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Abstract

Red blood cells (RBCs) are the most abundant cell in the human body. RBCs play a critical
role maintaining physiologic homeostasis through oxygen and carbon dioxide exchange.
Negative surface charge is an important property of RBCs that prevents them from
clumping and adhering to vessels or other cells via the repulsive, negative force. During
normal circulation and in disease processes (e.g., cardiovascular disease and RBC-related
diseases) RBCs can be damaged and membrane surface charge can be impacted. This
damage can be induced by oxidative stress (OS) as well as exposure to mechanical shear
stress produced by physiologic circulation and mechanical circulatory support devices.
Conventionally, erythrocyte sedimentation rate (ESR) has been used to quantify surface
charge-induced RBC aggregation, by measuring the time required for RBCs to settle at the
bottom of a glass tube. However, ESR cannot directly measure the electrostatic forces

responsible for causing RBC aggregation.

Surface zeta potential is an alternate technique that offers the ability to directly measure
the cell’s surface charge and repulsive forces. While surface zeta potential has been shown
to be sensitive in healthy human RBCs, as well as in RBC-related disease processes, the
mechanistic sensitivity and specificity of surface zeta potential response for RBCs exposed
to OS and mechanical shear stress remains largely unknown. This work aims to investigate
surface zeta potential for use as a biomarker to monitor human RBCs exposed to OS and
mechanical shear stress, as well as demonstrate applicability of surface zeta potential as a
real-time biomarker for RBC monitoring in extracorporeal membrane oxygenation

(ECMO) cardiopulmonary bypass systems.

xvii



This will be achieved through two primary research studies. In the first study, the
mechanistic sensitivity and specificity of surface zeta potential will be examined through
the treatment of human RBCs to three oxidizing agents with different mechanistic
pathways. In the second study, the impact of mechanical shear stress exposure on the
surface zeta potential of human RBCs will be investigated. Through this study, a clinical
application of zeta potential monitoring of human RBCs in ECMO will be demonstrated.
This is the first application of surface zeta potential in the real-time monitoring of ECMO

systems.

Collectively, this work demonstrates surface zeta potential’s ability to detect subtle
changes in human RBCs during physiologically relevant processes. Importantly, storage
duration of whole blood is the most consistent variable impacting RBC health and surface
zeta potential in our studies. This can have significant implications for RBC storage
protocols since all our experiments are conducted within the allowable storage duration in

clinical settings.
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Chapter 1: Introduction

DISSERTATION SIGNIFICANCE AND AIMS
Red blood cells (RBCs) are the most abundant cell in the human body. RBCs play

a critical role maintaining physiologic homeostasis through oxygen and carbon dioxide
(CO») exchange. RBC cell size, shape, and volume, as well as surface charge are important
properties for monitoring RBC health and disease progression. Negative surface charge is
an important property of RBCs that prevents them from clumping and adhering to vessels
or other cells via the repulsive, negative force. During both normal circulation and in
disease (e.g., cardiovascular disease and RBC-related diseases) RBCs can be damaged and
surface charge can be impacted. This damage can be induced by chemical oxidative stress'~
3 and due to exposure to mechanical shear stress, often caused by both physiologic blood

circulation and produced by mechanical circulatory support devices*>.

Conventionally, erythrocyte sedimentation rate (ESR) has been used by clinicians
and researchers to quantify RBC aggregation by measuring the time required for RBCs to
settle at the bottom of a glass tube®’. While ESR can detect the presence of underlying
disease contributing to reduced surface charge, it cannot directly measure the electrostatic
forces responsible for causing RBC aggregation. Further, ESR measurements are highly
influenced by factors such as cell size, leading to wide variability in measurements across
studies®1°,

Surface zeta potential ({-potential) is a method used to directly quantify RBC

surface charge by measuring particles moving under the influence of an applied electric



field. Surface C-potential has been shown to exhibit sensitivity in healthy RBCs during
physiologic processes (e.g., circadian rhythmicity)!!' and during RBC-related diseases!'>!'#
(e.g. malarial anemia and cardiovascular disease). However, the mechanistic sensitivity
and specificity of C-potential under oxidative and mechanical stressors remains largely
unknown.

The primary aim of this dissertation was to investigate changes in the surface
C-potential of human red blood cells (RBCs) for use as a biomarker to monitor RBCs

exposed to chemical and mechanical stressors. This was accomplished through two

primary research studies with the following aims:

Research Aim 1: Develop an understanding of mechanistic sensitivity and specificity

of C-potential response to oxidative stress in human RBCs.

Research Aim 2: Develop an understanding of -potential response to flow-induced

mechanical shear stresses in human RBCs.

Research Aim 3: Apply C-potential as a tool for monitoring human RBCs in

extracorporeal membrane oxygenation (ECMO) bypass circuits.

BACKGROUND
Introduction to {-potential: Surface zeta potential (C-potential) is an electro-

physical property of charged particles placed in suspension'>!6, It offers the ability to

directly measure the particle’s surface charge and repulsive forces. In the field of colloidal



science, C-potential is used to predict the stability and likelihood of particles to aggregate.
C-potential has been applied in a wide variety of both biological and industrial settings'”.
For example, {-potential has been applied in the development of curcumin nanocrystals to

improve in vivo drug solubility and particle stability via tunable surface charge.

In other biological contexts, C-potential has been used to characterize the
biochemical composition of yeast and coconut milk, specifically investigating how the pH
of solution alters the surface chemistry of these proteins, and applications for improving
beverage stability'®. In industrial settings and materials science'®, nanoparticle design and
optimization have been a major focus of scientific studies. One such application of
nanoparticle-based C-potential characterization is the development and optimization of
ionic liquids 2°. At present, the effects of thermal conductivity and viscosity of ionic-liquids
have revealed differences in the thermal-physical properties based on the shape of
nanoparticles, such as aluminum oxide?'2,

Recently, there has been a growing interest to study the effects of nanoparticle
properties (e.g., size, shape, etc.) on {-potential response to further enhance the stability
and heat transfer properties of ionic liquids. Although my dissertation work presented is
specifically focused on RBC applications, the results presented in my dissertation may

inform other applications of {-potential and further contribute to the broader field of

colloidal science.

&-potential as a Tool for RBC Monitoring: Beyond the industrial and biological

applications discussed above, C-potential can play an important role in improving human



health. One primary application of this is in the study of red blood cells (RBCs). Beginning
with the seminal 1940s work of Ponder et al*® and Wright et al**, {-potential, has gained
increasing attention for its application in monitoring RBCs. {-potential is important for
monitoring RBCs because it offers the potential to predict changes in cell surface properties

before disease occurs, unlike other measurements of RBCs.

Measurement of C-potential cannot be performed directly, rather, it must be
obtained using mathematical models and experimental measurements of the particle’s
electrophoretic mobility (EM) defined as the movement of charged particles under the
influence of an applied electric field. Experimentally, the C-potential of RBCs is measured
using electrophoretic light scattering technique (ELS). ELS allows for repeatable (-
potential with high measurement precision (£ 0.1 mV). ELS-based C-potential
measurement is performed using a commercial C-potential analyzer (e.g., Malvern
Zetasizer)?>?6. As described in Chapter 3, experimental ELS works by first measuring the
frequency of scattered light emitted as RBCs move under an applied electric field. The
light frequency is then converted to EM, used to quantify RBC (-potential using the
Helmholtz-Smoluchowski approximation (Equation 1.1):

_4mm (1.1)

C=—"Mpf(ka)
where 7 and ¢ are the viscosity (in Pa-s) and dielectric constant of the suspending media (in
F/m) respectively, and p,, is the electrophoretic mobility (in m?/V-s). The dimensionless

Henry function, denoted by f(ka) above, relates particle radius to electric double layer



thickness (described in Chapter 3). For RBCs, the value of the Henry function?’ is

approximated to be f(ka) =1.5, based on their cell diameter of ~8 um.

For the work presented in this dissertation all C-potential were carried out at a
temperature of 25 °C, and a maximum of 30 { “sub-runs” per technical replicate were
collected (decreased from the automated software cap of 100 “sub-runs” to mitigate risk of
RBC sedimentation). This was preceded by a temperature equilibration time of 60 seconds.
Specific methods for RBC sample preparation and the application of drug treatment
(Chapter 4) and mechanical shear stress (Chapter 5) are described in the individual

chapters.

DISSERTATION ORGANIZATION

The dissertation is organized into 5 subsequent chapters. Descriptions of each

chapter are provided below:

r 2 — RBC Physiol nd Electrophysiological M rement: This chapter
introduces basic concepts of RBC physiology, particularly how it pertains to cellular
electrophysiology. Additionally, a brief description of normal RBC physiologic processes
and RBC-related diseases (e.g., cell aging, eryptosis, and hemostasis) are discussed.
Finally, this chapter concludes with a section on the electrophysiological measurement of

human RBCs.



Chapter 3 — C-potential Theory, RBC Applications, and Measurement Optimization:

This chapter begins with a review of electrokinetic principles influencing C-potential
measurement (electro-osmosis, streaming potential, charge density, and EDL thickness).
A mathematical derivation of the classical Smoluchowski formula is provided along with
the assumptions applied for characterizing RBCs. Although electrophoretic light scattering
(ELS) is used in this dissertation for measuring C-potential, I briefly describe alternative
techniques for C-potential measurement, such as microelectrophoresis and optical
tweezers, including applications of each for monitoring RBCs. Next, a review of (-
potential RBC applications (cardiovascular disease, blood storage, and RBC-related
diseases) is conducted to provide a framework for where my work sits within the broader
scope of RBC monitoring. Lastly, to carry out robust, reliable {-potential experiments
throughout this work, several experimental parameters were optimized, including the
conductivity of the iso-osmotic suspending medium and RBC concentration. These
optimization experiments informed all subsequent experiments presented in this

dissertation.

Chapter 4 — C-potential for Monitoring Human RBCs in Oxidative Stress: The first

experimental study presented investigates the electrophysiologic response of human RBCs
to chemical oxidative stress (OS), and probes the mechanisms of action driving oxidative
processes in RBCs. This chapter begins with a literature review describing the significance,
current approaches, and limitations of monitoring OS in RBCs. Experimental methods used
to chemically induce OS, and the specific experimental technique (e.g., intracellular Ca?",

free sialic acid, etc.) to monitor the RBC biophysical response are described in detail.



Standard methods for monitoring the electrophysiologic response of RBCs using a
commercial Zetasizer ({-potential) and 3DEP (for cyt, Cerr, and Gerr) are also described.
The effect of drug concentration, as well as a comparison of different OS agents and their

impacts on the C-potential response and biophysical properties of RBCs is explored.

Chapter 5 — C-potential for Monitoring Human RBCs in ECMO and Shear Stress:

The second experimental study investigates effects of blood circulation time and blood
storage duration on the C-potential response of human RBCs circulating through a benchtop
extracorporeal membrane oxygenation (ECMO) circuit. The effects of mechanical shear
stress and exposure time, and magnitude on the {-potential response of human RBCs was
also investigated, along with consideration for the compounding effects of blood storage
duration. This chapter starts with a review of the literature on clinical relevance of ECMO,
current approaches and limitations for blood monitoring in ECMO systems, and potential
implications of C-potential for RBC monitoring in ECMO. Next, the methods for ECMO
circuit setup/operation, and data collection are outlined, including C-potential, hemolysis
and microscope imaging for comparison of blood circulation effects, and blood storage
effects (stored up to 49 days as whole blood) on the {-potential and biophysical responses
of human RBCs. Additionally, to probe the sensitivity of -potential in RBCs exposed to
mechanical shear stress, RBCs were exposed to high (123 Pa) shear stress over increasing
shear duration up to 6s. The effects of shear stress magnitude on the C-potential of human
RBCs were also investigated by comparing high and low shear stress (61.25 Pa) at

maximum shear duration. Finally, the compounding effects of blood storage duration



(stored up to 49 days as whole blood) on the C-potential response of RBCs exposed to

mechanical shear stress was also explored.

Chapter 6: Conclusions and Future Work: The final chapter summarizes major findings

from each of the research studies. To address the study limitations discussed in Chapters

4-5 several future studies are proposed as follows:

Future Work on RBC Monitoring in OS:
e Determine effects of incubation time on the C-potential response at physiologically
relevant treatment dosage (e.g., below 0.5 mM).
e Determine mechanistic contributions of glutathione and catalase for RBC repair,
observed through the lens of -potential modulation.
e Determine biophysical mechanisms responsible for sialic acid removal in oxidative
processes, comparing removal of sialic acid by viral agents (e.g. neuraminidase) to

cleavage by drug-induced ROS.

Future Work on RBC Monitoring in Mechanical Shear Stress:
e Determine C-potential response of human RBCs to mechanical shear stress in
physiologically relevant fluids, to accurately mimic rheological properties observed
n vivo.
e Determine the effects of heparin concentration on {-potential response of human

RBCs exposed to mechanical shear stress.



e Determine the C-potential response of human RBCs exposed to peak mechanical

shear stress.

Future Work on RBC Monitoring in ECMO:
e Determine the time-based response of oxygenator protective effects in ECMO.
e Determine the compounding effect of oxygen on C-potential response in ECMO.

e Determine effects of circuit components on C-potential response in ECMO.
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Chapter 2: Red Blood Cell Physiology and Electrophysiological

Measurement

RED BLOOD CELL PHYSIOLOGY

Red blood cells (RBCs) are the most abundant type of cell in the human body. A

healthy RBC (Figure 2.1 A) is approximately 8um in diameter with a thickness of 2 um.

Geometrically, RBCs are shaped as biconcave disks which results in a large surface area

to volume ratio (1.50 = 0.12), and is favorable for both gas exchange and deformability

through small capillaries'-?. Although RBCs are classified as eukaryotic, mature RBCs shed

their nucleus to maximize space for oxygen exchange.

A. B.

Side View (section)

— ~2pm

Human red blood cells
— ~8 pm

Top view

Band 4.2

Band 3

(Tetramer)

Glycolipid

Glycopho

Band 4.2/

Band 4.1

Figure 2.1 Schematic showing structure of healthy red blood cell (RBC). (A) Bi-concave shape of

RBC allowing for optimal oxygen delivery to tissues. (B). Lipid bilayer of RBC membrane with

integral proteins and peripheral proteins supports regulation of cell deformability, volume, and

ion flux (adapted from Aoki et al®).
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Cell Membrane: The RBC membrane is comprised of a lipid bilayer separating the intra-
cellular space from the extra-cellular space. The lipid bilayer consists of phospholipids
(made up of hydrophilic, phosphate heads and two hydrophilic lipid tails). The
phospholipids self-arrange to form a double (bi-)layer membrane with the phosphate head
groups facing outward, and the lipid tails facing towards one another. This configuration

allows the cell to be selectively permeable to specific ions and other solutes.

To maintain its biconcave shape, the RBC cytoskeleton is comprised of an
interwoven network of a-spectrin and B-spectrin proteins. The cytoskeleton is anchored to
the lipid bilayer via ankyrin proteins that play an important role in maintaining cellular
deformability and gives RBCs their flattened biconcave shape. However, in disease
processes, such as oxidative stress, discussed extensively in Chapter 4, the cytoskeleton
has been shown to be irreversibly altered, via formation of spectrin-globin complexes®.

This reduces overall membrane deformability and impairs oxygen delivery.

Further, the RBC membrane contains carbohydrates, along with peripheral proteins
and integral proteins. Peripheral proteins temporarily attach to the outside (periphery) of
RBC membrane to perform specialized functions. RBC peripheral proteins include
ankyrin, spectrin and Band 4.1°. The former two help to anchor the cytoskeleton to the lipid
bilayer. In contrast, integral proteins are permanently attached (integrated) into the cell
membrane (Figure 2.1 ) Integral proteins provide structural integrity, gas exchange, and
adhesion capabilities and include Band 3 (anion exchanger 1), glycophorins (A, B, and C),

and glucose transporter (GLUT1)®
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Hemoglobin and Gas Transport: Oxygen is fundamental to aerobic respiration and

critical for sustaining human life. RBCs facilitate oxygen transport by binding oxygen
molecules to hemoglobin proteins located within the cell cytoplasm. Hemoglobin (Hb) is
composed of four polypeptide chains, two alpha (&) chains and two beta (f) chains. Each
subunit contains one heme molecule, and thus, can bind four oxygen molecules per

hemoglobin complex (Figure 2.2).

Tissue
A- B . cells Alveolus
B chain 1 B chain 2
: co,
Polypeptide
chain
v [
Capillars CO, Systemic
Fe?* endo':heIIZm 2 c¥:pillury co, Pulmonary
Hema t capillary
" Red blood Co, + HO
o chain 1 o chain 2 cell Carbonic
anhydrase Carbonic
anhydrase
c A ey P
' LD T HCO,- + H*
HaC HCO,- HCO.
CL CcL

HyC

COOH COOH

Figure 2.2: (A.) Physical structure of hemoglobin molecule in RBCs. (B.) Gas transport of oxygen

from RBC:s to tissues in the body, and (C.) Chemical structure of hemoglobin molecule.

Oxygen binds to heme by ferrous iron (Fe?") in a reversible process. Hb proteins exist in
two configurations: tight (T-state) with a low affinity for oxygen, and relaxed configuration
(R-state) with a high affinity for oxygen. In deoxygenated RBCs, no oxygen molecules are
bound to heme groups, and therefore (deoxy)hemoglobin is in a constrained T-state.
However, when RBCs encounter the lung alveoli and oxygen begins to bind to heme

groups, it results in a conformational change in the polypeptide chains resulting in an R-
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state and increased oxygen affinity. Oxygen binding to hemoglobin is dictated by the
partial pressure of oxygen (pO.). In the lungs pO. is high, promoting tight binding of
oxygen to Hb. Conversely, the pO: is low in the tissues, promoting unloading of oxygen
molecules from Hb. The relationship between oxygen binding (saturation) and partial
pressure, represented by the oxygen-hemoglobin dissociation curve (Figure 2.3: ) is
important for monitoring oxygen delivery in RBCs. A right-ward shift in the oxygen-
hemoglobin curve indicates that hemoglobin has a lower affinity for oxygen, making it
easier for oxygen to unload into tissues, whereas a left-ward shift in the curve means that

hemoglobin has a higher affinity for oxygen, releasing it less easily.

100
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90 - “Left-shifted”
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Figure 2.3: Schematic of standard Oxygen-Hemoglobin Dissociation Curve. Figure reproduced

from Harmening ef al’.
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OVERVIEW OF RED BLOOD CELL ELECTROPHYISOLOGY

RBC electrophysiology describes the study of RBC electrical properties, membrane
potential, and mechanisms regulating ion transport across the cell membrane. Since mature
RBCs lack a nucleus, RBCs use ion channels and a membrane potential to manage their
structural integrity, flexibility, and deformation. RBCs act as oxygen sensors, releasing
signals (like ATP) in low-oxygen environments to improve blood flow, a process linked to
membrane potential. Due to the lack of nuclei, mature RBCs cannot synthesize new
proteins or repair genetic damage, their electrical and structural integrity depends on the
existing membrane machinery. Dysfunction in electrophysiology can cause an overload in
Ca®" (or dehydration), leading to rigid, damaged cells that are removed from circulation
early. RBC electrophysiology also aids in their interactions with endothelial cells, platelets,
and the immune system. By studying the electrical properties of the RBC membrane,
researchers can identify early, subtle markers of diseases like malaria'®, sickle cell

anemia'!!, and cardiovascular conditions'? before physical changes occur.

Ion Channels: Due to the impermeability of the RBC membrane to cations, regulation of

cell size, shape, and volume is accomplished by careful control of ion flux across the cell

membrane via transmembrane proteins, referred hereafter as ion channels (Figure 2.4: ).
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Figure 2.4: Schematic showing cell membrane and major transmembrane proteins responsible for

modulating cell surface charge and E-potential in human RBCs.

The anion exchanger Band-3 is the most abundant transmembrane protein in
RBCs with approximately 1.2 x 10° units per cell. Band-3 provides structural support by
anchoring to cytoskeletal proteins (ankyrin and Band 4.1). Additionally, the rapid exchange
of bicarbonate (HCO;3") with chloride ions (Cl") by Band 3 facilitates gas exchange.
Specifically, when CO: enters the RBC, it is converted to HCO3 and H' ions by the enzyme
carbonic anhydrase. The increase in HCO3", combined with the influx of CI- pushes HCO3"
out of the cell cytoplasm due to the charge balance. This process in turn facilitates release
of bound oxygen to the tissues.

Of relevance to the work in this dissertation is the relationship between the chloride
shift, HCOs7/ CI and {-potential of RBCs. As noted by Ramsey et al'?, when the cations in

blood plasma interferes with the RBC surface, influx of CI into the cell is impaired,
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decreasing the distance between the membrane surface charge and the Stern layer, and

decreasing C-potential magnitude.

The Na*/K* pump, which is activated by the enzyme ATPase, transports three Na*
ions out of the cell in exchange for two K" ions. Inhibition of the Na*/K* pump has been
associated with ion leakage into the surrounding plasma, which decreases extracellular
serum pH and can neutralize the cell’s surface charge, accelerating cell aggregation.
Maintaining intracellular calcium (Ca?") is important for RBC function, as an increase of

Ca’" concentration can lead to dehydration and cell lysis.

