incubated prior to the experiment at 97 % relative humidity and
37 °C for 72 h by placing the samples in a sealed container with
a saturated K2SOy4 solution. This allows the membranes to as-
semble into an oriented multilamellar stacked structure. Given the
concentrations above, this translates into a thickness of the mem-
brane stack of ~18 um, when assuming an average area per lipid
of 0.5 nm?, an average molar mass per lipid molecule of 700 g/mol
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and a membrane thickness of 6 nm.

The membrane solution suspended in DoO were used for the
neutron spin-echo experiments to create a strong scattering con-
trast between the protonated RBC membranes and the surrounding
solution. The liposome solution was brought to a final concentra-
tion of 20 mg/ml. First the sample was centrifuged at 20,000 g
for 20 minutes and the supernatant replaced by D20O. This process
was repeated twice. &~ 6 ml of this solution was filled in custom
made sample holders provided by the NIST Center for Neutron
Scattering (NCNR). All samples were sealed prior to the shipment
to the National Institute of Standards and Technology (NIST) in
Gaithersburg, MD, U.S.A. The vesicle diameter was measured us-
ing DLS prior to shipment and a diameter of 199 nm (polydispersity
index = 0.1) was determined. The diameter was further confirmed
in small angle neutron scattering experiments at NIST simultan-
iously to the NSE experiments. A value of 189:6 nm (polydispersity
index = 0.145) was determined confirming that the vesicle did not
aggregate during shipment. Importantly, the SANS data showed no
multilamellar peak confirming that the vesicles have a unilamellar
structure.

X-ray diffraction

X-ray scattering experiments were performed using a rotat-
ing anode instrument equipped with a Rigaku HyPix-3000 2-
dimensional semiconductor detector. Details of the experimental
setup-and protocol can be found in the Supplementary Material.
The membrane bending modulus x and the membrane interaction
modulus B and were determined from measurements of the diffuse
scattering when the membranes were well-hydrated from water va-
por close to 100 % relative humidity. The analysis was similar to
previous studies'7 21,32 although the different experimental setup
required a modification that is detailed in Supplementary Material.
Basically, the g dependence of the intensity I(qz,qH) is propor-
tional to a constant times the so-called structure or interference
factor S(gz,q|). (The constant is related to the electron density
profile which is not of concern in this paper and is a simple linear
fitting parameter for each ¢..) For obtaining moduli, the focus is
the structure factor32,

n=oo

S(gz,qr) = Z H.(nd,L,0.)cos(g.nd)

n=—oo

oo
X / rdrHy (7, Ly, 07) Jo exp(—q26un (1) /2),
0

(4)

where d is the average repeat spacing of the membranes in the
stack, Jo is the zero order Bessel function®?, H.(z,L.,0.) and
H,(r, Ly, o) account for finite domain sizes within the sample; L,
and L, are the average domain sizes with variances o, and o, in
the lateral and out-of-plane directions®2. The height-height pair
correlation function dun(r) follows from Eq. (1) that defines x and
B

oo _ r < :1}2 —z 2n

in which the Caillé n. parameter*® and an in-plane correlation
length £ are related to the bending modulus x and the membrane
interaction modulus B by

kpTq? i K
= ——"=  and = — 6
° " 8nvBr ¢ B ©

This model was fit simultaneously to the intensities at g, = 2.0q;1
and g, = 2.5q1 to obtain values of K and B with results shown in
Fig. 1 C. Further details of the numerical calculation of the struc-
ture factor in Eq. (4) are described in the Supplementary Material.
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Only two orders of lamellar repeat spacing were detected for solid
supported RBC membranes, limiting the analysis of the membrane
fluctuations to the low-g, regime. The observed diffuse X-ray signal
is secondarily sensitive to the domain size!”32 so the primary fit
was repeated for different values of L, and the fit with the smallest
&2 was found for L,=500 A.

The direct application of the XDS method gives values of &
~ 2 kpT that we believe are too small. The main reason is that
molecular tilt was not included in Eq. (1) because our experimental
setup gave too low signal/noise to provide a meaningful fit to an
extra parameter. Inclusion of tilt generally increases k by 25-50%
as the tilt modulus K; varies from 90 mN/m to 50 mN/m when &
is of order 20 kBT47. As mentioned in the discussion, we have used
the simulation results for K to estimate how much the RBC.y, &
might change if the XDS data were strong enough to fit for K.
We prepared several sets of emulated structure factor data with
different values of Kemu, all with the simulated value of K:. We
then fit these emulations with the tilt independent XDS analysis
program used for actual data to obtain ky;; values. The emulated
data that returned xy;; closest to the value of 2 kpT had a value
of Kemu that was about 6 kgT.

This provides the upper estimate for the XDS value shown in
Table 1. We also note that the structure factor for the emulated
data had very weak peaks for orders three and higher, in agreement
with the primary data shown in Fig. 1.

Those intensities are a product of the structure factor and the
form factor squared; the latter could also have extinctions, but
invoking extinctions is not necessary to account for the absence of
higher order peak which comes about just from the effect of small
values of the elastic moduli on the structure factor.

Our fitting routine was tested on a POPC bilayer. The observed
2-dimensional X-ray scattering pattern is shown in Fig. S3 A and
the corresponding diffuse profiles are depicted in Fig. S3 B including
fits to the data. The determined bending modulus of 20.8+1 kg T is
in good agreement with the earlier 20.3 kBT48 and the more recent
tilt independent value of 19.2 kBT,47 which further supports the
use of this analysis for RBCs.

Neutron spin-echo spectroscopy

Neutron Spin-Echo (NSE) experiments were performed on the
NGA-NSE spectrometer at the NIST Center for Neutron Research
(NCNR) in Gaithersburg, MD, U.S.A.4°. While X-ray diffuse scat-
tering measures nearly instantaneous snapshots of the disorder
caused by the fluctuations, NSE measures the relaxation rates of
those fluctuations which are affected by transport properties like
viscosity as well as the static bending modulus. Measurements
were performed at ¢ = 0.0523 A~1,0.0664 A~1, 0.0794 A~1 and
0.0959 A~! using neutron wavelengths of A = 8 and 11 A, with
a wavelength spread AX/A ~ 0.18, providing access to Fourier
times ranging from 0.01 to 100 ns. Temperature was controlled to
37 °C by arecirculation bath within an accuracy of &1 °C. Data
were corrected for instrumental resolution and solvent background
using the DAVE software package®®.

According to the generally accepted theory of Zilman and
Granek (ZG theory)33 the intermediate scattering function of li-
posomes follows

1(q,6)/1(,0) = exp [~ (Tzat)*/?] | )
where the decay constants I'zg(q) are used in Eq. (2) to obtain
the NSE dynamic bending modulus &.

It has been previously discussed®! that vesicle diffusion can con-
tribute to the scattering signal observed in an NSE experiment in
the low g-regime. While diffusion dominates NSE relaxation for ¢R
<25, the influence becomes negligible for our vesicle radius (R =
100 nm) and a bending rigidity x < 20 kgT (see Fig. 1 in®1).
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Eq. (3) relates the dynamical bending modulus & to the custom-
ary bending modulus k. The most important step to obtaining the
true bending modulus « is to relate K 4 to k. The relation

K

Ka =48 ,
A (2D.)?

(8)

where 2D, is the thickness of the hydrocarbon region, has been
used?? for NSE experiments on pure lipid bilayers. (We note that?4
incorrectly calls Eq. (8) the polymer brush model. Instead, the
factor 48 assumes uncoupled monolayers, and the polymer brush
model would replace 48 by 24.) Assuming Eq. (8) and Eq. (3),
Eq. (2) can be written as

=002 (%)m (5 )w

It is often assumed that the neutral surface (defined as the location
in each monolayer where stretching is decoupled from bending®2)
is close to the boundary D, of the hydrocarbon chains and the
head group, in which case h/D. = 1.  Previous studies of the
electron density of red blood cell membranes report a head-head
group distance (membrane thickness) of 46 A%3. Using these re-
sults, the thickness of the hydrophobic core is estimated to be
2D. = 36 A. Using the uncoupled monolayer model results in a
value of k = 15 £ 1.6 kg T.

Pan et al.20 pointed out that conventional models, the uncoupled
monolayer model in Eq: (8), the coupled monolayer model, and
the polymer-brush model, did not account for x and K4 data as
cholesterol was added to lipid bilayers. Evan Evans provided an
alternative theory that assumed a stiff region in both uncoupled
monolayers with a length of § =9 A. This resulted in

reb

nse

(9)

K

Ka=12 (10)
Consequently,
1/2
rehol — 0.025 (L) ('CB—T) ¢ (11)
k(14 12(h/6)?) n

Using h = he and 6 = 9 A, the result for this cholesterol model is
t = 4.1+0.4 kgT when no diffusion correction was made and x =
7+0.4 kp'T when a diffusion correction was made; this is the range
of values we display in Table 1 for our NSE results.

Molecular dynamics simulations

MD simulations were performed on a GPU accelerated com-
puter workstation using GROMACS Version 5.1.4. A RBC mem-
brane model was designed using the CHARMM-GUI membrane-
builder (http://charmm-gui.org/)>35* and the Martini forcefield
2.254. The system represents a membrane patch of ~ 34 nm x
34 nm with about 2,500 lipid molecules on each leaflet and 37 wa-
ter molecules per lipid corresponding to a well hydrated state of
the membrane.

The lipid composition of the membrane patch was adjusted to
match the experimental lipidomic findings of fresh red blood cells®6.
Each lipid species was mapped to available models in the Martini
force field: First, an error coefficient was calculated for every avail-
able model lipid. This error value is composed of an error of sat-
uration Fsq¢ and an error of tail length FEiu;;. FEsqt was chosen
to be the difference in tail saturation between the model and the
experimental lipid. In the same way E},;; was defined as the dif-
ference in tail length. For instance, given an experimental Lipid:
18:2-14:1; a corresponding Martini lipid 18:1-16:1 would result in
an error value of £ = FEgqt + Eiqs1 = 1+ 2 = 3. The Martini lipid
with the smallest error value was then used for each experimental
lipid respectively. The cholesterol concentration was taken from3”
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which reported that cholesterol accounts for 50 mol% of the RBC
membrane.

RBC membranes are known to be asymmetric, with PS and
PE lipids preferably located on the inner leaflet. This asymme-
try between different lipid species was adjusted according to the
widely accepted experimental findings by Dodge et al.37. For a
given species the simulated lipid population was split among both
leaflets to match the relative experimental findings. For instance,
phosphatidylcholine (PC) lipids were reported to be split in a ratio
of 3:1 between the upper and lower leaflet. Thus from all simulated
PC lipids 75 % were placed in the upper and 25 % were placed in
the lower leaflet. Details about the exact lipid composition of each
model can be found in the Supplementary Material in Table S1.
Fig S5 visualizes the relative concentrations of lipid species in the
membrane model.

Simulations were equilibrated for 80 ns in the NPT ensemble
(constant pressure and temperature), and then run for 2 ps. Only
the final 800 ns were analyzed, after affirming the membrane had
reached equilibrium by determining the area per lipid. Prior to
each simulation run, the system was allowed to equilibrate for sim-
ulated 5 ns. The simulation used a 1 fs time step, a short range
van der Waal cutoff of 1.1 nm and a potential-shift-verlet coulomb
modifier. Periodic boundary conditions were applied to all spacial
directions. Neighbor lists were updated in intervals of 20 steps. The
temperature coupling was controlled by a v-rescale thermostat at a
constant pressure of 1 bar using Parrinello-Rahman semi-isotropic
weak coupling (7=12 ps; compressibility $=3-10"% bar~1). The
fluctuation spectrum of the membrane was determined as detailed
in the Supplementary Material. The spectrum is governed by a
q* dependency according to the Helfrich-Canham (HC) theory.
The bending modulus was determined by fitting the lower g-regime
(g <0.1 A=) to

_ kpT  kpT
k¢t Kig?

(In(@)*) (12)

Determining the bending modulus in asymmetric membranes is
non-trivial due to potentially induced curvature resulting from an
uneven area per lipid in both leaflets*!. Simulations on membrane
patches with symmetrized upper and lower leaflet were used to
verify the results from the asymmetric simulation. The resulting
fluctuation spectra are presented in Fig. S4.in the Supplementary
Material. The bending moduli agree within 1 kgT and thus con-
firm the results that we obtained for the asymmetric membrane.

Dynamic light scattering

The size distribution of the liposomes was measured by dynamic
light scattering (DLS) using a Brookhaven 90Plus particle analyzer
running Particle Solutions Software (Version 2.6, Brookhaven In-
struments Corporation) with a 659 nm laser and a 90° detection
angle. Each measurement was performed at a count rate between
200 and 500 kilocounts/s for 2 min. The scattering signal at the
position of the detector fluctuates due to the diffusion of liposomes
in the solution. The instrument directly measures the diffusion
constant D of the liposomes by fitting the cross-correlation func-
tion of the time signal measured by the detector. This is related to
the particle size via the Stokes-Einstein relation: D = (IsﬂfnTw
n is the dynamic viscosity of the solution, kg is the Boltzmann
constant, T' is the sample temperature and r is the radius of the
LUVs, assumed to be spherical. All measurements were performed
at 25°C on 1 ml of sample containing ~ 20 mg/ml of erythrocyte
liposomes.

where
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Lipidomics analysis
Lipidomics

Samples were resolved as described? , over an ACQUITY HSS
T3 column (2.1 x 150 mm, 1.8 pm particle size (Waters, MA, USA)
using an aqueous phase (A) of 25 % acetonitrile and 5 mM ammo-
nium acetate and a mobile phase (B) of 50 % isopropanol, 45 %
acetonitrile and 5 mM ammonium acetate. Samples were eluted
from the column using either the solvent gradient: 0-1 min 25 %
B and 0.3 ml/min; 1-2 min 25-50 % B and 0.3 ml/min, 2-8 min
50-90 % B and 0.3 ml/min, 810 min 90-99 % B and 0.3 ml/min,
10-14 min hold at 99 % B and 0.3 ml/min, 14-14.1 min 99-25 %
B and 0.3 ml/min, 14.1-16.9 min hold at 25 % B and 0.4 ml/min,
16.9-17 min hold at 25 % B and resume flow of 0.3 ml/min. Iso-
cratic elution of 5 % B flowed at 250 ul/min and 25 °C or a gradient
from 0- 5 % B over 0.5 min; 5-95 % B over 0.6 min, hold at 95 %
B for 1.65 min; 95-5 % B over 0.25 min; hold at 5 % B for 2 min,
flowed at 450 pl/min and 35 °C? . The Q Exactive mass spectrom-
eter (Thermo Fisher Scientific, San Jose, CA, USA) was operated
independently in positive or negative ion mode, scanning in Full
MS mode (2 pscans) from 150-to 1500 m/z at 70,000 resolution,
with 4 kV spray voltage, 45 sheath gas, 15 auxiliary gas.

MS2 analyses for untargeted lipidomics

For untargeted lipidomics, dd-MS2 was performed at 17,500 res-
olution, AGC target = 1-10°, maximum IT = 50 ms, and stepped
NCE of 25, 35 for positive mode, and 20, 24, and 28 for nega-
tive mode, as described in Stefanoni et al.? and applied to similar
samples (i.e., stored RBCs) in D’Alessandro et al.” .

Quality control and data processing

Calibration was performed prior to analysis using the Pierce TM
Positive and Negative Ion Calibration Solutions (Thermo Fisher
Scientific).  Acquired data was then converted from .raw to
.mzXML file format using Mass Matrix (Cleveland, OH, USA).
Samples were analyzed in randomized order with a technical mix-
ture (generated by mixing 5 ul of all samples tested in this study)
injected every 10 runs to qualify instrument performance. This
technical mixture was also injected three times per polarity mode
and analyzed with the parameters above, except CID fragmenta-
tion was included for unknown compound identification (10 ppm
error for both positive and negative ion mode searches for intact
mass, 50 ppm error tolerance for fragments in MS2 analyses — fur-
ther details about the database searched below).

Metabolite assignment and relative quantitation

Metabolite assignments, isotopologue distributions, and correc-
tion for expected natural abundances of deuterium, 13C, and 1°N
isotopes were performed using MAVEN (Princeton, NJ, USA)? ,
against an in house library of deuterated lipid standards (SPLASH
LIPIDOMIX Mass Spec Standard, Avanti Lipids) and in house li-
braries of 3,000 unlabeled (MSMLS, IROATech, Bolton, MA, USA;
IroaTech ; product A2574 by ApexBio; standard compounds for
central carbon and nitrogen pathways from SIGMA Aldrich, St
Louis, MO, USA) and labeled standards (see below for the lat-
ter). Untargeted lipidomics analyses were performed with the soft-
ware LipidSearch (Thermo Fisher, Bremen, Germany). Results
from lipidsearch were exported as a library and additional discov-
ery mode analyses were performed with standard workflows using
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Compound Discoverer 2.1 SP1 (Thermo Fisher Scientific, San Jose,
CA). From these analyses, metabolite IDs or unique chemical for-
mulae were determined from high-resolution accurate intact mass,
isotopic patterns, identification of eventual adducts (e.g., Na® or
K*, etc.) and MS2 fragmentation spectra against the KEGG path-
way, HMDB, ChEBI, and ChEMBL databases.
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S1

SUPPLEMENTARY MATERIAL TO:
THE BENDING RIGIDITY OF THE RED BLOOD CELL
CYTOPLASMIC MEMBRANE

X-ray diffraction experiment

X-ray diffraction measurements were performed using CuKa X-rays (A=1.5418 A) generated by a RIGAKU Smart-
Lab rotating anode instrument operated at 9 kW. The focusing multi-layer optics provided a high intensity circular
beam with a diameter of ~ 200 ym and an angular divergence of 0.008 rad with monochromatic X-ray intensities
of 108 counts/mm?:s. The instrument is equipped with a Rigaku HyPix-3000 2-dimensional semiconductor detector
with an array of (n,m) pixels of size 100 ym?. We note that this detector counts single photons in every pixel in
contrast to widely used CCD based instruments. The geometry of the instrument is sketched in Fig. S1.

Both source and detector were moved on spherical coordinates around the stationary horizontal sample allowing to
control the incident angle 6. As 0 was varied, the scattering intensity measured by the detector was read only for the
pixel row matching the specular condition in its center as indicated by the blue highlighted pixels in Fig. S1. These
intensities at ¢, were then recorded at the corresponding ¢, value in the data set shown in Fig. 1 B in he main text,
which was used for analysis.

The sample holder was a sealed chamber with two double walled kapton windows on either side. A basin at the
bottom below the sample was filled with aqueous solution and the humidity inside the chamber was controlled by the
salinity of this solution. Ultra pure water was used for experiments performed near 100 % RH and the d-spacing of
a POPC sample was as large as is obtained for fully hydrated unoriented multilamellar vesicles in bulk water. The
RBC samples at 100 % RH had an unbounded d-spacing due to the presence of charged lipids, so the humidity was
tuned to 99 % RH by using a 40 mg/ml K2SO, solution to obtain a finite D necessary for analysis of the moduli®2.
The temperature inside the chamber was 37 °C.

