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Abstract

The thesis studies red blood cell (RBC) morphology and deformability under microfluidic
conditions to reveal their behavior in the microcirculation. Using novel experiments, we analyze
how RBC properties, channel geometry, and flow interact. Rectangular channels with height
near the RBC diameter and confinement ratios above 0.9 favor distinct croissant and slipper
shapes, correlating shear rate with cell elongation. Less confined channels yield varied unsta-
ble shapes. We also examine effects of RBC age and membrane rigidity by fractionating cells
and altering membranes chemically, finding a reduced formation of stable asymmetric slippers
at high flow in aged or stiffened cells. Older cells more often form symmetric croissants, a
pattern suppressed by membrane stiffening. Finally, we introduce a deformation index (DI)
from compression-expansion tests to quantify deformability and study influences of density and
rigidity. Our results enhance understanding of RBC dynamics in confined flows, aiding biomi-
crofluidic design and hematological diagnostics, and advancing insight into microcirculatory

function and disease.

Keywords: Red blood cells, microfluidics, deformability, cell morphology, microcirculation,
channel confinement, aging, membrane rigidity, biomechanics



Zusammenfassung

Diese Arbeit untersucht die Morphologie und Verformbarkeit roter Blutkérperchen (Ery-
throzyten) unter mikrofluidischen Bedingungen, um deren Verhalten im Mikrozirkulationssys-
tem zu verstehen. Mit neuartigen Experimenten analysieren wir das Zusammenspiel von
Zell-Eigenschaften, Kanalgeometrie und Stromungsdynamik. Rechteckige Kanale mit einer
Hohe nahe dem Zell-Durchmesser und einer Konfektionsrate iiber 0,9 beglinstigen ausgepragte
croissant- und slipperformige Formen, wobei eine starke Korrelation zwischen Scherrate und Zel-
lverlangerung besteht. Geringere Konfinierung fiihrt zu vielfaltigen instabilen Formen. Aufler-
dem werden Alter und Membransteifigkeit der Zellen durch Fraktionierung und chemische Mod-
ifikation untersucht, wobei altere oder versteifte Zellen weniger stabile asymmetrische slipper
formen. Altere Zellen zeigen verstarkt symmetrische croissants, was durch Membranverstei-
fung unterdriickt wird. AbschlieBend wird mit einem neu eingefithrten Deformationsindex (DI)
die Verformbarkeit durch Kompressions- und Expansionsversuche quantifiziert. Die Resultate
verbessern das Verstandnis der Erythrozyten-Dynamik in engen Stréomungen und unterstiitzen

die Entwicklung mikrofluidischer Gerate sowie hamatologischer Diagnostik.

Schliisselworter: Rote Blutkorperchen, Mikrofluidik, Verformbarkeit, Zellmorphologie,

Mikrozirkulation, Kanalenge, Zellalter, Membransteifigkeit, Biomechanik
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INTRODUCTION

Blood is recognized as an organ consisting of such a complex and dynamic fluid composition;
it contains plasma, dissolved substances, and different cellular entities. The amount of blood
approximates 7% of human body weight and hence has been considered the second largest
organ after the skin. Maintenance for health, better known as blood circulation, goes through
the complex vascular network from the early stages of fetal development through the whole
course of life. It is this circulation that ensures no tissue is deprived of oxygen and nutritional
substances, and it aids in the excretion of metabolic waste products. In addition, because of
the dynamic nature of blood, it responds to physiological changes in demand—such as would
be encountered during exercise or after injury—by regional flow and distribution changes. Be-
cause red blood cells are the most abundant cellular elements present in blood, they have the
most pronounced effect on the flow characteristics of blood. These cells assume a biconcave
shape, and their anatomy is highly specialized, coupled with hemoglobin, for oxygen transport.
Second, imbalances in the circulation of blood lead to a myriad of physiological problems,
including vascular blockages manifested by an inability of the heart muscle to contract and is-
chemic events. This is usually due to clot formation or pathological vessel wall changes, which
in turn are coupled to dynamics in blood flow. An in-depth understanding of the function
and role that erythrocytes play in flow is relevant to their application in unraveling the un-
derlying mechanisms of circulatory and hematological disorders that may be pertinent to the
improvement of diagnostic techniques and treatment strategies, with effects bound to impact
positively on patient outcome. Blood is considered an exemplary model fluid for the area of
biological fluid dynamics owing to its unique physical properties and relative simplicity com-
pared to the other biological fluids. Extensive research in blood dynamics and hemorheology,
in particular, has been carried out with its non-Newtonian behavior in mind, where viscosity
decreases with increased shear rate due to the dissociation of RBC aggregates under high shear
stresses. These have pointed out that a complex interaction takes place between the dynamics

of blood flow and its cellular constituency. For example, the viscosity reduction property allows
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blood to flow more smoothly through tiny capillaries and avoids blockages. Second, research
into blood rheology provides important information on RBC mechanical properties and their
interaction with other blood components, which is highly desirable for a better understanding
of various pathological conditions. Recent developments in microscopy and the methodologies
of analyses have completely changed blood research from simple macroscopic observation into
the investigation of single cells. Novel techniques including high-resolution imaging, flow cy-
tometry, and microfluidics enable researchers now to investigate at unprecedented resolution
the behavior of individual RBCs. While in-vitro blood analysis is considered one of the corner-
stones of diagnostics in general, it most often deals with static or highly simplified geometries,
and preprocessing procedures that might in turn affect the properties of RBCs. Advanced
methodologies for analysis have given way to more precise explorations of blood behavior and
function at an unprecedented level of accuracy and detail. Moreover, it has allowed for the
detection of small changes in RBC shape and mechanics that reflect a wide range of diseases
and opened new avenues toward early diagnosis and specific therapy. RBC deformability is
considered a basic element for sustaining blood flow, in particular in concentrated suspensions.
The deformability of RBCs implies the ability to change shape under the action of external
forces and is an important factor in passing through narrow capillaries while maintaining blood
flow at an optimum. Indeed, deformability plays another key role in shaping collective phe-
nomena such as the lateral migration and axial distribution of RBCs within channels, setting
the broader landscape within which blood rheology and microcirculatory dynamics take place.
Changes in RBC deformability are intimately associated with their aging and ultimate removal
from circulation, forming parts of the pathophysiology of various diseases such as anemia and
hemolytic disorders. Knowledge of modulating factors on RBC deformability will be of im-
portance concerning membrane composition and the integrity of the cytoskeletal network, in
developing therapeutic interventions to restore normal blood flow in pathological conditions.
These microfluidic channel experiments form a good basis for studies of RBCs under controlled
conditions, particularly in straight microchannels with highly diluted suspensions. In this way,
these experiments model conditions of microvascular networks and thus enable the detailed
investigation of mechanics and interactions between RBCs to be performed under conditions
relevant for physiology. Such a microscopic snapshot, together with careful examination of
RBC shape and axial position, may be used by the researchers in constructing shape-phase
diagrams that could give more detailed insights into the mechanical properties and behavior
of RBCs under various conditions. These figures delineate the flow conditions dependence of
RBC shape transitions and provide a frame of reference in which to understand how RBCs
navigate complex vascular environments. These will form the basis on which the further study
of RBC deformability and its implications on dynamic features of blood flow and microvascular

functions are founded.
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In subsequent chapters, this thesis develops an organized and systematic approach, using
these insights progressively to investigate specifically the scientific bases that would be necessary
for presenting the components of blood, their mechanical and biological properties, and their
flow characteristics in low Reynolds number systems. It will consist of two parts: The first part
will describe in detail the basic principles of blood flow regulation, with an emphasis on the
role of RBCs in maintaining hemodynamic stability. The second part will explain metrological
procedures and fabrication protocols that focus on the main experimental setups and specific
modifications made in each case. Then, the results parts are coming after: the first investigation,
which will be referred to as Chapter I , will elaborate on the laboratory experiments of RBCs in
flow through straight microfluidic channels by focusing on two critical areas: the RBC shape-
phase diagram and the influence of confinement on RBC shape stability. The review, in the
second result labeled Chapter II , examines how cell age and membrane stiffness influence RBC
shape stability. Not last but least, the third result, which was labeled as Chapter III , will be
dedicated to a double-width channel in applying compression and expansion forces to RBCs for
investigations into their deformability while manipulating age and membrane rigidity. These
chapters will attempt to give an in-depth analysis of the behavior and mechanical properties
of RBCs, which can be valuable insight into the complex dynamics of blood flow and cellular
interactions within microfluidic systems. Such knowledge will help us understand them in both

normal physiology and disease pathology.
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BACKGROUND

1.1 Blood Physiology

Blood is an essential fluid, accounting for approximately 7-8% of human body weight, and it
has a vital roles to maintain health and balance within the body. It is made up of four main
components: plasma, red blood cells (RBCs), white blood cells (WBCs), and platelets (check

Figure 1.1), each playing a vital role in the body’s circulatory and immune systems.

The liquid portion of blood, known as plasma, constitutes about 55% of its total volume.
Plasma is mostly water (90%), but it also contains important dissolved substances such as
proteins, electrolytes, nutrients, hormones, and waste products!'). Plasma proteins, including
albumin, globulins, and fibrinogen, serve critical functions: maintaining hydrostatic pressure,
supporting immune responses, and aiding in blood clotting!?. Plasma also acts as a transport
medium, carrying essential molecules like glucose, lipids, respiratory gases, and metabolic waste,
helping maintain homeostasis and enabling communication between cells throughout the body.
The oxygen-carrying function of blood is managed primarily by RBCs, which make up about
45% of blood volume, a measurement known as the hematocrit[). These cells have a unique
biconcave shape (see Figure 1.2.A and Figure 1.3.A) that maximizes their surface area for
efficient gas exchange. RBCs are responsible for transporting oxygen from the lungs to tissues
and returning carbon dioxide to the lungs for exhalation. This is made possible by hemoglobin,
a protein found in abundance within RBCs, with each cell containing approximately 270 million
hemoglobin molecules. Their lifespan is about 120 days, after which they are broken down and
removed by the spleen and liver . The immune defense of the body is primarily supported by
WBCs, which, although making up just 1% of blood volume, are indispensable for protecting
against infections and foreign invaders!). WBCs come in various types, each with specialized
functions. Neutrophils are the most abundant and act as the body’s first line of defense against
infections. Lymphocytes, which include B cells and T cells, play a crucial role in adaptive
immunity by producing antibodies and targeting infected cells. Monocytes, which differentiate
into macrophages, are involved in engulfing pathogens and presenting antigens to other immune
cells. FEosinophils and basophils, though less common, participate in responses to parasitic
infections and allergic reactions. Platelets, the smallest cellular components in blood, play an
essential role in the process of clotting, or hemostasis!". Originating from large cells in the bone
marrow known as megakaryocytes, platelets respond to injury by adhering to damaged blood
vessels. Once activated, they release granules that attract more platelets to the site, forming a
temporary plug. This process triggers the coagulation cascade, which leads to the conversion
of fibrinogen to fibrin, stabilizing the clot and ensuring proper sealing of the wound’). This
mechanism is vital in preventing excessive blood loss and ensuring that clots form only where

necessary .
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Figure 1.1: Illustration depicting the outcome of blood centrifugation, which facilitates the separation of distinct
components within the blood composition. Reprinted with permission from Glanlab!".

1.2 Red Blood Cells: Structure and Function
1.2.1 Definition and Essential Functions

The specialized blood cells, RBCs (also known as erythrocytes, red cells, or rarely as blood
corpuscles), serve the primary function of transporting oxygen from the lungs to tissues and
facilitating the return of carbon dioxide from tissues to the lungs. They are characterized by
their biconcave disc shape (see Figure 1.2.A and Figure 1.3.A), which increases their surface
area-to-volume ratio, making them ideal for gas exchange. Unlike most other cells, mature
RBCs lack a nucleus and other organelles, allowing more space for hemoglobin, the protein
responsible for binding and transporting oxygen. The unique biconcave shape of RBCs not
only increases surface area but also enhances their flexibility. This deformability is essential
for RBCs to pass through microvessels and efficiently deliver oxygen to all body tissues!!l. The
production of RBCs, known as erythropoiesis, occurs in the bone marrow and is regulated by
the hormone erythropoietin (EPO). EPO production is primarily stimulated by hypoxia, or
low blood oxygen levels, ensuring that the body can respond to changing oxygen needs by
adjusting RBC production accordingly®). Once released into the bloodstream, RBCs function
for approximately 120 days before being engulfed by phagocytes in the spleen, liver, and bone
marrow. This life cycle ensures that old and potentially damaged RBCs are continuously
removed and replaced with new ones, maintaining efficient oxygen transport. Disorders in
RBC function can lead to various health problems. For instance, anemia, characterized by a
deficiency in RBC number or function, results in impaired oxygen delivery to tissues, causing
symptoms such as fatigue and weakness. Conditions like sickle cell disease, which involve
structural abnormalities in RBCs, can lead to complications such as vascular occlusion and

hemolysis!®.
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Figure 1.2: (A)- Single RBC at rest taking the discocyte shape. (B)- Visualization depicting the topography
of discocyte-shaped single RBC obtained through the application of the decoupling procedure. The decoupling
procedure enables the separation and mapping of distinct elements within the RBC composition, providing
valuable insights into their morphological characteristics and structural properties. Source: Memmolo et.al!”]
used with permission.

1.2.2 Membrane Composition and Properties

The membrane of RBC is a sophisticated structure crucial for the cell’s function and durability.
It consists of a lipid bilayer scattered with various proteins (presented in Figure 1.3), providing
the necessary balance between flexibility and mechanical strength essential for RBCs to navigate

the circulatory system and perform their primary role in gas transport.

The discussion surrounding the relative importance of membrane composition versus cy-
toskeletal integrity in determining RBC deformability has been a focal point in hematological
research. Some studies suggest that alterations in membrane lipid composition, such as changes
in cholesterol content, can significantly impact the fluidity and mechanical properties of the
RBC membrane, thereby affecting its ability to deform under shear stress!'*'?. Conversely,
other research emphasizes the role of the cytoskeleton, particularly the spectrin-actin network,

[413-15] " For instance, muta-

in providing structural support and resilience against deformation
tions in spectrin or associated proteins can lead to conditions such as hereditary elliptocytosis,
where the RBCs exhibit increased rigidity and reduced deformability!'%'®). Furthermore, it is
essential to consider that variations in membrane properties are not uniform across species. For
example, studies have shown that the RBC membranes of some mammals exhibit different lipid
compositions compared to humans, which can influence their mechanical properties and func-
tionality under varying physiological conditions!'*?l. This interspecies variability underscores
the need for a nuanced understanding of how both membrane composition and cytoskeletal

integrity contribute to RBC functionality.
The lipid bilayer forms the basic structure of the RBC membrane (Figure 1.3.B), composed
primarily of phospholipids and cholesterol. Phospholipids arrange in a bilayer with hydrophobic

tails facing inward and hydrophilic heads facing outward, creating a semipermeable membrane.
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Cholesterol molecules dispersed within this bilayer modulate membrane fluidity, making it nei-
ther too rigid nor too fluid, which is vital for RBC deformability as it passes through narrow cap-
illaries®!]. The membrane contains integral and peripheral proteins that give to its structural
integrity and function. Integral proteins (see Figure 1.3.C), such as Band 3 and glycophorin,
play crucial roles in ion transport and cell recognition. Band 3 facilitates chloride-bicarbonate
exchange, aiding in ionic balance maintenance and gas transport efficiency*?. Peripheral pro-
teins like spectrin, actin, and ankyrin form a structural network on the inner surface of the
membrane, providing the mechanical stability and flexibility necessary to withstand stress dur-
ing circulation, enabling the cell to return to its original shape after deformation®’l. Changes
in the composition or structure of the RBC membrane can lead to various types of hemolytic
anemia, where cells are destroyed prematurely. Conditions such as hereditary spherocytosis
and hereditary elliptocytosis arise from mutations in genes encoding membrane or cytoskeletal

proteins, resulting in fragile cells prone to rupture under mechanical stress!>%.

Glycocalyx
: 5 Protein

Cytoskeleton

Figure 1.3: Depiction of a resting RBC and its structural elements. (A)- Illustration of a stationary RBC in the
discocyte form. (B)- Cross-sectional view of the RBC membrane, revealing the spectrin network, comprising a
carbohydrate-rich glycocalyx, a lipid bilayer with bending resistance, and an underlying protein network serving
as the membrane skeleton 2%, (C)- Close-up of the spectrin network, displaying the composition of the spectrin
lipid bilayer, glycocalyx, and proteins. Modified by Inkscape, and reprinted with permissions from both Kim
et.al and Atukorale et.al >0,

1.2.3 Hemoglobin Content and Oxygen Transport

Each RBC contains millions of densely packed hemoglobin molecules, which are crucial for
its primary function of oxygen transport. Hemoglobin is a complex protein composed of four
subunits, each capable of binding one oxygen molecule, allowing a single hemoglobin molecule
to carry up to four oxygen molecules. This high capacity for oxygen binding and release
underlies the efficiency of RBCs in transporting oxygen from the lungs to peripheral tissues.
The hemoglobin molecule in adults consists of two « chains and two {3 chains (see Figure 1.4

27,28]

and Table.1.1), each surrounding a heme group! . The heme group contains an iron ion

(Fe?T), which is the actual site of oxygen binding. This iron ion can reversibly bind to an
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oxygen molecule (Os), facilitating oxygen absorption and release as blood circulates between

the lungs and tissues>.

a-chain

HEME

RBC HAEMOGLOBIN

Figure 1.4: The image illustrates the structural components of hemoglobin in RBC. On the left, it depicts a
vessel through which an RBC travels. The RBC itself is represented as a biconcave disc. The central portion
showcases the intricate structure of the hemoglobin molecule, comprising a-chains and (-chains arranged in a
quaternary structure. The a- and S-chains are polypeptide subunits that constitute the hemoglobin tetramer.
On the right, the heme prosthetic group is depicted, consisting of a porphyrin ring with a central iron (Fe) atom
capable of reversibly binding oxygen molecules. The chemical structure of the porphyrin ring, with alternating
methine (= C'H—) bridges and pyrrole rings, is also illustrated. Source: ShutterStock ],

The oxygen transport function of RBCs depends not only on the properties of hemoglobin but
also on the structural integrity and deformability of the RBCs. Disorders affecting hemoglobin
structure or function, such as sickle cell disease or thalassemia, can significantly impair oxygen
transport. In sickle cell disease, for example, a mutation in the beta-globin gene results in
abnormal hemoglobin (Hemoglobin S), which polymerizes under low oxygen conditions, causing
RBCs to become rigid and sickle-shaped. These deformed cells can occlude capillaries, leading
to pain, tissue hypoperfusion, and organ damagel®"). Hemoglobin is a highly efficient oxygen
carrier due to its structure, cooperative binding, and regulatory mechanisms that modify its
oxygen affinity in response to the body’s metabolic needs. Understanding these mechanisms
provides insight into how RBCs perform their vital role in oxygen transport and how disorders

affecting hemoglobin can lead to significant clinical consequences.

1.2.4 Lifespan and Senescence

The average lifespan of a RBC is approximately 120 days. During their lifetime, RBCs undergo
various changes affecting their structure and function®°!. These changes result from contin-
uous mechanical and oxidative stresses that RBCs endure as they circulate through the body.
One of the primary changes in aging RBCs is the alteration in cell membrane composition and

organization"*"!. The lipid bilayer and membrane proteins become more susceptible to oxida-
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Table 1.1: Kinetic constants ( ¥’ and I’ are the energy of association, and k and [ of dissociation*?)) for the
reaction with O5 and CO respectively, of the isolated o and 3 chains of human Hemoglobin at pH 7.0 and 20°C.
Based on data from!??-3%] with permission.

Oxygen Carbon monoxide
k' k U l
(M~tsec ™) x 1077  (sec™!) (M~lsec™!)x107¢ (sec™!) x 103
«-SH 4.9 28 4.6 13
«-PMB 5.0 31 3.9 16
[3-SH 6.8 16 4.5 8
3-PMB 7.1 156 24 27

[10-43] | T,0ss of membrane

tive damage, affecting the cell’s ability to maintain its biconcave shape
integrity and oxidation of membrane proteins and lipids lead to reduced cell deformability, mak-
ing it difficult for aged RBCs to navigate through narrow capillaries and sinosoides. Another
crucial factor in RBC aging is hemoglobin degradation. Over time, hemoglobin undergoes ox-
idative modifications*>*], leading to the formation of methemoglobin and hemichromes, these
laters are forms of hemoglobin that cannot efficiently bind oxygen. These oxidized forms of
hemoglobin can precipitate and form Heinz bodies; aggregates that adhere to the inner surface
of the RBC membrane; further impeding cell flexibility and promoting recognition and removal
by splenic phagocytes!*l. As RBCs age, they lose membrane components through the release

471 The exposure of

of microvesicles containing phosphatidylserine and other altered proteins
phosphatidylserine on the outer leaflet of the cell membrane acts as an ”eat-me” signal for
phagocytes, facilitating the phagocytosis of old RBCs by the spleen and liver*!. The spleen
plays a critical role in removing aged RBCs. As RBCs pass through the spleen, they must
navigate through the slits between the endothelial lining of splenic sinosoides™*’l. The me-
chanical challenge of squeezing through these narrow slits acts as a filter, selectively trapping
RBCs with reduced deformability *®°"l. Phagocytes in the red pulp of the spleen then engulf
these trapped, aged RBCs. Additionally, Kupffer cells in the liver contribute to the removal of

senescent RBCs from circulation 771,

Efficient removal of aged RBCs is vital for maintaining balance in the circulatory system.

The bone marrow continuously produces new RBCs to replace those removed, ensuring a stable

[39,52]

pool of functional RBCs to maintain oxygen delivery throughout the body Imbalances in

RBC production and removal can lead to various hematological disorders, such as anemia or

polycythemial”?.
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1.3 RBC Flow in Capillaries
1.3.1 Deformability and Adaptation of RBCs

We saw previousely that the RBC ability to deform is largely assigned to the unique structural
properties its membrane and cytoskeleton, which provide both flexibility and mechanical sta-

bility**). RBCs can adapt to various shapes during blood flow, influenced by factors such as

flow velocity, shear stress, and the physical properties of the surrounding environment !>,

In vivo and in vitro studies have demonstrated several distinct shapes that RBCs can as-
sumel’. For instance, under low stress conditions, RBCs typically maintain their biconcave

discoid shape (Figure 1.2.A and Figure 1.3.A), which optimizes the surface area-to-volume ratio

56]

for efficient gas exchangel’®. As shear stress increases, RBCs can elongate into an elliptical

57,58]

shape, enhancing their ability to traverse narrow spaces! One of the most interesting shapes

is the "parachute” or ”croissant” shape, where the cell flattens and elongates significantly "]

while maintaining a center-flow profile. At higher shear rates, RBCs can changeover to a ”slip-

79

per” shapel® the cell exhibits an asymmetric and off-center profile (reults are described in

Figure 1.7). This shape is often observed at moderate shear rates and is believed to result from

(55

a balance between hydrodynamic forces acting on the cell and its intrinsic elastic properties

These morphological adaptations are essential for reducing resistance and facilitating smooth

7611 The various shapes adopted by RBCs during blood flow have

62]

passage through capillaries!
significant implications for their functions and overall blood flow dynamics!®?. For example,
the slipper shape, although less efficient in oxygen transport compared to the biconcave disc,
may help prevent occlusion in narrow or partially obstructed capillaries!®!. Conversely, the
parachute shape allows for rapid transit through extremely narrow passages, ensuring contin-

[64.5] " Furthermore, the ability

ued oxygen delivery to tissues even under high flow conditions
of RBCs to deform and adapt their shape is also vital for their survival and longevity[®’). Cells
that lose their deformability due to aging or pathological conditions are more susceptible to
entrapment and destruction in the spleen, leading to reduced lifespan and impaired oxygen-
carrying capacity '), With the previous investigations in RBC flow dynamics!'?*, it becomes
evident that the interaction between deformability and mechanical forces is pivotal to both
physiological and pathological behaviors of RBCs.