Intracellular Ca?" is regulated by the Gardos Channel. When intracellular
concentration of Ca?" increases, either due to exposure to mechanical shear stress or other
biological factors, the Gardos Channel opens allowing an efflux of K*, CI- and water from
the cytoplasm. This process causes the cell to shrink, improving it’s deformability and
ability to traverse narrow capillaries. Beyond the regulation of cell volume/deformability,
the Gardos channel has been shown to be an important player in the cellular processes such

as RBC clearance via sensence'*.

Unlike the prior two ion channels which are controlled by enzymatic processes and
changes in intracellular ion concentrations, the PIEZO1 Channel is mechano-activated.
This means when the RBC membrane is exposed to mechanical forces (e.g., flow-induced
shear stress) the channel opens resulting in Ca?* influx into the cytoplasm. Activation of

PIEZO1 plays an important role in promoting blood clot formation, as the influx of Ca?*
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subsequently promotes exposure of the pro-coagulant factor, phosphatidylserine (PS) on

the membrane’s surface'>.

Cell Surface Charge: Cell surface charge is an important property of RBCs because it
allows the cells to repel each other when in suspension, which prevents cells from adhering
to each other or to blood vessel walls. In RBCs, two proteins are responsible for the cell’s
net negative surface charge—Band-3 and sialic acid. As described above, Band-3
functions as both a HCO37/Cl" exchanger and provides structural support to the membrane.
Band-3 also contributes to ~25-30% of the cell’s surface charge!®. Sialic acid (SA) is a
class of nine-carbon negatively charged sugar molecules located on the terminal end of
Glycophorin A proteins on the surface of every mammalian cell. To date, over 50 sialic
species of SAs have been identified, including N-acetylneuraminic acid (NeuSAc), N-
glycolylneuraminic acid (Neu5Gc) and their derivatives'’. SAs have been shown to

contribute to up to 70% of the total negative surface charge on the RBC membrane!s.

ELECTROPHYSIOLOGIC MEASUREMENT OF RED BLOOD CELLS

Patch Clamp Measurement of RBCs: Electrophysiologic measurement of RBCs
involves measuring transmembrane potential using electrical impedance (resistance), or
voltage clamp to measure ion flux. Voltage clamp technique works by holding (i.e.,
“clamping”) the cell’s transmembrane potential at a constant voltage, simultaneously
measuring the ion flow needed to maintain that constant voltage. The patch clamp
technique, developed by German physicist, Erwin Neher, and cell physiologist Bert

Sakmann, refines limitations of voltage clamp (which requires the entire cell to be

20



clamped) by allowing for single-channel measurement of ion flux!®. Patch clamp uses a
glass micropipette to create a tight vacuum seal on a portion of membrane and electrical

current in and out of the cell is measured with a recording device (Figure 2.5:).

R |
WL

1. Polished glass patch clamp 2. Gentle suction seals the 3. Pulling the patch clamp pipett
Cell makes contact with the cell membrane to the patch clamp  away breaks the membrane anc
membrane, forming a high pipette forms the excised patch. Currer
resistance seal measured from the patch pipette

to the outside must go through t
Figure 2.5: Schematic of whole-cell patch clamp technique for measuring ion flux across the cell

membrane.

The patch clamp technique has been used to characterize chloride ion channel function in
RBCs infected with Plasmodium falciparum?’, the bacteria causing malaria infection.
Other authors have investigated the effects of membrane deformations on Ca?* channel
function using whole-cell patch clamp?!. Collectively these studies have advanced the field
of cell electrophysiology and our understanding of long-term impacts of disease pathology

on the RBC membrane??.

Diclectrophoresis-based Measurement of RBCs: Dielectrophoresis (DEP) is an

electrokinetic technique that relies on the electrophysiologic properties of cells, properties

of the suspending medium, and the geometry of the applied electric field to induce cell
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movement in a non-uniform electric field. Since the early needle-based experiments
conducted by Pohl et al?*** DEP-based measurement has evolved to utilize micro-scale
devices, providing a means of automated, rapid, and low-cost electrophysiologic
measurement of RBCs. Additionally, the commercially available DEP cytometry platform,
3DEP, allows for characterization of RBC membrane properties: membrane conductance,
Gerr (resistance of the cell membrane to ion flux), membrane capacitance, Cgrr (indicates
cell morphological changes), and cytoplasmic conductivity ccyr (ion storage in the
cytoplasm) within a bulk, often heterogeneous cell population. To date members of our
laboratory have used DEP techniques to investigate the effects of laboratory handling
conditions on RBC intracellular properties (unpublished), RBC monitoring in circadian
rhythmicity?®, and RBC monitoring in oxidative stress (described in Chapter 4 of this
dissertation). Other authors have applied DEP-based approaches for cell sorting, including
separation of cancer cells from whole blood?®?’, and characterization of RBC sub-

2829 and RBC aging® on

populations for investigating the impact of blood storage lesions
intracellular electrical properties. Collectively these studies have demonstrated the ability
for DEP techniques to discriminate subtle shifts in RBC membrane function (e.g., changes

in ion flux) which can occur in parallel, and often prior to, more distinguishable changes

in mechanical properties, which may provide early detection of RBC-related diseases.

Surface {-potential Measurement of RBCs: Compared to DEP approaches which

characterize intracellular (e.g., membrane and cytoplasm) electrical properties, surface C-
potential 1is an electro-physical property of cells in suspension, used to characterize the

repulsive force between cells as a function of membrane surface charge. Surface (-
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potential has been extensively used to characterize RBCs, specifically how cell aggregation
impacts the progression/severity of cardiovascular disease and blood disorders including
sickle cell disease®', B-thalassemia®? | and hydronephrosis®®. As discussed in Chapter 3,
results from these studies can be difficult to interpret, at least in the broader context of C-
potential as a biomarker for RBC monitoring, given the wide variability in measurements

likely due to differing experimental conditions (e.g., buffer conductivity and viscosity).

PHYISOLOGIC PROCESSESSES IMPACTING RED BLOOD CELLS

Ervthropoiesis and Cell Aging: RBCs are produced in the red bone marrow via a multi-
step process called erythropoiesis. Initially, hematopoietic stem cells (HSCs) differentiate
into more specialized cells known common myeloid progenitor (CMP) cells. CMP cells
can further differentiate into any type of blood cell (e.g., RBCs, leukocytes, or platelets).
CMPs that become RBCs are known as megakaryocyte erythroid progenitor (MEP) cells.

The maturation process from an MEP to a fully developed RBC is depicted in Figure 2.6.

During the maturation process (approximately 3-5 days) RBCs eject their
organelles to make room for iron and hemoglobin, at which point the reticulocyte will exit
the bone marrow to enter circulation. The last organelle to be shed is the nucleus, at which
point a fully mature RBC is produced. Since mature RBCs lack a nucleus and other

organelles, they must use anaerobic respiration which helps facilitate oxygen transport.

The process of erythropoiesis is controlled by a hormone called erythropoietin,

produced in the kidneys. Interestingly, for patients supported by cardiopulmonary bypass
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and ECMO support systems hypoxia, indicated by a decrease in oxygen tissue perfusion
(dO2) has been associated with a high risk of developing acute kidney failure. The
reasoning for this is because dissolved oxygen tightly controls the production of

erythropoietin, and in turn RBC production.

\ *Q*‘

Megakaryocyte erythroid  Proerythroblast Erythroblast Reticulocyte
progenitor cell (MEP) (Normocyte) |

Red Blood ‘ «— ‘

Cell

Nucleus shedding

PERIPHERAL by Reticulocyte
BLOOD

Figure 2.6: Schematic showing process of erythropoiesis (RBC production) beginning in the red
bone marrow (megakaryocyte erythroid progenitor cell) and ending in the peripheral circulation

(reticulocyte).

Circulating RBCs have an average lifespan of ~120 days. As RBCs age, they
undergo several functional and biochemical changes, such as decreasing deformability,
decreasing ATP production, and increased exposure to oxidative damage. Relevant to the
work in this dissertation, Huang et a/ also demonstrated that during aging RBCs exhibit a
reduction in membrane surface charge and (-potential’* which has further implications for

increased cell aggregation and clot formation.
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Eryptosis: During their lifespan, RBCs will frequently be exposed to both oxidative and
mechanical shear stresses as they circulate the macro- and micro-vasculature. When cells
age or become damaged from exposure to stressors, they require clearance from the
circulation which can be accomplished by a process known as eryptosis. Eryptosis, the
process of suicidal programmed death in RBCs is characterized by cell shrinkage and cell
membrane blebbing triggered by an influx of intracellular Ca?*. Quantifying eryptosis is
important to understanding disease processes such as malarial anemia and the effects of

external mechanical shear stress on RBCs.

Hemolysis: In addition to programmed cell death (eryptosis), circulating RBCs can be
destroyed via an abnormal breakdown of cells, known as hemolysis. Unlike eryptosis
which involves a systematic breakdown of the cell membrane by enzymatic processes,
hemolysis occurs due to sudden rupture/bursting of the cell membrane, releasing
hemoglobin into the blood plasma. Hemolysis can occur due to disease processes (e.g.,
oxidative stress, sickle cell disease) as well as exposure to external (mechanical shear)
stressors. Sikora et al further showed a strong positive correlation between ATP release,
mechanical shear stress exposure, and increase in percent hemolysis**. ATP production is
crucial for control of ion flux; thus, these findings have the potential to inform our
understanding of hemolysis effects on RBC function beyond oxygen transport (e.g.,

hemoglobin release).
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Hemostasis: Hemostasis describes the body’s ability to prevent blood loss caused by
vascular injury and is critical for wound healing. Hemostasis can be divided into two
stages: primary hemostasis (platelet plug formation), and secondary hemostasis

(coagulation cascade) depicted in Figure 2.7.
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Figure 2.7: Schematic showing Primary Hemostasis and Secondary Hemostasis (i.e., coagulation

___________________
—
\——————————————————

cascade) processes leading to the formation of a blood clot (fibrin mesh with entrapped RBCs).

Figure used under creative common license.

Upon injury to the blood vessel wall, vasoconstriction immediately occurs to
mitigate blood loss. Next, circulating platelets are exposed to collagen fibers and von

Willebrand factor proteins within the vessel wall causing the platelets to become activated
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and change their shape, as well as recruit additional platelets to the site of injury. This
process results in the formation of a platelet plug. Secondary hemostasis, also known as
the coagulation cascade, is a “waterfall-like” sequence, where one clotting factor protein
activates a subsequent clotting factor in sequence ultimately resulting in the formation of a
stable blood clot. The coagulation cascade can be sub-divided into three pathways:
extrinsic, intrinsic and common pathway. Both the extrinsic and intrinsic pathways operate

in parallel (activated by different triggers) but converge at a common pathway.

The extrinsic pathway is triggered by injury to the blood vessel wall exposing and
activating tissue factor protein (Factor IIla) found in the endothelial cells of the vessel wall.
Factor IIla binds to calcium ions and Factor VIla, both of which are released by platelets,
creating which activates Factor Xa. In contrast to the external trigger (e.g., tissue injury) of
the extrinsic pathway, the intrinsic pathway. Factor Xa initiates the common pathway,
via the prothrombinase complete (Factor Xa with co-factors Caz+ and Factor Va) to convert

prothrombin (Factor II) to its activated form, thrombin (Factor Ila.

Thrombin molecules, which circulate through the bloodstream activate platelets
and activate co-factors V, VIII, and IXa which cleaves fibrinogen (Factor I) into its
activated form, fibrin (Factor Ia). While thrombin is important for maintaining the
structural integrity of blood clots, thrombin-induced platelet activation has been associated
with platelet fragmentation after just 30 minutes of incubation with thrombin, which has

implications for blood clot integrity.
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The final step of the coagulation cascade is the conversion of fibrinogen to fibrin.
Fibrin forms long fiber-like protein chains which interweave to create a mesh network that
stabilizes the platelet plug and entraps circulating RBCs. Entrapment of RBCs in the fibrin
mesh is beneficial for the stabilization of the clot (via compression forces exerted by fibrin
causing RBCs to conform to polyhedral shapes) and prevents clot breakdown (fibrinolysis).
Fibrinogen binding to RBC membrane receptors is another mechanism that stabilizes blood
clots. Relevant to our study of C-potential in RBCs, several studies have shown that the
surface charge density on the RBC membrane can increase fibrinogen binding®*’. RBC-
fibrinogen interactions, and surface charge density are further influenced by cell aging,
which has implications for our current work and for early prediction of RBC aggregation

and blood clot formation.

BC-Biomaterial Surface Interactions: Medical devices (e.g., stents, prosthetic heart
valves, and mechanical blood pumps) help to restore normal physiology and blood flow
for millions of patients suffering from cardiovascular disease worldwide. However,
extensive research has shown that when RBCs contact solid, artificial surfaces their
membrane morphology is altered from the normal high surface area-to-volume ‘doughnut’
shape to echinocytes (spiked cells) or stomatocytes (cup-shape) due to an imbalance in
pH3$-40,

Further, while cobalt is a crucial component of vitamin B12 as well as the
production (erythropoiesis) and metabolism of RBCs, studies have shown that metallic
implants can leach excess cobalt ions into the systemic circulation, resulting in anemia due

to RBC loss. In fact, a retrospective analysis by Shenghao Xu et a/ demonstrated an
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increase in blood cobalt concentration resulted in significantly higher risks of developing
angina pectoris, arrhythmia, and heart failure. This underscores the importance of
accounting for cobalt toxicity in cardiovascular disease*'.

Polymer materials used in many medical devices induce RBC aggregation which is
said to occur either by two co-existing “models”—bridging and depletion. As described
by Moreno et al**, the bridging mechanism of cell aggregation involves the binding of
macromolecules (e.g., fibrinogen or other plasma proteins) to the RBC membrane surface
and forming a “bridge” connecting two or more cells. In contrast, in the depletion model
RBC aggregation occurs due to absence of macromolecules between RBCs, leading to

osmotic pressure gradient that draws the cells towards one another.

DISEASES IMPACTING RED BLOOD CELLS

Diabetes Melitus: Diabetes melitus is a chronic metabolic disease characterized by high
blood sugar caused by either the insufficient production or metabolism of insulin Diabetes
detrimentally impacts RBCs by increasing glycation and oxidative stress which reduces
RBCs deformability, cell shape, and increases the potential for cell aggregation*. For
example, Adak et al'> compared the {-potential and mechanical properties of RBCs in
patients with and without diabetes melitus. They found that in addition to reduced
membrane deformability and fluidity, the {-potential magnitude of RBCs in diabetic
patients decreased significantly compared to healthy controls. Biophysically, the (-
potential decrease was attributed to oxidative damage and a reduction in membrane surface
charge. Other studies investigating human RBCs under hypoglycemic conditions also

reported a decrease in {-potential magnitude due to removal of sialic acid**
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Malaria Infection: Malaria, another RBC-related disease which impacts nearly 249
million people worldwide each year, is caused by infecting the host organism with
Plasmodium falciparum parasites which remodels the host RBCs impairing oxygen
delivery and cell deformability. Further, Plasmodium remodeling has been shown to cause
the formation of knob-like structures on the RBC surface which can alter the cell’s surface
charge, and leads to adhesion of infected cells (cytoadherence) to the host’s vascular wall,
blocking blood flow. To better understand cytoadherence of RBCs, Tokumasu et al '
investigated the impact of P. falciparum infection on C-potential of human RBCs and found
the infected RBCs had a reduced C-potential magnitude (-14.6 mV) compared to non-
infected RBCs (-15.7mV), with the variations in C-potential attributed to altered binding
sites due to parasite-derived knob proteins on the surface. While further work is needed to
explore other biophysical mechanisms (e.g., intracellular Ca?* increase) in malaria-infected
RBCs, this study provides a solid foundation for understanding the importance of C-

potential monitoring in malaria disease progression.

Anemia and Preeclampsia: Anemia is a disease condition in RBCs characterized by
general loss of RBCs due to a myriad of diseases (e.g., bacterial infections viral infections,
and cardiovascular disease )*6 as well as medical device-induced RBC loss*’. While no
ex vivo studies have directly compared the effect of generalized anemia on (-potential
response in RBCs, Pérez-Pacheco et al*® used a pulsed photoacoustic technique to
characterize changes in RBC sedimentation in patients with and without hemolytic anemia.

Observations from this study revealed RBCs with hemolytic anemia had faster
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sedimentation rate due to cell clustering, attributed to decreases in cell size/shape,
compared to healthy cells which formed long uniform pearl chains. This study underscores
the importance of accounting for cell morphology and cell-to-cell interactions when

studying surface charge and C-potential response in RBCs.

Preeclampsia is a disease arising after the 20" week of pregnancy and is
characterized by elevated blood pressure, protein in urine and the potential for organ
damage due to abnormal development of the placenta causing widespread endothelial
damage. Due to the risk for hypertension-induced hemolytic anemia, RBC monitoring is
import for predicting disease progression and informing treatment of preeclampsia.
Recently, Karemore et al* applied surface {-potential for monitoring RBCs as a novel
diagnostic tool in preeclampsia. Pregnant women with preeclampsia exhibited a reduction
in (-potential magnitude of RBCs compared to healthy pregnant participants
(Preeclampsia: -15.13 £ 0.1393 mV versus Healthy: -21.64 + 0.3122 mV). While the
authors suggest that changes in C-potential are due to oxidative damage and removal,
which is likely based on similar trends observed in other RBC-related diseases, damage to
RBCs during pregnancy alone are multi-factorial, thus a follow up study to investigate the
underlying impact of pregnancy should be considered before translation to clinical practice.
Nevertheless, this study provides a solid foundation for applying C-potential as real-time
tool for monitoring RBCs. This study also serves as a benchmark for further bench-to-

bedside translational RBC electrophysiology studies.
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Chapter 3: Surface Zeta Potential of Human Red Blood Cells:
Theory, Applications, and Optimization of Experimental

Measurement

ZETA POTENTIAL THEORY

Surface C-potential, as defined in Chapter I, is an electro-physical property of
particles in suspension and offers the ability to directly measure the particle’s surface
charge and repulsive forces. Characterization of C-potential is governed by a principle
known as the electric double layer (EDL).When RBCs, which possess a net negative
charge, are suspended in an aqueous electrolyte solution, anions (positive charged ions) are
attracted to the negative membrane surface forming a thin, fixed layer (known as the Stern
layer) to neutralize the negative surface charge (Figure 3.1). Beyond the Stern layer, a
second diffuse layer of cations and anions forms. The ions in the Stern layer are not

attached as closely to the particle surface and able to move more freely.
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Figure 3.1: Schematic showing (A.) repulsive forces between RBCs resulting from negative surface
charge. (B.) RBC C-potential measured as the differential of charge between the RBC surface and
bulk media.

This diffuse layer of charge separates the fixed Stern layer from the cloud of ions
known as the ‘bulk media’. Collectively, the two layers of charge (i.e., Stern layer and
Diffuse layer) are known as the “electric double layer” (EDL). A hypothetical plane
located at the edge of the Diffuse layer separates the diffuse ions from the bulk media. This
plane is known as the slipping/shear plane and {-potential is the electrokinetic potential at
this point (i.e., difference in potential between the particle-bulk media interface) under
applied electrophoresis. To derive the {-potential for RBCs it is important to briefly review

several concepts central to the formation of EDLs.

Electro-osmosis an reaming Potential: Electroosmosis describes the movement of
fluid through a porous material in response to an applied voltage. In 1809 Ferdinand
Friedrich Reuss documented electro-osmosis experimentally by observing the flow of
water through a clay plug following the application of a voltage!. These experiments were
accompanied by investigations of electrophoresis as demonstrated by the migration of
charged clay particles in response to an applied electric field. In the context of the EDL,
when an external electric field is applied tangential to a charged, fixed surface, the mobile
portion of the Diffuse layer will flow due to excess charges. Using the Poisson’s Equation,
a relationship between the flow due to electro-osmosis, the EDL at shear plane, and applied

electric field can be derived:
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V2, = —4np/¢ (3.1)
where V? is the Laplace operator, 1, is the electrokinetic potential of the EDL at a distance
x from the particle surface, p is the net charge per unit volume and ¢ is dielectric constant
of the suspending media. Further, when applying an electric field of strength E, the fluid
will also experience a force, F; at a distance x from the particle surface:

F, = Epdx (3.2-a)

As described by Oliver et al: “At steady state, the viscous drag on the liquid layer will be
contributed by adjacent layers that are moving at a different velocity. At this layer, a
retarding (resistance) force, F,.;, defined by Equation 3.2-b, will be applied at a distance

x, and an acceleration force, F,.. (Equation 3.2-c) will be applied at distance x + dx.
Fret(x) = =+ (dv/dx), (3.2-b)

Faee(®) = - (dv/dx) x4 ax (3.2-¢)
The net frictional force on the fluid layer is:

P (dV) (dV) 12
2 _n dx rdor n dx . ( . -e)

Assuming steady state (total force on EDL is zero) laminar flow of counterions within the
EDL, as well as a constant dielectric constant and fluid viscosity, 1, through the moving

portion of the EDL, we arrive at the following expression:
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2

d=v
Ep dx = n- (ﬂ) dx (3-3'3)

Substituting Equation 3.1 into Equation 3.3-a, the net charge per unit volume, p, given by

Equation 3.1, and recognizing that for a planar surface, Poison’s Equation is:

d2
V2, = (dTZ) dx (3.3-b)
We obtain Equation 3.3-c:
ED\ d?y d?v
- (E) ax (dzx) dx (-39

Integrating Equation 3.3-c twice over the whole fluid from the shear plane to infinity (i.e.,

X = 00):
(EE) _ (3.4)
s Y=nv .
Recognizing that at x = o0, = 0, and v = v, (the electro-osmotic velocity), and ¢ = ¢

and v, = 0 at the shear plane, combining like terms we obtain the classical
Smoluchowski formula (Equation 3.5)>:

v, = EeC/4m (3.5)

Under the assumptions described above, the electro-osmotic flow given by an
applied voltage at the shear plane is equivalent to the electrophoretic velocity, and hence
the C-potential of the particle. This generalized Smoluchowski formula has been

extensively applied for solid particles throughout the literature including for RBCs.
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Another important concept to our understanding of C-potential is the streaming
potential. Streaming potential is described by Oliver et al as “the voltage difference, Ej,
developed between the ends of a capillary tube or porous diaphragm through which liquid
is forced to flow by an applied pressure difference, P*. An expression relating E, P, and
C-potential is given in Equation 6, and its accompanying derivation can be found in the
original manuscript by Oliver ef al’. Streaming potential has further been described by the
charge displacement within the EDL due to electro-osmotic flow past a charged stationary

surface.