We emphasize that the sample remained horizontal throughout the measurement. This differs from the earlier
protocol'” in which the sample was rocked while the synchrotron source and the detector remained fixed. In that
protocol the intensity at each pixel came from a trajectory in g space whereas each pixel in the present protocol
received intensity from only‘ene point in ¢ space; this simplified the XDS analysis which was rewritten for this setup,
32

following instructions from®?. 'While simpler, calculating the structure factor in Eq. (4) was still computationally

challenging. First a'table of du, (r) was calculated numerically for n <30 and r <1000 A using logarithmic steps in

r. For n >30 and 1000 A< r < 10% A the approximation proposed by Callié was used as in®2:

Suun(r) = ‘Z’%l {7 In (g) +0.55, (4;;” (S13)

The same way, tables were calculated for H,.(r, L, 0,) and H,(z,L,,0,). Then the summation in Eq. (4) (n <1000)
was calculated from these predetermined tables using a GPU accelerated algorithm. The Hankel transformation in
Eq. (4) was then calculated using the Simpson-rule allowing this step to be accelerated through the GPU. Levenberg-
Marquardt least square fitting (GNU Scientific library) was then used to obtain the K¢ and B values for which S(q)
best fit the data, necessarily allowing each value of ¢, a different normalization factor related to the electron density
profile of the membrane. Data used were the measured X-ray intensity slices at g, = 2¢; and g, = 2.5¢;. The program

is available upon request from the authors of this paper. Interestingly, essentially the same values of Ko and B were



X-Ray
Source

52

Figure S1. Schematic illustration of the instrumental setup. The X-ray source and the 2-dimensional detector, mounted on

movable arms, were simultaneously rotated by 46 relative to the fixed horizontal sample. The detector recorded only the pixel

row indicated by the blue highlighted pixels whose center was at the specular relative to the incident angle . The double walled

aluminum chamber consisted of a lid with two double walled kapton windows on either side. A solution reservoir beneath the

sample provided the desired relative humidity inside the tightly sealed chamber when the lid was attached.

a1 Obtained by fitting all ¢, slices between g, = 2¢; and g, = 2.5¢; using the program for the original experimental

se2 protocol.!”. Also, for the control POPC, the range of ¢, for fitting was moved to ¢, = 3¢; and above, as in previous

ses studies'”, because the diffuse scattering is more robust compared to the specular due to the larger bending modulus.

sss Again, both methods of fitting gave essentially the same values of the moduli.
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Figure S2. A 2-dimensional intensity map of a POPC bilayer measured at
at ¢:=3¢1 and 3.5¢;. Fits of S(q) (Eq. (4)) are shown as solid lines.
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887 Small angle neutron scattering (SANS)
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Volume Fraction: 0.05 = 0.0001
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Figure S3. SANS spectra recorded on RBC liposomes in D». Data were fit to a vesicle model (Eq. S14) and the fit is presented

as solid red line.

ss  SANS experiments were conducted using the 30 m SANS NGB30 at the NIST Center for Neutron Research (NCNR,
ss0 Gaithersburg, MD). Sample-to-detector distances of 1 and 4 m with a neutron wavelength of 6 A were used together
s0 with the 13 m lens configuration of the instrument with a neutron wavelength of 8.4 A to measure a g range between
s 0.001 and 1 A~'. RBC liposomes in D,O were loaded into NCNR’s custom quartz sample holders (diameter 19 mm
g2 and thickness 1 mm, corresponding to a volume of =~ 800 pl per sample). The low ¢ range data were acquired by
g3 counting for 120 min using the 13 m Lens configuration, the medium ¢ range data were acquired by counting for
s« 10 min using the 4 m distance, and the high ¢ range data were acquired for 5 min using the 1 m detection distance.
ss The three ranges were reduced and merged using Igor Pro Version 6.37 and macros provided by the NIST-NCNR.

sss The data were fit to the vesicle model®® using SASVIEW version 5.0.2. The structure factor in this model is given as:

2 3chore(psolvent - pshell)Jl (chore) + 3Vvtot (pshell - psolvent)Jl (thot)

2
+ Background (S14
V;:hall chore thot & ( )

S(q) =
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where ¢ is the volume fraction, Vs is the membrane volume, V... is the volume of the vescile core and Vi =
Vishett + Veore- J1 is the first order bessel function. R, and Ry, referring to the core radius and total vesicle radius

respectively.

Mbolecular dynamics simulation

MD simulations were performed on a GPU accelerated computer using GROMACS Version 5.1.4. The device is
equipped with a 40 Core central processing unit (CPU, Intel(R) Xeon(R) CPU E5-2630 v4 @ 2.20GHz), 130 GB
random-access memory (RAM) and three graphic processing units (GPU, 2 x NVIDIA 1080 TDI +1-x GeForce GT
730).

The fluctuation spectrum was determined as follows: First the upper and lower leaflet was indext using the
spliptleaflets program. The position of C1 Beads from DPGG, OPGG, FPGG, and DFGG, as well as GL1 beads
from FPMG, OPMG, DPMG, were exported between 200 ns and 2 us in steps of 4 ns for each leaflet separately
together with the position of the PO4 Beads from the remaining lipid molecules.” The Z position from all atoms was
interpolated using a 2-dimensional cubic interpolation provided by the MATLAB built-in griddata function for both
leaflets respectively. The membrane undulation-profile was then determined by calculating the average undulation
of the upper and lower leaflet. The 2-dimensional spectrum was thendetermined using built-in MATLAB function.
The scaling of the spectrum was verified using the program provided by the authors of>® and a simulation of a POPC
bilayer. A value of £ =1942 kgT was determined, as shown in Fig. S4 in the Supplementary Material, in good

agreement with previously published results.
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Figure S4. Fluctuation spectra determined from simulations of a POPC bilayer and symmetrisized versions of the asymmetric
membrane patch. Bending moduli of k=19.7£2 kpT, k=4.1£1 kT and xk=3.1+0.8 kgT were determined for POPC, and

membranes with a symmetric upper and lower leaflet respectively.
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Chapter 5

Paper II: Storage of red blood cells
leads to an increased membrane order

and bending rigidity

5.1 Preface to Paper II

This project is conducted in collaboration with CBS. The effect of long term storage
on the RBCem'’s structure and bending rigidity is studied by XRD, XDS and MD
simulations.

RC is provided by the CBS and stored for 2 and 5 weeks, respectively. Solid
supported stacks of RBCcms are prepared from these samples and are compared
to the structure and mechanical properties of a fresh RBC sample.

We experimentally observe a 6 % increase in the fraction of /, domains in stored
RBC membranes together with an increase membrane thickness and lipid order.
At the same time, the size of both, [, and I; domains decrease by 25 %. Impor-
tantly, the membrane’s bending modulus « is found to increase from 1.9 kT to
5.3 kpT in XDS experiments.

We further develop coarse grained MD models in collaboration with Dr. An-
gelo D’Alessandro to replicate the changes of the RBCcm’s lipid composition dur-
ing storage. The simulations are conducted at cholesterol levels of 30 mol% and
50 mol% to study the maximal potential change in the membrane’s cholesterol
levels during storage.

The MD simuluations confirm the experimentally observed changes in the /,
and /; membrane domains, however do not show an increase in the membrane’s
bending modulus. This suggests that the increase in bending rigidity in stored
RBC is not the effect of cholesterol and changes in the RBCcm’s lipid composition
but is potentially linked to integral proteins.
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Abstract

Blood banks around the world store blood components for several weeks ensuring its
availability for transfusion medicine. Red blood cells (RBCs) are known to undergo
compositional changes during storage, which may impact the cells’ function and
eventually the recipients’ health. Using mass spectrometry, we observed slight changes
in the lipidomics of the RBC’s cytoplasmic membrane (RBCcm) related to the degree of
saturation and tail length. A potential increase of the cholesterol content has been
previously reported, from ~ 30 mol% to 50 mol%. However, little is known about the
impact of these changes on the RBC cytoplasmic membrane’s (RBCcm'’s) molecular
assembly and mechanical properties. The RBCcm of the cells was extracted and the
effect of storage on the membranes’ molecular structure and bending rigidity was
investigated by a combination of X-ray diffraction (XRD), X-ray diffuse scattering
(XDS) and coarse grained Molecular Dynamics (MD) simulations. We provide evidence
for an increased fraction (6 %) of liquid ordered (,) domains in stored RBCcms, and an
increased lipid packing in these domains, leading to an increased membrane thickness
and membrane order. The size of both, [, and liquid disordered (l4) lipid domains was
found to decrease with increased storage time by up to 25 %. XDS experiments reveal a
storage dependent increase in the RBCcm’s bending modulus s by a factor of 2.8, from
1.9 kgT to 5.3 kgT. The origin of this increase in membrane stiffness is likely not a
result of the increased cholesterol concentration, as it was not observed in MD
simulations containing only lipids and cholesterol.
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Introduction

The long term storage of blood components is essential in transfusion medicine. Blood
is first collected from donors and processed into different components, after which they
are stored until needed in hospitals around the world. The maximal allowed storage
time is 5 to 6 weeks in most countries, depending on the jurisdiction. Red cell
concentrate (RC) refers to the concentrated RBC fraction of blood and there is some
evidence that the use of older RC in transfusion is accompanied by clinical
consequences, such as rapid clearance from the bloodstream of the recipient of
membrane-damaged RBCs [1,2], inflammatory reactions [3], multiple organ
dysfunction [4,5,5] and an increased mortality [5-8]. It is known that RBCs - the most
abundant cell type in blood - undergo numerous biochemical, and structural changes
during storage, resulting in a decreased resistance against oxidative stress [9-11],
damaged membranes [10,12-14] and reduced deformability [15-19].

The RBCs’ unique ability to deform is intrinsically related to complex interplay
between the spectrin skeleton and the membrane, forming the outer layer of the cell.
When deformations occur on the nanoscale, i.e., smaller than the spacing between
cytoskeleton tethers, the mechanical properties of the RBCcm become dominant [20].
This regime is in particular important for molecular processes, such as the non-active
transport of small molecules across the membrane [21].

The storage of RC leads to several changes in the RBCcm composition. Protein [11]
and lipid [14,22,23, 23] oxidation, together with an externalization of charged
phosphatidylserine lipids [24]. In addition, ehanges in band 3 are associated with the
aggregation and binding of haemoglobin to the membrane and an increased RBC
removal from the circulation [25]. In this context, the high-affinity binding of .
Controversial information exists on the relative amount of cholesterol in the bilayer. An
increase in membrane cholesterol levels during storage has been reported, and speculated
to be a result of lipid loss [26,27], while other articles challenge these findings [28].

Here, we investigated the implications of storage on the molecular structure and
bending stiffness of hemoglobin depleted RBCcms. RBCs were stored in commercial
blood bagsfor 2 weeks and 5 weeks, respectively, and membranes were isolated. We
determined membrane thickness, domain sizes and the membrane’s bending modulus
using a combined suite of X-ray diffraction (XRD) and X-ray diffuse scattering (XDS)
experiments. We further determined the lipid composition from mass spectrometry to

develop coarse grained Molecular Dynamics (MD) models for fresh and stored RBCcms.

While the structural changes were altogether small, they indicate a stiffening of
RBCcms as function of storage time.

Materials and methods

This research was approved by the Hamilton Integrated Research Ethics Board
(HIREB) under approval number 1354-T and by the Canadian Blood Services Research
Ethics Board under approval number # 2015.022.

Preparation of Solid Supported RBC Cytoplasmic Membranes

Leukocyte reduced transfusion RCs were provided by the Canadian Blood Services
Network Centre for Applied Development (netCAD, Vancouver, BC) and stored in
standardized PVC plastic bags in a citrate phosphate dextrose and
saline-adenine-glucose-mannitol (CPD-SAGM) solution. The storage bag was stored at
4 °C and samples were collected after 2 and 5 weeks, respectively. In addition, fresh
blood was collected from volunteers in 10 ml heparinized blood collection tubes. RBC
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liposomes were then prepared from all samples simultaneously following a previously
published protocol [29,30]. Briefly: The whole blood was washed twice and the RBCs
were isolated by successive centrifugation and replacing the supernatant with phosphate
saline buffer (PBS). The cells were exposed to osmotic stress by mixing hematocrit with
lysis buffer (3 % PBS buffer, pH 8) at a concentration of 3 vol%. The lysis buffer was
pre-chilled to 4 °C and the reaction tubes were immediately stored on ice to prevent a
fast re-closing of the ruptured cells. Hemoglobin and other cellular compartments were
removed through multiple washing steps, as demonstrated in [29]. The protocol results
in a white pellet containing empty RBC liposomes. The resulting solution was tip
sonicated 20 times for 5 s each at a power of 100 W. The reaction tube was placed on
ice during sonication to prevent the sample from overheating. Afterwards, the tube was
centrifuged for 15 min at 20,000 g. The supernatant consists of a solution of small,
nanometer-sized liposomes at a membrane concentration of ~14 mg/ml [29].

Multi-lamellar, solid supported membranes were prepared for the X-ray experiments.

Membranes were applied onto single-side polished silicon wafers..100 mm diameter,
300 pm thick silicon wafers were pre-cut into 10x10 mm? chips. The wafers were
functionalized with a solution of 15 ml sulfuric acid and § ml hydrogen peroxide
(Piranha solution) resulting in a hydrophilic surface. This strong oxidizing agent
removes all organic contaminants on the surface, but does not disturb the native silicon
oxide layer. Each wafer was then thoroughly rinsed with ~50 ml of ultra pure water
(18.2 MQ-cm) and placed on a hot plate (37 °C)'in a 3-dimensional orbital shaker.

100 pl of the hybrid membrane solution was pipetted slowly onto the wafer. The sample
was covered with a tilted lid of a petri dish to allow the membrane solution to slowly
dry within ~12 h. The dried wafers were then incubated for 24 h at 97 % relative
humidity (RH) and 37 °C by placing the samples in a sealed container with a saturated
K3S0O, solution. The subsequent drying and incubation of the sample results in a fusion
of the RBC liposomes on the silicon surface producing a stack of several hundreds
RBCecms, which is a prerequisite for the structural X-ray investigations [29].

X-ray Diffraction

X-ray diffraction was performed on a RIGAKU Smartlab diffractometer using a 9 kW
(45 kV; 200.mA) CuKa rotating anode source with a wavelength of 1.5418 A and a
Rigaku HyPix-3000 2-dimensional semiconductor detector with an area of 3000 mm?
and 100 pm? pixel size. Both source and detector are mounted on movable arms such
that the membranes remained horizontal throughout the measurements. The g-axis
probed the lateral structure, parallel to the wafer surface, and the perpendicular axis,
@»s probed out-of-plane structure, perpendicular to the substrate. The focusing
multi-layer optics provided a high intensity beam of ~200 pym with monochromatic
X-ray intensities of up to 10® counts/s. The samples were mounted in a custom-built
humidity chamber during the experiments. The temperature inside the machine was
kept constant at 37 °C. Two measurements were performed: perpendicular membrane
structure and the electron densities were determined at 88% RH while bending
fluctuations were measured at a high humidity of 99.9% RH.

The membrane orientation H was determined by first extracting the X-ray intensity
along the meridional angle ® at |q] = g1, the first order lamellar diffraction peak, and
fitting the resulting profile with a Gaussian distribution centered at 0. Hermans
orientation function

2 _
H:3<cos2((5)> 1 (1)

was then used to determine the membrane orientation.

September 20, 2021

3/S12

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94



The relative electron density, p(z), was approximated by a 1-dimensional Fourier
analysis [31]:

z

o) = jﬁjﬂ@") 2)

Here, N is the highest order of the lamellar peaks observed. F(q,) = /I.q, is the
membrane’s form factor [31] and is generally a complex quantity. However, in case of
centro-symmetry, the form factor becomes real and the phase problem of
crystallography, therefore, simplifies to a sigmoidal problem with phase factors v,, = +
1 [31]. An X-ray diffraction experiment probes the form factor at discrete values of ¢,
and a continuous function, T'(g), can be fitted to the data [32].

T(q.) = zn: @sme(;dzqz — m). (3)

Once an analytical expression for T'(¢,) has been determined from fitting the
experimental peak intensities, the phases v,, can be assessed from T'(¢,). The phase
array v, = [-1 —1 1 —1 1] was used for all samples.

The electron densities determined by Eq. (2) are on a relative scale and were
normalized for comparison. p(z=0) was set to 0 and the electron density at the
boundaries were scaled to 1.

The average size of the different lipid and peptide domains was estimated from the
widths of the corresponding in-plane correlation peaks by applying Scherrer’s equation:

0.94)
= B(20) cos(0)’ )

where A is the wavelength of the X-ray beam, 6 is the diffraction angle and B(20) is the
width of the correlation peak in radians. This relation is an established method to

estimate crystalline-domain sizes of up to 100 nm in X-ray diffraction experiments. L
corresponds to the edge size of rectangular domains in cubic lattices. We note that this
method has limitations to quantitatively determine sizes of small irregular domains of a

L

few nanometers, only. The measured values present the upper limits of the domain sizes.

The membrane interaction modulus B and the membrane bending modulus s can be
determined independently from measurements of the diffuse scattering when the
membranes are hydrated close to 100% RH [33-35]. The structure factor of a well
hydrated membrane is given by [33]:

n=oo

S(¢zya,) = Y H.(nD)cos(g.nD) (5)

n=—oo

[ )y exo(= g2 () 2),
where Jy is the zero order bessel function, H,.(r) and H,(z) account for the finite size of
the membrane stack and du,,(r) is the height-height pair correlation function of a lipid
bilayer. The definitions of all functions can be found in Lyatskaya et al. [33]. The
bending modulus x and membrane compression modulus B can be determined by
simultaneously fitting Eq. (6) to two g)-line cuts (at ¢ = 227“ and ¢ = 2.5277r for
instance) [33]. The parameters n and £ are the Caillé parameter [36] and the in-plane
correlation length that are related to both the bending modulus x and the membrane
interaction modulus B by

kpTq?
8mvV Bk

n= and 54 = % (6)
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The numerical procedure for calculating S(q., ¢-) has been described in [33].

Errors were determined as fit standard errors, corresponding to 95 % confidence
bounds, equivalent to two standard deviations, o. Errors for calculated parameters,
such as peak area, were then calculated by applying the proper error propagation.

Molecular Dynamics simulations

MD simulations were performed on a GPU accelerated computer workstation using
GROMACS Version 5.1.4. The device is equipped with a 40 Core central processing
unit (CPU, Intel(R) Xeon(R) CPU E5-2630 v4 @ 2.20GHz), 130 GB random-access
memory (RAM) and three graphic processing units (GPU, 2 x NVIDIA 1080 TDI + 1
x GeForce GT 730). RBCcm models were created using the CHARMM-GUI
membrane-builder (http://charmm-gui.org/) [37,38] and the Martini forcefield 2.2 [38].
The system represents a membrane patch of ~ 34 nm X 34 nm with about 2,500 lipid
molecules on each leaflet and 37 water molecules per lipid corresponding to a well
hydrated state of the membrane. Two models replicating the lipidomics of membranes
from fresh RBC and stored RBC were prepared. Thelipid composition of the
membrane patch was adjusted to match the experimental lipidomic findings determined
from mass spectrometry experiments. Each lipid species was mapped to available
models in the Martini 2.2 force field: An error coefficient was calculated for every
available model lipid describing the difference in the tail length and the difference in tail
saturation between the model and the experimental lipid. The Martini lipid with the
smallest error value was then used for each experimental lipid respectively. The
membrane’s asymmetry, i.e., the unequal distribution of lipids among both leaflets, was
adjusted by using values for the compositional asymmetry published in previous coarse
grained plasma membrane simulations [39]. For instance, from all simulated PC lipids
75 % were placed in the upper and 25 % were placed in the lower leaflet. Details about
the exact lipid composition of each model can be found in the Supplementary Material
in Table S1. Fig. S1 and Fig. S2 visualize the relative concentrations of lipid species in
both membrane models.-In addition, simulations of the 30 mol% membrane patch were
repeated on two-symmetrized membrane patches. The lipid composition from the upper
and lower leaflet of the asymmetric model were taken, respectively, and used in the
creation of models with symmetric leaflets.

Simulations were equilibrated for 80 ns using the NPT ensemble (constant pressure
and temperature), and then run for 2 us. Only the final 1,800 ns were analyzed, after
affirming the membrane had reached equilibrium by determining the area per lipid.
Prior to each simulation run, the system was allowed to equilibrate for simulated 5 ns.
The simulation used a 1 fs time step, a short range van der Waal cutoff of 1.1 nm and a
potential-shift-verlet coulomb modifier. Periodic boundary conditions were applied to
all spacial directions. Neighbor lists were updated in intervals of 20 steps. The
temperature coupling was controlled by a v-rescale thermostat at a constant pressure of
1 bar using Parrinello-Rahman semi-isotropic weak coupling (7=12 ps; compressibility
$=3-10"% bar~!). Cholesterol density maps were calculated using the gmx densmap
function provided by GROMACS. Out-of-plane density profiles were calculated using
the GROMACS build-in gmx density function. The domain size of cholesterol rich areas
was determined by manually selecting 40 points on the edges of the observed clusters in

the calculated density maps and measuring the distance between the points, respectively.

The domain sizes of cholesterol depleted areas were determined the same way.
Fluctuation spectra for both membrane models were determined. Index files
containing C1 Beads from DPGG, OPGG, FPGG, and DFGG; GL1 beads from FPMG,
OPMG, DPMG and PO4 beads from POPC were created for each leaflet respectively.
Trajectories for all index groups were exported between 200 ns and 2 ps in steps of 4 ns
from the simulation. The location of these coarse grained beads corresponds to the
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location of the lipid head groups in the simulated bilayer. The undulation profile at a
given time step was determined by first interpolating the z-position of all beads for both
leaflets respectively and calculating the average undulation of the upper and lower
leaflet. The 2-dimensional spectrum was then determined using built-in MATLAB
functions. The scaling of the spectrum was verified using the program provided by the
authors of [40].

