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Abstract

The quality of red blood cell concentrates (RCCs) is influenced by storage duration, donor
variability, and processing methods. RCCs contain heterogeneous subpopulations of red blood
cells (RBCs), ranging from young (Y-RBC) to old (O-RBC), each with distinct structural and
biochemical characteristics. A higher proportion of O-RBCs contributes to storage lesions and
decreased post-transfusion survival rates. Understanding how manufacturing methods impact the
distribution of RBC subpopulations is crucial in estimating the quality of RCCs. Additionally,
cryopreservation processes result in approximately 15% loss of vulnerable RBCs due to osmotic
and freezing stress. Investigating how different RBC subpopulations respond to these stresses
can provide insights into RBC variability in response to cryopreservation techniques and
minimize RBC loss. Gamma irradiation, a common practice in transfusion medicine, has been
linked to increased hemolysis and supernatant potassium (K*) levels. Studying RBC
subpopulations' responses to irradiation can help develop strategies to minimize irradiation-
induced lesions by achieving a favorable ratio of Y- to O-RBCs in units undergoing irradiation.
This thesis explored how manufacturing methods, cryopreservation, and irradiation affect
various biologically aged RBC subpopulations. It compared the density-based distribution of
RBCs, osmotic parameters, irradiation-induced lesions, and recovery rates of Y- and O-RBCs

after thawing and irradiation during hypothermic storage.

Density-based Percoll® separation was employed to evaluate the impact of manufacturing
methods on the distribution of RBCs in RCCs produced by whole blood filtration (WBF) and red
cell filtration (RCF) methods. The membrane water (L) and solute permeability (Ps), osmotic
fragility, and osmoscan parameters of Y- and O-RBC subpopulations were measured using

stopped-flow and ektacytometry. The biotinylation technique was used to assess the recovery
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rate of spiked young and old bio-labeled RBCs (Y- and O-BioRBCs) in RCC units post-thaw.
The impact of gamma irradiation on Y- and O-RBC subpopulations was assessed by measuring
oxidative hemolysis, supernatant K", and p50 before and after irradiation during hypothermic
storage. The biotinylation approach was implied to evaluate the recovery of Y- and O-RBCs

after irradiation.

The comparative analysis of RCCs processed using RCF and WBF methods revealed that RCCs
processed with the WBF method exhibited higher RBC counts, hemoglobin (Hb), hematocrit
(HCT), and volume. Despite variations observed in individual units, the overall ratio of Y- to O-
RBCs remained consistent across all units regardless of the processing method employed. The
stopped-flow experiment revealed that O-RBCs have higher L, values followed by Y-RBCs,
with unseparated RBCs (U-RBCs) showing the lowest L, values across all NaCl solutions at 4
and 20 °C (p<0.0001). O-RBCs displayed a higher P value than Y-RBCs during
deglycerolization, indicating faster glycerol efflux (p<0.0001). Furthermore, Y-RBCs exhibited
higher Onyper, Elmax, and lower rigidity compared to O-RBCs, suggesting greater shear stress
tolerance (p<0.0001). Despite these findings, no advantages in Y-RBC post-deglycerolization
survival were observed. The irradiation results show that hemolysis levels and supernatant K*
significantly increased after gamma irradiation during hypothermic storage for all RBC
subpopulations, with Y- and O-RBCs consistently exhibiting higher hemolysis levels than U-
RBCs. Oxidative hemolysis increased across all subpopulations (p<0.0001), with O-RBCs
showing a more pronounced trend (p=0.0110). p50 values were decreased across all RBC
subpopulations following irradiation. The number of Y- and O-BioRBCs decreased during

hypothermic storage, with no significant differences observed between RBC subpopulations.
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In conclusion, although WBF-derived RCCs had higher levels of HCT, Hb, RBC counts, and
volume, the distribution of Y- and O-RBCs in RCCs was not significantly influenced by
manufacturing methods. Variations observed in the distribution of RBCs in RCCs are likely
attributed to donor factors rather than the manufacturing method. This highlights the importance
of considering donor-related factors when assessing RCC composition. Despite Y-RBCs
exhibiting lower membrane permeability and superior osmoscan parameters, no advantage in
their post-deglycerolization survival was observed. The hemolysis and supernatant K levels
increased in Y- and O-RBCs following irradiation, suggesting comparable membrane damage.
The impaired antioxidant capacity of O-RBCs leads to a more pronounced increase in oxidative
hemolysis post-gamma irradiation. Despite these differences, no significant variations in RBC
survival were observed across RBC subpopulations. Further research is needed to elucidate the
complex factors influencing RBC behavior post-irradiation and during hypothermic storage. This
research enriches our understanding of how processing methods may impact RBC
subpopulations in RCCs, providing valuable insights into optimizing methodologies, considering

the diverse subpopulations within RCCs.
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Chapter 1

Introduction



1.1 Biological Age-Dependent Changes and Quality Assessment in Red Blood Cell

Concentrates

Red blood cell concentrates (RCCs) are globally used as a lifesaving therapeutic method.
(1,2) Despite improvements in stored blood components, transfusion of RCCs is still associated
with an increased risk of adverse clinical events. (3—10) Recent studies have focused on the
effects of storage duration on the quality of blood products and their clinical consequences;
however, the quality of RCCs may also depend on factors such as donor-to-donor variability and
the biological age of RBCs. (1,2,9—-12) The normal lifespan of red blood cells (RBCs) in blood
circulation is 120 days, and during this time, RBCs undergo the biological aging process. (13)
Biological aging process results in the formation of heterogeneous subpopulations of RBC,
consisting of recently matured (young, Y-RBC) to senescent (old, O-RBC) RBCs. (13,14)
Biological aging significantly affects various RBC quality parameters, including their ability to
withstand oxidative and osmotic stress and their recovery rate following processing methods and
storage. Therefore, the proportion of Y- to O-RBCs in RCCs may serve as a reliable marker of
RCC quality, influenced by donor-related factors and pre-transfusion procedures, including

manufacturing methods, irradiation, and hypothermic storage.

Biological aging induces a gradual transformation in the shape of RBCs, transitioning from
discocytes to spherocytes. (15,16) This process involves microvesiculation, generating small
phospholipid vesicles (0.04 - 1.5 pm in diameter) and altering the membrane composition and
integrity. (17-22) The shedding of membrane fragments and intracellular cytoplasm via
microvesiculation leads to a decrease in the mean cell volume (MCYV) and an increase in the
mean corpuscular hemoglobin concentration (MCHC), ultimately resulting in an increased
density of RBCs. (13,14,23-26) Typically, Y-RBCs demonstrate higher MCV and morphology
index, along with a relatively lower MCHC compared to old O-RBCs. (27) The translocation of
phosphatidylserine (PS) molecules to the outer leaflet of the membrane occurs during aging,
signaling phagocytic cells for clearance from circulation. (14,17,28-41) Additionally, the
expression of CD47, an erythrocyte surface antigen that prevents the clearance of RBCs from

circulation, diminishes during RBC biological aging. (42)



The RBC biological aging process is associated with a decline in metabolic activity and
progressive failure of cellular homeostasis and antioxidant defenses. Despite the robust
antioxidant machinery of RBCs (43—45), the absence of biosynthetic capacity and protein
renewal makes RBCs vulnerable to cumulative effects of oxidation and glycation, altering
protein structure and function. (46—48) The concentration of adenosine triphosphate (ATP), the
primary energy source in RBCs, significantly declines during biological aging due to reduced
glycolytic efficiency. (14) The RBC ion concentrations are balanced through ATP-dependent
pumps, including sodium/potassium pumps (Na*/K*) and Ca?>*-ATPase pumps. (49) With
decreased ATP during RBC aging, the activity of the Na”/K" pump in uptaking K* declines,
resulting in the accumulation of K in the extracellular milieu. (50) A decrease in ATP level
affects the function of the Ca**-ATPase pump, leading to the accumulation of Ca®" in the RBC
cytoplasm. This accumulation triggers the microvesiculation and activation of calcium-sensitive
K" channels, ultimately leading to cell shrinkage, cytoskeleton protein degradation, PS exposure,
and K" leakage from the RBCs. Additionally, declining ATP levels progressively impair the
antioxidant system of RBCs, subsequently leading to an increased concentration of
methemoglobin (metHb) by biological aging. (14) Hemoglobin (Hb) and protein modifications
through oxidation, phosphorylation, and aggregation play crucial roles in regulating RBC
homeostasis and lifespan. (28-31,51-58) Additionally, decreased ATP levels result in reduced
progression through the Ruperport-Leubering shunt, leading to lower levels of 2,3-
diphosphoglycerate (2,3-DPG). 2,3-DPG facilitates the binding of oxygen to Hb and its
subsequent release into the tissues. (59) Reduced 2,3-DPG levels in RBCs during aging enhance
the RBC affinity for oxygen and impair oxygen exchange between Hb and the body's tissues.
(60) These age-dependent modifications collectively reduce the post-transfusion recovery rate of
RBCs by reducing deformability and elongation, increasing cell rigidity, and heightening the
susceptibility of RBCs to osmotic, oxidative, and mechanical stress. (14,33,61,62) Understanding
these biological age-related alterations in RBCs is crucial for assessing the quality of RCCs by
considering the distribution of young and old RBCs in the final blood component, as well as for

profiling RBCs according to their biological age.



1.2 Exploring Biological Age-Dependent Density Profiles of Red Blood Cells: Implications
for Cell Separation and Age Profiling

During the RBC biological aging process, they become denser, marked by decreased surface-
to-volume ratio and elevated MCHC. (13,14,27,34) Y-RBCs and O-RBCs can be separated using
density fractionation through Percoll® centrifugation. (63) The concept of separating RBCs based
on their age-dependent density profile was first proposed by Key in 1921, who observed that
reticulocytes (immature RBCs) tend to concentrate at the top layer of centrifuged RBC columns.
(64) Piomelli et al. introduced the Neocell system, leveraging the lower buoyant density of
reticulocytes in autologous plasma during centrifugation to enrich Y-RBCs in the top one-third
of the RBC layer. (63) Building upon these findings, Hogan et al. developed a technique utilizing
the automated cell processor 215 (ACP® 215) to separate Y-RBCs (neocytes) based on their
buoyant density in autologous plasma during centrifugation, achieving neocyte enrichment in the
top one-third of the RBC layer. (65) In the context of separating Y- and O-RBCs, automated cell
processors can be programmed to perform density gradient centrifugation or other separation
techniques to isolate RBC subpopulations based on their age-related characteristics. (66)
Additionally, volume-fractionation techniques, such as counter-flow centrifugation, sort RBCs
by their size as passing through narrow channels or filters. However, inconsistencies arise

between density and volume-fractionation results. (66)

Another practical approach to separate Y- and O-RBCs is using fluorescence-activated cell
sorting (FACS) based on specific surface markers associated with RBC age. This method relies
on the differential expression of markers such as CD47 or band-3 on the surface of RBCs, which
change with RBC biological aging. By labeling RBCs with fluorescent antibodies targeting these
markers, FACS can effectively sort RBC subpopulations based on biological age. (67)
Immunomagnetic separation (IMS) and magnetic-activated cell sorting (MACS) are potential
methods for separating RBC subpopulations. IMS involves using magnetic beads conjugated
with antibodies targeting surface markers specific to Y- or O-RBCs for isolation, such as the
very youngest erythrocytes identified by transferrin positivity (Trf+Ret) in peripheral blood.
(68) MACS utilizes a column-based separation method, where target cells labeled with magnetic
particles conjugated to specific antibodies are retained within the column by a magnetic field

while unlabeled cells are washed away. (69) These methods, while effective, may have
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limitations in high-throughput applications due to time-consuming antibody binding and washing
steps. Additionally, microfluidic devices can sort cells based on parameters, including size,
shape, and surface markers, utilizing microscale channels and structures and leveraging fluid
mechanics and surface forces for precise sorting. (70,71) However, challenges such as complex
device design, limited throughput, high costs, and sensitivity to sample variations may affect the

effectiveness of this method in RBC separation.

Despite the advancements in RBC separation techniques, density-fractionation remains the
most common method to demonstrate the heterogeneity of the RBC population and can be
employed for the age profiling of RCCs and the calculation of the estimated median density
(EMD). (34,63,65,72) The estimated median density denotes the density at which Y- and O-
RBCs are separated in a 1:1 ratio. In other words, the estimated median density of RCCs is
determined based on a 1:1 separation ratio of Young (less dense) RBCs/ Old (dense) RBCs.
Density-based separation methods like Percoll® centrifugation effectively categorize RBCs into
distinct subpopulations based on density. (66) HbAlc, also known as glycated hemoglobin,
serves as a reliable marker for confirming the predominant presence of young or old RBC
subpopulations in separated fractions. (73) As RBCs age, they are exposed to glucose over time,
leading to the glycation of hemoglobin molecules. Consequently, the level of HbAlc increases
with the age of RBCs, making it a useful parameter for confirming the biological age of
separated RBC subpopulations. Higher HbA1C levels indicate older RBCs, while lower levels
suggest younger RBCs. (73) Additionally, assessing the band 4.1a:4.1b ratio is another
confirmation method for distinguishing between Y- and O-RBC subpopulations. (35) As RBCs
age, the band 4.1a:4.1b ratio increase indicates older RBCs, while a lower ratio suggests younger
ones. By analyzing HbAIc levels and the band 4.1a:4.1b ratio, researchers can ensure that the

separated RBC subpopulations accurately represent young and old RBCs. (35)

1.3 Impact of Donor Sex and Age on Red Blood Cell Quality and Transfusion Outcomes

In recent years, discussions surrounding the variability of RCCs have extended beyond
consideration of RCC chronological age alone. (2,74—76) Donor-related factors, including sex
and age, can significantly impact the properties of donated blood and the quality of the final
products. (1,2,11,12,27,74-86) RCCs from male and female donors exhibit differences in several



key aspects, including their hematocrit (HCT), Hb concentration, oxygen delivery capacity,
RBC count, iron homeostasis indexes, deformability, rigidity, and storability (87-90), with RCCs
from male donors demonstrating higher levels of Hb, HCT, and RBC count compared to those
from female donors. RCCs from female donors have demonstrated superior quality
measurements, including less susceptibility to storage-induced hemolysis, mechanical fragility,
and better rheological properties compared to RBCs from male donors. (27) Moreover,
investigations into the impact of donor age on RCC quality have yielded intriguing results,
indicating transfusion of RBCs from older donors (typically defined as >45 years) has been
associated with a decreased transfusion-related mortality rate. (88) Chasse et al. findings
suggested that RBC transfusion from younger donors or female donors was significantly
associated with increased mortality. (91) However, conflicting findings persist in the literature,
with the SCANDAT? database reporting no association between donor age and sex with
mortality rate after RBC transfusion. (87) The conflicting findings in previous studies may stem
from a narrow focus on mortality outcomes when assessing RCC quality, neglecting other
potential transfusion-related reactions or patient clinical conditions. This discrepancy highlights
the necessity for deeper investigations into donor-related factors influencing RCC quality and
transfusion outcome. One potential explanation for the variability in RBC quality based on donor
characteristics is the distribution of RBCs with varying biological ages within the blood
products. Mykhailova et al. found a correlation between the distribution of RBC subpopulations
within RCCs and donor sex and age. (92,93) Specifically, RCCs from male donors exhibited
higher EMDs compared to those from female donors, with a strong positive correlation observed
between EMDs and MCHC post-collection. These findings underscore the intricate relationship
between donor demographics and the biophysical properties of RCCs, shedding light on potential
mechanisms underlying the observed differences in RCC quality. (92-94) Recent research has
shed light on the influence of donor sex and age on the distribution of RBC subpopulations, yet
further investigation is needed to understand the impact of processing methods on RBC

distribution and its mechanisms and clinical implications.



1.4 Impact of Manufacturing Methods on Red Blood Cell Quality in Red Blood Cell

Concentrates

The quality of RCCs depends on several other factors, including blood manufacturing
methods. There are two main RCC processing methods: the top/top, PLT-rich plasma (PRP),
whole blood filtration (WBF), termed B2, and the top/bottom, buffy coat (BC), red-cell filtration
method (RCF), termed B1. While the Canadian Blood Service (CBS) has transitioned away
from B2, it's worth noting that the B2 method is still used in the US and other countries. These
methods are different in processing time, hold duration and temperature of the whole blood
before processing, the stage of processing where leukoreduction occurs, and the speed and length
of centrifugation, causing a density gradient in the RBC column from the top (Y-RBCs) to the
bottom (O-RBCs). (95-97) In the WBF method, units are cooled in insulated shipping containers
and filtered in the refrigerator within 72 hours of the stop-bleeding time. The filtered whole
blood units are centrifuged at 4552 x g for 6 minutes. Platelet-poor plasma (PRP) and RBCs are
both extracted through the top outlet of the main collection bag. (97,98) In the RCF method,
whole blood units are rapidly cooled to room temperature 18-24 °C and held overnight before
centrifugation. The hard spin centrifugation (3907 % g for 10 min) provides enough time and
centrifugal force to compact RBCs at the bottom of the bag and results in a cell-poor plasma
(CPP) on top of the buffy coat layer. The collection set has one outlet at the top and another at
the bottom of the collection bag. CPP is squeezed out from the upper outlet while packed RBCs
are extracted from the bottom outlet. (97,99) The CPP flow is faster than the RBC flow based on
its lower viscosity, resulting in the buffy coat and top layer of packed RBC (mostly containing
Y-RBCs) moving upward. As the packed RBCs are squeezed out from the bottom outlet, the
buffy coat and top layer of packed RBCs remain in the middle of the bag (45 to 50 mL). (98,100)
Leukoreduction of the RBC unit in the RCF method is done at room temperature within 24 hours
of the stop-bleeding time. (99,101) While in the RCF method, a significant volume of less dense
RBCs remains within the collection bag during buffy coat removal (97-99) in the WBF method,
a small volume of denser RBCs remains at the bottom of the collection bag. (97) A study
conducted by Canadian Blood Services comparing the quality of RCCs produced using different
processing methods analyzed data from 572 RBC units categorized by production method. It was

found that all units met mandated guidelines for HCT, hemolysis, and Hb levels. However,



significant differences were observed among units produced using different methods. RCC units
produced by the RCF method had lower Hb content, HCT, and volume compared to those
produced by the WBF method. (95,97) Despite the overall similarity in quality, the study
highlights a lack of equivalency across RBC products manufactured by different methods,
suggesting further investigation into these differences and their potential implications for
transfusion outcomes. (97) Previous studies have demonstrated that units processed using WBF
exhibited higher membrane water permeability and hemolysis compared to those processed using
RCF. Additionally, RCF-derived units display significantly higher supernatant K* and
significantly lower supernatant Na* at all testing points compared to WBF-derived units. (102)
Almizraq et al. study on the immunomodulatory effects of supernatants from RCCs
manufactured using different methods demonstrated that RCCs processed using the WBF
method induce higher interleukin-8 (IL-8) production in monocytes compared to RCCs
processed using RCF, suggesting a potential pro-inflammatory effect of RCCs processed with
WBEF. (103) These findings suggest that blood manufacturing methods impact
immunomodulation and quality of stored RBCs during hypothermic storage, warranting further

investigation into their clinical implications and underlying mechanisms.

1.5 Cryopreservation of Red Blood Cells: Methods, Mechanisms, and Implications for

Transfusion Medicine

Cryopreservation is a potential long-term storage strategy for maintaining the quality of RBCs
for commercial and medical purposes. (104) Cryopreserved RCCs can be stored for up to 10 years,
allowing for a reliable inventory of rare blood types, individuals with adverse antibody problems,
and civil emergency and military applications. (105,106) However, the cryopreservation process
can impact the integrity and functionality of RBCs, potentially affecting their osmotic properties
and survival after transfusion. (107,108) Cell membrane plays a critical role in RBC
cryopreservation, as it regulates the transport of water and solutes across the cell membrane during
osmotic changes. (107,108) During cryopreservation, RBCs are frozen and stored at subzero
temperatures (<-65 °C) where biochemical reactions do not occur. To effectively cryopreserve
RBCs, the goal is to prevent the two causes of freezing injury: slow cooling and rapid cooling rate.
Slow cooling can cause the formation of ice crystals in the extracellular space and intensify the

osmotic efflux of water from the cell. Osmotic efflux of water increases the concentration of



intracellular solutes, causing potential cell damage due to solute toxicity. On the other hand, rapid
cooling results in the supercooling of the cell cytoplasm and the formation of ice crystals inside the

cells. (109)

1.5.1 Cryoprotective Agents in Red Blood Cell Cryopreservation

Cryoprotective agents (CPAs) protect biological systems from injury during freezing. These
CPAs are commonly used in RBC cryopreservation and categorized into two primary groups
based on their protective mechanisms: permeating and non-permeating. Permeating CPAs
penetrate the cell membrane and act as additional intracellular solvents, thereby reducing the
concentration of intracellular solutes and protecting cells from slow-freezing injury. Examples of
permeating CPAs are dimethyl sulfoxide (Me2SO or DMSQ), glycerol, ethylene, and propylene
glycol. Non-permeating CPAs do not penetrate the cell membrane leading to cell dehydration
and increased solute concentration inside the cell. This process depresses the freezing point of
the intracellular solution, thereby preventing rapid freezing injury. Among non-permeating CPAs
are sugars, polymers, and starches [hydroxyethyl starch (HES), polyvinylpyrrolidone (PVP)].
(110,111) In 1940, for the first time, Dr. Charles Drew demonstrated that human RBCs can be
frozen and later reconstituted. (112) In 1950, after Polge and Smith discovered the protective
effect of glycerol during the freezing of spermatozoa (113), glycerol was used for the
cryopreservation of RBCs. (114) The first successful transfusion of human RBC frozen in
glycerol was reported in 1951. (115) To enable the removal of CPA from RBCs after thawing,
Huggins et al. developed the “cytoagglomeration” method in 1963. (116) This method involves
the agglomeration or clumping of RBCs, which facilitates RBC separation from the surrounding
solution containing the CPA. This method relies on the reversible binding of y-globulins in
plasma to lipoproteins on RBC membranes at an acidic pH. By reducing the ionic strength of the
solution, y-globulins precipitate along with RBCs. After discarding the supernatant, the process
is repeated multiple times to eliminate the CPA. RBCs can be resuspended by increasing the
ionic strength or pH of the solution. (116) The main issue with cytoagglomeration was the
clumping of cells, compromising the quality of RBCs, resulting in poor post-thaw recovery and

increased hemolysis rates.

The introduction of the Automated Cell Processor (ACP® 215) has streamlined the

deglycerolization process and provided a closed system, decreasing the potential for bacterial
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contamination and extending the post-deglycerolization expiry date. (117) This automated
system uses a closed-loop centrifugal washing bowl to expose the cells to a series of saline wash
steps, removing the excess glycerol and concentrating the cells. Additionally, this system is
approved for post-process storage of the deglycerolized RBCs for up to 2 weeks. (118)
Deglycerolization of cryopreserved RCCs using the Haemonetics ACP® 215 cell processor,
employing dual centrifugation processing with AS-3 or ESOL additive, ensures that RCCs meet
regulatory standards for blood quality, with storage periods of up to 14 days both before
processing and after deglycerolization. (118) This approach results in RCCs with optimal
hemoglobin content, reduced processing alerts, shorter deglycerolization time, and superior
maintenance of ATP levels. (119,120) The advancements in cryopreservation technologies,
coupled with the advent of automated cell processors, have extended the storage periods post-
deglycerolization. This extension has resulted in enhanced transfusion outcomes, improved

patient care, and greater availability of blood inventory.