Charge Density and EDI, Thickness: The distribution of ions, both within the EDL and

concentration of bound charges on the particle surface, are important for characterizing C-
potential as they determine both the aggregation and separation between particles.
According to the Gouy-Chapman model®, the thickness of the double layer (also known as

the Debye length) denoted by k™1, is given by:

(3.6)

Here ¢ is the dielectric constant, kg is the Boltzmann’s constant (1.38 x 1023 J/K),
T is absolute temperature (in Kelvin), ¢; is the molecular concentration of counterions, z;
is valency of counterions in EDL and e is elementary charge of counterions (in Columbs).
Due to the continuous movement of ions across the cell membrane, counterion
concentration within the EDL, as well as the total charge density, are important

considerations in the study of RBC C-potential. To express C-potential in terms of charge
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density (i.e., electric charge per unit area), o, (measured in C/m?) the Smoluchowski
formula can be re-written using the linearized form of the Poisson-Boltzmann equation

(also referred to as the Debye-Hiickel approximation), as follows:

dy? o (3.7-a)

General Poisson Equation  —V?%; = e
X €

g
- =
&

Where the potential only varies in the x direction for a planar surface.

o~ —ek? P (3.7-b)

Where k is the Debye screening parameter. Substituting into Equation 3.7-a:

Linearized Poisson-Boltzmann dy? .
@ Y

(3.7-¢)
Differentiating Equation 3.7-c in terms of x yields the following general solution:
Y(x) = Cie™™ + Cre™™™ (3.7-d)
Applying the boundary condition, where the x = oo, C, = 0, thus:
P(x) = Cre™ (3.7-¢)

At the RBC’s charged surface, where surface boundary condition x = 0, Gauss’ law gives:

d -
L I (3.7-)
dX x=0

Computing the derivative of Equation 3.7-f, evaluating again at x = 0, and then solving
for C;, yields:

_ 4mo (3.7-g)
1= EK
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Finally, substituting C;into Equation 7-e, and evaluating ¥ (x) at x = 0, recalling that
Y (0) =  gives the final expression in terms of {-potential, Equation 3.7-h:

_4mo (3.7-h)

EK

Brooks et al’” sought to compare this non-linear Poisson-Boltzmann equation, re-written in
terms of the Smoluchowski formula (Equation 3.5), to relate the electric charge per unit

area (i.e., charge density) o to the C-potential:

Non-linear P-B (general form) —V-(eV) =0 (3.8-a)
where o is given by: 0 = —(Ofixea t Tion) (3.8-b)
P-B (with Smoluchowski) ¢ (3.8-¢)
2xgT 21ec
= i h_1
sin EKBT)

e The final expression shown in Equation 3.8-c considers several assumptions with

respect to RBCs:
e The RBC membrane is a spherical particle with uniform surface charge distribution.
e The suspending medium is composed of a 1:1 electrolyte composition (e.g., NaCl).
e (-potential is assumed to be small (i.e., <25 mV) and the RBC size is large relative
to EDL thickness.
While this section outlines the mathematical derivations to obtain C-potential, including
the relationship between C-potential and surface charge density. The final mathematical
expression used for all experimental C-potential measurements presented in this
dissertation is based on the Equation 3.10. This equation accounts for the effects of particle

size (based on Henry function) on C-potential, as measured in a bulk cell suspension.
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{-POTENTIAL MEAUREMENT

Measurement of C-potential cannot be performed directly, rather, it must be
obtained using mathematical models and experimental measurements of the particle’s
electrophoretic mobility (EM, also referred simply as “mobility”)®?. Recall from Chapter
1 that EM is characterized as the movement of charged particles under the influence of an
applied electric field. The EM of a charged particle is considered positive if moving
towards the negative electrode, denoting an attraction force. Likewise, EM is negative if
moving away from the negative electrode, denoting a repulsion force. Mathematically, the

EM, denoted by p,, and measured in units of pm/sV-cm is given by:

Wp = Vp/E (3.9)
where v}, is velocity of the particle (in pm/s) and E is the applied electric field (in V/cm).

Experimentally, C-potential is measured by exposing charged particles to an applied
electric field and measuring the movement of the particles over a defined distance. The
Henry equation (Equation 3.10) relates measured EM to {-potential by!'?:

_4m

- (3.10)

— Hpf(i)
where 7 and ¢ are the viscosity (in Pa-s) and dielectric constant of the suspending media (in
F/m) respectively, and p,, is the electrophoretic mobility (in m?/V-s). The dimensionless
Henry function, denoted by f(ka) above relates particle radius to EDL thickness. The
value of the Henry function is dependent on the composition of the suspending media and

particle size. For small particles (<I um in diameter) suspended in non-polar media (e.g.,

fats, oils) f(ka) = 1. Likewise, for large particles (>1 um) suspended in non-polar media
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(e.g., fats, oils) f(ka) = 1.5. (Figure 3.2). Considering RBCs are ~8 um in diameter, f(xa)

of 1.5 is used for all {-potential measurements presented in this dissertation.

\ /7
« y
~ . 2
Hiickel Approximation Smoluchowski Approximation
(small nanoparticles in non-polar media) (large RBCs in polar, aqueous media)
f(ka): 1.0 f(ka): 1.5

Figure 3.2: Schematic showing relationship between the electric double layer thickness and particle
size and comparing the Henry function for (A.) small nanoparticles, using Hiickel Approximation,

and (B.) large particles such as RBCs, using Smoluchowski Approximation.

Microelectrophoresis: The velocity of charged particles can be measured using an
apparatus comprised of a microscope and a thin-walled transparent cuvette equipped with
platinum electrodes in which the particles of interest are analyzed. A voltage source is
applied to the cuvette, and particles move in response to the applied voltage. The particles’
velocity, and it’s electrophoretic mobility as a function of electric field strength, is inferred
by observing the time it takes for the particle to traverse a defined distance. Traditional
microelectrophoresis requires samples with high optical clarity and are subject to inter-
operator  variability in  measurement interpretation. Equipment used in

microelectrophoresis possess two sets of electrodes (Figure 3.3: ). Platinum electrodes
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integrated into the cuvette are used to measure the potential drop while zinc electrodes are

used to induce particle movement.
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Figure 3.3: Schematic of microelectrophoresis apparatus for early characterization of {-potential

as described by Oliver et aF.

Electrophoretic Light Scattering: Beginning in the 1970s laser doppler
electrophoresis' "2, also referred to as electrophoretic light scattering (ELS), emerged as

an alternative technique for measuring (-potential'3. Unlike conventional microscope-
based microelectrophoresis which is limited to single-cell, highly variable EM
measurements, ELS allows for repeatable C-potential with high precision (£ 0.1 mV). ELS-
based C-potential measurement is performed using a commercial C-analyzer (e.g., Malvern
Zetasizer). ELS is the most widespread technique used in commercialized applications of
C-potential measurement and the approach used for all research aims in this dissertation.
As depicted in Figure 3.4: A, experimental ELS works by first measuring the frequency of
scattered light emitted as RBCs move under an applied electric field. The light frequency
is then converted to particle velocity using the mathematical expression in Figure 3.4: B.

Particle velocity is then converted to an electrophoretic mobility, Figure 34C. Lastly,
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electrophoretic mobility is used to quantify RBC (-potential using the Helmholtz-

Smoluchowski equation (Figure 3.4: D).
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Figure 3.4: Experimental workflow showing application of electrophoretic light scattering (ELS)

technique for measuring C-potential of human RBCs.

Optical Tweezers: First developed by Ashkin ef al in the 1970s, later refined to its present
form by Ashkin ef al and Chu et al, optical tweezers (OTs), depicted in Figure 3.5: is a
novel technique used to characterize the (-potential of particles for biological

applications'*!3,

OTs work based on photon momentum transfer by trapping and
suspending a charged particle within an infrared laser beam, allowing for fine-tuned
manipulation and characterization of the particle’s mechanical properties (e.g., elasticity)
and electrical properties (e.g., C-potential). OTs have been used in many biological

applications. For example, Silva et al'® applied OTs to investigate the {-potential of RBCs

stored for up to 36 days. The authors found that prolonged blood storage resulted in a 142%
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decrease in C-potential magnitude from baseline (-14.5 £ 0.7 mV), due to storage-induced

oxidative damage.
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Figure 3.5: Schematic showing RBCs trapped and stretched between two infrared lasers in the

optical tweezers apparatus. Image reproduced from Avsievich et al'’.

FACTORS INFLUENCING {-POTENTIAL MEASUREMENT

Across the literature,_C-potential values of healthy RBCs range from (-25 to -45
mV). Experimental conditions, RBC handling, and donor variability all contribute to the
ranges found in these works. Additionally, overall RBC health and disease progression also
impacts C-potential. Ranges of C-potential values found in RBC-related diseases have been
reported from -10 to -20 mV. (Figure 3.6: ). This section will describe the major

contributors of {-potential in RBCs.
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conditions as reported in literature.

pH of Buffer: The pH is an important factor impacting the {-potential of charged particles
suspended in aqueous solution. Changing the pH of the suspending medium directly effects
the C-potential magnitude of negatively charged RBCs by altering the membrane surface
chemistry and negative charge distribution. For example, adding cations (e.g., H", Ca*",
Na") to the suspending medium, will increase the pH and cause a decrease in C-potential
magnitude (less negative) due to attraction and cations to the membrane surface. This
reduces the available negative charge binding sites on the surface, resulting in the potential
for cell aggregation. Lowering the pH by adding anions (e.g., OH-, Cl;, SO4*) to the
suspending media results in an increase (more negative) in {-potential magnitude due to
absorption of OH" groups to the membrane surface, increasing the repulsive forces between
cells. The pH value at which a negatively charged RBC possesses a net neutral charge (=0
mV) and will not move in response to an applied electric field, is called the isoelectric

point (IEP), shown in Figure 3.7: .

50



A B 1
40 =
=
>
3 20 =
=
g .
= L N
c K
% g 0 ®.
= o
= o
= P
= 2 - ]
% 0 Unstable E 20 <
o 20 «®
m -0 .-
E | o, .
-40 — @
40 o
- ..o
2 4 6 8 10 12 -60 T
PH 0 2 4 6 8 10 12
pH

Figure 3.7: Schematic showing the relationship between C-potential and buffer pH. (A). Generalized
C-potential-pH relationship for a spherical particle. (B). Plot of {-potential-versus-pH for human

RBCs, adapted from Riddick et al'8,

Effects of Buffer Conductivity: In addition to pH, changes in surface (-potential

magnitude of negatively charged RBCs are influenced by the concentration of ions
(conductivity) of the suspending media. For example, when the conductivity of the
suspending media is raised (through the addition of cations) the additional positive charges
“screen” the RBC’s negative surface charge, compressing the EDL, and reducing the -
potential magnitude and repulsive force between two cells. Conversely, when the
conductivity of the suspending media is lowered (through the addition of anions) the
dissolved ions are repelled from the particle surface, the EDL expands due to addition of
negative charges, and (-potential magnitude and repulsive force between two cells is
increased. Moreover, the valency of ions in aqueous suspending media can contribute to

changes in C-potential magnitude.
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Effects of Temperature and Buffer Viscosity: Both the temperature and the viscosity of
the buffer are important properties when measuring (-potential of charged particles.
Temperature effects on C-potential have been extensively characterized, but vary
depending on the material of interest'®. For example, in silver nanoparticles, {-potential
magnitude becomes more negative as temperature increases from 37 to 50 °C, resulting in
greater particle stability (reduced susceptibility to aggregation) at higher temperatures®.

For RBCs, studies directly investigating temperature effects on C-potential are limited.

Nevertheless, temperature impacts can be inferred based on the cell’s biophysical
response to temperature. For example, cooling cells from normothermic (~37°C) to
refrigeration (~4°C) temperature causes an increase in the absorption energy of RBC
aggregates, leading to stacking and pearl chain (rouleaux) formation. Investigating the
effects of heat exposure on RBCs is of equal importance as heat-related illness can lead to

anemia due to oxidative damage and hemolysis.

Other authors have reported increases in cytoplasmic conductivity when heating
RBCs at 10, 15, 20, 25, 30 and 37°C?'. As discussed in Chapter 2, RBC cytoplasmic
conductivity is related to C-potential, such that changes in cytoplasmic conductivity
correlates with direct changes in C-potential magnitude. In the study above K™ and Na* had
the highest intracellular ion concentration (K*: 0.095 mol/L, and Na": 0.0186 mol/L,
respectively). Thus, it is expected the C-potential magnitude to increase (become more
negative) with increases in temperature, due to an influx of positive ions into the cell (i.e.,

the extra-cellular suspending medium becoming more negatively charged).
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Viscosity, defined as “a fluid’s resistance to flow and shear deformation”, is another
important factor influencing (-potential measurements?>. The viscosity of aqueous
solutions is highly influenced by the presence of protein-to-protein interactions (PPI). In
low ionic solutions, electrostatic repulsive force (dictated by the particles surface charge)
is greater than Van der Waals attraction forces between protein molecules, preventing
aggregation and lowering buffer viscosity. However, with the addition of cations to the
suspending media, the electrostatic repulsive force is “screened”, allowing Van der Waals
attraction forces to dominate. This results in the formation of protein clusters and increases
the viscosity of suspending media. Viscosity and C-potential are related by the Henry
equation (Equation 3.10) described in the proceeding section. Although high buffer
viscosity will reduce the particle’s velocity, and therefore its electrophoretic mobility, for
large particles, an increase in buffer viscosity results in a greater negative (-potential
magnitude due to minimal changes in electrophoretic mobility compared to viscosity of

suspending media.

C-POTENTIAL APPLICATIONS RELATED TO RED BLOOD CELLS
Cardiovascular Disease: Cardiovascular disease (CVD) is the leading cause of death

worldwide. Over the past two decades, (-potential has increasingly been used as a
biomarker to monitor CVD risk and disease progression. Adak et al conducted a series of
experiments to understand how RBC (-potential is altered in patients with diabetes mellites
and cardiovascular disease, to offer the potential to inform disease monitoring. They

reported a significant decrease in {-potential magnitude (from -37.24 + 1.5 mV to -28.44
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+ 1.34 mV, then further decrease to -22.21 = 1.21 mV) in healthy controls, diabetic, and
CVD patients respectively. Gaikwad et al observed a similar, yet more pronounced
decrease in RBC (-potential magnitude (from -22.13 = 0.2789 mV to 8.559 + 0.4864mV)
in patients with diabetic hypoglycemia, a condition linked to increased CVD risk. A
subsequent study by the same research group focused on measuring C-potential as a tool
for angina risk in pulmonary hypertension and myocardial infarction showed agreement

with earlier work.

Additionally, others have investigated RBC-fibrinogen interactions, effects of cell
aggregation, the effects of flow-mediated shear stresses, and the influence of earthing and
grounding on cell surface charge and {-potential?®. Collectively these studies provide a

foundation for understanding the role of C-potential in cardiovascular disease.

Blood Banking and Red Blood Cell Aging: Blood banking and storage and RBC aging

have gained considerable attention due to the high number of annual blood transfusions
required worldwide®*. Prolonged blood storage causes storage lesions which deleteriously
affect cellular function and RBC membrane integrity, including cleavage of sialic acid and
decreased cell membrane elasticity and deformability?®. Huang et al*® found young RBCs
to have a higher charge density (and thus higher C-potential) compared to old RBCs. Silva
et al used optical tweezers'6 to characterize the RBC zeta potential response due to blood
storage. They reported that the changes in C-potential are due to oxidative damage as noted
by the significant decrease with blood storage duration (from Day 1: -14.5 £ 0.7 mV to

Day 29/36: -8.5 + 0.4 mV). These findings demonstrate the importance of monitoring
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glycophorin stability (via surface charge and C-potential) for to improve blood storage and

transfusion protocols for critically ill patients.

Red Blood Cell Function and Disease Progression: To gain a deeper understanding of

the biophysical significance of {-potential pertaining to the RBC membrane, Eylar et al?’
conducted a series of experiments to determine the relationship between sialic acid
glycoproteins and the inherent negative charge present on the surface of RBCs. Results
from Eylar’s experiments focused on measuring the electrophoretic mobility and (-
potential of packed RBCs from five animals, revealed significant reductions in both
electrophoretic mobility and C-potential following treatment with neuraminidase due to
removal of sialic acid surface proteins. Subsequent studies have demonstrated the
important contribution of sialic acids for modulating the RBC {-potential response. Beyond
normal physiologic processes the C-potential response of RBCs has been studied to
understand disease progression in malarial anemia®®, B-thalassemia®®, and sickle cell

disease?”.

OPTIMIZATION OF METHODS FOR MEASURING {-POTENTIAL

To ensure repeatability and reproducibility of my C-potential measurements
preliminary experiments were conducted to optimize parameters that may in results,
including effect of buffer conductivity, and duration cells sit in suspending media, effect
of cell concentration, and comparison of hematocrit for translation to real-world clinical

applications.
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Optimization of Suspending Media Conductivityv: Low-conductivity, iso-osmotic
media has been used for monitoring RBC electrophysiological properties, with the recipe
optimized to minimize ion leakage®'2. However, ion flux has been shown to occur
immediately following RBC suspension in the media and therefore has the potential to alter
C-potential measurements on short time scales. Considering this, I sought to compare our
current 100 uS/cm media to a higher conductivity media (~400 uS/cm used in previous
DEP work)?*!'333* to determine which buffer conductivity produced the most consistent -
potential measurements between trials. Briefly, 2 mL of human whole blood was obtained
by venipuncture from a single healthy donor. Isolation of healthy packed RBCs, along with
preparation of the iso-osmotic buffer and final cell suspensions, were performed as
described in Chapter 4. Measurement of RBC {-potential was performed using a Zetasizer
Pro (Malvern Analytical, Inc.) commercial {-potential analyzer. The default setting in the
C-potential analyzer software consists of a maximum of 100 £ runs per trial, and a
temperature equilibration duration of 120 seconds. However, due to the propensity for RBC
sedimentation, the maximum  runs per trial was adjusted to 30 runs, and the temperature

equilibration time was set to 30 seconds.

As shown in Figure 3.8:, 400 uS/cm produced the most consistent results between
C-potential trial replicates as well as the most consistent results between media
conductivities. These findings are important because they provide a foundation to ensure
measurement reproducibility for the research aims conducted in this dissertation. In
addition, the C-potential values obtained at 400uS/cm are more closely aligned with other

RBC (-potential values found in literature?3>36,
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Figure 3.8: Media Conductivity Experiment - (A.) Significant changes in {-potential magnitude were
observed between trials in 100 pS/cm media at both 0 hr and after 1 hr of cells sitting in suspension.
(B.) No changes in {-potential magnitude were observed between trials in 400 puS/cm media at 0 hr;

minimal changes were observed between trials after 1 hr of cells sitting in suspension.

Optimization of RBC Concentration: RBC concentration is an important factor
influencing C-potential measurement due to the possibility for increased RBC aggregation.
In clinical practice, RBC concentration is traditionally represented by hematocrit, the
percentage by volume of red cells in whole blood, with a baseline hematocrit for healthy
human donors of 40-45%3773°. At times the volume of whole blood needed to achieve 40%
may be difficult to maintain due to large volume needs for some experiments and
limitations of single donor blood volume availability. Considering this need, an experiment
was carried out to determine if the results obtained using 10% hematocrit can be translated
to real-world 40% hematocrit applications. Further, for downstream electrophysiological
measurement, RBC samples are typically prepared at a concentration of ~10°
cells/mL3*3%40 This, however, can vary based on the density of the packed RBC pellet

(and number of cells available due to hemolysis) after washing. Since C-potential
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measurement relies on ELS, cell concentration may influence the results. Therefore, a
second experiment was carried out to compare cell concentrations of 10°, 106, 107, and 10%
cells/mL, to determine reproducibility of results within and across experiments which may
vary in experimental cell concentration.

Human whole blood was freshly drawn intravenously into 10 mL sodium-heparin
tubes and stored in refrigeration overnight. On the day of experiments, whole blood was
transferred to 15 mL conical tubes containing approximately 2 mL whole blood in 5 mL
Hank’s Buffered Saline Solution (HBSS). Whole blood suspensions were centrifuged for
5 minutes @ 700 x g for three cycles to produce a packed RBC pellet. Following isolation,
RBC suspensions were stored at 30-40% hematocrit in a refrigerator at 4+1°C.
Measurement of surface C-potential was conducted using a Zetasizer Pro Red Label
(Malvern Analytical, UK). For each hematocrit group, C-potential measurements were
collected in triplicate for three biological replicates (i.e., n=9 technical replicates) per

hematocrit group. The final RBC concentration for each sample was at least ~10° cells/mL.