The spectrum is governed by a ¢* dependency according to the Helfrich-Canham
(HC) theory. The bending modulus can be thus determined by fitting the lower
g-regime (¢ <0.1 A1) to

 kpT
-

(Ih(a)*)

Lipidomics Analysis
Lipidomics

Samples were resolved as described [41], over an ACQUITY HSS T3 column (2.1 x
150 mm, 1.8 pm particle size (Waters, MA, USA) using an aqueous phase (A) of 25 %
acetonitrile and 5 mM ammonium acetate and a mobile phase (B) of 50 % isopropanol,
45 % acetonitrile and 5 mM ammonium acetate:” Samples were eluted from the column
using either the solvent gradient: 0-1 min.25 % B and 0.3 ml/min; 1-2 min 25-50 % B
and 0.3 ml/min, 2-8 min 50-90 % B and 0.3'ml/min, 8-10 min 90-99 % B and

0.3 ml/min, 10-14 min hold at 99 % B and 0.3 ml/min, 14-14.1 min 99-25 % B and
0.3 ml/min, 14.1-16.9 min hold at 25 % B and 0.4 ml/min, 16.9-17 min hold at 25 % B
and resume flow of 0.3 ml/min. Isocratic elution of 5 % B flowed at 250 pl/min and
25 °C or a gradient from 0- 5% B over 0.5 min; 5-95 % B over 0.6 min, hold at 95 % B
for 1.65 min; 95-5 % B over 0.25 min; hold at 5 % B for 2 min, flowed at 450 pl/min
and 35 °C [42]. The Q Exactive mass spectrometer (Thermo Fisher Scientific, San Jose,
CA, USA) was operated independently in positive or negative ion mode, scanning in
Full MS mode (2 pscans) from 150 to 1500 m/z at 70,000 resolution, with 4 kV spray
voltage, 45 sheath gas, 15 auxiliary gas.

MS2 analyses for untargeted lipidomics

For untargeted lipidomics, dd-MS2 was performed at 17,500 resolution, AGC target =
1-10°, maximum IT = 50 ms, and stepped NCE of 25, 35 for positive mode, and 20, 24,
and 28 for negative mode, as described in Stefanoni et al. [43] and applied to similar
samples (i.e., stored RBCs) in D’Alessandro et al. [44].

Quality control and data processing

Calibration was performed prior to analysis using the PierceTM Positive and Negative
Ion Calibration Solutions (Thermo Fisher Scientific). Acquired data was then converted
from .raw to .mzXML file format using Mass Matrix (Cleveland, OH, USA). Samples
were analyzed in randomized order with a technical mixture (generated by mixing 5 ul
of all samples tested in this study) injected every 10 runs to qualify instrument
performance. This technical mixture was also injected three times per polarity mode
and analyzed with the parameters above, except CID fragmentation was included for
unknown compound identification (10 ppm error for both positive and negative ion
mode searches for intact mass, 50 ppm error tolerance for fragments in MS2 analyses —
further details about the database searched below).
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Metabolite assignment and relative quantitation

Metabolite assignments, isotopologue distributions, and correction for expected natural
abundances of deuterium, '3C, and '°N isotopes were performed using MAVEN
(Princeton, NJ, USA) [45], against an in house library of deuterated lipid standards
(SPLASH LIPIDOMIX Mass Spec Standard, Avanti Lipids) and in house libraries of
3,000 unlabeled (MSMLS, TROATech, Bolton, MA, USA; IroaTech ; product A2574 by
ApexBio; standard compounds for central carbon and nitrogen pathways from SIGMA
Aldrich, St Louis, MO, USA) and labeled standards (see below for the latter).
Untargeted lipidomics analyses were performed with the software LipidSearch (Thermo
Fisher, Bremen, Germany). Results from lipidsearch were exported as a library and
additional discovery mode analyses were performed with standard workflows using
Compound Discoverer 2.1 SP1 (Thermo Fisher Scientific, San Jose, CA). From these
analyses, metabolite IDs or unique chemical formulae were determined from
high-resolution accurate intact mass, isotopic patterns, identification of eventual
adducts (e.g., Nat or KT, etc.) and MS2 fragmentation spectra against the KEGG
pathway, HMDB, ChEBI, and ChEMBL databases.

Results

Table 1. Structural parameters and membrane bending modulus «
determined from XRD and XDS experiments.

Fresh 2Weeks 5Weeks
Lamellar Spacing (&) 55.4+0.5 56.920.2 57.3£0.1
HH-Distance (A) 43+1 46+1 45+1
Water-Layer Thickness (A) 11.9+0.5 11.25+0.5 11.65+£0.5
Membrane Order Parameter (%) 88.4+0.7 89.9+0.5 91.5+0.5
Fractions 14:(, 60 : 40 59 : 41 54: 46
Tail distance a (A)
Protein 10.88+0.22 10.54 £+ 0.07 10.33 £ 0.06
la 5.39+0.03 5.39 £ 0.004 5.413 £+ 0.005
lo 4.69+0.27 4.20 £ 0.01 4.22 £ 0.01
Area per Lipid Tail Ap (A?)
la 25.18 £ 0.13 | 25.173 £ 0.008 | 25.383 £ 0.008
lo 19.04 £+ 1.10 15.29 + 0.02 15.44 + 0.03
Domain Size ¢ (A)
la 29 £ 2 24.6 £0.31 227 +£0.1
ls 16+ 3 142 £ 0.3 121 £ 04
Bending Modulus « (kgT) 1.940.2 4.6+0.4 5.3+0.4

Structure of RBCcm from X-ray Diffraction and X-ray Diffuse

Scattering

Two-dimensional X-ray intensity maps for membranes from fresh RBC, and 2 weeks and
5 weeks old RC, all measured at 88% RH, are depicted in Fig. 1 A. Structural features
are typically enhanced at this slightly reduced hydration. Series of pronounced lamellar

peaks were observed in all samples indicating a lamellar organization of the membranes.

The maximal observed order of lamellar peaks was found to be 4 for a fresh RBCcms,
and up to 6 in case of samples prepared from RC. ¢; will hereafter refer to the position
of the first order lamellar peak. The specular reflectivity was analyzed by first
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Fig 1. A Two-dimensional X-ray intensity maps measured at 8% RH for a fresh
RBCcm sample and RBC collected from RC that was stored for 2 and 5 weeks
respectively. Up to 6 orders of lamellar peaks were observed. B Specular reflectivity as
determined from the integrated intensity marked as white rectangle. C X-ray intensity
determined along the meridional angle ® as indicated by the white line in A. The
degree of orientation was determined by fitting Hermans orientation function. C
Relative electron density profile determined from a 1-dimensional Fourier analysis.
Maxima around |2|=20 A indicate the location of the electron-rich head-groups of the
membranes while the electron density is reduced in the bilayer center.
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Fig 2. A Background corrected in-plane X-ray intensity profiles. Three peaks resulting
from liquid ordered I, and liquid disordered l4 lipid domains, as well as a-helical protein
structures were observed and fits are shown in blue, green and red respectively. The
domain sizes were determined as described in Materials & Methods and are expressed as
the edge size of the domain. They are graphed in C and D.

integrating the 2-dimensional X-ray intensity map along the marked rectangle. The
resulting line-cuts are shown in Fig. 1 B. The lamellar spacing d, was determined from
the peak positions and Bragg’s law, d, = 27/q,, as listed in Table 1. Fig. 1 C shows the
X-ray intensity profile along the meridional angle ®. The degree of order in the
membrane stack was determined by fitting Hermans orientation function.

Out-of-plane electron density profiles were determined by a 1-dimensional Fourier
analysis, shown in Fig. 1 D. The electron density is plotted on a relative scale. The
maximal electron density was observed around |z|=20 A indicating the location of the
electron-rich head-groups of the membranes; it reaches a minimum in the center of the
membrane. While the differences in the electron density between fresh RBCs and stored
RBCs were small within the membranes, the electron density in the head-groups of the
2 and 5 weeks sample was observed to be increased by 10% and 20%, respectively, as
compared to a fresh RBC sample.

The distance between the head-group peaks was defined as membrane thickness and
is listed Table 1. The difference between the d.-spacing and the membrane thickness
consequently corresponds to the thickness of the water layer between neighboring
membranes (also listed in Table 1).

Fig. 2 shows the in-plane diffraction signal from 2 and 5 weeks stored RBCcm.
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Fig 3. A Two-dimensional X-ray intensity maps measured at 99.9% RH. A diffuse
cloud of X-ray signal was observed as the result of out-of-plane fluctuations. Line-cuts
at ¢, = 2.5 - ¢; are depicted in B. The bending modulus £ and membrane interaction
modulus B were determined by fitting S(g) to the data, and are visualized as bar graph
in C and D

Peaks at ¢|=0.7 A-1,1.3 A~ and 1.7 A—! were observed. The blue and green signals
are the result of a hexagonal packing of the liquid disordered (I4) and liquid ordered (I,)
lipid tails in the hydrophobic membrane core (planar group p6) [29]. A third peak
shown in red was assigned to coiled-coil a-helical peptides [29]. The distance between
two acyl tails was determined using a = 47/ (\/qu), where q|| is the position of the

corresponding correlation peak. The area per lipid chain is obtained to Ap = (\/3 /2)a?.

All values are listed in Table 1. The tail distance in [, domain was found to slightly
decrease during storage, while changes in the tail distance of |; domains were within
statistical errors. The fraction of l; domains was found to monotonically decrease by
6 % in favor of [, domains. The sizes ¢ of both lipid domains are graphed in Figs. 2 C
and D and were found to monotonically decrease.

Diffuse scattering was measured in Fig. 3 A, showing 2-dimensional X-ray intensity
maps measured at 99.9% RH. Only two orders of lamellar peaks were observed as the
result of increased fluctuations at this high hydration. Importantly, a diffuse cloud of
X-ray signal was detected around the peaks resulting from membrane height
fluctuations. Line-cuts at ¢, = 2 - ¢q; and ¢, = 2.5 - g1 were taken, and are depicted in
Fig. 3 B and Fig. S4 in the Supplementary Material. The membranes’ bending modulus
K, and compressibility modulus B were determined by fitting the calculated structure
factor S(q) (in Eq. (6)) to the diffuse profiles. Bending moduli of x =4.6 kT and
k =5.3 kT were determined for membranes extracted from RBCs after 2 and 5 weeks
of storage, indicating a 2.8x fold increase as compared to fresh RBC (k =1.9 kgT)

The results of the structural analysis (in Table 1) can be summarized as follows:
lamellar spacing and membrane thickness increase during storage and the membranes
become stiffer as the order parameter increases. At the same time the fraction of 4
domains decreased from 60 % to 54 % while the fraction of I, lipids increased from
40-46%. The size of those domains reduced from 29 A to about 23 A. The bending
rigidity x monotonically increased with storage time from 1.9 to 5.3 kgT.
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Membrane Lipidomics

Lipidomics of RBCcm was measured and analyzed with respect to the abundance of
lipid species, tail length and degree of tail saturation. Fig. S1 A and Fig. S2 A in the
Supplementary Material show the abundance of Phosphatidylcholine, PC; Ceramide,
CER; Monoglucosyl lipids, MG; Diacylglycerol lipids, DG; Fatty acids, FA;
Sphingomyelin, SM; Phosphatidylethanolamine, PE; Phosphatidylserine, PS;
Phosphatidylglycerol, PG; Phosphatidic acid, PA; Phosphatidylinositol, PI for a fresh
RBC sample and a sample after 42 days. Fig. S3 A and B compare the differences in
tail saturation and tail length for a fresh and 42 day old RBCem. It was found that the
difference between the samples was small and in the order of a few percent, only. The
abundance of tails with a length < 16 CHy groups was found to be decrease by 5 % in
favor of shorter tails with a length of 8 and 12 CHy groups. At the same time the tails
were found to be more unsaturated. While fatty acids accounted for less than 1 % of the
RBCcm in the fresh sample, they contributed =5 % to the RBCcem’s lipidomics in a 42
day old sample (Fig. S3 C). While this analysis method provides detailed insight into
the RBCcm’s lipid composition, the information about cholesterol concentrations is
limited. While [27] reported that cholesterol makes up one third of the membrane in
fresh cells and half of the RBCcm after 42 days of storage [27], others assume that
cholesterol typically makes 50 mol% of the lipid content, and that the concentration
does not change during storage [28].

MD simulations

Two coarse grained membrane models mimicking a fresh RBCcm and a RBCcm after
42 days of storage were created. To mimic the largest potential change in composition,
lipidomics from fresh RBC and RBC after 42 days of storage were used with cholesterol
concentrations of 30 mol% and 50 mol%, respectively.

Fig. 4 A shows 3-dimensional renders created after 2 us of simulations, where lipid
molecules are represented by rods and cholesterol molecules are displayed as red spheres.
Cholesterol density maps were created and are shown in Fig. 4 B. A patchy structure is
apparent, where cholesterol rich areas are shown in red; blue areas indicate cholesterol
depletion. Domain sizes were measured with values of ~50 A for fresh, and 40 A in 5
weeks old membranes (listed in Table 2). Fig. 4 C shows the mass density profiles of the
overall membrane patch (solid lines) and the cholesterol OH-Group (dotted lines) that
were determined from both simulations. A mass density of ~1000 kg/m?3 was observed
in the water layer surrounding the membrane. The density is significantly increased
within the bilayer and peaks around the membrane’s head-group region of the
membrane. This head-group mass density is found to be increased by up to 25 kg/m? in
the 42 day old membrane mimic as compared to the fresh membrane. The increase was
5 kg/m? in the bilayer center only. The cholesterol’s head-group density was observed to
increase by a factor of 2.3 from a maximum of 31 kg/m? in the fresh membrane mimic
to a maximum of 71 kg/m? in the 42 days membrane patch.

The fluctuation spectrum is shown in Fig. 4 D. It follows a ¢* dependency in the
low-¢ regime (¢ <0.1 A=), as predicted by the Helfrich-Canham (HC) theory (Eq. (7)),
which describes membrane undulations on length scales much larger than the membrane
thickness [40,46]. The spectrum deviates from the ¢* dependency for ¢ >0.1 A~1. Fits
of Eq. (7) for values of ¢ <0.1 A1 are displayed as red solid line. There was an increase
in bending modulus from x =3.2+0.1 kgT for fresh membranes, to kK =5.3+1.5 kgT for
the 5 week old membrane patch.

Due to a random stacking of membranes in the solid supported RBCcm samples, the
XRD experiment is not sensitive to a potential asymmetry. The simulation containing
30 mol% cholesterol was thus repeated with a symmetric lower and upper leaflet
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respectively. The fluctuation spectrum of both simulations is shown in Fig. S5
(Supplementary Material). The bending modulus was measured to be 4.124+1.36 kT
(symmetric upper leaflet) and 3.18+0.84 kgT (symmetric lower leaflet) and thus agrees
with the asymmetric membrane patch within statistical errors.

Table 2. Structural parameters and bending modulus x determined from

MD simulations.

fresh 5 weeks
Domain Size ¢ (A)
lq 52 £ 16 | 40 £ 17
lo 424+ 17 301
Bending Modulus « (kgT) | 3.2 £0.1 | 5.3£1.5

The simulations thus indicate a decrease in domain size, a decrease in the fraction of
l4 domains and an increase in the bending modulus, k, of the membranes as function of
storage time, in agreement with the experimental findings.

Discussion

As a general note, the observed changes in the hemoglobin depleted RBCcm structure
during storage were small and require high-resolution techniques to be resolved. The
majority of lipid species (PC, PE, PA; PI, PS, PG, MG and DG) were found to change
only slightly, in the order of ~1 %! Only the concentration of fatty acid was found to
increase by ~5 %. It has been previously reported that the degree of fatty acid
unsaturation increased in stored RBCs as a function of oxidant stress and
pyruvate/lactate ratios, perhaps as a result of residual fatty acid desaturase activity in
the mature RBC or moonlighting function of other enzymes sensitive to NADH/NAD™
ratios [47].

A significant change was reported in the membrane’s cholesterol content by [27], who
observed an increase from 30 mol% to 50 mol%, which was speculated to be a result of
lipid loss [26]. Therigid cholesterol molecule is widely known to form patches with
increased lipid-tail order within the membrane [48-54].

Our experimental results show that the fraction of liquid disordered l; domains
decreases by 6 % in favor of liquid ordered I, domains. At the same time the sizes of
both domains were found to decrease. The same changes were observed for the
cholesterol rich patches in the MD simulations, suggesting that the experimental
observations are the effect of higher cholesterol concentrations resulting in a splitting
and dispersion of the domains in stored RBCcm.

It may be surprising that the domain sizes in XRD experiments and simulations do
not agree until the respective definition of domain sizes is taken into account. Scherrer’s
equation (Eq. 4) was developed for the study of crystalline structures and measures the
domain size from the width and position of an in-plane correlation peak. The equation
generally determines the edge size of quadratic domains in a presumably cubic lattice.
However, lipid domains have a rather irregular shape, as it is apparent from the
simulation. A maybe more appropriate comparison between both results are given by
diagonal elements in the quadratic domains which increases the experimental sizes by a
factor of v/2.

The I, domains have a decreased area per lipid tail (15 A2 vs. 25 A2 in Iy domains)
which was found to decrease slightly (19 A% vs. 15 A2) in the stored samples.
Importantly, this denser packing of molecules, together with the measured larger
fractions of [, domains, explains the increase in the system’s mass and electron density
observed in simulations and experiments.
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Fig 4. A 3-dimensional render of a simulated RBCcm patch after 2 us. Lipid molecules
are displayed as rods symbolizing molecular bonds. Cholesterol is depicted as red
spheres. Each lipid species (Phosphatidylcholine, PC; Ceramide, CER; Monoglucosyl
lipids, MG; Diacylglycerol lipids, DG; Fatty acids, FA; Sphingomyelin, SM;
Phosphatidylethanolamine, PE; Phosphatidylserine, PS; Phosphatidylglycerol, PG;
Phosphatidic acid, PA; Phosphatidylinositol, PI) are represented by different colors
indicated in the legend. C Cholesterol density maps averaged over the last 800 ns of the
simulation. Red indicates cholesterol rich areas while blue represents cholesterol
depletion. C Mass density profiles averaged over the last 800 ns of the simulation for
the entire membrane patch (System) and the cholesterol head groups. D Fluctuation
spectrum of the 42 day old membrane patch. The bending modulus x was determined
by fitting Helfrich—-Canham (HC) theory.
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The increased fraction of these patches thus agrees with the observed age dependent
increased electron and mass density in both experiments and simulations. The
measured increased HH-distance was found to be small (2 A). However, our lipidomic
findings report negligible changes in the tail length of the lipid molecules and the
increased membrane thickness can consequently be understood as the result of
straightened lipid tails in cholesterol rich domains. This is also supported by the
measured 6 % increase of membrane order parameter.

Cholesterol is known to reduce the non-active oxygen transport across lipid
bilayers [21,55,56]. The denser packing of lipid tails around cholesterol molecules
presents a physical barrier [56] and oxygen consequently transits the membrane at the
boundaries between [, and {5 domains [21]. The observed larger fraction of I, domains
with an denser lipid packing in stored RBCcm suggests that there is less space available
for oxygen to permeate the membrane. We thus speculate that the measured changes in
the RBCcm’s domain landscape may influence the passive transport of oxygen across
the RBCcm, which is of particular importance for this cell species.

A significant increase (2.8x) in the membrane’s bending modulus was observed in
XDS experiments. These observations are consistent with the RBCem becoming stiffer
during storage. It further agrees well with previous studies reporting a decreased
deformability of stored RBC [15-19].

It is well known that RBCs have a composite outer “shell” formed by a cytoplasmic
membrane (RBCcm) tethered to a spectrin cytoskeleton. We argue that our results

measure the bending modulus of the RBCcm in the absence of the spectrin cytoskeleton.

First, spectrin filaments were no longer detectable using our preparation protocol [29]
by fluorescent microscopy following sonication with subsequent centrifugation of RBC
ghosts. In addition, the d,-spacing in XRD experiments together with electron density
profiles are inconsistent with-the presence of cytoskeleton structures between
membranes in the solid supported stack.

An attempt to explain the experimentally measured increase in the membrane’s
bending modulus needs to.consequently focus on the RBCcm only. An obvious
explanation for this increase may be an increased cholesterol concentration in stored
membranes. . To address this question, MD simulations were performed in the absence
of proteins to explicitly probe the influence of membrane composition and in particular
the effect of cholesterol.