In single-cell flow at the microscopic level, red blood cells (RBCs) exhibit a variety of stable
and dynamic shapes that are heavily influenced by several factors, including the biophysical
properties of the cell, the degree of channel confinement, flow velocity, and the properties
of the surrounding medium. Understanding these behaviors is crucial for deciphering how
RBCs function in microcirculatory environments, where these factors combine to determine
cell morphology and dynamics.

Under steady flow conditions, RBCs exhibit several distinct dynamic states (illustrated in

Figure 1.6). One such state is tank-treading (TT), where the membrane of the RBC rotates

12
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Figure 1.5: Shape deformations of the cell as it passes through the slit with two different initial shape cases:
8o = 0°; Py = 90° (A) and 8y = 90°; Py = 0° (B) 7). Flow is from left to right. In both cases (A) and (B), the
cell deforms significantly as it transits through the narrow slit. The sequence shows the dynamic changes in cell
shape, starting from a biconcave disc and transitioning through various deformed states, including elongated and
squeezed forms, before finally passing through the slit. The dimple elements, indicated by white spheres, trace
the deformation pattern, illustrating how different initial orientations impact the cell’s deformation pathway
and overall shape during passage. Reproduced with permission granted by Salehyar et.all57.

continuously around the cytoplasm (see Figure 1.6.C). This phenomenon occurs when the cell
exposed to shear flow, particularly at higher shear rates. The T'T allows the cell to maintain a
stable orientation relative to the flow direction, effectively reducing the viscous resistance en-
countered by the cell. The work of Dupire et al.”” provides detailed insights into this behavior,
showing how tank-treading stabilizes RBC shape and alignment along the flow direction. The
frequency of TT is directly proportional to the applied shear rate and serves as a mechanism
for energy dissipation, preventing excessive cell deformation. An important dynamic state is
tumbling (Figure 1.6.A), which occurs when the RBC undergoes flipping motion as it moves
through the fluid. This pattern typically emerges at lower shear rates or in environments where
the viscosity of the surrounding medium is low. Tumbling is characterized by the cell rotating
end-over-end, a result of the balance between the external torque exerted by the shear flow and
the internal elastic forces of the cell. The research by Apakarian et al.["’) describes the delicate
equilibrium required for this phenomenon, highlighting how both medium viscosity and shear
rate influence whether the cell will tumble or undergo TT. Their findings show that as the
shear rate increases, a transition from tumbling to TT can occur, indicating a shift in the cell’s
dynamic response to flow. Rolling is another significant dynamic state that RBCs can display
in microflow (see Figure 1.6.B), particularly under specific flow conditions. Unlike tumbling,
where the cell flips completely, rolling involves the RBC rotating around one of its axes while
maintaining contact with the vessel wall or the boundary of the microchannel. This motion
is typically observed under low shear conditions or in environments where the cell experiences
asymmetrical forces, such as proximity to the vessel wall or within a capillary. Rolling can be

viewed as a transitional behavior between tumbling and TT, where the RBC membrane par-
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tially rotates while the cell remains in a relatively stable orientation to the flow direction. This
behavior is especially important in the context of blood flow in the microcirculatory system,
where RBCs frequently interact with the endothelium of blood vessels. Studies by Fisher et
al., along with Dupire®>%] have detailed the mechanical properties and conditions influencing
rolling, emphasizing its dependence on shear rates and membrane elasticity. Computational
models by Fedosov et al. [ further explannations how rolling dynamics are affected by interac-
tions with microchannel walls and varying flow conditions, illustrating the complexity of RBC
behavior in confined environments. Other dynamic behavior, known as snaking, occurs when
an RBC takes on an elongated shape and moves in a wavy pattern through capillaries. This
behavior often arises in highly confined environments, where the cell’s deformability allows it to
adapt its shape to navigate narrow passages. Snaking is particularly important in microchan-
nels where the dimensions of the RBC are comparable to the channel width, requiring the cell
to elongate and deform to maintain its flow path. Oscillating, also referred to as breathing, is
a more complex oscillatory behavior where the RBC fluctuates between different orientations
while maintaining TT motion. This state is typically observed at intermediate shear rates,
where the forces acting on the cell are sufficient to induce oscillations but not strong enough
to completely overcome the membrane’s elastic resistance. The oscillations involve periodic
changes in the cell’s inclination relative to the flow direction, with the membrane’s T'T motion
adjusting to these shifts. Apakarian et al.l™ further explored this behavior, demonstrating that
the frequency and amplitude of oscillations are sensitive to both shear rate and the mechanical
properties of the RBC membrane.

Research by Lanotte et.all™ further investigates the dynamic shapes of RBCs, particularly
under conditions simulating microcirculatory flow. Their findings emphasize the role of RBC
deformability in controlling blood’s shear-thinning behavior, a property that enables blood to
maintain its fluidity even at low shear rates. In their study, Lanotte et al. used high-resolution
imaging techniques to capture the various dynamic shapes of RBCs in flow, providing visual
evidence of how these shapes evolve in response to changing flow conditions. They identified
that RBCs can exhibit a range of transitional shapes between the stable states described above,
depending on the interaction between the cell’s internal viscosity, membrane elasticity, and
external shear forces. These dynamic behaviors of RBCs are not only essential for understanding
microcirculatory blood flow but also have implications for various physiological and pathological
conditions. Moreover, understanding these dynamics is crucial for designing microdevices aimed

at simulating or manipulating blood flow for therapeutic purposes.

1.3.2 Bi-Stability of Single RBC Through Capillary Flow

Mostly, in strongly confined rectangular channels of dimensions comparable to the dimension

of RBCs, two main shapes can be distinguished[™ 7. the croissant and the slipper shape.

14
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Figure 1.6: Illustration of RBC motion in moderate shear flow ™! Flow direction is left to right, with increasing
shear stress from (A) to (C). The blue dot marks a moving membrane element. (A) Tumbling/flip-flopping
at very low shear stress (< 0.05-0.1Pa). (B) Rolling at intermediate shear stress (0.1-0.15Pa). (C) Tank-
treading/swinging at higher shear stress (> 0.15Pa), with the axis in the shear plane and slight oscillation. The
angle of inclination is presented with 6. Reproduced with permission from Viallat et.all™.

The croissant-like shape dominates the scene in the case of low flow velocities, whereas the
asymmetric slipper shape develops at larger cell velocities. Guckenberger et al.[™” also studied
those two dominant RBC shapes within a rectangular microfluidic channel of (W = 12 pm,
H = 10 um) and proposed the concept of RBC shape phase diagram. See Figure 1.7 showing
the proportion of stable croissant and slipper shapes as a function of the cell velocity Fig-
ure 1.7.A They concluded that the croissant shape dominated for cell velocities lower than

! and that the slipper shape was more common at higher velocities with cell veloc-

dmm.s~
ity above 5mm.s™!, but still slower compared to the croissant shape due to a centering flow;
see Figure 1.7.B. Moreover, they identified that the highly deformable RBC exhibits strong
flow-shape coupling, its shape being essentially coupled with its equilibrium position in the
cross-section and along the channel width. Other than the shape phase diagram, various other
forms of flowing RBCs have been obtained with microcapillaries; more precisely, under the
following conditions of pathology: acanthocytes and their complementary pathological crois-
sant and slipper shapes!""™. The cell-shape classifying methods were used to evaluate changes
in the microcapillary flow behavior of neuroacanthocytosis syndrome patients, COVID-19 pa-

77801 " and as a biomarker and functional diagnostic technique

tients, and in dialysis patients
for a variety of pathologies and quality assessment of stored blood. Numerical simulations have

also presented various steady and dynamic RBC shapes in round microcapillaries.

The work of Fedosov et al..[®!! presented a complete shape phase diagram that included sta-
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Figure 1.7: (A) Phase diagram of both stable shapes (croissant and slipper) highlights the fractions and the
shape transition following the cell’s velocity (bottom axis) and the pressure drop applied to the channel (top
axis). The images are screenshots of the cell under each shape category, and the error-bars reveal the velocity
variations of each stable shape at fixed pressure value. (B) Probabilty density function as distributions of the
lateral component of the center of mass from the global amount of RBCs under fixed pressure drop. Originally
published in Guckenberger et.all™! reproduced here with permission.

tionery parachutes, swinging slippers, tumbling and snaking discocytes, all as a function of the
channel confinement and the shear rate in the system with a circular cross-section. Parachute-
shaped RBCs, usually called croissants in microfluidic experiments with square or rectangular
microchannels, become more asymmetric in rectangular channels. Similarly, parachute-like
RBC in round capillaries flow in the tube center while slippers are displaced further from the
channel center (see Figure 1.7.B). The occurrence of these shapes and the transition between
the dynamic shapes critically depend on the properties of the RBCs and viscosity contrast
between RBC cytosol and blood plasmal®l. There are very few detailed experimental inves-
tigations of how this slight variation in channel confinement affects both the RBC capillary
flow and the phase diagram of shapes. Currently, PDMS microchannels fabricated by soft
lithography techniques remain an everyday platform for research into micro-scale flow biolog-
ical systems!® ", However, it remains of paramount importance to understand how channel
confinement affects the various shapes of RBCs normally adopted for the in vitro microvascular
flow studies. Recently®>® the single-cell flow of RBCs was studied while passing through six
microfluidic channels of different dimensions. It has been able to introduce small changes in
the order of few micrometers on the RBC phase diagram, the equilibrium position of the cells,
their elongation, and the appearance of unstable cell shapes. This work concludes that for
the stable slipper-like shapes, one requires a rectangular cross-section, while in square channels
croissant-like cells appear. Quantitatively, for channel dimensions larger than 10 um, both sta-

ble croissant and slipper shapes disappear and highly dynamic other RBC shapes appear. For

16



BACKGROUND

both croissants and slippers, the obtained deformations are quantified with a non-dimensional
deformation index, DI, which scales in microchannel shear rate, highly relevant for biomicroflu-

idic technologies aiming at the assessment of RBC deformability.

1.4 Changes in RBC Flow Characteristics
1.4.1 Age-Related Changes

As RBCs age, they undergo various biochemical and biomechanical changes that can signifi-
cantly impact their deformability and rheological properties®”). These alterations are crucial
because they influence blood flow dynamics and, consequently, the efficiency of oxygen deliv-

4. Age-related changes in RBCs have been extensively studied through both

ery to tissues!
in vivo and in vitro experiments, shedding light on their implications for overall health and
well-being %,

In vivo studies have demonstrated that senescent RBCs exhibit decreased deformability due
to modifications in membrane composition and cytoskeletal structure®). For example, older
RBCs tend to lose membrane surface area while gaining intracellular viscosity, resulting in
less flexible cells that struggle to navigate through the microvasculature””. This decreased de-
formability is often attributed to the progressive accumulation of oxidative damage and the loss

91,92]

of key cytoskeletal proteins over time! . Furthermore, age-related changes in the phospho-

lipid composition of the RBC membrane can alter membrane fluidity, exacerbating the rigidity

93] In vitro studies have corroborated these findings, revealing specific mechanical

[94]

of older cells

properties of aged RBCs under controlled conditions!”. Techniques such as ektacytometry and

micropipette aspiration have been employed to quantify the deformability of RBCs at different

stages of their lifespan!*”). These studies consistently show a marked decline in deformability

with increasing cell age, highlighting the challenges faced by older RBCs in maintaining ad-

54,95,96]

equate blood flow and oxygen delivery! . Additionally, the increased tendency of aged

RBCs to form echinocytes—spiculated cells—has been observed, which further impairs their
flow characteristics!**979%].

Storage age also plays a critical role in altering RBC properties, as evidenced by numerous
studies on stored blood units used for transfusion!””). During storage, RBCs undergo a series
of metabolic and structural changes collectively referred to as the ”storage lesion” ', These
changes include alterations in cell morphology, decreased ATP levels, and increased membrane
rigidity, all of which contribute to reduced cell deformability and impaired microcirculatory flow
upon transfusion!'?19?] Studies using advanced imaging techniques have shown that stored
RBCs often develop a spherical shape, making them less capable of traversing capillaries effi-

[103,104] [105,106

ciently . Donor age is another factor influencing the properties of RBCs I. Research

has indicated that RBCs from older donors exhibit different baseline characteristics compared

§[107,108]

to those from younger donor For instance, RBCs from older individuals tend to have
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shorter lifespans and reduced deformability even before any in vivo aging or storage effects are
considered ', This is significant for transfusion medicine, as the donor’s age can affect the
quality and efficacy of transfused blood!''%'"") Studies have shown that the blood from older
donors may lead to less favorable transfusion outcomes, emphasizing the need for age-matched

blood donations in certain clinical scenarios!*%!12,

Overall, age-related changes in RBC flow characteristics have profound implications for vas-
cular health and disease. As RBCs age, their ability to deform and travel through the microvas-
culature diminishes, leading to potential reductions in tissue oxygenation and contributing to
conditions such as anemia, cardiovascular disease, and impaired wound healing. Understanding
these changes is crucial for developing strategies to mitigate the negative effects of aging on

RBC function and for optimizing blood storage and transfusion practices.

1.4.2 Influence of Membrane Rigidity on Capillary Transit

The rigidity of RBC membrane is a crucial factor influencing the cell’s ability to navigate

[113]

through the narrow and tortuous pathways of the microcirculation Membrane rigidity de-

termines not only the deformability of RBCs but also their capacity to maintain optimal blood
flow and efficient oxygen delivery to tissues!''*/. Changes in membrane rigidity are often linked
to various pathophysiological conditions, impacting RBC transit time and overall functional-
ity (119,

In vivo and in vitro studies have extensively explored the effects of membrane rigidity on RBC

behavior P4,

Increased membrane rigidity is typically observed in conditions such as hereditary
spherocytosis, diabetes mellitus, and sickle cell disease!''%). These conditions are characterized
by structural alterations in the RBC membrane and cytoskeleton, leading to a decrease in cell
deformability[*). For instance, in hereditary spherocytosis, mutations in membrane proteins
result in spherically shaped RBCs that are less deformable and more prone to hemolysis!''™.
Studies using micropipette aspiration and ektacytometry have shown that these rigid RBCs
exhibit significantly impaired deformability, hindering their ability to pass through capillaries

2418 Tn vitro studies have provided valuable insights into the mechanical properties

96

efficiently!
of RBC membranes and their impact on cell function”. Techniques such as optical tweezers
and atomic force microscopy have been used to measure the elasticity and stiffness (see Fig-
ure 1.8) of RBC membranes!'?’). These studies have demonstrated that increased membrane
rigidity correlates with reduced cell deformability and impaired microcirculatory flow 21122,
Furthermore, RBCs with increased membrane rigidity are more likely to become trapped in

all23-12%]  Experi-

the spleen, leading to their premature destruction and contributing to anemi
mental tools to manipulate and rigidify the RBC membrane have been developed to study the
effects of altered rigidity on RBC behavior!'?’l. One such method involves the use of chemical

agents like diamide, which induces cross-linking of membrane proteins, thereby increasing mem-
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Figure 1.8: Exposure to oxidants induces significant alterations in RBC morphology and biomechanical prop-
erties!''9l. (A) Differential interference contrast (DIC) images show RBCs treated with varying concentrations
of the oxidizing agent diamide, illustrating dose-dependent morphological changes (Scale bar = 10 gum). The
images depict a transition from the typical biconcave shape to more irregular and spiculated forms as diamide
concentration increases. (B) Quantitative analysis of diamide-induced changes in membrane shear modulus,
reflecting alterations in membrane deformability. The box plots represent the shear modulus for control and
diamide-treated RBCs at concentrations of 0.3 mM, 1 mM, and 3 mM. Data are presented as median + range.
Statistical significance is indicated as follows: * (p < 0.05), ** (p < 0.01), *** (p < 0.001), **** (p < 0.0001).
Adapted from Sinha et.all'9].

[127]

brane stiffness!"“". In vitro experiments using diamide-treated RBCs have shown a significant

reduction in cell deformability and an increase in transit time through microfluidic channels

designed to mimic capillary networks!”%:!]

. Another approach involves genetic modifications
to induce rigidity in RBC membranes, allowing researchers to study the physiological conse-
quences of altered membrane properties in animal models!. The implications of membrane
rigidity on capillary transit and RBC function are profound. Increased rigidity not only ham-
pers the mechanical ability of RBCs to deform and pass through narrow capillaries but also
affects their interaction with endothelial cells and other blood components. This can lead to
increased vascular resistance, impaired tissue oxygenation, and a higher risk of vascular compli-
cations. Understanding the factors that influence membrane rigidity and developing strategies

to mitigate its effects are crucial for improving the management of diseases associated with
altered RBC deformability:.

1.5 Scope and Purpose of The Study

The remarkable ability of RBCs to undergo morphological changes in response to various en-
vironmental factors forms the core of this thesis, providing a comprehensive analysis of their
morphodynamic behavior. This research is structured into three distinct yet interconnected
phases, each contributing to a detailed understanding of RBC deformability under confined
conditions with different alterations.

Influence of Geometrical Structure on RBC Morphology: The initial phase of this
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study examines the impact of the surrounding environment’s geometrical structure on the
morphological changes of RBCs. This investigation underscores the crucial role that cellular
flexibility plays in enabling efficient function within capillaries, where the geometric configura-
tion of micro-channels is of paramount importance. RBCs possess exceptional morphological
adaptability, which directly influences blood flow dynamics. This adaptability serves as a diag-
nostic tool in certain medical applications and represents the primary measure for assessing cell

11,76,78)

deformability | While significant advancements have been made in understanding how

external factors such as vessel size and flow velocity affect RBCs, the effects of confinement aris-

108,129,130] " Thig research focuses on the

ing from microchannels remain relatively understudied!
intricate interplay between microchannel geometry and RBC behavior in response to imposed
flow, with particular emphasis on how channels of varying shapes influence the cells’ ability to
maintain stable forms!'"”. The findings highlight the significance of rectangular microchannels,
especially those with a height approximating the diameter of an RBC. It has been observed
that a confinement ratio, expressed as x = Dgrpc/D), (further details provided in section 1.2),
exceeding 0.9 gives rise to well-known and representative equilibrium shapes, such as croissant

TATE,TE,151132]  These distinet shapes, observed in laboratory experiments,

and slipper-like forms!
maintain specific equilibrium positions within the channel cross-section and exhibit a tendency
to elongate under higher shear rates. Conversely, less confined channels were found to display
a broader spectrum of unstable shapes, experiencing diverse morphological dynamics!™!. This
investigation aims to establish a robust experimental framework that will not only advance our
understanding of RBC behavior in confined environments but also provide valuable insights for
the development of sophisticated microfluidic devices for single-cell analysis["**/. The results
obtained from this phase of the study have far-reaching implications for both fundamental re-
search in cellular biology and practical applications in biomedical engineering.

Impact of Density and Membrane Rigidity Variations on RBC Behavior: The sec-
ond phase of this research extends the investigation to examine the influence of variations
in density and membrane rigidity on RBC behavior. By selectively isolating cells based on
these properties, this study explores how the efficiency of microcirculation is affected by RBC

134]

deformability, particularly in the narrow segments of the vascular network! Despite the well-

documented alterations in the physical properties of RBCs with aging, the extent to which their

9] The results presented herein

shape-adapting ability evolves remained poorly understood!
elucidate how age-related rigidification of the cell membrane influences RBC behavior under
both natural conditions and experimental manipulation. In an effort to simulate changes in
membrane rigidity, freshly isolated cells were chemically stiffened using diamide and compared
with older RBCs!"%. The findings provide compelling evidence of a progressive loss of stable,
asymmetric slipper-like shapes at higher velocities, most notably in older or chemically stiffened

cells. These off-center slipper shapes in the microchannel diminish with increasing membrane
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stiffness. Intriguingly, older cells demonstrate a higher propensity for forming stable, croissant-
like shapes symmetrically aligned along the channel axis. This tendency is suppressed when
the cells” membranes are stiffened with diamide, underscoring the intricate interplay between
age, membrane properties, and RBC deformability["*”). This phase of the study contributes
significantly to the ongoing discourse on how intrinsic cell properties may impact blood flow
dynamics and how RBC deformability affects vascular health.

Quantitative Assessment of RBC Deformability: The final phase of our research provides
a comprehensive overview of RBCs, considering both density and elastic properties of the mem-
brane, and quantitatively assesses this crucial property. Deformability has long been recognized
as one of the most critical factors influencing the flow behavior of RBCs through capillaries

(1381 Previous studies have employed various approaches to

and other narrow blood vessels
characterize RBC deformability in terms of stiffness, flexibility, and elongation under different
flow conditions. The present study utilizes an innovative experimental strategy to investigate
the dynamics of individual RBCs as they navigate through microchannels of varying widths.
This process involves subjecting cells to compression through ultra-narrow channels followed
by expansion through wider channels, offering a unique perspective on their ability to adapt to
fluctuating mechanical stresses'*”). To quantify this adaptation, the Deformation Index (DI)
is employed as a specific measure of how RBCs respond to compression-expansion within a
microfluidic setup!'*’l. The model results identify two key factors density and cell membrane
stiffness as primary contributors to the development of the DI. A higher value for membrane
stiffness correlates with a greater loss of deformability, which in turn directly relates to reduced

[(41] " This section of the thesis discusses how these findings contribute

efficiency in blood flow
to our understanding of various physiological phenomena and their potential implications for

diagnostic and therapeutic applications in hematology and vascular medicine.

In conclusion, this comprehensive study of RBC morphodynamics provides valuable insights
into the complex interplay between cellular properties, environmental factors, and blood flow
dynamics. The findings presented herein have significant implications for our understanding
of microcirculation and may inform the development of novel diagnostic tools and therapeutic

strategies for a range of hematological and vascular disorders!'*’].
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2.1 Blood Sample Preparation

Blood collection and red blood cells (RBCs) extraction are critical steps in many biological

[142-144] " Tt is crucial to obtain high-quality blood samples to ensure

and medical applications
accurate results. Different methods can be used for blood collection depending on the quantity
required, and the extracted RBCs must be carefully separated from other cells and plasma to

prevent contamination and loss of cells.

2.1.1 Blood Extraction

It is essential to obtain high-quality samples to ensure accurate results. When collecting blood
from healthy volunteers, informed consent should always be obtained before proceeding!'* 4%
The amount of blood required for a specific experiment can vary, and different methods can be
used depending on the quantity needed.