From the first experiment, no changes in C-potential magnitude were observed
between 10% and 40% hematocrit, Figure 3.9A, suggesting that results obtained in this
dissertation can be translated to real-world 40% hematocrit applications. For the
concentration experiment, while significant differences in C-potential magnitude were
observed at both low (10° cells/mL) and high (108 cells/mL) concentrations, Figure 3.9B,
no changes were observed at 10°-107 cells/mL which is the typical range of starting cell
concentration from the standard method of taking 10 pL from an RBC pellet and

resuspending in 5 mL of buffer’!-3.
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This work confirms two important conclusions for the work carried out in
subsequent chapters. First, our experiments conducted at 10% hematocrit for the sake of
single donor usage should yield physiological relevant results with regards to the normal
40% hematocrit found in whole blood. Second, standard protocols used in previous DEP
and C-potential studies for sampling 10 uL of RBC pellet (and the normal range of cell
concentrations this produces) should not impact final C-potential results. However, care
should be taken in interpreting any C-potential measurements where cell concentration falls

below 109 cells/mL, and dilution steps should be considered for any concentrations above

107 cells/mL.
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Figure 3.9: (A.) Hematocrit Experiment - No changes in {-potential magnitude were observed
between 10% to 40%. (B.) Cell Concentration Experiment - Changes in {-potential magnitude were

observed at cell concentrations from 105-10% cells/mL.
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Chapter 4: Surface Zeta Potential as a Biomarker for

Monitoring Human Red Blood Cells Under Oxidative Stress

INTRODUCTION

RBCs play a critical role in maintaining homeostasis via transport of oxygen from
the lungs to tissues in the body, in exchange for carbon dioxide. To accomplish this
function, RBCs possess high intracellular concentrations of hemoglobin (Hb) which serve
as ‘vehicles’ by which to transport oxygen. However, an unfortunate consequence of
oxygen transport is continuous exposure of RBCs to a high-oxygen tension environment,
which leads to oxidative stress (OS) via free radicals, molecules containing one or more
unpaired electrons. Oxygen free radicals that react with RBCs are referred to as reactive
oxygen species (ROS). Although numerous ROS exist, primary oxidants responsible for
producing damage in RBCs are, superoxide, hydroxide radical, and hydrogen peroxide'.
Superoxide (057) is a single-electron byproduct of oxygen resulting from Hb autoxidation
(reducing oxyHb to ferrylHb via the Fenton reaction). Alone O3~ is not a very potent or
damaging oxidant, however, when reacting with nitric oxide, a highly toxic oxidant
peroxynitrite, is produced. Hydrogen peroxide (H20:), produced by O3~ via the reaction
shown in Equation 4.1, is responsible for numerous cellular processes, including cell
survival and proliferation®?.

205 + 2H* > H,0, + 0, (4.1)

Due to the ability of H,O» to rapidly cross the cell membrane and damage other

tissues, as well as its ability to be reduced into the highly reactive hydroxyl radical, it is
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deemed a potent oxidant. Hydroxyl radical (HO®) is considered the most harmful free
radical in biology due to its high degree of reactivity. Production of HO® is accomplished
by reducing H,O; via reduction of iron (Fe), from Fe(III) to Fe(Il) via the Fenton reaction?
(Equation 4.2). Additionally, the presence of excess free iron in the RBC membrane, as

seen in sickle cell disease, can further precipitate HO®-induced oxidative damage.

H,0, + Fe!' > HO® + HO™ + Fe!l (4.2)

Tert-Butyl hydroperoxide (denoted chemically by (CH;);COOH, and abbreviated
tBHP) is a commercially synthesized oxidizing agent produced by combining an equimolar
amount of tert-butyl alcohol ((CH3)3;COH) with 30-50% H>O- in the presence of a catalytic

agent such as sulfuric acid (H,S0O,), shown in Equation 4.3:

H,S0,
(CH;)3;COH + H,0, — (CH3);COOH + H,0 (4.3)

In RBCs, tBHP targets and damages the cell membrane by binding hemoglobin to
the inner surface of the cell membrane. This produces long protein chains that cross-link
with cytoskeletal proteins (e.g., spectrin and actin) which results in protein denaturing and
clustering, rigidifying the membrane and decreasing deformability. For example, through
the fluorescence-labelling of spectrin and actin, Caprari et al observed that tBHP
selectively targets actin junctional sites on the RBC membrane causing detachment of
spectrin. This can subsequently result in both membrane degradation and the formation of

membrane pores (and subsequent intracellular Ca?* leakage from the cytoplasm).
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Another commercially synthesized oxidizing agent used in this chapter, cumene
hydroperoxide, (denoted chemically by C4H;,0,, and abbreviated COOH) is produced by
mixing cumene (C9H;,) with air used as an oxidant to precipitate the chemical conversion

at temperatures ranging from 45—-130°C and reaction times up to 12 hours (Equation 4.4).

Heat
CoHyz + 0, = CoH120, (4.4)

Like tBHP, COOH is a membrane-targeting OS agent that directly penetrates the
lipid bilayer triggering the formation of high molecular weight aggregates of RBC
membrane proteins, decreasing RBC deformability. As a direct consequence of this lipid
peroxidation, exposure to COOH has been shown to increase the dipole potential of the
RBC membrane by up to 14%, increasing flux of intracellular calcium (Ca") and triggering
cell shrinkage through Gardos channel activation’. This shift in the intracellular dipole
potential also has potential impacts on the surface (-potential based on the observed
relationship between C-potential and membrane potential (Vi) discussed in Chapter 2.

To counteract the damaging effects of ROS, RBCs possess a robust antioxidant
defense system comprised of enzymes that work to neutralize and break down ROS®.
Specifically, catalase (CAT) is an important enzyme responsible for protecting cells and
tissues from the toxic effects of H>O> via decomposition of H,O, into water and oxygen’-3.
Additionally, glutathione peroxidase (GPX) is responsible for preventing H>O>
accumulation within the cell®!°. Despite this robust defense system, in diseases such as red
cell anemias (e.g., sickle cell and malaria), diabetes, and cardiovascular disease, ROS

levels often exceed that of natural antioxidant defenses, resulting in OS. Exposure of RBCs

67



to an overabundance of ROS results in OS with deleterious impacts to the RBC membrane,
including irreversible membrane damage, as well as impaired oxygen delivery through Hb
autoxidation!!!2,

The most readily observed impact of OS in RBCs are changes to membrane
morphology, characterized by increasing echinocytes. Considering this, ex vivo studies
have primarily evaluated the effects of OS on RBC mechanical properties (e.g., shear

stress!'?, deformability!!-14

, etc.). Mechanical properties, while effective at distinguishing
differences between healthy and damaged cells, only reveal significant changes once
irreversible membrane damage or complete hemolysis has occurred. However, because OS
causes gradual, cumulative impacts to RBCs, there is a significant need to apply

alternative techniques capable of providing greater measurement sensitivity for

detecting subtle shifts in the biophysical response of RBCs during OS.

RBC electrical properties have been shown to occur prior to shifts in mechanical
properties, and may provide insights into the progression of OS!°. Thus, the aim of this
study was to apply C-potential as a tool for monitoring human RBCs exposed to OS. To

carry out this aim, the following study objectives were performed:

Study Objective 1:

Determine sensitivity of surface C-potential for monitoring RBCs in H>O> induced-OS.

Study Objective 2:

Probe the biophysical and OS agent-specific mechanisms that modulate the surface (-

potential response of human RBCs under OS.
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METHODS
Human Subjects: Studies were conducted in accordance with 45 CFR 46 and the

principles of the Declaration of Helsinki, with approval from the Institutional Review
Board (Wake Forest University, Winston-Salem, NC). Participants in the study were
screened for relevant self-reported health issues. All participants provided written,

informed consent after having received a detailed explanation of the study procedures.

Blood Procurement and Isolation of RBCs: Human whole blood was freshly drawn

intravenously into 10 mL sodium-heparin tubes and stored in refrigeration overnight. For
all experiments conducted for Objective 1 and Objective 2, blood samples were drawn from
a single, Caucasian healthy female donor (no underlying chronic conditions) with the
following characteristics: O+ blood type and less than 50 years old. On the day of
experiments, whole blood was transferred to 15 mL conical tubes containing approximately
2 mL whole blood in 5 mL Hank’s Buffered Saline Solution (HBSS). Whole blood
suspensions were centrifuged for 5 minutes (@ 700 x g for three cycles to produce a packed
RBC pellet. Following isolation, RBC suspensions were stored at 30-40% hematocrit in a

refrigerator at 4+1°C during drug preparation.

Hydrogen Peroxide Drug Treatment: To determine the electrophysiologic response of

RBCs under OS conditions, RBCs were exposed to a graded H,O; drug treatment regime.
The H>O> concentrations shown in Table 4.1 were chosen just beyond the physiologic

threshold of 50 pm observed in RBCs,
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Table 4.1: Hydrogen Peroxide Treatment Groups (prepared in 1 mL total volume)

Treatment |HBSS1x | NaN Washed RBCs | ‘BHP Stock
o,
Group WoPR) | [100mM] | (10%HCT) [ oo T
Control g(OpL | e e
0.5 mM 4.9mM 102 pL
1mM 40 uL 100 uL 9.8mM 102 L
758 uL
S mM 49mM 102 uL
10 mM 98mM 102 L

The drug response was developed with collaborators, Regina Cordy and Heather
Colvin-Binns (whose work was conducted at the 50 uM, above the physiologic threshold)
and the final concentrations selected represent both healthy and unhealthy concentrations
of H>O». This was done to achieve a dose-dependent response in HoO»-induced OS. Briefly,
RBC suspensions were prepared in the dark in light-sensitive Eppendorf tubes by diluting
stock 3% H>0O, in HBSS to 4.9-98 mM stock (depending on treatment concentration),
prepared at 10% hematocrit in total volume of 1 mL. To inhibit CAT, sodium azide (NaN3)
was added to each sample at a final concentration of 4 mM prior to introducing H,O»
treatment. A control, without H>O» treatment was prepared by adding 860 uL of HBSS to
10% hematocrit suspension of packed RBC pellet and 4 mM of NaN3 in total volume of 1
mL. All samples were incubated in light-sensitive Eppendorf tubes in the dark at 37°C for
2 hours. Following incubation, samples were washed twice by centrifugation at 700 x g for

5 minutes to stop the oxidization reaction.

Tert-Butvl and Cumene Hvdroperoxide Dose Optimization: To probe the biophysical

mechanisms responsible for modulating the C-potential response in OS, RBCs were
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exposed to increasing concentrations of tBHP and cumene hydroperoxide COOH.
Treatment groups for each oxidizing agent were prepared from a 100 mM stock in a total
volume of 1 mL from stock solutions at a hematocrit of 10% with NaN3 at final
concentration of 4 mM. Considering that both tBHP and COOH have been reported to
induce an OS response via lipid peroxidation treatment protocols were first developed to
measure C-potential response at several tBHP and COOH concentrations below the Icso
values found in literature, Figure 4.1: A and Figure 4.1: B. Since no significant changes
(p<0.05) in C-potential response were observed below these Icso values, I preceded with
the final tBHP and COOH treatment regime, shown in Table 4.2 and Table 4.3, which is
above the Icso values and up to the concentrations where complete hemolysis has been

reported to occur.

0 0
104 104
<~ -204 — -204
> >
E E
N304 N304
-40 p—— 4
40 o — —T— -40
-50 T T T -50 T T T
Control 0.005 0.01 Control 0.3 0.5
tBHP [mM] COOH [mM]

Figure 4.1: Optimization of drug treatments below Icso values did not reveal changes in {-potential

response in (A.) tert-Butyl (tBHP) and (B.) COOH concentrations compared to control.
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Table 4.2: Final Treatment Regimen for Tert-Butyl Hydroperoxide (prepared in 1 mL total volume)

Treatment |HBSS1x | NaN Washed RBCs | ‘BHP Stock
o
croup (vio FR) [100mM] | (10% HCT) | -GNCENTRATION | VOLUME
Control g(OpL | - e
1mM 10 mM 100 uL
40 uL 100 uL
> mM 760 uL 50 mM 100 uL
100 mM
1om [Bulk stock] 100 uL

Table 4. 3: Final Treatment Regimen for Cumene Hydroperoxide (prepared in 1 mL total volume)

Treatment | HBSS 1x | NaN; Washed RBCs | COOH Stock

Group (w/o PR) [100 mM] (10% HCT) CONCENTRATION | VOLUME

Control geOpL | - e

0.5 mM 5mM 100 uL

40 uL 100 uL

1 mM 760 pL 10 mM 100 pL

3mM 30 mM 100 pL
Measurement of Surface {-potential: Measurement of surface C-potential was conducted

using a Zetasizer Pro Red Label (Malvern Analytical, UK) system as previously described
in Chapter 3. For each treatment sample, C-potential measurements were collected in
triplicate for three biological replicates (i.e., n=9 technical replicates) per treatment group
for H>O», tBHP, and COOH. C-potential measurements were taken immediately following
removal of the treatment and resuspension in the low conductive, iso-osmotic media

described in Chapter 3.
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Measurement of DEP-based FElectrical Properties: As mentioned in Chapter 2,

Dielectrophoresis (DEP) is another electrokinetic technique that has been extensively used
to characterize RBCs. Taken together with {-potential, these properties help describe the
entire cell “electrome”'®!”. Measurement of dielectrophoresis (DEP)-based electrical
properties was conducted using a commercial three-dimensional DEP (3DEP) system
(Figure 4.2A). For each control and treatment group ~80 uLL of RBC sample were pipetted
into a 20-well DEP chip. All wells were energized simultaneously for 10 s with each well
producing a different frequency response ranging from 10kHz-20MHz (Figure 4.2 B-C).
The frequency responses from each well produced a corresponding DEP force, which was
plotted to obtain a DEP “spectrum” curve (Force vs. frequency) for each RBC sample
(Figure 4.2D). Measurements of effective membrane conductance (Gerr), effective
membrane capacitance (Cgrr), and cytoplasmic conductivity (ocyr) were extracted from
the DEP data by first inputting the average weighted cell radius,  (obtained by microscopy,
described below) and media conductivity into the 3DEP software and then fitting a single-
shell model to this data'8. At least five technical replicates for each control and treatment

sample with an R? of at least 0.9 for each dataset were obtained.
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Figure 4.2: (A.) Schematic showing 3DEP system and 20-well chip used to collect DEP-based

electrical properties of RBCs. (B-C.) Experimental workflow for obtaining DEP force data based on

applied frequencies. (D). Exemplar DEP spectrum curve from which effective membrane

capacitance, effective membrane conductance, and cytoplasmic conductivity properties are

obtained.

Measurement of Cell Radius and RBC Count: To determine the cell radius, the image

scale was set using ImagelJ software (National Institute of Health) where the side length of

a single box within the 4 x 4 grid measured 50um (Figure 4.3: A). Based on this scale, the

diameters of up to 10 cells for each sub-population were measured (each measurement was

divided in half to obtain the radius). To get an average weighted radius measurement, the

population % of each sub-population was multiplied by the average of the 10 cells for each
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sub-population. The weighted radius for each sub-population was added together to get the

total weighted radius for each control and treatment group.

RBC concentration was determined from hemocytometer images at x20
magnification using brightfield microscopy (ECHO Technologies, San Diego, CA), Figure
4.3A. For each hemocytometer image, for each control and treatment sample group cells
on 0.2 mm x 0.2 mm grids were tagged green for “healthy” (exhibiting a normal concave
RBC shape) or tagged red for echinocytes (e.g., cells with spikes formed on membrane
surface), Figure 4.3: B. The RBC count was determined as the total number of cells within
a4 x 4 grid. The population % for each sample was determined as the ratio of each sub-
population to the total cell concentration. Imagel was also used to perform all cell counting

measurements.

A B o Healthy RBC
e0e Set Scale Echinocytes

Unit of length: micromete

Click to Remove Scale
Global

Scale: 2.09 pixels/micrometer

Help Cancel ok

Figure 4.3: Experimental workflow used to (A.) measure RBC radius and (B.) distinguish cell sub-

populations using ImagelJ software.
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Flow Cvtometry Preparation and Analysis: To measure ROS presence in control and

treatment samples using flow cytometry analysis, RBCs were tagged with a 2°,7’-
dichlorofluorescin diacetate (DCFDA) ROS-sensitive fluorescent probe (Abcam,
Cambridge, UK) at a final concentration of 5 uM in total volume of 200 uL at final cell
concentration of 2 x 10% cells/mL. DCFDA-tagged samples were prepared in light-sensitive
Eppendorf tubes and incubated for 30 minutes at 37 °C. Following incubation ~30,000
RBCs were analyzed using the BD Fortessa X20 flow cytometer system (BD Biosciences,
San Jose, CA). As noted in DCFDA manufacture’s protocols, excess DCFDA stain does
not impact flow cytometry signal, therefore, the samples were not washed to avoid
additional cell loss. The flow cytometry data was gated Forward Scatter Area (FSC-A)
versus Forward Scatter Height (FSC-H) to isolate RBC populations and eliminate signal
artifact. Following analysis, flow cytometry data was plotted as histogram with individual
treatment groups overlaid, with the y-axis displaying total cell count and the x-axis

displaying fluorescent intensity.

Additionally, to measure eryptosis in control and treatment samples using flow
cytometry analysis, RBCs were tagged with Annexin-V, a fluorophore used to detect early
eryptosis by binding to phosphatidylserine (PS), a protein that translocates to the outer
leaflet of RBCs during cell death. Annexin-stained RBC control and treatment samples
were prepared in light-sensitive Eppendorf tubes by adding 10 puL. of Annexin-V FITC
stain to Annexin Binding Buffer in total volume of 1 mL at a final cell concentration of 2
x 10% cells/mL. Annexin-stained samples were incubated in the dark at room temperature

for 10 minutes. Halfway through this incubation 10 pL of 7-AAD Following incubation,
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RBCs were analyzed using the BD Fortessa X20 flow cytometer system using the same

methods for DCFDA stain, described above.

SEM Sample Preparation: To prepare control and treatment samples for imaging analysis

by scanning electron microscopy (SEM), RBCs must be fixed in glutaraldehyde on glass
coverslips. Briefly, osmolality-controlled buffer for each sample was prepared in light-
sensitive Eppendortf tubes by combining 300 pL of Phosphate Buffered Saine (PBS) with
200 pL of distilled water (dH20). RBCs from each control and treatment group were added
to osmolality-controlled buffer at a final cell concentration of 2 x 10° cells/mL for each
sample. A 2% glutaraldehyde fixing solution was prepared by diluting 20 pL of 50%
glutaraldehyde stock in 240 pL dH>O and 240 puL PBS. Next, 500 pL of the 2%
glutaraldehyde fixing solution was added to each sample tube, pipetting up-and-down
slowly to mix each tube. The glutaraldehyde-fixed samples were incubated in the dark at
room temperature for 30 minutes. Following incubation, glutaraldehyde-fixed samples
were washed twice with dH>O by centrifugating at 900 xg for 5 minutes with reduced
centrifuge acceleration and braking (Acc: 4/9, Dec: 2/9). For the final SEM sample
preparation step 100uL. of each washed, glutaraldehyde-fixed sample was pipetted onto

12 mm round glass coverslips and left drying overnight on a slide warmer set at 60 °C.

Before performing SEM imaging, the prepared RBC samples were attached to 15
mm diameter metal stubs via black double-sided round stickers. Samples were gold-coated
with 5-10 nm of cold powder using a LUXOR Goldcoater system (Lambda Photometrics

Ltd, United Kingdom). After gold coating, samples were loaded onto the tray of the
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Phenom XL G3 Desktop SEM system (Thermo Fisher Scientific, Waltham, MA) and

subsequently imaged.

ncentration: The free sialic acid (SAfiee)
concentration of RBCs was determined using a commercial assay kit. Briefly, 40 pL of
supernatant was removed from RBC samples and mixed with 10 uL of 10% trichloroacetic
acid (TCA), a precipitant used to treat samples and separate SA residues from supernatant
protein to enhance colorimetric signal. Next, RBC samples were vortexed and centrifuged
at 14,000 revolutions per minute (RPM) for 10 minutes. Following centrifugation 25 uL of
supernatant was added to a clean light-sensitive Eppendorf tube and labeled “FSA”. FSA
tubes were prepared in triplicate for each treatment group. Next, an oxidation step was
performed to convert non-colored SAgfe into formylpyruvic acid, which reacts with
thiobarbituric acid (TBA) to form pink-colored product that can be measured via
spectrophotometer, after adding dye. Oxidation was carried out by mixing 15 pL of
Hydrolysis Reagent with 50 uL. of dH20, and 65 pL of Oxidation Reagent. Next, 125 pLL
of this working reagent was added to each tube and let stand at room temperature for 1

hour.