1.5.2 Comparative Methods for Cryopreservation of Red Blood Cells: High Glycerol-Slow
Cooling vs. Low Glycerol-Rapid Cooling

The most common methods used for RBC clinical cryopreservation involve the high glycerol-
slow cooling (HGM) and the low glycerol-rapid cooling (LGM) methods. (111) The high
glycerol-slow cooling method is performed by adding the glycerol to RBCs to a final
concentration of about 40% (w/v) and cooling at 1 °C/min to storage temperature below -68 °C.
(121) While for the low glycerol-rapid cooling method, RBCs are mixed with an equal volume
of the solution containing 28% glycerol, 3% mannitol, and 0.65% NacCl, to achieve the final
glycerol concentration of 14% (v/v). The RBC-glycerol mixture is then frozen by immersion in
liquid nitrogen (-196 °C) and stored there. (122) For deglycerolization with the high glycerol—
slow cooling method, RCCs are subjected to rapid thawing in a 37 °C water bath and glycerol
removal by a series of washes using sodium chloride solutions with decreasing concentrations.
(121) In the low glycerol-rapid cooling method, RBCs are thawed in a warm water bath (42-45
°C) and deglycerolized with a single wash with 16% mannitol in 0.9% NaCl and two washes
with isotonic saline. (122) According to Valeri et al. results, the average RBC freeze-thaw-wash
recovery (the percentage of RBCs left in the sample after deglycerolization) through the high

glycerol-slow cooling method was 85.2 £ 5.9% (mean + SD) and the average 24-hour post-
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transfusion survival (the percentage of transfused RBCs present in recipient’s circulation 24
hours after transfusion) was 83%. (117) The average RBC freeze-thaw-wash recovery, using the
low glycerol-rapid cooling method, was 95.9%, and the average 24-hour post-transfusion
survival was 96 =+ 1.5% (mean + SD). (122) An alternative method for RBC cryopreservation is
using non-permeating CPAs such as HES. In this method, RBCs are mixed with HES (molecular
weight 200,000 Da, degree of substitution 0.5) to a final HES concentration of 11.5% (w/w).
RBCs are frozen by immersion into liquid nitrogen and stored below -130 °C. RBCs are thawed
in a warm water bath, and HES is either left in RBC suspensions or removed by a single wash
with isotonic saline. (123) Thomas reported the average recovery of RBCs cryopreserved with

HES to be 98.8 £ 0.3% (mean + SD). (124,125)

Cryopreserved RBCs demonstrate comparable functional properties to fresh RBCs after thawing
and deglycerolization. Research indicates that cryopreserved RBCs maintain normal oxygen
transport capacity, 2,3-DPG levels, and ATP concentration, with minimal hemolysis and
supernatant potassium (K¥) levels within acceptable limits. (126—128) Cryopreservation appears
to maintain the integrity of the RBC membrane, as indicated by consistent levels of PS
externalization, CD47 expression, and microvesiculation before freezing, immediately after
thawing, and during hypothermic storage control. (40) These findings suggest that the freeze-
thaw process prevents the onset of storage-related lesions. While cryopreserved RBCs have been
clinically used since the 1960s, there is a lack of randomized clinical studies comparing them
with hypothermic-preserved RBCs. Initial studies suggest comparable safety and efficacy
between cryopreserved RBCs and hypothermic-preserved RBCs. (129) Post-transfusion
hemolysis level, free Hb, bilirubin, platelet counts, and serum creatinine levels were not different
between patients transfused with cryopreserved RBCs or hypothermic-preserved RBCs. (129) A
component transfusion therapy program at Cook County Hospital in Chicago utilizing
cryopreserved RBCs led to a notable reduction in transfusion reaction incidence from 0.57% to
0.11%. (130) O'Brien et al. documented the use of cryopreserved RBCs in vascular surgery and
extracorporeal circulation, showing that thawed and deglycerolized RBCs exhibited no
significant differences compared to fresh heparinized RBCs after prolonged circulation. (131)
Although cryopreserved RBCs were widely used in USA centers during the 1960s and 1970s,
concerns regarding cost, delayed availability, and short half-life after thawing have led to

diminished usage. (130-133)
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1.5.3 Osmotic Parameters of RBCs and Their Implications for Cryopreservation

The cell membrane plays a pivotal role in mediating cellular responses to osmotic stress
caused by cryopreservation; however, the involvement of different membrane components in this
process is poorly understood. (109,134—136) The cell membrane regulates osmotically induced
changes in the cell volume during freezing by governing the transport of water and solutes
between the cytoplasm and the extracellular milieu. (134,137) Osmosis is a fundamental process
involving the movement of solvent from a solution of lower solute concentration to one of higher
solute concentration across a semi-permeable membrane that allows solvent passage but blocks
solute. (138) When human RBCs are exposed to a hypo- or hypertonic solution, they achieve a
new equilibrium cell volume through osmosis much faster than most other cell types. This
phenomenon is due to the exceptionally high water permeability of human RBCs facilitated by
its membrane. The water permeability of RBCs is generally higher than that of lipid membranes,
suggesting the presence of a non-lipid component in the RBC membrane that enhances water
transport. Additionally, the low activation energy for water transport in human RBCs (14— 20
kJ/mol) suggests an aquaporin pathway for water transportation through the RBC membrane.
Inhibition studies suggest that approximately 90% of water transport in RBCs is attributed to
Aquaporin-1 (AQP1) channels, with a minor contribution from other membrane proteins like
Urea Transporter B (UT-B) and Aquaporin-3 (AQP3). (139,140) AQP1 in the human RBC
membrane is the primary membrane protein responsible for transferring water molecules and
facilitating the water permeability of the RBC membrane. (139,140) AQP3 is an
aquaglyceroporin that transports water, glycerol, and small solutes across the plasma membrane.
Glycerol transport kinetics vary among mammalian species, with human RBCs demonstrating
relatively fast glycerol transport compared to most others. The reflection coefficient for glycerol
transport in human RBCs demonstrating the amount of glycerol that can pass through the
membrane, is reported to range from 0.52 to 0.88. (141) This phenomenon is attributed to
variations in membrane lipid composition and the presence of glycerol transporter proteins.
There are two main glycerol transporter proteins found on the RBC membrane: AQP3 and
Aquaporin-9 (AQP9). These aquaporin proteins facilitate glycerol transport across the RBC
membrane, playing a crucial role in glycerol permeability and the cryopreservation process.
(142) The activation energy required for glycerol transport in human RBCs has been reported to
range from 15 kJ/mol to 40 kJ/mol. (142—145). In contrast, the activation energy for glycerol
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transport through lipid bilayers is notably higher, typically ranging from approximately 50 to 80
kJ/mol (146,147), implying the existence of a hydrophilic pathway within the bilayer that lowers
the energy barrier for glycerol transport in human RBCs. AQP3 is identified as the primary
glycerol transporter in human RBCs. Studies involving AQP3-null RBCs demonstrate
significantly reduced glycerol permeability, supporting AQP3’s role in glycerol transport.
(143,145) AQP3 displays complex behavior in transporting water and glycerol, which is
influenced by pH. This suggests a mechanism wherein successive hydrogen bonding with AQP3

may alter the functionality of these proteins.

Osmotic parameters regulate the movement of water and solute through the cell membrane.
Water permeability (L) represents the ability of the cell membrane to allow water molecules to
pass through. Osmotic permeability to solutes (Ps) describes the rate at which solutes cross the
cell membrane. L, and P are typically determined by measuring the rate of cell volume change
when placed in an anisotonic environment. (140) The osmotically inactive cell volume (¥}) is the
volume of the cell that does not participate in the osmotic behavior of the cell. Arrhenius
activation energy (E,) describes the temperature dependence of the membrane permeability to
water and solutes. (148) Several mathematical models exist for calculating these permeability
parameters. These include Jacobs and Stewart equation which incorporates membrane thickness
into the permeability constant, a three-parameter model developed by Kedem and Katchalsky,
including water and solute permeability and solute-solvent interaction, sigma (o) (149,150), a
classic two-parameter, water, and solute permeability (2P), (150) and a one-parameter (solute

permeability) model introduced by Mazur and colleagues. (142)

Jacob et al. proposed a method to establish a universal measure of cell membrane
permeability, adaptable to various experimental settings (Eq 1-1). (151,152) The equation
introduced a constant representing the amount of a substance passing through a unit cell surface
in a unit of time while accounting for concentration gradients across the cell membrane. It
integrated membrane thickness into the permeability constant, combining it with the true
diffusion constant. The equation also provided conversion factors based on cell volume and
surface area for comparisons and conversions. It described a numerical method for solving the
differential equations governing water and solute penetration into the cell, enabling the

determination of permeability constants from experimental data. (151,152) This method involves
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simultaneous penetration equations for water and the solute, solved numerically to find the initial
and minimum cell volumes over time. These volumes, along with the time of minimum volume
attainment, allow direct reading of permeability constants from a prepared chart, facilitating

quantitative assessment of cell permeability under diverse experimental conditions.

dv , , .

s L,ART (O‘(Csl — Cse) + (Cil — Cie)) (Equation 1-1)
: . av
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V' is the cell volume (um?), ¢ is the time (min), L, is the water permeability (um/min/atm), 4 is

the cell surface area, either constant at a specified value or the area of a sphere with a volume of
the cell (um?), R is the gas constant (L-atm/mole/K), T is the absolute temperature (K), 0 (sigma)

is the reflection coefficient (dimensionless), C!, C& are the intracellular, extracellular

concentration of permeant solute (Moles), C ii

, C{ are the intracellular, extracellular concentration
of impermeant solute (Moles), S is the number of solute molecules (Moles), Ps is the solute

permeability (um/min), and 70’7 is the factor to convert from L to pm?.

The Kedem and Katchalsky mathematical model (KK) is commonly used to analyze
experiments and determine cell membrane permeability parameters (Eq 1-2). This approach
involves three key parameters: L,, Ps, and a reflection coefficient (o), introduced to characterize
flux interactions between water and solute. (150) The KK equation, while widely used, presents
certain drawbacks, particularly regarding the complexity introduced by the parameter sigma,
leading to frequent misunderstandings and misinterpretations among cryobiologists. Recent
discoveries in molecular biologies, such as the identification of aquaporins, suggest that co-
transport is often improbable in natural biological membranes, rendering sigma and the KK
equation unnecessary. (153) Instead, a classic two-parameter (2P) equation (Eq 1-3) proves to be
simpler and more appropriate in many cases, yielding comparable results to the KK equation
when a common channel for solute and solvent is absent. (149) Simulation experiments
demonstrate the equivalence of these equations in various scenarios, advocating for a simpler

approach in cryobiological research. Additionally, when multiple transport pathways are present,
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the 2P formalism provides a more economical and suitable description compared to the KK
equation, especially when a phenomenological approach suffices to capture the complexity of
transport phenomena. Through simulation techniques, it was demonstrated that both the 2P and

KK formalisms yield similar results for L, and P in the absence of cotransport channels. (153)

Jy = L,Ap + oAn (Equation 1-2)

Js = Ps(m, —mq)

J» = LpAp (Equation 1-3)

Js = Ps(m, — 1)

Jy represents the volume flow of the solution, J; represents the solute flux, Ap is the
hydrostatic pressure difference, Az is the osmotic pressure differences, o is the reflection
coefficient, L, is the water permeability, Ps is the solute permeability, and z; and z> are the

osmotic pressures on either side of the membrane.

Mazur et al. proposed two methods to estimate the permeability coefficient of glycerol (P):
one based on the time taken for cells to hemolysis in hyperosmotic glycerol solutions that were
hypotonic compared to sodium chloride and the other based on the time taken for cells
suspended in hyperosmotic glycerol solutions in isotonic saline to undergo osmotic shock when
abruptly diluted with isotonic saline (Eq 1-4). (142) The equations derived by Mazur to estimate

the P in human RBC are as follows:

Miso+1000 pe(t)S(t)
Mge+Pse

V() = (Equation 1-4)

Mg,V
S0 =550

p __ ds/dt
e A(Cse - Csi)

15



iso Viso

Mde + pe(t)se

Va(t) =

ds/dt (1 —w)S,dv/dt
P, = +
A(Cse - Csi) Viso(cse - Csi)

V(?) is the volume of water in the cell at time t, S(?) is the mole of solute in the cell at time t,
Miso 1s the molality of non-permeating solutes in isotonic cells, pe(?) is the activity coefficient of
external glycerol, S(?) is the relative volume of water in the cell at time t, My, is the osmolality of
non-permeating salts in the external medium, 4 is the cell surface area, Cs and Cj; are the
external and internal concentration of solute, respectively, u is the reflection coefficient, Vi, is
the relative volume of water in isotonic cells, My is the total osmolality of the external medium
after dilution, ds/dt represents the rate of change of solute concentration inside the cell over time,

and dV/dt is the rate of change of cell volume with time.

The KK equation, despite its comprehensive consideration of pressure gradients, introduces
complexity due to the requirement of multiple parameters. Conversely, the Mazur equation offers
simplicity but may lack precision in intricate scenarios. In contrast, the Jacob equation, by
accurately addressing membrane thickness, emerges as a robust method for determining
permeability constants. Its incorporation of membrane characteristics enhances its reliability in
quantitatively assessing cell permeability. Moreover, the Jacob equation's ability to provide a
universal measure adaptable to diverse experimental settings underscores its potential as a
valuable tool in cellular permeability studies. These osmotic parameters can be used in
mathematical modeling to predict an optimized cryopreservation protocol. CryoSim6 software
was developed by Dr. Locksley McGann at the University of Alberta, Canada (154), uses the
phase diagrams of extracellular and intracellular solutions, osmotic properties of the cell
membrane, and their temperature dependencies to estimate changes in cell volume during
cryopreservation. This information, in turn, is used to predict the probability of cell injury due to
increased concentration of intra- and extracellular solutes and intracellular ice formation. (154—
156) Karlsson et al. demonstrate it is possible to mathematically predict the proper procedure for
CPA addition and removal, prevent excessive cell swelling or shrinking, and reduce CPA

toxicity by minimizing exposure time to CPA. (157) Toxicity during CPA addition and removal
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can also be mathematically modeled and minimized using the toxicity cost function, the
approach recently reported by Benson et al. (158). Mathematical modeling is useful for
optimizing complex problems such as cryoprotectant addition and removal, freezing rates, and
avoiding toxicity. A key parameter required for these modeling approaches is cell membrane

permeability. (159-162)

1.6 Variations in RBC Membrane Permeability: Implications for Cryopreservation

Efficiency

In North America, RBCs are preserved using a high glycerol-slow cooling method, with
deglycerolization performed using ACP® 215, a process that takes about 45 minutes per RCC.
(118) Recent efforts aimed at expediting deglycerolization through continuous glycerol removal
and reducing deglycerolization time to less than a minute led to unexpected findings. (163—165)
Membrane transport modeling designed for rapid glycerol removal from RBCs resulted in
significantly higher hemolysis values than anticipated. (164) Lahmann et al. investigated the
reasons behind this increased hemolysis by measuring glycerol permeability of the RBC
membrane using a coulter counter, covering the full range of glycerol concentrations
encountered during RBC cryopreservation. (139,166) They employed a refined mathematical
optimization approach to account for concentration dependence and cell-to-cell variability in
glycerol permeability, systematically examining the effects of assumed distribution in
permeability values on the resulting optimized methods. (166) Lahmann et al. found that the
permeability of the RBC membrane to glycerol varies from cell to cell within a single donor, and
prolonged deglycerolization times were observed to reduce hemolysis, suggesting a
subpopulation with lower glycerol permeability. (166) In a separate study, Jay and Rowlands
analyzed erythrocyte permeability to various foreign substrates, particularly glycerol, and
observed a wide variation in the permeability coefficient to glycerol among erythrocytes,
following a Gaussian distribution. (167) The analysis revealed a correlation between swelling
time, stress time, and hemolysis time, providing insights into erythrocyte permeability and its
distribution within populations. These studies contribute valuable insights into the mechanisms
underlying osmotic hemolysis and erythrocyte membrane permeability, enhancing our

understanding of cell biology and transport phenomena. (167)

17



The permeability of RBC membranes varies widely at the individual and cell-to-cell levels.
(166) Donor-specific traits, including age, sex, and ethnicity, influence the osmotic
characteristics of RBCs, with older blood donors exhibiting higher water permeability in RBCs.
(168) Besides donor factors and subpopulation of RBCs, manufacturing methods can also impact
the osmotic characteristics of RBCs. Alshalani et al. found that units processed using a WBF
manufacturing method exhibited significantly higher membrane water permeability throughout
storage compared to units manufactured using the RCF method. Units prepared by the WBF
method exhibited higher hemolysis and supernatant K* compared to those processed by the RCF
method, emphasizing the impact of the manufacturing process on membrane-related lesions.
(95,102) Additionally, hypothermic storage significantly increased RBC membrane permeability,
hemolysis, supernatant K*, and reduced deformability, indicating membrane degradation. (168)
Collectively, these findings, along with freeze-thaw-wash recovery of 85.2 = 5.9%, suggest that
osmotically fragile RBCs, particularly older ones, may be more susceptible to loss during the
osmotic stress induced by cryopreservation, highlighting the imperative consideration of RBC
characteristics in optimizing cryopreservation protocols. The hypothesis posits that variations in
osmotic characteristics, including water and solute permeability and deformability parameters in
O-RBCs, contribute to their loss during cryopreservation using the high glycerol-slow cooling

method.

1.7 Challenges and Techniques in Measuring Red Blood Cell Volume Changes: Stopped-
Flow Spectroscopy Approaches

It is critical to know cell osmotic parameters, including membrane permeability to water and
solute, to design effective cryopreservation procedures for cells and tissues and avoid osmotic
and freezing injury. (153,169,170) In this intricate process, the cell membrane emerges as a
pivotal player by regulating the balance of water and solutes between the cell's interior and the
extracellular milieu. The membrane function becomes critical during freezing when osmotic
changes can jeopardize cell integrity. To determine cell membrane permeability, one needs to

measure the rate of cell volume changes when placed in an anisotonic environment. (171)

The quick response of RBCs to anisotonic conditions poses challenges, particularly in

accurately measuring their volume changes in response to osmotic stress. (172) Traditional
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methods, such as electronic particle counters, employ electrical impedance to count and size
suspended particles in a conductive liquid. The device works by aspirating a cell suspension
through a glass tube with a small pore, measuring the voltage drop caused by each cell passing
through. (173) By adjusting device settings, different cell sizes can be counted, and frequency
distribution curves can be plotted to study variations in cell volume. The instrument is calibrated
using artificial beads to establish a relationship between threshold units and cell volume. (173)
As RBCs swell or shrink in response to osmotic changes, their size can be detected and
quantified by the coulter counter. However, this method is less effective due to the speed of
volume change in RBCs in response to anisotonic conditions. (174) In recent decades, flow
cytometry has advanced significantly, with biological staining commonly used for imaging
during the process to trace cell volume and morphology indexes. (175) However, staining can
alter cell physiology, and conventional imaging often produces two-dimensional results, posing
challenges for accurate volume measurements. (176,177) Interferometric phase microscopy
(IPM) offers a solution by measuring cell parameters without staining but faces difficulties in
decoupling cell refractive index (RI) and thickness. (178—180) Turko et al. introduce an
improved three-wavelength IPM system for quantitative imaging spectroscopy during flow
cytometry. The system accurately measures RBC parameters using a non-linear equation, which
offers potential applications in biomedical research. (181) Another common approach in
measuring cell volume is microfluidic systems, where RBCs are introduced into channels or
chambers with precise dimensions under controlled flow rates and pressure gradients. As RBCs
pass through the channels, their dimensions and behavior can be observed and analyzed using
various techniques, such as microscopy or impedance sensing. (182—184) Microfluidic systems
pose challenges due to their requirement for specialized equipment and expertise in the design,
fabrication, operation, and handling of samples, especially when dealing with small volumes or
complex biological samples. Consequently, researchers often turn to a technique called stopped-
flow spectroscopy to assess RBC osmotic permeability. Stopped-flow spectroscopy can quantify
rapid changes in RBC volume over time and is commonly used to measure RBC osmotic
permeability. (172,185) By mixing RBCs with solutions of different osmolarities and monitoring
changes in light absorbance or fluorescence intensity, the kinetics of volume changes can be
analyzed. Two stopped-flow approaches are commonly used: light scattering and self-quenching

of a fluorescent dye. (186)
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Scattering experiments involve measuring changes in light scattering intensity when cells
experience volume changes due to exposure to osmotic gradients. (187) The method relies on the
principle that scattered light intensity is proportional to the size and refractive index of the
scattering particles. Cells are typically exposed to osmotic gradients in a stopped-flow apparatus,
and the resulting change in cell volume is monitored by measuring scattered light intensity at a
specific wavelength. Time-dependent changes in scattering intensity are recorded and analyzed
to extract information about cell volume changes. (186,187) However, scattering experiments
may lack detailed insights into internal cell dynamics, and interpreting data requires careful
consideration of factors like cell size distribution and refractive index. Fluorescence self-
quenching experiments utilize changes in the fluorescence intensity of a fluorescent dye
contained within cells to measure volume changes. (185) Cells are loaded with a fluorescent dye
like carboxyfluorescein (CF), which undergoes self-quenching at high concentrations. (186,188)
As cells experience volume changes in response to osmotic gradients, the fluorescence intensity
of the dye alters accordingly. Fluorescence intensity is monitored over time, and mathematical
models are utilized to analyze the data and extract parameters, such as changes in cell volume
and water permeability. The direct correlation between fluorescence intensity and cell volume
offers sensitive and precise measurements suitable for studying individual cells or small
populations. (187,189) However, calibration and considerations of factors like choice of
fluorescent dye and dye leakage are crucial for accurate results. Specifically, in the context of
RBCs, the autofluorescent properties of Hb and its self-quenching characteristics can be utilized
to effectively measure volume changes in RBCs when exposed to anisotonic gradients.
(107,168,174) Zhurova et al. developed a method to capture rapid changes in RBC volume in
response to anisotonic solutions, using changes in intrinsic hemoglobin fluorescence intensity.
This method does not require the addition of any fluorescent dye and overcomes the limitations

of the traditionally used methods. (107)
1-8 Biotinylation of RBCs

Several techniques have been developed and utilized over the past century to assess the
recovery of RBCs post-transfusion. Among these methods, radioactive labeling with isotopes
such as chromium-51 (*!Cr) and biotinylation have emerged as prominent approaches. Each

method offers unique strengths and weaknesses, influencing its applicability and accuracy in
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assessing transfusion recovery. One of the main limitations of using >'Cr for assessing RBC
kinetics is radiation exposure. Additionally, this method doesn't allow the concurrent
investigation of multiple populations of RBCs within a single individual. In contrast,
biotinylation involves using sulfo-NHS-LC-Biotin, a water-soluble and membrane-impermeable
reagent that binds permanently to proteins on the RBC surface. The NHS group of biotin reacts
with amine groups on the outer leaflet of the RBC membrane and forms stable amide bonds,
which can be detected by combination with fluorochrome. (190,191) This method offers several
advantages, including the ability to track multiple RBC populations simultaneously within the
same individual. Biotinylation eliminates the risk of radiation exposure and enhances the
suitability of this approach for studying RBC kinetics in various populations, including fetuses,
infants, children, and pregnant women. (192—-194) Back et al. introduced the standardized
biotinylation protocol, which provides a safe, reliable, and efficient method for labeling RBCs,
making it suitable for clinical research purposes. (190,194) Biotinylated RBCs accurately reflect
RBC survival when detected by flow cytometry, showing a close correlation with corrected >!Cr-
based measurements. The biotin-based method is a safe and effective alternative to the traditional

radioactive method for measuring RBC survival. (195)

1.9 Gamma Irradiation of Red Blood Cells: Standard Practice and Global Guidelines

Gamma irradiation of RCCs is used to prevent transfusion-associated graft versus host disease
(TA-GVHD), a rare but usually fatal complication in recipients at risk. TA-GVHD occurs when
viable donor T-lymphocytes proliferate and engraft in susceptible recipients after transfusion. TA-
GVHD results in significant morbidity and mortality in approximately 80 to 90 % of affected
individuals. Gamma irradiation prevents DNA replication in the white blood cells (WBCs) that may
be present in RCCs. (196) Irradiation of leukoreduced RCCs is the standard care for patients at risk
of GVHD, including immune deficient individuals, intrauterine transfusions, and allogeneic stem
cell recipients. (197) There are divergent guidelines from global health bodies regarding irradiation
practices. The Association for the Advancement of Blood & Biotherapies (AABB) and the
Canadian Standards Association (CSA) have suggested that irradiation can be performed at any
time during storage (up to day 42), irradiated RBCs can be stored for up to 28 days not exceeding
the original expiry date, and required a minimum dose of 25 grays (Gy) to the midpoint of the

component and 15 Gy to the entire component. (198,199) The Council of Europe guidelines have
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advised that RBCs may be irradiated up to 28 days after collection but must be transfused as soon
as possible and no later than 14 days post-irradiation and no later than 28 days after collection.
(200) This is very much distinct from the British Committee for Standards, stating that RBCs may
be irradiated at any time up to 14 days after collection and may be stored for an additional 14 days.