In all conducted in-vitro experiments, unless explicitly mentioned otherwise, a uniform blood
withdrawal and preparation protocol was adhered to. The acquisition of blood from healthy
donors strictly adhered to regulations and protocols sanctioned by the ethics commission of the
” Arztekammer des Saarlandes” [Medical Association of the Saarland] (reference 24/12), ensur-
ing compliance with ethical guidelines and standards. This meticulous approach underscores
our commitment to maintaining consistency and ethical integrity throughout the experimental
procedures. the routine for preparing the blood solutions and the handling follow the guide-

lines by Baskurt et al.["*7],

Blood withdrawal was executed through two distinct methods: a
sterile needle puncture in the fingertip or venipuncture, where the blood was collected within
a securely sealed vacutainer containing ethylenediaminetetraacetic acid (1.6 mg.mL~' EDTA,
SARSTEDT, Niimbrecht, Germany) as an anticoagulant. In the former approach, the total
blood volume varied based on skin temperature and precise needle placement, spanning ap-
proximately 10 uL. to 100 uL. Conversely, the latter method maintained a fixed volume of
9mlL.

After blood is collected, the initial crucial step in isolating RBCs involves separating them
from the other components, such as plasma. To achieve this separation, the collected blood
is placed in a machine called a centrifuge. This machine spins the blood at a force of around
3000 x g for a duration of 7 minutes. During this process, the formation of a compact pellet
of (RBCs) at the container’s bottom, along with an upper layer of autologous plasma and
an intermediate layer containing white blood cells (WBCs) and platelets, also referred to as
the buffy coat. Both the supernatant and buffy coat were carefully removed and discarded,
leaving behind the pellet which was subsequently resuspended in isotonic phosphate-buffered
saline (PBS) (Gibco PBS, Fisher Scientific, Schwerte, Germany) in the same quantity, following

(148]

procedures outlined in reference This washing procedure is repeated three times, each time

ensuring that any remnants of plasma and platelets are removed. Additionally, this multi-step
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Figure 2.1: The extraction process of RBCs from blood. Left to right: a few droplets from the blood donor
is diluted and mixed well into 1 mL of PBS solution. The centrifugation is necessary to apply enough force
to separate blood by density of its components, the result then is the appearance of RBCs (bottom solution)
due to the high density of the cells, a yellow buffy coat that contains thrombocytes (paltelets) and leukocytes
(white blood cells). By taking out PBS with the yellow layer we got only RBCs at the bottom. By repeating
3 times the washing process, a pure RBCs layer is obtained and will be diluted later to perform experiments
with. Eppendorf PCR Tubes sketches created using Biorender.

washing process eliminates any impurities that might disrupt subsequent experiments.

With the washing complete upon the final centrifugation step, a suspension of 10 uL from the
pellet was mixed with a solution composed of 1 ml PBS and 1 mg bovine serum albumin (BSA).
The inclusion of BSA aimed to inactivate the RBC surface, preventing the occurrence of the
glass slide effect that could otherwise lead to morphological alterations in RBCs!"*/]. As a result,
the end solution attained a hematocrit level of approximately 1%, signifying the completion of
the blood preparation process. A time frame of no more than 3 hours is maintained between

the blood withdrawal and the actual experiment execution.

2.1.2 Discontinuous Density Separation Sample

The density of RBCs can be influenced by various factors such as the concentration of hemoglobin,
the size of the cells, and the amount of water they contain. For example, in individuals with
anemia, there is a lower concentration of hemoglobin in the RBCs, leading to a decrease in
RBC density. In contrast, individuals with polycythemia have an increased concentration of
RBCs, leading to an increase in RBC density.

Discontinuous density separation is a commonly used method for separating different types of
cells or particles based on their density. This technique involves layering different solutions with

increasing density in a tube and then centrifuging the tube to separate the cells or particles
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based on their buoyancy. In the case of RBCs, a Percoll density solution is commonly used to
generate different layers of increasing density from top to bottom.

Percoll is a colloidal solution that contains silica particles coated with polyvinylpyrrolidone
(PVP). This solution can be used for density gradient centrifugation to separate cells or parti-
cles based on their buoyancy. The buffer Percoll solutions used for discontinuous density sep-
aration are typically obtained by mixing Percoll with distilled water, sodium chloride (NaCl),
and other substances to achieve the desired density gradient. The buffer Percoll solutions are
layered in a 14 mL tube with 5 layers of 2 mL each, arranged in increasing density from top to
bottom. The least dense solution is at the top, while the most dense solution is at the bottom.
The volume of each layer and the density of each solution depend on the specific experimental

conditions and the desired separation parameters.
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Figure 2.2: The protocol of separation of RBCs performed using Percoll increasing density buffer solutions!*°l:
A. Solutions of 2 mL of each layer that construct the discontinuous density separation solution (L0-L4). Details
about the production of these solutions are presented at the Table.2.2. B. Protocoll to make the main separation
solution, by carefuly adding the layers one top of the other using a slow syring pump injection of the buffer
solutions (from high to low density). The denser layer L4 can be added using the normal liquide injector.
Elements are created using Biorender.

To ensure proper layering of the buffer Percoll solutions, a syringe-pump is commonly used to
gently dispense each solution into the tube. The syringe-pump (INJEKTOMAT 30, Fresenius
Medizintechnik Bad Homburg, Typ Injekt 30 Nr. P84384YU) allows for precise control of the
flow rate and volume of each solution, which is important for achieving a stable and reproducible
density gradient. After the buffer Percoll solutions have been layered in the tube, 50% of
distilled RBCs in phosphate-buffered saline (PBS) solution is gently added to the top of the
tube. The tube is then centrifuged at a predetermined speed and duration to allow the RBCs
to separate based on their density. After centrifugation, the tube is typically fractionated into

different layers, and the RBCs in each layer are collected for further analysis or manipulation.
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Table 2.2: Elements, densities and volumes to prepare the buffer solutions for each layer that constructs the
main separation solution (see Figure 2.2).

Layers Density (g/mL) NaCl (uL) Percoll (uL) H2O (uL)

Lo 1.085 182 1227 591
L1 1.092 182 1334 484
L2 1.101 182 1473 345
L3 1.107 182 1565 253
L4 1.122 182 1796 22

Discontinuous density separation of RBCs using Percoll gradient centrifugation is a widely
used technique in various research fields such as hematology, immunology, and cell biology.
This technique allows for the separation of RBCs based on their density, which can be useful
in studying various cellular processes such as cellular metabolism, cell signaling, and cellular
differentiation. Additionally, this technique can also be used to isolate specific subpopulations
of RBCs, which can be useful in studying the pathophysiology of various diseases such as sickle

cell anemia, thalassemia, and malaria.

2.1.3 Diamide Solutions and Rigidification

Red blood cells lack nuclei or organelles and have a plasma membrane made up of a lipid
bilayer and integral membrane proteins. The membrane serves several functions, including
maintaining cell shape and regulating gas exchange. RBCs can undergo shape changes and are

highly deformable, allowing them to pass through narrow capillaries.

RBC membrane rigidification makes the membrane less deformable and more resistant to
shape changes. Diamide, a sulfhydryl reagent (Sigma-Aldrich, Taufkirchen, Germany) , can
induce membrane rigidification by forming disulfide bonds between membrane proteins. To
prepare diamide solutions, four different concentrations of diamide: 0 mM (control), 0.5 mM,
1 mM, and 2mM (Figure 2.3.A.a-d respectively) will be prepared in 2 mL of PBS. After prepar-
ing the diamide solutions, 50 ch : 1uL; of RBCs will be added to each solution (Figure 2.3.A)
and incubated for 30 minutes at room temperature to induce membrane rigidification. Washing
the RBCs several times with PBS will remove excess diamide and prevent further crosslinking.
The washing process involves centrifugation of the RBCs to sediment them at the bottom of the
tube, followed by pipetting out the diamide-containing supernatant (similar process as shown
in Figure 2.1). Fresh PBS will then be added, and the process will be repeated several times.
After washing, the rigidified cells will be resuspended in fresh PBS+(1 mg/mL)BSA and used
for microfluidic experiments (Figure 2.3.B). The cells will be loaded into microfluidic channels,
and their deformability and flow behavior will be analyzed under different flow conditions.
These experiments will provide insights into how membrane rigidification affects RBC function

and behavior in circulation.
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Figure 2.3: Illustration of the impact of increasing diamide concentrations on the degree of RBCs rigidification.
The diamide concentrations (a-d) correspond to the solutions containing 0, 0.5, 1 and 2 mM of diamide,
respectively. The corresponding numerical labels (1-4) denote diluted samples of H; = 1% RBCs treated with
each respective diamide concentrations. RBCs are treated with diamide, followed by careful washing, resulting
in a precisely controlled suspension of RBCs (A). These suspensions are then diluted to achieve four distinct
densities of diamide (A.a-d). This treatment and dilution process spans a duration of 30 minutes. Buffered
solutions comprising a mixture of PBS, diamide, and RBCs undergo centrifugation (B). The centrifugation
process involves the same method employed in Figure 2.1. Extracted RBCs are subsequently subjected to a
similar dilution process, resulting in four solutions (B.1-4), each boasting a consistent Hy = 1%. Elements are
created using Biorender.

2.2 Microfluidic devices

This section provides an overview of the microfluidic setup employed in the experiments, which
is composed of three primary steps. The first step involves preparing silicon wafer channels,
while the second step is focused on creating an epoxy mold from the silicon wafer PDMS. The
final step involves extracting the PDMS chip from the epoxy mold and bonding it with glass.
While each of these steps is described in greater detail in the following section, this overview

serves as a concise summary of the key components of the microfluidic setup.

2.2.1 Silicon Wafer and Epoxy Mold

Microfluidic channels are small, precise, and controllable channels typically used for the trans-
port of fluids in microfluidic systems. These channels are often fabricated on silicon wafers
using a combination of photolithography, etching, and other microfabrication techniques. The
channels themselves are typically a few micrometers to a few hundred micrometers in width,
with depths that are typically much smaller than the width. The channels are often coated with
a variety of materials, including polymers, metals, and glass, to enhance their performance.

To create these channels on a silicon wafer, a variety of methods can be employed. One common

approach is to use photolithography (see Figure 2.4.A) to create a pattern on the surface of the
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wafer. This pattern is then used to etch channels into the wafer using a variety of techniques,
such as deep reactive ion etching or wet etching. Once the channels are etched into the wafer,
they can be coated with a variety of materials using techniques such as spin coating or physical
vapor deposition. Once the channels have been created and coated, they can be used for a
variety of microfluidic applications. One such application is the analysis of biological samples,
such as blood. By controlling the flow of fluid through the channels, it is possible to isolate
and analyze individual cells or molecules within a sample. Other applications include chemical
synthesis, drug discovery, and materials science. In order to fabricate the microfluidic channels
used in this study, a multi-step process was employed. First, the channel sets were designed
using Inkscape or a similar program, and then printed on the top of a silicon wafer using pho-
tolithography. After the channels were printed, the wafer was coated with a polymer layer to
facilitate the flow of fluids through the channels. This process allowed for the creation of highly

precise and controllable microfluidic channels, which were used in the subsequent experiments.
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Figure 2.4: The fabrication of microfluidic devices involves a meticulous process combining photolithography
and soft lithography, as illustrated in the accompanying figure. A. Photolithography Process: (A.i) Silicon
substrate is first prepared with a silicon dioxide (SiO3) layer, upon which a photoresist layer is applied. (A.ii)
The substrate, coated with the photoresist layer, is then aligned with a photomask. Ultraviolet (UV) light is used
to expose the photoresist through the photomask, allowing the desired pattern to be transferred. (A.iii) After
UV exposure, the photoresist is developed, leaving behind a cured photoresist pattern on the silicon substrate.
B. Soft Lithography Process: (B.i) In the initial step, PDMS is poured over the patterned photoresist on the
silicon substrate. This setup is then allowed to cure, forming a negative replica of the original pattern. (B.ii)
Once the PDMS has cured, it is carefully peeled off from the substrate, revealing a detailed channel structure
imprinted within the PDMS. (B.iii) The final step involves bonding the patterned PDMS structure to a glass
substrate, creating a completed microfluidic device ready for various applications. Reprinted with permission
from Sengupta et.al 51,

Overall, the fabrication of microfluidic channels is a complex process that requires a variety

of specialized techniques and equipment. However, the resulting channels provide a highly
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precise and controllable environment for the study of a wide range of phenomena, making them
an important tool for researchers in a variety of fields. Polydimethylsiloxane (PDMS, RTV
615A /B, Momentive Per-formance Materials, Waterford, NY) is a widely used material in the
field of microfluidics due to its transparency, biocompatibility, and ease of fabrication. PDMS
is a type of silicone elastomer that is typically created by mixing a base material with a curing
agent in a 10:1 ratio. Once the two materials are mixed together, the resulting mixture can be
poured into a mold and allowed to cure for several hours. PDMS can be stored in a cool, dry

environment prior to use, and it is typically used within a few weeks of being mixed.

printed channel set on PDMS Cured at 75 °C for 48h PDMS channels removed

Epoxy substract - Epoxy mold

Figure 2.5: The fabrication process of epoxy molds using PDMS channels through a series of well-defined steps:
Initially, printed channels are set on a PDMS substrate, which is then placed onto an epoxy substrate. This
assembly ensures that the PDMS channels are securely positioned on the epoxy base. The next step involves
curing the setup at a temperature of 75 °C for 48 hours. This extended curing period allows the PDMS channels
to firmly adhere to the epoxy substrate, ensuring a robust mold formation. After the curing process is complete,
the PDMS channels are carefully removed, leaving behind a detailed imprint on the epoxy substrate. This results

in the formation of an epoxy mold, accurately capturing the geometry of the original PDMS channels. Reprinted

and modified with permission from Douglas B.Weibel et.al %%

To create PDMS chips, the channels are first fabricated on a silicon wafer. The PDMS is
then extracted from the silicon wafer by pouring it over the surface of the wafer and allowing
it to cure (see Figure 2.4.B). Once the PDMS has cured, it can be peeled away from the wafer,
and an epoxy mold can be created from the PDMS using a mixture of epoxy and hardener.
The epoxy mold can then be used to create additional PDMS chips, allowing for the replication
of the original channel design. The use of epoxy molds instead of the original silicon wafer
is preferred in some cases to avoid damage to the original channel sets (fabrication steps is
presented in Figure 2.5). Epoxy molds also offer greater flexibility in terms of the shape and
size of the final PDMS chips. However, silicon wafers are typically preferred for the original
fabrication of the channels due to their superior resolution and originality.

In summary, the use of PDMS and epoxy molds in microfluidic device fabrication allows for
the creation of highly precise and controlled channels that are essential for many microfluidic

applications. While the process of fabricating PDMS chips can be complex and time-consuming.

2.2.2 PDMS-based Chip

After extracting the PDMS from the epoxy mold, it may require some treatments to prepare it
for bonding with the glass chip. One of the most common treatments is to reshape the PDMS
using a scalpel to ensure that it fits properly on the glass chip. The surface of the PDMS may
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also need to be cleaned to remove any dust or debris that could interfere with the bonding
process. This can be accomplished by gently pressing a piece of tape onto the surface of the
PDMS and peeling it away, or by rinsing the surface with distilled water.

The glass chip that will serve as the base for the PDMS channels also requires careful preparation
before bonding. This typically involves cleaning the surface of the glass chip with isopropanol
and distilled water to remove any debris or fingerprints. The glass chip can be either thick or
thin, depending on the specific requirements of the experiment. To bond the PDMS and glass
surfaces together, a plasma cleaner can be used to ionize both surfaces. This process creates a
chemical bond between the PDMS and glass that is both strong and reliable. Once the bonding
process is complete, the PDMS and glass chip can be baked at a low temperature T'= 75°C' to
further strengthen the bond.

2.2.3 Sacles and Geometry

The precise geometry of microfluidic channels is paramount for their functionality, especially
in applications involving the manipulation and observation of RBCs. This section delineates
the methods and results of our geometric measurements of the microfluidic channels, which
are critical for ensuring accurate flow dynamics and experimental reproducibility. To accu-
rately measure the dimensions of the microfluidic channels, we utilized a combination of optical
microscopy and image analysis techniques. Initially, the channels were imaged under vari-
ous conditions to highlight their structural features. The imaging process involved filling the
channels with PDMS and subsequently introducing air to enhance the visibility of the channel
boundaries. This method provided a clear contrast between the filled and unfilled regions,
allowing for precise identification of the channel edges. Subsequent images were taken after
the removal of PDMS, revealing the channels’ inherent structure without any filling material.
This step was crucial for assessing any potential deformation or residue left by the PDMS,
ensuring that the channels maintained their intended dimensions and shape. Measurements of
the channel width and height were then obtained, providing essential data for understanding
the flow characteristics within the channels (see Figure 2.6.A).

Additionally, we performed a top-down analysis of the channels to evaluate the uniformity
of their width along different sections. Consistent channel width is vital for ensuring uniform
flow conditions, which are necessary for accurate experimental outcomes. Any deviations or
irregularities in the channel dimensions could lead to variations in flow dynamics, potentially
affecting the behavior of RBCs within the channels (see Figure 2.6.B). The intricate features
of the microfluidic channels, such as bends and junctions, were also carefully examined. These
features can significantly impact the flow patterns and must be precisely fabricated to ensure
predictable and controlled fluid movement. High-resolution imaging techniques enabled us to

capture these details, ensuring that even minute aspects of the channel geometry were accurately

31



EXPERIMENTAL MATERIALS & METHODS

A B

Figure 2.6: Observations on the channel sets used under the microscope using the lense of x60 magnitude. A.
Cross-section (side view) of the channel sets with a height of 8 um, and widths of 10, 15, 25 and 35 pm (i-iv
consecutively). Both shadowed and lightened sides represents the air and PDMS chip respectively. B. Top view
of the channel used for the compression-expansion process, where the channels have the same height 5 um and
same first width W, = 8 um and different second widths W, = 10, 16 and 25 pm(i-iii consecutively). The scale
represented at the bottom right is used to measure the dimensions of all the channels.

documented. A scale reference was included in the imaging process to provide a standard for
measurement, comparison. This reference, with a scale of 1 : 10 ym, was essential for translating
the observed dimensions into accurate real-world measurements, ensuring that the channels met

the required specifications for our experiments.

2.3 Recording and Exporting Raw Images

The experimental setup used for subsequent experiments was designed to capture high-quality
images of particles and extract important data from these images. The setup involved the use
of specialized software to control various parameters such as frame rate, contrast, and region
of interest. Additionally, an inverted microscope with magnifiers was used, which provided the
necessary resolution and magnification required for accurate analysis of the particles. A ded-
icated algorithm program was also developed in Matlab for particle tracking analysis, which
allowed for the extraction of important data such as position, center of mass, area, and ec-
centricity. This algorithm was designed to automatically identify and track the particles of
interest, eliminating the need for manual tracking and minimizing human error.

The experimental setup was carefully optimized to ensure consistent and reliable data collection
and analysis. Lighting conditions were adjusted, and the software was configured to maintain
a consistent frame rate and contrast throughout the experiments. The magnifiers were selected
based on the ROI, and were adjusted accordingly to ensure the particles were well-focused and

in sharp detail.
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2.3.1 Microscope, Cameras and Lenses

The shape of RBCs was assessed using a microfluidic device mounted on an inverted microscope
(Eclipse TE2000-S, Nikon). The inverted configuration facilitates the observation of live cells
that require a stable environment. This microscope (sketched in Figure 2.7.e) is equipped with
advanced features such as a digital camera, fluorescence imaging, and an autofocus system,
which are essential for high-quality biological imaging. Blue LED illumination (SOLIS-415C,
Thorlabs Inc. see Figure 2.7.b) emitting a 415 nm wavelength was employed, providing high-
intensity, stable, and uniform illumination beneficial for fluorescence microscopy. To image RBC
flow at the midpoint of the microfluidic chip (L/2) and analyze RBC shape (see Figure 2.7.c),
a high-speed camera (Fastec HiSpec 2G, see Figure 2.7.f) coupled with a x60 air objective
(Plan Fluor, Nikon, NA=1.25 Figure 2.7.d) was used. This setup enabled accurate real-time
capture of RBC shapes, which is crucial for data analysis. Flow stability during experiments
was controlled and maintained by a high-precision pressure device (OB1-MKS3, Elveflow check
Figure 2.7.b).

Pump Confocal

. Computer
a- Pressure Controller f- High Speed Camera

Figure 2.7: Illustration of the main elements of the setup used during all the experiments. Pump feed the
microfluidic system with enough air pressure (2000 mbar max), tooled with the controller device of the precise
amount of pressure needed. The inverted microscope elements represents inside the dashed area: blue LED at
the top as a light source, which manually focused with a confocal. The microfluidic chip layed at the top of a
moving stage. The lense capture the light and guiding it with a mirror to the camera for the recording. The
computer is the main controller of the system, where the pressure controller, moving stage and frame rate of
the camera can be tuned. Image created using Biorender.

Additionally, a USB 3.0 camera (DMK 23U1300, The Imaging Source) with a x20 air
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objective (Plan Fluor, Nikon, NA=0.45) was used to provide lower magnification imaging,
capturing a wider field of view within the microfluidic device. RAW image sequences were
recorded using the Capture program and saved in uncompressed BMP (Bitmap) or AVI (Audio
Video Interleave) formats to retain the original image quality for analysis. The combination
of advanced microscopy, high-speed imaging, and precision flow control facilitated a reliable

assessment of RBC shape within the microfluidic device.

2.3.2 Image Sequences

e Shape Classification: To capture the movement of RBCs in microfluidic channels, image
series were recorded at frame rates ranging from 50 to 500 frames per second (fps) using
a high-speed camera (Fastec HiSpec 1). The specific frame rate within this range was
adjusted based on the pressure set by the pressure controller, which in turn determined the
mean velocities of the RBCs. This adjustment was crucial to ensure clear images of moving
RBCs while minimizing motion blur. The footage was captured in the camera’s single
mode, which produces a continuous sequence of images. The camera’s internal memory,
with a capacity of 2 GB, facilitated this high-speed image acquisition independently of the
computer’s processing power, as it did not require real-time data streaming to the PC.
Given the memory constraints, the region of interest (ROI) was cropped to a field of view
length of 1280 pixels and a height slightly exceeding the channel width (approximately
100 pixels). While theoretically, it is possible to record multiple channels by expanding
the ROI, the considerable space between adjacent channels would reduce the number of
cells recorded per sequence. Therefore, the ROI was optimized to maximize the efficiency

of cell recording within the available memory limits.

e Compression-Expansion Process: To track and record each individual RBC as it
appears in the region of interest (ROI), a Matlab program was utilized instead of record-
ing at frame rates ranging from 50 to 500 frames per second. The IMAGINGSOURCE
monochrome camera USB 3.0 DMK 23UP1300 was employed for this purpose due to its
live recording capacity. The use of Matlab tracking cell program, footage was not captured
in the camera’s single mode. Instead, the USB-camera’s full RAM memory was used to
store the frames in the form of AVI videos for each cell. The ROI was minimized to a
length of 400 pixels and a height of 50 pixels to further optimize the tracking and recording

process within the available memory limits.