However, the simulations show a slight increase in the membrane’s bending modulus,
ounly, substantially smaller than in the XDS experiments. This difference becomes even
smaller when considering results on membrane patches with symmetric upper and lower
leaflet. We conclude that the significant increase in cholesterol concentration is
obviously not directly linked to increased stiffness in more realistic membrane models.
Cholesterol’s rigid molecular structure contrasts the flexible nature of fatty acyl tails
and is known to increase the membrane’s bending modulus in fully saturated model
membranes [57,58]. However, this effect is substantially reduced for mono-unsaturated
bilayer and vanishes for 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
membranes [57,58]. Little is known about the effect of cholesterol on the bending
rigidity of multi-component lipid bilayers. Only a1/3 of the lipids within the RBCcm
were found to be fully saturated and the findings are thus in-line with previous
experiments on synthetic membranes and re-emphasize the negligible effect of
cholesterol on the membrane’s bending rigidity when there are unsaturated molecules
present. A potential explanation for the changes in x could be related to the effect of
integral membrane proteins [40,59-61]

Blood bags are primarily composed of polyvinyl chloride (PVC) compounded with
30-40% wt di(2-ethylhexyl) phthalate (DEHP) [62], a plasticizer used to improve the
bags’ flexibility and durability. Due to its lipophilic structure, DEHP is known to
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migrate from the PVC polymer matrix into packed red blood cells (RBC) [63,64]. 15 to
624.2 pg/ml of DEHP were detected in PVC blood bags after 20 days of storage [65,66]

and 7.4 to 36.1 ug/ml of DEHP were found in irradiated RBC concentrate products [65].

The partitioning of DEHP in RBCcms has long been suspected to change membrane
properties [66,67] and contribute to the changes observed during storage. A recent
study in model lipid bilayers indeed reported that DEHP can slightly increase
membrane width and area per lipid, and the deuterium order parameter, however,
decrease membrane orientation, indicating the formation of thicker, stiffer membranes
with increased local curvature [68]. Concentrations of DEHP in this paper were
elevated, of up to 10 mol% of the lipid concentration to emphasize the potential effects
of DEHP. Even though the presence of DEHP could potentially explain the observed
increased stiffness in our experiments, we could not find clear evidence for the presence
of DEHP molecules in the electron density of RBCcms in our X-ray diffraction results.
The upper bound of experimentally reported DEHP concentrations in blood bags is

~ 600 pg/ml [66], which corresponds to molar concentrations of less than 0.2 mol%
(resulting in about 15 molecules in the computer simulations), significantly smaller than
what was used in [68]. While we can not rule out that the effects of DEHP were too
small to be detected in this study, we speculate that the changes in the membranes’
structural parameters would be even smaller than the subtle effects reported by Bider et
al.. In addition, the DEHP molecule is currently not available in the Martini force field
such that it could not be included in our MD simulations. We can, therefore, at this
point not comment on the role of DEHP-in the observed changes in membrane
properties.

Conclusion

The molecular structure of RBCem was determined from RBCs that were stored for 2
and 5 weeks respectively. We provide direct experimental evidence for an increased
fraction of lipid ordered lipid domains within the bilayer. This is consistent with an
observed increase in the membrane thickness, membrane order parameter and
head-group density as a result of straightened lipid tails in these cholesterol rich
domains. The domain size of [, and Iy lipid domains was found to decrease with storage
time. X-ray diffuse scattering experiments revealed a significant increase (2.8x) of the
membrane’s bending modulus . This change was not observed in Molecular Dynamics
simulations and suggests that the increased bending rigidity is not a result of lipidomic
changes, and especially the increased cholesterol concentrations.

Supporting information

Table S1 Lipid composition of RBCcms from fresh RBC and stored RBC
as determined from mass spectrometry and corresponding mapped coarse

grained molecular dynamics models.
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Figure S1. A Experimentally determined composition of red blood cell membrane as
reported by [69]. B Lipidomics of the implemented coarse grained MD simulation
model. The asymmetry of the membrane was created by distributing lipids between
both leaflets according to experimental findings by [70]. C Comparison of the degree of
tail saturation in the experimental and model membrane. D Comparison between the

lipid tail length of the experimental and model membrane.
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Chapter 6

Paper III: Hybrid Erythrocyte
Liposomes: Functionalized Red
Blood Cell Membranes for Molecule
Encapsulation

6.1 Preface to Paper III

Paper I and II aim to gain insight into the molecular assembly of the RBCcm as
well as the implications of this structure on the mechanical properties. Paper
III is the first out of two publications where we utilize this knowledge to tune
the membrane’s molecular composition to functionalize this endogenous struc-
ture for technological applications. Here, we study the impact of synthetic lipid
molecules on the membrane’s structure, and demonstrate that small molecules
can be encapsulated into liposomes that are formed from these hybrid erythro-
cyte membranes.

We develop an optimized protocol to fuse synthetic lipid molecules homoge-
neously with the RBCcm on the nanoscale (Chapter 3), and study the effect of
lipid molecules of different classes (PC, PS, PG), and different degrees of satura-
tion (14:0, 16:0-18:1). PC lipids are found to tune membrane thickness and lipid
orientation while PS and PG lipids effect the charge of the synthesized hybrid
membranes.

The protocols that are developed for this publication set the basis for the inser-
tion of proteins, such as the SARS-Cov-2 Spike protein into the RBC membrane,
as it will be demonstrated in Paper IV.
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Hybrid Erythrocyte Liposomes: Functionalized Red Blood
Cell Membranes for Molecule Encapsulation

Sebastian Himbert, Matthew J. Blacker, Alexander Kihm, Quinn Pauli, Adree Khondker,
Kevin Yang, Sheilan Sinjari, Mitchell Johnson, Janos Juhasz, Christian Wagner,

Harald D. H. Stéver, and Maikel C. Rheinstddter=

The maodification of erythrocyte membrane properties provides a new tool
towards improved drug delivery and biomedical applications. The fabrication
of hybrid erythrocyte liposomes is presented by doping red blood cell mem-
branes with synthetic lipid molecules of different classes (PC, PS, PG) and dif-
ferent degrees of saturation (14:0, 16:0-18:1). The respective solubility limits
are determined, and material properties of the hybrid liposomes are studied
by a combination of X-ray diffraction, epi-fluorescent microscopy, dynamic
light scattering (DLS), Zeta potential, UV-vis spectroscopy, and Molecular
Dynamics (MD) simulations. Membrane thickness and lipid orientation can
be tuned through the addition of phosphatidylcholine lipids. The hybrid mem-
branes can be fluorescently labelled by incorporating Texas-red DHPE, and
their charge modified by incorporating phosphatidylserine and phosphatidylg-

1. Introduction

Target-oriented drug delivery is one of
the biggest challenges in modern drug
development. The idea of using car-
riers to transport and release drug mole-
cules at specific locations in the body is
intriguing, and can significantly increase
the drug’s efficiency and reduce potential
side effects.l1”¥ Hydrogels and synthetic
liposomes are two common attempts to
address this problem.’® Despite their
success, these non-endogenous drug car-
riers raise numerous challenges as their
efficiency is often limited by the host’s

lycerol. By using fluorescein labeled dextran as an example, it is demonstrated
that small molecules can be encapsulated into these hybrid liposomes.
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immune responsel® or requires costly
implants.P!

First proposed by Ihler et. al,”! Red
blood cells (RBCs) have been in focus
as potential drug carriers. The evident
advantage of using RBCs is an extended
natural lifespan of these cells within the body, a greater biocom-
patibility, and a direct access to numerous target sites.[®] With
glucocorticoid analogue dexamethasone loaded RBCs, the first
RBC-based therapy reached the clinical stagel’ as treatment
of Ataxia-telangiectasia, a rare neurodegenerative disease.!’!
The two common approaches described in the literature aim
to encapsulate drugs and molecules within erythrocyte ghosts
or attach reactive agents to RBCs.I''"!*l For instance, Thrombo-
modulin'?l and plasminogen activators!'"3 have been success-
fully linked to RBCs resulting in an increased circulation time
of these molecules.''"14 Escherichia coli L-asparaginase loaded
erythrocytes have been reported to show a ten-fold increase of
the pharmacodynamic of this therapeutic enzyme in mice.”
Although RBCs have numerous advantages over the aforemen-
tioned synthetic drug carriers, loaded RBCs or RBC ghosts
typically lack specificity with respect to target sites or show a
reduced biocompatibility.!¥”l To address these difficulties,
recent approaches include hybrid RBC liposomes as drug car-
riers,'® or combined membranes from multiple endogenous
cells.[1%:20]

In this paper, we describe the preparation of hybrid eryth-
rocyte liposomes and study the effect of different lipid classes
(PC, PS, and PG), as well as varying degrees of saturation and
tail length (14:0, 16:0-18:1), on the material properties of RBC
membranes. First, empty RBC liposomes, often referred to as
RBC ghosts, were mixed with synthetic liposomes, sonicated

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Erythrocyte liposomes (ghosts) are prepared from human RBCs and aqueous stock solutions of synthetic lipid molecules (DMPC, POPC,
POPS, and POPQ) are prepared. Blood and lipid solutions are sonicated before mixing in ratios of 1:4, 2:3, 1:1 3:2, 4:1, and 9:1. The resulting solution
is sonicated 10 times in pulses of 55 s and applied onto a silicon wafer and allowed to dry and incubate. The images show epi-fluorescent microscopic
images of the wafer surface. Green areas correspond to protein-rich, erythrocyte membrane rich areas. Uniform membranes form after incubation.
The wafer is then immersed in a solution containing small molecules, which are encapsulated when hybrid erythrocyte liposomes form. In this work,

fluorescein labeled dextran was incorporated.

and dried on a solid support. This 2D confinement promotes
the fusion of both membrane species during the subsequent
incubation. Hybrid liposomes were formed by re-hydrating the
dry membranes. Small molecules can be incorporated within
these hybrid liposomes during this step. A sketch of the prepa-
ration protocol is shown in Figure 1.

Molecular level structural and dynamical information was
obtained using X-ray diffraction, epi-fluorescent microscopy,
dynamic light scattering (DLS), Zeta potential, UV-vis spectros-
copy, and Molecular Dynamics (MD) simulations. Dimyristoylpho-
shatidylcholine (DMPC), for instance, was found to increase the
degree of order while decreasing the membrane thickness. In
contrast, palmitoyloleoylglycerophosphocholine (POPC) lowers
the overall bilayer thickness and reduces the degree of order. Ani-
onic lipids, such as palmitoyloleoylglycerophosphoserine (POPS)
and palmitoyloleoylglycerophosphoglycerol) (POPG), were used
to alter the membranes’ charge and result in a decreased Zeta-
potential. On microscopic scales, synthetic lipid molecules fuse
homogeneously with erythrocyte membranes when within their
solubility limits. However, MD simulations, indicate the presence
of dynamic nanometer sized erythrocyte rich and erythrocyte poor
domains, mimicking rafts in biological plasma membranes.

2. Results

2.1. Molecular Structure of Hybrid Membranes

The molecular structure of the hybrid erythrocyte membranes
was determined by X-ray diffraction. The measurements were
performed on solid supported membranes after incubation but
before liposomal fabrication. Scans were done in a humidity
and temperature controlled chamber. The setup is depicted in
Figure 2a. Figure 2b shows 2D X-ray intensity maps for eryth-
rocyte membranes containing DMPC at ratios of (RBC:DMPC)
1:4, 1:1, and 9:1. Pure RBC membranes are shown as reference.

Adbv. Biosys. 2020, 1900185
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The observed Bragg peaks are the result of the membrane
stacking. The 1:4 sample mainly consists of synthetic DMPC
and produces a well pronounced series of peaks. The intensity
and number of these peaks decrease as the RBC concentra-
tion increases, indicative of a less-well ordered lamellar phase
with increased mosaicity. Line-cuts along g, = 0 were calcu-
lated by integration along the marked rectangle and are shown
in Figure 2c. The lamellar spacing, d,, was determined from
the distance of the reflectivity Bragg peaks using Bragg’s law,
d,=2m/q,.

Electron densities perpendicular to the membranes are pre-
sented in Figure 2d, as calculated from a 1D Fourier analysis.
The data show an increased electron density around |z| = 20 A,
corresponding to the electron-rich head groups of the lipid
molecules, and a decreased density in the center of the bilayer
(Iz| = 0 A). The membrane thickness was determined by the dis-
tance between the two maxima in the electron density profile,
and will be referred to as head-to-head distance dpyy. Figure 2e
shows the result of an angular integration along the dotted line
in Figure 2b. A small width in the angular distribution is indic-
ative of well-ordered membranes within the stack. The degree
of order is quantified by fitting Herman's orientation function,
as detailed in the Experimental Section. A degree of orientation
between =82% and =97% was determined, in good agreement
with previous studies on pure red blood cells,?!] and on mono-
or multicomponent synthetic membranes.?%

Figure 3a compares the reflectivity of different types of syn-
thetic lipids, all at a ratio of 9:1. While the inclusion of DMPC
and POPC was found to lead to well organized membranes,
the addition of POPS and POPG significantly suppressed
higher order peaks, indicative of increased disorder. The corre-
sponding electron densities are shown in Figure S1, Supporting
Information, and are in agreement with increasing tail dis-
order between DMPC-POPC-POPS (no electron density could
be determined for the case of POPG because of the absence of
higher order Bragg peaks).

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) Experimental setup. The solid supported membranes are placed in a humidity controlled chamber at 88% relative humidity. The sample
remains horizontal throughout the measurement. g, measures out-of-plane structure while q; measures in-plane structure. b) 2D X-ray intensity maps
for three selected RBC:DMPC hybrid samples: 1:4, 1:1, and 9:1. The scattering pattern of pure RBC membranes are included as reference. c) Bright
prominent spots are apparent, which appear as series of Bragg-peaks in a line-cut along g, at g; = 0 and are result of the lamellar spacing between the
stacked membranes. d) Shows the corresponding electron density data determined by a 1D Fourier Analysis. The head groups show up as increased
electron density around |z] =20 A. e) The degree of orientation was determined by fitting a Gaussian profile to the scattered intensity along the meridi-

onal angle ¢ and using Herman'’s orientation function.

DMPC, POPC, and POPS show a gradual increase in
lamellar spacing and head-head distance with an increasing
fraction of RBC membranes, as shown in Figures 3b,c. It con-
verges to =56 A for the d,-spacing and =44 A for the head-head
distance, in good agreement with previously published meas-
urements on red-blood cell membranes.?!]

Two regimes were observed for all lipid species: a linearly
increasing regime and a plateau region for higher fractions of
RBC membranes. The latter one indicates minor structural dif-
ferences as compared to a pure erythrocyte membrane. Conse-
quently, we define the solubility limit as the boundary between

Adv. Biosys. 2020, 1900185
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both regimes. It was determined for all lipid species by fitting
lines to both regimes and determining the x-coordinate of the
intersect. The fits are indicated in Figure 3b by dotted lines
using POPC as an example. The solubility limits are plotted in
Figure 3d.

Figure 3e compares the membranes’ orientation as function
of the synthetic lipid concentration and the lipid species. The
highest degree of orientation was observed for an equal ratio
between erythrocyte and synthetic lipids, while a high concen-
tration of synthetic lipids causes an overall lower degree of ori-
entation. Values for DMPC are significantly higher as compared

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Diffraction along q, for hybrid membranes containing 10 mass percent synthetic lipids (DMPC, POPC, POPS, and POPG). b) Lamellar
spacing d, as function of synthetic lipid concentration for the different lipid species. c) Corresponding head-head distance as function of the synthetic
lipid concentration. d) The solubility limit was determined by the intercept of two linear regimes fitted to part b). The fits for POPC are shown as dotted
lines. e) shows the degree of order as a function of the synthetic lipid concentration and species, as determined by Herman’s orientation function.

to POPC and POPS, as fully saturated lipid molecules seem to
induce additional order in the erythrocyte membrane.

2.2. Molecular Dynamics Simulations

Experiments point to a homogeneous mixing of erythrocyte
and synthetic membranes. MD simulations give information
about the underlying dynamical processes. Coarse grained MD
simulations were performed using erythrocyte membranes
containing 10 mol% (=11.5 mass%), 50 mol% (=54 mass%)
and 80 mol% (=82.4 mass%) DMPC to study the dynamics
and in-plane organization of the hybrid membranes. Snap-
shots after 5 us of simulation time are depicted in Figure 4a.
Red and blue spheres represent the phosphate groups of lipid
molecules assigned to the red blood cell fraction and synthetic
DMPC lipids, respectively. Cholesterol is depicted by yellow
spheres. The snapshots indicate a homogeneous mixture of
both membrane species. This changes when comparing the
time averaged density of the lipid molecules, as shown in
Figure 4b, where dynamic small, nanometer-sized patches
become visible.

The size of the erythrocyte and DMPC patches can be deter-
mined by counting the number of pixels above the median den-
sity multiplied with the resolution. Patch sizes ranging from
35.3 to 147.0 nm? were determined, as listed in Table 1. These
patches are dynamic entities and undergo molecular fluctua-

Adbv. Biosys. 2020, 1900185

1900185 (4 of 11)

tions, which mimic the natural fluctuations observed in bio-
logical plasma membranes. Simulation videos are provided in
videos S1-S3, Supporting Information, over the course of 2 ps.

2.3. Liposome Characterization and Encapsulation of Molecules

Fluorescently labeled hybrid liposomes (Figure 5a) were visu-
alized using an epifluorescent microscope (Figure 5b), as
detailed in the Experimental Section. Liposomes had a typical
size of 10-15 um and varied in shape, as shown in Figure 5c.
The membrane appears as a bright red edge with a width of
=550 nm, within the resolution limit of the microscopic setup
used. The liposomes in Figure 5c appear to be homogeneously
labeled and show no indication of phase separation or domain
formation within the resolution limit of the microscope.

Size and size distribution of all hybrid liposomes were
determined using DLS and are listed in Table 2. Liposomes
were sonicated before the measurements for better compar-
ison. The average diameter ranges from =120 to =208 nm.
While pure RBC liposomes (ghosts) showed an average size
of =200 nm, inclusion of saturated and charged lipids resulted
in smaller sized liposomes. The inclusion of dextran led to a
small increase of the liposome size. While the size distribu-
tion of pure RBC liposomes was found to be reasonably well
defined, as indicated by the polydispersity index, the inclusion
of synthetic lipids increased the size distribution in all cases.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) Snapshot of MD simulation at t =5 ps. The phosphate group is indicated by red and blue spheres, corresponding to RBC and DMPC lipids
respectively. Cholesterol is represented by yellow spheres. Gray and light blue lines represent the lipid tails of RBC and DMPC lipids respectively. The
simulation box is shown as a black box and measures 30 x 30 nm. Water molecules are omitted for clarity. b) DMPC density maps for hybrid mem-
branes containing 80, 50, and 10 mass% DMPC, respectively. Blue color indicates a high concentration of DMPC while the red regions correspond to

a DMPC depletion, that is, a high concentration of RBC lipid species.

DMPC and POPC resulted in a significant broadening of the
distribution while adding charged lipids (POPS and POPG)
increased the distribution moderately, only. The Zeta-potential
was determined for pure RBC ghosts as well as for hybrid
membranes containing 10% and 20% POPS and POPG. By
applying an alternating current, the Zeta-potential is a measure-
ment of potential charge-dependent dynamics of the liposomes,
as depicted in Figure 6a. Both anionic lipids decrease the Zeta-
potential, as shown in Figure 6b. While erythrocyte membranes
show a Zeta-potential of —25.7 + 5 mV, POPS and POPG were
found to lower the potential to —35.5 £ 5 mV and —47.5 £ 5 mV,
respectively. Previous studies?’! have reported a linear relation-
ship between the concentration of charged lipid molecules and
the Zeta-potential. However, our data show no concentration
dependence, within statistical errors.

Molecules were encapsulated in the hybrid liposomes by
hydrating the solid supported membranes in an aqueous solu-
tion, as pictured in Figure 7a. The experimental setup is shown
in Figure 7b. Figure 7c shows liposomes that were prepared

Table 1. DMPC domain sizes were determined from 2-dimensional
density maps by counting the number of pixels above a threshold and
multiplying the results by the resolution.