(201)

1.9.1 Impact of Irradiation on Red Blood Cell Storage Lesion and Membrane Integrity:

Mechanisms and Consequences

Irradiation through different mechanisms accelerates the RBC storage lesion (202), causing
biochemical changes and altering RBC metabolism. (203) Radiation induces oxidative stress in
RBCs by generating reactive oxygen species (ROS) through the ionization of water molecules,
producing superoxide radicals (O2¢—) and hydroxyl radicals (*OH). These highly reactive species
can damage various cellular components, including proteins, lipids, and nucleic acids. Byproducts
of lipid peroxidation, such as thiobarbituric acid reactive substances (TBARS) and
malondialdehyde (MDA), serve as biomarkers for assessing oxidative stress. They can also
compromise membrane integrity, leading to structural and functional alterations in RBCs. (204,205)
Radiation-induced oxidative stress affects the metabolomics of RBCs by targeting enzymes
involved in glycolysis and the Krebs cycle, disrupting ATP production. Consequently, ATP levels
decrease in irradiated RCCs during hypothermic storage, increasing the susceptibility of gamma-
irradiated RBCs to hemolysis. The impaired metabolomics system of RBCs directly and indirectly
affects its homeostasis by disrupting the function of ion transporters and channels that rely on ATP,
such as Ca’*-ATPase and Na*/ K* pump. (206-209) The Na*/ K* pump is a pivotal player in
maintaining the electrochemical gradient across the RBC membrane by actively pumping Na* out
of the cell and K" into the cell. (210) The Ca**-ATPase pump maintains intracellular Ca**
concentration by actively transporting Ca®* out of the cell. (211) These pumps and channels help
regulate cell volume, membrane integrity, and signal transduction (212), and any disruption in their
function can lead to changes in intracellular ion concentrations. (206-209) The impaired function of
Ca?"-ATPase and Na'/ K* pump resulting in the accumulation of Ca?" in RBC cytoplasm and
impaired ability of RBC to uptake K. Elevated levels of cytosolic Ca** in RBCs prompt the
formation of cell membrane microvesicles and activate phospholipid scramblase as well as calcium-

sensitive K' channels. Activation of these channels and impaired function of the Na"/K" pump in
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reuptaking the K leads to K efflux, cell shrinkage, and increased supernatant K*. (213,214)
Irradiation also disrupts the integrity of RBC membranes and associated proteins, leading to the
release of Hb and lactate dehydrogenase (LDH), which accelerates aging processes. (215-218) This
ultimately reduces the function and viability of RBCs post-transfusion. (217,219-222) This
considerable rise in K* levels and hemolysis increases the risk of post-transfusion hyperkalemia and
subsequent cardiac complications, particularly in neonates or patients undergoing massive
transfusions. (218,220,223,224) The increase in supernatant K™ and hemolysis levels becomes more

pronounced with extended post-irradiation storage duration. (224-226)

Additionally, donor sex and age have been demonstrated to impact radiation-induced lesions on
RBCs, with female donors exhibiting lower levels of hemolysis and potassium both before and after
gamma irradiation. (3,90,227) Previous studies have consistently reported this phenomenon, noting
that stored RBC units from female donors, particularly young females, demonstrate greater
resistance to mechanical and oxidative stress. (227,228) This resistance may be attributed to the
presence of a higher proportion of Y-RBCs with better antioxidant defense mechanisms in RCCs
from premenopausal female donors due to their monthly blood loss. (229) Further investigation into

the impact of donor characteristics on irradiation is warranted.
1.10 Conclusion

In conclusion, the comprehensive review of osmotic parameters, glycerol transport variability,
and the impact of gamma irradiation and manufacturing method on RBCs reveals significant
insights into optimizing cryopreservation and irradiation practices, as well as producing RBCs
with favorable Y- to O-RBC ratios. Understanding the distribution of RBC subpopulations, their
susceptibility to cryopreservation-induced stress, and the consequences of gamma irradiation on
their integrity is crucial for enhancing transfusion efficiency and minimizing post-transfusion
complications. By considering factors such as donor characteristics, manufacturing methods,
cryopreservation protocols, and irradiation, our goal is to develop strategies that sustain and

maintain the quality of RBC products, ultimately leading to improved transfusion outcomes.
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1.11 Rationale
1.11.1 Clinical Relevance

The effectiveness of RCCs in transfusion medicine is subject to various factors, including but not
limited to storage duration, manufacturing techniques, donor-related variables, and the proportion of
different RBC subpopulations within the RCC. Different studies revealed that transfusion of RCCs
containing predominantly Y-RBCs prolongs post-transfusion survival, and the higher presence of
O-RBCs within the RCCs is associated with a higher level of hemolysis, accumulation of side
products of aging, and impaired oxygen delivery post-transfusion due to a rapid clearance of O-
RBCs by the spleen. (27,62,230,231) Additionally, Piomelli et al. demonstrated that the post-
transfusion survival of Y-RBCs is significantly greater than the O-RBCs using a °!Cr-labeling
method in a rabbit model. (63) These results align with Triadou et al. findings, demonstrating that
the post-transfusion survival of >!Cr-labeled Y-RBCs obtained from 60 human donors was
markedly higher than that of unseparated *'Cr-labeled RBCs after reinfusion into two
splenectomized patients. (230) Cohen et al. illustrate a decrease in the average transfusion
requirement to sustain hemoglobin levels among splenectomized thalassemia patients who
exclusively receive Y-RBCs compared to those who are administered conventional RCC units. (62)
Hence, assessing the effectiveness of RCCs necessitates determining the proportions of Y- and O-

RBCs within them, as a higher presence of O-RBCs can lead to RCC quality degradation. (231)

This study investigated the impact of pre-storage processing methods used in transfusion
medicine, including component manufacturing methods, cryopreservation, and irradiation, on the
distribution of RBC subpopulations. The setup and processing steps involved in blood
component collection, such as filtration, centrifugation, and extraction, result in the isolation of
different subpopulations of RBC. We postulate that during the buffy coat removal step, the top
layer of RBCs, which contains Y-RBCs with lower density, may be lost. (97-99) While in the
WBF method, a small volume of O-RBCs with a higher density is left at the bottom of the
collection bag. (97) We hypothesize that RCCs generated through the WBF method may exhibit
a higher ratio of Y- to O-RBCs compared to RCCs produced through the RCF method. This
study can provide insights into optimizing processing methods, leading to the production of
RCCs with a favorable proportion of Y-RBCs. This optimization may prolong the post-

transfusion survival of RBCs, enhance transfusion efficiency, and mitigate the side effects of
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RBC aging, including impaired oxygen delivery. (27) Furthermore, the literature suggests that
variations in osmotic characteristics, including water and solute permeability parameters of
RBCs, contribute to RBC loss during cryopreservation. Understanding the distribution of RBC
subpopulations within RCC units can offer valuable insights for enhancing cryopreservation
efficiency. By targeting RCCs with a favorable ratio of Y- to O-RBCs, we can potentially
improve the recovery rate of RBCs after deglycerolization. This strategic approach not only
optimizes cryopreservation protocols to suit the composition of RBC subpopulations but also
allows for more rapid deglycerolization steps by reducing variability in the distribution of
biologically aged RBC subpopulations. The deglycerolization process can be streamlined by
minimizing variability, ensuring consistency and efficiency in RBC recovery. This optimization
endeavor aims to enhance overall preservation efficiency, thereby facilitating the availability of
high-quality RBC products for transfusion purposes. Finally, this thesis aimed to investigate the
susceptibility of Y-RBCs and O-RBCs to destruction following gamma irradiation, focusing on
hemolysis, supernatant K*, p50, and oxidative hemolysis in irradiated RBC subpopulations. The
RBC aging process is characterized by a reduction in the metabolic activity of RBCs and a
diminished capacity of O-RBCs to maintain cellular homeostasis and antioxidant defenses.
Consequently, the metabolic pathways involved in the synthesis and regeneration of ATP and
2,3-DPG become less efficient in O-RBCs. This decrease in 2,3-DPG levels results in impaired
oxygen delivery post-transfusion. (27,230) The observed increase in hemolysis and supernatant
K" levels in irradiated RCCs poses risks of post-transfusion complications, especially in
vulnerable patient populations. (218,220,223,224) It is postulated that the compromised
membrane and antioxidant defense mechanisms of O-RBCs significantly contribute to the
observed increase in hemolysis, supernatant K* levels, and impaired oxygen delivery during

storage.

1.12 Hypothesis and Objectives

Blood component manufacturing will affect the distribution of Y- and O-RBCs in stored
RCCs, with units containing a higher proportion of O-RBCs being more susceptible to product

quality degradation following cryopreservation and gamma irradiation.

The research objectives of the proposed project are the following:
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1. Determine the Impact of the Blood Component Manufacturing Method on the
Proportion of the Y- and O-RBCs in Stored RCCs: In Chapter 2, we investigated the
influence of blood component manufacturing methods, specifically WBF and RCF
processes, on the relative proportions of Y- and O-RBCs within stored RCCs. Utilizing
whole blood units obtained from the Canadian Blood Services’ Blood4Research program
and a split study design where units were subjected to different processing procedures.
The Percoll® separation method was employed to calculate the EMD and assess the
distribution of RBCs. The primary objective was to determine whether RCCs produced
via the WBF method exhibit a higher ratio of Y- to O-RBCs compared to those produced
via the RCF method from the same donor. This research aimed to provide a
comprehensive understanding of how various manufacturing methods impact the age

distribution of RBCs in stored RCCs.

2. Compare Osmotic Parameters and Evaluate Recovery Post-Deglycerolization in Y-
and O-RBC Subpopulations: In Chapter 3, we evaluated the osmotic properties of Y-
and O-RBC subpopulations to explore variations in Ly, V5, Ea, Ps, Onyper, and Elnax which
could affect the survival of RBCs after deglycerolization. By examining how these RBC
subpopulations respond to osmotic and freezing stresses relevant to cryopreservation, this
study aimed to gain insights into optimizing cryopreservation strategies, considering the
distinct characteristics of Y- and O-RBCs. It was expected that O-RBCs would exhibit
elevated L, and P; values, as well as higher £, owing to their compromised membrane
function. Additionally, O-RBCs were expected to have a higher V5, potentially due to the
increased concentration of Hb and greater loss of water during aging. The recovery of
spiked Y- and O-BioRBCs were measured following the RCC deglycerolization process.
Y-BioRBCs were expected to exhibit higher post-deglycerolization recovery compared to
O-BioRBCs. This insight offers the opportunity to enhance recovery rates of RBCs in the

cryopreservation process by ensuring the presence of a desirable ratio of Y- to O-RBCs.

3. Compare Oxidative Stress, p50, and Supernatant K* in Y-and O-RBC
Subpopulations Post-Irradiation and Evaluate Recovery of Y-and O-BioRBCs
during Hypothermic Storage Post-Irradiation: Chapter 4 compared the responses of

Y- and O-RBC subpopulations to gamma irradiation, focusing on supernatant K"
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concentration, oxidative hemolysis, and O, affinity. Measurements were taken before
irradiation, immediately after irradiation, and on days 7 and 14 post-irradiation during
hypertonic storage. The findings contribute to optimizing irradiation strategies,
considering the distinct characteristics of Y- and O-RBC subpopulations. It was
anticipated that O-RBCs would display elevated supernatant K levels and increased
hemolysis due to compromised membrane function. Additionally, O-RBCs were
expected to exhibit higher O affinity, linked to decreased 2,3-DPG concentration and
increased methemoglobin post-irradiation. The recovery of Y- and O-BioRBCs was
assessed following irradiation in RCC units. Y-RBCs were expected to demonstrate
higher post-irradiation recovery rates compared to O-RBCs. By evaluating the recovery
of these distinct RBC subpopulations, our goal was to investigate the possible
relationship between these subpopulations and their recovery post-irradiation. It was

anticipated that O-RBCs would experience more rapid loss after irradiation than Y-RBCs.
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Chapter 2

Impact of Blood Component Manufacturing Methods on the Age
Distribution of Red Blood Cells in Stored Red Cell Concentrates
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2.1 Introduction

RCCs are critical in medical transfusion therapy, yet concerns persist regarding their
quality and efficacy. (1,2) Despite advancements to improve the quality of stored blood
components for better transfusion outcomes, (3—7) transfusion of RCCs is still associated
with an increased risk of adverse clinical events. (8—10) While extensive research has
focused on the impact of storage duration on RCC quality, (9,10) other factors, such as
donor variability and blood manufacturing methods, play significant roles. (1,2,11,12) The
quality of RCC:s is significantly affected by manufacturing methods, underscoring the
clinical importance of understanding processing techniques and product composition

variances.

Studies have shown that even minor differences in processing methods within the same
organization can lead to notable alterations in blood component quality. (13—16)
Evaluation of RBC in vitro quality primarily follows regulatory standards, which vary
across regions. This variance contributes to regional differences in product composition.
While meeting regulatory standards ensures product safety, it may not fully capture the
subtle impacts of processing modifications. There are two main RCC processing methods:
the WBF and RCF. (14,17,18) In the WBF method, units are cooled and filtered in the
refrigerator within 72 hours of the stop-bleeding time. The filtered whole blood is
centrifuged at 4552 x g for 6 minutes. PRP and RBCs are both extracted through the top
outlet of the main collection bag. (14,19) In the RCF method, whole blood units are
rapidly cooled to room temperature 18-24 °C and held overnight before centrifugation.
The hard spin centrifugation (3907 x g for 10 min) provides enough time and centrifugal
force to compact RBCs at the bottom of the bag and results in a CPP on top of the buffy
coat layer. CPP is squeezed out from the upper outlet while packed RBCs are extracted
from the bottom outlet. (14,20) As the RBCs are squeezed out from the bottom outlet, the
bufty coat and top layer of packed RBCs remain in the middle of the bag (45 to 50 mL).
(19,21) Leukoreduction of the packed RBCs is then done at room temperature within 24
hours of the stop-bleeding time. (14,20) Studies have consistently demonstrated that RCCs
processed using RCF methods exhibit lower HCT, Hb, RBC count, MCV, and blood
volume compared to WBF-derived units. (14,17) Furthermore, RCF-derived RCCs have
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shown higher ATP, morphological indices, and p50 values, indicating differences in
metabolic and oxygen-binding capacities. (14) According to Canadian Blood Service
Quality Control (CBS-QC) data, RCF-derived RCCs exhibit a hemolysis failure rate of
0.5%, while WBF-derived RCCs have a higher rate of 5.2% (unpublished findings).
Moreover, results from the Quality Monitoring Program reveal that a greater proportion of
WBF-derived RCCs fail to meet hemolysis criteria compared to RCF-derived RCCs.
However, this variation in hemolysis levels may be attributed to a combination of donor
factors and variations in blood processing techniques. (14) Additionally, manufacturing
methods have been found to affect the characteristics of extracellular vesicles within
RCCs and their immunomodulatory impact after transfusion. RCCs derived from the RCF
method exhibit fewer platelet and white blood cell-derived vesicles and result in a reduced
inflammatory response compared to WBF-derived RCCs. (22-24) These collective
findings underscore the intricate relationship between manufacturing methods and the
quality of RCCs, highlighting the imperative for additional research to comprehensively
understand the mechanisms underlying these differences and optimize processing

techniques.

RCCs consist of a heterogeneous population of RBCs spanning a range of biological
ages. (25,26) The biological aging process in RBCs is associated with membrane
remodeling (23,27), reduced metabolic activity, and progressive failure of cellular
homeostasis. (28—41) RCCs with a greater proportion of O-RBCs may contribute to
increased hemolysis, decreased cellular recovery, reduced oxygen delivery, and metabolic
instability. (42—45) Studies have shown that RCCs enriched with Y-RBCs exhibit
extended post-transfusion survival (41,46) and decreased transfusion requirements in
patients receiving predominantly Y-RBCs. (43,47) Assessing the quality of RCCs
involves determining the proportions of Y- and O-RBCs. (48) The distribution of Y-RBCs
versus O-RBCs in RCCs is influenced by donor-related factors (49,50) and blood
component manufacturing methods. Y-RBCs, characterized by their lower density
compared to O-RBCs, can be effectively separated from O-RBCs through centrifugation.
(43,46) Previous studies have elucidated that under the influence of centrifugal force,
RBC:s tend to stratify within a density gradient within the blood bag, with Y-RBCs
preferentially settling at the top and O-RBCs gravitating towards the bottom of the bag
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due to their higher density. (46,51,52) Considering the centrifugation-induced density
gradient in RBCs within the blood bag, we hypothesized that manufacturing steps
involving centrifugation and subsequent extraction of RBCs and plasma from either the
top or bottom outlet may yield to extraction of different RBC subpopulations and impact
the overall quality of RCCs. In the RCF method, CPP and RBCs are squeezed out from
the top and bottom outlets, respectively, while a significant volume of blood and buffy
coat remain within the collection bag. (14,19,20) We hypothesized that the uppermost
layer of RBCs, predominantly including Y-RBCs with lower density, is lost during the
buffy coat removal step. On the contrary, in the WBF method, plasma and RBCs are
extracted from the upper outlet, leaving behind a residual volume of RBCs at the bottom
of the collection bag. (14) We presumed that these cells at the bottom of the bag are
denser and primarily composed of O-RBCs. This study investigated how manufacturing
methods affect the proportion of Y- and O-RBCs and the EMD of RCCs from the same
donor. Whole blood units from the Canadian Blood Services' Blood4Research program
were divided into halves, each undergoing either the WBF or RCF process. We
hypothesize that RCCs produced through the WBF method may exhibit a higher ratio of
Y- to O-RBCs compared to those generated through the RCF method. The distribution of
RBC subpopulations and EMD of RCCs was calculated using the Percoll® separation
method. The study outcomes can help to refine processing techniques, facilitating the
production of RCCs with an ideal Y- to O-RBC ratio, thus extending the post-transfusion

survival of RBCs and improving transfusion efficacy.

2.2 Methods and Materials

2.2.1 Red Cells Concentrate (RCC) Manufacturing

Whole blood units were collected into citrate-phosphate-dextrose (CPD) in a
MacoPharma collection set (LQT 7291 LX Leucoflex LCR-Diamond quadruple bottom-
and-top system, CPD/SAGM 500 mL, MacoPharma, Tourcoing, France) and preserved at
room temperature (20-22 °C) by the Canadian Blood Services Blood4Research program.
The whole blood units used in our experiments were within two days of their collection to

ensure optimal integrity. Twelve units were collected from a diverse group of healthy
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volunteers of different ages and sexes. Five units were from female donors with an
average age of 58.4 + 23 years old, and seven units were from male donors with an
average age of 54.8 + 28 years old. Approval for the study was obtained from both the
University of Alberta Health Research Ethics Board (Biomedical Panel; Protocol
#PR0O00103459) and the Canadian Blood Services Research Ethics Board (Protocol
#2020.005).

Whole blood units and their collection bag were weighed using a scale (GSE 574, Scale
System, Michigan, USA) to determine the exact weight of the whole blood. Whole blood
units were divided into two equal parts. The whole blood was throughly mixed and
securely attached to a dried WBF collection bag (DQE710X LX Leucoflex MTLI1 top-
and-top system, CPD/SAGM 500 mL, MacoPharma, Tourcoing, France) using a sterile
connection device (TERUMO sterile tubing welder, TSCD-II®, Tokyo, Japan). Before
transferring the blood, the CPD solution was drained from the bags, and we utilized dried
bags. The whole blood was then transferred from the RCF collection bag into the WBF
bag, with the weight of the transferred blood accurately measured using the scale. After
transferring half of the whole blood into the WBF collection bag, the tube connections
were detached using sterile sealing (Sebra® Modle 2600, Omni™ Sealer, Arizona, USA).
Subsequently, each half underwent either RCF or WBF methods to investigate their
impact on the distribution of RBC subpopulations.

2.2.2 Red Cell Filtration Processing Method

The RCF method starts with whole blood collection with 70 ml of CPD-anticoagulant
(1:7 ratio). Whole blood undergoes a rapid cooling at room temperature (18-24 °C) after
collection, followed by an overnight holding period before centrifugation. However, in
this study, units sourced from Calgary were promptly shipped and received within a two-
day timeframe after collection. Upon arrival, they were promptly subjected to processing
procedures without delay. The hard spin centrifugation (Thermo Scientific Sorvall RC3BP
Plus Refrigerated Centrifuge, CAN NO: 75007533 Germany); (Rottor setting: HBB-6
rotor, 3907 x g for 10 minutes at 20 °C, pre-warming the centrifuge to 18-24 °C before the
procedure), effectively compacted RBCs at the bottom of the bag and resulted in a CPP
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layer at the top of the buffy coat. The collection set features outlets at the top and bottom
of the bag. At Canadian Blood Services, an automatic blood processing device
(Compomat G4, Fresenius-Kabi, Bothell, WA) is employed for semiautomated component
separation. However, due to the absence of access to semiautomated component
separation equipment in our case, a manual component separator (4R4414, Fenwal Plasma
Extractor, Deerfield, IL USA) was used. Following centrifugation, the CPP was pressed
out from the top outlet, and the packed RBCs were drained into a distinct RBC bag via the
lower outlet. The standard residual volume following the RCF method typically ranges
between 45-50 mL, and given our halved whole blood separation approach, an estimated
minimum of 22-25 mL of the buffy coat was anticipated. The endpoint of drainage was
determined to ensure a minimum residual volume of 22-25 mL, encompassing both the
buffy coat and RBCs. To accurately assessing the end point, an empty bag containing 23
mL of solution was utilized, allowing for visual estimation of the volume of the remaining
buffy coat in the bag. The mean residual volume in our study cohort was 29.42 + 5.73 mL
(CV:19.47%). Subsequently, the SAGM was passed through the leukoreduction filter to
prime it before filtering the RBCs. Before this filtration, half of the SAGM volume (55
mL) was withdrawn to ensure the precise ratio of SAGM to RBCs according to our halved
whole blood separation approach. Buffy coat volume in the original collection bag was
measured to verify its volume fell within the estimated range. In this study, the hold
period before leukoreduction spanned 52 to 54 hours after stop-bleeding time (Figure 2-1
A).