2.3.3 Single Particle Tracking

Unlike particle imaging velocimetry (PIV), which relies on calculating frame-to-frame corre-
lations to determine the velocity field of tracer particles within a fluid, the approach utilizes

single particle tracking (SPT) to analyze recorded image sequences. While this method does
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not provide detailed insights into the flow profile within the channel, it allows extraction of the
crucial velocity and positional data for each individual cell. This data enables the construction

of a phase diagram illustrating cell shapes in relation to cell velocity and axial position within

the channel.

D

Figure 2.8: Snapshots of the microfluidic channel sets and single RBC flowing through: A. Frame recorded
under magnitude of 10x illustrates the reservoir (left) which contains dozens of RBCs enterning the channel
sets. B. Single RBC flowing through the channel W = 8 um and H = 10 um under a pressure of p = 200 mbar.
C. Scheme of image post-processing steps for RBCs in microcapillary flow. For better visualization, the widths
of the individual images have been cropped to fit one RBC. (i) Background of the cropped channel, obtained
by the arithmetic mean of 100 images of one image sequence, cf. Eq. (2.5). (ii) Raw image of a flowing RBC
captured at the identical channel position as in (i). (iii) Resulting image after subtracting the background
image (i) from (ii), according to Eq. (2.6). (iv) Image after application of a median filter. (v) Binarized image,
obtained from gray-value image (iv). (vi) Filling the connected black pixels in (v), we omit any holes in the
final cell image. The red dot indicates the position of the center of mass. Source: Kihm thesis'* used with
PErmission.

The SPT algorithm is a multi-step process, well-documented in scientific literature, but here
the focus on the custom modifications made to detect RBCs in the experiments. Initially,
the enhance of RBC detection by subtracting the background from the image sequence. This
background, B;;, is estimated as the arithmetic mean of a subset of N images, I,;;, calculated

using the formula:

1 N
Bij = 5 > Lui
n=1

where ¢ and j represent the pixel coordinates. A value of N = 100 has proven effective, ensuring
that only minimal fluctuations remain in the image after iterative background subtraction. The

resulting image, R,;;, for the n-th frame is given by:
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Ryij = [Lnij — Byl

where the absolute value is taken to highlight deviations from the background. To refine these
images, the application of a median filter with a stride of 3 x 3 pixels is made, which removes
artifacts and yields a clearer image. After converting the grayscale image to a binary image (see
image process in Figure 2.8.C), the centers of mass of all white pixel clusters, corresponding
to the RBCs are identified. Any black pixels within the white cell regions in the binarized
images are filled to ensure accuracy. Besides determining the centers of mass, also calculating
shape descriptors such as area, orientation, eccentricity and boundary box (where the lateral
and horizontal lengths of the cell are identified) of an ellipsoid with identical second moments.
Given the optical setup and resolution, the estimation of an uncertainty in detecting the center
of mass of s, = £0.1um is made. To derive the trajectories from these RBC positions, the
minimization of the distances between positions in consecutive images is necessary. This linking
protocol is applied across the entire image sequence, yielding trajectories for all recorded cells.
Additionally, a filter of the trajectories is made to exclude RBCs that cannot be considered
isolated, as close intercellular distances lead to significant hydrodynamic interactions. For
RBCs deemed isolated, their images are cropped into sections of 90 x 90 pixels, ensuring that
the entire cell and channel borders are captured. A sophisticated algorithm ensures that the

entire cell is within this section, regardless of the exact center of mass position.
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Abstract

The ability to change shape is essential for the proper functioning of red blood cells (RBCs)
within the microvasculature. The shape of RBCs significantly influences blood flow and has
been employed in microfluidic lab-on-a-chip devices, serving as a diagnostic biomarker for spe-
cific pathologies and enabling the assessment of RBC deformability. While external flow con-
ditions, such as the vessel size and the flow velocity, are known to impact microscale RBC
flow, our comprehensive understanding of how their shape-adapting ability is influenced by
channel confinement in biomedical applications remains incomplete. This study explores the
impact of various rectangular and square channels, each with different confinement and aspect
ratios, on the in vitro RBC flow behavior and characteristic shapes. We demonstrate that
rectangular microchannels, with a height similar to the RBC diameter in combination with a
confinement ratio exceeding 0.9, are required to generate distinctive well-defined croissant and
slipper-like RBC shapes. These shapes are characterized by their equilibrium positions in the
channel cross section, and we observe a strong elongation of both stable shapes in response to
the shear rate across the different channels. Less confined channel configurations lead to the
emergence of unstable other shape types that display rich shape dynamics. Our work estab-
lishes an experimental framework to understand the influence of channel size on the single-cell
flow behavior of RBCs, providing valuable insights for the design of biomicrofluidic single-cell

analysis applications.

Keywords: Red blood cells, microfluidics, channel confinement, cell shape, flow behavior,

lab-on-a-chip devices
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3.1 Introduction

Red blood cells (RBCs) are the main cellular constituent ofblood and are vital in facilitating
gas exchange between blood andtissues within the microcirculation. The properties of RBCs,
suchas their deformability and shape, have a profound impact on blood flow!™. At rest, hu-
man RBCs have a disk-like shape with a diameter of 8 um and a thickness of 2 um. Due to
their high deformability, healthy RBCs can dynamically adapt their shape according toexter-
nal flow conditions, such as the flow rate, vessel confinement,and the rheological properties

9,154,155

of the surrounding fluid[" In the microvascular network where vessel diameters are

comparable to RBC size, RBCs flow in a single-file arrangement, and various RBCs hapes

98,156,157 Consequently, the study of single-cell RBC flow has been con-

[74,76,131,158-162]

have been observed!
ducted experimentally in microfluidic devices , as well as through numerical sim-
ulations[781:82:129,163,164] "t ynderstand the impact of intrinsic cell properties and external flow
conditions on cell shape. Understanding single-cell RBC flow and deformation has contributed
to the advancement and developmentof lab-on-a-chip technologies for RBC deformability anal-
ysis of storage lesions in transfusion medicine and for evaluation of biomedical RBC properties
in health and disease!!"195166]

Nevertheless, fundamental knowledge of how external flow conditions such as channel con-
finement modify the RBC shape in in vitro microscale flows is still missing. In microscale
single-cell flow, RBCs display a wide variety ofstable and dynamic shapes depending on the
biophysical cell properties, channel confinement, flow velocity, and the properties of the sur-
rounding medium. Various dynamical states, including snaking, tumbling, swinging, and tank-

[55,60,73] Notably, in strongly

treading cells, have been reportedunder steady flow conditions
confined rectangular channels with channel dimensions (height and width) similar to the RBC
size, this RBC shape complexity consolidates into two dominant RBC shapes: the croissant
and the slipper shape[™ ™7 The symmetric croissant-like shape predominantly appears at low
flow velocities, while the asymmetric slipper shape emerges for higher cell velocities Figure 3.1.
Guckenberger et al.[™] investigated these two dominant RBC shapes in a rectangular microflu-
idic channel with a width of 12 um and a height of 10 um through a combination of microfluidic
experimentsand numerical simulations. They introduced the concept of theso-called RBC shape
phase diagram, which shows the fraction ofthese stable croissant and slipper shapes, as well as
a class called “others” (see Figure 3.1) that were not uniquely identifiable, as a function of the
cell velocity v. In their rectangular channel, they observed that the croissant shape dominated
at cell velocities v < 5mm.s™!, while roughly 70%-80% of the RBCs exhibited a slipper shape
above v > 5mm.s~!. They also reported a strong flow shape coupling of the highly deformable
RBCs and showed that the cell’s equilibrium position in the cross section and along the channel
width is inherently coupled to its shape. Hence, croissant like RBCs preferentially flow at a

central position in the channel centerline, whereas slippers flow closer to the channel side walls
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(see green marker in Figure 3.1). Furthermore, the authors demonstrated that the emergence of
RBC shapes is influenced not only by system parameters, such as flow velocity or channel size,
but also by initial conditions, including the initial shape of the RBC and its position within

the channel cross section at the on set of the microfluidic channell™!.
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Figure 3.1: Flow behaviour of a RBC in confined fluidic channel (W = 10pum, H =8 um). (A) Depicts a
centrally positioned croisant-like shape, an asymmetric slipper-shaped structure and illustration of a variant
shape within the microfluidic channel. The flow direction is indicated from left to right. Dotted black lines
represent the channel’s midpoint along its width W. Green dots denote the centroid of the cell in y-direction.
(Scale bars denote 5 pm) (B) Velocities of the cell for the two kind of stable shapes as a function of the applied
pressre drop follows the Darcy’s law 167,

Recently, as we will see in the chapter , microfluidic investigations have unveiled the sensi-
tivity of the stable croissant and slipper shapes in relation to biophysical cell properties such
as RBC age and reduced membrane deformability!'*!]. Utilizing RBCs from healthy donors
and employing density gradient centrifugation methods, it has been demonstrated that the
proportion of stable asymmetric, off-centered slipper-like cells diminishes with increasing age,
while aged cells exhibit an augmented prevalence of stable symmetric croissantsalong the mi-
crochannel centerline. Consequently, analysis of the RBC shape phase diagram facilitates the
discrimination of distinct RBC sub-populations, notably revealing variations in cell age. Ex-
panding upon the shape phase diagram proposed by Guckenberger et al.[””l, additional RBC
shapes in microcapillary flow, such as sphero-echinocytes, acanthocytes, and complementary
pathological croissant and slipper shapes, have been introduced under pathological conditions
to complement the phase diagram!""™ Integrating the analysis of the cell’s equilibrium posi-
tion, these cell shape classification approaches have been recently applied to assess changes in
the microcapillary flow behavior of neuroacanthocytosis syndrome and COVID-19 patients and

(7789 " demonstrating its potential as a biomarker and functional

patients undergoing dialysis
diagnostic tool for specific pathologies and to evaluate the quality of stored blood. In addi-

tion to experiments conducted in rectangular microchannels, numerical simulations revealed a

40



RBC SHAPE STABILITY & CHANNEL GEOMETRIES

diverse range of steady and dynamic RBC shapes in round microcapillaries. Fedosov et al.[!]

constructed a comprehensive shape phase diagram encompassing stationery parachutes, swing-
ing slippers, tumbling, and snaking discocytes as a function of the channel confinement and the
shear rate in the system with a circular cross section. Note that parachute-shaped RBCs, which
tend to become more asymmetric in rectangular channels, are often referred to as croissants
in microfluidic experiments with square or rectangular microchannels.Similar to experimental
observations!™!, parachute-like RBCs in the round capillaries flow in the tube center, while

81]

slippers are displaced further from the channel center®l. The conditions of occurrence of these

shapes and the transition between the dynamic shapes critically depend on the RBC properties

2], While experimental and

and the viscosity contrast between RBC cytosol and blood plasmal
numerical progress has advanced our understanding of how intrinsic cell properties, such as
their deformability, cytosol viscosity, viscoelasticity of the membrane, and age, affect the RBC

85,131 " detailed experimental investigations of how slight

shape and microscale flow behavior
changes in the channel confinement affect the RBC capillary flow and the shape phase dia-
gram remain scarce. Presently, poly(dimethylsiloxane)(PDMS) microchannels fabricated using
soft lithography techniques serve as a common platform to investigate the microscale flow of

[33:84] " These techniques generally offer highly reproducible results down to

biological systems
the nanoscale, with low shrinkage during cure!'%®l. However, inconsistencies in PDMS casting,
curing, releasing, or bonding can introduce variations in the channel dimensions between differ-
ent molds or chips during fabrication. Additionally, changes in the channel cross section mayo
ccur due to the deformation of flexible PDMS microchannelsunder pressure-driven flow %9173,
Therefore, understanding the effect of channel confinement on the different RBC shapes, em-
ployed for in vitro microvascular flow assessment, is paramount. This becomes particularly
crucial in the context of assessing microscale flow under physiologically relevant conditions,
where subtle variations in channel confinement can significantly influence the observed RBC
shapes and, consequently, the accuracy of the RBC shape phase diagram. In this study, we
examine the single-cell flow of RBCs through six distinct microfluidic channels. Specifically,
we explore the effect of how small differences in the order of a few micrometers affect the
RBC phase diagram, the cell’s equilibrium positions, their elongation, and the occurrence of
unstable cell shapes. Our study aims to conduct a comprehensive experimental investigation
to explore the sensitivity of these approaches, particularly how the RBC shape phase diagrams
(PDs) are influenced by the precise channel dimensions. This understanding is crucial for elu-
cidating RBC flow dynamics in more intricate systems, such as those found in pathological
conditions. For this, we use high-speed imaging of microscale RBC flow and systematically
vary the channel width and height, resulting in different aspect ratios and confinement ratios
of the channel cross section. Our findings highlight that the presence of stable slipper-like

shapes requires a non-square rectangular cross section, while croissant-like cells also disappear
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gradually in square channels. Intriguingly, both stable croissant and slipper shapes disappear
when the channel dimensions exceed 10 um, leading to the emergence of highly dynamical other
RBC shapes. Additionally, we show how the elongation of croissants and slippers, quantified
by the elongation index EI, scales with the shear rate in the microchannels, highly relevant for

biomicrofluidic technologies aimed at measuring RBC deformability %%,

3.2 Methodology

3.2.1 RBC sample preparation

Blood was collected with informed consent from three healthy voluntary donors (age 28-51
years) through needle prick and it was subsequently suspended in phosphate-buffered saline so-
lution (Gibco PBS, Fisher Scientific, Schwerte, Germany). Following collection, samples were
centrifuged for 5 min at 3000 xg. The sedimented RBCs were washed three times with PBS
and final RBC samples were adjusted at a hematocrit concentration of 1%Ht in a PBS solution
that contained 1g/l bovine serum albumin (BSA, Sigma-Aldrich, Taufkirchen, Germany) (as
described in Figure 2.1). The PBS/BSA mixture is a Newtonian fluid with a shear viscosity of
roughly n = 1.2mPa.s!""'™]. Blood withdrawal, sample preparation, and microfluidic experi-
ments were performed according to the guidelines of the Declaration of Helsinki and approved

by the ethics committee of the “Arztekammer des Saarlandes” (permission number 51/18).

3.2.2 Microfluidic setup

RBC suspensions were pumped through six distinct microfluidic chips using a high-precision
pressure device (OB1-MK3, Elveflow, Paris, France) to apply constant pressure drops ranging
between p = 50-1000 mbar. The microfluidic chips were designed with microchannel hav-
ing widths of either W ~ 10 um or W = 15 um in combination with three different heights
H ~ 8;10 and 15 um (Table 3.3 and Figure 3.2). The length of all microfluidic channels is
L = 40 mm.

Table 3.3: Comparison of channel geometries: An overview of the diverse channel geometries obtained from
the silicon-based wafer on which these channels were fabricated. It is noteworthy that all channels maintain a
uniform total length of L = 40 mm, ensuring standardization across the experimental setup.

Channel Width (wm) Height (wm) Aspect ratio A/R  Confinement ratio x

1A 10.49£0.36  7.82+0.29 1.4 0.89
2A 10.64 £0.30 10.57 £0.18 1.01 0.75
3A 10.39£0.62 15.04£0.33 0.73 0.65
1B 15256 £0.32 7.78 £0.11 1.96 0.78
2B 15.67£0.32 10.83£0.18 1.45 0.62
3B 15.83£0.71 15.18£0.25 1.04 0.52

Channel dimensions were determined by a customized MATLAB algorithm [9.14.0.2206163
(R2023a), The MathWorks, Natick, MA] that detects the channel borders based on microscopic
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images obtained using brightfield microscopy. Channel dimension data were averaged from
different microfluidic chips as well as different positions along the channel flow direction within
a chip. We define the channel aspect ratio AR = W/H and the confinement ratio x = Dgpc/Dp
with the diameter of a discocyteshaped RBC at rest Drgc = 8 um and the hydraulic diameter
of the rectangular channel D, = 2WH/(W + H).

A H=8 um H=10 um H=15pum
— >
= |[1A 2A 3A
=,
2 > > >

w

1B 2B 3B

B> > B>

15 pm

W

~— — \

Figure 3.2: Schematic representation elucidating the design of microfluidic channels employed in the experimen-
tal setup. The channels exhibit distinct widths, with (A) measuring 10 um and (B) 15 wm, while also featuring
diverse channel heights to investigate their impact on fluid dynamics and cell behavior. The utilization of varied
channel dimensions allows for a comprehensive exploration of flow characteristics and cellular responses within
confined environments. Notably, the placed eyes to show the points of optical access crucial for observation and
analysis within the microfluidic apparatus. Furthermore, a red circle is strategically positioned to illustrate the
comparative size of an unaltered discocyte-shaped RBC at rest, showcasing its 8 pm diameter relative to the
channels under scrutiny. This comprehensive schematic serves as a visual guide, aiding in the understanding of
the experimental framework and facilitating interpretation of subsequent results.

The microfluidic chip fabrication followed standard soft lithography techniques using poly-
dimethylsiloxane (PDMS, RTV 615A/B, Momentive Performance Materials, Waterford, NY,
USA)U%8 . Subsequently, the chip was bonded to a glass slide using a plasma cleaner (PDC-
32G, Harrick Plasma, Ithaca, NY, USA). The inlet and the outlet of the microfluidic chips were
connected with rigid medical-grade polyethylene tubing (0.86 mm inner diameter, Scientific
Commodities, Lake Havasu City, AZ, USA) to the sample and waste containers, respectively.
The microfluidic device was mounted on an inverted microscope (Eclipse TE2000-S, Nikon,
Melville, NY, USA), featuring red LED illumination (SOLIS-415C, Thorlabs Inc., Newton, NJ,
USA), a 60x air objective (Plan Fluor, Nikon, Melville, NY, USA) with a numerical aperture
NA = 1.25. RBC flow was recorded at L., = 30 mm away from the inlet using a high-speed
camera (Fastec HiSpec 2G, FASTEC Imaging, San Diego, CA, USA). All microfluidic exper-
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iments were performed at 22°C. Image sequences were post-processed using a customized
MATLAB algorithm. For each single RBC, we determined the center of mass of each cell in
the projection plane (see Figure 3.1), length a in the flow direction, and diameter b along the
channel width by identifying a bounding box around the RBC shape. The cell’s elongation
index is calculated as DI = (a — b)/(a 4+ b). To determine individual cell velocities, we tracked
the cell position throughout the image sequence within the field of view. A frame rate of up
to 400 frames per second was used to record image sequences of RBC passing the field of view.
RBC shapes in flow were classified manually following the criteria established by Guckenberger
et al.[™ Since we did not observe inter-individual variations in the results, data were averaged
between the three healthy donors. Data analysis was performed on an average of 6714 cells per
donor (between 2653 and 10635 cells).

Deformation Index
.
a—>b
DI =
a+b r
— (= Boundary Box tool

(1) - RAW (i1) - BG removed  (iii) - binarized

Figure 3.3: Visualization of cell elongation index in a microfluidic channel: Elongation index formula, where a
and b are main terms obtained from the BoundaryBox tool of the regionprops function in Matlab. Measurement
Process: From the raw image (i) captured during the experiment, noise and background (BG) are removed to
obtain a clean image (ii). Binarization of the image (iii) facilitates the measurement of terms a and b for the
cell. (yellow bar scales 2 um)

3.3 Results
3.3.1 Phase diagrams of RBC shape

Our investigation centers on exploring the impact of channel confinement on the RBC shape in
microchannels, focusing on the three dominant RBC shape classes, namely, croissants, slippers,
and others, similar to the previously established phase diagram RBC shapes!™ ™77 Based
on the applied pressure drop and the channel cross section, the resulting cell velocities in
the microchannels are in the range of v = 0.2 — 35mm.s~! (presented in Figure 3.4), with the
lower range being similar to the physiological flow velocities in the microvascular network ['9:15%]
Additionally, we calculated the nondimensional capillary number,

nya

Ca= a

(3.1)

where 1 = 1.2mPa.s is the shear viscosity of the surrounding fluid">'™! v = 6v/D;, the wall

shear rate in the channel'™, @ = Dgppe /2 the discoid radius of the RBC, and G the membrane
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[175) [176,177) p

shear elastic modulus!' ™. We use G5 = 4 uN/m, in agreement with previous studies
the investigated cell velocity regime, we find Ca = 0.28 — 17 (see top x axes in Figure 3.4).
In the RBC shape phase diagrams, we observe a prominent proportion of stable croissant
and slipper-shaped RBCs for the smallest channel cross section (Figure 3.4.A) consistent with

.71 The croissant fraction reaches a peak

studies of RBC flow in similarly confined channels!
value of roughly 50% at a velocity of v = 1 mm.s™!. As the cell velocity increases, the fraction
of croissant-shaped RBC continuously decreases. Simultaneously, the amount of slippershaped

1

RBCs increases above v > 3mm.s™', eventually reaching a plateau value at 70%-75% above

5mm.s~ L.

Keeping the channel width fixed and increasing the channel height to H = 10 um
results in a higher fraction of croissants while slipper-shaped RBCs disappear (Figure 3.4.B).
However, with a further increase of the channel height to H = 15 um, the croissant fraction
decreases again, and most RBCs display other shape types (Figure 3.4.C). In the channels with
a larger width of W = 15 um and a height of H = 8 um, RBC also exhibit both croissant and
slipper-shaped RBCs (Figure 3.4.D) and a qualitatively similar phase diagram than for the
smallest channel cross section (compare Figure 3.4.A). However, the fraction of both stable
shapes notably reduces in the wider channel. The prominent croissant peak reaches merely

20% at v = 1mm.s~!, while the slipper plateau saturates at 30%-40% above 5mm.s™.

Increasing the channel height results in a successive suppression of slipper-like cells (Fig-
ure 3.4.E). At W = 15um and H = 15 um, the occurrence of slipper-like RBCs is ultimately
suppressed completely, whereas most cells exhibit other shapes at all investigated velocities
with a few croissant-like RBC remaining (Figure 3.4.F). Taken together, our observations em-
phasize that an oblong rectangular cross section coupled with a shallow channel (H = 10 um)
is a prerequisite for the emergence of slippers (see Figure 3.4.A and Figure 3.4.D). Modestly
increasing the channel height by 2 um to H = 10 wm results in a significant reduction of slip-
per fraction (see Figure 3.4.E). Consequently, stable slipper-like shapes are primarily found in
strongly confined, rectangular channels with a height smaller than 10 um and a confinement
ratio exceeding x = 0.9. It is noteworthy that these slippers are categorically different than
the tank-treading slipper-shaped RBCs reported in numerical simulation within round capil-

51,821 In the context of round capillaries, slippers are essentially absent at x > 0.7 due

laries
to the cylindrical channel geometry and mainly appear at low confinement ratios compared to
their parachute-like counterpart. In square channels, we do not observe slipper-shaped cells
(see Figure 3.4.B and Figure 3.4.F), but an increase in symmetric croissant like RBCs when the
channel dimensions do not exceed 10 pm, corresponding to a confinement ratio of x = 0.75 (see
Figure 3.4.B). At x = 0.52 (see Figure 3.4.F), the fraction of croissants is drastically reduced,
which is similar to observations in numerical simulations, which showed that a transition be-
tween stationary parachutes and other dynamical shapes occurs at x ~ 0.5 — 0.55 in square

[164]

microchannels Note that our microfluidic experiments are restricted to optically accessing
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Figure 3.4: Shape phase diagrams (PDs) delineating the morphological transitions of RBC within microfluidic
channels, which portray the distribution of croissant-like, slipper-like, and other RBC shapes relative to varia-
tions in cell velocity (bottom x axes) and capillary number C'a (top x axes) in the different microfluidic channels.
The analysis, conducted meticulously, encompasses an average evaluation of 6714 cells per donor, spanning a
range from 2653 to 10635 cells.