Membrane System DMPC domain size [nm?|

upper leaflet lower leaflet
RBC:DMPC 1:4 75.4 95.2
RBC:DMPC 1:1 46.1 147.0
RBC:DMPC 9:1 79.0 35.3
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in a 1 mg mL™ solution of 3-5 kDa fluorescein labeled dex-
tran. The interior of the liposomes lights up in green under
the microscope indicating that the dextran is located within
the hybrid liposomes. Dextran has been previously reported
to interact with the RBC membrane at larger concentration
of dextran (>10 mg mL™).*26] The homogeneous color and
intensity of the liposomes, however, indicate that the molecules
are homogenously distributed within the liposomes (within the
resolution limit of the microscope).

3. Discussion

Endogenous substances can transport drugs hidden from the
immune system and allow the design of far more complex
liposomes. However, controlling membrane morphology and
structure is essential in generating applicable carrier systems.
Recent papers!'®2% used a combination of biological and syn-
thetic membranes. Human erythrocytes are well suited as a
base for such hybrid liposomes as their membrane can be easily
isolated from other cellular components. At the same time they
have the potential of minimizing immune reactions and circu-
lating in the blood stream for extended periods of time.

The protocol presented in this work allows the efficient
preparation of hybrid erythrocyte membranes. Our data indi-
cate that synthetic lipid molecules can be incorporated into
RBC membranes and show no indication of phase separation,
in contrast to previously published protocols.'® The crucial
intermediate step in the protocol is the preparation of solid sup-
ported hybrid membranes. The 2D confinement together with

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) Liposomes containing 0.5 mass% head-group labeled Texas red DHPE were prepared. b) The Epi-fluorescent microscope uses an excitation
filter of 540-580 nm and an emission filter of 600-660 nm. c) The membrane of the liposomes shows up as a bright, red barrier under the microscope.
Complex liposome structures were observed consisting of multiple fused spherical objects. The membrane thickness was found to be 560 nm, the
resolution limit of the setup.

Table 2. The diameter of the hybrid liposomes after sonication determined by dynamic light scattering (DLS). The average diameter ranges from
=120 nm to =208 nm. Inclusion of saturated and charged lipids resulted in smaller sized liposomes. The inclusion of dextran led to a small increase
of the liposome size. While the size distribution of pure RBC liposomes is reasonably well defined, as indicated by the polydispersity index, the inclu-
sion of synthetic lipids increased the size distribution in all cases. DMPC and POPC resulted in a significant broadening of the distribution while
adding charged lipids (POPS and POPQG) increased the distribution moderately, only.

Liposomes Diameter [nm)] Polydispersity index
pure ghosts 199.05 +3.34 0.14+0.013
RBC:DMPC 4:1 147.8 £2.3 0.32+£0.04
RBC:DMPC 9:1 198.9+12.1 0.42 £ 0.06
RBC:POPC 4:1 208.0+8.8 0.48 £0.079
RBC:POPC 9:1 1745+6.7 0.46 £ 0.01
RBC:POPS 4:1 164.3+1.0 0.174 £0.02
RBC:POPS 9:1 147.9+1.35 0.218 £0.004
RBC:POPG 4:1 1383+1.6 0.241 +0.003
RBC:POPG 9:1 147.2+1.1 0.248 +0.008
RBC:DMPC 4:1 with Dextran 160.0 + 60 0.3£0.08
RBC:POPG 4:1 with Dextran 119.3£1.46 0.245 +0.01

Adv. Biosys. 2020, 1900185 1900185 (6 of 11) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. a) The Zeta-potential of the hybrid liposomes was determined
using a Zetasizer Nano ZS from Malvern Panalytical. Alternating cur-
rent is applied via two electrodes allowing the measurement of charge-
dependent dynamics of the liposomes. b) Zeta-potential for RBC ghosts
and hybrid liposomes containing 10 and 20 mass% POPS and POPG,
respectively. Both synthetic lipid species add additional charge to the
membrane.

drying and incubation promotes the fusion of both membrane
species. While microscopy is a very efficient tool to determine
the topology of hybrid membranes and liposomes, X-ray diffrac-
tion gives access to nanoscale bulk information. Experiments
were complemented by computer simulations, which can now
model plasma membranes realistically,””! and provide impor-
tant information on nanoscopic dynamics and mixing.

The lack of split peaks in the X-ray diffraction measure-
ments, together with the homogeneous red color of the fluores-
cently labeled hybrid liposomes indicate a homogenous fusion
of both membrane species. A deeper insight into the mixing
is provided by MD simulations. While snapshots of the simu-
lation indicate a uniform mixture of erythrocyte and synthetic
membranes, the time averaged density maps show evidence
for dynamic nanometer sized patches of erythrocyte rich and
poor regions.

Previous MD simulations on large-scale models show a
similar de-mixing of lipid species in biological cell mem-
branes. Ingolfsson and co-authors also demonstrated that
these patches form and disappear on nano to microsecond
time scales.”’] Tt is now widely accepted that local fluctuations
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Figure 7. a) The hybrid liposomes were filled with fluorescein labeled
dextran. b) The experimental setup consisted of an epi-fluorescent micro-
scope with an excitation wavelength of 495 nm and a long-pass analysis
filter with a barrier wavelength of 520 nm. =20 UL of the liposome solu-
tion was applied to a microscope slide and sealed by a cover slip. c) Epi-
fluorescent microscopic image of the prepared liposomes, which light up
as bright green circles on the image.

are an intrinsic property of membranes.?’3! These fluctua-
tions typically average out on longer length and time scales
leading to a uniform membrane structure. The observed small
dynamic domains are, therefore, not the result of a static phase
separation between both membrane species but the result
of nanoscopic molecular fluctuations, typically observed in
biological membranes.

We note that erythrocyte membranes are in general asym-
metric.?2 POPS, for instance, is exclusively found in the inner
leaflet of mammalian cell membranes. PE lipids are located on
both leaflets with a preferred position on the inner leaflet. In
experiments, RBC ghosts in general co-exist in inside-out and
right-side out configurations, as discussed, for example, in
ref. [33]. When the ghosts are dried out on the solid support
there is a random stacking of the different membrane orien-
tations and the resulting membrane layer and liposomes are
on average symmetric with respect to the composition of the
inner and outer leaflets. We can, therefore, not conclude on
effects due to potential asymmetry of the hybrid membranes
and liposomes. MD models were prepared by first modeling an
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asymmetric RBC membrane. Synthetic lipids were then equally
added to to both leaflets to mimic the experimental conditions.
However, there was no evidence for an asymmetric distribution
of the synthetic lipids between the two leaflets within the 5 us
of simulation time, which could for instance be caused by lipid
flip-flop. We therefore assume a stable symmetric distribution
of synthetic lipids across the leaflets.

While up to 30 mass% DMPC and POPC can be mixed with
erythrocyte membranes, small amounts of charged lipids dis-
turb the membrane assembly resulting in decreased (POPS)
and increased (POPG) lamellar spacings, and the formation of
smaller liposomes. In particular POPG inhibits the assembly of
stacked membranes. These findings are supported by the DLS
and Zeta-potential measurements. Inclusion of synthetic lipids
(except for RBC:POPC 4:1) resulted in smaller sized liposomes,
indicating a reduced stability. Inclusion of dextran led to a small
increase of the liposome size.

While the Zeta-potential is not a direct measure of the
charge density, as detailed in the paper by Bhattacharjee,? it
determines the interfacing potential of the so-called slipping
plane around the liposome. The Zeta-potential of the erythro-
cyte membrane was measured to be —25.7 + 4.6 mV, in good
agreement with previous studies.’® POPS and POPG further
decrease the Zeta-potential to —34.3 £ 2.7 and —35.5 £ 2.8 mV,
and —47.7 £ 5 and —47.1 £ 5.8 mV, respectively, indicating
an increased negative membrane charge. Previous studies
reported a concentration-dependent decrease of the Zeta-poten-
tial in the presence of PS?3l and PGB! lipids in synthetic mem-
branes. The concentration dependent differences in our meas-
urements, however, are within the statistical errors.

Liposomes can be loaded with molecules during the re-
hydration phase, when the molecule containing solution is
applied onto the dried out supported membranes. The molecules
are then encapsulated when the membranes re-hydrate and
liposomes form. The loading efficiency is defined as the amount
of encapsulated molecules relative to the initial concentration of
the molecule, and was determined using UV-vis spectroscopy.
We determine an encapsulation efficiency of 2.1 + 0.7% for dex-
tran in hybrid liposomes containing 20% DMPC and 3.5 + 0.5%
for hybrid liposomes containing 20% POPG. Both efficiencies
are comparable, in the order of a few percent. While these effi-
ciencies are only slightly smaller than typical loading efficiencies
reported for synthetic liposomes of <10%,3%! they can likely be
increased with an optimized protocol in the future.

The biocompatibility of RBC based drug delivery systems is a
long standing concern. While the hybrid membranes are entirely
composed of biocompatible materials,'®l previous studies have
shown that loading of RBCs can have a significant impact on
their biocompatibiliy.'®!”] This is, however, often a result of
heavy modifications to the RBC surface. The longevity of modi-
fied RBC depends on numerous mechanisms and has been
studied in detail.’~*)l However, a key factor for the biocompat-
ibility is the resilience of the hybrid liposomes against mechan-
ical stress. Figure S5, Supporting Information, shows the result
of a lysis assay where hybrid liposomes containing 20% DMPC
were exposed to increasing osmotic stress by altering the molar
concentration of a phosphate buffer saline. This method has
previously been described as in vitro test for biocompatibiliy
of RBC membranes.*!l The data show an increase of lysed
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hybrid liposomes below 5.6 mM phosphate buffer saline, cor-
responding to a =150 mOsm solution, in good agreement with
results for pure RBC.*! It can, therefore, be expected that the
hybrid liposomes will behave similar to RBCs in vivo. Although
these results prove the biocompatible nature of these hybrid
liposomes, the compatibility and longevity of the drug delivery
system will be confirmed in animal studies in the future.

4. Conclusion

In summary, we prepared hybrid erythrocyte membranes by
purifying and doping endogenous RBC bilayers with synthetic
lipid molecules. We studied the impact of different lipid classes
(PC, PS, and PG), as well as different tail saturation (14:0, 16:0—
18:1), on membrane morphology and structure using X-ray
diffraction, MD simulations, dynamic light scattering, Zeta
potential, UV-vis spectroscopy, and epi-fluorescent microscopy.
Fluorescently labeled hybrid liposomes were prepared using
Texas-red DHPE (TR-DHPE) and fluorescein labeled dextran.

Different synthetic lipid species functionalize the RBC
membranes by altering their thickness, order and the surface
charge. As a fully saturated lipid, DMPC was found to induce
additional order, while POPC led to a more disordered bilayer
with increased mosaicity. Both lipids result in a significantly
reduced membrane thickness. The addition of POPS and
POPG led to the formation of charged liposomes, as proven by
a decreased Zeta-potential.

Experimental and computational findings indicate a homog-
enous mixing of erythrocyte and synthetic membranes down to
the nanoscale. Formation of dynamic nanometer sized patches
of constantly mixing and de-mixing erythrocyte rich and poor
domains was, however, observed as a result of molecular fluc-
tuations. By using dextran as an example, we show that small
molecules can be encapsulated into the hybrid liposomes.

5. Experimental Section

This research was approved by the Hamilton Integrated Research Ethics
Board (HIREB) under approval number 1354-T. Informed consent
was obtained from all blood donors. The authors confirm that all
methods were performed in accordance with the relevant guidelines
and regulations.

Preparation of Hybrid Membrane Mixtures: The preparation is based
on a protocol first published by Himbert et al.?"l All blood samples
were collected using sodium heparin coated venous blood collection
tubes from BD (Product Number: BD 367874). The blood was washed
twice and the RBC were isolated as described in ref. [21]. Hemolysis was
induced by adding 50 pL of the hematocrit to 1 mL of a diluted buffer
solution in a 1.5 mL reaction tube. This buffer is prepared by mixing
16 mL of Phosphate Buffered Saline (PBS) with 484 mL of 18 MQ cm
ultra pure water and adjusting the pH to a value of 8 by slowly adding
potassium hydroxide. The reaction tubes were immediately stored on ice
to prevent a fast re-closing of the ruptured cells. This enables the removal
of hemoglobin and other cellular compartments using multiple washing
steps as demonstrated in ref. [21]. The protocol results in a white pellet
containing empty RBC liposomes. The pellets from 24 reaction tubes
were combined and the volume was adjusted to 0.5 mL resulting in a
ghosts concentration of =14 mg mL™".2'l The resulting solution was tip
sonicated 20 times for 5 s each at a power of 100 W. Note, that the
reaction tube was placed on ice during sonication to prevent the sample
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from overheating. Afterwards, the tube was centrifuged for 15 min at
~20000 g. The supernatant consists of a solution of small nanometer-
sized liposomes, /'l referred to as Blood Solution.

Aqueous  solutions  of dispersed  1,2-dimyristoyl-sn-glycero-3-
phoshatidylcholine (DMPC), 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
(POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) and
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1”-rac-glycerol)  (POPG) were
prepared by dissolving 14 mg of each lipid in 1 mL of 18.2 MQ cm ultra
pure water. The resulting solution was tip sonicated 20 times for 10 s each
at a power of 100 W until the solutions were clear. This sonicated solution
will be referred to as Lipid Solution.

For DMPC and POPC, assays at ratios of (Blood Solution:Lipid Solution)
1:4, 2:3, 1:1, 3:2, 4:1, and 9:1 were prepared. For POPS and POPG, both
solutions were mixed in ratios of 4:1 and 9:1. The reaction tube with the
final solution was placed on ice and tip sonicated 20 times for 5 s each.

Fluorescently labeled membranes were prepared by doping
the bilayers with Texas Red 1,2-Dihexadecanoyl-sn-Glycero-3-
Phosphoethanolamine (TR-DHPE) (Thermo Fisher, Catalog number:
T1395MP) which was used previously as an indicator for liquid
disordered |; domains.*243] TR-DHPE was reported for its interaction
with lipid molecules, such as DPPC* resulting in a reduced
diffusion coefficient,*®! and induced domain formation®’l at higher
concentrations (>0.2 mol%). 1 mg of TR-DHPE was dissolved in 1 ml
chloroform. 5.6 mg of DMPC (this corresponds to hybrid membranes
containing 40 mass% DMPC) was dissolved in 1 mL chloroform. 52 uL
of the TR-DHPE solution was mixed with the DMPC solution in a glass
vial. Chloroform was removed by blowing dry N, gas in the glass vial
for =20 min before mixing the sample with ultra pure water and tip
sonicating 20 times for 10 s each at a power of 100 W. The concentration
of TR-DHPE corresponds to 0.5 mol% in the Lipid Solution and 0.003
mass% when mixed with erythrocyte membranes. This solution will be
referred to as Fluorescent Solution.

For the stained membrane assays, the Fluorescent Solution was
mixed with 80 PL of the Blood Solution creating a 3:2 sample.

Preparation of Liposomes: The preparation of liposomes is a two-step
process. First, erythrocyte ghosts and synthetic liposomes were mixed
and sonicated. The solution was then applied to a surface, slowly dried,
and incubated. The resulting solid supported membranes initially show
large, micrometer-sized erythrocyte, and synthetic domains as depicted
in Figure 1. During incubation, the large domains merge to form
homogenous hybrid membranes.

Membranes were applied onto single-side polished silicon wafers.
100 mm diameter, 300 pum thick silicon wafers were pre-cut into
10 X 10 mm? chips. The wafers were functionalized with a solution
of 15 mL sulfuric acid and 5 mL hydrogen peroxide (Piranha solution)
resulting in a hydrophilic surface. This strong oxidizing agent
removes all organic contaminants on the surface, but do not disturb
the native silicon oxide layer. Each wafer was then thoroughly rinsed
with =50 mL of ultra pure water with a resistance of 18.2 MQ cm
and placed on a hot plate (37 °C) in a 3D orbital shaker. 100 pL of
the hybrid membrane solution was pipetted slowly onto the wafer.
The sample was covered with a tilted lid of a petri dish and allowed
the membrane solution to slowly dry within =12 h. The dried wafers
were then incubated at 97% relative humidity and 37 °C for 3 days
by placing the samples in a sealed container with a saturated K,SO,
solution. This allows the erythrocyte and synthetic membrane
domains to fuse into a homogenous membrane phase, as shown in
Figure 1. Sample pictures of different RBC-DMPC ratios are shown in
Figure S2, Supporting Information.

Liposomes were then synthesized by placing the silicon wafers in a
reaction tube filled with 2 mL of ultra pure water. The tubes were bath
sonicated for 1 h at 37 °C. This re-hydrates the membrane stack and
lets the membranes bleb, leaving a blank silicon wafer. The resulting
solution had a concentration of =7 mg mL™' of membrane material.
Liposomes were characterized by dynamic light scattering (DLS) and the
determination of the Zeta-potential, as detailed below.

To encapsulate molecules within the liposomes, the solid supported
membranes were placed in 2 mL of an aqueous solution of T mg mL™
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fluorescein dextran and bath sonicated at 37 °C for = 1 h. The sample
was then centrifuged for 20 min at 20000 g. The supernatant was
removed and replaced with ultra pure water. This washing step was
repeated twice to isolate the stained liposomes. The resulting solution
was applied onto a microscope slide and covered with a coverslip prior
to imaging.

Liposomes prepared by this protocol showed a large polydispersity
index (PDI). Measurements performed on pure RBC liposomes
determined a average size of 481.0 £ 11.41 nm and a PDI of 0.53 + 0.027.
This can be optimized by an additional tip sonication (20 times for 5 s
each at a power of 100 W) of the liposomes resulting in a average size of
199.05 + 3.34 with a PDI of 0.14 £ 0.013.

X-ray Diffraction Experiment: X-ray scattering data was obtained
using the Biological Large Angle Diffraction Experiment (BLADE) in
the Laboratory for Membrane and Protein Dynamics at McMaster
University. BLADE uses a 9 kW (45 kV, 200 mA) CuKo rotating anode at
a wavelength of 1.5418 A using a Rigaku HyPix-3000 2D semiconductor
detector with an area of 3000 mm? and 100 um pixel size.l8! All samples
were prepared and measured in replicates to check for consistency.
Both source and detector are mounted on movable arms such that the
membranes stay horizontal during the measurements. Focusing multi-
layer optics provides a high intensity parallel beam of =200 um with
monochromatic X-ray intensities of up to 10® counts. Note that there is
no risk of sample damage using this in-house technique because of the
relatively low intensity of the X-ray beam as compared to synchrotron
sources. The samples were mounted in a custom-built humidity chamber
during the experiments to control the humidity of the membranes. The
result of an X-ray experiment is a 2D intensity map of a large area of
the reciprocal space, as sketched in Figure 2a,b, covering length scales
from about 2.5 to 100 A. All scans were measured at 28 °C and 88%
relative humidity (RH) hydration. As depicted in Figure 2a, the wafers
were oriented in the X-ray diffractometer, such that the g-axis probed
lateral structure, parallel to the wafer surface, and the perpendicular axis,
G, probed out-of-plane structure, perpendicular to the substrate.

The out-of-plane structure of the membrane was determined using
specular reflectivity. The relative electron density, p(z), is approximated
by a 1D Fourier analysis.[*

Znnz)’ M

2 N
p(z):diz ’nq;'lvn COS( d
z n=1 z

where N is the highest order of the Bragg peaks observed. F(g,) is known
as the form factor and is determined by multiplying the integrated peak
intensity I, with g, and is in general a complex quantity. In case of
centro-symetrie, the form factor becomes real and the phase problem of
crystallography, therefore, simplifies to the sign problem F(q,) = £IF(q,)I-
A X-ray diffraction experiment probes the form factor at discrete values
of q,, and continuous function, T(g,), can be fitted to the data.[*’]

T(qz)zz ’nQnSinC(%quz—ﬂn). (2)

n

Once an analytical expression for T(g,) has been determined
from fitting the experimental peak intensities, the phases v, can be
assessed from T(q,). The phase array v, =[-1—-11 -1 1] was used for
all samples.

The electron densities determined by Equation (1) are on a relative
scale. In order to compare the electron densities in Figure 2d and Figure
S1, Supporting Information, p in the membrane center at z= 0 was set to
0 and the electron density at the boundaries, which probe the water layer
between the stacked membranes, were scaled to 1.

To determine the degree of orientation of the membranes in the
stack, the correlation peak intensities were integrated as function of
the meridonal angle ¢ (the angle relative to the g, axis) as depicted
in Figure 2b. The corresponding intensity was fit with a Gaussian
distribution centered at 0, which was then used to calculate the degree
of orientation using Hermans orientation function:
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3<cos?d>-1
e o)
The experimental errors were determined as follows: Errors for peak
positions, peak width and peak height are determined as the fit standard
errors, corresponding to 95% confidence bounds, equivalent to two
standard deviations, o. Errors for calculated parameters, such as peak
area, were then calculated by applying the proper error propagation.