Following the oxidation step, the color reaction step was performed by adding 50
uL Dye Reagent to each tube, mixing, and heating at 100 °C for 10 minutes. Lastly, 100
uL of dimethyl sulfoxide (DMSO) was added to each tube, samples were mixed and
centrifuged at 14,000 RPM for 5 minutes. Measurement of sample color intensity, used to

quantify SAfe., was performed by pipetting 250 uLL of sample into separate wells of a clear
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96-well microplate. The optical density (OD) was measured at 549 nm. In parallel with
RBC treatment samples, a stock SA standard was prepared at 1000 uM by mixing 50 pL
of 10 mM “Standard” included in the assay kit with dH»O at a final volume of 250uL in a
light-sensitive Eppendorf tube. From this stock tube, calibration standards were prepared
in triplicate based on concentrations shown in Table 4.4, adding 5 puL of 10% TCA to each
tube. To obtain the OD data used to produce the experimental calibration curve depicted in
Figure 4.4A, the same oxidation, color reaction, and color intensity measurement steps
were performed. Quantification of SAfe. concentration of RBC samples was determined

by the Warren Method!® (Equation 4.4):

ODsample — ODpjank 4.4)

SAfree [MM] = Slope [HM_l]

Where ODgample and ODpiank are the optical density readings of the RBC sample and blank
dH>0O sample (No. 4 in Table 4.4) respectively, and #n is the sample dilution factor (i.e.,

n=1 for FSA assays).

Table 4.4: Standard Concentrations for Sialic Acid Calibration Curve

No. Premix + dH>O Total Volume Sialic Acid Concentration
1 100 pL + 0 pL 1000 uM

2 60 pL +40 pL 600 pM

3 30 uL + 70 ul 100 L 300 uM

4 0 uL + 100 puL 0uM

(Blank)
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The slope was determined from the experimental calibration curve (Figure 4.4A), created
by subtracting the OD for each standard from the OD of blank dH,O sample and then
plotting the AOD against the standard SA concentrations. For validation purposes, the
experimental calibration curve was compared to the representative calibration curve

provide in the manufacturer’s protocol (Figure 4.4B).

A B
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Figure 4.4: (A.) Calibration plot from experimental sialic acid (SA) measurements obtained from

SA Standards #1-4. (B.) Calibration plot provided in manufacturer protocol.

Measurement of RBC Hemolysis: To measure hemolysis, following centrifugation at 700

xg for 5 minutes, the supernatants of each RBC sample were collected and resuspended in
a clear 96-well plate at 10x dilution in HBSS at a total volume of 200 pL per well. The
percent hemolysis was determined at an OD of 541 nm using a microplate reader
(SynergyH1, BioTek Agilent Technologies, Durham, NC) and calculated by Equation
(4.5):

As —A 4.5
Hemoslysis = 100 x < > b> (4.5)

Ap — Ap
where As, Ap, and Ay are the absorbances of the supernatant, a 100% hemolysis reference
sample (prepared by suspending 10% packed RBCs in 1 mL total volume of dH,0), and

the pure buffer solution, respectively?.
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Measurement of Intracellular Calcium: Packed RBCs were re-suspended in Phosphate

Buffered Saline (PBS) in 1 mL total volume at a final concentration of ~2 x 10° cells/mL.
Fluo-4 AM, a calcium-sensitive fluorescent dye®, was added from stock (prepared from
100g powder in 88 L. DMSO) at a final concentration of 1 uM. Samples were incubated
in the dark at 37 °C for 1 hour. Following incubation, fluorescently labeled RBCs were
pipetted into a black 96-well microplate. Intracellular calcium (Ca®*) was determined by
measuring fluorescent intensity at emission/excitation wavelengths of 485 nm/526 nm

using a microplate reader (SynergyH1, BioTek Agilent).

RESULTS AND DISCUSSION

With increasing H>O» treatment concentration there was a significant decrease
(p<0.05) in C-potential magnitude (Figure 4.5A), further corroborated by significant
decreases (p<0.05) in cytoplasmic conductivity, ccyr (Figure 4.5B) and significant
increases (p<0.05) in effective membrane conductance, Ggrr (Figure 4.5C).
Mechanistically, the observed changes in ocyr and Ggrr are indicative of ion leakage
(membrane conductance increase with a decrease in bulk cytoplasmic conductivity).
Further, these shifts in DEP parameters directly correlate to the decreases in C-potential
magnitude observed beginning at I mM treatment, due to activation of the Gardos channel
causing potassium (K") leakage out of the cell. This efflux of K" increases the bulk
concentration of cations in the suspending media and shielding the RBC negative surface

charge.
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Figure 4.5: Comparing RBC ocyr under OS conditions revealed significant difference (p<0.05)
between H:0: treatment groups. (B). Comparing RBC Cgrr under OS conditions revealed
significant difference (p<0.05) between H20: treatment groups. (C). Comparing RBC Gerr under
OS conditions revealed significant difference (p<0.05) between H:0: treatment groups. (D).
Comparing RBC C-potential under OS conditions revealed significant difference (p<0.05) between

H:0: treatment groups. Data presented in represents the mean * (s.d.) of (N=3) donors.

Interestingly, a “stepwise” progression in RBC viability due to OS can be observed
by two distinct shifts in C-potential magnitude. The first shift, indicating the onset of OS,
occurs between the upper inter-quartile range of the 1 mM treatment group and the lower
inter-quartile of the 5 mM treatment group. The second shift, occurring between the upper
inter-quartile rage of 5 mM and the 10 mM H>O: treatment groups indicates a further
progression in OS response—from OS to eryptosis. The observed shifts in the C-potential
response are indicative of altered cell morphology which can be explained by the observed
decrease in effective membrane capacitance, Cgrr, Figure 4.5D. This is consistent with
other work from our group investigating eryptosis (unpublished).

Further, from scanning electron microscopy (SEM) images there is a progressive
increase in echinocytes at 0, 1 and 10 mM H>O» treatment concentrations, (Figure 4.6: A-

C). Although changes in weighted RBC radius, indicative of cell shrinkage, were not
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observed (likely due to the heterogeneity of the RBC bulk populations) the morphological
progression from biconcave to echinocytes seen on SEM was confirmed quantitatively by
a decrease in total RBC count (Figure 4.6: E) and an increase in population % of

echinocytes from control to 10 mM treatment (Figure 4.6: F).

Flow cytometry plots of DCFDA ROS (Figure 4.7: A) and Annexin-V eryptosis
(Figure 4.7: B) provide a visual confirmation of the “shifts” in biophysical response of
RBCs to H2O»-induced OS. Specifically, there was progressive increase in ROS signal
intensity (x-axis) from 0 mM to 1 mM followed by a rapid decrease in ROS signal peak
from 5 mM to 10 mM. This corresponded to a large peak in the Annexin-V signal at 10
mM, indicating cell death. This demonstrates the transition from ROS to cell death between
SmM and 10mM. The shifts in ROS and eryptosis were also confirmed by fluorescence
analysis using a microplate reader (Figure 4.7C-D). Lastly, changes in RBC viability in
H>0;-induced OS were quantitatively confirmed by significant increases (p<0.05) in both

hemolysis (Figure 4.7E) and eryptosis (Figure 4.7F) measurements.
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Figure 4.6: Scanning electron microscopy (SEM) images of RBC morphology for (A.). Control and
(B) 1 mM and (C.) 10 mM treatment with hydrogen peroxide (H:20:) for 2 hours at 37 °C (10 pm
scale bar). (D.) No changes in (D.) weighted cell radius was observed with increasing H.O: treatment
concentration. (E.) Changes in total RBC count were observed with increasing H202 treatment
concentration. (F.) Changes in the population % of echinocytes were observed with increasing H.O:

treatment concentration. Data presented in Panels D-F represents the mean * (s.d.) of (N=3) donors.
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Figure 4.7: (A.) DCFDA-FITIC
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H,0, [mM] H,0, [mM] H,0, [mi

and (B.) Annexin-FTIC stain flow cytometry histograms of

RBCs treated with NaNs (dark blue) and 0.5 mM (pink), 1 mM (yellow), S mM (orange), 10

mM (light blue) H20: and a

negative control using (C.) DCFDA and (D.) Annexin-V

fluorescence measurements confirming OS shifts. (E.). Hemolysis % and (F.) Eryptosis % of

RBCs exposed to H2O:-induced OS. Data presented in Panels C-D represents the mean * (s.d.)

for a single (N=1) representative donor. Data presented in Panels E-F represents the mean = (s.d.)

of (N=3) donors.

Snyder et al*!

also reported an increase in echinocyte formation at H>O» concentrations up

to five-times lower than those presented in the current work. Interestingly, the authors

attributed morphological changes to the formation of spectrin-globin complexes, which

elsewhere has been shown to reduce the number of available sialic acid binding sites,

reducing the maximum surface charge density on the RBC membrane. Collectively these
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studies may further explain the link between shifts in C-potential response and

morphological changes in OS processes.

ing Mechanisms of - ntial R nse in Oxidati ress: While no significant
changes (p>0.05) were observed in C(-potential magnitude with increasing tBHP
concentration (Figure 4.8A), there was a shift in {-potential occurring between the upper
inter-quartile range of the 5 mM treatment group and the upper inter-quartile of the 10 mM
treatment group. Like the shift and spread of data observed in the H,O, treatment, but with
no significant change (p<0.05) , the shift in tBHP-based {-potential likely suggests changes
in the RBC bulk population in which sub-populations are beginning to influence the bulk

C-potential response , as was observed with increasing H>O» treatment concentrations.
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Figure 4.8: Comparison of changes in C-potential response with treatment concentration between
(A.) tert-Butyl hydroperoxide (tBHP), (B.) cumene hydroperoxide (COOH), and (C.) hydrogen
peroxide (H202) revealed significant differences (p<0.05) with concentration, and across OS agents.

Data represents mean = s.d. of (N=3) donors.
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Interestingly the tBHP shifts in C-potential coincide with spikes in free sialic acid
(SAfec) at both 1 mM and 10 mM (Figure 4.9A). Typically, increasing SAfre is
corroborated by a decrease in C-potential magnitude and due to reduced surface charge
density caused via enzymatic cleavage of negatively charged SA from the RBC membrane
surface. In tBHP-induced OS, lipid peroxidation causes cytoplasmic stores of sialic acid to
leak out of the cell, spiking SAfee in suspending medium, independent of membrane SA
(surface charge) removal. This can help explain why we do not see shifts in -potential for

the tBHP treatment group though OS is present.
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Figure 4.9: Comparison of changes in free sialic acid (SAfre) with treatment concentration between
(A.) tert-Butyl hydroperoxide (tBHP), (B.) cumene hydroperoxide (COOH), and (C.) hydrogen
peroxide (H202) revealed significant differences (p<0.05) with concentration, and across OS agents.

Data represents mean = s.d. of n=3 technical replicates for single (N=1), representative donor.

Given the hemolysis measures at COOH concentrations of 1 mM and 3 mM, I
expected to see a spike in SAfee in both treatment groups. While 1 observed a spike in 1

mM, I saw a reduction in SAfee at 3mM, which is likely due to experimental error.
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Additionally, no differences were observed in weighted radius, RBC counts, or differences

between echinocyte sub-populations (Figure 4.10).
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Figure 4.10: Tert-Butyl hydroperoxide (tBHP) induced changes in (A.) weighted radius, (B.) RBC
count, and (C.) sub-population % with increasing treatment concentration. Cumene hydroperoxide
(COOBH) induced changes in (D.) weighted radius, (E.) RBC count, and (F.) sub-population % with

increasing treatment concentration. Data represents mean * s.d. of N=3 donors.
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Figure 4.11: Comparison of changes in intracellular calcium (Ca’") with treatment concentration
between (A.) tert-Butyl hydroperoxide (tBHP), (B.) cumene hydroperoxide (COOH), and (C.)
hydrogen peroxide (H20:) revealed significant differences (p<0.05) with concentration, and across
OS agents. Data represents mean t s.d. of n=3 technical replicates for single (N=1) representative

donor.

Mechanistically, tBHP also inhibits the clearance of excess cytoplasmic calcium
(Ca®") by “locking” the enzyme Ca?"-pump ATPase into an inactivated state. In the present
study this mechanism was quantitatively observed via an increase intracellular Ca* with
tBHP treatment concentration (Figure 4.11A). Similarly, in COOH-treated RBCs, a
concentration-dependent increase in intracellular Ca?* was observed (Figure 4.11B).
Further, a higher Ca?* fluorescent signal in COOH treatments (Figure 4.11B) compared to
both tBHP and H;O; can be attributed to increased membrane solubility of COOH,
resulting in more extensive lipid peroxidation of the RBC membrane?2. Several authors
have shown that RBCs treated with H>O; exhibit a slow, pre-hemolytic increase in
intracellular Ca?>*?3 compared to the rapid spikes in Ca?" observed in tBHP and COOH?*25,
This is corroborated by the lower magnitude in fluorescent signal observed in Figure

4.11C. The mechanism of Ca?>"-pump ATPase inhibition described above may, in part,
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explain the significant increase (more negative) in mean C-potential response with COOH
treatment observed in Figure 4.8B. Specifically, an influx of Ca?>" has been shown to make
the extra-cellular medium more electro-negative which increases the thickness of electric
double layer, increasing both C-potential magnitude and the repulsive strength between

RBCs.

Lastly, a significant dose-dependent increase (p<0.05) in hemolysis was observed
in both tBHP (Figure 4.12A) and COOH (Figure 4.12B) OS agents. Interestingly, both
tBHP and COOH exhibit a greater magnitude of hemolysis than the H>O> samples. This
response is likely due to rapid cell destruction caused by lipid peroxidation, considering

that both tBHP and COOH are membrane-targeting OS agents.
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Figure 4.12: Comparison of changes in hemolysis % of (A.) Tert-Butyl hydroperoxide and (B.)
Cumene hydroperoxide (COOH) at increasing treatment concentrations. Data represents mean +

s.d. of N=2 donors.
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STATISTICAL ANALYSIS

All statistical analysis was carried out using Prism 11 (GraphPad Software, La
Jolla, CA).

To address Objective 1 of Chapter 4—determine sensitivity of surface (-potential
for monitoring RBCs in H>O: induced-OS—I analyzed (-potential response of human
RBCs across four HoO> concentrations: Control, 0.5, 1, 5, 10 mM. Using one-way analysis
of variance (ANOVA) I compared the mean (-potential technical replicates for N=3
separate blood draws from the same donor on different days across treatment groups to
determine ‘“‘concentration effect”. Follow up post-hoc analysis was performed using
Tukey’s Multiple Comparisons Test to identify specific differences between drug
concentration groups. Across concentration groups, all p-values <0.05 were statistically
significant. To control for blood draw (i.e., biological replicate) variability and repeated

measures we fitted a mixed-effects linear model.

To address Objective 2 of Chapter 4—probe the biophysical and OS agent-specific
mechanisms that modulate the surface (-potential response of human RBCs under OS—I
analyzed (-potential response of human RBCs to increasing drug treatment for tert-Butyl
hydroperoxide (tBHP) and cumene hydroperoxide (COOH) OS agents independently. For
each OS agent, (-potential response of human RBCs across control and three treatment
concentrations (tBHP: 1, 5, 10 mM, and COOH: 0.5, 1, 3 mM). Using One-Way ANOVA,
I compared the mean {-potential of technical replicates for N=3 separate blood draws from
the same donor on different days across treatment groups to determine “concentration

effect” for each OS agent independently. Follow up post-hoc analysis was performed using
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Tukey’s Multiple Comparisons Test to identify specific differences between drug
concentration groups. For each OS agent, across concentration groups, all p-values <0.05
were statistically significant. To control for blood draw (i.e., biological replicate)

variability and repeated measures we fitted a mixed-effects linear model.

STUDY LIMITATIONS, IMPLICATIONS, AND FUTURE WORK

The primary aim of this study was to determine the C-potential response of RBCs
OS, considering dose-dependent changes and mechanistic differences between OS
agents. For Objective 1, I showed that {-potential can detect subtle shifts in the gradual
progression of OS, including the biophysical transition of RBCs from OS to complete cell
death—confirmed by flow cytometry. Limitations of the H>O> study include
inconsistencies in cell concentration during imaging. While significant dose-dependent
changes in C-potential were observed with H>O», these changes are likely influenced by the
high degree of multi-population heterogeneity present in the bulk cell population.
Therefore, an alternative approach would be to first isolate the oxidized cells from the bulk
population and re-suspend them in iso-osmotic buffer prior to conducting C-potential
measurements. Doing this would ensure a fully homogenous treatment sample, which

would further increase C-potential sensitivity under OS conditions.

Objective 2 focused on probing mechanistic differences between OS agents,

significant changes (p<0.05) in both intracellular Ca>" and SAs.. were observed, however,
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no significant changes (p<0.05) were observed in {-potential magnitude of tBHP-treated
RBCs. Additionally, only minimal changes were observed in COOH treated RBCs,
compared with {-potential from H>Os results. Because H>O» is a cytoplasm-targeting OS
agent and both tBHP and COOH are membrane-targeting OS agents, differences in -
potential response may be due to widespread membrane damage with H>O» (via spectrin-
globin crosslinking) compared to only localized lipid peroxidation in tBHP and COOH.
Another possible reason for the observed differences in C-potential between OS agents, and

a limitation of tBHP and COOH studies, was the lack of GPX inhibition.

Recall from the Introduction that RBCs possess two antioxidant defense
mechanisms, catalase (CAT), and glutathione peroxidase (GPX). While both antioxidants
help to combat OS processes in RBCs, CAT is the primary antioxidant defense against
H>0,7%%. In the present study sodium azide (NaN3), a potent CAT inhibitor, was incubated
with H>O»-treated samples to block repair and enhance the OS response. However, in tBHP
and COOH OS processes, catalase acts as a secondary antioxidant defense with GPX

serving as the primary antioxidant defense mechanism?”-?®

. This likely explains the
minimal C-potential response observed tBHP and COOH treatments compared to H2O».

However, to compare OS mechanisms of tBHP and COOH with prior H20O: findings, it

was necessary to add NaN3 to tBHP and COOH treatments.

To address this study limitation, in future studies the addition of a GPX inhibitor in
the tBHP and COOH treatment regimens should be included. For example, following

incubation of isolated RBCs with 1.5 mM mercaptosuccinate, a potent GPX inhibitor,
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along with tBHP concentrations, Rohn et al demonstrated a decrease in Ca**-ATPase
activity up to 50%2*. Considering that the tBHP study revealed a dose-dependent increase
in intracellular Ca?*, and that increases in intercellular Ca®" can shift the {-potential
response by expanding the electric double layer, the addition of a GPX inhibitor would
allow for greater amplification and detection of changes in -potential response in RBCs
exposed to both tBHP and COOH.

Collectively, my findings presented here in Chapter 4 demonstrate that C-potential
can detect subtle shifts in H>0O2-induced OS progression in human RBCs. This C-potential
response was further corroborated by shifts in both DEP properties and secondary
biophysical parameters (e.g., SAfee and intracellular Ca?"). Previously ex vivo studies
monitoring OS response in human RBCs relied on assessing morphological changes and
were unable to distinguish subtle shifts in RBC function (e.g., ion channel inhibition)
occurring with OS progression. The presents work helps to address this unmet need by
demonstrating the applicability of C-potential as an alternative technique for RBC
monitoring in OS, providing greater measurement sensitivity. This in turn offers the
potential to inform monitoring of OS-related processes (e.g., cardiovascular disease and
blood-artificial material surface interactions) where high measurement sensitivity is critical
to deciphering the underlying biophysical mechanisms contributing to OS progression,
especially in the midst of often compounding factors (e.g., flow-induced shear stress and

blood storage duration, etc.).
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Chapter 5: Surface Zeta Potential as a Biomarker for
Monitoring Human Red Blood Cells in Extracorporeal

Membrane Oxygenation

INTRODUCTION

Extracorporeal membrane oxygenation (ECMO) is a type of cardiopulmonary
bypass (CPB) system that provides temporary artificial heart and lung functionality to
critically ill patients, also serving as a bridge to heart and lung transplantation!. ECMO
systems consist of either a roller pump (used primarily for pediatric and neonatal patients)
or centrifugal pump (used in both pediatric and adult patients) and an artificial lung
(membrane oxygenator) which facilitates gas exchange and reoxygenation of the blood.
These components are connected via heparin-coated tubing, forming a complete circuit.
Unlike traditional CPB systems which are used on a short-term basis (up to 6-8 hours)
during cardiac surgical procedures, ECMO systems frequently provide support for at least
12 hours or even days to weeks. Due to prolonged blood circulation, complications of
bleeding and red blood cell (RBC) aggregation leading to thrombosis remain significant
clinical challenges for ECMO patients*. In ECMO circuits, inflammatory and coagulation
responses are exacerbated due to the increased interaction of cells with foreign surfaces
and materials, resulting in blood clot formation. A comparison of primary differences

between traditional CPB and ECMO systems is depicted in Table 5.1.
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Table 5.1: Comparison of Cardiopulmonary Bypass versus ECMO Systems

Characteristics Cardiopulmonary Bypass System ECMO System
Priming Volume Large Small
Oxygenator Use Short term (<10 hr.) Short or Long term (>10 hr.)
Pump Type Roller or Centrifugal Centrifugal (adult)
(both adult and pediatric/neonate) Roller (pediatric/neonate)
External Reservoir Yes — present No
Heparin Bolus Dose 300-400 U/kg 50-100 U/lg
Target Clotting Time >480 seconds 160-200 seconds

In addition to inflammatory and coagulation responses, other mechanisms of cell
damage occur in ECMO circulation. One in vivo study showed a 60% loss of RBCs in
ECMO systems due to bleeding and pump-induced hemolysis*. Other ex vivo studies have
investigated the effects of flow rate for detecting thrombus formation, drug sequestration
and pharmacokinetics, as well as differing pump and membrane oxygenator device models
to inform ECMO circuit configuration and clinical treatment planning>-. Over the past
decade, blood storage and RBC aging have gained considerable attention due to the
reported >96% of patients who require blood transfusions during in-hospital ECMO
support’. Prolonged blood storage causes storage lesions which deleteriously affect cellular
function and RBC membrane integrity, including cleavage of sialic acid and decreased cell

membrane elasticity and deformability!®!!,

To my knowledge, no ex vivo studies to date have focused exclusively on
monitoring RBCs in ECMO circuits despite the critical role of RBCs for oxygen delivery.
Clinical laboratory techniques for monitoring RBCs during in vivo clinical ECMO support,

which include plasma free hemoglobin (PfHb), a measure of cell damage and hemolysis,
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and red cell distribution width (RDW) for monitoring systemic inflammatory response, are
limited to once-daily measurement to limit blood loss from frequent phlebotomy'2. These
measurements vary widely across clinical centers, yielding inconsistent results'®!4.
Anticoagulants, while often a first-line therapy for managing thrombosis in ECMO circuits,
elevate the potential risk for cannula site bleeding and intracranial hemorrhage due to
systemic anticoagulation effects'>. Thus, a significant clinical need exists to monitor
RBCs in ECMO systems, providing greater temporal measurement resolution and
sensitivity, to better predict blood clot formation, blood transfusion and blood volume
management in ECMO patients. Additionally, information on how prolonged storage

may impact RBCs in ECMO will provide further insights to inform this management and

address unmet clinical needs.