2.2.3 Whole Blood Filtration Processing Method

The WBF method at Canadian Blood Services starts with whole blood collection from
healthy donors using CPD in a MacoPharma collection set. Whole blood units are cooled
and filtered within 72 hours of the stop-bleeding time in a refrigerated environment (1-6
°C). However, in our unique case, the units were transported from Calgary to Edmonton
Canadian Blood Service after collection at room temperature. Upon receiving the units,
we promptly split them into RCF and WBF collection bags, and those designated for the
WBF method were immediately cooled and filtered in a refrigerated environment (1-6

°C). The duration before filtration encompassed 52 to 54 hours from the bleeding time.
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Following filtration, the whole blood units were centrifuged using the following settings:
HBB-6 rotor, 4552 x g for 6 minutes at 4 °C. Following centrifugation, the PRP and
packed RBCs were pressed out from the top outlet. The standard procedure involves using
a semiautomated component separator post-centrifugation to extract PRP and packed
RBCs. However, due to limited access to such equipment, a manual component separator
was utilized. This manual approach involved careful transfer of PRP and RBCs by gently
pushing them out from the top outlet into two separate bags. The endpoint of the
separation process was determined when minimal plasma remained, and the interface
between PRP and RBCs appeared clear. RBCs were directly transferred into the final bag,
including 55 mL SAGM and mixed through inversion (Figure 2-1 B). The residual
packed RBCs in the WBF collection bag were retained for subsequent analysis.
Furthermore, the filters utilized for both WBF and RCF were backwashed with SAGM

and set aside for further analysis.

2.2.4 Density-Fractionation using Percoll® Separation Method

A density-based Percoll® separation method was utilized to explore the density
distribution and diversity of RBCs within each RCC. This method relies on Percoll®
density gradient centrifugation, which enables the fractionation of RBCs into distinct
subpopulations based on density. For RCC density profiling, an aliquot of 50 mL from
each RCC unit was collected into 50 mL conical tubes. The sampling entails mixing the
blood unit, inserting a sampling site coupler into the blood bag, and swabbing it with
alcohol. A desired volume of packed cells was slowly drawn out, using a syringe and
needle, following safety measures. Blood was dispensed drop-wise into a labeled tube to
prevent hemolysis, and the unit was subsequently stored in a refrigerator. (51) An aliquot
of 1 mL RBCs was analyzed on a cell counter (DXH 520, Beckman Coulter, Mississauga,
ON, Canada) to measure the RBC indices, including the MCHC and MCV. Mykhailova et
al. introduced an approach to predict the required density of Percoll® for fractionating
RBCs based on the MCHC and MCV measurements, revealing a positive correlation
between MCHC and the density profile of RBCs. (52,53) Using the MCHC and MCV
measurements, the Percoll® densities required to create a comprehensive density panel for

characterizing the RBCs were estimated.
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Percoll® solutions with varying densities were prepared according to predetermined
tables using Percoll® (CAS No: 45-001-794, Cytiva 17089109, Uppsala, Sweden), 1.5 M
NacCl solution (CAS No: 7647-14-5, Sigma-Aldrich. Co, St. Louis, Missouri, USA), and
distilled water. Eight round-bottom tubes, each containing a specific density of Percoll®
(ranging from 1.088 to 1.100 g/mL), were carefully arranged for each RCC. A 3 mL
volume of each Percoll® solution was sampled into the respective tubes. A 1 mL aliquot of
RBCs was gently layered onto the density gradient of Percoll® solutions, ensuring
minimal mixing between layers. The tubes were centrifuged at 3041 x g for 15 minutes at
20 °C (acceleration 4, deceleration 1) (Eppendorf 5810R—15 Amp Version, Germany).
Following centrifugation, less dense RBCs (Y-RBCs) were carefully isolated into
corresponding tubes and the remaining Percoll® solution was discarded from tubes with a
vacuum flask, leaving the dense RBC (O-RBCs) pellet undisturbed at the bottom. Isolated
RBC subpopulations were washed by adding phosphate buffered saline (CAN No: 10-
010-049, PBS (x1) pH 7.4, GibcoTM, Life Technologies Corporation, New York, USA)
to each tube, and tubes were centrifuged at 1500 x g for 10 minutes at 20 °C (acceleration
9, deceleration 4). After centrifugation, all supernatants were discarded using a vacuum
flask, leaving an equivalent volume of PBS atop packed RBCs to attain a hematocrit range
of 40-55%. Adjustments were made visually by adding or removing PBS as needed
(Figure 2-2).

2.2.5 Estimating Median Density of Each RCCs

The RBC indices for each subpopulation were measured using a hematology analyzer.
The volume of each RBC subpopulation was measured using a calibrated adjustable-
volume pipette to estimate the proportion of each subpopulation. These pipettes allow
users to manually adjust the volume by turning a screw or dial on the pipette. To measure
sample volumes, the pipette tip was placed at the bottom of the tube, and samples were
aspirated by gently adjusting the screw on top. The pipette volume was selected visually,
and once chosen, the pipette was adjusted to the smaller volume. The sample was then
aspirated, and the screw was slowly turned until all the samples were drawn, ensuring no
residual RBCs remained. An appropriate calibrated pipette was chosen based on visual

inspection of the volume, for instance, samples ranging between 200 to 500 uL were
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measured using a 500 pL pipette. This allowed precise control and adjustment of the
pipetting volume as needed for accurate volume measurement. The isolated RBC portions
were calculated by multiplying the measured volume by the total number of isolated
RBCs. The resulting age profiles were represented by skewed Gaussian distributions, and

the medians of these distributions were denoted as the EMD of the RCCs.

2.2.6 Statistical Analysis and Data Reporting

In this study, data analysis was conducted utilizing GraphPad Prism software (version
9.5.0, GraphPad Software, San Diego, CA, USA). The statistical analyses comprised the
calculation of descriptive statistics such as mean, standard deviation (SD), and standard
error of the mean (SEM). To address the repeated measures nature of the study, we
implemented statistical techniques specifically designed for such scenarios. Mixed-effects
models and repeated measures ANOVA were employed to appropriately account for
within-subject variability. These methods allow for the consideration of both between-
subject and within-subject variations, ensuring robust analysis and interpretation of the
data. In detail, mixed-effects models are advantageous for handling correlated data, such
as repeated measures, by incorporating random effects that account for individual
variability while accounting for fixed effects, such as treatment conditions or time points.
Graphs featuring error bars representing SEM/SD were generated to visually represent the
data. Results are presented as mean = SEM/SD, with statistical significance denoted by *:
p < 0.05 (statistically significant), **: p <0.01 (highly statistically significant), ***: p <
0.001 (very highly statistically significant), and ****: p <0.0001 (extremely statistically
significant). By utilizing these advanced statistical approaches, we were able to effectively
address the repeated measures design of the study, providing reliable and insightful

analyses while ensuring the validity of our conclusions.
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2.3 Results

2.3.1 Comparative Analysis of RBC Indices in RCCs Processed by RCF and WBF
Methods

A comparative analysis of Hb levels between the RCF and WBF methods using the
Student t-test revealed a significant difference. Hb levels were notably lower in units
prepared using the RCF method compared to RCCs processed using the WBF method
(p<0.0001) (Figure 2-3). Moreover, a significant disparity in the number of RBCs was
observed between RCCs processed by different methods, with RCCs processed with the
WBF method demonstrating a higher RBC count compared to the RCF method
(p<0.0001) (Figure 2-4). The MCV exhibited a significant difference between the two
groups of units, with units processed with WBF demonstrating a lower MCV compared to
that of RCF (p<0.0001) (Figure 2-5). However, this difference was not significant in
some units (Unit#: unit 5 sourced from senior female donors with an average age of 78,
and units 9 and 12 sourced by male donors aged 23 and 42, respectively). Significant
differences in HCT level were observed between units processed with the WBF method
and those processed with the RCF method, with units processed by WBF demonstrating a
higher HCT level (p<0.0001) (Figure 2-6). The estimated median density did not exhibit
any significant differences between RCCs produced by RCF and WBF methods
(p>0.9999) (Figure 2-7). Red cell distribution width (RDW), a measure of the variation in
RBC sizes, showed significant differences between units processed using two different
methods (p<0.0001). RCCs produced using the WBF method demonstrated higher RDW
compared to those of the RCF method, indicating higher variability in cell size. This
discrepancy was more pronounced in specific units, specifically units 1, 7, and 10, where
the divergence in RDW values between the two methods was significant. However, in
other units, this discrepancy did not attain statistically significant levels (Figure 2-8).
While no significant differences were observed in MCHC values among RCC units
processed using different methods, analysis using the Student's t-test revealed that MCHC
levels were higher in units processed using the WBF method compared to those processed
using the RCF method (p=0.0107) (Figure 2-9) Analyzing the volume of RCCs revealed

that units processed using the WBF method exhibited a higher final volume compared to
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those processed using the RCF method (p=0.0012) (Figure 2-10). The ratio of the final
volume to the initial volume was calculated to ensure accurate comparisons and mitigate
any potential impact of initial volume variations on the final volume of the units. This
approach helped standardize the comparison and eliminate any disparities in the initial

volume that might have influenced the final volume measurement of the units.

2.3.2 Variation in Distribution of RBC Subpopulations across RCCs Processed Using
WBF and RCF

Unit-to-unit analysis of the distribution of RBC subpopulations revealed variation between
units processed using different methods. In units 3,4, 5,7, 8,9, 11, and 12, a significantly
higher proportion of Y-RBCs was observed at each density in the units processed using
the RCF method compared to those processed using the WBF method. Conversely, in
units 1, 2, 6, and 10, no significant differences were observed in the proportion of Y-
RBCs among RCCs produced using different manufacturing methods. Regarding the old
proportion of RBC subpopulations, variation was observed between different units. In
units 1, 2, 3,9, and 11, no significant differences were observed in the proportion of O-
RBCs in RCCs processed using different manufacturing methods. However, units 4, 5, 6,
7, 8, 10, and 12 demonstrated a significantly higher proportion of O-RBCs at each density
in RCCs processed using the RCF method compared to those processed using the WBF

method (Figure 2-11).

Upon analyzing the density-based proportion of Y-RBCs within identical units processed
using different methods, no significant differences were found in the cumulative data from
all RCC units (p=0.3134). Interestingly, while differences were observed when analyzing
unit-to-unit variances, the cumulative data analysis across all units did not reveal any
significant differences (Figure 2-12). Likewise, cumulative data demonstrated no
significant difference in the proportion of O-RBCs between units processed using either
the RCF or WBF methods (p=0.4974) (Figure 2-13). The cumulative data on the density

distribution of RBCs demonstrated no significant differences between the two different

methods (Figure 2-14).
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Analysis of the ratio between biologically Y-RBCs and O-RBCs across units processed
using different manufacturing methods revealed no significant differences. Despite
variations observed in the proportions of Y-RBCs and O-RBCs within individual units,
the overall ratio of Y-RBCs to O-RBCs remained consistent across all units regardless of
the processing method employed (Figure 2-15). Mixed effect analysis of aggregate data
from all units revealed no significant shifts in the ratio of Y-to-O- RBCs between units
processed using different manufacturing methods (p=0.8278) (Figure 2-16). The analysis
of residual RBC indices in the buffy coat and the WBF collection bag revealed no
statistically significant differences in MCHC and MCV values (p=0.0637 and p=0.2916,
respectively). Additionally, the examination of RBC indices from the RBCs collected

during the filter backwash showed no significant differences between the groups.

2.4 Discussion

The study conducted a comprehensive analysis, comparing the impact of WBF and
RCF methods on the density-based distribution of RBC subpopulations. Notably,
significant differences were observed in various parameters. Hb levels were significantly
lower in RCCs processed with the RCF method compared to those processed with the
WBF method (Figure 2-3). Additionally, the number of RBCs was higher in RCCs
processed using the WBF method compared to the RCF method (Figure 2-4), suggesting
a potential advantage of the WBF method in preserving RBC integrity during processing.
The final volume between RCCs processed using the WBF and RCF methods underscores
potential efficiency disparities in processing techniques, with RCCs processed using the
WBF demonstrating higher final volume (Figure 2-10). Moreover, differences in MCV
and HCT levels were observed, with RCCs processed with WBF showing lower MCV and
higher HCT levels compared to RCF (Figure 2-5, Figure 2-6). Interestingly, while no

significant differences were found in the estimated median density of RCCs processed
using different methods, significant variations were observed in RDW (Figure 2-8),
indicating differences in RBC size variability between the two methods. Unit-to-unit
analysis revealed variations in the proportion of Y- and O-RBC subpopulations, with
specific units showing significant differences (Figure 2-11). However, when analyzing

cumulative data across all units, no significant differences were found in the proportion of
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Y- and O-RBCs between the two methods (Figure 2-12, Figure 2-13). Overall, these

findings provide valuable insights into the impact of the RCF and WBF methods on the
distribution of RBCs within the RCC and the efficiency and quality of RCC transfusion.

2.4.1 Assessing RBC Indices Variation across RCCs Produced by Different Methods

Previous investigations have illuminated substantial disparities in RCCs produced
using distinct manufacturing methods. (14) However, previous studies have generally
overlooked the potential impact of donor characteristics, such as age and sex, on RBC
distribution within RCCs. (14,17) Mykhailova et al. demonstrated variability in the RBC
distribution within the RCC among individual blood donors of different sexes and ages,
with a shift observed over hypothermic storage time. (52,53) Remarkably, the sex of
donors was found to be significantly associated with the distribution of RBCs, with male
RCC units containing a higher proportion of dense RBCs (O-RBCs) compared to their
female counterparts. (52,53) In this study, this gap was addressed by eliminating donor-
related variables through the splitting approach of whole blood units. In this approach,
each half underwent a different processing method. The results of this study align with
previous research, emphasizing the significant influence of manufacturing methods on the
composition of RCCs. RCF-derived RCCs demonstrated lower HCT, Hb, RBC count, and
volume compared to WBF-derived RCCs. While Hb loss occurs during leukoreduction in
both methods, the significantly lower level of Hb, HCT, RBC count, and volume in RCF-
derived RCCs compared to WBF-derived RCC could potentially be explained by the loss
of RBCs associated with the buffy coat separation step. These findings are in line with
previous studies, which have consistently shown that RCCs produced by the RCF method
have significantly lower HCT, Hb, RBC count, and volume compared to those produced
by the WBF method. (14) The disparity in MCV between the two groups of units
suggests distinct characteristics in the size and morphology of RBCs resulting from the
different processing methods. Contrary to our expectations, the MCV results revealed that
RCCs derived through the RCF method exhibited higher MCV compared to those derived
through the WBF method in 7 out of 12 units. Considering the inverse relationship
between the volume of RBCs and their biological age (40,54,55), the lower MCV values
in WBF-derived RCCs suggest a higher proportion of O-RBCs in these units. However,

59



these findings contradict previous studies, which have indicated that RCCs derived
through the WBF method typically have higher MCV values. (14) This discrepancy in
MCYV may be associated with the increased hold time before processing whole blood.
Overnight holding of whole blood at room temperature has been shown to affect RBCs
differently compared to those processed within a 4-hour time frame, including decreased
supernatant K level and higher hemolysis rates. (56,57) However, there is no available

data on the impact of holding time on RBC volume.

2.4.2 Density-Based Distribution of RBC Subpopulations in RCCs Produced by
Different Methods

Analyzing EMD results demonstrated no significant differences in the EMD of RCCs
processed using different methods. EMD represents the density at which the ratio of Y- to
O-RBCs is 1:1. Considering that the density distribution of RBCs follows a Gaussian
curve, with Y-RBCs on one end and O-RBCs on the other, the EMD acts as the threshold
defining the distribution of RBCs along this curve, ensuring an equal partitioning of the
spectrum. Therefore, even though the EMD remains consistent, the distribution of Y- and
O-RBCs at either end of the spectrum may vary, resulting in similar EMD values despite
differences in the proportion of Y-RBCs and O-RBCs. Unit-to-unit analysis of the
density-based distribution of RBC subpopulations highlighted further variability between
units. While specific units exhibited consistent differences in the proportion of RBC
subpopulations between the two processing methods, others showed no significant
disparities. Examining the proportion of biological Y-RBCs revealed that RCCs processed
via the RCF method (units 3,4, 5,7, 8, 9, 11, and 12) exhibited a significantly higher
proportion of Y-RBCs compared to those processed using the WBF method. This finding
contradicts our initial hypothesis, which anticipated lower Y-RBC proportions in RCF-
derived RCCs. Conversely, analyzing the proportion of biological O-RBCs indicated that
RCCs processed via the WBF method (units 4, 5, 6, 7, 8, 10, and 12) displayed a
significantly higher percentage of O-RBCs compared to those processed using the RCF
method, which is in alignment with our hypothesis regarding higher O-RBC proportions
in WBF-derived RCCs. However, the cumulative analysis of the density-based proportion

of Y- and O-RBC:s across all units revealed no significant differences, suggesting that
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while variations exist at the individual unit level, these differences may not be apparent
when considering the overall dataset. Analysis of the ratio of biologically Y-to-O-RBCs
across units processed using different manufacturing methods revealed no significant
differences. This indicates that while there may be differences in the absolute numbers of
Y-RBCs and O-RBCs between units processed via different methods, the relative balance
between these subpopulations within each unit remains stable. This finding suggests that
the manufacturing method may not have a substantial impact on the overall Y-to-O ratio

of RBCs within RCC units.

2.5 Conclusion

The study provides a comprehensive analysis of the density-based distribution of RBC
subpopulations within RCCs produced using RCF and WBF methods. Significant
differences were observed in various parameters, with RCF-derived RCCs exhibiting
lower HCT, Hb, RBC count, and volume compared to WBF-derived RCCs. No significant
differences were found in the EMD values of RCCs produced using different methods.
Unit-to-unit analysis revealed variability in the proportion of Y- and O-RBC
subpopulations, with some units showing consistent differences between processing
methods. However, no significant differences were observed in the Y-to-O-RBCs ratio
between the two methods, suggesting a stable balance between these subpopulations
regardless of the manufacturing method employed. Variations observed in the distribution
of RBCs in RCCs may be attributed to donor-related factors such as age and sex rather
than the manufacturing method. This highlights the importance of considering donor-
related factors when assessing RCC composition. Despite the importance of these
findings, it's essential to acknowledge potential limitations, such as errors introduced by
the Percoll® separation method and manual pipetting in calculating the proportion of RBC
subpopulations. Future research should aim to address these limitations and further
explore the impact of manufacturing methods on RCC composition by taking into account
factors such as the age and sex of donors and the initial composition of whole blood.
Additionally, biotin labeling of RBCs at both ends of the spectrum could enhance our
understanding by enabling us to trace these subpopulations throughout various

manufacturing stages.
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Figure 2-1 Comparison of Red Cell Filtration and Whole Blood
Filtration Processing Methods

Figure 2-1: Figure A illustrates the Red Cell Filtration (RCF) method, starting with the

collection of whole blood with CPD-anticoagulant, followed by rapid cooling and
centrifugation. The bufty coat and packed RBCs are separated using hard spin
centrifugation and semiautomated component separation. Leukoreduction is achieved
through filtration, followed by a hold period before leukoreduction. Figure B depicts the
Whole Blood Filtration (WBF) method, where whole blood units are collected and cooled,
then filtered within 72 hours of the stop-bleeding time. Units undergo centrifugation and
platelet-rich plasma (PRP) and packed RBCs are separated using a manual separator. The
separated RBCs are transferred into a final bag with SAGM and stored for further

analysis.
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Figure 2-2 Preparation of Percoll® Density Gradients for RBC
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Figure 2-2: Percoll® solutions of varying densities were meticulously prepared in round-
bottom 5 mL tubes. RBCs were then gently layered onto the Percoll® solutions and
subjected to centrifugation. Subsequently, less dense RBCs were carefully isolated from
the upper layer of the Percoll® solution, while the denser RBC subpopulation was isolated
from the bottom of the tubes. These distinct RBC subpopulations were washed using PBS,
and the volume of each subpopulation was measured using a calibrated pipette. RBC
indices for each subpopulation were measured using a Coulter counter. The proportion of

each RBC subpopulation was then calculated, and the estimated median density was

determined.
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Figure 2-3 Comparison of Hemoglobin Levels between RCF and WBF

Methods
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Figure 2-3: The figure illustrates significant differences in hemoglobin levels among units
processed using different methods, with red cell concentrates produced by the RCF
method showing lower hemoglobin levels compared to those processed with the WBF
method (p<0.0001). Statistical significance denoted by *: p<0.05, **: p<0.01, ***:
p<0.001, and ****: p<0.0001.
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Figure 2-4 Comparison of Red Blood Cell Counts between RCF and
WBF Methods
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Figure 2-4: The figure depicts a significant difference in RBC count among units
processed using different methods. Units processed with the WBF method exhibited a
significantly higher number of red blood cells compared to those processed with the RCF
method (p<0.0001). Statistical significance denoted by *: p<0.05, **: p<0.01, ***:
p<0.001, and ****: p<0.0001.
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MCYV (fL)

Figure 2-5 Comparison of Mean Corpuscular Volume (MCV) between
RCF and WBF Methods
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Figure 2-5: The figure illustrates significant variations in MCV levels among RCCs
processed using distinct methods. Specifically, RCCs subjected to the WBF method
exhibited significantly lower MCV values in units 3, 4, 6, 7, 8, 10, and 11 compared to
those processed via the RCF method. However, upon analyzing each unit individually, we
did not observe significant differences among RCCs produced by different methods in
some units, including units 1, 2, 5, 9, and 12. Statistical significance denoted by *: p<0.05,

*E: p<0.01, ***: p<0.001, and ****: p<0.0001.
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Figure 2-6 Comparison of Hematocrit (HCT) Levels between RCF and
WBF Methods
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Figure 2-6: The figure illustrates significant differences in HCT among units processed
using different methods. Units processed with the WBF method displayed significantly
higher hematocrit levels compared to those processed with the RCF method (p<0.0001).
However, no significant differences were observed in units 3 and 4 between the different
processing methods. Statistical significance denoted by *: p<0.05, **: p<0.01, ***:

p<0.001, and ****: p<0.0001.
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Estimated Median Density (g/L)

Figure 2-7 Comparison of Estimated Median Density between RCF and
WBF Methods
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Figure 2-7: Figure A illustrates the unit-to-unit comparison of EMD among RCCs
processed using different methods. ANOVA analysis revealed no significant differences
between units (p<0.9999). In Figure B, the Student's t-test analysis of EMD across RCC
units also showed no significant differences in the estimated median density between RCCs

produced by the RCF and WBF methods (p<0.9999).
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Figure 2-8 Comparison of Red Cell Distribution Width (RDW) between
RCF and WBF Methods
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Figure 2-8: The graph illustrates significant differences in RDW among units processed
using different methods. Units processed with the WBF method exhibited significantly
higher RDW values compared to those processed with the RCF method. This difference
was more pronounced in some units (1, 7, and 10); however, it did not reach statistically
significant levels in other units. Statistical significance denoted by *: p<0.05, **: p<0.01,

*E%: p<0.001, and ****: p<0.0001.
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Figure 2-9 Comparison of Mean Corpuscular Hemoglobin