Molecular Dynamics Simulation: MD simulations were performed on
MacSim, a GPU accelerated computer workstation using GROMACS
Version 5.1.4. The computer is equipped with a 40 Core central
processing unit (CPU, Intel(R) Xeon(R) CPU E5-2630 v4 @ 2.20GHz),
130 GB random-access memory (RAM) and three graphic processing
units (GPU, 2 x NVIDIA 1080 TDI + 1 x GeForce GT 730). Seven
membrane models were designed using the CHARMM-GUI membrane-
builder (http://charmm-gui.org/)F%" and the Martini forcefield 2.2.57]
The systems correspond to a pure red blood cell membrane and
membranes containing 10%, 50%, and 80% DMPC respectively. Each
system represents a membrane patch of 30 x 30 nm with 1500 lipid
molecules on each leaflet and 37 water molecules per lipid representing
a fully hydrated state of the membrane.

The lipid composition of the membrane patch was chosen according
to the widely accepted experimental findings by Dodge et al.l’Z
However, the presented lipodomic analysis is limited to the ratio of lipid
classes and tail saturation. Thus further approximations to the overall
lipid composition had to be made. We used the same lipid species
presented in the work by Ingélfsson and co-workers?’) and adapted the
concentrations respectively to match the aforementioned experimental
findings.?2 Note that multiple lipid species are represented by the
same arrangement of atoms in the coarse-grained Martini force field.
Each membrane system was charge-neutralized by the addition of
(NaCl or KCl) counter-ions. The model is available from the authors
upon request.

Simulations were equilibrated for 5 ns using an NPT ensemble
(constant pressure and temperature), and then run for 5 ps. Only the
final 3 us were analyzed, after affirming the membrane had reached
equilibrium by determining the area per lipid. All simulations used a
2 fs time step, a short range van der Waal cutoff of 1.1 nm, a potential-
shift-verlet coulomb modifier and periodic boundary conditions
were applied to all spacial directions. Neighbor lists were updated in
intervals of 20 steps. The temperature coupling was controlled by a
v-rescale thermostat at a constant pressure of 1 bar using Parrinello—
Rahman semi-isotropic weak coupling (7 = 12 ps; compressibility
B =3 .10 bar'). DMPC density maps were calculated using the
gmx densmap function provided by GROMACS. For this purpose, the
phosphate group of DMPC was indexed for each leaflet respectively
and the density map was averaged over the last microsecond of
the simulation.

The pure RBC membrane model contained 55 different lipid species
from five different lipid classes. However, the exact composition was
adjusted to produce the desired hybrid membrane models. Figure 4a
shows a 3D render of membranes containing 10, 50, and 80 mol%
DMPC. The lipid tails are represented by cyan and gray bonds for DMPC
and RBC lipids, while blue and red spheres highlight the phosphate
group of each membrane species respectively. Details about the exact
lipid composition of each model can be found in Table S1, Supporting
Information. Figure S3, Supporting Information, visualizes the relative
concentrations of lipid species in the membrane model. Time-resolved
DMPC density were determined by averaging the in-plane DMPC
density over 1 Us between 2 and 5 us in steps of 100 ns. The data were
visualized using Matlab and were rendered with ffmpeg (Version 2.8.15).

Epi-Fluorescent Microscopy: Hybrid liposomes were visualized on a
Nikon Eclipse Ti2-E inverted microscope, equipped with a CFI Plan Fluor
100x Oil immersion objective with a numerical aperture of 1.30 and a
Tu Plan Fluor BD 50x objective with a numerical aperture of 0.8. The
instrument was used in episcopic illumination mode using a X-Cite 120
LED combined with an excitation filter of 540-580 nm and an emission
filter of 600-660 nm. Images were taken with an Andor Zyla 5.5 sCMOS
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camera with a resolution of 2560 x 2160 pixels and a pixel size of 6.5 um
and processed by cropping the image to the size of the liposomes
shown. For each picture, brightness and contrast has been adjusted
using Image] (Version 1.52i). Edges were detected in Image] and the
contrast was further increased by adding both the original data and the
edge detected picture.

Dynamic Light Scattering and Determination of the Zeta-Potential:
The size distribution and the Zeta-potential of the prepared liposomes
were determined on a Zetasizer Nano ZS from Malvern Panalytical.
The instrument utilizes a 4 mW He-Ne laser (Wavelength: 633 nm) in
combination with a non-invasive backscattering optics to measure a
dynamic light scattering (DLS) spectrum allowing the diffusion constant
D of the liposomes to be determined. TIPgisTis related to the particle

B
6rnr’
viscosity of the solution, Kj is the Boltzmann Constant, T is the sample
temperature and r is the radius of a presumably spherical particle. The
Zeta-potential is determined by Laser Doppler Micro-Electrophoresis.
Here, an alternating electric field is applied to the solution and the
velocity of the particles is determined via the patented phase analysis
light scattering (M3-PALS, patent reference: US7217350). This allows
for the determination of the charge dependent mobility of the particles.
All measurements were performed at 25 °C on 1 mL sample containing
=14 mg mL™" of membrane material.

UV-Visible Light Spectroscopy: The encapsulation efficiency and the
resistance to mechanical stress was determined using UV-visible light
spectroscopy using a Nanophotometer from IMGEN. The liposomes
were prepared in a 1 mg mL™ solution of fluorescein dextran, as
described above. The liposomes were then isolated by centrifuging
for 60 min at 20000 g, and refilled to a total volume of 2 mL. UV-
visible spectra were taken before and after the centrifugation process.
Before centrifugation, the absorbance contains contributions from free
dextran in the solution and from dextran encapsulated in liposomes.
After centrifugation and liposome isolation, only encapsulated dextran
contributes to the signal.

The efficiency E is calculated by

size via the Stokes—Einstein relation: D =

where 1 is the dynamic

(Ienc - Ipure Iiposomes)

T ' “)

enc+ free

E=

where I, and I, , s are the integrated intensities of the characteristic
absorbance peak of fluorescein (430-520 nm) for the encapsulated
and encapsulated+free dextran molecules, respectively. Corresponding
absorbance spectra for hybrid liposomes containing 20% DMPC are
shown in Figure S4, Supporting Information.

The resistance to mechanical stress was determined by a lysis
essay. Liposomes were prepared according to the previously described
protocol using phosphate buffer saline containing 1 mg mL™
fluorescein labeled dextran. The solution was then centrifuged for
60 min at 20000 g. The supernatant was removed and replaced by
phophate buffer saline at varying molar concentrations (1-10 mM)
increasing the osmotic and mechanical stress. The samples were
allowed to rest for 30 min and afterward centrifuged for additional
60 min at 20000 g. The degree of lysis was determined by determine
the absorbance of the fluorescein peak. A low degree of lysis results
in a low concentration of free dextran in the supernatant while a
increased lysis is indicated by a leveled dextran concentration and
thus a higher absorbance.

Statistical Analysis: All samples were prepared and measured in
replicates and checked for consistency. Errors were determined by the
respective experimental errors and consequent error propagation.
Details are provided at the appropriate places in the manuscript.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Supplementary Material, Figure S2. Photos of the prepared silicon wafers coated with hybrid membranes containing 10, 20,

50, 60, and 80 % DMPC.
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Supplementary Material, Figure S3. Relative concentrations of lipid species within the simulated membrane patches.
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Lipid Species| RBC:DMPC 1:4| RBC:DMPC 1:1]RBC:DMPC 9:1
Layers upperlower upperlower upperlower
POPC 10 31 26 79 46 141
DOPC 1 3 2 7 4 12
PIPC 15 46 38 116 68 208
PC Lipids PEPC 1 2 1 5 3 8
PAPC 2 7 6 18 1 33
DAPC 0 1 1 2 1 4
PUPC 1 2 1 5 3 8
POPE 23 6 56 14 102 25
DOPE 0 0 0 0 0 0
PIPE 15 4 38 9 68 17
PE Lipids PQPE 4 1 9 2 17 4
PAPE 21 5 52 13 93 23
DAPE 21 5 52 12 90 22
PUPE 8 2 19 5 34 8
DUPE 4 1 9 2 17 4
DPSM 9 39 23 97 41 175
DBSM 4 18 10 44 18 79
DXSM 6 28 15 69 28 125
Sphingomylin POSM 0 0 0 ! 0 !
PGSM 0 0 0 1 0 1
PNSM 0 1 0 2 1 4
BNSM 0 0 0 1 0 2
XNSM 0 1 0 2 1 3
POPS 1 0 3 0 6 0
PIPS 5 0 13 0 23 0
PQPS 8 0 20 O 37 0
PS Lipids PAPS 3 0 8 0 158 0
DAPS 1 0 3 0 6 0
PUPS 1 0 29 0 51 0
DUPS 1 0 3 0 6 0




Lipid Species

RBC:DMPC 1:4

RBC:DMPC 1:1

RBC:DMPC 9:1

Layers upperlower upperlower upperlower
POPI 0 0 1 0 1 0
PIPI 1 0 1 0 2 0
PAPI 1 0 2 0 4 0
PI Lipids PUPI 0 0 1 0 2 0
POPA 2 0 4 0 7 0
PA Lipids PIPA 1 0 3 0 6 0
PAPA 1 0 3 0 6 0
PUPA 1 0 1 0 3 0
PPC 0 2 0 0 0 9
Others OPC 0 1 0 0 0 3
IPC 0 1 0 0 0 3
APC 0 1 0 0 0 3
UPC 0 0 0 0 0 1
Cholesterol 85 94 214 235 384 423
RBC 300 300 750 750 1350 1350
DMPC 1200 1200 750 750 150 150

S4

Supplementary Material, Table S1. Number concentration of lipid molecules within the simulated coarse grained RBC mem-

brane model.
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encapsulated dextran while the second curve shows encapsulated dextran, only.
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Supplementary Material, Figure S5. Lysis curve for hybrid liposomes containing 20% DMPC. The liposomes were prepared in
a PBS solution containing 1 mg/ml fluorescein labeled dextran. The liposomes were then exposed to mechanical and osmotic
stress by placing the liposomes in a solution with varying concentrations of phosphate buffer saline. The increase of lysed

hybrid liposomes below 5.6 mM phosphate buffer saline is in good agreement with results for pure RBC [1].

[1] C. H. Villa, D. C. Pan, I. H. Johnston, C. F. Greineder, L. R. Walsh, E. D. Hood, D. B. Cines, M. Poncz, D. L. Siegel and
V. R. Muzykantov, Blood advances, 2018, 2, 165-176.
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Chapter 7

Paper IV: Erythro-VLPs: anchoring
SARS-CoV-2 spike proteins in
erythrocyte liposomes

7.1 Preface to Paper IV

Paper IV was strongly motivated by the outbreak of the coronavirus disease 19
(COVID-19) pandemic and shall be seen as a proof of concept, where tuned RBC
membranes are being used to deliver antigens to the immune system. We pre-
pare Erythrocyte-membrane based virus-like particles (erythro-VLPs) by anchor-
ing the S-protein in the RBCcm following the protocol introduced in Chapter 3.
These functionalized liposomes have a diameter of ~200 nm and are character-
ized with scanning confocal microscopy and dynamic light scattering, and ex-
hibit dose-dependent binding in Biolayer Interferometry experiments. Further,
the Triton-X 100 mediated insertion protocol is studied in MD simulations. A
coarse grained model of the S-Protein is simulated in an aqueous solution with
and without Triton-X100 and it is observed that this detergent stabilizes the pro-
teins transmembrane domain prior to insertion. The protein model is simulated in
two stages of the insertion process: in close proximity to a RBC membrane mimic
and in an embedded configuration.

The pharmaceutical efficacy of the erythro-VLP is tested in mouse models
where two mice received erythro-VLPs and a third mouse received a placebo that
contained non-modified RBC liposomes. It was decided to administer three doses
of 5 ug of S-protein, each, intravenously over the course of 20 days. This intra-
venous administration differs from the intramuscular injection that is preferred
for vaccines, but allows utilizing the natural life cycle of RBCs to trigger sero-
conversion. RBCs can present antigens to the immune system when undergoing
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erythrocyte liposomes

phagocytosis in the liver and the spleen and we speculate that erythro-VLP’s fol-
low this non-inflammatory pathway.

Seroconversion is observed 14 days after the first injection and is measured
through an enzyme-linked immunosorbent assay.

This publication thus demonstrates that erythro-VLP can present a viable al-
ternative for creating anti-spike antibodies and underlines the biotechnological
potential of functionalized RBC membranes.

Author Contributions:

Experimental Concept: Sebastian Himbert, Maikel Rheinstadter
Sample Preparation: Sebastian Himbert, Isabella Passos Gastaldo
MD Model Development: Sebastian Himbert

Microscopy Experiments: Sebastian Himbert, Isabella Passos Gastaldo, Saman-
tha Ros, Janos Juhasz, Harald D. Stéver

BLI Experiment: Sebastian Himbert, Rashik Ahmed, Guiseppe Melacini
Mouse Trial: Sebastian Himbert, Breaden Cowbrough, Dawn M. E. Bowdish
Data Analysis:Sebastian Himbert, Maikel Rheinstadter

Manuscript Preparation: Sebastian Himbert, Maikel Rheinstadter



IS

© ® N o «

10
11
12
13
14
15

16
17

18

1

©

2

=3

2

=

2

N}

2.

@

24

2!

a

26

2

X

2

I3

2

©

3

S

3

=

3

o

3.

@

3.

X

3

o

3

=Y

3

Q

3

-3

Erythro-VLPs: anchoring SARS-CoV-2 spike proteins in erythrocyte liposomes

Sebastian Himbert," 2 Isabella Passos Gastaldo,!*? Rashik Ahmed,3*
Samantha Ros,? Janos Juhasz,'® Braeden Cowbrough,® " ® Harald D. H. Stéver,3
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2Origins Institute, McMaster University, Hamilton, ON, Canada
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4 Department of Biochemistry and Biomedical Sciences, McMaster University, Hamilton ON, Canada
5 Juravinski Cancer Centre, Department of Medical Physics, Hamilton, ON, Canada
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8 Michael G. DeGroote Institute for Infectious Disease Research,
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Novel therapeutic strategies are needed to control the SARS-CoV-2 (severe acute respiratory
syndrome coronavirus 2) pandemic. Here, we present a protocol to anchor the SARS-CoV-2 spike
(S-)protein in the membranes of erythrocyte liposomes. Molecular Dynamics simulations provide
details of the insertion process, and the role of a surfactant to stabilize the S-protein’s structure in the
aqueous environment before insertion and solubilize the membrane to facilitate entry. The correct
insertion and functional confirmation of the S-proteins was confirmed by dose-dependent binding to
ACE-2 (angiotensin converting enzyme 2) in biolayer interferometry (BLI) assays. These Erythro-
VLPs (erythrocyte based virus like particles) have a well defined size distribution of ~200 nm and
an average protein density on the outer membrane of ~300 proteins/um?. Seroconversion was
observed in mouse trials after 14 days when administered intravenously, based on enzyme-linked
immunosorbent assays (ELISA). This red blood cell based platform may open novel possibilities for
therapeutics for the coronavirus disease (COVID-19);and because of its versatility potentially also
for variants and other viruses in the future.

Keywords: SARS-CoV-2, Covid-19, Spike Protein, Red Blood Cell Membranes, Erythrocytes, Virus-Like-

Particles

The outbreak of the coronavirus disease 19 (COVID-
19) challenges the world in an unprecedented manner.
It has led to over 191 million infections and more than
4,000,000 deaths globally! (as of July 20, 2021). The ad-
verse effects of this global crisis, which has permeated all
aspects of day-to-day living, including personal life, econ-
omy, and health care systems, substantiates an urgent
need for novel diagnostics, therapeutics and vaccines.

The severe acute respiratory syndrome-coronavirus-
2 (SARS-CoV-2) is mainly transmitted via respiratory
droplets and aerosols?3: In the lung, both SARS-CoV-
2, as well as its precursor SARS-CoV, primarily in-
fect the ciliated bronchial epithelial cells and type 2
pneumocytes* through the angiotensin converting en-
zyme 2 (ACE-2). This triggers a cascade of reactions
leading to the fusion of the virus with the host cell and
its reproduction, ultimately causing COVID-19.

SARS-CoV-2 is an enveloped, single and positive
stranded RNA virus*”. Of the three protein compo-
nents on the viral envelope, the spike (S-)protein binds to
the human ACE-2 receptor with a high affinity” '°, and

* Department of Physics and Astronomy, McMaster University,
ABB-241, 1280 Main Street West, Hamilton, Ontario L8S 4M1,
Canada; Phone: +1-(905)-525-9140-23134, Fax: +1-(905)-546-
1252, E-mail:rheinstadter@mcmaster.ca
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catalyzes the viral and host membrane fusion to initiate
the infection'%!!. Tt is a densely glycosylated transmem-
brane protein that forms the characteristic surface spikes
of the corona virus'?. The protein also induces neutral-
izing antibody and T-cell responses, and is, therefore, an
important target for vaccine development!?. The struc-
ture and conformations of the SARS-CoV-2 S-protein
have been elucidated, however, this is still a highly ac-
tive field of research™%1!. The basic structure consists of
an ectodomain trimer that includes the receptor binding
domain (RBD), a trans-membrane domain (TMD), and
a cytoplasmic domain (CPD).

The development of diagnostics, therapeutics and vac-
cines for SARS-CoV-2 challenges our current nanomed-
ical manufacturing capabilities. Several SARS-CoV-2
vaccines have been developed'®'*. Protein-based vac-
cines (including AstraZeneca, Johnson & Johnson) in-
clude whole-inactivated virus, individual viral proteins or
subdomains, or viral proteins assembled as particles'®.
Gene-based vaccines (including Pfizer /BioNTech, Mod-
erna) deliver genetic sequences that encode protein anti-
gens that are produced by host cells. These mRNA
vaccines have shown a high potency!'®, however, require
carriers, such as nanoparticles, as mRNA is quickly de-
graded by cellular processes. The candidate vaccine
mRNA-1273, for instance, encodes the stabilized prefu-
sion SARS-CoV-2 S-protein'”.
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FIG. 1. A: Preparation protocol for Erythro-VLPs: Erythrocyte liposomes were prepared from human RBCs. 14 mg/ml
erythrocyte liposomes were incubated in a 3 pM and 25 mM Triton-X100 solution. The detergent was removed by Amberlite
XAD-2 and SEC. B: Snapshot of a MD simulation of the S-protein in a 25 mM aqueous Triton-X 100 solution after 500 ns. The
three chains of the protein are visualized as black, red and blue tubes; Triton-X 100 is represented by cyan rods (hydrophilic

head group) and purple rods. (hydrocarbon tails). C and D:

Snapshots of the S-protein in aqueous solution after 500 ns with

and without Triton-X 100, respectively. The angle © measures the tilt of the TMD relative to the ectodomain trimer and is
plotted in E. F MD snapshot after 50 ns of the S-protein insertion process into the RBC membrane mimic. G Snapshot after
500 ns, with the S-protein fully embedded in the membrane. Triton-X 100 density maps from both simulations averaged along
the y-axis are displayed in H and J, maps averaged along the z-axis in K and L.

e Here, we present an alternative approach to adminis-
&7 ter the S-protein using endogenous carriers by the in-
e vitro functionalization of red blood cells (RBC) through
¢ directly anchoring the SARS-CoV-2 S-protein into the
7 RBCs’ membranes. RBCs have been reported pre-
7 viously to catch immune complexes and bacteria and
22 present them to Kupffer cells in the liver and Antigen-

75 Presenting Cells (APCs) in the spleen'®19. Through this
7« mechanism, these erythrocyte based virus like particles
s (Erythro-VLPs) can potentially lead to antibody pro-
7 duction, higher central memory T cell, and lower reg-
7 ulatory T cell response?® when delivered to the spleen.
7 As will be shown below, the Erythro-VLPs exhibit dose-
7 dependent binding to ACE-2 in biolayer interferometry
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assays and seroconversion in mouse trials and enzyme-
linked immunosorbent assays.

RESULTS & DISCUSSION

Erythro-VLPs were prepared as sketched in Fig. 1 A.
Briefly, erythrocyte liposomes were prepared as detailed
in?!, and incubated with a 3 uM S-protein solution. A
surfactant (Triton-X 100) was used to facilitate the inser-
tion of the S-protein (at a concentration of 25 mM). The
surfactant was then removed by Amberlite XAD-2 beads
and subsequent size exclusion chromatography (SEC).