RBC flow through one channel side (see blue arrows in Figure 3.2). As a result, cells will
be classified based on their projection in the optical x-y-plane in the channel (see Figure 3.2).
Therefore, despite having two channels with the same dimensions swapped by 90° (Figure 3.4.C
and Figure 3.4.E), we observe different shape phase diagrams. For instance, slippers detected
in the channel with W = 15um and H = 10 um flow at off-centered position along channel
width W in y-direction in the x-y-plane. In the channel with W = 10 um and H = 15 um,
these cells would flow at offcentered positions along the channel height H in z-direction and
their projections on the x-y-observation plane do not exhibit the characteristic slipper shape.
Thus, such cells would be classified as others, similar to the so-called sheared croissant class,
observed in previous studies[™. This effect emphasizes the importance of selecting not only
the appropriate channel dimensions in terms of channel height and width but also their relative
aspect ratio with respect to the optical access of the channel. We did not use channels with
dimensions smaller than 8 wm in this study because decreasing the channel size further results

in the formation of tightly squeezed, symmetric bullet-like shapes that do not transition into
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other asymmetric or off-centered slipper-like shapes, as demonstrated for microcapillaries with

diameter 4.7 — 6.6 um corresponding to x = 1.7 — 1.2[19%159],

3.3.2 RBC equilibrium position across the channel width

The RBC shape is intrinsically linked to its equilibrium position in the microchannel. Based
on the 2D projection of the cells in flow and the optical axes of the used setup (see placed
eyes in Figure 3.2), we evaluate the RBC equilibrium y-position along the channel width W.
It is assessed using the probability density distributions (pdf) of the absolute value of the
normalized y-coordinate |y/W| as a function of the velocity (Figure 3.5). For the smallest
channel cross section with W = 10 pm and H = 8 pm (see Figure 3.5.A), symmetric croissants
flow at a centered position |y/W |~ 0 at low velocities. Increasing the cell velocity results in a
reduction of the peak at the central position and an off-centered peak emerges at |y/W| ~ 0.22.
For the square channel (W = H = 10 um, Figure 3.5.B), most cells also flow along the channel

central axis |y/W| a 0 even at high velocities exceeding 10 pm.

0 100 200 300 400 500 600 700 800 900 1000
pressure (mbar)

Figure 3.5: Studying cell distribution: The figure illustrates the probability density distributions (PDFs) of
RBC y-positions, normalized by the channel width (Jy/W|) following velocity, to understand the equilibrium
positions of these cells across different channel widths (A-C) W = 10 pm and (D-F) W = 15 pm. The color bar
located at the top provides essential context by indicating the range of applied pressure drop.

This pronounced centered peak in the pdfs persists when keeping the channel width fixed
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and increasing the height further to H = 10 um, yet the pdf broadens to more off-centered cell
positions at the same time (Figure 3.5.C). In the rectangular channel with W = 15 um and
H = 8 um (Figure 3.5.D), most cells flow at a central position |y/W |~ 0 at low velocities. At
velocities above 5 mm.s™!, the pdfs exhibit only an offcentered peak at |y/W| & 0.22. Increasing
the height to H = 10 um (Figure 3.5.E) results in the occurrence of two pronounced peaks in

! with one at the centerline and an off-centered one. Upon

the distributions at v > 8 mm.s™
further increase of the channel height to 15 um (Figure 3.5.F), we still observe a central peak at
low velocities up to v = 20mm.s~!. However, RBCs do not flow at a preferred position across
the channel width at higher velocities, as indicated by the broad distribution at v > 25 mm.s~*.
Our analysis of the cell’s y-position distribution aligns with the observed phase diagrams.
When a significant number of slipper-shaped RBCs is observed (Figure 3.4.A, .D and .E), a
pronounced off-centered peak at |y/W| = 0.22 appears in the pdfs (Figure 3.5.A, .D and .E).
This observation is in good agreement with the previous work!"”l. Interestingly, while we
find only one offcentered peak at v > 5mm.s™! in the channel with W = 15 um and H = 8 um
(Figure 3.5.D), two peaks at |y/W| ~ 0 and |y/W| = 0.22 appear for the slightly deeper channel
with W =15um and H = 10 um (Figure 3.5.E). Such pdfs with two pronounced peaks at
elevated velocities have been reported beforel™ 3! and are also found in the most confined
channel (Figure 3.5.A) due to the emergence of both off-centered slippers and central flowing
croissants and other shapes. Note that both channels (Figure 3.5.A and Figure 3.5.E) have
similar channel aspect ratios AR = 1.4 (see Table I). However, the singularly peaked distribution
in the channel with W = 15 um and H = 8 um (Figure 3.5.D) at v > 25 mm.s~! suggests that
the significant fraction of other-shaped cells (Figure 3.4.D) also flow at an off-centered position,
similar to the concurrently appearing slippers. These results highlight that both the RBC shape
and the cell’s position in the channel cross section provide valuable information for evaluating

RBC flow properties relevant to multiple clinical applications!™.

3.3.3 Elongation of croissants and slippers in the microchannels

In micro-confined conditions, the RBC shape critically depends on the flow rate in the chan-

ne] 161,178]

Here, we study how the shape of stable croissant and slipper-like RBCs is affected
by the flow conditions in the different microchannels (Figure 3.6.A). To characterize this effect,
we assess the cell’s elongation index EI as a function of the shear rate in the channel. At
low shear rates, croissant-shaped RBCs exhibit a broad shape with a shorter length in flow
direction than across the channel width, hence, EI < 0 (Figure 3.6.B). As the shear rate in-
creases up to y = 5 x 103s7!, there is a substantial rise of the elongation index, independent
of the channel cross section. Concurrently, the increase in cell length in the flow direction
leads to a transition to positive elongation indices at ¥ = 5 x 103s™1. Beyond 8 x 103s™!, cell

elongation seems to saturate, eventually reaching a plateau at EI = 0.1. For slipper-like RBCs,
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we also observed a gradual increase in the elongation index with the channel shear rate (Fig-
ure 3.6.B). However, due to the initially elongated slipper shape, EI is always positive. Between
5 % 10% and 3 x 10%s71, slipper-like cells exhibit an increase in EI, followed by a saturation at
EI = 0.3 — 0.4 beyond 5 x 103s~ .

W loum W= 10um 'W=10um H=8 um
H =10 um H =15um ’
¥=6.10°s" ¥ =104 0 W=10um, H=10 um
br=0.12 DI=0.10 YV W=10 pm, H= 15 um
¢ W=15um, H=8 um
i i
W=15pum W=15um
W=15 H=10
H =8 um H =10 um D pm, pm
¥ =3.10%s" ¥ =10*s" W=15pum, H=15 pm
DI =0.24 DI=0.4
croissant slipper
Ca
12 18

0 5 10 15 10 15
v (s7h) x 10 v (s7h) %103

Figure 3.6: Elongation of stable croissant-like and slipper-like RBC shapes in the different channels. (A)
Representative images of croissants and slippers in different channels and at various shear rates y. (Scale bars,
5um). (B) and (C) Elongation index DI = (a — b)/(a + b) in the different microfluidic channels for croissant-
like and slipper-like RBCs, respectively. Data are shown as a function of the shear rate (bottom x axes) and
capillary number Ca (top x axes). The length a of the RBC in the flow direction and the diameter b along the
channel width are identified with a bounding box around the RBC shape, schematically shown in the top right
image in (A). Error bars correspond to averaging DI data of cells at the same applied pressure drop.

Assessing the elongation and stretching of RBCs by the fluid shear stress in microcapillaries

11,166]

has emerged as an important technology measuring RBC deformability! Previous work

revealed differences in the dynamic deformation behavior between control RBCs and artificially

13LI38179] I our

stiffened RBCs, as well as RBCs of diabetes patients in microcapillary flow!
study, the observed increase of cell elongation for stable croissants is in good agreement with
previous investigations on single RBCs!!9%'%01 This is attributed to the two “tails” of the
croissant-shaped RBC that seem to become longer and pointed (see the top row in Figure 3.6.A)

as the velocity and shear stress increase. While the cell elongation of croissants does not seem to
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saturate completely even at high shear rates (Figure 3.6.B), EI of slipper-shaped RBCs clearly
plateaus above vy = 5 x 103s™!, similar to the previously reported high-velocity limit of cell
elongation in confined microcapillaries*”l. Future work will be required to evaluate how the
observed dynamic deformation behavior of both stable RBC configurations is connected with

the intrinsic cell properties, such as cytosol viscosity and membrane elasticity.

3.3.4 Unstable other RBC shapes

In our experimental investigations, we primarily focus onstable RBC shapes in microcapillary
flow. In an effort to explain the suppression of these stable shapes and the occurrence of other
shapes (see Figure 3.4), we assess temporal shape changes of the RBC shape within the region
of interest with a length of roughly 300 um in the middle of the microfluidic chip under steady
flow conditions. We consider an RBC to have an unstable shape when it rotates, tumbles, or
shows any other dynamic shape transitions that lead tofluctuations Ay = y(t) — y of the cell’s
temporal y-position y(¢) from its mean y-position y larger than 5% during passage withinthe
region of interest (Figure 3.7.B).

Croissant and slipper-shaped RBCs exhibit stable shape configurations that do not change
significantly while passing themicrofluidic channel (two top rows in Figure 3.7.A). For the other
cell shape, we find a stable category (third row in Figure 3.7.A), as well as an unstable category
that exhibits rich temporal dynamics (bottom row in Figure 3.7.A). While the cell position
along the channel width of the three stable shape classes does not change significantly during
flow, we observe strong fluctuations of the cell’s center ofmass position for the category of un-
stable other cell shapes (representatively shown in Figure 3.7.B). The fraction of unstable other
shapes is larger in the microfluidic channels with a large crosssection, i.e., 10 x 15, 15 x 10, and
15 x 15 um?) (Figure 3.7.C). Although our experimental field of view only covers approximately
300 um along the channel flow direction, recent cell-tracking measurements demonstrated that
the croissant and slipper shapes are indeed stable["®. Once the cell achieves its shape after
entering the microfluidic channel, it does not change under steady flow conditions. In our
study, we examine the single RBC flow in the middle of the microfluidic chip at 3L/4 = 30 mm.
At this position, cells already reached their equilibrium y-position and final shape, and tran-
sient effects induced by the fluid inlet can be neglected'®!. Note that the length over which
tank-treading slipper-shaped RBCs in such confined channels oscillate and periodically change
their y-position is usually much longer than the region of interest used in this study!™. Hence,
tank-treading slippers are classified as a stable RBC configuration. In contrast, the dynamic
behavior of unsteady other cellshapes does not allow the RBC to reach a steady y-position (see
representatively Figure 3.7). These cells predominantly appear in less confined channels with
X < 0.65 (see Figure 3.7.C; 10 x 15, 15 x 10, and 15 x 15 um?), which is in good agreement with

numerical simulations that predict a transition from steady to dynamic shapes upon increasing
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Figure 3.7: Analysis of stable and unstable RBC shapes: A- Representative image sequences exhibit the dynamic
behaviour of different RBC shapes within a microfluidic channel measuring W = 10 um and H = 8 um.The ob-
served shapes include croissant, slipper, stable ’other,” and unstable ’other,” with scale bars denoting 5 pm.Time
evolution between consecutive images is depicted along the bottom axis.The observed shapes include croissant,
slipper, stable ’other,” and unstable 'other,” with scale bars denoting 5pm.Time evolution between consecutive
images is depicted along the bottom axis. B- Examination of lateral movement entails analysing deviations
(Ay = y+ — ) in the centre of mass position over time for the four representative cell shapes. C- Evaluation
of the fraction of unstable ’'other’ cells relative to the total number of ’other’ shapes provides insight into their
prevalence across varied microfluidic channels utilized in this study. These findings contribute to a deeper un-
derstanding of RBC stability and behaviour in confined fluid environments.

the channel dimensions!8:82:164]

In such large channels, RBCs can flow at off-centered stream-
lines and tumble and rotate more easily driven by the parabolic velocity profile than inthe
strongly confined channels. While we only classify other shapesas stable and unstable, previ-
ous work has revealed a plethora ofdynamic RBC states, including tumbling, rolling, swinging,
snaking, and tank-treading motions’>%%™  Such dynamic RBC morphologies have received
much attention as they can affect blood shear thinning behavior under microcirculatory flow

conditions[™:182],

Since approximately 20% of others exhibit unstable shapes in the channels
that generate the highest fraction of stable croissants and slippers, a future research objective
will be to investigate the exact nature of these shapes. For example, if tumbling trilobes or

multilobes can be reliably detected within the field of measurements, this class could be inte-
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grated into the shape phase diagram. Under pathological conditions when RBC deformability
or membrane mechanical properties are impaired, and variousunstable states emerge, such re-
fined shape phase diagrams represent a central role in evaluating RBC flow behavior and could

beused in diagnostic applications.

3.4 Conclusion

The experimental characterization of microscale RBC flow behavior has provided valuable in-
sights into the dynamics of blood flow in confined microchannels. Consistent RBC shape state
diagrams have been established, delineating the various configurations assumed by RBCs under
different flow conditions. The complexity of RBC shapes across various confined microchannels
highlights the intricate interplay between channel geometry and flow parameters. Particular
significance has been observed for strongly confined channels with a height below 10um and
X = 0.9, where distinct RBC shapes emerge. The generation of characteristic croissant-peaks
and slipper-plateaus at low and high velocities underscores the importance of flow dynamics in
shaping RBC morphology. Furthermore, there is an observed increase in unsteady other cell
shapes with larger channel dimensions, indicating the influence of channel geometry on RBC
behavior. These findings have significant implications for future microfluidic designs employing
RBC shape classification approaches, offering opportunities for tailored device development.
Moreover, the influence of intrinsic cell properties on microscale blood flow has been eluci-
dated, emphasizing the critical role of confinement effects and shear rate as external conditions

impacting RBC shape.
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Abstract

Blood flow in the microcirculatory system is crucially affected by intrinsic red blood cell
(RBC) properties, such as their deformability. In the smallest vessels of this network, RBCs
adapt their shapes to the flow conditions. Although it is known that the age of RBCs modifies
their physical properties, such as increased cytosol viscosity and altered viscoelastic membrane
properties, the evolution of their shape-adapting abilities during senescence remains unclear.
In this study, we investigated the effect of RBC properties on the microcapillary in vitro flow
behavior and their characteristic shapes in microfluidic channels. For this, we fractioned RBCs
from healthy donors according to their age. Moreover, the membranes of fresh RBCs were
chemically rigidified using diamide to study the effect of isolated graded-membrane rigidity.
Our results show that a fraction of stable, asymmetric, off-centered slipper-like cells at high
velocities decreases with increasing age or diamide concentration. However, while old cells form
an enhanced number of stable symmetric croissants at the channel centerline, this shape class
is suppressed for purely rigidified cells with diamide. Our study provides further knowledge
about the distinct effects of age-related changes of intrinsic cell properties on the single-cell

flow behavior of RBCs in confined flows due to inter-cellular age-related cell heterogeneity.

Keywords: Red blood cell aging, membrane rigidity, microcapillary flow, cell fractionation,
diamide treatment, shape adaptation
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4.1 Introduction

Microvascular blood flow is vital for gas exchange and nutrient transport between blood and
tissues. In the microvascular network, vessel diameters are similar to the red blood cell (RBC)
size. At rest, healthy RBCs have biconcave, discocyte shapes with a diameter of roughly 8 um

and a thickness of 2 um. They consist of a lipid bilayer membrane, a spectrin network on the

n[19,113]

inner surface, and the cytosol, which is rich in hemoglobi In the small vessels of the

microvascular network, highly deformable RBCs flow in a single file and dynamically adapt

their shapes to the vessel flow conditions!?%!5%156]

[65,67]

, even passing through capillaries and aper-
tures smaller than their own sizes . Hence, various RBC shapes are found in vivo under
physiological flow conditions (Figure 4.1). In general, the RBC shape dynamics depend on
external conditions, such as the vessel diameter and the flow rate, as well as intrinsic RBC
properties, such as the membrane elasticity or the viscosity of the inner cytosol. Alterations in
the RBC properties, such as impaired deformability, which is found in multiple diseases, such

as malaria, diabetes, sickle cell disease, or neuroacanthocytosis syndrome!!%-74183-185]

, impact
the RBC shape and impair blood flow and microvascular RBC transport[™*'%°!. However, the
fundamental mechanisms through which such changes modify the RBC shape in microscale
flows have not been characterized extensively. Microscale RBC flow is commonly studied using

B7_ 3 3 QA . . . A e 3 - QR
[157 160,162,186,187}’ and numerical simulations63:815129:163,188-190]

microfluidic in vitro experiments
In microscale single-cell flow environments, RBCs display a variety of stable and dynamic
shapes, which depend on the channel confinement, flow velocity, the properties of the sur-
rounding medium, and biophysical cell properties. Even under steady flow conditions, RBCs
can exhibit various dynamical states, including snaking, tumbling, swinging, and tank-treading

motions[55:60,73,191,192]

in-vivo in-vitro simulation
- y| blood flow
>
pe— - <
croissant | ’ J)
\-: S ’

Figure 4.1: Bistability of RBC shape extracted from the total blood observed in the three environments:
Representation of the centered flow croissant-like (bottom line) and off-centered slipper-like shape (top line)
under the three observation environments!™ '3, The light source caused the difference in cells colors (blue
light in-vivo and red light in-vitro). Reproduced with permission from both Kihm et.al and Nouaman [74,131]
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In rectangular microfluidic channels with dimensions similar to the RBC size, the shape
complexity is shown to reduce to two dominant RBC shapes, namely the so-called croissant
and slipper shapes (check Figure 4.1) ("] Similar RBC shapes have been found in vivo in
vessels of the human microcirculation”® and in hamsters (see Figure 4.1.A). In microfluidic
channels, the symmetrically centered croissant shape predominantly appears at velocities be-

! while the asymmetric off-centered slipper shape is found mainly at velocities

above v > 3mm.s~ L.

low v < dmm.s~
Consequently, a phase diagram of these main RBC shapes, as well as
other shapes that do not exhibit stable modifications (presented in (Figure 4.1)), have been
established to describe the occurrences of RBC shapes as functions of the flow rate in the
microfluidic channel (Figure 4.2.B)[™l. The resulting RBC shape in microcapillary flow is
inherently coupled to its flow behavior, e.g., the cell’s equilibrium position in the channel cross-
section. For healthy samples, croissant-like RBCs preferentially flow at the channel’s centerline
at low velocities, whereas slippers flow closer to the channel’s side walls at higher velocities,
resulting in pronounced peaks in the probability density distributions (pdf) at |y/W| ~ 0 and
ly/W| =~ 0.22, respectively (see Figure 3.5.A). Deviations from the equilibrium RBC distri-
butions have previously been used to assess changes in RBC flow behavior in patients with
neuroacanthocytosis syndrome and COVID-19, as well as in patients before and after under-

78,79]

going hemodiafiltration dialysis! Moreover, RBC shapes in microfluidic capillary flow

have been studied for healthy and diseased RBCs using manual and machine learning shape

74,77,80,193-195]

classification approaches! Recent studies have shown the potential of microflu-

idic characterizations of RBC shapes as biomarkers for specific pathologies, to assess the cell

78,164,166]

deformability Nevertheless, fundamental knowledge about how the age of RBCs mod-

ifies their properties and, thus, affects their microcapillary flow, is still missing. RBCs have an
average lifespan of 120 days in the circulatory system, after which, they are cleared by phago-
cytosis in the spleen based on their decreased deformability and other clearance mechanisms,

38,89,196,197)

which are still under debatel During their lifetime, RBCs pass many times through

tiny capillaries and traverse inter-endothelial slits, undergoing complex shape transitions and
experiencing physical stress. This induces intrinsic physiochemical and morphological changes,
such as a loss of surface area and volume, delayed shape recovery, and increased density and

(195205 " Numerical simulations generally show that changes in inner viscosity

76,85,86]

cytosol viscosity
or the viscoelasticity of the membrane affect the RBC flow behavior! However, exper-
imental validation of how stable RBC shapes, even for healthy donors, are influenced by the
cell’s age and corresponding RBC alterations remain scarce. Therefore, understanding the ef-
fect of age-induced changes in mechanical cell properties on the stable RBC shape signatures in
microfluidic devices, which are used as fingerprints for in vitro microvascular flow assessment,
is paramount. In this study, we examine the flow of RBCs through rectangular microcapil-

laries. Specifically, we investigate the effect of RBC age and reduced membrane deformability
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on the stable RBC shape and the previously introduced shape phase diagram![™. Although
such rectangular channels do not capture the geometry of mostly circular in vivo vessels, they
allow us to study RBC flow with similar cell shapes (see Figure 4.1A) and cell velocities as
in the microvascular network, under controlled flow conditions with good optical access. For
this, RBCs from healthy donors are fractioned according to age using density gradient cen-
trifugation methods!'*?°%2%8] " Furthermore, we treat fresh RBCs with a diamide at different
concentrations to artificially increase the shear modulus of the RBC membrane and make the
cells less deformable!'"%2%l This enables us to determine to what extent rigidification of the
cell membrane can be related to the changes in RBC shapes in flow during aging. In both
groups, we observe distinct differences in the stable cell shapes during capillary flow and the
fraction of overall stable shapes. Our study aims to advance our understanding of the flow
behavior of RBCs in confined vessels. Mainly, how alterations of RBC biophysical properties,

such as their deformability, affect microvascular blood flow.
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Figure 4.2: Artificial classification of the two main stable shapes of single RBC flow in a microfluidic channel (7]
with W = 12 um and H = 10 pum: A- Representation of the output of the trained a convolutional neural network
(CNN) shows two pronounced peaks (-117 for slipper and 115 for croissant). B- Comparaison between phase
diagram obtained from both manually (hard lines) and CNN (dashed lines) shape classified. Using an adapted
threshold range of CNN values till the both phase diagrams came to the same result. The cells presented at
the bottom showing the values of the CNN output of each RBC shape category. Originally published in Kihm
et.all™ reproduced here with permission.
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4.2 Experimental setup
4.2.1 Microfluidic Setup

To assess the RBC shape in flow, we used rectangular microfluidic channels with a width
of W =12.6+ 0.2 um, a height of H =7.74+ 0.2 um, and a total length of L = 40mm. The
microfluidic device was fabricated using polydimethylsiloxane (PDMS, RTV 615A /B, Momen-
tive Performance Materials, Waterford, NY, USA) through standard soft lithography, which
was bonded to a glass slide using a plasma cleaner (PDC-32G, Harrick Plasma, Ithaca, NY,
USA). The inlet and outlet of the microfluidic chips were connected with rigid medical-grade
polyethylene tubing (with an inner diameter of 0.86 mm, Scientific Commodities, Lake Havasu
City, AZ, USA) to the sample and waste containers, respectively. The microfluidic chip was
mounted on an inverted microscope (Eclipse TE2000-S, Nikon, Melville, NY, USA), which was
equipped with LED illumination (SOLIS-415C, Thorlabs Inc., Newton, NJ, USA). We used a
high-speed camera (Fastec HiSpec 2G, FASTEC Imaging, San Diego, CA, USA), and a 60 x
air objective (Plan Fluor, Nikon, Melville, NY, USA) with a numerical aperture NA = 1.25;
we imaged the RBC flow in the the microfluidic chip at %L = 30mm away from the inlet. We
used a high-precision pressure device (OB1-MK3, Elveflow, Paris, France) to apply constant
pressure drops between p = 50 and 1000 mbar. A frame rate of up to 400 frames per second
was used to record the image sequences of RBC passing the field of view. RBC shapes in flow
were classified manually according to Guckenberger et al.[™ . All microfluidic experiments were
performed at 22°C'. The center of mass of each cell in the projection plane was determined
with a custom MATLAB (9.14.0.2206163 (R2023a), The MathWorks, Natick, MA, USA) al-
gorithm, and individual cell velocities were determined by tracking the cell position over the
image sequence within the field of view. In the applied pressure drop range, the resulting
RBC velocity was between v = 0.5 and 9mm.s™! (see Figure 1.7.A and Figure 4.2.B). For the
used microfluidic chip, we estimated the nominal wall shear rate in the straight channel as
upgamma =~ 6v/H =~ 400 — 7000s~!. Based on the viscosity of the surrounding medium of

1.2mPa.s, we estimated the shear stress to be between T =~ 0.5 and 8.4 Pa.