Concentration (MCHC) between RCF and WBF Methods
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Figure 2-9: Figure A illustrates the analysis of Mean Corpuscular Hemoglobin

Concentration (MCHC) in RCCs processed using different methods, conducted using

ANOVA analysis. The unit-to-unit comparison showed no significant differences in

MCHC values among RCCs processed using different methods (p>0.9999). In Figure B,

the Student's t-test analysis demonstrated asignificant differences among units processed

using different methods, with the WBF method showing higher MCHC compared to the

RCF method (p=0.0107). Statistical significance denoted by *: p<0.05, **: p<0.01, ***:

p<0.001, and ****: p<0.0001.
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Figure 2-10 Comparison of Final Volume Ratios in RCCs Processed with

Different Methods

= * %k

=

& 0.7

QE) = RCF
2 mEm WBF
> 0.6-

=

.E

S 0.5

£

=

C

>

Té 0.4 | |

iz RCF WBF

Figure 2-10: The figure illustrates the comparison of final volume ratios in RCCs
processed using the WBF and RCF methods. Units processed with the WBF method
exhibited a significantly higher final volume compared to those processed with the RCF
method (p=0.0012). Statistical significance denoted by *: p<0.05, **: p<0.01, ***:
p<0.001, and ****: p<0.0001.
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Figure 2-11 Unit-to-Unit Comparison of Density-Based Proportion of
Red Blood Cells
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Figure 2-11: The figure illustrates the distribution of RBC subpopulations based on their
density using different manufacturing methods. In units 1, 2, 6, and 10, no significant
differences were observed in the proportion of Y-RBCs among RCCs produced using
different manufacturing methods. However, in units 3,4, 5,7,8,9, 11, and 12, a
significantly higher proportion of Y-RBCs was observed at each density in the RCF
method compared to the WBF method. No significant differences were observed in the old
proportion of RBC subpopulations between RCCs processed using different
manufacturing methods, particularly in units 1, 2, 3, 9, and 11. However, units 4, 5, 6, 7,

8, 10, and 12 demonstrate a significantly higher proportion of O-RBCs at each density in
the RCF method compared to the WBF method.
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Figure 2-12 Analysis of Young Proportion of RBC Subpopulations in
RCCs Processed Using Different Methods
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Figure 2-12: The figure illustrates the comparison of the young proportion of RBC
subpopulations based on their density across units processed using different
manufacturing methods. The mixed-effect analysis of the proportion of Y-RBCs in units
processed using different methods showed no significant differences across all RCC units

(p=0.3134).
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Figure 2-13 Analysis of Old Proportion of RBC Subpopulations in RCCs
Processed Using Different Methods
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Figure 2-13: The figure illustrates the comparison of the old proportion of RBC
subpopulations based on their density across units processed using different
manufacturing methods. The mixed effect analysis of the proportion of O-RBCs in units
processed using different methods showed no significant differences across all RCC units

(p=0.4967).
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Figure 2-14 Comparative Analysis of Density Distribution of RCCs
Processed Using Different Methods
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Figure 2-14: Figure A presents a cumulative analysis of the data on the distribution of
RBCs based on their density. No significant differences are observed between the two
manufacturing methods. Figure B illustrates the cumulative data of density distribution
and EMD of RCCs processed using two different methods. No significant differences

were observed between the methods.
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Y/O Ratie

Figure 2-15 Comparison of Young to Old RBC Ratio across Units

Processed Using Different Manufacturing Methods
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Figure 2-15: The figure illustrates the ratio of biological Y-to-O-RBCs in units processed

using either the RCF or WBF methods. Across all 12 units, no significant differences were

observed in the Y-to-O-RBC ratio between the different processing methods.
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Y/O Ratio

Figure 2-16 Mixed Effect Analysis of Aggregate Data on Young to Old
RBC Ratio
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Figure 2-16: The figure illustrates the ratio of Y-to-O-RBC across all units. No significant

differences were observed in the ratio of Y-to-O- RBCs between units processed using

different manufacturing methods.
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Chapter 3

Exploring Osmotic Characteristics and Survival of Red Blood Cell Subpopulation

Extremes Following Cryopreservation: A Biotinylation Approach
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3.1 Introduction

Cryopreservation is a long-term storage strategy for maintaining the quality of RBCs
for commercial and medical purposes. (1) In 1940, for the first time, Dr. Charles Drew
demonstrated that human RBCs can be frozen and later reconstituted. (2) The use of CPAs
offers distinct mechanisms of protection against freezing injury. (3,4) In 1950, after Polge
and Smith discovered the protective effect of glycerol during the freezing of spermatozoa
(5), glycerol was used for RBC cryopreservation. (6) The first successful cryopreserved
RBC transfusion was achieved by Mollison and Sloviter in 1951. (7) The standard method
for cryopreserving RBCs in the US and Canada is high glycerol-slow cooling. This
method involves adding glycerol to RBCs to a final concentration of 40% w/v and cooling
at 1 °C/min to <-65 °C. (4,8,9) Cryopreserved RBCs can be stored for up to 10 years,
allowing maintenance of a reliable inventory for rare blood types, individuals with adverse
alloantibody formation, civil emergencies, and military applications. (10,11)
Deglycerolizationis involves rapid thawing and washing using sodium chloride solutions.
(4,8,9) While cryopreservation offers a promising method for preserving RBCs, osmotic
stresses during cryoprotectant addition/removal and freezing/thawing can lead to a
significant loss of RBCs, estimated at 15-20%. (12) This highlights the need for assessing
the osmotic characteristics of RBC subpopulations and their vulnerability to osmotic stress

caused by various stages of cryopreservation

3.1.2 Impact of Biological Aging on RBC Membrane Properties

The RBC biological aging process is associated with a decline in metabolic activity,
progressive failure of cellular homeostasis, and impaired antioxidant defenses. (13,14)
During the biological aging process, RBCs experience a decline in ATP levels and aging-
related changes in RBC membrane composition (15,16), disrupting ion homeostasis within
RBCs. (17,18) These age-related alterations contribute to decreased functionality of
membrane transporter proteins, (19) progressive cell shape transformation (20-38), and
reduced deformability in RBCs. (39—44) This reduction in pump activity results in the
accumulation of Ca®* within RBCs cytoplasm and triggers calcium-sensitive K* channels,

resulting in K™ leakage and cell shrinkage. In vitro studies demonstrate that under non-
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isotonic conditions, Y-RBCs exhibit lower hemolysis and rigidity. (20,27,45-48)
Mykhailova et al. demonstrated that O-RBCs exhibit the lowest Onyper and greater rigidity
under osmotic gradients compared to Y-RBCs. (49,50) These findings highlight the
intricate alterations in the membrane properties of RBCs as they undergo biological aging,
potentially affecting the membrane permeability of distinct RBC subpopulations and their

responses to osmotic stress caused by cryopreservation.

3.1.3 Variability in RBC Membrane Characteristics: Donor Traits and
Manufacturing Methods

The RBC membrane plays a pivotal role in mediating cellular responses to
cryopreservation (51,52) (53-56), regulating osmotically induced changes in the cell
volume during freezing by governing the transport of water and solutes between the
cytoplasm and the extracellular milieu. (54,57-59) Higgins et al. found that the
permeability of the RBC membrane to glycerol varies from cell to cell within a single
donor, and prolonged deglycerolization times were observed to reduce hemolysis,
suggesting a subpopulation with lower glycerol permeability. (60) Jay and Rowlands
observed a wide range of glycerol permeability values in a subpopulation of RBCs within

an individual. (61)

Donor-specific traits, including age, sex, and ethnicity, influence the osmotic
characteristics of RBCs, with senior blood donors exhibiting higher water permeability in
RBCs. (62—65) Besides donor factors, manufacturing methods can also impact the osmotic
characteristics of RBCs. Alshalani et al. found that RCCs processed using the WBF
manufacturing method exhibited significantly higher membrane water permeability
throughout storage compared to units manufactured using the RCF method. (64)
Moreover, it has been observed that manufacturing methods can influence the integrity of
RBC membranes. Units prepared by the WBF method exhibited higher hemolysis and
supernatant K* compared to those processed by the RCF method, emphasizing the impact
of the manufacturing process on membrane integrity. (66) Additionally, the chronologic
age of RBCs is associated with increased L, V5, and E,, resulting in higher hemolysis,

supernatant K", and reduced deformability. (65)
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The average RBC freeze-thaw-wash recovery rate of 85.2 + 5.9% in the high glycerol-
slow cooling method with a 24-hour post-transfusion survival of 83%, demonstrating 15-
20% of RBCs are lost during the cryopreservation process. (12) These findings suggest
that the osmotic characteristics of RBC subpopulations are different and affected by
biological age, resulting in a different recovery rate of RBC subpopulations after thawing.
The purpose of this chapter was to investigate how variations in osmotic characteristics
among RBC subpopulations with different biological ages contribute to their susceptibility
to loss during cryopreservation-induced osmotic stress. The study aimed to compare
osmotic parameters in Y- and O-RBC subpopulations, such as L,, Ps, Vs, Ea, Onyper, and
Elmax, to understand the impact of RBC biological age on these parameters. Additionally,
the recovery of Y- and O-BioRBC was examined to explore potential associations
between osmotic differences and post-deglycerolization recovery rates of RBC
subpopulations. We hypothesize that differences in osmotic characteristics at the cellular
level, resulting from RBC biological aging, contribute to the selective loss of O-RBCs
during cryopreservation. Understanding the cell-to-cell variability of osmotic
characteristics of RBC subpopulations can offer valuable insights for enhancing
cryopreservation protocols by considering the distribution of RBC subpopulations present
within the RCC and ultimately enhance overall preservation efficiency and ensure the

availability of high-quality RBC products for transfusion purposes.

3.2 Materials and Methods:

3.2.1 Red Cell Concentrate (RCC) Selection and Pooling

The RCC:s utilized in this study were sourced from the Canadian Blood Services
Blood4Research program, collected in Macopharma collection bags (LQT 7291 LX
Leucoflex LCR-Diamond quadruple bottom-and-top system, CPD/SAGM 500 mL,
MacoPharma, Tourcoing, France), processed via RCF method, and stored in CPD
anticoagulant and SAGM at temperatures ranging from 1-6 °C. To maintain optimal
integrity, the RCCs used in the experiments were within seven days of their collection.
Approval for the study was obtained from both the University of Alberta Health Research
Ethics Board (Biomedical Panel; Protocol #PR0O00103459) and the Canadian Blood
Services Research Ethics Board (Protocol #2020.005).
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To minimize the potential impact of donor variations on RBC subpopulation density
profiles, a pool-and-split study design was used. Seven ABO / Rh-matched RCCs were
collected from available healthy volunteers of different ages and sexes. Four units were
from female donors with an average age of 70.0 £ 2.6 (mean = SD), CV: 12% years old,
while three units were from male donors with an average age of 57.6 = 5.0 (mean + SD),
CV: 24% years old. Before pooling units, the RBC indices of each RCC were measured
using a hematology analyzer. Results are as follows: HCT: 0.559 + 0.01 (%) (CV: 3.18%),
Hgb: 186.01 + 1.63 (g/dL) (CV: 4.38%), and MCHC: 332.58 + 1.47 (g/dL) (CV: 2.21%)
(Table 3-1). The units were pooled in a waste bag from the Haemonetics
Deglycerolization set (Haemonetics, ACP®215, Haemonetics Corporation, Massachusetts,
USA The bag capacity is up to 4000 mL). This pooling process involved connecting the
tube of the RCC units to the main tube of the waste bag using a sterile connection device.
After sequentially transferring all of the RBCs to the pooling bag, the tube connections
were detached using sterile sealing. The pooled unit was inverted several times to ensure

thorough mixing.
3.2.2 Density-Fractionation using Percoll® Separation

Percoll® separation, a technique based on density gradient centrifugation, is utilized to
investigate the density distribution of RBCs within the pooled unit. A comprehensive
explanation of this method can be found in Chapter 2, where all aspects of the technique
are discussed in detail. An aliquot of 450 mL from the pooled RCC bag was collected into
nine 50 mL conical tubes. A 25 mL aliquot was reserved for density profiling of the
pooled unit, while 425 mL was used for extracting sufficient volume of the Y- and O-RBC
subpopulations for further experiments. RBC indices were assessed, and the Percoll®
densities necessary for creating a density panel were estimated. We estimated the Percoll®
densities using the method proposed by Mykhailova et al., which involves estimating

Percoll® density based on RBC indices using measurements of MCHC and MCV. (49,50)

Percoll® solutions with varying densities were carefully prepared according to
predetermined tables using Percoll®, NaCl (1.5 M), and distilled H>O. Ten round-bottom

tubes, each containing a specific density of Percoll® solutions (ranging from 1.089 to
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1.098 g/mL), were carefully arranged. A 3 mL aliquot of each Percoll® solution was
distributed into designated tubes, followed by gently layering a 1 mL aliquot of RBCs
onto the solutions. The tubes underwent centrifugation, after which the Y-RBCs were
extracted into separate tubes while the O-RBC pellet remained undisturbed at the bottom.
The RBC subpopulations were washed with PBS, and then the supernatants were carefully
removed, leaving PBS covering the packed RBCs to achieve a hematocrit range of 40-
55%. The RBC indices for each subpopulation were measured using a hematology
analyzer. The volume of each RBC subpopulation was measured using a calibrated
adjustable-volume pipette to estimate the proportion of each subpopulation. Two distinct
densities were identified and used to isolate extreme subpopulations of Y- and O-RBCs.
The density of 1.091 g/mL was chosen for separating Y-RBCs, and 1.098 g/mL was
selected for isolating cells with higher density (O-RBCs), constituting 13.18 + 0.07% and
10.08 + 0.07% of the total population respectively. The Percoll® separation was repeated
with these selected densities (1.091, 1.098) to extract sufficient volumes of Y- and O-RBC
subpopulations (with a minimum volume requirement of 20 mL per RBC subpopulation at

50% Hct) for subsequent experiments.

3.2.3 Biotinylation of Red Blood Cells

Mock et al. introduced a standardized biotinylation protocol that provides a safe,
reliable, and efficient method for labeling RBCs with biotin, making it suitable for clinical
research use and the in vivo evaluation of RBC circulation and recovery in humans. (67—
69) The biotinylation method was utilized to label the Y- and O-RBCs. To effectively
distinguish between Y- and O-RBCs, two distinct concentrations of the biotin reagent (15
pg/mL and 48 pg/mL) were employed, ensuring optimal fluorescence separation of each
subpopulation using standard flow cytometry. The O-RBCs were labeled with a high
concentration of biotin solution 48 ng/mL, and Y-RBCs were labeled with a low
concentration of biotin 15 pg/mL. In a 50 mL volumetric flask, 0.75 mg of Sulfo-NHS-
LC-Biotin was added to 25 mL of saline dextrose solution, including 0.2% dextrose and
0.9% sodium chloride. (Baxter, Deerfield, Illinois, USA). After the Sulfo-NHS-LC-Biotin
completely dissolved through swirling on a plate, the volumetric flask was filled to the

calibration mark, reaching a final volume of 50 mL using saline dextrose solution. For the
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preparation of a 48 ug/L biotin solution, 24 mg of Sulfo-NHS-LC-Biotin was added to the
same 50 mL volumetric flask, followed by the addition of 2.5 mL of saline dextrose
solution. After thorough mixing, the solutions were sterilized by passing them through a 2
uM filter (DMSO safe, 2 uM Nylon Sterile membrane, Acrodisc® Syringe filters, PALL
Corporation, Life Sciences, Hampshire, United Kingdom). (70)

To prepare the RBCs for labeling, 16.5 mL aliquots of both Y- and O-RBC
subpopulations were placed into individual 50 mL conical tubes. Subsequently, 33 mL of
saline dextrose solution was added to each tube for washing. The tubes were centrifuged
at 2560 x g for 10 min at 20 °C with acceleration 6 and deceleration 4 (Eppendorf
5810R—15 Amp Version, Germany). After discarding the supernatants, the pre-washed
extreme subpopulations of Y- and O-RBCs were transferred into separate 50 mL conical
tubes with appropriate labeling. In the Y-RBC tube, 33 mL of the 15 uL/mL biotinylation
solution was added, and in the O-RBC tube, 33 mL of the 48 uL/mL biotinylation solution
was introduced. The RBC samples were mixed thoroughly by inverting them ten times
and placed on a mixer (SARMIX® GM1, Sarstedt Inc, Newton, NC, USA) (1 cycle/sec) at
room temperature for 30 min of incubation with no requirement for darkness during this
process. After incubation, the BioRBC tubes were centrifuged for 10 min at 2560 x g at
room temperature with acceleration 6 and deceleration 4. The supernatant was discarded
as much as possible without disturbing the interface. Then, 40 mL of saline dextrose
solution was added to each tube, mixed by inverting until RBCs were suspended, and
centrifuged again for 10 min at 2560 x g at room temperature. The supernatant was
carefully discarded using a vacuum flask. The washing steps were repeated twice. (70)
Finally, saline dextrose solution was added to each conical tube to reach a final volume of
16.5 mL and hematocrit of 40-55%. The RBCs were mixed by inverting until fully
suspended, and HCT and Hb were measured using the hematology analyzer to ensure they
fell within the desired range. For Y-BioRBCs, the HCT was 0.41 £+ 0.00% (CV: 0.51%),
and Hb was 130.43 &+ 0.60 (g/dL) (CV: 0.97%); for O-BioRBCs, the HCT was 0.50 +
0.00% (CV: 0.87%), and Hb was 177.27 + 0.39 (g/dL) (CV: 0.47%). For Y-RBC:s, the
HCT was 0.42 + 0.00% (CV: 1.49%), and Hb was 133.63 + 0.55 (g/dL) (CV: 0.99%); for
O-RBCs, the HCT was 0.59 + 0.00% (CV: 0.42%), and Hb was 212.23 + 0.44 (g/dL)
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(CV:0.44%). The post-biotinylation hemolysis values were measured, and they remained
below the baseline hemolysis threshold specified by the CSA standards (<0.8%).
Hemolysis measurements are as follows: pooled unit 0.23+0.01% (CV: 1.15%), Y-RBCs
0.21£0.03% (CV: 6.81%), O-RBCs 0.29+0. 0.02% (CV: 4.04%), spiked pooled unit
0.31£0.07% (CV: 15.95%), Y-BioRBCs 0.57+£0.04% (CV: 7.55%), O-BioRBCs
0.71£0.06% (CV: 13.61%) (Table 3-2).

3.2.4 Spiking the Pooled Unit with Young and Old Biotin-labelled RBCs

The biotinylated Y-RBCs and O-RBCs were re-introduced into the original pooled unit
to accurately track each subpopulation throughout the cryopreservation process. A 12.5
mL aliquot of each biotinylated subpopulation was re-introduced into the pooled blood
unit to attain a final concentration of around 1% for each subpopulation within the pooled
unit. A volume of 3.75 mL from each of the Y- and O-BioRBC subpopulations was
retained by placing them in a 5 mL round-bottom tube for further experiments and
investigation of the impact of biotinylation on the osmotic characteristics of RBCs. After
completing the spiking process, the pooled unit was thoroughly mixed by carefully
inverting the bag multiple times to guarantee an even distribution of the biotinylated RBC

subpopulations within the pooled unit.

The pooled RCC bag was subsequently split into five units with matching weights.
Dried RCC collection sets (LQT 7291 LX Leucoflex LCR-Diamond quadruple bottom-
and-top system, CPD/SAGM 500 mL, MacoPharma, Tourcoing, France) were connected
to the pooled RCC using a sterile connection device. The RCC storage bag was placed on
a scale (GSE 574, Scale System, Michigan, USA) and blanked, and blood flowed from the
pooled unit until the calculated weight was obtained. The tube was sealed, and the

splitting process was repeated for the remaining 4 RCC units.
3.2.5 Equilibrium RBC Volume Measurement

RBCs were categorized into washed unseparated RBCs (U-RBCs), spiked pooled
RBCs (SP-RBCs), subpopulations of young/old RBCs (Y/O-RBCs), and young/old-
biotinylated RBCs (Y/O-BioRBCs). The equilibrium volume of each group of RBCs in
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anisotonic and isotonic NaCl solutions was determined on an electronic particle counter
(ZB1, Beckman Coulter Electronics, Inc., Hialeah, FL, USA) equipped with a pulse-
height analyzer (The Great Canadian Computer Company, Spruce Grove, AB, Canada).
(71) RBCs were diluted in 10 mL of 0.68%, 0.9%, 1.6%, and 3.5% (w/v) NaCl solution to
reach a concentration of approximately 20000 cells per mL and were allowed to
equilibrate at room temperature for at least 5 min. Current pulses, proportional to cell
volumes, were measured as RBCs passed through a 50 um aperture on the electronic
particle counter. The equilibrium volume of each group of RBC was measured in triplicate
for each solution. To calibrate the electronic particle counter, 5 um latex beads (Beckman
Coulter, Inc., Fullerton, CA, USA) were added to each NaCl concentration and run on the
electronic particle counter. The bead volume was determined using Eq 3-1 and then
divided this calculated volume by the bead volume to derive the calibration factor for each
solution. These calibration factors were subsequently applied to convert the instrument's
output data into RBC volumes. (72) The calibration factors for each solution are

documented in (Table 3-3).

3
V= 5 XT X r3 (Equation 3-1)

Where V' is the volume of the cell, IT is the mathematical constant (3.14159), and r is

the radius of the hemisphere (latex beads used in this study, 7 = 5 pm).

3.2.6 Preparation of Stopped-Flow Experimental Solutions

NaCl solutions were prepared by diluting a 12% (w/v) NaCl stock solution (Baxter,
Deerfield, IL, USA) with distilled water to achieve final concentrations of 0.46, 0.9, 2.3,
and 6.1 % (w/v). Additionally, a solution containing 3.5% glycerol (w/v) and 0.99% NacCl
(w/v) was prepared by diluting 61 mL of 57 Glycerolyte (57%, Sigma Aldrich, Inc., St.
Louis, MO, USA) and 933 mL of 0.9% NacCl solution (Table 3-4). The osmolality of
these experimental solutions was measured using a freezing-point depression osmometer
(Osmette, Precision Systems Inc., Natick, Massachusetts) (Table 3-5). (73) Before each
experimental run, the osmometer underwent calibration using a 100, 500, and 1500
mmol/kg standard (Precision Systems Inc., Natick, Massachusetts, USA). After

calibration, measurements were taken for controls at three different osmolality levels: 200,
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400, and 1000 mOsm/kg (Calibration standard, Advanced Instrument Inc., Norwood,
Massachusetts, USA) (Table 3-6).

3.2.7 Stopped-Flow Spectrophotometer Setup and Measurement of RBC Volume

Kinetics

To effectively assess rapid changes in RBC cell volume in response to anisotonic
environments, researchers often utilize techniques such as stopped-flow spectroscopy.
(74-76) Zhurova et al. developed this method to capture these changes by measuring

variations in intrinsic hemoglobin fluorescence intensity. (52)

Rapid kinetics experiments were conducted using an SX20 stopped-flow reaction
analyzer (Applied Photophysics, Ltd., Leatherhead, UK). This method involves measuring
the osmotically-driven changes in RBC fluorescence by rapidly mixing RBCs with an
equal volume of an anisotonic experimental solution. RBC fluorescence intensity was
recorded simultaneously as a function of time. Changes in RBC volume upon exposure to
different hypo- and hypertonic NaCl solutions were calculated by monitoring changes in
intrinsic hemoglobin fluorescence intensity. The RBC suspensions for these experiments
were prepared by adding 20 puL of RBCs into 1 mL of 0.9% (w/v) NaCl solution (final
osmolality of 292 mOsm/kg). Hematocrit measurements were as follows: pooled unit 0.56
+0.00%, CV: 1.01%, Y-RBCs 0.42 + 0.00% (CV: 1.49%), O-RBCs 0.59 £+ 0.00% (CV:
0.42%), spiked pooled unit 0.55 + 0.00% (CV: 0.99%), Y-BioRBCs 0.41 £ 0.00% (CV:
0.51%), O-BioRBCs 0.50 = 0.00% (CV: 0.87%).