The transport of the the CPD across the hydrophobic
membrane core is essential to anchor the S-protein in the
membrane of the erythrocyte liposomes. Surfactants are
often used to facilitate these insertion processes?? 24, An
S-protein model was taken from?® and simulated in coarse
grained MD simulations in an aqueous solution with and
without 25 mM Triton-X 100. Three-dimensional ren-
ders of the simulation are depicted in Figs. 1 B, C and
D. Triton-X 100 was found to form micelles (Fig. 1 B). In
addition, the surfactant molecules were found to bind to
the protein, particularly to the TMD and CPD. While the
hydrophobic hydrocarbon moiety (tail) of Triton-X 100
was found to associate with the TMD, likely to shield
its hydrophobic core region from the aqueous environ-
ment, the hydrophilic head groups preferably interacted
with the CPD. The angle © (in Fig. 1 D) measures the
tilt of the membrane domain relative to the protein’s
ectodomain trimer. Fig. 1 E shows the time-behavior of
this tilt-angle for simulations with and without Triton-X
100. An average angle of © = 155 + 5 ° was determined
in the presence of Triton-X 100 while the angle was sig-
nificantly reduced (0@ = 126 = 7 ° ) in the absence of
this surfactant (Figs. 1 C and D). It is plausible that the
straight orientation of the TMD may facilitate membrane
entry, in contrast to the tilted structure in the absence
of the surfactant.

MD snaphots of the S-protein’s insertion process are
shown in Figs. 1 F and .G. Triton-X density maps, av-
eraged along the y-axis; are depicted in Figs. 1 H and J
(the membrane is indicated by white dotted lines); lateral
Triton-X distribution within the membrane, averaged
along thez-direction, is shown in Figs. 1 K and L. When
the S-protein.is close to the membrane (in Figs. 1 F, H
and K), the CPD is the first point of contact. A high sur-
factant density is observed around the CPD, which likely
facilitates insertion and passage through the membrane
by lowering the hydrophobic mismatch between CPD and
hydrophobic membrane core. The intra-membrane sur-
factant density is also increased in both leaflets, around
the protein’s lateral location. Once the protein is fully
anchored (Figs. 1 G, J and L), surfactant density around
the TMD is significantly reduced and remains concen-
trated around the CPD and the surrounding lower leaflet.
This leaflet was observed to have a slightly larger area per
lipid of 0.54 nm?, as compared to 0.52 nm?, in the up-
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per leaflet, and it can be speculated that this additional
space promotes the asymmetric distribution of Triton-X
100 between both leaflets.

The Erythro-VLPs were purified using size exclusion
chromatography (SEC), shown in Fig. 2 A, detected be-
tween an elution volume of 7 ml and 12 ml. Remaining
Triton-X 100 micelles were detected between an elution
volume of 15 ml and 30 ml, showing that the Amber-
lite XAD-2 beads do not completely remove Triton-X
100 and subsequent separation with SEC is essential for
the purification of the Erythro-VLPs. The size distribu-
tion of the purified erythrocyte liposomes with and with-
out S-protein was determined by dynamic light scattering
(DLS) and is shown in Fig. 2 B.‘While erythrocyte lipo-
somes measured 102 nm (polydispersity: 0.19), in good
agreement with previous results?®, an average diameter
of 222 nm (polydispersity: 0:32) was determined for the
Erythro-VLPs.

The concentration of proteins on the liposomes can be
estimated using the following assumptions: 70% of the
RBC membrane’s mass are known to be lipids?!, with an
average molecular massof 700 g/mol. A liposome with a
diameter of 100. nm has a surface area of ~126000 nm?.
Assuming a typical area per lipid of 0.6 nm? in each
leaflet, each liposome contains ~42,000 lipid molecules.
Cholesterol is well known to affect the area per lipid in a
multi-component plasma membrane?’ and thus may ef-
fect this calculation. The RBC membrane is composed
of approximatly 50 mol% cholesterol which can be as-
sumed to have an area per molecule of 0.4 nm? 27 and
one can assume a average area per lipid in the mem-
brane of (0.6 nm? + 0.4 nm?)/2 = 0.5 nm?. This in-
creases the estimated number of lipid molecules per vesi-
cle to ~51,000. An initial concentration of erythrocyte
liposomes of 14 mg/ml then corresponds to a liposome
concentration of 27-33 nM. A loading efficiency of 40 %
was determined in an ELV-protein co-sedimentation as-
say (shown in Fig. S2 in the Supporting Information).
The average number of proteins per liposome is then cal-
culated by dividing the molar concentration of proteins
in solution (3 M) by the liposome concentration to 36-
44 proteins/Erythro-VLP (on average). This corresponds
to an average protein density of ~280-350 proteins/um?.

Binding to ACE-2 was confirmed through biolayer in-
terferometry (BLI)?® (sketched in Fig. 2 E). When incor-
rectly embedded, the S-protein can not bind to the ACE-
2 receptor. This assay is thus important to assess the
correct functional conformation of the S-protein in the
membrane-embedded state. A dose-dependent reduction
in BLI signal was observed upon exposure of the ACE-
2 immobilized biosensors to increasing concentrations of
Erythro-VLPs, consistent with the binding of large parti-
cles to the optical biosensor (Fig. 2 C). Interestingly, ad-
dition of higher concentrations of Erythro-VLPs (> 4x)
resulted in more prominent binding at earlier time points
which saturates at smaller negative A values. This obser-
vation is consistent with a concentration-dependent clus-
tering of Erythro-VLPs, which when bound to the sen-
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FIG. 2. A: SEC chromatogram of the Erythro-VLPs showing two signals from Erythro-VLPs and Triton-X100. B: Size
distribution of Erythro-VLPs, as determined by DLS. While erythrocyte liposomes measured 102 nm (polydispersity: 0.19) an
average diameter of 222 nm (polydispersity: 0.32) was determined for the spike carrying liposomes. C: Binding of Erythro-
VLPs to human ACE-2 protein was measured by biolayer interferometry (BLI). A dose-dependent reduction in BLI signal was
observed upon exposure of the ACE-2 immobilized biosensors to increasing concentrations of Erythro-VLPs, consistent with
the binding of large particles to the optical biosensor. D: Association and dissociation curves for Erythro-VLPs in the absence
(light purple) and presence (dark purple) of human ACE-2 immobilized onto the biosensor. The dark purple curve is reproduced
from C (8x) for the purpose of comparison. E: Schematic of the BLI. Biotinylated human ACE-2 was immobilized onto the
Streptavidin BLI sensor. The sensor was then exposed to Erythro-VLPs and association and dissociation was monitored.

103 sor chip sterically hinder?® binding of further Erythro-
e VLPs.  To exclude the possibility of additional bind-
105 ing contributions from the erythrocyte liposomes, we
s titrated erythrocyte liposomes lacking the S-protein to
17 the ACE-2 immobilized sensor ship. Unlike the binding
18 of the Erythro-VLPs, addition of erythrocyte liposomes
100 to ACE-2 resulted in a positive wavelength change (A\)
20 (see Fig. S3 in the Supporting Information). This ob-
20 servation not only suggests that the binding of Erythro-
22 VLPs to ACE-2 is distinct, as compared to the erythro-
203 cyte liposomes, but also implies that the saturation of
20 BLI signal at lower negative A values observed at higher
20s Erythro-VLP concentrations could arise from weaker
206 binding contributions from erythrocyte liposomes.

207 Notably, in the absence of ACE-2 conjugation to the
biosensor, the wavelength change due to binding is signif-
icantly diminished, suggesting that the S-protein - ACE-2
interaction is the predominant source of binding probed
au through BLI (Fig. 2 D). Overall, these findings indicate
212 that the S-protein’s RBD recognizing human ACE-2 re-
213 mains solvent-exposed after embedding into the erythro-
214 cyte liposomes (Fig. 2 E). While it can not be excluded
a5 that that the S-protein embeds in two orientations, with
216 the RBD domain facing outwards or inwards on the ery-
217 throcyte liposomes, the observation of a positive binding
218 affinity of the Erythro-VLPs (as well as the positive im-
219 mune response in mouse models further below) confirms
20 that a significant fraction of S-proteins are facing out-
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wards and remain in an active conformation.

Giant unilamellar vesicles (GUVs) were prepared to
visualize the partitioning of the S-proteins in the ery-
throcyte liposomes. While electroformation is commonly
used to fabricate GUVs, this method is difficult in phys-
iological buffers because of electrolysis and the corre-
sponding gas formation in the presence of salts??23. Gi-
ant Erythro-VLPs were, therefore, prepared using gel-
assisted swelling where the Erythro-VLPs were first dried
on an agarose gel. Giant Erythro-VLPs then formed
spontaneously when the gel-liposome film was rehy-
drated. The procedure is known to lead to a homoge-
neous protein distribution among the liposomes and al-
lows a rapid preparation in physiological buffers?2.

The RBC membranes were doped with TR-DHPE
(red); The S-protein was stained using Alexa Fluor 488
maleimide (AF488, green) which binds to the thiol group
of cysteine®®. The S-protein is shown as ribbon dia-
gram in Fig. 3 A) with the cysteine groups highlighted
as red and green spheres. The solvent accessible surface
area (SASA) for each of the cysteine residues is shown
in Fig. 3 B). Following this analysis, only two cysteine
residues (136 and 166) per chain are directly accessible for
staining with AF488 (green bars in Fig. 3 B)). Thus, each
protein is expected to be stained with 6 AF488 molecules
at most, as marked by the green spheres in Fig. 3 A.

The giant Erythro-VLPs were imaged using a combi-
nation of epifluorescent and confocal laser scanning mi-
croscopy (CLSM), shown in Fig 3 C. The image was taken
on the agarose gel, before harvesting the vesicles. The li-
posomes appear as spherical orange objects with sizes of
~b50 pm; however, such large liposomes were no longer
observed after harvesting, likely due to shear stress in-
duced damage during harvesting. The harvested lipo-
somes show typical sizes between ~5-10 ym and were in-
vestigated using CLSM, as depicted in‘'Fig. 3 D. Fig. 3 E
shows one representative liposome in magnification. Sep-
arate imaging of the green (excitation: 488 nm) and red
(excitation: 561 nm) channels shows that the S-proteins
are located in the membranes (within the resolution of
the microscope). The orange color is the result of the
superposition of the red and green dye and the images
thus indicate a uniform distribution of the S-proteins in
the liposomes. A vesicle with a diameter of 8 pym has
an estimated surface area of 200 pum?. Given the cal-
culated average protein density of ~300 proteins/um?,
each giant Erythro-VLP contained approximately 60,000
proteins and 1.8 105 AF488 molecules.

A mouse study was conducted over a period of 33 days
involving three female mice at an age of 3 months to con-
firm seroconversion. A timeline of the study including all
injections and blood collections is displayed in Fig. 4 A.
The mice were divided into 2 groups: Two mice received
three doses of Erythro-VLPs suspended in 50 pL of ster-
ile saline buffer at days 0, 5, and 10 of the study. The
liposome concentration in each dose was approximately
30 nM, containing 8 ug of the S-protein. The third mouse
received erythrocyte liposomes without the S-protein at
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an equal liposome concentration. Venous blood was col-
lected at days 0, 7, and 28, and antibody levels were
determined by ELISA (Fig. 4 B). Mice were immunized
for the total S-protein; however, it is well documented
that antibodies to the RBD are required to prevent viral
entry and infection. Therefore, anti-RBD IgG antibod-
ies were measured by ELISA. Serum was diluted (1,/20,
1/50/, 1/100) and absorbance values are shown as a ratio
of the post-vaccination/pre-vaccination levels in sera in
Fig. 4 C and D. Since de novo antibody responses gener-
ally take 10 days to develop and can be low and transient
in the absence of a booster dose, no signal was observed
at days 0 and 7. Vaccinated mice (Mouse 1 & 2) demon-
strated and increase in these ratios (up to 83 and 112,
respectively) on days 14 and 28 of the study. The con-
trol (Mouse 3) showed no change in the optical density
throughout the samples collected.

Drug delivery by nanocarriers is often limited by liver
uptake and limited target organ deposition. Nanocarriers
adsorbed on RBCs have been shown to improve delivery
for a wide range of carriers and viral vectors3!:32, How-
ever, their potential for therapeutic applications, such as
drug delivery>33* and immunological functions?®3® has
been started to be exploited only recently. The biocom-
patibility of RBCs®? and their bioavailability*?, coupled
with the phagocytic capacity of RBCs in the spleen, sug-
gests that RBCs can be effective vehicles for the presenta-
tion of viral immunopathogens, such as the SARS-CoV-2
S-protein, to APCs and the immune system.

A prerequisite for the efficacy of the Erythro-VLPs in
generating an antibody-based immune response is that
the S-protein retains its functional conformation in the
membrane-embedded state'®. The increased optical den-
sity in the ELISA assays 14 days after injection is a clear
evidence for a successful seroconversion. Importantly,
while the mice received Erythro-VLP with the full-length
S-protein, antibodies to the RBD sub-domain were mea-
sured, which is required for viral entry**2. This implies
that the conformation of the S-protein in the Erythro-
VLPs is not changed in such a way that the RBD domain
is ‘hidden’ or modified, which is often challenging when
injecting soluble proteins.

The Erythro-VLPs can present immunopathogens to
the immune system'® 2% when the cells are being phago-
cytized in the spleen. This pathway has been utilized
in the past to present antigens to APCs in the spleen
by attaching nanoparticles to red cells?°, and for hybrid
RBC based nanovesicles*3. An interesting point is that
IgG production was triggered without an adjuvant (such
as aluminium hydroxide**4®), which points to some sort
of a depot effect, likely related to the circulation of the
Erythro-VLPs in the blood stream before they are pro-
cessed in the spleen. While these first results demon-
strate the potential of this pathway and the erythrocyte
platform, future work is needed to elucidate its poten-
tial therapeutic use. These include, for instance, in-vivo
toxicity evaluations and pathological analysis including
vasculitis, and options for intramuscular administration.
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FIG. 3. A: Protein structure of the SARS-CoV-2 S-protein. The protein is shown as ribbon diagram and cysteine is shown
as sphere. The red and green color indicates solvent accessible and non-accessible cysteine residues. The Solvent Accessible
Surface Area (SASA) was determined by the Getarea software and is graphed in B. C: Epifluorescent microscopy images of
giant Erythro-VLPs grown on agarose gel. The membrane was stained in red using TR-DHPE; the SARS-CoV-2 S-protein was
stained in green using Alexa Fluor 488 maleimide. D: CLSM images of a cluster of giant liposomes after harvesting from the
agarose. E: Magnified image of one isolated giant Erythro-VLP taken with CLSM. Images in C-E show the red-, green-, and
combined fluorescent channel, respectively.

337 CONCLUSION uo create ‘Erythro-VLPs’. These ~200 nm sized liposomes
sa carry up to 36 S-proteins on average (corresponding to

s The SARS-CoV-2 Spike (S-)protein was successfully *? an average protein density of ~300 proteins/um?). The

s anchored in the membranes of erythrocyte liposomes to ** correct insertion and functionality of the S-proteins was
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FIG. 4. A: Time line of the mouse study. Each mouse received 3 injections of Erythro-VLPs suspended in sterile saline buffer
at 0, 5, and 10 days. The liposome concentration in each dose was approximately 30 nM containing 8 ug of the S-protein.
Blood was drawn at 0 (control), 7, and 14 days. Final draw was after 28 days. B: An enzyme-linked immunosorbent assay
(ELISA) was used for antibody detection. C: Optical density as function of time for the ELISA essay for all samples. D:
Measured optical density ratios. Bars represent the mean optical density ratio averaged over all three dilution runs. Values
above 1 ratio are considered positive in the SARS-CoV-2 antibody ELISA. A strong antibody response was observed in both
mice after 14 days; no response was observed in the control.

shown through ACE-2 binding assays. Seroconversion s Immunization experiments
was observed in mice after 14 days, after two injec-
tions, and the production of antibodies was confirmed in
ELISA. The results show that the Erythro-VLPs are an
effective way to present the S-protein to the immune sys-
tem and induce antibody production. With a large num-
ber of similar viruses circulating in bats ‘and camels*S,
and the emergence of variants, the possibility of addi-
tional outbreaks poses major threats to global public
health. The erythrocyte platform that we present in this
work may have therapeutic potential and can rapidly be
adapted to different variants and viruses by embedding
the corresponding antigenic proteins.

sn  Three female C57BL/6J mice were obtained from the
s Jackson Laboratory (Bar Harbor, ME, Strain 000664),
33 maintained in a single standard mouse cage in the same
s room with a constant temperature of 25°C and a 12 h
as light, 12 h dark cycle, and fed a control standard diet
ws (17% keal fat, 29% kcal protein, 54% kcal CHO, 3 kcal/g;
Harlan 8640 Teklad 22/5 Rodent Diet) and provided wa-
s ter ad libitum. Pre-immunizaiton blood (200 ul) was col-
are lected retro-orbitally in heparinized tubes. RBCs were
then isolated through centrifugation and washed twice
s using sterile saline solution and Erythro-VLPs were pre-
This research was approved by the Hamilton Inte- s pared as described. The lysing buffer was exchanged to
grated Research Ethics Board (HIREB) under approval sss sterile buffer saline after the preparation of red blood cell
number 1354-T. Informed consent was obtained from all s ghosts, in compliance with the approved animal utiliza-
blood donors by signing a written consent form. The s tion protocol. The mice were allowed to rest and accli-
authors confirm that all methods were performed in ac- s mate for 5 days before immunization. Mice were immu-
cordance with the relevant guidelines and regulations. s nized by injecting 50 ul of Erythro-VLP in the tail vein
All animal procedures for this study were approved by sss injection and monitored daily for adverse reactions or in-
the McMaster University Animal Research Ethics Board 3 flammatory reactions at the injection site. Venous blood
(Animal Utilization Protocol 17-05-19 and Amendment s (70 pl) was collected from the tail vein in heparinized
#20-111 to AUP #17-05-19) in accordance with the so tubes at days 0, 7, 14 and 28. No adverse reactions were
guidelines of the Canadian Council of Animal Care. 322 observed.
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303 Preparation of small erythrocyte liposomes

The detailed protocol is described elsewhere?!. Briefly:
35 Heparinized blood samples were collected. The blood was
washed twice and the RBCs were isolated by successive
centrifugation and replacing the supernatant with phos-
phate saline buffer (PBS). The cells were exposed to to
osmotic stress by mixing hematocrit with lysis buffer (3%
PBS buffer, pH 8) at a concentration of 5 vol%. The
lysis buffer was pre-chilled to ~4 °C and the reaction
tube were immediately stored on ice to prevent a fast
re-closing of the ruptured cells. Hemoglobin and other
cellular compartments can be removed through multiple
washing steps as shown in?'. The protocol results in
a white pellet containing empty erythrocyte liposomes.
The resulting solution was tip sonicated 20 times for 5 s
each at a power of 100 W. The reaction tube was placed
on ice during sonication to prevent the sample from over-
heating. Afterwards, the tube was centrifuged for 15 min
at ~20,000 g. The supernatant consists of a solution of
small, nanometer-sized liposomes and will be hereafter
referred to as the Blood Solution. The protocol results in
a membrane concentration of ~14 mg/ml?!.
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Preparation of Erythro-VLPs

415

S-proteins were purchased from Acrobiosystems (SPN-
C52H4). The cryoprotectants, glycerol and trehalose,
were removed from the ACE-2 and S-proteins, respec-
tively, by analytical size-exclusion chromatography us-
ing a Superdex 200 increase 10/300 analytical gel filtra-
tion column (GE Healthcare). The S-protein was eluted
with ultrapure HyO and lyophilized and resuspended
by adding 50 ul of the Blood Solution.  Triton-X 100
(9002-93-1, Sigma-Aldrich) was added to achieve a con-
centration of 25 mM; above the critical micelle concen-
tration (CMC) of the surfactant.. The size distribution
of erythrocyte liposomes at varying Triton-X 100 con-
centrations (in Fig. S1 in the Supporting Information)
shows 3 phases: Liposomes with an average diameter of
244.8+175.9 nm were observed-at a Triton-X 100 concen-
tration of 0.1 mM; below the critical micelle concentra-
tion (CMC = 0.25. mM). This liposome signal co-exists
with micelles with a diameter of ~10 nm between con-
centrations of 3 and 20 mM. Concentrations higher than
25 mM eventually led to an aggregation of the liposomes
causing the formation of aggregates with a diameter of up
to 2+0.3 um. A concentration of 25 mM was, therefore,
chosen to facilitate the protein insertion as it is the upper
limit of the coexistence phase of liposomes and micelles.