4.2.2 RBC Sample Preparation

Blood was collected into EDTA-containing tubes (1.6 mg/mL EDTA, SARSTEDT, Niimbrecht,
Germany) with informed consent from three healthy male voluntary donors (age 28-31 years).
It was centrifuged for 5 min at 3000 xg to separate RBCs and plasma. Sedimented RBCs were
washed three times with a phosphate-buffered-saline solution (Gibco PBS, Fisher Scientific,
Schwerte, Germany). Finally, a hematocrit concentration of 1% Ht was adjusted in a PBS solu-
tion that contained 1g/L bovine serum albumin (BSA, Sigma-Aldrich, Taufkirchen, Germany)
(full process described in Figure 2.1). The viscosity of the PBS/BSA solutions at 20°C' was
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approximately 1.2mPa.s!™ similar to the viscosity of human blood plasma. Since we do not
observe significant inter-individual variations in the results, data were averaged between the
three donors. Blood withdrawal, sample preparation, and microfluidic experiments were per-
formed according to the guidelines of the Declaration of Helsinki and approved by the ethics

committee of the “Arztekammer des Saarlandes” (permission number 51/18).

4.2.3 RBC Density Separation

To fractionate RBCs based on their age, we performed Percoll density gradient centrifugation
following the method described by Ermolinskiy et al.['"l. In brief, the Percoll solution (Cytiva
17-0891-01, Sigma-Aldrich, Taufkirchen, Germany), distilled water, and a 1.5M NaCl solution
were mixed at five different ratios to obtain gradient solutions with different densities. Then,
2mL of washed RBCs with 50%Ht in PBS (p = 1.025g/mL) were centrifuged on top of five
layers of Percoll gradients with densities of 1.085¢g/mL, 1.092¢/mL, 1.101 g/mL, 1.107 g/mL,
and 1.122g/mL (see Table 2.2 and Figure 4.3.A).
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Figure 4.3: The main solution of the density separated RBCs into discontinuous layers (L0-L4): A- The first
preparation of the solution composed with four decreasing dense (the process is described in Figure 2.2.B)
Percoll solutions (from bottom to top) plus an additional topper layer that contains washed RBCs 50% diluted
in PBS.). B- Solution obtained after 30 minutes of centrifugation, showing different layers of RBCs (L0 is

neglected due to its containing: very few amount of RBCs plus waste and proteins). The black bar is lem

scaled. From the work of Nouaman et.all'3].

After centrifugation for 30 min at 4000 xg at a temperature of 4°C', four fractions of RBCs
were obtained (Figure 4.3.B) with the youngest cells in the top layers and the oldest cells in
the bottom layer. Note that the different number of cells in each layer led to different shifts
in the height of each layer. The topmost layer (LO in Figure 4.3.B) contained the PBS with

mostly reticulocytes and leukocytes and was, therefore, not used in the microfluidic experiments.
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The other layers (L1-14) were carefully extracted from the top to avoid any mixing. The
fractionated RBCs were subsequently washed with PBS and resuspended at a hematocrit of
1%Ht in the PBS/BSA mixture.

4.2.4 Membrane Rigidification

For the artificial membrane rigidification, fresh-washed RBCs were incubated in diamide (Sigma-
Aldrich, Taufkirchen, Germany) for 30 min at diamide concentrations of OmM, 0.5mM, 1mM,

and 2mM. Diamide was proposed to induce a cross-linking between the spectrin proteins %l

4.3 Results
4.3.1 Stable RBC Shapes in Straight Microchannels

Similar to the previously established phase diagram of stable RBC shapes (see Figure 1.7.B), we
examined the influence of the RBC age and artificially induced membrane rigidity on shape al-
terations within rectangular microchannels, focusing on the three dominant RBC shape classes,
namely croissants, slippers, and others. The resulting cell velocities v in the microchannels are

1 similar to the flow in the microvascular network!'?'>°. For the

in the range of 0.5-9mm.s~
density-fractioned cells, the number of croissant-shaped RBCs increases with increasing age
(Figure 4.4.A). While the peak value of the croissant fraction increases from roughly 25% to
75% from L1 to L4, the corresponding velocity of the croissant peak remains at approximately

1 sl Furthermore, croissant-like shapes also

1lmm.s™", in accordance with previous studie
appear at velocities v > 5mm.s~! for L3 and L4, whereas no significant numbers of such shapes
are found at the same velocities for L1 and L2. Concurrently, the amount of slipper-like shapes
decreases with the increasing age between the layers. While a plateau value for the slipper frac-
tion of roughly 80% is observed for v > 6 mm.s~* for L1 and L2, this value decreases sharply
below 20% for L4. Additionally, the amount of other RBC shapes increases as the RBC age
and density increase.

Based on the elongation index (EI) measurements!®!, we used the same RBC treatments
for our microchannel approach. Increasing the membrane shear modulus also affects the for-
mation of the stable croissant and slipper-like shapes (Figure 4.4.B). While the control (0mM)

! increasing the diamide concentra-

exhibits the characteristic croissant peak at v ~ 1 mm.s™
tion leads to a reduction in the peak fraction and a shift of the peak position toward higher
velocities of approximately 3mm.s™! for a concentration of 2mM. Furthermore, the croissant
distribution in the shape phase diagrams broadens significantly, leading to the emergence of

! with an increasing diamide concentration. Simultane-

croissant-like shapes at v > 5mm.s™
ously, the slipper plateau regime, which is observed at v > 5mm.s™! for the control with OmM,

continuously decreases as the diamide concentration. At 2mM, the occurrence of slipper-like
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RBCs is ultimately suppressed, nearly completely, whereas most cells exhibit other shapes at
high velocities. Based on the 2D projection of the RBCs in the x-y-plane of the microfluidic
channel, we calculate the projection area A during the capillary flow. With the increasing age

(L1-L4), the median projection area decreases at both low and high velocities (Figure 4.5.A).
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Figure 4.4: Phase diagrams of the RBC shape regarding its density (A) and membrane rigidity (B) s in a width
of W =~ 10 um and H ~ 8 um microfluidic channel: A- The set of phase diagrams that illustrates the fractions
of each of RBC shape (croissant, slipper and other) according to each density layer where RBCs were collected
(density increasing with layers), as a function of velocity of the cell. B- Fractions of rigidified RBCs membrane
into different molecular concentrations of diamide (between 0.0 and 2.0 mM), as a function of velocity. The
analyses were performed on an average of 10,677 cells per donor (between 6361 and 14,268 cells) and 2871 cells
per donor (between 1587 and 6168 cells), respectively.

In contrast, A increases with the increasing diamide concentration (Figure 4.5.B). Note that
although the volume and surface area of the RBC are coupled, an increase in the projection area
does not necessarily correspond to an increase in the cell volume, i.e., when the RBC volume
increases and its shape changes from a discocyte to a more spherical shape, its projection
area can decrease. Moreover, we calculate the deformability index DI of the RBCs during the
capillary flow, which is often used to assess changes in cell deformability'%°l. Here, it is defined
as DI = (a —b)/(a + b), where a and b are the major and minor axes of the RBC shape during
flow. For both age-fractioned RBCs and cells treated with diamide, the median DI at high
velocities is larger than at low velocities (Figure 4.5.C,D) since the emergence of slipper-like
shapes at elevated velocities leads to an elongation of the cell. While the deformability index
does not significantly change at low velocities for both cases, we observe a drastic decrease in
DI with the increasing diamide concentration at high velocities (Figure 4.5.D). This effect is

attributed to an increase in other shapes that emerge as the diamide concentration increases
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(see Figure 4.4.B). These shapes often have more spherical, less elongated morphology (see
Figure 4.1) and, thus, a lower DI. Note that this decrease in the deformability index DI with
the increasing diamide concentration assessed in the capillary flow is in accordance with the

observed decrease in the elongation index EI from the ektacytometry measurements!?!.
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Figure 4.5: Changes of both projected RBC area (top row) and deformability (bottom row) of the membrane
along a region of interest (ROI ~ 300um) at low (circle) and high (square) mean velocity of RBCs under
both effects, age and membrane rigidity: Left column- Median values of projected area on x-y plane of RBCs
extracted form each density separation layer (A) and the median values of deformation index DI (C). Right
column- The area (B) and DI (D) of RBCs as a function of diamide concentrations.

Moreover, for L4, we also observe a reduced median deformability index at high velocities.
In this case, the occurrence of both other and slipper-like shapes leads to a pronounced double-

peak profile in the DI distribution, which results in a decreased median DI (see Figure 4.6).
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Figure 4.6: Probability density functions of DI distributions of RBCs from (L1-L4) at low (left graph) and high
(right graph) velocities. The red dashed lines show the median values of DI presented on Figure 4.5.C.
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4.3.2 RBC Equilibrium Position in the Channel Cross-Section

The RBC shape is inherently linked to its equilibrium position in the microchannel. While sym-
metric croissants generally flow at centered positions, asymmetric slippers emerge at off-centered
positions with respect to the channel width W, as reported previously for fresh blood![™!. In the
present study, the equilibrium position across the channel width is assessed based on the prob-
ability density distribution (pdf) of the absolute value of the normalized RBC y-position |y/WV|
as a function of the velocity (Figure 4.7). For all density-separated layers L1-1.4, we observe a
pronounced peak in the pdfs at the channel centers |y/W| ~ 0 at low velocities v < 5 mm.s™!
(Figure 4.7.A). As the velocity increases, the central position is less favorable and an off-centered
peak emerges at |y/W| = 0.22. For L1 to L3, this off-centered distribution corresponds to the
shape transition toward slipper-like cells (see Figure 4.4.A). In contrast, the pdfs at high veloci-
ties for L4 show broader distributions, comprising a second pronounced central peak, indicative
of the croissant-like shape and other RBC shapes that emerge at v > 5mm.s™! and |y/W| = 0
for L4. Without the addition of diamide, the y-position distributions for fresh RBCs show the
characteristic central or off-centered peaks at low or high velocities, respectively (OmM in Fig-
ure 4.7.B). However, increasing the diamide concentration dramatically affects the equilibrium
RBC position across the channel width. At a concentration of 0.5mM, we find a large num-
ber of cells that flow closer to the channel center, as evidenced by the emerging peak around
ly/W| = 0 at high velocities.
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Figure 4.7: Probability density distributions of the absolute values of the RBC y-position normalized by the
channel width |y/W|. Data are shown for five velocities for (A) the different density layers (L1-L4) and (B)
diamide concentrations based on the data treated in Figure 4.4.
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Simultaneously, the off-centered slipper peak is still visible, similar to the observations for
L4. This effect qualitatively persists as the diamide concentration is further increased. At
diamide concentrations above 0.5mM, more cells flow between the channel’s centerline and the
off-centered position of the slipper peak, in accordance with the occurrence of other shapes

beyond the stable croissants and slippers.

4.3.3 Fraction of Stable RBC Shapes

The changes in the RBC density and membrane rigidity affect the emergence of stable RBC
shapes. Here, we define a stable shape when it does not rotate, tumble, or exhibit any other
dynamic that significantly changes the cell’s y-position or shape within the field of view of
approximately 300 wm along the flow direction. Note that the field of view is 20 mm downstream
of the channel entry, which is long enough for any transient effects of the inlet to decay and

75,181 In our study, the

achieve a stable shape configuration for all applied pressure drops!
fraction of stable shapes decreases with the increasing RBC age for the density-fractioned cells
(Figure 4.8.A). While nearly all cells have the same shape in the field of view of L1, only 63%
of the RBCs in L4 exhibit a stable shape. This decrease is in line with the increasing number
of other shapes in the phase diagrams as the cells age (see Figure 4.4.A). In the absence
of diamide, roughly 90% of fresh RBCs exhibit stable shapes (Figure 4.8.B), similar to the
average value between L2 and L3. This fraction continuously decreases with the increasing

diamide concentration, reaching 30% for cells treated with 2mM diamide.
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Figure 4.8: Fractions of RBCs that show time-evolution of their shapes (i.e. rotation or tumbling...) within
the field of view during capillary flow: A- Fraction of unstable RBC extracted from the different density layers
(L1-L4) and B- as a function of the diamide concentration. The classifications were performed on an average
of the same amount of data declared on the caption Figure 4.4.

4.4 Discussion

In this work, we study the effect of the RBC age and artificially induced membrane rigidity on
the RBC shape in the flow setting, based on microfluidic experiments carried out on blood trip-

licates. We observe significant alterations in the RBC capillary flow behavior, specifically the
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stable RBC shapes, their equilibrium positions, and the fraction of stable shapes, as functions
of both the RBC age and the different diamide concentrations. Foremost, the formation of
slipper-like cells is continuously suppressed with the increasing age or diamide amount. More-
over, croissant-like RBC shapes start to emerge at higher velocities in this case. However,
while the pronounced croissant peak corresponding to low velocities increases for old cells, it
flattens down with the increasing diamide concentration. While we also observe changes in the
deformability index and the projection area of the RBCs during the capillary flow, the shape
phase diagram was recently shown to allow for a more precise evaluation of changes in RBC
properties compared to such geometric parameters'””). Note that L2 comprises the largest frac-
tion of whole blood (see Figure 4.2.B), with L3 being the second largest. Hence, the results of
the control measurements without diamide (OmM) resemble the results of L2 and L3 regarding
the phase diagram, the y-position distributions, the deformability index, the RBC projection
area, and the fraction of stable shapes. This finding highlights the inter-cellular heterogeneity
of fresh RBCs regarding their deformability. Characterizing sub-populations and individual
cells has received increasing attention since such methods complement traditional hematologi-
cal tests that rely on the average and mean values of RBC properties?'’l. In general, the RBC
shape in the microcapillary flow is primarily influenced by the intrinsic cell properties under
otherwise fixed external conditions, i.e., velocity, channel geometry, confinement, and rheolog-
ical properties of the surrounding fluid. The two main intrinsic parameters that were shown
to influence the RBC dynamics in previous experimental and numerical studies are the cytosol
and the properties of the plasma membrane. As the RBC ages, the viscosity of the cytosol
increases, which was already suggested to suppress cell deformation, in generall95:200:211,212]
Consequently, the viscosity contrastAbetween the viscosity of the cytosol and the surrounding
fluid has been extensively studied, primarily using numerical simulation, which allows for a
straightforward adjustment of A. Although many studies use A = 1, it was shown that the
viscosity contrast critically affects the flow of single vesicles and RBCs in the linear shear and

w [82:119,182,189,215-219] * Tny microfluidic experiments, the viscosity of the cytosol can-

Poiseuille flo
not be determined and changed straightforwardly. Nevertheless, the viscosity contrast can be
tuned by changing the outer viscosity by using dextran solutions. Recent experiments in rect-
angular microchannels with a diameter similar to the RBC size demonstrated that decreasing
the viscosity contrastAresults in the emergence of slipper-like RBCs at lower cell velocities!™.
This is in qualitative agreement with our observations that with a decreasing RBC density,
hence, decreasing A, slippers are the predominant shape (see Figure 4.4.A). AsAincreases with
increasing age, the fraction of highly deformed, asymmetric, slipper-like RBCs decreases. Si-
multaneously, the occurrence of centered symmetric croissants appears to be enhanced by a
higher inner viscosity, as indicated by the strong peak for L.4. Nevertheless, not only do the

properties of the cytosol change as the RBC ages, but also the properties of the cell mem-
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brane, including the elastic shear modulus and membrane viscosity!'?*). For healthy RBCs, the
cell membrane exhibits viscoelastic properties and deforms at a constant surface area during
the flow. In numerical simulations, the RBC membrane and the mechanical properties of the
spectrin cytoskeleton are, therefore, often modeled as a two-dimensional elastic membrane with
resistance to shear and area dilation, as well as resistance to bending[??* 2?2, which allows cap-

[81,164,182,189,215,223-225] " Tg effect of an artificial increase

turing dynamic and steady RBC shapes
in the shear modulus of the RBC membrane is clearly visible in our microfluidic experiments
(see Figure 4.4.B). Early micropipette aspiration experiments already highlighted that the de-
formation of RBCs depends on the viscous and elastic properties of the cell membrane*%%.
These concepts were integrated into numerical simulations, which recently showed that the mi-
crocapillary RBC dynamics are crucially affected by the characteristics of the cell membrane,
whether it is modeled as purely elastic or viscoelastic®>*%>?" Giirbiiz et al.[*l found that
the RBC shapes with membrane viscoelasticity resemble the experimentally observed shapes
during the start-up in a 10pm capillary"*®. Although both approaches with and without the
incorporation of a membrane viscosity result in the formation of centered symmetric cell shapes,
the shape transition time and the exact RBC deformation patterns are significantly influenced

5 the resulting

by increasing the membrane viscoelasticity. Based on the data of Giirbiiz et al. |
stable cell shapes with increased membrane viscoelasticity would be classified as others in our
work. Thus, we hypothesize that increasing the viscoelastic properties of the RBC membrane
results in the suppression of highly deformed slipper cells at high velocities in combination
with the emergence of other non-stable cells, in accordance with the observations of L4 and
an increasing diamide concentration (see Figure 4.4). Based on the assumption that with the
increasing RBC age, the membrane rigidity increases, we note that the phase diagram of 1.4
resembles the one of a diamide concentration of 0.5mM. However, while increasing the amount
of diamide further suppresses slipper-like cells, it also decreases the number of croissants at
low velocities. This indicates that the microcapillary flow behavior of older RBCs is indeed

governed by both an increase in the membrane rigidity and an increase in the cytosol viscosity.

4.5 Conclusion

To conclude, our results demonstrate the sensitivity of the RBC shape on their age-induced
intrinsic properties, highlighting the importance of considering the heterogeneity of cell popula-
tions in microfluidic deformability assessments or diagnostic applications. Moreover, regarding
the investigations on in vivo aged cells, we show that the artificial rigidification of the mem-
brane with a low diamide concentration (0.5mM) resembles the microcapillary flow behavior of
the oldest RBC fraction the most. In vivo, the entire situation is more complex, because, in ad-
dition to the RBC properties, the conditions in the microcapillaries are less well-defined. This

starts with the geometry of the vessels, which are different from the microfluidic channels, and
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even diameters may be subject to temporal alterations due to vasodilation and vasoconstric-
tion. This continues with a varying flow speed due to a changing pulse rate and blood pressure.
Finally, the physiological and pathological variations of the blood plasma composition alter the
biophysical effects (A) as well as the biochemical effects on RBC flow properties!™. Therefore,
our study presents an initial methodological in vitro framework for future experimental and
numerical investigations of how alterations in RBC properties influence their shape in capillary
flow at the single-cell level. This research is highly relevant for the accurate simulations of
RBCs and the in silico modeling of blood flow.
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Abstract

The deformability of red blood cells (RBCs) is a crucial physical property that profoundly
influences their flow behavior within the circulatory system. Numerous methodologies have
been employed in prior studies to characterize this property, considering various concepts such
as stiffness, deformation, and elongation under differing flow conditions experienced by RBCs.
Our investigation focuses on a specific flow process involving compression, where RBCs tra-
verse a highly confined channel width, followed by expansion through a wider channel width.
To quantitatively assess the deformation experienced by RBCs in both channel widths and
the magnitude of deformation acquired during this process, we characterize this using the de-
formation index (DI). This chapter discusses how various parameters, including density and
membrane rigidity, influence the evolution of the DI in our setup. Our study aims to elu-
cidate how alterations in RBC deformability impact both blood flow dynamics and broader

physiological phenomena.

Keywords: Red blood cell deformability, compression-expansion flow, deformation index,

density, membrane rigidity, blood flow dynamics

5.1 Introduction

The shape of red blood cells (RBCs) is crucial to their function within the bloodstream. De-
formability, a fundamental rheological property of RBCs, depends on several parameters (see
Table II1.1), each of which may or may not be examined individually depending on the chosen
measurement methodology. The physical deformation of RBCs is a reversible process within
certain limits (remaining in the Young’s modulus range: (~ 2 — 8 kPa)[*?%??] and once the ap-
plied force is removed, the cell returns to its relaxed state. However, excessive mechanical stress

s[30-232] "When RBCs encounter confinement within microcapillaries or nar-

can damage RBC
row blood vessels, specific mechanical forces such as shear stress and local tubular hematocrit
come into play, affecting their shape and behavior. Confinement can cause RBCs to compress,
deform, or stretch, temporarily changing their morphology. Compression occurs when RBCs
pass through narrow spaces, causing them to elongate and deform to fit the diameter of the

79,233-235] " Deformation refers to changes in the shape of RBCs due to external pressure,

236,237)

vessel [!

Stretching involves the expan-
[238-241]

which can lead to temporary changes in morphology!
sion of RBCs upon exposure to wider areas after passing through narrow passages . In

vivo observations have demonstrated these effects on RBCs as they traverse microcapillaries.
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Studies using in vivo microscopic imaging techniques have provided insights into how RBCs
deform and adapt their shape to navigate through complex vascular networks!®?*»?43] These
observations highlight the flexibility and adaptability of RBCs in response to changing envi-
ronmental conditions such as confinement, shear stress, and local tubular hematocrit within
the bloodstream, explaining their effects on RBC morphology and behavior. In addition, the
altered shape of RBCs enhances the surface-to-volume ratio[??*2*-2%] which improves the ex-
change of oxygen and nutrients with surrounding tissues. This dynamic interplay between RBC
deformation, blood flow, and nutrient exchange is essential for maintaining tissue viability and

overall physiological function.

Table 5.4: Rheological properties of normal adult RBC. There is an ~ 40% excess surface area over that required
to enclose the cell volume in a sphere. The relation for a whole circulating RBC population fits to the regression

= aV + Sy, where a = 1.1 um?/fl and Sy = 26.8 um?; the mean S/V = 1.37 um?/fL. The lower column
describes the measurement methods. Originally published in Gifford et.al**! reproduced here with permission.