The extracellular NaCl concentrations were adjusted to 0.68%, 0.9%, 1.6%, and 3.5%
(w/v) through rapid 1:1 mixing of the RBC suspension (in 0.9% (w/v) NaCl) with 0.46%,
0.9%, 2.3%, and 6.1% (w/v) NaCl, respectively. The final osmolalities of these solutions
after mixing with RBC solution were 222.5 mOsm/kg, 292 mOsm/kg, 523 mOsm/kg, and
1140 mOsm/kg, respectively. The autofluorescence of RBCs when exposed to an isotonic
0.9% NaCl (osmotic equilibrium condition) was used as the baseline control. The
background fluorescence of buffer solutions without RBCs was measured and subtracted
from RBC autofluorescence. The stopped-flow circuit was flushed with the solution of the

same osmolality as the test solution before each run to prevent cross-contamination
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between experimental solutions and maintain accurate osmolality during each
experimental run. The RBC suspension was excited at 280 nm, and the emission of the
hemoglobin autofluorescence was measured at 314 nm for all RBC subpopulations. The
excitation and emission slit widths were set to 3 mm (equivalent to a wavelength
bandwidth of 13.95 nm). The total stopped-flow drive volume was set to approximately
120 pL, and 1000 fluorescence data points were collected during the 10 seconds
immediately following the mixing event. The 20 pL optical cell had a 10 mm path length
and a 1 ms dead time (during which mixing occurred). Fluorescence was expressed in
volts (V), and data were acquired using the ProData SX software (Applied Photophysics,
Ltd., Leatherhead, UK). Based on earlier studies conducted within our team (52), the
optimized excitation wavelength (Aex) of 280 nm and an emission wavelength (Aem) of 314
nm is ideal for RBCs using the stopped-flow analyzer. These wavelength settings were
consistent with the previous research findings, ensuring the reliability and comparability

of our data. (52,77) Measurements were made in triplicate for each anisotonic solution.

To determine the Arrhenius activation energy, the kinetics of the osmotically-induced
changes in RBC volume were taken at two different temperatures: 3.8 + 0.1°C (within the
target 3.5-4.0 °C range) and 19.4 + 0.1°C (within the 18.6-21.0 °C target range). An
attached water-filled circulator (CH/P temperature control system, Forma Scientific,
Marietta, OH, USA) was used to maintain the temperature of the stopped-flow system.
Syringes containing RBC samples and experimental solutions were also equilibrated in a

water bath to reach the experiment temperature before use.
3.2.8 Measurement of Glycerol Permeability

Addition of glycerol to RBCs. RBCs were exposed to a hypertonic concentration of
3.5% (w/v) glycerol. RBCs suspended in 0.9% NaCl solution were mixed 1:1 with 3.5%
(w/v) glycerol, which resulted in a concentration of 1.75% (w/v) glycerol. As a control,
RBCs were mixed 1:1 with 0.9% NaCl (osmotic equilibrium conditions), and RBC
autofluorescence was measured as a function of time. Subsequently, the equilibrium curve

was subtracted from the curve obtained with RBCs + 1.75% (w/v) glycerol.

93



Removal of glycerol from RBCs. RBCs were loaded with 3.5% (w/v) glycerol, then
mixed 1:1 with 0.9% NaCl solution to cause glycerol efflux from the RBCs down the
concentration gradient. As a control, RBCs loaded with 3.5% (w/v) glycerol were mixed
1:1 with 3.5% (w/v) glycerol in 0.9% NaCl (osmotic equilibrium conditions), and the
RBC autofluorescence was measured as a function of time. The equilibrium curve was
then subtracted from the curve obtained with RBCs in 3.5% (w/v) glycerol + 0.9% NaCl.
In both experiments, 1000 data points were collected for 100 seconds immediately
following mixing until complete equilibration of glycerol on both sides of the RBC

membrane.
3.2.9 Conversion from Fluorescence to Volume

Previous studies from our laboratory have shown that there is a strong positive

correlation between equilibrium relative cell volume (VK) and equilibrium relative cell
0
autofluorescence intensity (Fi) (52). The relative fluorescence (Fi) was converted to
0 0

. 14 . . . . .
relative volume (V—) using the following linear regression equation:
0

74 F
—=m—+c (Equation 3-2)
Vo Fo

Where V' is the equilibrium RBC volume at an experimental osmolality, V, is the
isotonic RBC volume, F is the equilibrium RBC fluorescence at an experimental
osmolality, and F, is the isotonic RBC fluorescence, m is the slope, and c is the y-

intercept.

The relative RBC volume was calculated by dividing the RBC volume measured in
each experimental NaCl solution by the RBC volume measured in isotonic 0.9% (w/v)
NaCl using the Coulter Electronic Particle Counter equipped with a pulse-height analyzer.
(71) Two replicate runs for each sample were performed in the experiment to measure the
volume of RBCs in isotonic and anisotonic NaCl solution. Additionally, relative RBC
autofluorescence was calculated under equilibrium conditions in two steps. First, the mean
autofluorescence value was calculated during the last 3 s of stopped-flow autofluorescence

data acquisition (at the autofluorescence plateau). Then, the relative RBC
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autofluorescence was calculated by dividing RBC autofluorescence in each experimental
NaCl solution by RBC autofluorescence in isotonic 0.9% NaCl. To measure the intensity
of RBC fluorescence in isotonic and anisotonic solutions, three to five replicates for each
sample were collected. Relative cell volume and autofluorescence for different
subpopulations of RBCs were fitted into Eq 3-2 to derive values for m and ¢ at 4 and 20
°C. The relation between relative RBC volume and relative RBC autofluorescence was
assessed using Pearson’s correlation analysis using Excel, 2016. By calculating the m and
¢ values, the volume of RBCs at different NaCl solutions was determined by converting

the fluorescent intensity to RBC volume using Eq 3-3.

V="V,Xx(m (% + ¢) (Equation 3-3)

3.2.10 Calculating the Osmotically Inactive Fraction of RBC Subpopulations

The osmotically inactive fraction is the total volume of solutes / biological material in
the cell cytoplasm that do not participate in osmotic equilibrium and is typically
determined through a linear comparison of parameters, specifically the osmolality and cell
volume. To determine the osmotically inactive fraction of RBC subpopulations, RBC
equilibrium volumes were measured in different hypo- and hypertonic solutions. All

measurements were done at room temperature. A Boyle-van’t-Hoff plot was created,

representing the equilibrium relative RBC volume ()asa function of inverse relative
0

osmolality (Pﬂ). (78) The osmotically inactive fraction of RBC subpopulations was
0

determined using the y-intercept of the linear regression line fitted to the following

equation:

|74 p
—=m—=+V, (Equation 3-4)
Vo P

Where P represents the osmolality of the anisotonic solution, while Po represents the
osmolality of the isotonic solution. ¥ represents the volume of RBCs in an anisotonic
solution, while ¥, represents RBC volume in an isotonic solution. The intercept (V) of

this linear plot is the osmotically inactive fraction of the RBCs. In other words, it is the

portion of the cell volume that remains unchanged and unresponsive to osmotic changes.
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The V), value is a significant parameter for understanding the structural and functional

characteristics of RBCs.
3.2.11 Calculating the Water Permeability (L,) and Glycerol Permeability (Ps)

The equation proposed by Jacobs and Stewart, which describes the rate of cell volume
change and solute movement across the cell membrane, was used to calculate the water
permeability (L,) of RBCs. (79,80) This equation captures the dynamics of cell volume
change under anisotonic conditions, incorporating parameters such as cell volume, time,
water permeability (um/min/atm), cell surface area, gas constant, absolute temperature,

and reflection coefficient.

— = Ly,ART (O’(Csi — Cse) + (Cii — Cie)) (Equation 3-5)

where V is the cell volume (um?), ¢ is the time (min), L, is the water permeability
(um/min/atm), 4 is the cell surface area, either constant at a specified value or the area of a

sphere with a volume of the cell (um?), R is the gas constant (L-atm/mole/K), T is the
absolute temperature (K), o (sigma) is the reflection coefficient (dimensionless), C¢, C¢

are the intracellular, extracellular concentration of permeant solute (Moles), C;, ! C? are the

intracellular, extracellular concentration of non-permeating solute (Moles).

To quantify solute movement across the RBC membrane over time Eq 3-6 was
employed. The equation involves the number of solute molecules, solute permeability, cell
surface area, concentrations of permeating solute, and the conversion factor from L to
um?, reflection coefficient, and cell volume. Experimental data on RBC volume kinetics in
PBS and glycerol solutions are fitted to these equations using the least squared method in
Excel Solver. Assumptions include dilute solutions, a water density of 1, a potentially
changing cell surface area with volume variation, and a zero reflection coefficient
indicating no interaction between water and glycerol transport. This comprehensive
approach facilitates the determination of water permeability under varying experimental
conditions.

av
as

(Cs (C-¢cf), a .
— = P.A + (1-o0) X 13?5 (Equation 3-6)
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where S is the number of solute molecules (Moles), ¢ is the time (min), Ps is the solute
permeability (um/min), 4 is the cell surface area, either constant at a specified value or the
area of a sphere with a volume of the cell (um?), C!, C¢ are the intracellular, extracellular
concentration of permeant solute (Moles), 70'° is the factor to convert from L to um?, o

(sigma) is the reflection coefficient (dimensionless), and V is the cell volume (um?).

3.2.12 Arrhenius Activation Energies

Arrhenius activation energy (E.) describes the temperature dependence of water and

solute permeability of the cell membrane. E, was determined from the slope of the plot of

the natural logarithm of L, or P as a function of the inverse temperature (% ) (81,82):
—E .
Eaof L, or P, = k x exp(R—jf‘) (Equation 3-7)

Where L, is the water permeability (um/min/atm), Ps is the solute permeability
(um/min), £ is the fitting constant, R is the gas constant (kcal/mole/K), E, is the activation
energy for L, or Py (kcal/mol), and T is the absolute temperature (K).

3.2.13 RBC Osmotic Deformability Assessment

RBC osmotic deformability was analyzed using ektacytometry on a Laser-Assisted
Optical Rotational Cell Analyzer (LORCA, Mechatronics, Zwaag, Netherlands). The
LORCA enables the measurement of RBC deformability, either concerning shear stress
(Deformability) or in response to the osmotic gradient (Osmoscan; osmotic

deformability) (Figure 3-1).

In shear-induced deformability, RBCs in an isotonic medium are subjected to varying
shear stresses at different rotation speeds, causing RBCs to elongate to different extents. A
laser beam refracts upon passing through the RBC suspension, and the diffraction pattern
shape enables the determination of EImax (the maximum theoretical elongation index) and
K1 (the shear stress required to achieve half of the Elnax). (42) For the deformability test,
a 9 uL aliquot of each RBC subpopulations, including U-RBCs, SP-RBCs, subpopulations
of Y- and O-RBCs, and Y- and O-BioRBCs with hematocrit ranging 40-55% were
carefully diluted in 1 mL of an isotonic polyvinylpyrrolidone (PVP) solution (LORCA,
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RR Mechatronics Manufacturing, Zwaag, Netherlands). A thin layer of the RBC solution
was subjected to shear stress between two concentric cylinders, transforming RBC oval
biconcave disks into elongated shapes. The diffraction pattern produced by a laser beam
was measured to calculate the deformability of RBCs expressed as elongation index (EI)
as a function of shear stress (SS). A high Elmax suggests RBCs are highly deformable,
whereas a high Kg; means that RBCs are very rigid and, hence, more force needs to be
applied for RBCs to elongate. These deformability experiments involved diluting RBCs
1:100 in PVP and were conducted at 37 °C. Deformability data were analyzed using non-

linear regression, following the method previously described by Stadnick et al. (43,83)

Deformability also can be measured as a function of osmolality (osmotic
deformability). The Osmoscan test characterizes the deformability of RBCs across varying
osmotic levels, providing insight into how RBCs respond differently to constant shear
stress under osmotic gradients. To assess osmotic deformability, a 200 pL aliquot of RBC
subpopulations with a hematocrit ranging from 40-55% was diluted in 5 mL of isotonic
PVP solution and mixed carefully. The tubes were positioned under the aspirating needle,
and an Osmoscan was conducted. The EI of RBCs was measured across extracellular
osmolalities of PVP ranging from 100 to 600 mOsm/kg at constant shear stress (30 Pa)
and temperature (37 °C). (84) Osmoscan curves were obtained for all RBC
subpopulations. The LORCA indices (Elmax, Onyper, and O(Elmax)) were determined and
assessed for any associations with the biological age of RBCs (density-separated RBCs)
and biotinylation. This investigation of RBC deformability before and after biotinylation
will provide a comprehensive understanding of how this biochemical modification

impacts RBC biomechanical properties.
3.2.14 Measurement of Hemolysis

Hemolysis was determined for U-RBCs, SP-RBCs, Y-RBCs, O-RBCs, Y-BioRBCs,
and O-BioRBCs by spectrophotometric measurement of cyanmethemoglobin according to
Drabkin method. (85) RBC hemolysis reports the proportion of hemoglobin released from
RBCs due to membrane damage and plays a crucial role in assessing blood product

quality. The Drabkin method is a reference method for hemoglobin determination. (86)
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Initially, 5 pL of each sample was pipetted into appropriately labeled microtubes
containing 1 mL of Drabkin reagent. After gentle mixing and incubation at room
temperature for 5 min, the total hemoglobin was measured. For supernatant hemoglobin
determination, 40 pL of the supernatant obtained after centrifugation of the RBC samples
at 2200 x g for 10 min at 4 °C using microcentrifuge (Eppendorf 5415 R Refrigerated
Centrifuge, Germany) was mixed with Drabkin reagent. These microtubes were then
vortexed and incubated. Subsequently, 200 pL of each microtube, including controls and
samples (total hemoglobin and supernatant hemoglobin), was pipetted into a 96-well
EIA/RIA Plate. Additionally, 200 uL of Drabkin reagent was used as a sample blank. The

absorbance was measured at 540 nm.

Drabkin reagent converts most forms of hemoglobin into cyanmethemoglobin (HiCN).
During this reaction, hemoglobin iron oxidizes from Fe?" to Fe*" (methemoglobin), and
methemoglobin then reacts with cyanide, forming HiCN. HiCN’s absorbance is measured
on spectrophotometer SPECTRA max PLUS 384 microplate spectrophotometer
(Molecular Devices Corporation, Sunnyvale, CA) at 540 nm. Since HiCN absorbance is
directly proportional to hemoglobin concentration, hemoglobin concentration was
calculated using SoftMax Pro software (Molecular Devices Corporation, Sunnyvale, CA,

USA) according to the equation below:

AgaoXMXF
C = LeaoXPX (Equation 3-8)

E540X1X1000

Where C is the concentration of hemoglobin (g/L), 4540 is the absorbance of the solution at
540 nm, M is the molecular mass of hemoglobin monomer (16114.5 mg/mmol), F'is the
dilution factor, €549 is the extinction coefficient of HICN at 540 nm (11.0 cm-1-mM-1),

and / is the light path (cm). (85)

The hematocrit of the RBC sample was measured using the micro-hematocrit
centrifuge (Hettich, Tuttlingen, Germany) as the ratio of the volume occupied by packed
RBC:s to the volume of a whole RBC sample. (41,87) After total and supernatant

hemoglobin concentrations were determined, percent hemolysis was calculated as follows:
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) = (100—HCT)xHbs
— Hbt

Hemolysis(% (Equation 3-9)

Where Hct is hematocrit (%), HbS is supernatant hemoglobin concentration (g/L), and

HbT is the total hemoglobin concentration (g/L).

A tri-level hemoglobin control (Stanbio Laboratory, Boerne, TX, USA) was used to
ensure accurate measurements. This comprehensive approach aided in evaluating the

integrity and quality of Y- and O-RBCs before and after biotinylation.
3.2.15 Oxidative Hemolysis

The oxidative hemolysis of U-RBCs, Y-RBCs, O-RBCs, SP-RBCs, Y-BioRBCs, and
0O-BioRBCs were assessed. The sample preparation involved pipetting RBC samples into
labeled 1.5 mL tubes and adding PBS, followed by centrifugation at 1500 x g for 10 min
at 18 °C to remove the supernatant. The procedure continues with two additional washes.
To investigate the susceptibility of RBCs to oxidative stress, 700 uL of pre-washed RBCs
were subjected to incubation with 300 puL of 150 mM 2,2'-azobis-2-methyl-
propanimidamide dihydrochloride (AAPH) and a film (VWR® Rayon Films for Biological
Cultures, adhesive cover for 12-well plate incubation; VWR, 60941-084, Pennsylvania,
USA) used to cover the wells at 37 °C for three hours. As a control, RBCs were incubated
with PBS under film-covered conditions at 37 °C for three hours, providing a baseline for
comparison with the AAPH-exposed RBCs to evaluate their susceptibility to oxidative
stress. This process initiates the formation of peroxyl radicals, inducing hemolysis through
lipid peroxidation, which is subsequently quantified as a percentage to assess cellular
damage. Subsequent measurements of samples total and supernatant hemoglobin are
conducted in a 96-well plate filled with Drabkin reagent using a spectrophotometer at 540

nm and 700 nm, with quality control ensuring a CV of less than 10%. (88)
3.2.16 Osmotic Hemolysis

Osmotic hemolysis was performed to assess the susceptibility of RBC subpopulation
extremes to hemolysis under osmotic stress. The sample preparation involves pipetting

RBC samples into labeled 1.5 mL tubes and adding PBS, followed by centrifugation at
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1500 x g for 10 minutes at 18 °C to remove the supernatant. The procedure continues with
two additional washes. 20 pL. of washed packed RBCs were sampled in a 1.5 mL
microtube treated with 1 mL of pink test buffer and incubated for four hours. To measure
the total hemolysis, 40 pL from each sample was added to Drabkin reagent and placed in a
dark. After incubation, tubes were centrifuged at 1,500 x g for 10 min at 18 °C. Then, 40
uL of supernatant from each Pink test RBC sample was collected into a Drabkin reagent.
The absorbance of total and supernatant hemoglobin was measured at 540 nm using
spectrophotometry. Hemoglobin concentration was calculated using SoftMax Pro software
(Molecular Devices Corporation, Sunnyvale, CA). The procedure, adapted from previous
methods, ensured high reproducibility and quality control. (89) This approach provided
insights into how different subpopulations respond to osmotic hemolysis and if

biotinylation can influence the osmotic characteristics and fragility of RBCs.

3.2.17 Osmotic Fragility

Osmotic fragility assessment, a pivotal measure of RBC susceptibility to osmotic
stress, was conducted by subjecting RBCs to varying concentrations of hypotonic buffered
saline solutions. RBCs immersed in these solutions underwent osmotic-induced swelling
and subsequent hemolysis, enabling the quantification of fragility. Concentrations of 9.0
to 1.0 g/L buffered saline solutions were employed, and the resulting hemolysis was
measured at 540 nm using spectroscopy. The degree of RBC fragility was measured using
the concentration of salt required for 50% hemolysis. Accordingly, RBCs are more fragile
if a higher salt concentration can cause hemolysis (an osmotic fragility curve shifts to the
left from the control curve). If the cells can tolerate more dilute solutions, they are less
fragile, and the curve shifts to the right relative to the control curve. The point of 50%
hemolysis is termed the mean corpuscular fragility (MCF). (90) This comprehensive
analysis provided insights into the adaptive responses of U-RBCs, Y-RBCs, and O-RBCs
to osmotic changes, offering valuable insights into RBC adaptive responses to osmotic
changes and their implications for physiological stability and function. 10 pL of the
samples were dispensed into each of the 12 tubes containing 1 mL of descending saline
concentrations (ranging from 9.0 to 1.0 g/L) and gently mixed by inverting the tubes.

After a 30-minute incubation, the tubes were centrifuged for 5 minutes at room
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temperature (2200 % g). Subsequently, 200 uL of each supernatant was transferred from
the control and the samples into the 96-well plate to measure the hemolysis level at 540

nm using spectrophotometry.
3.2.18 Glycerolization of RCCs

The process of glycerolization involves preparing RCCs for freezing using an HGM to
achieve a final glycerol concentration of 35-40%. RCCs were warmed and equilibrated at
a controlled temperature by placing the units in a plastic overwrap bag and submerging
them in a circulating water bath for 20-30 minutes (36-38 °C). After warming RCCs, they
underwent centrifugation (Thermo Scientific Sorvall RC3BP Plus Refrigerated
Centrifuge, CAN NO: 75007533 Germany) using the following settings (Rottor setting
HBB-6, 2355 rounds per minute, ACE value 1.49x107, Temperature 18-24 °C). The waste
bag was sterile-docked to RCCs and excess plasma was extracted using a manual plasma
extractor. The supernatant layer was pressed off until RBCs started moving up in the
tubing. The bags were separated and the supernatant was discarded within the waste bag.
The RCC units were then connected to a glycerolization set (Haemonetics, Haemonetics
Corporation, Massachusetts, USA), using a sterile docking procedure, while maintaining
tubing length, using a clamp to prevent RBCs from prematurely traveling to the freezing
bag. The integrity and alignment of the weld were checked. RBCs were mixed and
approximately 280g of RBCs were transferred into a freezing bag. Glycerolization was
then carried out using the Haemonetics ACP® 215 Automated Cell Processor
(Haemonetics, ACP®215, Haemonetics Corporation, Massachusetts, USA), with the
required Glycerolyte® 57 bottle added to the system. Following glycerolization, units
underwent centrifugation using the following settings: HBB-6, 2070 rounds per minute,
ACE value 2.88 x 107, Temperature 18-24 °C. Excess glycerol was removed using a
manual plasma extractor. Glycerolized components were placed in a metal storage
container with tubing neatly placed and lying flat under the top of the bag. The metal

storage container was laid flat in temperature-controlled storage at below -65 °C. (91)
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3.2.19 Deglycerolization of RCCs

Cryopreserved RCCs underwent deglycerolization after storage at <-65 °C for a month.
The frozen RCCs were put into a plastic overwrap bag and placed in a circulating water
bath with a controlled temperature of 36-38 °C for 7-10 min. The thawed RBCs were
transferred from the original freezing bag into a 1000 mL transfer bag. The tubing was
heat-sealed and detached while maintaining approximately 35 cm of tubing on the
freezing bag, and sterile docked the freezing bag to the waste bag, ensuring weld integrity

and alignment were checked.