Impacts of Blood Circulation on Red Blood Cells: During normal blood circulation

RBCs are continuously exposed to mechanical shear stresses as they transverse the vascular
network to deliver oxygen to tissues and remove CO; waste products'®!”. To maintain
homeostasis, blood circulation must be fast enough to provide adequate tissue perfusion
and oxygen delivery, while not becoming too turbulent to irreversibly alter the RBC’s
ability to deform through the microvasculature and impair oxygen exchange. Under
“normal”, physiologic flow, RBCs are exposed to a range of mechanical shear stresses,
from 0.1-10 Pa '32°, However, in patients with heart valve prostheses or mechanical blood
pumps (e.g., ventricular assist devices, VADs) the flow behavior can become turbulent

generating high shear stresses (>100 Pa) and resulting in RBC lysis 21724,
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In ECMO systems, the peak mechanical shear stress can reach, and even exceeds,
400 Pa, particularly in roller pumps when both rollers simultaneously occlude the tubing
(Figure 5.1: ). Moreover, not only do extreme peak shear stresses increase the severity of
RBC lysis, worsening hemodilution and bleeding in critically ill ECMO patients, they have
been shown to increase platelet activation and neutrophil expression over timescales of just
0.5s. These effects, in addition to the already elevated inflammatory response to underlying
viral infection seen in ECMO patients, have the potential to produce a highly pro-
thrombotic environment. Thus, understanding the role of RBC surface charge in this

ECMO environment is of critical importance.
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Figure 5.1: Schematic showing peak wall shear stress profile with respect to the position of leading

and trailing rollers in an ECMO circuit, as described by Mulholland et al?>.

Red Blood Cell Aggregation: RBC aggregation is characterized by a reversible process

whereby cells form stacks or branch networks, often resembling “pearl chains”, due to
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either low/stagnant flow conditions or physical alterations to the cell membrane’s surface

2627 In contrast to

(e.g., removal of sialic acids) resulting in cell-to-cell adhesion
aggregation, coagulation or agglutination of blood is an irreversible process resulting from
polymerization of proteins on the RBC surface. The propensity for RBCs to aggregate is
closely governed by the balance between pro-aggregating factors (e.g., concentration of
prothrombotic factors and fibrinogen in the blood) and dis-aggregating factors (e.g., shear
stress magnitude and strength of cell-to-cell repulsive forces). As described in Chapter 3,

the largest determinant of RBC repulsive strength is the concentration of electro-negative

glycoproteins (sialic acid) present on the cell surface.

While cell aging and RBC-related diseases (e.g., malarial anemia, sickle cell
disease, etc.) have been shown to decrease the cells’ overall electronegative charge,

resulting in cell aggregation®

, so too has ECMO circulation. Specifically, Lansink-
Hartgring et al, reported an increase in RBC aggregation due the extended blood circulation

time required during ECMO support compared to shorter CPB runs®’.

In the present study, I investigated the applicability of (-potential as an alternative
tool for RBC monitoring in ECMO circuits. | evaluated the effects of blood circulation
time, and blood storage duration on the C-potential response of RBCs circulating through
a benchtop ECMO circuit. Considering the importance of membrane oxygenators in
ECMO support systems, I further hypothesized that the addition of a membrane oxygenator
into the benchtop circuit will compound the {-potential response due to increased RBC

damage. Additionally, I investigated the effects of the maximum shear exposures on RBCs
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in ECMO circulation through a miniaturized system, allowing for examination of a more
homogeneous cell population. Although the effects of mechanical shear stress have been
studied extensively in the context of RBC deformability and hemolysis (Faghih & Sharp,
2019; Huisjes et al., 2018), limited studies exist on the effects of mechanical shear stress
on the electrokinetic surface charge of RBCs. Further, none have considered the
compounding effects of blood storage duration on shear-induced RBC damage, which is
important especially for patients requiring blood transfusions. Together, these research

studies will:

ECMO Circui

Objective #1: Develop an understanding of the C-potential response of human RBCs
circulating through a benchtop ECMO circuit.

Objective #2: Determine the compounding effects of blood circulation time and blood
storage duration on the C-potential response of human RBCs circulating through a benchtop
ECMO circuit.

Objective #3: Determine the additional effects of membrane oxygenator on the C-potential

response of human RBCs circulating through a benchtop ECMO circuit.

hear Str
Objective #1: Determine how compounding effects of blood storage and duration of
mechanical shear stress exposure effects the -potential response of human RBCs.
Objective #2: Determine how the duration of mechanical shear stress shear exposure

effects the {-potential response of human RBCs.
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Objective #3: Determine how the magnitude of mechanical shear stress exposure effects

the C-potential response of human RBCs.

METHODS
IRB Approval for Human Subjects Studies: All studies were conducted in accordance

with 45 CFR 46 and the principles of the Declaration of Helsinki, with approval from the
Institutional Review Board (Wake Forest University, Winston-Salem, NC). Participants in
the study were screened for relevant self-reported health issues. All participants provided
written, informed consent after having received a detailed explanation of the study

procedures.

Blood Procurement and Preparation for ECMO Experiments: In the ECMO study, for

both Pump-Only and Pump+PIXIE flow groups, units of whole blood (~450 mL) were
drawn from a total of 7 donors (4 male and 3 female) drawn by venipuncture into blood
collections bags containing sodium heparin anticoagulant and shipped overnight from the
blood bank (Zen-Bio, Inc., Durham, NC). Six of the donors were of African American
ethnicity (the other donor was Hispanic). All donors were healthy (no underlying
comorbidities). The age of all donors ranged from 26-55, and blood type (A+) was
controlled across donors. Upon receipt, units were immediately stored as whole blood at
4°C in refrigeration for up to 49 days. At the blood storage date of interest (e.g., day 7, 14,
21, 30, and 49) approximately 25 mL of whole blood was aliquoted into conical tubes and
RBCs were isolated by centrifugation (700 xg (@ 5 minutes) washing twice with normal

saline (0.9% NaCl). Following isolation, packed RBCs were resuspended at 10%
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hematocrit in 100 mL of total blood volume. The reduced hematocrit was selected to allow

for comparison across multiple blood storage dates using a single.

Additionally, while whole blood is conventionally used in vivo, isolated RBCs were
selected to evaluate the bulk C-potential response of RBCs, without compounding effects
of other blood components (e.g., platelets, leukocytes, etc.). Prior to initiation of blood
circulation, a 1 mL blood sample was removed from the circuit, pelleted by centrifugation,

and kept at room temperature (e.g., 19+2°C) as a static reference control.

rement and Preparation for Shear Experiments: Fresh human whole blood
(~3 mL) was drawn by venipuncture into blood collection tubes containing sodium heparin
anticoagulant. Blood was drawn from two different donors, both healthy females (no
underlying chronic conditions). Both donors had blood type O+ and the age of donors
ranged from 26-40 years old. One donor was African American ethnicity and the other was
Caucasian ethnicity. Collection tubes were immediately stored as whole blood at 4°C in
refrigeration for up to 49 days. Following 7 days of blood storage, approximately 1 mL of
whole blood was aliquoted, and the remaining blood was placed back in refrigeration for
use in subsequent blood storage experiments (e.g., 21- and 49-days post-draw). RBCs were
isolated from the whole blood by centrifugation, washing twice with normal saline (0.9%
NaCl).
Following isolation, packed RBCs were resuspended in 1 mL Eppendorf tubes at
40% hematocrit in normal saline at a total volume of 175 uL per sample. Although a

reduced hematocrit was needed for the ECMO experiments, as described above, we were
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able to increase the hematocrit to physiologic levels (e.g., 40%) due to smaller blood
volumes required for shear experiments. Additionally, while whole blood is conventionally
used in vivo, isolated RBCs were selected to evaluate the bulk C-potential response of
RBCs, without compounding effects of other blood components (e.g., platelets, leukocytes,

etc.).

Benchtop ECMO Circuit Design: Benchtop ECMO circuits (Figure 5.2: ) were

constructed, each consisting of a roller pump (COBE Cardiovascular, Inc., Arvada, CO)
and 100-mL blood bag connected by heparin-coated silicone tubing (ID: 1/4 in, OD: 3/8
in) and a volume-equivalent, 3D-printed reservoir to mimic the oxygenator, referred to in
the Results and Discussion as the Pump-only group. An Affinity Pixie™ Pediatric hollow-
fiber membrane oxygenator (Medtronic Plc, Minneapolis, MN) was placed between the
pump outlet and blood bag inlet in one circuit, referred to in the Results and Discussion as
the Pump+PIXIE group, to investigate the compounding effects of membrane oxygenators

on the biophysical response of human RBCs.
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Figure 5.2: Workflow and set up for benchtop ECMO experiments. (A.) Experiments were repeated
on Day 7, 14, 21, 30, and 49 of blood storage for donors with blood type A+, age matched (<55 y.o.).
C-potential, percent hemolysis, and cell concentration and population % analysis was immediately
performed for the static and flow-exposed samples every 2 hours, whereas sialic acid analysis was
performed every 6 hours. (B.) Benchtop ECMO circuit with volume-equivalent chamber to mimic

the oxygenator (Pump-only group).

On the oxygenator circuits, pre-and post-oxygenator pressure monitoring was
carried out using Model 6069 DELTRAN® disposable pressure transducers (Utah
Medical, Inc, Salt Lake City, UT) connected to a two-channel PendoTech Pressure MAT
data acquisition system (Mettler-Toledo International Inc, Columbus, OH). Flow rate was
monitored in real-time using the digital display on the roller pump’s front control panel.
Before starting each experiment, the circuits were primed with normal saline to remove

any air bubbles from the tubing and oxygenator.
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Roller Pump Flow R nd Pr re Tran r Calibration: The roller pumps that I
used in the benchtop ECMO circuits were graciously donated by Dr. Jim Jordan from the
surplus supplies in his research laboratory at Atrium Health-Wake Forest Baptist Medical
Center. Each of these pumps had previously been in clinical service with the Department
of Perfusion at Atrium Health-Wake Forest Baptist Medical Center but now retired from
clinical service due to upgrades to clinical equipment. Due to the age and extended clinical
use of the roller pumps (Prior maintenance date: circa 2015 and clinical life: >10,000
circulating hours) manual flow calibration was necessary to ensure each roller pump

provided the expected flow rate £0.2 L/min prior to conducting ex vivo experiments.

Flow rate calibration was carried out by first inserting a segment of '4-ich tubing
into the roller pump raceway with the tubing end from the pump inlet inserted into a
reservoir filled with ~3 L of distilled water, and the tubing end from pump outlet placed
into another empty 3 L reservoir (Figure 5.3A). Next, the volume of water dispensed into
the outlet reservoir over 1 minute was recorded with a stopwatch and volumes were
confirmed using graduated cylinders recorded to £0.05 L/min. Flow rates were measured
at pump speeds of 50, 100, 150, and 200 revolutions/min (RPM) based on reference values
displayed on the back of the pump (Figure 5.3B). The measured values were plotted
against the reference values to ensure that the pump was operating within 5-10% of the

expected flow rate (Figure 5.3C).
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Figure 5.3: (A.) Schematic of pump flow calibration set up. (B.) Reference values provided by
manufacturer. (C.) Linear regression plot comparing reference versus measured flow rate values

for n=12 technical replicates per RPM interval.

Pressure transducer calibration was carried out by first opening the distal
stopcock on each pressure transducer to expose it to atmospheric pressure (with the second
stopcock closed to avoid introducing air into the ECMO circuit) and then pressing the
TARE button on the PendoTech Pressure MAT data acquisition system to “zero out” the
transducer readings. Each distal stopcock was then closed to atmosphere, and the second
stopcock (proximal to the tubing) was opened to expose the transducers to the static
pressure of the primed circuit (Figure 5.5: A). Proper pressure calibration was achieved
with a static pressure differential of 1 pound/in® (psi) between oxygenator inlet (P1) and

oxygenator outlet (P2) transducers (Figure 5.5: B).
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to atmospheric pressure.

Figure 5.4: (A.) Representative stopcock configurations for measurement of static pressure in ECMO

circuit. (B.) Pressure readings for properly calibrated DELTRAN® pressure transducers.

ECM ircui ratin nditions: Blood was continuously circulated through the
ECMO circuit for a total of 12 hours on the pre-determined blood storage experiment day.
Every two hours, the sampling port was flushed with normal saline (0.9% NaCl). An initial
1 mL “waste” blood sample was drawn off each circuit’s sampling port and discarded. This
was done to avoid hemodilution from saline left in the stopcock during flushing, and to
ensure that 100% of blood sampled from the circuit was exposed to pump flow. The
stopcock “arm” has a volume of ~0.2 mL, so there is potential for stagnant cells to be
included in the sample, unless the stopcock was purged with saline. After purging the
sampling port, an additional 1 mL of blood was immediately drawn off each circuit and
dispensed into labeled Eppendorf tubes. All blood samples were pelleted by centrifugation

(700 x g @ 5 minutes) and let to stand at room temperature throughout the duration of

experiments.
RBC Shearing System Setup and Operation: To induce the appropriate shear stress

duration and magnitude, a linear Poiseuille shearing system was constructed in the manner
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like that described by McNamee et. al, comprised of 38 mm segment of 400 um L.D.

polyethylene tubing (Figure 5.6: ).

123 Pa
61.25Pa rd ?

50% 100%
shear shear

{

Figure 5.5: Schematic of benchtop shearing system designed to expose 100% of RBCs to maximum

shear stress levels in ECMO, adapted from McNamee et al.

The shear stress magnitudes and shear durations used in this dissertation Chapter
were based on the work of Mulholland ef al. (to determine maximum shear in ECMO) and
McNamee et al described subsequently. Through extensive optimization of shear
magnitude-duration combinations (shown in Figure 5.6) McNamee et a/ found that shear
durations beyond 10 seconds, at and above 50 Pa magnitude, produced sublethal
mechanical trauma leading to overt hemolysis. For their study, a shear magnitude of 125
Pa stressed at durations of 1.5, 3, and 4.5 seconds were selected to (i.) avoid overt
hemolysis, and (ii.) be representative of clinical mechanical circulatory support systems
(e.g.,>100 Pa). Considering the potential long-term and repetitive shear exposure of RBCs
circulating through ECMO, I chose to investigate shear duration beyond that of McNamee
et al. However, to avoid overt hemolysis, I limited the maximum shear duration to 6

seconds for both high and low shear magnitudes.
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Figure 5.6: Shear stress-magnitude combinations identified by McNamee et al’'.

Following extensive optimization of my pump configuration/operating conditions,
it was determined that, achieving the high shear stress magnitudes of 150 Pa and 400 Pa
described by Mulholland ef al., while also replicating the microfluidic shearing setup used
by McNamee et al (e.g., tubing ID: 200 um, tubing length: 0.94 m, and shear duration: 1.5
seconds/pass) would not be feasible because they required flow rates which exceeded the
maximum allowable load applied to the motor (proprietary manufacturer information),
causing the pump to stall. To mitigate this risk, through further optimization, a large
(60mL) syringe as well as an increased tubing diameter (ID :400 um) was selected to
generate a flow rate necessary to still produce “high shear” within the ranges studied by
McNamee et al, while preventing the built-in stall/shut-off mechanism from being
triggered due to excessive force applied to the motor. To further mitigate stalling risk in
my pump system, the final fluid viscosity was limited to 1.386 cP (by comparison whole

blood viscosity is ~3-4 cP) which was determined as the viscosity of normal saline at 25°C,
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(~1.12 cP), plus the viscosity of washed RBCs at 40% hematocrit, estimated at ~0.266 cP,

based on values derrived from literature'-2.

High (123 Pa) and low shear stress (61.25 Pa) magnitudes were produced using a
syringe pump (NE-8000X, New Era Pump Systems Inc., New York, USA) programmed to
operate at continuous flow rates of 33.45 mL/min (high shear) and 13.73 mL/min (low
shear). The pump was programmed for a 60 mL syringe (barrel ID: 28.90 mm) at a fixed
infuse/withdraw volume of 121.3 uL yielding a shear duration of 0.24 seconds per pass
through the tubing. The shear stress magnitudes produced by the the microfluidic system
were calculated by combining the Darcy-Weisbach and Hagen-Poiseuille equation(s) as

described below:

_321Q (5.1
EHE

Where 7 is the fluid viscosity, Q is the pump flow rate, and D is the internal diameter of
the microfluidic tubing. In our system, the applied shear stress is calculated to be 123 Pa at
fluid viscosity of 1.2 Pa.s (equating to ~10% hematocrit packed RBCs in normal saline).
Additionally, the corresponding tubing length (L;yp.) needed to produce a shearing
duration (tspeqr ) Of 1 seconds, based on the known flow rate (Q) and tubing internal

diameter, was calculated by:
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To investigate the effects of shear duration on {-potential response of human RBCs,

175 uL of unsheared RBC suspension was removed from the Eppendorf tube via aspiration

into a 1 mL syringe. Next, the sample syringe was attached to the free end of the pump

tubing via a 31-gauge needle tip. RBCs were manually dispensed from the syringe into the

tubing. Once the tubing was filled, WITHDRAW and PUMP cycles were alternated

followed by START. The total number of cycles for each shearing duration is shown in

Table 5.2. To prevent syringe back filling and ensure 100% of sample was exposed to

shear, the plunger on the 1 mL syringe remained manually pressed during pump operation.

Table 5.2: Pump Operation Parameters for Shearing RBCs

Applied Actual Shear # Cycles
Sample Shear Stress Duration (alternating button presses)
HIGH SHEAR
0 seconds -——- o ———-
3 seconds 3.12 13
123 P
6 seconds a 6.00 25
LOW SHEAR
6 seconds 61.25 Pa 6.24 13

Following shear exposure, RBCs were removed from the pump through the 1 mL

syringe, rapidly pulling back on the syringe plunger, followed by clamping the tubing distal

to the needle tip with metal forceps to prevent negative backpressure from causing the

tubing to refill. Sheared cells were dispensed back into the Eppendorf tube and C-potential

measurements were immediately performed as described in Chapter 3.
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To further investigate the effects of shear stress magnitude (e.g., high versus low
shear stress) on the C-potential response of human RBCs, the pump flow rate was reduced
to 16.73 mL/min (~61.25 Pa applied shear stress) and the experimental protocol was
repeated for 6-second shear duration. Lastly, to investigate the sensitivity of C-potential
measurement for detecting shear damage within a bulk cell population, a 50% sheared-to-
unsheared mixture was prepared by suspending SulL of 100% high-sheared and Sul of

unsheared (control) RBCs in SmL of iso-osmotic buffer, for the 6-second shear duration

group.

Buffer an mple Preparation: For both ECMO and shear stress experiments, samples
were prepared for electrokinetic and morphological analysis by resuspending 10 uL of
packed RBC pellet in 5 mL of iso-osmotic, low conductivity buffer, prepared as described
in Chapter 4. Cell concentrations for sheared/flow-exposed and static samples in both
ECMO and shear stress experiments were at least 2 x 10° cells/mL over 49 days of blood

storage duration.

Measurement of Surface {-potential: Measurement of surface C-potential was conducted

using a Zetasizer Pro Red Label (Malvern Analytical, UK) system as previously described
in Chapter 3. For ECMO experiments, C-potential measurements were collected in
triplicate for up to N=7 biological replicates (separate donors) for static samples, and up to
N=3 biological replicates for both Pump-only and Pump+PIXIE groups. For shear stress
experiments C-potential measurements were collected in triplicate for N=3 biological

replicates for all RBC sample groups
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Measurement of Cell Radius and RBC Count: For all RBC sample groups in both

ECMO and shear stress experiments, weighted cell radius and RBC count were determined
from hemocytometer images using ImagelJ software, as described in Chapter 4. The only
variation from previously described methods is that for ECMO studies, RBC count is
presented in the form of concentration, in cells/mL, and can be calculated from the total

RBC count (same as Chapter 4) and volume of a 4 x 4 square grid, Equation 5.3:

Crac [cells/mL] =(R§§0C4°:ft) x (k) (5.3)

Where Crpc is the RBC concentration, in cells/mL and RBC Count is the total number of
RBCs counted in a 4 x 4 square grid. In clinical practice RBC count is represented in this
manner. Thus, it allows for ease of interpretation of my findings in the broader scope of

clinical practice.