Cell volume V (fL) Surface area (um?)  Membrane viscosity (WN.m~1.s)  Time shape recovery
~ 80 — 100 ~ 110 — 140 0.6-2.7 0.12
Automated cell counter Parallel microchannel Micropipette aspiration Micropipette aspiration

As RBCs age within the microvascular system, they undergo various changes that affect
their density and volume. One notable phenomenon is a gradual decrease in cell volume and an

el247.248] "hut also. This development can be attributed to several

increase in density as RBCs ag
factors, including loss of water content, changes in membrane composition, and accumulation

of metabolites.

Over time, due to the absence of protein synthesis, the activity of enzymes—particularly
those involved in the neutralization of oxidants—gradually declines. As a result, oxidative
damage affects various components within RBCs, including hemoglobin, cytoskeletal proteins,
and membrane lipids, leading to increased cell membrane rigidity. Dysfunction of ion pumps
results in loss of potassium and water, resulting in increased hemoglobin concentration and sub-

[249-252]

sequent increased cytoplasmic viscosity The complexity of the erythrocyte aging process

appears to lie in both the transformation of the cell itself and its progressively decreasing ability
to undergo reversible deformation, which results from these cellular transformations 200273259,
Various environmental factors can affect the mechanical properties of the erythrocyte mem-
brane, leading to stiffness and rigidity. Exposure to oxidative stress, inflammation, or patho-
logical conditions can lead to the formation of oxidation products and membrane damage,
making the membrane stiffer and less elastic!*°°?°%l. Furthermore, changes in membrane lipid
composition, such as increased cholesterol levels or decreased phospholipid content, can con-

3 . =0 9c
tribute to membrane stiffness*%2%

I. Red blood cell membrane stiffness can impede the cell’s
ability to deform and move through narrow capillaries!'*!l resulting in altered blood flow and

decreased oxygen delivery to tissues. In addition, stiff RBCs are more susceptible to lysis and
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clearance by the reticuloendothelial system, further compromising their functional integrity in

261,262 Digeases called membraneopathies and hemoglobinopathies complexly

the bloodstream
reshape the rheological properties of RBCs, disrupting fluid dynamics within macrovascular
and microvascular systems. These changes in RBC properties can lead to diverse clinical
manifestations, including anemia, organ ischemia, and hypertension['%:74239:263-267 T complex
diseases such as diabetes or obesity, changes in RBC deformability often appear as important

consequences of the underlying pathological mechanisms %270,
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Figure 5.1: Red blood cells flowing through a microchannel with (A) a smooth and (B) a sudden (or abrupt)
contraction *7!I: Tndividual RBC deformation index (DI) flowing through (C) smooth and (D) sudden contrac-
tion microchannel for the same flow rate. Adapted from Lanotte et.all™].

In the opening chapter of our investigation, we explored the flow behavior of RBCs at the
microscopic level through experimental characterization. This research work aims to clarify
the consistent patterns observed in RBC shapes and to identify the complex array of RBC
morphologies encountered within different confined microchannels. By carefully evaluating the
morphologies of RBCs in microcapillary flow settings, our results emphasize the paramount
importance of tightly confined channels, especially those with a height of less than 10 um
and a dimensionless confinement coefficient (x) of approximately 0.9, along with a rectangular
cross-section!"®11%2 Within such confined environments, observations revealed distinct mor-

phological features, notably the appearance of distinct croissant-shaped peaks at low velocities
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and slipper-shaped plateaus at high velocities[7* 75131132

In this chapter, our focus will be on exploring the unique ability of RBCs to undergo defor-
mation within a confined double-width channel. We will quantify the compression and dilation
processes that occur when RBCs move through such channels, elucidating the mechanisms
underlying this phenomenon. In addition, we will examine the dynamic response of RBCs to
sudden changes in confining conditions caused by fluctuations in the geometry of the vessel
within the channel environment. The focus of our investigation is the deformation index (DI),
a quantitative measure that enables us to assess the extent of compression or dilation to which
RBCs are subjected by confinement. Through careful analysis, we aim to unravel the com-
plex interplay between channel geometry, applied pressure, and RBC deformability, shedding
light on the fundamental mechanism governing the cells’ response to mechanical forces. Fur-
thermore, our inquiry extends to explore the influence of RBC age and membrane stiffness
on the magnitude, rate, and duration of observed deformation. By dissecting these factors,
we seek to elucidate how changes in cell properties influence RBC deformability within con-
fining environments. Through comprehensive experiments and analyses, we strive to deepen
our understanding of the dynamic interplay between cell aging, membrane properties, and de-
formation dynamics, providing valuable insights into the physiological adaptations of RBCs to
microenvironmental cues. Investigating deformability is a fundamental means of understanding
the complex interplay between the biological aspects of RBCs, their mechanical properties, and
the physical forces they encounter. The main goal is to establish an experimental relationship
between the applied stress (force) and the resulting cell stress (compression or stretch), mea-
sured in terms of deformation. To achieve this goal, a deformability measurement technique

must meet two fundamental criteria:

e It must represent a quantifiable and well-defined factor capable of inducing a change in

cell shape (which is DI in our case).

e The extent of deformation must be measurable either directly or indirectly (treating the
data images of the cell flowing through the channel), with a high degree of sensitivity and
reproducibility.

In conclusion, this chapter serves as a comprehensive exploration of the multifaceted nature
of RBC deformation within confined channels, including the underlying mechanisms driving

deformation and the modulatory effects of cell aging and membrane stiffness.
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5.2 Materials and Methods

5.2.1 Blood Collection and Samples Preparation

Blood samples were meticulously collected from three healthy male volunteers, aged between
28 and 31 years, with full informed consent, into EDTA-containing tubes. Following collec-
tion, the samples underwent a centrifugation process at 3000 x g for a duration of 5 minutes
to effectively separate RBCs from plasma and other biological components. The sedimented
RBCs were then subjected to a rigorous washing procedure involving three cycles with the PBS
solution (see 2.1.1) to ensure the purity and integrity of the cellular samples for subsequent
analyses (see Figure 2.1). All experimental procedures, encompassing blood withdrawal, sample
preparation, and microfluidic experiments, strictly adhered to the ethical guidelines outlined in
the Declaration of Helsinki and received approval from the ethics committee of the “Arztekam-
mer des Saarlandes” (permission number 51/18). To delve into the age-based fractionation of
RBCs, a meticulous Percoll density gradient centrifugation method, as detailed by Ermolinskiy
et al.['"" was employed (see Figure 2.2 for full protocol). The process involved layering two
milliliters of washed RBCs with a hematocrit concentration of 50% in PBS (p = 1.025g/mL)
atop five distinct layers of Percoll gradients with varying densities. Post-centrifugation, the
extraction of four distinct layers (L1-1.4) was executed with precision to prevent any cross-
contamination, followed by a thorough washing of the fractionated RBCs with PBS. Concern-
ing the artificial membrane rigidification, freshly washed RBCs underwent a treatment regimen
with diamide (Sigma-Aldrich, Taufkirchen, Germany) at concentrations ranging from 0 mM to
2 mM (described in Figure 2.3), with diamide serving as a catalyst for cross-linking between
spectrin proteins. Subsequently, samples representing RBCs sourced from whole blood (WB),
age-separated (AS), and rigid categories were meticulously prepared with a hematocrit con-
centration of 1% in a PBS solution supplemented with 1 g/L bovine serum albumin (BSA,
Sigma-Aldrich, Taufkirchen, Germany). The viscosity of resulting PBS/BSA solutions at 20°C
mirrored that of human blood plasma, approximating 1.2 mPa.s. The meticulous averaging of
data across the three donors, coupled with the absence of significant inter-individual variations,

ensured the reliability and robustness of the results obtained.

5.2.2 Microfluidic Setup

In the investigation of RBC shape dynamics within flow conditions, rectangular microfluidic
channels with precise double widths of W, = 7.8 £0.2 pym and W, = 15.8 0.2 pm were metic-
ulously employed (refer to Figure 2.6.B and Figure 5.2.A). The channel height was consistently
maintained at H = 5.2 + 0.2 um, with a total length of [ = 27 mm, strategically divided into 2
x 9 mm segments for W, on the right and left sides, along with a central 9 mm segment for W..

The fabrication process of the microfluidic device involved the utilization of polydimethylsilox-
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ane (PDMS, RTV 615A /B, Momentive Performance Materials, Waterford, NY, USA) through
standard soft lithography techniques, followed by precise bonding to a glass slide using a plasma
cleaner (PDC32G, Harrick Plasma, Ithaca, NY, USA).

A y blood flow

>

W, = 16pm

€ >
L=95 um

Figure 5.2: Tllustration of the double width channel W, = 8um and W, = 16 um used to process the
compression-expansion of a single RBC: A- Set of double width channels with same height H = 5 um and
length [ = 27 mm, divided into 2 x 9 mm segments for W, on the right and left sides, along with a central 9 mm
segment for W.. B- Field of view (=~ 95 x 12 um?) where the process of compression-expansion occurs.

The seamless connection of the inlet and outlet of the microfluidic chips with rigid medical-
grade polyethylene tubing (featuring an inner diameter of 0.86 mm, Scientific Commodities,
Lake Havasu City, AZ, USA) ensured optimal fluid flow to and from the sample and waste
containers, respectively. The microfluidic chip was meticulously mounted on an inverted mi-
croscope (Eclipse TE2000-S, Nikon, Melville, NY, USA) equipped with advanced LED illumi-
nation (SOLIS-415C, Thorlabs Inc., Newton, NJ, USA). Utilizing a USB camera and a 20x
air objective, the RBC flow was precisely imaged at the strategic position of 2L/3, precisely
capturing the transition from the channel width W, to W, (as depicted in Figure 2.6.B.ii and
Figure 5.2.B). The utilization of a high-precision pressure device (OB1-MK3, Elveflow, Paris,
France) enabled the application of consistent pressure drops ranging from p = 70 to 200 mbar,
ensuring controlled experimental conditions. Image sequences capturing the passage of each
RBC through the field of view were recorded at a high frame rate of up to 400 frames per sec-
ond, with a sophisticated tracking program managing the recording process. All microfluidic
experiments were meticulously conducted at a controlled temperature of 22 °C, ensuring the
reliability and reproducibility of the experimental outcomes. The determination of essential
parameters such as the center of mass and other key characteristics of each cell in the projec-
tion plane was facilitated by a custom MATLAB algorithm (version 9.14.0.2206163 (R2023a),
The MathWorks, Natick, MA, USA). Individual cell velocities were precisely tracked across the
image sequence within the field of view, providing valuable insights into the dynamic behavior

of RBCs in the microfluidic environment.
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5.2.3 Deformation Coefficient

In micro-confined settings, the shape of RBCs is intricately intertwined with the flow rate
within the channel, showcasing a critical dependency on the environmental conditions. The
calculation of the deformability index (DI) of RBCs during the compression-expansion flow
process serves as a fundamental metric for evaluating alterations in cell deformability, providing
crucial insights into the dynamic behavior of cells under varying flow conditions. The DI, as
defined by Equation (5.2), with parameters a and b representing the major and minor axes of
the RBC shape during flow, offers a quantitative measure within the range of -1 to 1, enabling
a comprehensive assessment of the cell’s response to compression and expansion forces exerted

by the microfluidic environment.

a—>b
a+b
As RBCs navigate through highly confined channels, the DI assumes positive values, indica-

DI = (5.2)

tive of the cell’s elongation in response to the compression imposed by the channel boundaries.
This elongation phenomenon, characterized by a decrease in the minor axis (b) and an increase
in the major axis (a), underscores the adaptive nature of RBCs in aligning with the direction
of flow. Conversely, negative DI values signify expansion resulting from reduced confined ar-
eas, accompanied by sudden changes in cell acceleration and alterations in the cross-sectional

profile.

5.2.4 Fit Model

The sigmoid function, a fundamental mathematical tool, serves to map its input to a value
within the range of 0 to 1, showcasing its versatility and widespread application in fields such as
machine learning, statistics, and neural networks. Its adaptability and unique properties make
it a valuable asset in diverse applications, offering a robust framework for modeling complex
systems. The customized sigmoid function f(t) tailored for our specific context is delineated
in Equation (5.3), where A represents the asymptotic value of f(t) as t approaches negative
infinity, B denotes the gap-value integrated across the entire time domain, and T signifies
the characteristic time governing the transition between the function’s asymptotes (from A to

A — B), thereby influencing the temporal dynamics of the system described by f(#).

1

f(t) =A-B t (53)
14+e7)
The derivation of the formula (%gt)), representing the partial time derivative of f(t) as

illustrated in Equation (5.4), sheds light on the intricate transitions from a concave downward
to a concave upward trajectory within the function. This analytical approach enables a deeper

understanding of the function’s behavior and dynamics, elucidating critical inflection points and
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rate changes. Notably, the determination of the maximum value at the inflection point (i.e.,
the slope of f(t)) occurring at ¢ = 0 yields a resultant value of — £, signifying the sharpest rate
of change within the function. This value is intricately linked to the time constant T, dictating
the steepness and curvature of the curve, thereby influencing the overall shape and behavior of
the sigmoid function.

af(t) Be™w

o t(l4er) 54)

5.3 Results

5.3.1 Deformation Illustration

In our investigation conducted through a double-width channel with W, = 8 um and W, =
16 pm, the behavior of a single RBC extracted from whole untreated blood (WB) under a
pressure of p=70mbar was observed (see Figure 5.3.A). It was noted that the cell retained its
original shape both prior to and subsequent to passing through the exit situated between W,

and W, where deformation was observed.

* Q m
—=2pm
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Figure 5.3: Single RBC extracted from whole blood flowing through the compression-expansion channel under
the pressure drop of 70 mbar: A- Snapshots of the single RBC at different time steps to show the evolution of its
shape during the compression-expansion process. B- Time evolution of DI shows the change from compressed
(a>b) to negative values (a<b). The stage areas where the cell maintains its shape (greenish area for compression
at the channel width ~ 8 um and blueish area for expansion at ~ 16 um), while the transition area is represented
in the reddish stage.

[lustrated in Figure 5.3.B, the entire temporal progression of the deformation index DI(t)
unfolds across three distinct stages: Initially, at the channel width W1, (referred to as the
green stage), the cell experiences compression owing to the constraints imposed by the channel.
Here, the horizontal dimension (a, described as the length of the RBC along x-axis) surpasses
the vertical length (b, described as the length of the RBC along y-axis), resulting in a high
deformation index (DI) during this phase. As the cell approaches the exit region (termed the
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red stage), signs of deformation become evident, characterized by an expansion denoted by a
reduction in ’a’ and an increase in ’b’. Over time, this deformation progresses to attain a lower
value, which persists within the width W, (termed the blue stage). The overarching findings
of the experiment underscore that RBCs sourced from WB maintain their structural integrity
before and after traversing the exit between W, and W,. This substantiates the notion that
deformation solely arises from the compression-expansion dynamics, with no intrinsic alteration

in cell morphology occurring.

5.3.2 Deformation Distributions

The key focus of our investigation was the deformation index, referred to as DI(t), which played
a crucial role in characterizing how RBCs behave within the double width channel. We found
a consistent pattern in the morphological characteristics displayed by RBCs across different
channel widths, sparking our interest in analysing the deformation index as a step function
with distinct values, DIg and Dlyg, corresponding to specific channel widths, W. and W.. To
enhance our understanding of RBC deformability, we introduced a new metric, ADI, to quantify
the difference between DIg and DIyg. This innovative approach allowed us to quantitatively
evaluate the extent of RBC deformation as they moved through channels of varying widths,

providing valuable insights into the mechanisms influencing RBC behavior in microchannels.

\ 75500
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Figure 5.4: Distributions of the deformation index (DI) values following the pressure at both compression-
expansion stages within the channel widths presented in Figure 5.3: Probability density functions (PDFs) of
the median values of DI(t) of RBCs that compress (A) while flowing through the channel width ~ 8 um then
expand (B) through the channel width a~ 16 um at each pressure drop. ADI presents the individual difference
between median DI values at both stages (see Figure 5.3.B). PDFs (C) shows no effect of pressure drop on the
amount of RBC deformation. All median (dash-lines) distribution values are presented at the top of each PDF.

Our analysis, involving a significant sample size of 1363 individual RBCs, provided valuable
insights into the probabilistic distribution of DIg, DIy, and ADI. Visualized in Figure 5.5, these
distributions revealed intriguing patterns, shedding light on the complex relationship between
RBC behavior and channel geometry. When subjecting RBCs to different pressure conditions
within the channel, interesting observations emerged. In the narrower channel section W,,
RBCs experienced significant compression, as indicated by Dlg values ranging from 0 to 0.22 (see

Figure 5.5.A). Conversely, as RBCs moved into the wider channel region W, the median values
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of DIy showed a noticeable decrease, highlighting the impact of confinement-induced expansion
forces. This shift was evident in DIy values ranging from -0.12 to 0.16 (see Figure 5.5.B),
emphasizing the interplay between channel width and RBC deformability. Additionally, our
investigation examined the distribution of deformation differentials, ADI, revealing a diverse
range of values from 0.02 to 0.18 (see Figure 5.5.C). These variations underscored the complex
response of RBCs to changes in pressure gradients within the channel environment, providing

further insights into the behavior of these vital blood components.

5.3.3 Effect of Age and Rigidity on Deformability

The variation in the age of RBCs from whole untreated blood (WB) spans a wide range, sig-
nificantly impacting the overall results observed in the preceding section. To delve deeper into
this phenomenon, our next investigation focuses on segregating RBCs into layers of varying
densities to explore the influence of aging on their properties. Additionally, we delve into ex-
amining how different degrees of membrane rigidity in RBCs from WB affect their deformation
within the double-width channel.

Figure 5.5: Effect of age (top) and membrane rigidity (bottom) on DI distributions of RBCs extracted from
each density separation layers (see Figure 4.3) and from the diamide solutions (see Figure 2.3) at p = 70 mbar:
Distributions as probability density functions (PDF) of the deformation index (DI) within channel widths
~ 8um (A-B), = 16 um (C-D) and the individual amount of deformation (E-F) between the compression-
expansion process throught the exit (ADI); = (DIg);—(DIyg);. The pink PDFs present the DI values of RBC
collected from whole blood (see Figure 5.4). The dashed lines presents the median values of each PDF.

Upon analyzing the RBCs from WB, it was noted that the application of pressure drop
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had minimal effects on the probability density functions (pdfs) and mean values of Dlg, DIy,
or ADI. To gain further insights, we decided to analyze the data based on age and rigidity,
particularly focusing on comparing the pdfs at a pressure of p = 70 mbar. This pressure setting
allowed for the collection of a substantial amount of data as the RBCs flowed slowly, providing
a more detailed analysis. The results from the density-separated RBCs revealed an interesting
trend, with a more rapid decrease in DIg compared to DIy as the age of the RBCs increased
(e.g., L1-L4 layers). This differential rate of decrease directly impacted ADI, indicating that
the deformability of RBCs is intricately linked to their age. On the other hand, as the rigidity
of RBCs increased, they exhibited a tendency to become stiffer, leading to compression (e.g.,

DIg and DIy shifting closer to zero and negative values, respectively, compared to WB).
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Figure 5.6: Comparison between deformation of RBCs extracted from whole blood (WB), density separation
(A) and membrane rigidification (B). Based on the median values of DI distributions in Figure 5.5) but for the
complete range of pressure drop, their evolution at (top) channel width of ~ 8 um and at (middle) channel width
of &~ 16 um as a function of the pressure .In addition, (bottom) the individual change on the deformation ADI.
The total number of RBCs treated is about: 1363 for WB. 880, 1078, 1045 and 1011 for L1—L4 respectivel.
1130, 1120, 787 and 1344 for 0 — 2 mM respectively.

The pdfs of both DIg and DIy4 decreased at a faster rate with increasing rigidity, while the
range of values for ADI decreased, signifying a shift towards more constrained deformations
(e.g., maximum pdf values decreasing with rigidity). Notably, the results from the 1.2 and OmM
layers aligned with the findings from WB. The rigidity of young, fresh RBCs (L1) is relatively

low, allowing for easy compression within confined channels. However, as RBCs age, they pro-
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gressively lose flexibility, resulting in reduced deformation capabilities. The membrane stiffness
or rigidity of RBCs plays a crucial role in altering the overall deformation characteristics of
the cell, highlighting the intricate relationship between cell properties and deformability. With
the intention of to facilitate a comprehensive and insightful comparison of the deformation
characteristics exhibited by WB, age-separated, and RBCs with varying levels of membrane
rigidity, Figure 5.6 meticulously presents the median values of DIg, DIy, and ADI across a
diverse range of pressures spanning from 70 to 200 mbar. These results, also elegantly depicted
as dashed lines in Figure 5.5 specifically for a pressure of p = 70 mbar, offer a profound glimpse
into the intricate behavior of RBCs under varying pressure conditions. The detailed analysis
unravels a compelling trend wherein the compression level of DIg showcases a notable increase
in response to the applied pressure (see top Figure 5.6.A) for density-separated RBCs. No-
tably, RBCs originating from the L1 layer emerge as the most highly compressed cells within
the W region, exhibiting a range of compression values from 0.13 to 0.2. This compression
gradient gradually diminishes with the aging of the cells, culminating in the L4 layer displaying
the narrowest range of DIg values, oscillating between 0.05 and 0.12. It is worth highlighting
the remarkable alignment observed between the results from the L2 layer and those derived
from WB, underscoring the significance of these findings. As these density-separated RBCs
progress through the channel, a discernible decrease in compressibility is observed at the W,
region (see middle Figure 5.6.A), mirroring the trends observed within the WB samples. In
stark contrast, the deformation characteristics of age-separated RBCs, as encapsulated by ADI,
appear to exhibit a remarkable independence from the pressure variations exerted on the chan-
nel (see bottom Figure 5.6.A). The median values of ADI exhibit a consistent decrease across
the L1-L4 layers, underscoring the nuanced relationship between RBC age and deformability.
Conversely, the results pertaining to rigid RBCs shed light on a distinct pattern, showcasing a
consistent increase in compression levels with the applied pressure for density-separated cells.
Notably, RBCs subjected to rigidification at 0mM of diamide demonstrate the highest levels of
compression within the W, region (see top Figure 5.6.B), ranging from 0.09 to 0.16, aligning
seamlessly with the trends observed in the WB samples. As the membrane rigidity intensi-
fies, the compression levels gradually decrease, culminating in a minimal range of DIg values
for RBCs rigidified at 2 mM of diamide. Furthermore, as the rigid RBCs traverse through
the channel, a notable reduction in compressibility is observed at the W, region (see middle
Figure 5.6.B), with compression values reaching negative ranges at higher levels of rigidifica-
tion. This distinctive behavior of rigid RBCs, characterized by maintaining compression in the
direction of confinement before undergoing deformation at the exit, underscores the intricate
interplay between membrane rigidity and deformability. The deformation levels of rigid RBCs,
as encapsulated by ADI, exhibit a clear relationship with pressure (see bottom Figure 5.6.B),

showcasing a linear increase for lower diamide densities and an exponential increase for higher
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densities. The results presented encapsulate the profound impact of membrane rigidity in con-
junction with cell density on the deformability of RBCs during a compression-expansion process.
Young RBCs exhibit a remarkable flexibility that enables them to deform effortlessly through
narrow channels. However, as these cells age, they gradually lose this inherent flexibility and
transition towards a stiffer state. Moreover, the rigidity of the RBC membrane from WB plays
a pivotal role in facilitating the smooth flow of cells through narrow channels. Nevertheless,
this fluidity is compromised with an increase in rigidity, leading to a scenario where the cell

undergoes compression in a direction opposite to that of the confinement.