Units underwent centrifugation using a pre-set program: HBB-6, 2070 rounds per
minute, ACE value 2.88 x 107, Temperature 18-24 °C. Following centrifugation, excess
glycerol was pressed off using the manual plasma extractor until the RBCs started moving
up the tubing. Then the tube was heat-sealed near the tubing dock to maintain the tubing
length on the RBC transfer bag. The scale was tarred to 0, and the RBCs were weighed,
with the RBC gross weight and calculated RBC net weight. The ACP® 215 Cell Processor
was set for deglycerolization by loading the deglycerolization set (Haemonetics,
ACP®215, Haemonetics Corporation, Massachusetts, USA), performing line sensor
calibration, and confirming the proper installation of the required solutions including 12%
sodium chloride (150 mL), 0.2% dextrose with 0.9% sodium chloride (2000 mL), AS-3
additive solution (300 mL), transfer bag (1000 mL), and waste bag (600 mL). Then, the
RCCs were subject to the deglycerolization procedure and closely monitored.
Deglycerolized RBCs were automatically transferred into the final product bag. The
disposable set was removed and discarded. This detailed methodology ensures the proper

deglycerolization of RCCs while maintaining sterility and quality standards. (92)
3.2.20 Tracing Biotin-labeled RBCs in Cryopreserved RCCs

Flow cytometry was used to track the spiked Y-BioRBC and O-BioRBC through the
RCCs cryopreservation process. Streptavidin-conjugated antibodies (Alexa Fluor 488
conjugate (S32354); Thermo Fisher Scientific Inc, Invitrogen, Waltham, Massachusetts,
USA) were used to quantify and categorize biotinylated RBCs using an LSRFortessa X-20

flow cytometer (Becton, Dickinson and Company (BD Bioscience), East Rutherford, New
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Jersey, USA). The survival of biotinylated Y- and O-RBCs post-deglycerolization was
assessed at three different time points after thawing (1, 7, and 14 days). Controls are
essential to ensure the accuracy and reliability of flow cytometry experiments by

accounting for non-specific binding and validating staining procedures.

e Buffer Unstained: Using PBS as the "Buffer Unstained" control helps evaluate
background fluorescence.

e Buffer Cocktail: This tube contained our buffer with no cells, helping to establish
a baseline for our analysis.

e Negative Controls

Unstained BioRBCs: It helped us assess potential false positives

Unlabeled RBCs + Streptavidin: This control involved RBCs without biotin but

treated with Streptavidin to gauge any non-specific binding.
e Positive Control

Y-BioRBC + Streptavidin: providing a known positive control, helping to gate

O-BioRBC + Streptavidin: offering another known positive control, helping to

gate

For the sample preparation process, tubes were labeled based on two dilution stages,
namely Dilution 1 (consisting of Control RBC Dill, BioRBC Dill, and Unit# Dill) and
Dilution 2 (including Control RBC Dil2, BioRBC Dil2, and Unit# Dil2). Initially, we
pipetted samples into the pre-labeled Dilution 1 tube, resulting in a 1/100 dilution of the
RBCs. Following this initial dilution step, a precise volume of control and sample
solutions was pipetted from the Dilution 1 tubes into their respective designated Dilution 2
tubes. This additional step led to a further dilution of the RBCs, achieving a final dilution
factor of 1/1000. The HCT of the samples fell within the range of 45-55%. Customized
antibody cocktails, adjusted to a 30% concentration, were prepared for the respective
sample sizes and added to Dilution 2 tubes. Following vortex mixing and 15 minutes of

dark incubation at room temperature, samples were acquired on the device. Every
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parameter, including flow rate, sample order, and other relevant settings, was configured
to ensure accurate data acquisition. 100,000 events were acquired for each sample,
representing the number of cells recorded during the flow cytometry analysis. Gating is
vital to differentiate RBC populations based on their fluorescence intensity. The strategy
involves using forward scatter (FSC), side scatter (SSC), and B530 fluorescence intensity
to differentiate between different populations of RBCs. By setting specific boundaries on
data plots generated by these parameters, RBC subpopulations were effectively isolated
and analyzed while excluding irrelevant data points. Unmixed Y-BioRBCs and O-
BioRBCs were analyzed to verify that gating settings were accurately calibrated (Figure
3-2). This systematic approach allowed the precise identification and quantification of
biotinylated RBCs within RCCs, providing insights into their recovery rate after
deglycerolization. (93)

3.2.21 Statistical Analysis

Data was analyzed using GraphPad Prism software. Descriptive statistics (mean, SD,
SEM) were calculated. Statistical significance was determined using appropriate tests (t-
tests, one-way/two-way ANOVA with post hoc tests). Graphs with error bars (SEM/SD)
were generated. Flow cytometry data was analyzed with gating strategies. Results are
presented as mean £ SEM/SD, with p<0.05 denoting significance. Osmotic fragility,

osmotic hemolysis, and hemolysis data were fitted to ANOVA models for analysis.

3.3 Results

3.3.1 Correlation Analysis of Relative RBC Volumes and Autofluorescence Across

NaCl Concentrations

By utilizing the equilibrium volume of RBCs in various NaCl solutions (w/v) (Table 3-
77) and the fluorescence intensity of RBCs at the last 3 seconds of the equilibrium
condition (Table 3-8), the relative RBC volumes corresponding to relative fluorescence
were calculated at different NaCl concentrations. Applying these values to Eq 3-2 enabled
the computation of the slope (m) and y-intercept (c) for various RBC subpopulations. The
correlation between relative RBC volume and autofluorescence was assessed using

Pearson correlation analysis in Excel 2016 (Table 3-9). The m value for U-RBC=0.676 +
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0.114, Y-RBC=0.722 £ 0.111, and O-RBC=0.626 + 0.125 and ¢ value for U-RBC=0.335
+0.112, Y-RBC=0.308 + 0.107, and O-RBC=0.452 + 0.109 (Figure 3-3 ). After
determining the values of m and ¢, they were incorporated into Eq 3-3 to convert the
fluorescence intensity of RBC subpopulations over a 10-second interval to RBC volume.
This allowed for an analysis of the dynamic changes in RBC volumes in response to

varying NaCl osmolalities.

3.3.2 Osmotically Inactive Fraction () Analysis Reveals Subpopulation Variances

The osmotically inactive fraction of each RBC subpopulation was calculated using the

Boyle-van’t-Hoff (Eq 3-4). The osmotically inactive fraction was determined from the y-

intercept of the linear regression between the equilibrium relative RBC volume (VK) asa
0

function of inverse relative osmolality (Pi). (78) The results indicate significant differences
0

in ¥ between RBC subpopulations, with O-RBCs demonstrating the lowest osmotically
inactive fraction followed by Y-RBCs and U-RBCs demonstrating the highest V5 (p=
0.0081). The calculated V) values were 0.768 = 0.035 for U-RBCs, 0.732 + 0.015 for Y-
RBCs, 0.706 £+ 0.019 for O-RBCs (Figure 3-4).

3.3.3 Fluorescence Dynamics in Red Blood Cells: Subpopulation Variation and

Osmotic Responsiveness

The equilibrium fluorescence intensity of RBCs displayed an inverse relation with the
NaCl concentration in which RBCs were suspended (p<0.0001). Within the experimental
range of NaCl concentrations (0.68% to 3.5% w/v), RBC fluorescence intensity was
highest in 0.68% NaCl and lowest in 3.5% NaCl for all RBC subpopulations (Figure 3-5).
Mixing RBCs with a hypotonic NaCl solution causes water influx and cell swelling
followed by increased fluorescence intensity, as measured using the stopped-flow
analyzer. Conversely, mixing RBCs with a hypertonic solution caused water efflux and
cell shrinkage, resulting in decreased autofluorescence attributed to the self-quenching
characteristic of hemoglobin (Figure 3-6). Results demonstrated a positive correlation
between the RBC volumes and the intensity of fluorescence at both 4 and 20 °C at

different NaCl concentrations (p<0.0001). Fluorescence results revealed a negative
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correlation between RBC senescent level and fluorescence intensity, with Y-RBCs
displaying the highest fluorescence intensity at all NaCl concentrations, followed by U-
RBC:s. In contrast, O-RBCs exhibited the lowest fluorescence intensity at all NaCl

concentrations (p<0.0001) (Figure 3-7).

During the glycerolization process at 4 °C, RBCs suspended in a 3.5% (w/v) glycerol
solution initially demonstrated a decrease in fluorescence intensity and cell volume due to
water efflux, followed by an increase with the influx of glycerol. Conversely, when RBCs
loaded with 3.5% (w/v) glycerol were rapidly mixed with 0.9% (w/v) NaCl, an initial
increase in autofluorescence and cell volume was noted due to water influx, followed by a
gradual decrease before ultimately reaching a plateau. In both glycerolization and
deglycerolization processes, Y-RBCs exhibit significantly higher fluorescence intensity

than O-RBCs across the 100 seconds at both temperatures (Figure 3-8).

3.3.4 Water Permeability of RBC Subpopulations

Analysis of L, values revealed noteworthy distinctions among RBC subpopulations,
with O-RBCs exhibiting the highest L, values, followed by Y-RBCs, and U-RBCs
demonstrated the lowest L, value across all NaCl solutions (p<0.0001) at both 4 and 20
°C. No substantial differences in L, value were observed between Y- and O-RBCs at
0.68% (w/v) NaCl. At 1.6% (w/v) NaCl, O-RBCs displayed the highest L, value, with Y-
RBC:s presenting the smallest L, value (p=0.0015). The difference in L, value between Y-
and O-RBCs intensified at 3.5% (w/v) NaCl at 4 °C (p=0.0010). The L, values exhibited
an increasing trend with the rise in NaCl concentration at 4 °C; however, these trends were
not statistically significant for U- and Y-RBCs. Nevertheless, this increasing trend was

more pronounced in O-RBCs (p=0.0010) (Figure 3-9).

At 20 °C, O-RBCs presented the highest L, values, followed by Y-RBCs, and U-RBCs
demonstrated the lowest L, across all NaCl solutions (Figure 3-10). Notably, O-RBCs
displayed higher L, values compared with Y-RBCs across all NaCl solutions. This
difference became more pronounced at higher concentrations of NaCl (p=0.0008).
Additionally, a positive correlation was identified between the concentration of NaCl and

L, values. L, significantly increased in U-RBCs with the escalating NaCl concentration
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(p<0.0001). Although the L, trend was also increasing for Y- and O-RBC:s, it did not
reach statistical significance (Figure 3-10). L, values are available in (Table 3-10).

3.3.5 Solute Permeability (Ps) and Water Permeability (L,) of RBC Subpopulations

During Glycerolization and Deglycerolization

The calculated Py results revealed no significant differences among RBC
subpopulations during the glycerolization process at both 4 and 20 °C, indicating similar
glycerol influx rates. However, a significant increase in Ps value was observed across all
RBC subpopulations during deglycerolization at both temperatures (p<0.0001), indicating
a higher rate of glycerol efflux during deglycerolization. O-RBCs displayed the highest P
value during deglycerolization, with this difference being more pronounced at 4 °C

(p=0.0020). Nonetheless, this difference was alleviated at 20 °C (Figure 3-11).

The L, value did not show any significant differences between glycerolization and
deglycerolization across all RBC subpopulations. Additionally, no significant differences
in L, were observed between RBC subpopulations during glycerolization and
deglycerolization at both temperatures (Figure 3-12). P and L, values related to

glycerolization and deglycerolization are available in (Table 3-11).

3.3.6 Arrhenius Energy

The E, values did not exhibit any significant differences among RBC subpopulations
across different NaCl solutions, suggesting that in our study, there were no specific
temperature-dependent differences between Y- and O-RBCs, indicating that their
membrane permeability behaved similarly across different temperature conditions (Figure

3-13).
3.3.7 Rheological and Osmotic Properties of Red Blood Cell Subpopulations

In terms of deformability, notable distinctions were observed among RBC
subpopulations, with Y-RBCs exhibiting the highest elongation deformation, followed by
U-RBCs (p<0.0001). Conversely, O-RBCs consistently displayed the lowest Elmax across
all shear stress levels. Notably, the elongation of Y-RBCs significantly exceeded that of
O-RBCs across a wide range of shear stresses, ranging from 0.30 to 16.87 Pa (Figure 3-
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14). The biotinylation process had negligible effects on the deformability of Y-RBCs. In
contrast, it improved the deformability of O-RBCs within a specific range of shear stress
levels, spanning from 1.69 to 5.33 Pa (p=0.0019). However, no significant differences
were noted at shear stress levels higher or lower than this range. (Figure 3-15).

Distinct variations in rigidity (Kgr) were observed among RBC subpopulations, with O-
RBCs exhibiting the highest Kgi, followed by U-RBCs and Y-RBCs (p<0.0001) (Figure
3-16). Biotinylation had no significant impact on the rigidity of Y-RBCs. However, in the
case of O-RBCs, biotinylation led to a reduction in Kgi (p=0.0106) (Figure 3-17).

In the realm of osmotic characteristics, Onyper emerged as a pivotal parameter, revealing
significant variations among RBC subpopulations. A noteworthy correlation between
Onyper and the senescent levels of RBCs was observed. O-RBCs exhibited the lowest Onyper
values compared to Y-RBCs and U-RBCs (p<0.0001) (Figure 3-18). Biotinylation had no
significant impact on the Onyper in Y-RBCs. However, biotinylation in O-RBCs led to a
decrease in Onyper (p=0.0471) (Figure 3-19). No significant correlations were observed
between different subpopulations and Omin. Additionally, there were no significant

correlations between biotinylation and Omin.

A significant correlation was identified between Elmax under osmotic conditions and the
senescent level of RBCs. Y-RBCs exhibited the highest Elmax under an osmotic gradient,
followed by U-RBCs, while O-RBCs demonstrated the lowest Elmax. The descending
order of Elmax values under osmotic gradient was as follows: Y-RBCs > U-RBCs > O-
RBCs (p<0.0001), emphasizing the superior deformability of Y-RBCs compared to O-
RBCs (Figure 3-20). Biotinylation had no impact on Elyax under osmotic gradient in Y-
RBCs. However, in O-RBCs, it led to a decrease in Elmax (p=0.0097) (Figure 3-21). No
significant correlations were observed between the area under the curve and RBC
subpopulations or biotinylation. Likewise, no significant correlation was found between

Elmin and RBC subpopulations or biotinylation.

A significant variation in Elnyper was observed among RBC subpopulations, with Y-
RBCs exhibiting the highest Elnyper, followed by U-RBCs, and O-RBCs displaying the
lowest (p<0.0001) (Figure 3-22). Biotinylation did not impact Elnyper in Y-RBCs.
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However, biotinylation in O-RBCs resulted in a significant decrease in Elnyper (p=0.0097)
(Figure 3-23). The results indicate a partially significant correlation between the O(EImax)
of Y-RBCs and O-RBCs, with Y-RBCs demonstrating the lowest O(Elmax), followed by
O-RBCs and U-RBCs (p=0.0472) (Figure 3-24). No significant differences were
observed between O-RBCs and U-RBCs. Furthermore, there was no significant

correlation between biotinylation and O(EImax) across RBC subpopulations.

3.3.8 Hemolytic Variability in Red Blood Cell Subpopulations

No significant differences in the initial hemolysis level were observed following RBC
separation between subpopulations. However, the biotinylation process elevated initial
hemolysis levels in both Y- and O-RBC subpopulations (Y-RBCs vs. Y-BioRBC,
p=0.0062 and O-RBCs vs. O-BioRBC p=0.0022) (Figure 3-25). The results demonstrate a
positive correlation between the degree of RBC senescence and an increase in oxidative
hemolysis. As RBCs age, they become more susceptible to oxidative damage, leading to
higher levels of hemolysis (p<0.0001) (Figure 3-26). The biotinylation process did not
impact Y-RBCs; however, it contributed to an increase in oxidative hemolysis in O-RBCs
(p=0.0269) (Figure 3-27). Osmotic hemolysis analysis uncovered variations in hemolysis
levels among RBC subpopulations, indicating that O-RBCs exhibited the lowest osmotic
hemolysis compared to both Y-RBCs and U-RBCs (p=0.0189). Additionally, no

distinction was found in the levels of osmotic hemolysis between Y-RBCs and U-RBCs

(Figure 3-28).

The osmotic fragility results reveal significant differences among RBC subpopulations.
At 0.5% NaCl, a significant difference in hemolysis levels was observed between U-
RBCs, Y-RBCs, and O-RBCs. U-RBCs exhibited the highest level of hemolysis compared
to Y-RBCs and O-RBCs. At 0.46% NaCl, O-RBCs display the lowest hemolysis, followed
by Y-RBCs, with U-RBCs exhibiting the highest hemolysis level (p=0.0177), indicating a
greater tolerance to hypotonic solutions in O-RBCs. At 0.4% NaCl, O-RBCs demonstrate
the lowest hemolysis level, while Y-RBCs display an intermediate level, and U-RBCs
exhibit the highest hemolysis (p=0.0035). These results illustrate the superior ability of O-
RBC:s to tolerate hypotonic solutions compared to Y- and U-RBCs (Figure 3-29).
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3.3.9 Survival of RBC Subpopulation Post-Deglycerolization

Following deglycerolization, the numbers of both O-BioRBCs and Y-BioRBCs
experienced a decrease by day 7 (Figure 3-30). By day 14 post-deglycerolization, O-
BioRBCs demonstrated a more notable reduction in cell count compared to Y-BioRBCs.
The decline in Y-BioRBCs exhibited a milder slope of -0.01663, while O-BioRBCs
displayed a steeper negative trend with a slope of approximately -0.07683; however, this
difference lacks statistical significance. The R? values for both datasets are low, indicating
that the linear regression lines offer limited explanatory power for the data variability and

lack statistical significance.
3.4 Discussion

The stopped-flow experiment provided insights into RBC membrane permeability,
revealing higher L, values in O-RBCs followed by Y-RBCs, with U-RBCs showing the
lowest L, values across all NaCl solutions at both 4 and 20 °C (p<0.0001) (Figure 3-9,
Figure 3-10). While Py values showed no significant differences among subpopulations
during glycerolization, O-RBCs displayed higher Ps values than Y-RBCs during
deglycerolization (Figure 3-11), indicating faster glycerol efflux. Furthermore, Y-RBCs
exhibited higher Onyper, Elmax, and lower rigidity compared to O-RBCs (Figure 3-14,

Figure 3-16, Figure 3-18), suggesting greater shear stress tolerance. Despite these

findings, no advantages in Y-RBC post-deglycerolization survival were observed.

3.4.1 Fluorescence Intensity Variations and Hemoglobin Concentration in RBC

Subpopulations Under Osmotic Stress

The study revealed a significant negative correlation between RBC senescent level and
fluorescence intensity (Figure 3-7), with Y-RBCs exhibiting the highest fluorescence
intensity across all NaCl concentrations. This observation can be attributed to the lower
concentration of cytoplasmic hemoglobin (MCHC) in Y-RBCs compared to O-RBCs. As
RBCs age, the progressive failure of cellular homeostasis leads to the efflux of K™ ions
and the subsequent loss of water from the RBCs, causing them to shrink and increase the

MCHC. Higher MCHC results in self-quenching of the hemoglobin auto-fluorescence and
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decreased fluorescence intensity in O-RBCs. (94-97) Moreover, the equilibrium
fluorescence intensity of RBCs exhibited an inverse relationship with NaCl concentration
across all RBC subpopulations (Figure 3-5), peaking at 0.68% NaCl and reaching the
lowest level at 3.5% NaCl, which aligns with previous results from our team. (52) When
RBCs are exposed to hypertonic NaCl solutions, water moves out of the cells to balance
the osmotic gradient. This efflux of water results in cell shrinkage and increased MCHC.
The increased MCHC contributes to a reduction in fluorescence intensity. This effect
becomes more pronounced as the concentration of the surrounding medium is elevated,
causing more water to exit the cells, further amplifying the cytoplasm Hb concentration
and decreasing fluorescence intensity in RBCs. Zhurova et al.'s findings indicate
hemoglobin quenches fluorescence at concentrations exceeding 10 g/L. (52) Conversely,
when cells are subjected to hypotonic solutions, water enters the cells, leading to a dilution

of the Hb and resulting in an increase in fluorescence.

The V5 results demonstrate significant differences among RBC subpopulations, with
O-RBCs exhibiting the lowest level, followed by Y-RBCs, and U-RBCs demonstrating
the highest 7} value (p=0.0081) (Figure 3-4). A lower V}, in O-RBCs indicates that these
cells possess less osmotically inactive volume, suggesting they have a higher volume
available to participate in osmosis. Despite their smaller volume (MCV), O-RBC:s still
maintain a relatively higher proportion of active osmotically responsive volume compared
to other RBC subpopulations. This finding suggests that O-RBCs may be more adept at
regulating their volume in response to changes in osmotic conditions. This capacity could
enhance their resilience to dehydration and other osmotic stresses, potentially impacting

their overall function and survival in conditions of osmotic stress.

3.4.2 Variations in Red Blood Cell Membrane Permeability Across Subpopulations
with Differing Biological Ages

The stopped-flow experiment yielded noteworthy insights into the membrane
permeability of RBC subpopulations, with O-RBCs exhibiting the highest L, values,
followed by Y-RBCs, and U-RBCs demonstrated the lowest L, value across all NaCl
solutions (p<0.0001) at both 4 and 20 °C (Figure 3-9, Figure 3-10). The higher L, value

112



in O-RBCs correlates with a more rapid volume change in response to anisotonic
conditions compared to Y-RBCs. The distinctions in L, value between Y- and O-RBCs
become more prominent with the elevation of NaCl concentration at both temperatures.
The L, values exhibited an increasing trend with the rise in NaCl concentration. During
both glycerolization and deglycerolization processes, similar water influx was observed
across RBC subpopulations. The Py values exhibited no significant differences among
RBC subpopulations during the glycerolization process at both temperatures. However, a
notable increase in solute permeability was observed during deglycerolization across all
RBC subpopulations, indicating a higher rate of glycerol efflux. In the deglycerolization
process, O-RBCs demonstrated a higher Ps value compared to Y-RBCs, suggesting that
the O-RBC membrane allows for a faster rate of glycerol efflux. This suggests that RCCs
with a higher proportion of O-RBCs might undergo deglycerolization more efficiently due
to the enhanced glycerol efflux facilitated by the membrane characteristics of O-RBCs.
Membrane remodeling during RBC aging (20-38), driven by oxidative stress, can alter
membrane asymmetry, disrupt the organization and stability of membrane proteins (98—
104), and may lead to alterations in water permeability. Moreover, Alshalani et al.
demonstrated that RBC membrane water permeability markedly escalates with
chronological aging, suggesting a significant association between chronological aging and
altered membrane properties. (65) Contrary to the traditional belief that fresh RBCs are
optimal for cryopreservation, our findings suggest that RCCs with higher biological age
may be easier to deglycerolize due to membrane remodeling caused by biological aging.
This presents new opportunities for refining cryopreservation procedures by considering

the age distribution of RBCs within RCCs.

3.4.3 Temperature Dependency of Water Permeability in Biologically Aged RBC
Subpopulations

The E, values showed no statistically significant differences across RBC
subpopulations, contradicting our initial hypothesis. Research by Elmoazzen et al.
suggested that £, values correlate with the structure of cell membranes, with cells
containing membrane water transporter proteins exhibiting lower Ea compared to those

without such transporters. (105) Considering that RBC senescence level correlates with
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the loss of membrane components and subsequent alterations in membrane osmotic
properties (106), it was expected that the permeability of RBC membranes would be more
temperature-dependent in O-RBCs compared to Y-RBCs. However, our study did not
observe any significant differences in £, among Y- and O-RBCs, indicating that the
temperature dependence of membrane permeability does not vary significantly between
these subpopulations. This phenomenon may be attributed to the adaptive mechanisms in
O-RBCs, allowing them to maintain their membrane integrity in response to temperature
alteration. Further investigation is warranted to comprehensively explore the complex
relationships between RBC senescence level and E, and elucidate the underlying

mechanisms that affect the regulation of temperature-dependent membrane permeability.