Measurement of Free Sialic Acid Concentration: The free sialic acid (SAfwe)

concentration of all RBC sample groups in ECMO experiments were determined using a
commercial assay kit based on methods described in Chapter 4. However, because there
were no significant differences observed in C-potential response to shear, and considering the

length and complexity of methods for quantification, SAfee measurements were not carried out

for shear experiments.

Measurement of Intracellular Ca**; Measurements of intracellular calcium Ca®* for both

ECMO and shear stress experiments were carried out using a commercial assay kit based

on methods from Chapter 4.
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RESULTS AND DISCUSSION
Surface {-potential response in ECMO Circuits: In clinical practice, ECMO circuits are

operated for 12 hours or longer and use whole blood stored for up to 42 days. The
experiments were designed to mimic these conditions; however, RBCs were isolated from
whole blood, and ECMO circuits were operated at 10% hematocrit. This allowed use of a
single donor (from one 450 mL blood bag) across the entire storage duration (removing
donor to donor variability over storage times). Surface C-potential measurements were
performed immediately for the “static” and “flow-exposed” samples every 2 hours. Error!
Reference source not found. shows the effects of blood storage duration and ECMO blood

circulation on the surface {-potential response of RBCs.
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Figure 5.7: Changes in RBC surface {-potential over increasing blood storage duration at (A.) 2

hours, (B.) 4 hours, (C.) 6 hours, (D.) 8 hours, (E.) 10 hours, and (F.) 12 hours of ECMO blood

circulation, comparing flow and static samples. Data presented represents the mean = (s.d.) for all

donors (static: N=7; flow: N=3). Statistical comparisons between static and flow-exposed samples

were made via Two-way ANOVA using Tukey’s Multiple Comparison test; *p<0.05, **p<0.01,

***p<0,001. All values with p<0.05 were considered statistically significant.

A significant decrease in surface C-potential with blood storage duration was

observed (Figure 5.7A). I also observed a significant change in surface C-potential with

increasing blood circulation time, and the response was further compounded by blood

storage duration (Figure 5.7B-F). Specifically, at Storage Day 14 there was a significant

change in surface C-potential due to flow effects after 10 hours. Further, at Storage Days

21 and 30, surface C-potential changes occurred after 8 hours, and at just 4 hours in the
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oldest blood (Storage Day 49). These observations suggest that changes in the RBCs’
physiology, impacting their ability to repel one another, are occurring within standard
ECMO protocol timescales (circuit flow time and storage duration). Considering this,
surface C-potential may be an early indicator of these changes, which has clinical
implications for early prediction of cell aggregation and clot formation in ECMO circuits.

When probing the biophysical factors contributing to the observed changes in
surface C-potential, the hemolysis in flow-exposed RBCs increased compared to the static
samples after 6 hours (Figure 5.8A). Following 12 hours of blood circulation, an even
more pronounced increase in hemolysis was observed for flow-exposed RBCs compared
with static samples (Figure 5.8B). Longer storage time exacerbated hemolysis, with the
most prevalent occurring at 49 days storage for both 6 and 12-hour blood circulation

timepoints.
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Figure 5.8: Change in RBC Hemolysis over increasing blood storage duration from 7 to 49 days

following (A.) 6 hours and (B.) 12 hours of ECMO blood circulation. Change in Intracellular Ca%*
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over increasing blood storage duration following (C.) 6 hours and (D.) 12 hours. (E.) Change in free
sialic acid (SAfrec) concentration following 6 hours of ECMO blood circulation. Change in RBC
count over increasing blood storage duration following (F.) 6 hours and (G.) 12 hours. Change in
sub-population % over increasing blood storage duration following (H.) 6 hours and (I.) 12 hours.
Data presented for all panels represents the mean t (s.d.) for a single (N=1) donor. Statistical
comparisons between static and flow (Pump-only) samples were made via Two-way ANOVA using
Tukey’s Multiple Comparison test; *p<0.05, **p<0.01, ****p<0.0001. All values with p<0.05 were

considered statistically significant.

In addition to hemolysis %, both intracellular Ca®>* and sialic acid are important
biophysical parameters used to characterize blood damage in human RBCs. Intracellular
Ca®" regulates cell volume and deformability, while bound sialic acid contributes up to
70% of the RBC’s negative surface charge®’. As demonstrated by McNamee et al*?,
repeated exposure to flow-induced mechanical shear stress even over short durations (e.g.,
< 5s) cleaves sialic acid glycoproteins from the cell surface, reducing the electronegative
charge density of the cell membrane, subsequently decreasing {-potential magnitude 3'.
Here, the Ca?* fluorescent intensity did not change between static or flow-exposed groups
after 6 hours (Figure 5.8C). However, after 12 hours, a significant increase (p<0.05) in
intracellular Ca?" intensity was observed for flow-exposed RBCs following 49 days of
blood storage (Figure 5.8D ). The concentration of SAfee also increased with blood storage

duration following 6 hours in ECMO circulation (Figure 5.8E).

Total RBC concentration decreased (Figure 5.8F) following 6 hours of blood
circulation, with a similar but more pronounced shift following 12 hours of blood

circulation (Figure 5.8G). Conversely, the percentage of echinocytes in the bulk cell
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population increased for flow-exposed RBCs compared to static RBCs following 6 hours
of blood circulation (Figure 5.8H), with a more pronounced shift following 12 hours of
blood circulation (Figure 5.8I). I suspect both results are due to flow exposure in the
ECMO circuit. Taken together with the observed increase in hemolysis, this suggests
sequestering of lysed RBCs from circulation, as well as the presence of RBC oxidative
damage as the drivers for the changes observed in surface (-potential. It should be
emphasized that storage time was a significant factor when comparing static samples and

flow-exposed samples to one another.

From the broader perspective of RBC biophysical properties, several authors have
shown decreases in surface C-potential to be associated with blood storage** and RBC
aging’, as well as increasing fibrinogen-RBC binding and subsequent blood clotting risk>®.
Collectively, these studies support the hypothesis that blood storage compounds shear
exposure effects to the surface C-potential response in RBCs and has the potential to elevate

blood clotting risk in ECMO circuits due to the decrease in repulsive forces.

To further probe this hypothesis, a membrane oxygenator was added to the ECMO
circuits. Membrane oxygenators are a critical component of the ECMO system providing
artificial lung functionality by reoxygenating RBCs. However, as RBCs pass through the
oxygenator, they are repeatedly subjected to periodic squeezing between membrane fibers.
This squeezing mechanism as demonstrated by Pan et al, causes a multi-stage progression
of cell membrane fatigue, characterized by initial elastic deformation and progressing to

hemolysis*’. Considering the increased shear exposure, it was expected to see a more
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pronounced change in the surface {-potential response in RBCs. Interestingly, the converse
response was observed, where the addition of the Affinity Pixie™ oxygenator caused an

increase in {-potential (Figure 5.9).
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Figure 5.9: Changes in RBC surface C-potential through the Affinity Pixie™ Oxygenator circuit
over increasing blood storage duration at (a). 2 hours, (b). 4 hours, (c). 6 hours, (d). 8 hours, (e). 10
hours, and (f). 12 hours of ECMO blood circulation. Data presented represents the mean + (s.d.) for
all donors (static: n=7; flow: n=4). Statistical comparisons between static and flow-exposed
Pump+PIXIE samples were made via Two-way ANOVA using Tukey’s Multiple Comparison test.
All values with p<0.05 were considered statistically significant. Statistical comparisons between
static and flow (Pump+PIXIE) samples were made via Two-way ANOVA using Tukey’s Multiple
Comparison test; *p<0.05, **p<0. 0.001. All values with p<0.05 were considered statistically

significant.

123



5 75 Fkkk  dokkk ok 2400

A B c D E ,—|
s 5]
1

2100
60 Hdok ok dokkk

2
g

= = —~ 1800 2
2 245 3 1500 340
E 2 = 1200 *k &
S S &
£ £ 30 8 900 ,_l 7]
w 20
T 4 15 600
300
0 0 o
7d 21d 49d 7d 21d 49d d7 d49 d7 d49 d7 da9
Blood Storage Duration Blood Storage Duration Blood Storage Duration Blood Storage Duration Blood Storage Duration
Hemolysis Intracellular Ca?* Sialic Acid
— 1.5x107 —~ 1.5x107 100 100
3 3 - i
E E © o B static
2 2 = =
T 1.0x107 T 1.0x107 c c D Pump+PIXIE
L L S 60 S 60
£ £ H] K] i
3 sox108 3 s0x108 34 ) M Echinocytes
o - o a a E
Q Q
E 2 20 20
0.0 0.0 0 0
7d 21d 494 7d 21d 40d 7d 21d 49d 7d 21d 49d
Blood Storage Duration Blood Storage Duration Blood Storage Duration Blood Storage Duration
RBC Count Cell Population %

Figure 5.10: Change in RBC Hemolysis over increasing blood storage duration from 7 to 49 days
following (A.) 6 hours and (B.) 12 hours of ECMO blood circulation. Change in Intracellular Ca%*
over increasing blood storage duration following (C.) 6 hours and (D.) 12 hours. (E.) Change in free
sialic acid (SAfree) concentration following 6 hours of ECMO blood circulation in Affinity Pixie™
Oxygenator circuit. Data presented for all panels represents the mean * (s.d.) for a single (N=1)
donor. Statistical comparisons between static and flow (Pump+PIXIE) samples were made via Two-
way ANOVA using Tukey’s Multiple Comparison test; *p<0.05, **p<0. 0001***p<0. 0.001,

*%%%p<0.0001. All values with p<0.05 were considered statistically significant.

Potential nsiderations in r - ntial R nse During ECMO: I
originally hypothesized that the observed surface C-potential response in ECMO flow was
due to shear exposure on the RBCs. With the addition of the oxygenator, I expected to see
those effects compound the observed response in surface {-potential. Interestingly, I did
not observe that response, leading me to question to what extent is C-potential influenced
by shear exposure? Mulholland et al showed that in a roller pump ECMO circuit, a peak

shear stress of 150-400 Pa is experienced by approximately 1.17-1.49 x 10”7 dL of blood
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volume occurring at the point when both rollers simultaneously occlude the tubing ?*. The
hypothetical maximum percentage of shear damage experienced by red blood cells (RBCs)
from the roller pump after 12 hours of continuous circulation in my ECMO circuit can be
calculated. Figure 5.11 depicts a schematic of the tubing geometry exposed to pump

rollers.

f

Ry

-

Figure 5.11: Tubing geometry exposed to pump rollers. Reproduced from Mulholland ez a/?*. In the
schematic, Rrbe represents a single RBC being compressed between the walls of the tubing during

occlusion by the roller.

Calculated Total RBC Exposure at 150 Pa Shear Stress: Based on this range and the
experimental parameters (e.g., circuit volume and pump speed) the total % of RBCs in the
ECMO circuits exposed to nominal shear stress (e.g., 150 Pa) over 12 hours of blood
circulation was calculated as follows:

(Vd x RPM x tcirc)

Prb(:@ 150Pa [%] = V. x 100 (54)
tot

Where RPM is the speed of the roller pump in revolutions per minute measured during

ECMO experiments, t.;,-. i1s the ECMO blood circulation time (in hours), and V;,; is the
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total blood volume (~100 mL) in the circuit. V; is the volume (in deciliters) of RBCs

damaged per revolution, given by:

360°
Va= ) Loln(rF = (i, = Rep)?)] (53)
6=0°
Where Lg is the length of cells along the pump boot wall exposed to damaging shear
stresses during that degree of rotation, 6, as described by Mulholland et. al. Additionally,

7, and R, are the radii of tubing and RBCs respectively.

Using an RBC volume of 1.49 x 10”7 dL, calculated from Mulholland et. al, and a pump
speed of 156 RPM (equivalent to 2 L/min, measured during ECMO studies) the volume

of damaged RBCs per minute is determined:

dL

(149x1077 dLx 156 RPM) = 2.32x107° — (5.6)

Converting ECMO circulation time to minutes, and volume to mL:

dL min
(2.32 x107° —x60—x 12 hr) = 1.67 mL (5.7)
min hr

Finally, the maximum percentage of RBCs damaged in 100mL under 150 Pa is calculated

as:
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(3.35mL)
Prbc [%] = m x100 =1.67% (5.8)

Calculated Total RBC Exposure at 400 Pa Shear Stress: Inputting an RBC volume of

1.17 x 107 dL, calculated from Mulholland et. al, and ECMO circuit parameters described
above, the total % of RBCs in my ECMO circuits exposed to high shear stress (e.g., 400

Pa) over 12 hours of blood circulation was calculated as:

dL
(117x1077 dLx 156 RPM) = 1.83x10™° — (5.9)

Converting ECMO circulation time to minutes, and volume to mL:

dL min
(1.83)(10‘5 —x60——x12 hr) = 1.32 mL (5.12)
min hr

Finally, the maximum percentage of RBCs damaged in 100mL under 400 Pa is calculated

as:

(3.35mL)
Prbc [%] = m x 100 = 1.32% (5.13)

Although it is unlikely that the low percentage of sheared RBCs is responsible for
the observed decrease in the bulk surface C-potential response in ECMO circuits, I was
interested to know what level of shear stress (and percentage of total cells exposed) would
alter surface C-potential to a detectable level. To accomplish this, a microfluidic-based

shearing system adapted from McNamee et al*8, described in the Methods section above,
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was constructed to expose 100% of RBCs in suspension to a known level of mechanical
shear stress.

As shown in Figure 5.13 (A-C), the magnitude of {-potential remained unchanged
with increasing shear exposure time over 49 days of blood storage. Additionally, no
changes in RBC count were observed due to either increased blood storage or increased
exposure time to high shear stress. Interestingly, however, the percentage of echinocytes
did increase due to both blood storage duration and increased exposure time. This was also

corroborated by decreases in weighted cell radius under the same conditions.
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Figure 5.12: No changes observed in (A.) RBC surface {-potential (B.) RBC count, (C.) and
Population % over increasing blood storage duration following exposure to 3 seconds and 6 seconds
of high (H.S.=123 Pa) mechanical shear stress. (D.) Changes observed in weighted cell radius over
increasing blood storage duration following exposure to 3 seconds and 6 seconds of high (H.S.=123
Pa) mechanical shear stress. Data presented represents the mean + (s.d.) for (N=3) donors. Statistical
comparisons between static, 3 seconds, and 6 seconds shear stress duration groups were made via
One-way and Two-way ANOVA using Tukey’s Multiple Comparison test; *p<0.05, **p<0.01. All

values with p<0.05 were considered statistically significant.

Further evaluating the effect of shear stress magnitude on RBC electrokinetic and

biophysical properties (Figure 5.13), no changes in either C-potential response or RBC
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count were observed with increasing shear magnitude or blood storage duration.
Interestingly, in addition to the expected decrease in RBC radius in static samples due to
prolonged blood storage, there was a significant (p<<0.05) decrease in RBC radius at low
shear magnitude with increased blood storage. This suggests that blood storage compounds
the effects of mechanical shear on RBCs, making them susceptible to damage even at the

lower shear magnitude.
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Figure 5.13: No changes observed in (A.) RBC surface C-potential (B.) total RBC count, (C.) and
Population % over increasing blood storage duration following exposure to low (L.S. = 61.25 Pa)
and high (H.S.=123 Pa) mechanical shear stress. (D.) Changes observed in weighted cell radius over
increasing blood storage duration following exposure to low and high mechanical shear stress. Data
presented represents the mean + (s.d.) for (N=3) donors. Statistical comparisons between static, low
shear stress, and high shear stress magnitude groups were made via One-way and Two-way ANOVA
using Tukey’s Multiple Comparison test; *p<0.05, **p<0.01. All values with p<0.05 were considered

statistically significant.

On Day 7 of blood storage there was a decrease in intracellular Ca®" fluorescence
with increasing shear exposure time (compared to static samples), and with increasing
shear stress magnitude (Figure 5.14). Biophysically, this increase in intracellular Ca®*,
corroborated by an observed decrease it RBC radius, indicates the activation of PIEZO-1

Ca?"ion channels.
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Figure 5.14: Change observed in intracellular Ca?* over increasing blood storage duration following
exposure to (A.) increasing shear exposure. (B.) Change observed in intracellular Ca’* over
increasing blood storage duration following exposure to low (61.25 Pa) and high (123 Pa) mechanical
shear stress at 6 seconds of shear duration. Data presented represents the mean =+ (s.d.) for a single
(N=1) donor. Statistical comparisons between static, low shear stress, and high shear stress
magnitude groups were made via One-way ANOVA using Tukey’s Multiple Comparison test; ***

p<0.001, ****p<0.0001. All values with p<0.05 were considered statistically significant.

While Day 49 timepoints could not be obtained due to experimental limitations and
time constraints, blood storage has been shown to compound PIEZO1 channel activity,
accelerating Ca?* flux. Thus, I would expect an even more pronounced decrease in Ca®* at
high shear stress (as well as low shear stress, based on decreases in RBC radius) at Day 49
of blood storage.

Although I originally hypothesized that the C-potential of RBCs is altered by
increasing shear stress exposure time and with shear stress magnitude, neither of these
conditions resulted in C-potential changes. One possible explanation can be seen in the
work of Merlo et al. and Kobuchi et al’**’ who both showed that the viscosity and
composition of suspending media impact the motion and shear response on isolated RBCs.

Suspension of RBCs in polyvinyl-propylene (PVP) solution results in more uniform shear
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exposure (eliminating the non-Newtonian effects of blood). Comparing the present study
with prior work by McNamee el al’>*!, despite applying similar high shear stress
magnitude (123 Pa in our study versus 125 Pa from McNamee ef al) and shear stress
duration (3 seconds of shear exposure in both studies) I did not changes in C-potential
magnitude, compared to significant decrease in C-potential observed by McNamee et al. 1
suspect that these differences are because the RBC suspensions exhibited Newtonian,

shear-thinning behavior due to the low blood viscosity.

Another experimental parameter | considered that could be responsible for the
observed changes in C-potential in the Pump-only group was chemical exposure to the
custom 3D printed chamber used to volume-match the oxygenator in the original
experiments. Printed plastic components, such as that used in the Pump-only group, have
been shown to cause oxidative stress (OS) and cytotoxicity to RBCs*?, thus, I also tested
blood circulating without the reservoir (silicone tubing only). No changes in C-potential
was observed in the Tubing-only group compared to the flow group with the 3D-printed
reservoir (Figure 15.15A). Further, I visually observed a progression of blood color from
bright red to dark brown over 12 hours of circulation in both circuits (Figure 15.15E ).
This blood discoloration suggests that the tubing and other plastic components inflict
significant OS in RBCs* over just 12-hours of ECMO blood circulation, an important

consideration when monitoring inflammatory and coagulation response in ECMO patients.
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Figure 5.15: Comparison of circuits with and without a 3D printed reservoir. (A.) Changes in RBC
surface C-potential between Pump-only circuit configurations at 7 days blood storage. Data
presented represents the mean * (s.d.) for a single (n=3 technical replicates) donor. Statistical
comparisons between 3D Chamber and Tubing-only circuit groups, and over 6 hours of blood
circulation time, were made via Two-way ANOVA using Tukey’s Multiple Comparison test;
*p<0.05, **p<0.01. Comparison of blood color changes following (B.) 2 hours, (C.) 6 hours and (D.)

12 hours of blood circulation for Pump-only ECMO circuits.

Although a higher percent hemolysis was observed in the Pump+PIXIE group, indicating
increased shear stress due to RBCs squeezing through membrane fibers, I suspect that the
membrane oxygenator may provide chemical protection against OS, based on no changes
in blood discoloration (15.15F) or surface {-potential (Figure 5.7) compared to Pump-only
flow samples. Recall from Chapter 4 that surface C-potential decreased with chemical OS

damage in H>O» , confirmed by flow cytometry analysis.

This further confirmed my hypothesis that OS is a likely mechanism responsible for the C-
potential changes in flow samples I observed in the Pump-only group. Many membrane
oxygenators are coated with synthetic polymers to enhance biocompatibility and mitigate
the formation of blood clots. In fact, the Affinity Pixie™ oxygenator used in this study is

coated with Balance™ Biosurface, a heparin-free coating comprised of a negatively

132



charged hydrophilic layer with bonded (negative) sulphonated polymer groups, which
mimic the native endothelium*. Armstong et a/*> demonstrated that sulphonated polymer
groups (also referred to as polyethylene glycol, PEG) lower the viscosity of RBCs in
plasma via binding to blood group-specific antigens on the membrane surface, inhibiting
cell agglutination (clustering) and enhancing RBC survival in circulation. Jovtchev et a/
also showed that binding of PEG polymer particles to the RBC membrane can elevate the
steric (negative) charge of RBCs increasing repulsive force between cells*®. This
phenomenon might explain the increase in surface C-potential that 1 observed in the
Affinity Pixie™ oxygenator circuit, compared to the Pump-only flow samples. Another
possible explanation is that the because the RBCs Pump-Only are poorly oxygenated, they
are undergoing rapid more rapid autooxidation of metHb leading to a greater response via
lipid peroxidation. Since the oxygenator serves as a “little lung” the surface area to volume
ratio is greater for O, diffusion, acting as a re-oxygenation and protective effect to limit

oxidative damage to the RBC membrane.

STATISTICAL ANALYSIS

All statistical analysis was carried out using Prism 11 (GraphPad Software, La
Jolla, CA).