The sample was incubated for 3 h before adding an
excess of Amberlite XAD-2 (9003-70-7, Sigma-Aldrich).
These non-polar polystyrene beads are commonly used to
remove surfactant, such as Triton-X 100. The sample was
incubated at room temperature for 12 h. To remove po-
ws tential excess Triton-X 100, which was not extracted by
us the beads, the supernatant containing S-protein embed-
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a7 ded RBC membranes (Erythro-VLPs) was injected into
ws an analytical gel filtration column and eluted with 8-fold
wo diluted PBS. The purified fraction was then concentrated
w0 8-fold to a working volume of 500 uL (~ 80 ug/ml of to-
w1 tal S-protein) using a Vacufuge plus from Eppendorf for
ss2 subsequent BLI (Octet Red 96, ForteBio) analysis. The
w53 resulting solution will be referred to as Erythro-VLP So-
e lution.

Staining of Erythro-VLPs

455

The RBC membrane was fluorescently labeled by dop-
ing the bilayers with Texas Red 1,2-Dihexadecanoyl-sn-
Glycero-3-Phosphoethanolamine ' (TR-DHPE) (Thermo
Fisher, Catalog number: T1395MP). It is known to in-
teract with liquid disordered [4 lipid patches and has
been previously used to investigate domain formation
in membranes?”*8. 10 mg/ml 1-Palmitoyl-2-Oleoyl-
sn-Glycero-3-Phosphocholin (POPC) in chloroform was
prepared /containing 1 mol% TR-DHPE. POPC has
been previously shown to homogenously fuse with RBC
membranes?® and facilitates the incorporation of stained
lipids into the membrane. 50 ul of this solution was dried
in a glass vial under a constant dry nitrogen flow before
adding 250 pl (~3.5 mg) of the Blood Solution. This so-
lution has a concentration of TR-DHPE of 0.001 mass%
and will be referred to as Fluorescent Solution.

SARS-Cov-2 S-protein was purchased from ACRO-
Biosystems (SPN-C52H4) and was delivered in a Tris
buffer (50 mM Tris (Tris(hydroxymethyl)aminomethan),
150 mM NaCl, pH 7.5 with 10% trehalose) at a con-
centration of 0.2 ug/ml. The protein was separated in
aliquots of 20 ug. After thawing, the protein was in-
cubated for 20 min with a 100x excess of TCEP (Tris-
(2-carboxyethyl)-phosphin). This reduces the disulfide
bonds preparing the protein for staining with Alexa Fluor
488 maleimide (SCJ4600016, Sigma-Aldrich). A stock
solution of 1 pymol in 0.1 ml DMSO of Alexa Fluor 488
maleimide was prepared. 1 pl was then added to the
protein solution and incubated over night at 4°C. The
protein was separated from the excess dye through cen-
trifugation at 20,000 g for 6 h. A brown pallet was ob-
served and the supernatant was replaced by fresh HEPES
Buffer (20 mM Hepes, 150 mM NaCl).

The Fluorescent Solution was concentrated to
30 mg/ml using a Vacufuge plus from Eppendorf. The
protein solution was brought to a total volume of 70 pl.
5 ul of the concentrated Fluorescent Solution was then
added. Triton-X 100 (9002-93-1, Sigma-Aldrich) was
added to achieve a concentration of 25 mM. The sample
was incubated for 3 h before adding an excess of Amber-
lite XAD-2 (9003-70-7, Sigma-Aldrich) and incubating at
room temperature for another 12 h.
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Preparation of giant Erythro-VLPs

Giant Erythro-VLPs were prepared using the gel as-
sisted swelling method?2. Briefly; Microscope cover slips
were coated with a thin layer of agarose gel. Then, 12 x
1 pl droplets of the Erythro-VLP solution were applied
onto the gel and allowed to fully dry for ~10 min un-
der a nitrogen atmosphere. The glass slides were then
placed in a petri dish and covered with 1 ml of growth
buffer (20 mM Hepes, 150 mM NaCl, 200 mM sucrose)
and incubated at room temperature for 30 min. This
allows liposomes to grow on the surface of the agarose
gel. Compared to the commonly known electroforma-
tion of GUV, the method produces more heterogeneous
liposomes, however, has the advantage of using a saline
based buffer during growth. However, it was reported to
have a lower yield in isolated defect free GUV?2. The
giant Erythro-VLPs were harvested by gently pipetting
~20 pL from near the surface of the agarose and mixing
it in a ratio of 1:1 with imaging buffer (20 mM Hepes,
150 mM NaCl, 200 mM glucose)

Epi-fluorescent microscopy

Epi-fluorescent Microscopy was conducted using an
Nikon Eclipse LV100 ND Microscope. The instrument
is equipped with a Plan Fluor BD 10x and 20x ob-

s2 jective with numerical apertures of 0.3 and 0.5, respec-
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tively. Images were recorded using a Nikon DS-Ri2 Cam-
era with a resolution of 4908 x3264 pixels and a pixel-size
of 7.3x7.3 pm. The camera is mounted via a 2.5x tele-
scope to the microscope. All images were recorded in
episcopic illumination mode using a halogen lamp. Im-
ages were recorded using the Nikon control software (NIS
Elements, Version 4.60.0).

Confocal laser scanning microscopy

Liposomes were imaged on a Nikon Al Confocal
Eclipse Ti microscope-with Nikon Alplus camera. The
microscope was equipped with a Plan Apo 40x/0.9 NA
objective lens. Images were recorded using a resolution
of 2048 x 2048 pixels -and the recording speed was ad-

s3 justed to ensure a -optimized signal to noise ratio for
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each channel respectively. Two excitation modes were
used: 561 nm (TR-DHPE) and 488 nm (Alexa Fluor 488
maleimide) allowing the identification of the membrane
and the S-protein, respectively. The instrument was con-
trolled by the Nikon NIS Elements software.

Dynamic light scattering

A Zetasizer Nano ZS from Malvern Panalytical was
used to determine the size distribution of the liposomes.
The instrument is equipped with a 4 mW He-Ne laser
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(wavelength: 633 nm) and a non-invasive backscatter-
ing optics. The diffusion constant, D, of the liposomes
is determined by measuring the dynamic light scattering
(DLS) spectrum. This is related to the particle size via
the Stokes-Einstein relation: D = gfnTT, where n is the
dynamic viscosity of the solution, kg is the Boltzmann
constant, T is the sample temperature and r is the radius
of a spherical particle. All measurements were performed
at 25°C on 1 ml sample containing ~0.5 mg/ml of mem-
brane material.

Biolayer interferometry (BLI)

Biotinylated human ACE-2 was purchased from Acro-
biosystems (AC2-H82F9). The cryoprotectants, glycerol
and trehalose, were removed from the ACE-2 proteins,
respectively, by analytical size-exclusion chromatography
using a Superdex 200 increase 10/300 analytical gel fil-
tration column (GE Healthcare). The ACE-2 protein was
eluted with PBS at pH 7.4 and stored at 4°C until use.

The biotinylated human ACE-2 protein (~11 pg/ml)
was immobilized onto Streptavidin (SA) biosensors (For-
teBio) until a threshold of 1 nm wavelength change was
reached for' all sensor chips. Excess non-immobilized
ACE-2 was washed off by dipping the sensor into PBS
at'pH 7.4 for 120 s. Subsequently, the SA biosensor was
dipped into solutions of Erythro-VLPs or erythrocyte li-
posomes of varying doses ranging from 1x to 16x for
900 s to allow for association. Dissociation was mon-
itored by dipping the biosensor in PBS at pH 7.4 for
900 s.

Solvent accessible surface area (SASA) of SARS
COV-2 S-protein

The SASA of the S-protein was computed through the
Getarea software (http://curie.utmb.edu/getarea.html)
based on the PDB ID: 6VXX S-protein structure re-
ported by Walls and colleagues”. The total (backbone
and sidechain) SASA was computed for all three pro-
tomers and the average and standard deviation of these
three measurements are reported for each residue.

SARS-CoV-2 ELISA

A high-throughput serological assay to identify SARS-
CoV-2 antibodies in COVID-19 patients has been devel-
oped previously*®. In brief, 384 well plates (Nunc Max-
isorp, Rochester, NY, USA) were coated overnight at 4°C
with 25 pL/well of RBD (2 pug/ml) suspended in 50 mM
carbonate-bicarbonate buffer (pH 9.6). The plates were
then blocked with 100 uL/well of 3% skim milk prepared
in PBS with 0.05% Tween 20 at room temperature for
2 h. The blocking solution was removed, and diluted
mouse serum samples (1/100 prepared in 1% skim milk
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in PBS/0.05% Tween 20) was added to the plates for
1 h at room temperature. The plates were washed twice
with PBS/0.05% Tween 20 and thrice with PBS. Bound
mouse antibodies (IgG, IgA, or IgM) were detected with
alkaline phosphatase conjugated goat anti-mouse IgG (~-
chain-specific, 1/2000, Jackson ImmunoResearch Labo-
ratories, Inc, Westgrove, PA, USA), goat anti-mouse IgA
(a-chain-specific; 1/500, Jackson ImmunoResearch Lab-
oratories, Inc, Westgrove, PA, USA) antibody, or goat
anti-mouse IgM (y-chain-specific; 1/1000, Jackson Im-
munoResearch Laboratories, Inc, Westgrove, PA, USA)
antibody prepared in PBS/0.05% Tween 20. Plates were
washed as before and followed with the addition of 50 pL
substrate (4-nitrophenylphosphate disodium salt hexahy-
drate in diethanolamine; MilliporeSigma, St. Louis, MO,
USA). The optical density at 405 nm and 490 nm (as
a reference) was measured using a BioTek 800TS mi-
croplate reader (BioTek, Winooski, VT, USA).

Values are represented as a ratio of of the observed
optical density after 1840 s to the determined optical
density at day 0. This value will be referred as optical
density ratio. Values above 1 ratio are considered positive
in the SARS-CoV-2 antibody ELISA.

Molecular dynamics simulations

MD simulations were performed on a GPU acceler-
ated computer workstation using GROMACS Version
5.1.4. The device is equipped with a 40 Core cen-
tral processing unit (CPU, Intel(R) Xeon(R) CPU E5-
2630 v4 @ 2.20GHz), 130 GB random-access mem-
ory (RAM) and three graphic processing, units (GPU,
2 x NVIDIA 1080 TDI + 1 x GeForce GT 730)2%.
A total of 4 simulation systems were created.. First,
a coarse grained model of a- single “S-protein was
created using the CHARMM-GUI Martini Solution-
builder (http://charmm-gui.org/)3°. The S-protein
model from?® which bases on' the RBD-down protein
structure (PDB database: 6VXX) was used in all simula-
tion. Model 1 (see®® for naming convention) was used for
the heptad repeat linker 2 (HR2), the transmembrane-
domain (HR2-TM)“and the CPD. The System was
charge-neutralized by adding Na™ and C1~ counter-ions.
A second model was created by first removing water from
the simulation box and adding Triton-X 100 molecules
to archive a concentration of 25 mM. The system was
re-dissolved with MARTINI water and neutralizing ions
were added.

Two membrane-S-protein complexes containing one
SARS-CoV-2 S-protein, a RBC membrane mimic re-
spectively were designed using the CHARMM-GUI
membrane-builder (http://charmm-gui.org/)®°. The bi-
layer composition was chosen to match the lipid con-
centrations of a RBC membrane as has been shown
previously?®. In one model, the protein’s TMD was
embedded into the membrane. For the second model,
the CPD was placed in close proximity to the mem-
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brane mimic. Triton-X 100 at a concentration of 25 mM
was added to both simulations. All models are avail-
able from the authors upon request. All models were
energy-minimized using steepest descent and equilibrated
for 5 ns in the NPT ensemble (constant pressure and tem-
perature). A short range van der Waal cutoff of 1.1 nm
and a potential-shift-verlet coulomb modifier were used
and periodic boundary conditions were applied to all
three dimensions. Neighbor lists were updated in inter-
vals of 20 steps. The temperature was coupled through
a v-rescale thermostat at a constant pressure of 1 bar
using Parrinello-Rahman semi-isotropic weak coupling
(=12 ps; compressibility 3=3-10"% bar=!). All simula-
tions were run for a total of 500 ns. The model contain-
ing a single S-protein in close proximity to the membrane
mimic was first run for 500 ns with position constraints
applied to the protein in all spacial direction. The con-
straints were removed and the system was simulated for
additional 500 ns.

The GROMACS built-in function angle was used to
calculate the tilt angle © indicated in Fig. 1 D.

ELV-protein co-sedimentation assay

The S-protein loading efficiency onto the Erythro-VLP
was determined using UV—visible light spectroscopy us-
ing a Nanophotometer NP80 from IMPLEN. Erythro-
VLP carrying Alexa-fluor 488 labeled S-protein were pre-
pared as described above. A UV-vis spectra was mea-
sured and the the sample was incubated for 12 h with an
excess of Amberlite XAD-2 (9003-70-7, Sigma-Aldrich).
The samples were centrifuged for 2 h and a UV-vis spec-
trum was measured. Both spectra are graphed in Fig. S2.
A peak at 488 nm was observed in both samples resulting
from the stained proteins. The signal was observed to de-
crease by 40%. This decrease is assumed to be the result
of sedimented liposomes and we consequently estimate a
loading efficiency of ~40%.

Determining the Triton-X 100 - erythrocyte
liposome phase diagram

Red blood cell ghosts where first prepared according
to the protocol described above. 10 samples, 1 ml each,
containing ~0.5 mg/ml of membrane material were pre-
pared with Triton-X 100 at concentrations of 0.1, 1, 3, 5,
10, 15, 20, 25, 30, 35 mM. The size distribution of the li-
posomes and Triton-X 100 micelles were then determined
using a Zetasizer Nano ZS from Malvern Panalytical. All
measurements were performed at 25°C.
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sos SUPPORTING INFORMATION TO:
w» ERYTHRO-VLPS: ANCHORING SARS-COV-2 SPIKE PROTEINS
510 IN ERYTHROCYTE LIPOSOMES
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Supporting Information, Figure S1. DLS spectra of erythrocyte liposomes in aqueous solution and Triton-X 100 concentrations
ranging from 0.1 mM to 35 mM. A single distribution 244.8+175.9 nm resulting from liposomes was observed at a Triton-X
100 concentration of 0.1 mM; below the critical micelle concentration (CMC = 0.25 mM). This Liposome signal co-exists with
micelles with a diameter of 10 nm at concentrations from 3 mM to 20 mM. Concentrations higher than 20 mM eventually lead

to an aggregation of the liposomes to form aggregates with a diameter of up to 24+0.3 pm.
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Supporting Information, Figure S2. UV-Visible spectra of Erythro-VLP carrying Alexa Fluor 488 maleimide tagged S-protein

before and after incubation.
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Supporting Information, Figure S3. Biolayer interferometry analysis of the binding of erythrocyte liposomes to the human
ACE-2 receptor. Association and dissociation curves for the binding of various concentrations of erythrocyte liposomes to the
human ACE-2 receptor is shown in accordance with the color coding in the figure inset. Control association and dissociation

curves for erythrocyte liposomes in the absence of human ACE-2 immobilized onto the biosensor are shown in purple.
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Chapter 8

Conclusion

The scientific achievements in this thesis divide in two parts; the analysis of the
structure and mechanical properties of the RBCcms and the functionalization of
this biological structure on a molecular level.

The first two publications demonstrate that the use of X-ray and Neutron scat-
tering can provide unique insight into the molecular organization and mechan-
ical properties of RBCcms. I measured bending moduli of order of 2 to 4 kgT,
relatively small compared to literature values for intact RBCs, and for most single
component lipid bilayers. This demonstrates that RBCcms are highly flexible and
deformable structures on the nanoscopic length scales. The extreme softness is
likely a result of a large variety of lipids (see lipid composition in Chapter 2) in
these biological membranes. When applied to stored RBCs, the developed meth-
ods reveal an increased fraction of liquid ordered membrane domains and an in-
creased bending rigidity.

This is a good place to re-emphasize the limitations of the performed analy-
sis. Both X-ray and neutron experiments require optimized sample preparation,
which includes the isolation of the RBCcm from the cell. It is possible that this
preparation may introduce artifacts. In addition, the interpretation of the scat-
tering experiments is based on models that were developed for symmetric lipid
bilayer. There are two caveats that need to be addressed.

First, the RBCcm is an asymmetric structure, which contradicts the centro-
symmetry that is required for a 1-dimensional Fourier analysis. However, the
sample preparation processes generally does not allow control of the membrane’s
orientation within the stack and we consequently measure an ensemble of differ-
ent membrane orientations. Hence, it is plausible to assume an average symmetric
membrane.

The second caveat concerns the observed fluctuations of RBCcms in XDS and
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NSE experiments. The determination of static material properties from these fluc-
tuations requires a good theoretical understanding of the membrane dynamics.
The underlying model becomes especially critical in NSE experiments where it is
required to decouple both the area compression modulus and the bending mod-
ulus. The agreement of the measured intermediate scattering function with the
ZG-Theory and the performed MD simulations encourage the approximation of
the observed fluctuations by lipid bilayer dynamics. However, potential influ-
ences from transmembrane proteins can not be ruled out. A coherent mathemati-
cal description that takes all aspects of the membrane’s composition into account
is currently missing but would be desirable to better understand the observed
membrane dynamics.

A major innovation in this thesis is the synthesis of functionalized RBCcms.
I have demonstrated that the membrane can be modified with synthetic lipid
molecules to tune membrane thickness, order, and charge. Furthermore, I success-
fully anchored the SARS-CoV-2 S-Protein into the RBCcm to synthesize virus-like
particles that eventually lead to seroconversion in mouse models.

RBC liposomes are a priori superior over synthetic pharmaceutical carriers
as they provide an enhanced biocompatibility and an increased circulation time
within the body. However, they often lack specificity. Functionalization of the
RBCcm is thus critical in overcoming these limitations.

Of course, large disturbances of the endogenous structure can limit the bio-
compatibility of these engineered hybrid liposomes. Paper III is thus critical in
understanding these limitations as we determined the solubility limits of syn-
thetic lipid molecules in the RBCcm. It further sets the foundation for anchoring
much larger structures such as the SARS-CoV-2 S-Protein into the RBCcm.

While the preparation of hybrid RBCcms was tested with a variety of differ-
ent lipid species, the insertion of proteins was thus far solely investigated for the
SARS-CoV-2 S-Protein. Proteins, such as ion channels, have been routinely em-
bedded into synthetic liposomes using detergent mediated protocols [98] and it
can thus be speculated that the developed protocol is also applicable for other
protein structures. Potential other protein candidates are of course spike proteins
from other viruses.

The functionalization of RBCcms should be evolved further as they provide a
unique tool to deliver pharmaceuticals across the body. Importantly, they can pro-
vide direct access to pathways that are intrinsically related to the RBC’s life cyle.
For instance, RBCs can present antigens to the immune system when undergoing
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phagocytosis in the liver and the spleen [2]. We speculate in Paper IV that erythro-
VLPs are being processed in the same manner. This platform of engineered RBC-
cms thus presents a potential vaccine candidate against the coronavirus disease
(COVID-19) and can potentially also be applied to variants and other viruses in
the future.
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Appendix A
Common Lipid Molecules And Their
Abbreviation
Abbreviation Name Tails
(Length 1: Saturation 1 -
Length 2: Saturation 2)
dil3:0 PC 1,2-ditridecanoyl-sn- 13:0-13:0
glycero-3-phosphocholine
DMPC 1,2-dimyristoyl-sn- 14:0-14:0
glycero-3-phosphocholine
POPC 1-palmitoyl-2-oleoyl- 16:0-18:1
glycero-3-phosphocholine
SOPC 1-stearoyl-2-oleoyl-sn- 18:0-18:1
glycero-3-phosphocholine
DOPC 1,2-dioleoyl-sn- 18:1-18:1
glycero-3-phosphocholine
POPS 1-palmitoyl-2-oleoyl-sn- 16:0-18:1
glycero-3-phospho-L-serine
POPG 1-palmitoyl-2-oleoyl-sn- 16:0-18:1
glycero-3-phospho-
(1"-rac-glycerol)
di22:1 PC 1,2-dierucoyl-sn- 22:1-22:1
glycero-3-phosphocholine

TABLE A.1: A summary of values reported for the bending rigidity

x in the literature
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