5.3.4 Deformation Rate and Deformation Time

A comprehensive and detailed investigation was meticulously conducted near the exit within
the double-width channel, focusing on the intricate compression-expansion process to precisely
measure the deformation rate (DR) of RBCs as they traverse through.

The primary aim of this study was to unveil the nuanced alterations in both age (L1-L4) and
membrane rigidity (OmM-2mM diamide concentrations), not only in terms of the deformation
amount (ADI) as discussed in the preceding section but also in the characteristic rate DR and
the duration of deformation (tg). This temporal aspect, defined as the time the cell spends
undergoing deformation in close proximity to the exit, provides crucial insights into the dynamic

behavior of RBCs under varying conditions.
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Figure 5.7: Analysis and results of the deformation speed (DR) defined as the slope of the deformation index
DI(t) in time at the exit, noted DI/ 8t| o and the deformation time (tg) of RBCs under diverse conditions:
The top row showcases the evolution of DR at the exit of the double-width channel. The bottom row depicted
the deformation time characteristic Tr at each pressure drop across WB (pink data points), density-separated
(A) and rigid (B) RBCs.

To achieve a comprehensive understanding of the deformation dynamics, a specialized func-

tion was employed (see Equation (5.3)) to fit the curve data DI(t) collected near the exit,
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capturing the critical moments before and after t=0, which signifies the instant when the cell
reaches the exit. The utilization of the sigmoid function f(¢) emerged as the most suitable
model, where f(t — —o0) =Dlg, f(t — +00) =DIjg and B = ADI, showcasing a remark-
able fit with R? values approaching unity post-analysis. This sophisticated model enabled the
extraction of essential parameters such as DR = —ADI/41 deformation time Tg, and various
deformation values including DIg, DI;g, and ADI. The subsequent analysis and treatment of the
data yielded a wealth of valuable results, meticulously illustrated in Figure 5.7 for each category
of RBCs, encompassing WB, age separation, and rigid classifications. Noteworthy observations
from the analysis revealed a compelling trend where DIg consistently exceeded DIyg for the
majority of RBCs, leading to a negative evolution of the deformation rate at the exit, ranging
from -10 to -50, as depicted in the top row of Figure 5.7. In contrast, the deformation time Tg
exhibited fluctuations within a range of 0-2 milliseconds, as elegantly portrayed in the bottom
row of Figure 5.7. Delving deeper into the results from age-separated RBCs (Figure 5.7.A),
a distinct pattern emerged where the absolute value of DR showcased a discernible decrease
with increasing pressure, with this rate of decrease further diminishing as the cell aged. For
instance, younger RBCs in the L1 category displayed a decrease from -9 to -23, while older
L4 cells exhibited a more pronounced decrease from -16 to -48, maintaining a consistent trend
akin to the WB-extracted cells as observed in L2. Similarly, the results obtained from rigidified
RBCs (Figure 5.7.B) unveiled a parallel decrease in the absolute value of DR with increasing
pressure, albeit with varying rates of decrease ranging from 0 at 70mbar to 15 at 200mbar,
exemplified by the decrease from -10 to -40 for 0.5mM rigidification. Furthermore, the defor-
mation time Tg for all categories of RBCs remained relatively stable at each pressure drop,
with a consistent duration of 2ms at 70mbar gradually decreasing to 0.7 ms. The exponential
decrement of tg following pressure variations remained unaffected by either age or membrane
rigidity, underscoring the robustness and reliability of the results obtained. These insightful
findings collectively highlight the intricate relationship between pressure, age, and membrane
rigidity in shaping the deformability and behavior of RBCs within the complex microchannel
environment. The dynamic nature of cellular deformation, as evidenced by the varying rates
of DR and tg, underscores the importance of considering multiple factors in understanding the

mechanical responses of RBCs under different conditions.

5.3.5 Relaxation Effect

Following the exit from a confined space, such as a microcapillary, RBCs undergo a deformation
process triggered by the sudden change in confinement. This compression phase persists until
the cell reaches a specific minimum value of the deformation index (DI), at which point the
cell’s shape rebounds, displaying elastic behavior, and the DI value begins to ascend until it

stabilizes at a fixed plateau value. The Figure 5.8 illustrates the temporal evolution of the
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deformation index (DI) for a single RBC from L1, showcasing the relaxation phenomenon
through red data points conforming to an exponential function, visually represented by the
green line. Simultaneously, the cell maintains its flow while gradually returning to its stable

shape, characterized by a consistent DI value, as indicated by the blue data points.
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Figure 5.8: Relaxation phenomena observed as a reaction to the exapnsion process after RBC exiting the
confined area. The red data points present the DI values along the time of relaxation, which are fitted with
the exponantial function f,, where A is the deformation of the cell at infinite time (approximately reaching the
blue data points with higher positive time), B is relaxation characteristic coefficient of RBC (e.i. the amount of
DI retrieved during the relaxation), and 7 is the relaxation characteristic time. The frames of a RBC extracted
from L2 at p = 70 mbar is showing the shape at each intrvall of the compression-expansion process.

Our research is dedicated to unraveling the intricate evolution of this deformation process
concerning established RBC properties. Despite the exponential nature of shape relaxation over
time, crucial parameters such as the amplitude and duration of relaxation can be discerned and
meticulously analyzed. The relaxation behavior exhibited by RBCs serves as a valuable tool
for both quantitatively and qualitatively assessing the physiological status of the cell. By
extracting characteristic parameters from the fitted data, a comprehensive insight into the
RBC’s condition can be obtained, providing a deeper understanding of its overall state and
functionality.

The observation of the relaxation phenomenon during the compression and expansion pro-
cess varies among cells, with not all cells exhibiting this behavior. The Figure 5.9 provides
insights into the fractions of cells manifesting relaxation phenomena across different ages and
membrane rigidities of RBCs. It is evident from the data that the relaxation phenomenon is
more pronounced in younger cells, with an occurrence rate of approximately 50-55% for L1 and
L2 cells, gradually diminishing to less than 20% as cells age (see the top line in Figure 5.9). In
contrast, rigid cells exhibit minimal relaxation, with occurrences ranging between 2-7%.

The amplitude of relaxation (B) reaches its peak value of 0.031 for RBCs from L1, attributed
to their high deformation rate as illustrated in Figure 5.7. As cell deformability decreases with
age, the amplitude of relaxation (B) also decreases to 0.02 for L.2, 0.015 for L3, and 0.016 for L4.
Conversely, for rigid cells, the amplitude of relaxation (B) fluctuates within the range of 0.02-
0.025 across different diamide concentrations. The higher error bars observed in the membrane

rigidity results are due to the limited statistical efficiency resulting from a low number of cells.
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Figure 5.9: The occupancy and variation of the relaxataion phenomena at low pressure p = 70 mbar for both
effects, age and membrane rigidity of the cell. Top line: The fractions of cells that show the relaxation phenomena
for both effects. Bottom line: The evolutions of the median of B and T, together with their error bars, for the
amount of cells at each layer (left) and each diamide concentration on mM (right).

Another critical aspect of the relaxation phenomenon is the relaxation time (T), where density
separation results indicate that young RBCs from L1 exhibit the shortest relaxation time of
14 ms, which gradually increases with cell age to approximately T = 25 ms for older RBCs
from L4. In contrast, rigid cells do not demonstrate a clear dependency of relaxation time on
membrane rigidity, with T fluctuating between 30 ms for 0.5 mM diamide concentration and 21
ms for 1 mM.

The alignment of results from L2 and 0 mM is noteworthy, as RBCs from both categories
exhibit similar physiological characteristics. L2 represents a denser layer containing the major-
ity of RBCs in blood, while 0 mM denotes RBCs that have been incubated in PBS solution for

30 minutes.

5.4 Discussion

In this study, we investigate the deformability characteristics exhibited by individual RBCs as
they traverse a channel with two different confinement coefficient values. Our analysis focuses
on quantifying the extent of deformation induced by the abrupt alterations in channel dimen-
sions, leading to a compression-expansion phenomenon in the cellular morphology. The degree
of compression experienced by the RBCs correlates positively with the pressure exerted across
161]

the widened channel, mirroring previous observations'®!!, under analogous flow conditions for
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RBCs extracted from whole blood (WB). Notably, the rate of compression relative to velocity
diminishes by half as the cell transitions into the broader channel. Deformability, herein de-
fined as the alteration in deformation throughout this process, is delineated as the disparity
in compression levels between the two channel widths. Subsequent to these distinct phases,
as the cell nears the channel exit, we ascertain two key deformability attributes: firstly, RBCs
sourced from WB exhibit a linear augmentation in deformation rate (DR) commensurate with
escalating shear rates. Secondly, the time required for cell deformation follows a decaying trend
in response to shear rate variations. Moreover, we elucidate the influence of RBC age, dis-
cerned through density-based separation, on deformability dynamics. Under constant pressure
conditions, both compression magnitude and rate diminish with increasing cell age, indicative
of heightened intracellular viscosity ?""! attributable to elevated cell density. Concurrently, DR
demonstrates a linear progression akin to that observed in WB-derived cells, albeit with a declin-
ing slope correlating with cell age. Furthermore, we employ varying concentrations of diamide
to simulate membrane disorders affecting RBC deformability, encompassing conditions such as
diabetes?™!, hereditary membrane anomalies (including spherocytosis, elliptocytosis, ovalocy-

) 242731 hypercholesterolemial?™l, paroxysmal nocturnal hemoglobin-

276

tosis, and stomatocytosis
urial?™, malarial?™!, and sickle cell anemial?™l. Our findings unveil a broader spectrum of
compression, expansion, and deformability metrics, showcasing an exponential augmentation
in deformability with shear rate, reminiscent of behaviors observed in ektacytometry assess-
ments. Notably, DR remains relatively unchanged irrespective of membrane rigidity as shear
rate escalates.

The results obtained from the study of the relaxation phenomenon add more valuable findings
to understand what happened during the process of RBC deformation following their exit from
confined spaces, such as microcapillaries. The deformation process is characterized by a com-
pression phase triggered by the sudden change in confinement, leading to a decrease in DI until
a specific minimum value is reached. Subsequently, the RBC undergoes a rebound, displaying
elastic behavior as the DI value ascends and stabilizes at a plateau. The temporal evolution
of the DI for a single RBC from layer L1 illustrates the relaxation phenomenon, with the cell
gradually returning to its stable shape while maintaining flow. This phenomenon, although ex-
ponential in nature, provides valuable insights into the physiological status of the cell, allowing
for quantitative and qualitative assessments of its condition. The observation that not all cells
exhibit the relaxation phenomenon highlights the heterogeneity in RBC behavior. Younger
cells, particularly those from layers L1 and L2, demonstrate a higher occurrence of relaxation,
which diminishes as cells age. In contrast, rigid cells exhibit minimal relaxation, indicating a
correlation between cell deformability and the relaxation process. The amplitude of relaxation
(B) peaks for RBCs from L1, reflecting their high deformation rate, and decreases with age.

Additionally, the relaxation time () varies across different cell ages, with younger cells exhibit-
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ing shorter relaxation times compared to older cells. The alignment of results between layer
L2 and 0 mM underscores the similarity in physiological characteristics between these groups,
despite their distinct compositions.

These findings resonate with previous studies that have explored RBC deformability and
relaxation phenomenal!'”, delves into the mechanical properties of RBCs, emphasizing the im-
portance of understanding cell deformability in physiological contexts. Furthermore, the work
of Tomaiuolo et al.['') investigates the dynamics of RBC deformation in microcapillaries, high-
lighting the role of cell age and membrane rigidity in shaping cell behavior. The observations
regarding relaxation time align with studies which emphasize the impact of cell age on the vis-

1911 Overall, the results presented in the study provide valuable

coelastic properties of RBCs!
insights into the complex interplay between RBC age, membrane rigidity, and the relaxation
phenomenon following cell deformation. By elucidating the characteristics of RBC behavior
in response to varying conditions, these findings contribute to a deeper understanding of the

physiological dynamics of RBCs in microfluidic environments.

5.5 Conclusion

In conclusion, the comprehensive analysis of the compression-expansion process for RBCs ex-
tracted from various blood media, including whole blood, density-separated samples, and those
subjected to membrane rigidification, as they traverse channels with differing confinement val-
ues, has yielded valuable insights into the behavior of RBCs in dynamic flow environments.
The findings indicate a positive correlation between the degree of compression experienced by
RBCs and the pressure exerted across widened channels. Moreover, the rate of compression
relative to velocity demonstrates a notable decrease by half as the cells transition into broader
channels, underscoring the influence of channel geometry on RBC deformation dynamics. Cells
sourced from whole blood exhibit a linear increase in deformation rate (DR) corresponding to
escalating shear rates, while both compression magnitude and deformation rate decrease with
advancing cell age. Interestingly, the deformation rate remains relatively consistent regardless
of membrane rigidity as shear rate increases, emphasizing the complex interplay between cell
age, shear rates, and deformability. The subsequent rebound of RBCs, displaying elastic be-
havior as the deformation index (DI) stabilizes at a plateau, signifies the resilience of RBCs in
response to compression and expansion processes. The observation that not all RBCs exhibit
the relaxation phenomenon underscores the inherent heterogeneity in RBC behavior. Younger
cells, particularly those from layers L1 and L2, display a higher propensity for relaxation, which
diminishes with cell age. In contrast, rigid cells exhibit minimal relaxation, highlighting the
impact of cell deformability on the relaxation process.

These findings provide valuable insights into the nuanced dynamics of RBC behavior in

microfluidic environments, offering a deeper understanding of the physiological responses of
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RBCs to varying conditions. By elucidating the complexities of RBC deformation, compression,
and relaxation processes, this study contributes to advancing our knowledge of RBC behavior
in dynamic flow settings and underscores the importance of considering factors such as cell age,

membrane rigidity, and shear rates in understanding RBC dynamics in microfluidic systems.
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GENERAL SUMMARY AND PERSPECTIVES

This thesis presents a comprehensive investigation into the morphodynamic behavior of red
blood cells (RBCs) under various microfluidic conditions, offering crucial insights into their
deformability and flow characteristics. The research is structured into three interconnected

phases, each contributing to our understanding of RBC behavior in confined environments.

6.1 Summary of Key Findings
6.1.1 Influence of Geometrical Structure on RBC Morphology

Our investigation into the impact of channel geometry on RBC shape adaptation revealed
several critical insights that expand our understanding of RBC behavior in confined microflu-
idic environments. We systematically explored the effects of channel dimensions, confinement
ratios, and flow velocities on RBC morphology and positioning. In strongly confined rectan-
gular channels with a height below 10 um and a confinement ratio (x = Dgrpc/Dp) exceeding
0.9, we observed the emergence of distinct RBC shapes, characterized by croissant-peaks at
low velocities and slipper-plateaus at high velocities. Specifically, in the most confined channel
(W = 10 um x H & 8 um), the croissant fraction reached a peak value of approximately 50% at

! while the slipper fraction increased above 3 mm, s~*

ing at 70-75% above 5mm, s

a velocity of 1 mm, s~ , eventually plateau-

These findings are consistent with previous studies of RBC

[159,163] " Interestingly, increasing the channel height to 10 um

flow in similarly confined channels
resulted in a higher fraction of croissants while suppressing slipper-shaped RBCs. However,
further increasing the height to 15 um led to a decrease in the croissant fraction, with most
RBCs displaying other shape types. This observation highlights the complex interplay between
channel dimensions and RBC morphology, which aligns with numerical simulations predicting

shape transitions based on channel size!'%%159,

Our findings emphasize that an oval rectangular
cross-section coupled with a shallow channel (H < 10 um) is a prerequisite for the emergence
of slippers. Even a modest increase in channel height by 2um to H = 10 um resulted in a

significant reduction of the slipper fraction. Consequently, stable slipper-like shapes are pri-
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marily found in strongly confined, rectangular channels with a height smaller than 10 pum and
a confinement ratio exceeding xy = 0.9. This is in contrast to observations in round capillaries,
where slippers are essentially absent at y > 0.7 due to the cylindrical channel geometry %7,
The RBC shape is intrinsically linked to its equilibrium position in the microchannel. Our
analysis of the cell’s y-position distribution aligned with the observed phase diagrams. When
a significant number of slipper-shaped RBCs was observed, a pronounced off-centered peak at
ly/W| ~ 0.22 appeared in the probability density distributions. This observation is in good
agreement with previous work[19%193 We also studied how the shape of stable croissant and
slipper-like RBCs is affected by the flow conditions in different microchannels. We found that
the elongation index (DI) of both shapes increased with the channel shear rate. Croissants
transitioned from negative to positive DI values as shear rates increased, while slippers main-
tained positive DI values throughout. At low shear rates, croissant-shaped RBCs exhibited a
broad shape with a shorter length in flow direction than across the channel width (DI < 0).
As the shear rate increased up to 5 x 103s7!, there was a substantial rise in the elongation
index, independent of the channel cross-section. Beyond 8 x 103s™!, cell elongation seemed
to saturate, eventually reaching a plateau at DI = 0.1. This dynamic deformation behavior
is consistent with previous investigations on single RBCs!'*"?" Our study also revealed the
presence of unstable RBC shapes, particularly in less confined channels with y < 0.65. These
unstable shapes exhibited rich temporal dynamics and strong fluctuations in their center of
mass position during flow. The fraction of unstable other shapes was larger in microfluidic
channels with a large cross-section (10 x 15, 15 x 10, and 15 x 15 um?)). This observation
aligns with numerical simulations predicting a transition from steady to dynamic shapes upon

increasing channel dimensions[™8!.

6.1.2 Impact of Density and Membrane Rigidity on RBC Behavior

Through the investigation into the effects of cell density and membrane rigidity on RBC be-
havior in microfluidic channels revealed significant insights into the complex interplay between
cellular properties and flow dynamics. By fractionating cells based on age and chemically mod-
ifying membrane properties, we uncovered several key findings that expand our understanding
of RBC morphodynamics in confined environments. We observed a progressive decrease in the
formation of stable, asymmetric slipper-like cells at high velocities as RBCs age or undergo
membrane stiffening. For density-fractioned cells, the number of croissant-shaped RBCs in-
creased with increasing age. The peak value of the croissant fraction rose from approximately
25% for the youngest fraction (L1) to 75% for the oldest fraction (L.4), while the corresponding
velocity of the croissant peak remained consistent at about 1 mm.s~!. This finding aligns with

o [74,75]

previous studies on RBC shape transitions in microchannel Interestingly, croissant-like

shapes also appeared at velocities exceeding 5mm.s™! for L3 and L4, whereas no significant
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numbers of such shapes were found at the same velocities for L1 and L2.

Concurrently, the proportion of slipper-like shapes decreased with increasing age between
the layers. While a plateau value for the slipper fraction of roughly 80% was observed for
velocities above 6 mm.s™! in L1 and L2, this value decreased sharply below 20% for L4. This

trend is consistent with previous observations of age-dependent changes in RBC deformabil-
iy [54,134,136,255],

The artificial rigidification of the membrane with diamide treatment significantly affected
the formation of stable croissant and slipper-like shapes. While the control (0 mM diamide)

exhibited the characteristic croissant peak at approximately 1 mm.s~*

, increasing the diamide
concentration led to a reduction in the peak fraction and a shift of the peak position toward
higher velocities of about 3mm.s™! for a concentration of 2 mM. This shift in shape transition
velocities due to increased membrane rigidity is in agreement with theoretical predictions. We
examined the projection area and deformability index (DI) of RBCs during capillary flow. With
increasing age (L1-L4), the median projection area decreased at both low and high velocities,
while it increased with increasing diamide concentration. The deformability index (DI) showed
interesting trends: for both age-fractioned RBCs and cells treated with diamide, the median
DI at high velocities was larger than at low velocities, attributed to the emergence of slipper-
like shapes at elevated velocities leading to cell elongation. This observation is consistent with
previous studies on RBC elongation in microchannels. The RBC shape was inherently linked
to its equilibrium position in the microchannel. For all density-separated layers L1-L4, we
observed a pronounced peak in the probability density distributions at the channel centers
at low velocities (< 5mm.s™!). As the velocity increased, the central position became less
favorable, and an off-centered peak emerged. This transition in equilibrium position with
increasing velocity has been reported in previous studies and is associated with the transition
from symmetric to asymmetric shapes. Increasing the diamide concentration dramatically
affected the equilibrium RBC position across the channel width. At a concentration of 0.5 mM,
we found a large number of cells flowing closer to the channel center at high velocities, while
the off-centered slipper peak was still visible. This effect qualitatively persisted as the diamide
concentration further increased, with more cells flowing between the channel’s centerline and
the off-centered position of the slipper peak at concentrations above 0.5 mM. These observations
provide new insights into the relationship between membrane rigidity and cell positioning in
confined flow. The fraction of stable shapes decreased with increasing RBC age for the density-
fractioned cells and with increasing diamide concentration for chemically modified cells. While
nearly all cells had the same shape in the field of view for L1, only 63% of the RBCs in L4
exhibited a stable shape. Similarly, the fraction of stable shapes decreased from roughly 90% for
fresh RBCs to 30% for cells treated with 2 mM diamide. This decrease in shape stability with

age and increased membrane rigidity is consistent with previous studies on RBC mechanical
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properties [277:278],

6.1.3 Quantitative Assessment of RBC Deformability

Finalizing the whole study with our investigation into the deformability of RBCs utilizing a
novel compression-expansion process through microchannels of varying widths has yielded sig-
nificant insights into the complex interplay between cell age, shear rates, and deformability.
The study was conducted using a double-width channel with W, = 8 um and W, = 16 um, al-
lowing for the observation of RBC behavior under various pressure conditions. A key finding of
our research was the positive correlation between RBC compression and the pressure exerted
across widened channels. Notably, we observed that the rate of compression relative to velocity
decreased as cells transitioned into broader channels, highlighting the significant influence of

[11,279] This observation aligns with previous

channel geometry on RBC deformation dynamics
studies on RBC behavior in microfluidic environments, while extending our understanding of
the specific effects of channel width variations. The deformation rate (DR) exhibited a linear
increase corresponding to escalating shear rates for cells sourced from whole blood, consistent
with earlier investigations!'**'*7l. However, our research goes beyond these previous observa-
tions by examining the effects of cell age and membrane rigidity on deformation characteristics.
We found that compression magnitude and deformation rate decreased with advancing cell
age, a phenomenon not previously reported in the context of microfluidic deformability assess-
ments. This age-dependent variation in deformability could have significant implications for
understanding RBC behavior in microcirculation and potential diagnostic applications !>
Interestingly, we observed relatively consistent deformation rates regardless of membrane rigid-
ity as shear rate increased. This finding contrasts with some earlier studies that suggested
a more pronounced effect of membrane rigidity on deformation*’**!). Our results indicate a
more nuanced relationship between membrane properties and deformability under dynamic flow
conditions, emphasizing the complexity of RBC mechanics in