ECMO Circuit Study: To address Objectives 1 and 2 of the ECMO Study— (1)
develop an understanding of the {-potential response of human RBCs circulating through
a benchtop ECMO circuit, and (2) determine the compounding effects of blood circulation
time and blood storage duration on the (-potential response of human RBCs circulating

through a benchtop ECMO circuit— investigated the main effects of two independent
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variables on the (-potential response of human RBCs: overall flow effect (e.g., static
versus flow for each time point), and blood storage effect (e.g., Day 7 versus Day 14 for

both flow and static samples).

To analyze flow effects and blood storage effects, a Two-Way analysis of variance
(ANOVA) was used to compare the mean (-potential of three technical replicates for N=7
donors for static samples, and mean of three technical replicates for N=3 donors for flow
samples, at each flow timepoint, across five storage dates. This analysis specifically looked
at both main effects, and interaction effects (e.g., does the effect of flow depend on the
duration of blood storage?). Follow up post-hoc analysis was performed using Tukey’s
Multiple Comparisons Test to identify specific differences between blood circulation
timepoints. Across blood circulation timepoints and blood storage conditions, all p-values

<0.05 were statistically significant.

To address Objective 3 of the ECMO Study—determine the additional effects of
membrane oxygenator on the {-potential response of human RBCs circulating through a
benchtop ECMO circuit— investigated the main effects of two independent variables on
the C-potential response of human RBCs: overall flow effect (e.g., static versus flow for
each time point), and blood storage effect (e.g., Day 7 versus Day 14 for both flow and

static samples) in the PIXIE Oxygenator ECMO circuit.

To analyze the effects of oxygenator-induced flow and blood storage effects, a

Two-Way analysis of variance (ANOVA) was used to compare the mean {-potential of
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three technical replicates for N=7 donors for static samples, and mean of three technical
replicates for N=3 donors for flow samples, at each timepoint, across four storage dates.
This analysis specifically looked at both main effects, and interaction effects (e.g., does the
effect of flow depend on the duration of blood storage?). Follow up post-hoc analysis was
performed using Tukey’s Multiple Comparisons Test to identify specific differences
between blood circulation timepoints. Across blood circulation timepoints and blood
storage conditions, all p-values <0.05 were statistically significant. To control for donor-

to-donor variability and repeated measures we fitted a mixed-effects linear model.

Shear Stress Study: Mechanical Shear Study Objective 1—determine how compounding
effects of blood storage and duration of mechanical shear stress exposure effects the (-
potential response of human RBCs—was addressed in parallel with analysis for both
Objective 2 and Objective 3. Specifically, for Objective 2—-determine how the duration of
mechanical shear stress shear exposure effects the {-potential response of human RBCs—a
Two-Way analysis of variance (ANOVA) was used to compare the mean {-potential three
technical replicates for total of N=3 donors across three shearing durations (0, 3, and 6
seconds) at three different storage dates. This analysis specifically looked at both main
effects and interaction effects (e.g., does the effect of shear stress duration on (-potential
depend on the duration of blood storage?). Follow up post-hoc analysis was performed
using Tukey’s Multiple Comparisons Test to identify specific differences between shear
stress durations. Across shear stress durations and blood storage conditions, all p-values

<0.05 were statistically significant.
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Similarly, for Mechanical Shear Study Objective 3—determine how the magnitude
of mechanical shear stress exposure effects the {-potential response of human RBCs—a
Two-Way analysis of variance (ANOVA) was used to compare the mean {-potential three
technical replicates for total of N=3 donors across low shear stress (61.25 Pa) and high
shear stress (123 Pa) magnitudes at 6 seconds of shear duration, at three different blood
storage dates. This analysis specifically looked at both main effects and interaction effects
(e.g., does the effect of shear stress magnitude on {-potential depend on the duration of
blood storage?). Follow up post-hoc analysis was performed using Tukey’s Multiple
Comparisons Test to identify specific differences between shear stress durations. Across
shear stress durations and blood storage conditions, all p-values <0.05 were statistically

significant.

STUDY LIMITATIONS, IMPLICATIONS, AND FUTURE WORK

This study has several limitations, both in the physical experimental design, and
limitations of current knowledge, prompting further investigations. The following sections,
sub-divided between ECMO and shear stress experiments, address these limitations and

propose future studies to address critical gaps.

ECMO Circuit Study: Experimentally, -potential was evaluated in isolated RBCs in the

absence of interactions with other blood components commonly found in whole blood (e.g.,

fibrinogen, platelets and leukocytes). Furthermore, while the compounding effects of a
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membrane oxygenator were investigated from the perspective of inflicting greater
mechanical shear stresses on the cell membrane, oxygen flow was not incorporated into
the membrane oxygenator during ECMO circulation. Not only is low oxygen delivery a
strong predictor of acute kidney injury (AKI) and mortality risk in ECMO patients, but the
oxygen-deoxygenation process causes RBC aggregation through CO>-mediated increases
in pH '®. Considering this biophysical response, I would expect the {-potential response of
RBCs to be directly altered by the presence of oxygen, which should be incorporated into

the ECMO circuit in subsequent studies.

The present ECMO study was limited to four individual donors for flow-based
studies and seven individual donors for static/storage experiments. Although all donor
characteristics were matched for age (<55 years old), and blood type (A+), I observed
significant donor-to-donor variability especially at longer blood circulation times and
storage durations. Expanding the donor pool, I would expect lower variability across C-
potential and other measurements due to an increased sample size. Additional studies with
other blood types would not result in differences in C-potential response because, the

surface proteins responsible for blood type do not contribute to the negative surface charge

of RBCs ¥/,

Shear Stress Study: This study has several limitations, both in the physical experimental
design, and limitations of our current knowledge, prompting further investigations. Due to
the concerns for pump stalling discussed previously, I did not incorporate PVP into our

samples to increase the viscosity of RBC suspensions to physiological levels, and to fully
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eliminate the non-Newtonian properties of RBCs. Because the cell suspensions retained
non-Newtonian blood properties, it is likely that the actual applied shear stresses were
lower than calculated, particularly under high shear conditions due to RBC shear-thinning
behavior, and vice-versa.

To address the limitations of this pilot study, future work should focus on
investigating the C-potential response of RBCs under Newtonian rheological properties by
supplementing our RBC suspensions with PVP. Interestingly, while sodium heparin is
often used as anticoagulant to prevent clot formation by deactivation of thrombin, heparin
has also been known to induce RBC aggregation due to binding of heparin molecules to
the RBC surface, reducing the number of glycoprotein binding sites and overall net
negative electrokinetic charge. Therefore, the influence of heparin concentration on cell
aggregation and the {-potential response of RBCs under mechanical shear stress conditions
should be investigated with the aim of gaining a better understanding of the interplay
between anti-coagulant therapeutics, mechanical flow-induced shear stress, and cell

aggregation to inform blood coagulation management in clinical practice.

Although these results show that -potential can monitor human RBCs in benchtop
ECMO circuits under clinically relevant flow conditions, we have yet to fully elucidate the
biophysical mechanics responsible for the observed C-potential response to flow-induced
mechanical shear stress. Recognizing that the PIEZO1 channel is mechano-activated by
external mechanical stressors, I originally hypothesized that flux of K™ and Ca?* from the
cytoplasm was the mechanism responsible for the lack of a {-potential response, due to

shielding of the electronegative charge on the RBC surface, as described in Chapter 3 and
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Chapter 4. However, the absence of intracellular Ca®* changes at both 6 and 12 hours of
circulation at day 7 suggests K* to be the dominant cation. Further biochemical analysis,
applying techniques of proteomics is needed to quantify extracellular ion concentrations to

support this proposition.

Recent advancements in oxygenator technologies, including the PIXIE model used
in the present study, have added surface coatings to the membrane fibers to decrease
clotting risk**%4%. The primary function of the surface coatings is to decrease platelet
activation and inflammatory response by mimicking the hydrophobic surface properties of
the native endothelium. Other studies have demonstrated a reduction in visible clot
formation and RBC aggregation when using negatively charged polytetrafluorethylene
(PTFE) conduits 3°2, compared to tradition polyvinylchloride (PVC) tubing. Thus, it is

highly probable that the PIXIE oxygenator coating preserves the cell’s repulsive strength.

To test this hypothesis further, studies would be conducted to investigate the effects
of different surface coatings on the C-potential response of RBCs, and the degree to at
which surface coating exposure would result in a significant C-potential response (based
on the length and size of the ECMO circuit) . This would be accomplished by comparing
the small ECMO circuit used in the current study (where RBCs circulated through many
times over 12-hour duration) to a larger circuit, where RBC circulation/exposure to the

oxygenator would likely be reduced.

139



Finally, this work not only provides a scientific basis for more refining the for clinical
utilization of stored blood in ECMO practice (as noted by the increased risk for RBC
aggregation and blood clotting at longer storage dates) , but the high temporal sensitivity
of surface {-potential measurements (compared once-daily ACT and PfHb measurements)
is clinically important because it is indicative of an increased risk of cell aggregation,
clotting and potential circuit failure, and we can detect changes in RBCs at a much earlier
timescales than measurements currently used in clinical ECMO practice, particularly at

longer storage durations.
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Chapter 6: Conclusions and Future Work

CONCLUSIONS

Although the surface C-potential response of cells has been studied in many
biomedical applications, including across mammalian species, the underlying mechanisms
responsible for changes in (-potential of human red blood cells (RBCs) are largely
unknown. Considering the importance of RBC monitoring for studying RBC-related
diseases (e.g., malaria and sickle cell anemia) and the importance of RBC monitoring to
inform blood storage and blood volume management (such as in ECMO patients), the
primary aim of this dissertation was to investigate changes in the surface C-potential
response of human RBCs exposed to chemical and mechanical interventions. These
included induced oxidative stress and shear stress exposure. I then determined the
applicability of C-potential as a real-time biomarker for monitoring human RBCs in a
clinically relevant setting by investigating changes in (-potential response to blood
circulation time and blood storage duration in ex vivo extracorporeal membrane

oxygenation (ECMO) circuits.

Optimization of {-potential Measurement in RBCs: To carry out robust, reliable -

potential experiments throughout this work, it was necessary to optimize several
experimental parameters, including the conductivity of the iso-osmotic suspending
medium and RBC concentration. Results of these investigations showed that higher
medium conductivity produced the least amount of inter-replicate variability. Further,

when comparing 10% and 40% hematocrit, no significant change was observed in (-
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potential magnitude, suggesting that results obtained in this dissertation can be translated
to real-world 40% hematocrit applications. Additionally, no significant changes in C-
potential magnitude at cell concentrations between 10°-107 cells/mL were found, however,
a significant decrease in {-potential was observed at lower (10° cells/mL) and higher (10%
cells/mL) concentrations. At lower cell concentrations there is a greater signal-to-noise
ratio in bulk {-potential, resulting in a lower mean (-potential magnitude, and greater
measurement spread. This has implications for conditions that may yield low final cell
concentrations and suggests that whole blood RBC concentrations (>10® cells/ml) may
require dilution These optimization experiments informed all subsequent experiments
which were conducted at ~430 uS/cm medium conductivity and cell concentrations within

operating range of 10%-107 cells/mL.

Research Aim 1 Conclusions - RBC Monitoring in OS Processes: In Research Aim 11

investigated the C-potential response of human RBCs exposed to chemical oxidative stress,
probing the sensitivity of C-potential for informing progression of OS damage to RBCs.
Following treatment of healthy RBCs with hydrogen peroxide (H>0O>), surface C-potential
and DEP properties (e.g., effective membrane capacitance, effective membrane
conductance, and cytoplasmic conductivity) were measured, along with microscope
images to assess morphological changes. Results revealed a H>O, dose-dependent decrease
in {-potential magnitude. This C-potential response, corroborated by changes in all DEP
properties and changes in cell morphology, indicates that ion flux, specifically potassium

(K™, is a primary driver for changes in surface C-potential in H,O» driven OS processes.
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Additionally, to probe the sensitivity of C-potential response to different OS
pathways, a follow up study investigated changes in the {-potential response of human
RBCs exposed to different OS drug agents. OS was chemically induced by treating RBCs
with tert-Butyl hydroperoxide (tBHP) and cumene hydroperoxide (COOH). Results from
this experiment revealed significant changes in both intracellular Ca?" and SA e, however,
no significant changes were observed in C-potential magnitude of tBHP-treated RBCs.
Additionally, only minimal changes were observed in COOH treated RBCs, compared with
C-potential from H>O» results Objective 1. Considering that H>O» is a cytoplasm-targeting
OS agent and both tBHP and COOH are membrane-targeting OS agents, differences in C-
potential response may be due to widespread membrane damage with H>O» (via spectrin-
globin crosslinking) compared to only localized lipid peroxidation in tBHP and COOH.
Another possible reason for the observed differences in C-potential response between OS

agents, and a limitation of tBHP and COOH studies, was the lack of GPX inhibition.

Collectively, my findings demonstrate that C-potential can detect subtle shifts in
H>0:-induced OS progression in human RBCs. Previously, ex vivo studies monitoring OS
response in human RBCs relied on assessing morphological changes and were unable to
distinguish subtle shifts in RBC function (e.g., ion channel inhibition) occurring with OS
progression. The present work helps to address this unmet need by demonstrating the
applicability of (-potential as an alternative technique for RBC monitoring in OS,

providing greater measurement sensitivity (manuscript submission expected April/May

2026 to Analyst).
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In Research Aim 2 and Research Aim 3 I sought to investigate the applicability of surface

C-potential as a real-time biomarker for monitoring human RBCs in ECMO circuits.
Following setup and priming of the benchtop ex vivo ECMO circuit, {-potential
measurements were obtained, along with microscopy (to measure cell count and cell
radius) every two hours over 12 hours of blood circulation time, and over 49 days of blood
storage. Results show a significant decrease in {-potential with blood storage duration, and
a significant decrease in -potential with blood circulation time, further compounded by
blood storage duration. With the addition of the Affinity Pixie™ oxygenator, I expected to
see those effects increase the observed changes in surface {-potential (with a reduction in
overall surface potential). Interestingly, I did not observe that, leading me to question to
what extent is C-potential response influenced by shear exposure? Applying calculations
from Mulholland et al to experimental parameters of my ECMO circuit (see Chapter 5)
revealed <2% of RBC’s experience peak mechanical shear stress over 12 hours of ECMO
blood circulation. Although it is unlikely that the low percentage of sheared RBCs is
responsible for the observed decrease in the bulk surface C-potential response in ECMO
circuits, I was interested to know what level of shear stress (and percentage of total cells
exposed) would alter surface (-potential to a detectable level. This is important for
deciphering the potential compounding factors contributing to {-potential response seen in
Pump-only ECMO circuits, and for understanding the overall response of C-potential to

mechanical shear stress exposure in a controlled experimental environment.
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Results from the shear stress study showed that the magnitude of -potential
remained unchanged with increasing shear exposure time over 49 days of blood storage.
Additionally, no changes in RBC count were observed due to either increased blood storage
or increased exposure time to high shear stress. Further, evaluating the effect of shear stress
magnitude on RBC electrokinetic and biophysical properties, no changes in either (-
potential response or RBC count was observed with increasing shear magnitude or blood
storage duration. Collectively, these findings indicate that the reduced cell-to-cell repulsive
force, indicated by a decrease in C-potential magnitude, is due to fewer cell interactions

rather than a direct reduction in cell surface charge.

The ECMO study demonstrated that surface {-potential can detect flow-induced
changes in RBCs due to oxidative stress, however, it is limited (at least from the
observations in this study) in detecting hemolysis and shear stress changes. Further, the
progressive decrease in surface C-potential from blood storage Day 7 to Day 49, and the
surface zeta potential decrease as early as 8 hours of blood circulation (on Day 21 of
storage) show the impact of storage duration on RBC electrophysiology in ECMO. This
highlights the use of surface C-potential as a biomarker to help refine blood banking
guidelines for improved clinical outcomes. Lastly, the increase in surface C-potential in
Affinity Pixie™ oxygenator flow samples suggests that membrane oxygenators protect
RBCs from OS (despite increased hemolysis) which may have benefits for blood

preservation. (Manuscript submitted 2/2026 and under review in Scientific Reports)
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FUTURE WORK
RBC Monitoring in OS Processes: In the present work I demonstrated that surface C-

potential can detect subtle shifts in H>O»-induced OS progression in human RBCs but is
only able to detect minimal changes between OS agents with different mechanisms of
action (i.e., comparing tbHP and COOH). It should be noted that studies in Objective 2
only accounted for inhibition of catalase with sodium azide (NaN3), despite glutathione
being an equally potent antioxidant enzyme. Further, RBCs in these studies were exposed
to high levels of OS compared to physiologic levels. making translation to real-world
clinical applications and applications of surface C-potential as a real-time biomarker for
monitoring OS processes difficult. Therefore, future work focused on applying C-potential

as an RBC biomarker in OS processes will:

Determine effects of incubation time on the C-potential response at physiologically
relevant treatment dosage (e.g., below 0.5 mM). Longer exposure time will also better

mimic exposure in the body.

Determine mechanistic contributions of glutathione and catalase for RBC repair,
observed through the lens of C-potential modulation. This will also include the addition

of other OS agents such as superoxide and diamide.

Determine biophysical mechanisms responsible for sialic acid removal in oxidative

processes. This will focus on comparing sialic acid removal by viral agents to drug-

induced ROS mechanisms of removal.
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Mechanical Shear Stress Experiments: There are several opportunities to continue

investigating the C-potential in monitoring mechanical shear stress exposure in human

RBCs as follows:

Determine C-potential response of human RBCs to mechanical shear stress in
physiologically relevant fluids, to accurately mimic rheological properties observed
in vivo. This alternative study can be accomplished by supplementing RBC suspensions
with polyvinyl-propylene (PVP) solution to increase fluid viscosity and remove non-
Newtonian properties, to produce more uniform shear exposure (eliminating the non-

Newtonian effects of blood).

Determine the effects of heparin concentration on C-potential response of human
RBCs exposed to mechanical shear stress. While sodium heparin is often used as
anticoagulant to prevent clot formation by deactivation of thrombin, heparin has also been
known to induce RBC aggregation due to binding of heparin molecules to the RBC surface,
reducing the number of glycoprotein binding sites and overall net negative electrokinetic
charge. Therefore, the influence of heparin concentration on cell aggregation and the -
potential response of RBCs under mechanical shear stress conditions should be
investigated with the aim of gaining a better understanding of the interplay between anti-
coagulant therapeutics, mechanical flow-induced shear stress, and cell aggregation to

inform blood coagulation management in clinical practice.
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Determine the -potential response of human RBCs exposed to peak mechanical shear
stress. This will be accomplished by using a microfluidic syringe pump with a higher force-
load tolerance (e.g., New Era-8000 Syringe Pump), allowing for application of shear

stresses at 150 Pa and 400 Pa, as originally proposed, prior to pump optimization.

ECMO _Experiments: Considering the multi-faceted response of human RBCs to

mechanical and oxidative stress (OS) and blood storage effects future ECMO studies will:

Determine the time-based response of oxygenator protective effects, and effects of
blood storage additives. This will be accomplished by expanding the size of the Affinity
Pixie™ oxygenator circuit (to more clinically relevant lengths) to determine if less time
through the oxygenator produces the same protective effects. Additionally, to mimic in
vivo blood storage, and evaluate the compounding effects of additives, whole blood will
be utilized in our circuit, as well as comparing blood storage effect with and without the
addition of storage additives (e.g., CPDA). Lastly the hemoglobin state in PIXIE
oxygenator circuits will be evaluated based on absorbance spectroscopy using a microplate

reader.

Determine the compounding effect of oxygen on {-potential response in ECMO. To
enable closer clinical correlation and investigate the relationship between oxygen binding
and RBC surface charge, oxygen will be introduced into the circuit at varied O, gas rates

to investigate the relationship between oxygen binding and RBC surface charge.
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Additionally, considering the potent antioxidant properties of nitric oxide, this can also be

introduced into the circuit to investigate repair of tubing-based OS damage.

Determine effects of circuit components on C-potential response in ECMO.
Considering the wide variability of clinical ECMO circuit configurations and ECMO
oxygenators available on the market, the effects of membrane fiber orientation, membrane

material, and oxygenator size can be investigated.
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budget management to facilitate efficient laboratory operations.
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e Shadowed certified Pediatric Perfusionist Jillian Holler, CCP during congenital heart defect surgical procedures, including
ASD and Partial Anomalous Pulmonary Venous Return repair, and Bidirectional Glenn procedure (Hypoplastic Right Heart
Syndrome staged repair).
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oxygenator). Observed process for initiation of cardiopulmonary bypass and “coming off pump”.
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vasoconstriction) to facilitate refilling of the heart when coming off bypass.
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outcomes for ECMO patients.
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through interactions with ICU nurses and advanced practice providers.
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Brenner Children’s Hospital (Winston-Salem, North Carolina)
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e Shadowed pediatric cardiologists, Michael Walsh, MD and Carmen Kiper, MD multiple days each semester across outpatient
clinic, echocardiography imaging laboratory, and during inpatient rounds to gain clinical exposure and inform clinical
significance and translation of Ph.D. thesis research.

e Gained hands-on experience with reading and interpreting ECHO and cMRI patient scans and interpretation of clinical
findings in the context of engineering hemodynamic performance and ventricular energy loss principles.
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attending physicians.
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PhD Dissertation: “Surface Zeta Potential as a Biomarker for Monitoring Human Red Blood Cells”
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Bachelor’s Thesis: “Post-processing of Metal 3D Printed Pressure Vessels”
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