3.4.4 Deformability Analysis of Young and Old RBC Subpopulations

The deformability results revealed that Y-RBCs have higher Onyper, Elmax, and lower
Ker compared to O-RBCs, suggesting that Y-RBCs are better able to withstand shear
stress across a broader range of anisotonic gradients. The deformability of RBCs naturally
degrades during biological aging due to age-dependent membrane remodeling,
morphology changes, and increased viscosity of cytoplasmic content. (107) Previous
studies demonstrated that Y-RBCs retained lower rigidity, and higher Onyper in anisotonic
conditions, while O-RBCs are more susceptible to destruction under a relatively lower
level of osmotic gradients and shear stress. (52,108) The RBC membrane cytoskeleton
proteins, including spectrin and actin, play a crucial role in maintaining RBC shape and
deformability. (99) However, during RBC aging, cytoskeletal proteins alter due to
oxidative damage or enzymatic degradation, leading to decreased flexibility and
deformability in O-RBCs. (98-100,102—-104) Additionally, as RBCs age, they undergo
gradual shrinkage and microvesiculation, reducing their surface-to-volume ratio and
limiting their capacity to deform. (25,35-39) This gradual loss of water during biological
aging leads to increased hemoglobin concentration and reduced deformability. (109) This
dehydration process is partly attributed to the loss of K™ and water channels (aquaporins)
from the cell membrane, impairing the cell’s ability to adjust its shape in response to
external forces. (17) Interestingly, biotinylation appears to enhance the deformability of

O-RBCs and reduce their rigidity. This phenomenon may be linked to increased water

114



influx and cytoplasm dilution during the labeling and washing steps, possibly due to the
higher L, values in O-RBCs. This observation aligns with previous research by Mohandas
et al., which reported a reverse correlation between hemoglobin concentration and RBC

deformability. (109)

3.4.5 Osmotic Hemolysis and Antioxidant Capacity of Young and Old RBC
Subpopulations

A positive correlation was observed between hemolysis levels and RBC senescence
levels, indicating elevated hemolysis in O-RBCs compared to Y-RBCs. This finding is
consistent with the results reported by Mykhailova et al. (110) A positive correlation was
observed between oxidative hemolysis and RBC senescence levels, with O-RBCs
demonstrating higher oxidative hemolysis, suggesting compromised antioxidant systems
in O-RBC:s. (110) Biotinylation further increased oxidative hemolysis in O-RBCs,
highlighting a potential lower antioxidant capacity in O-RBCs to overcome the oxidative
stress induced by biotinylation. Notably, O-RBCs exhibit the lowest osmotic hemolysis,
surpassing both Y-RBCs and U-RBCs, indicating higher resistance to osmotic stress and
superior ability to maintain their membrane integrity under osmotic stress. Osmotic
fragility results demonstrated that U-RBCs have the highest hemolysis, followed by Y-
RBCs, with O-RBCs having the lowest hemolysis. This observation might be explained by
the possibility of elimination of vulnerable RBCs during the Percoll® separation method
and washing steps, resulting in lower hemolysis levels in Y- and O-RBCs compared to U-
RBC:s. In the context of cryopreservation, the lowest osmotic hemolysis in O-RBCs may
suggest that they are more resilient to hypotonic conditions. The higher L, value in O-
RBC:s could facilitate water transport across the cell membrane, potentially enhancing the

cell's ability to adapt to cryopreservation-induced osmotic changes.

3.4.6 Biological Age and Recovery Rate of Biotinylated RBCs

Following deglycerolization, both Y- and O-BioRBCs experienced a decrease in cell
count by day 7. By day 14 post-deglycerolization, O-BioRBCs displayed a more
noticeable reduction compared to Y-BioRBCs; however, this disparity lacked statistical

significance (Figure 3-30). Contrary to expectations based on the superior osmotic
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characteristics of Y-RBCs over O-RBCs, no significant advantages were observed in their
post-deglycerolization survival. This unexpected outcome could be attributed to the high
glycerol-slow cooling method that was employed and the higher Py value in O-RBCs,
providing favorable conditions for O-RBCs in deglycerolization processes, and potentially
facilitating the preservation of this subpopulation. Further investigations to understand the
impact of the low glycerol-rapid cooling method on Y-RBCs and O-RBCs during
glycerolization and deglycerolization processes would provide valuable insights into
cryopreservation techniques and their specific impact on various RBC subpopulations,
providing supplementary findings that enrich our understanding of this process. Given the
reduced glycerol concentration and faster freezing rate, the osmotic stress experienced by
RBCs might be more pronounced. Consequently, this could result in varying degrees of
post-deglycerolization survival and functionality between Y-RBCs and O-RBCs, with O-

RBCs being more vulnerable to loss.

3.5 Conclusion

The study revealed significant variations in osmotic characteristics among RBC
subpopulations, with O-RBCs demonstrating higher membrane permeability and lower
osmotic deformability parameters compared to Y-RBCs. Despite the superior osmotic
characteristics of Y-RBCs, their advantages did not result in improved post-
deglycerolization survival. Methodological factors such as the use of a high glycerol-slow
cooling method may have favored O-RBC preservation, emphasizing the necessity for
further exploration of cryopreservation techniques tailored to specific RBC characteristics.
The pooling and splitting of RCCs from diverse donors presents challenges in studying
distinct RBC subpopulations due to inherent donor variability. Donor characteristics can
influence the density profile of each unit, potentially causing the separation of RBCs with
lower density from one donor and O-RBCs from another. For example, RBCs from male
donors, recognized for their elevated MCHC levels, may be categorized as O-RBCs. It's
important to note that sex-related factors can influence the characteristics of these cells.
This variability can affect the characteristics of Y-RBCs and O-RBCs, potentially biasing
study outcomes. Future research should address these limitations by considering

individual donors and exploring different cryopreservation methods, such as the low
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glycerol-rapid cooling method, which could differently impact RBC subpopulations. This
study offers significant insights into the osmotic characteristics of both Y- and O-RBCs
and their responses to osmotic stress. In vivo, monitoring of post-transfusion survival of
Y-BioRBCs and O-BioRBCs can further provide a comprehensive assessment of the
recovery of RBC subpopulation extremes post-deglycerolization and the feasibility of
cryopreserving BioRBCs for tracing studies in human and their functionality and viability

post-thawing.
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Table 3-1 RBC Indices Measured for RCCs

| Average | SD | CV | SE
Unitl
Hb (g/L) 194.97 2.56 1.31 1.21
HCT (%) 0.58 0.00 0.65 0.00
MCYV (fL) 96.80 0.10 0.10 0.05
MCHC (g/L) 335.67 4.04 1.20 1.90
Unit2
Hb (g/L) 196.23 0.81 0.41 0.38
HCT (%) 0.57 0.00 0.79 0.00
MCYV (fL) 89.40 0.10 0.11 0.05
MCHC (g/L) 342.67 2.89 0.84 1.36
Unit3
Hb (g/L) 178.23 0.38 0.21 0.18
HCT (%) 0.54 0.00 0.84 0.00
MCYV (fL) 93.83 0.15 0.16 0.07
MCHC (g/L) 330.67 3.05 0.92 1.44
Unit4
Hb (g/L) 181.67 1.04 0.57 0.49
HCT (%) 0.54 0.01 1.02 0.00
MCYV (fL) 98.10 0.17 0.18 0.08
MCHC (g/L) 334.67 3.79 1.13 1.78
UnitS
Hb (g/L) 174.60 0.36 0.21 0.17
HCT (%) 0.54 0.00 0.42 0.00
MCYV (fL) 93.70 0.20 0.21 0.09
MCHC (g/L) 321.00 1.00 0.31 0.47
Unit6
Hb (g/L) 193.03 0.67 0.34 0.31
HCT (%) 0.57 0.00 0.67 0.00
MCYV (fL) 92.17 0.11 0.12 0.05
MCHC (g/L) 340.33 3.21 0.94 1.51
Unit7
Hb (g/L) 189.93 0.50 0.26 0.24
HCT (%) 0.58 0.00 0.17 0.24
MCYV (fL) 88.53 0.23 0.26 0.11
MCHC (g/L) 326.33 0.58 0.18 0.27
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Table 3-2 RBC Indices for Subpopulation Extremes

Average | SD Cv SE
Y-BioRBC
Hb (g/L) 130.43 1.27 0.97 0.60
HCT (%) 0.41 0.00 0.51 0.00
MCYV (fL) 96.17 0.11 0.12 0.05
MCHC (g/L) 318.67 3.21 1.01 1.51
0O-BioRBC
Hb (g/L) 177.27 0.83 0.47 0.39
HCT (%) 0.50 0.00 0.87 0.00
MCYV (fL) 90.83 0.21 0.23 0.10
MCHC (g/L) 356.00 1.73 0.49 0.82
Y-RBC
Hb (g/L) 133.63 1.04 0.78 0.49
HCT (%) 0.42 0.01 1.49 0.00
MCYV (fL) 95.67 0.15 0.16 0.07
MCHC (g/L) 318.33 4.04 1.27 1.90
O-RBC
Hb (g/L) 212.23 0.93 0.44 0.44
HCT (%) 0.59 0.00 0.42 0.00
MCYV (fL) 88.07 0.35 0.40 0.17
MCHC (g/L) 358.00 3.00 0.84 1.41
Pooled Unit
Hb (g/L) 188.23 1.46 0.78 0.69
HCT (%) 0.56 0.01 1.01 0.00
MCYV (fL) 92.63 0.46 0.50 0.22
MCHC (g/L) 335.33 1.15 0.34 0.54
Spiked Pooled Unit
Hb (g/L) 186.53 1.00 0.54 0.47
HCT (%) 0.55 0.01 1.00 0.00
MCYV (fL) 93.30 0.35 0.37 0.16
MCHC (g/L) 337.67 2.52 0.74 1.19
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Table 3-3 Calibration Factors for Coulter Counter-Based Measurement

of RBC Volumes

Calculated Bead
Diameter of Bead (um) Calibration Factor
Volume (fL)
0.68% NaCl 44.79 65.42 1.46
0.90% NaCl 47.37 65.42 1.40
1.60% NaCl 43.47 65.42 1.50
3.50% NaCl 43.94 65.42 1.49
1.75% Gly 45.88 65.42 1.43
3.5% Gly 42.83 65.42 1.53
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Table 3-4 Stopped-Flow Experimental Solutions

Solution ID: 0.9 % Saline
Component Manufacturer Catalogue # Lot # Volume
12 % Saline Baxter 4B7874Q Y285882 75 mL
dH20 In-House N/A N/A 925 mL
Solution ID: 0.46 % Saline
Component Manufacturer Catalogue # Lot # Volume
12 % Saline Baxter 4B7874Q Y285882 75 mL
dH20 In-House N/A N/A 925 mL
Solution ID: 2.3 % Saline
Component Manufacturer Catalogue # Lot # Volume
12 % Saline Baxter 4B7874Q Y285882 192 mL
dH20 In-House N/A N/A 808 mL
Solution ID: 6.1 % Saline
Component Manufacturer Catalogue # Lot # Volume
12 % Saline Baxter 4B7874Q Y285882 508 mL
dH20 In-House N/A N/A 492 mL
Solution ID: 3.5 % Glycerol
Component Manufacturer Catalogue # Lot # Volume
57 Glycerolyte Sigma Aldrich 4A7831 G113993 61 mL
Saline 0.9% Baxter 4B7878 Y282939 933 mL
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Table 3-S5 Experimental Solutions Osmolality Measurements

Solutions Target Osmolality Actual Osmolality
(mOsm/kg) (mOsm/kg)

Saline 0.9% 0.308 0.292
Saline 0.46% 0.157 0.153
Saline 1.6% 0.787 0.753
Saline 35% 2.087 1.987
Glycerol 3.5% 0.688 0.701

Mixed Solution Target Osmolality Actual Osmolality
Saline 0.68% 0.233 0.222
Saline 1.6% 0.547 0.523
Saline 3.5% 1.198 1.140
Glycerol 1.75% 0.498 0.496
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Table 3-6 Osmometer Control Data

Measured
Lot
Control Expiry Date | Osmolality
Number
(mOsm/kg)
Advanced Instruments 200
16914 2024-02-29 187
mOsm/kg Standard Cat#3MA020
Advanced Instruments 400
16915 2024-02-29 388
mOsm/kg Standard Cat#3MA 040
Advanced Instruments 1000
17609 2024-11-30 981
mOsm/kg Standard Cat#3MA010
In House NA 0

dH20(0 mOsm/kg)
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Table 3-7 Equilibrium RBC Volume in Various NaCl Solutions

Equilibrium Cell Volume (fL)

Osmolality U-RBC V-RBC O-REC
73.00 75.92 70.08
NaCl 0.68% 68.62 71.54 65.70
73.00 74.46 73.00
73.00 73.00 68.62
61.60 63.0 56.00
NaCl 0.90% 56.00 61.60 56.00
60.20 58.80 60.20
54.60 61.60 57.40
52.50 60.00 51.00
NaCl 1.60% 54.00 54.00 57.00
55.50 61.50 54.00
54.00 57.00 55.50
44.70 49.17 46.19
NaCl 3.50% 43.21 49.17 40.23
4321 49.17 44.70
49.17 52.15 44.70
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Table 3-8 Fluorescence Intensity of RBCs at Equilibrium's Final 3
Seconds

Fluorescence Intensity (AU)
Osmolality
U-RBC Y-RBC O-RBC
1.442 3.504 1.027
1.613 3.222 1.580
NaCl 0.68%
3.319 3.265 0.968
94.874 2.263 3.603
1.190 3.300 0.949
1.178 2.894 1.377
NaCl 0.9%
3.200 1.069 0.906
1.469 95.885 2.636
1.116 2.627 0.534
1.338 2.259 1.020
NaCl 1.6%
3.355 2411 0.985
63.131 1.541 3.906
0.841 2.492 0.592
1.068 2.115 1.096
NaCl 3.5%
3.267 2.060 0.741
67.978 1.463 3.867
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Table 3-9 The Correlation Between Relative RBC Volume and

Autofluorescence

U-RBC Y-RBC O-RBC

Osmolality V/IVO0 F/F0 V/VO F/FO V/IVO F/FO

NaCl 0.68% 1.23761 | 1.21179 | 1.20376 | 1.06153 | 1.20819 | 1.08198

NaCl 0.68% 1.23761 | 1.36974 | 1.20376 | 1.11359 | 1.20819 | 1.14695

NaCl 0.68% 1.23761 | 1.08028 | 1.20376 | 1.24311 | 1.20819 | 1.00830

NaCl 0.68% 1.23761 | 1.19860 | 1.20376 | 1.16842 | 1.20819 | 1.04565

NaCl 0.9% 1.00000 | 1.00000 | 1.00000 | 1.00000 | 1.00000 | 1.00000

NaCl 0.9% 1.00000 | 1.00000 | 1.00000 | 1.00000 | 1.00000 | 1.00000

NaCl 0.9% 1.00000 | 1.00000 | 1.00000 | 1.00000 | 1.00000 | 1.00000

NaCl 0.9% 1.00000 | 1.00000 | 1.00000 | 1.00000 | 1.00000 | 1.00000

NaCl 1.6% 0.92943 | 0.93789 | 0.94898 | 0.79598 | 0.94730 | 0.56305

NaCl 1.6% 0.92943 | 1.13571 | 0.94898 | 1.13571 | 0.94730 | 0.74067

NaCl 1.6% 0.92943 | 0.69145 | 0.94898 | 0.81391 | 0.94730 | 0.61963

NaCl 1.6% 0.92943 | 0.89110 | 0.94898 | 0.87929 | 0.94730 | 0.67850

NaCl 3.5% 0.77577 | 0.70664 | 0.81494 | 0.75493 | 0.76577 | 0.62355

NaCl 3.5% 0.77577 | 0.90691 | 0.81494 | 0.73092 | 0.76577 | 0.79544

NaCl 3.5% 0.77577 | 0.59700 | 0.81494 | 0.79374 | 0.76577 | 0.60128

NaCl 3.5% 0.77577 | 0.68028 | 0.81494 | 0.67454 | 0.76577 | 0.60080

Corellation 0.84506 0.86726 0.79955
Slope 0.6755126429 0.7219672373 0.6255510543
Intercept 0.3352107476 0.3075990666 0.4522781261
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Table 3-10 L, Values Among RBC Subpopulations in Various NaCl Solutions

Osmolality L, (wm/min/atm) U-RBCs
22°C 4°C
0.68% 4817 3.62 3563 | 4312 | 439 3309 | 1.626 4113 2.976 1752 | 2319 | 2391 3.22 2658 | 1942
° 2459 | 2495 | 2524 | 1907 | 1557 2.104 3124 | 2582 2629 237 2393 | 2341 | 2154 | 2324 2467 | 2774
1.6%
° 7345 | 6002 | 7768 | 6525 | 6.676 6.09 7393 | 5.831 6.386 7.226 2185 | 2308 | 2874 | 3887 2738 | 2.565
3.5%
L, (nm/min/atm) Y-RBCs
22 °C 4°C
° 7.33 455 5.66 7.32 5.79 10294 | 5398 | 6917 7.067 5.055 5.09 401 459 4289 4503 | 4744
0.68%
° 4723 | 4667 | 4535 | 4661 | 5334 7777 7154 | 7.078 6.852 8.162 2993 | 2432 | 3203 | 3.141 3352 | 3272
1.6%
° 7.97 7.72 7873 | 8246 | 8324 8.099 8213 7.61 7.664 8254 5866 | 5263 | 4538 | 3.224 3.545 3.05
3.5%
L, (nm/min/atm) O-RBCs
22 °C 4°C
0.68% 5327 | 1236 | 8798 | 1520 | 6312 | 153326 | 1657 | 12.045 14.79 4953 427 | 5734 | 47539 | 6223 | 4369
1.6% 5735 | 8592 | 5025 | 20.905 1443 | 11843 | 12992 | 13941 4775 | 4766 | 4104 | 5514 4501 | 3834
3.5% 9267 | 8987 | 8559 | 9.064 | 9.162 8.697 9.249 9.04 7.587 9.007 7707 | 7532 | 8464 | 7.171 7.34 6.846
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Table 3-11 L, and Ps Values Across RBC Subpopulations during Glycerolization and Deglycerolization

P, pm/min/atm L, pm/min/atm

U-RBC

20 °C 4°C 20°C 4 °C

Gly 0.2857 | 0.3231 | 0.3065 | 0.482 | 0.488 | 0.512 | 0.3442 | 0.3774 | 0.292 | 0.279 | 2.714 | 2.7041 | 3.226 | 3.057 | 3.077 | 2.755 | 3.0136 | 3.0866 | 3.268 | 2.836

Degly | 2.129 | 2313 2325 | 2.28 1.823 1.86 1914 | 1.884 | 4.074 | 5.682 5.785 | 4.379 3.385 | 2.204 | 6.997 | 3.418
Y-RBC
20 °C 4°C 20 °C 4°C
G]y 0.2393 | 0.2609 | 0.2228 | 0.27 | 0.211 | 0.172 0 0.604 | 0.463 | 3.0786 | 3.0722 | 2.871 | 3.002 | 3.317 | 3.272 | 3.5501 3.745 | 3.118
Degly | 2.49 | 3.4389 2921 | 3.13 1.918 | 1.9149 | 1.912 | 1.901 | 4.391 | 3.4598 3.401 | 3.541 2.843 | 2.8295 | 3.095 | 2.534
O-RBC
20 °C 4°C 20 °C 4°C

G]y 0.133 | 0.386 | 0.267 | 0.203 | 0.255 | 0.255 | 0.261 | 0.286 | 0.302 | 0.237 | 3.908 | 3.099 | 3.47 | 3.432 | 3.675 | 3.675 | 3.835 4.29 | 4324 | 3.383

Degly 2.563 | 3.121 3.071 | 2.975 2418 | 2.391 | 2.236 | 2.096 | 5.69 7.409 3.002 | 3.424 4.456 2.67 | 2.585 | 2.224
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Figure 3-1 Osmoscan Curve and LORCA Indices
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Figure 3-1: Elmax: Maximal deformability at isotonic osmolality, Omin: Osmolality where

50% of RBC lyse, minimum osmolality, Onyper: Hypertonic osmolality where 50% of max
El is achieved, Area under curve: AUC defined between Omin and the osmolality point of
500 mOsm/kg, Elmin: Elongation index at hypotonic osmolality (Omin), Elnyper:

Elongation index (1/2 of Elmax) at hypertonic osmolality, O(EImax): Osmolality where

maximal EI is achieved.
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Figure 3-2 Gate Selection for Cell Population Identification
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Figure 3-2: Flow cytometry gating. Y- and O-BioRBCs were accurately gated using
FlowJo, Version 10, and ensuring precise analysis. The gating strategy, demonstrated in
the accompanying image, was applied consistently across all units for accurate calculation

of the BioRBC number. Graphs based on FSC-A and B530-A depict BioRBCs’ survival.
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Figure 3-3 Linear Regression Analysis of Relative Equilibrium Volume

(V/V0) and Fluorescence (F/F0)
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Figure 3-3: The graph displays the calculated relative RBC volumes correlated with

relative fluorescence at different NaCl concentrations. The slope (m) and y-intercept (c)
values for various RBC subpopulations, including U-RBC (m=0.676, ¢=0.335), Y-RBC
(m=0.722, ¢=0.308), and O-RBC (m=0.626, c=0.452), were determined using Pearson's

correlation analysis.
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Figure 3-4 Boyle-van't-Hoff Equation: };, Calculation in RBC

Subpopulations
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Figure 3-4: The graph illustrates the equilibrium relative RBC volume (V/V,) as a function
of inverse relative osmolality (P/P,). The calculated V' values are 0.768 for U-RBCs, 0.732
for Y-RBCs, and 0.706 for O-RBCs. Significant differences in ¥, were observed among the
various RBC subpopulations, with O-RBCs demonstrated the lowest V' (p=0.0081).

132



Figure 3-5 Effect of NaCl Concentration on Fluorescence Intensity of RBC

Subpopulations at Different Temperatures
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Figure 3-5: In the graph, the x-axis represents NaCl Osmolality, while the y-axis
represents Fluorescence Intensity. This graph illustrates the inverse correlation between
NaCl concentration and fluorescence intensity across RBC subpopulations (Y-RBCs, U-
RBCs, and O-RBCs) at different temperatures (4 °C and 20 °C). As NaCl concentration
increases, fluorescence intensity decreases. Y-RBCs consistently demonstrate the highest
fluorescence intensity across all NaCl concentrations, whereas U-RBCs and O-RBCs

exhibit the lowest fluorescence intensity levels (p<0.0001).
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Figure 3-6 RBC Responses to NaCl: Volume and Autofluorescence
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Figure 3-6: The graphs in section A depict the fluorescence intensity response of RBCs
over 10 seconds following mixing with different NaCl concentrations. Hypotonic
solutions lead to increased fluorescence, whereas hypertonic solutions result in decreased
autofluorescence. RBCs reach equilibrium fluorescence levels within approximately 3
seconds. In section B, the graphs illustrate the volume changes of RBCs in reaction to
varying NaCl concentrations at both 4 °C and 20 °C. RBCs exposed to hypotonic

solutions undergo swelling, while those in hypertonic solutions experience cell shrinkage.
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Figure 3-7 Correlation between RBC Volume and Fluorescence Intensity

in Different RBC Subpopulations
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Figure 3-7: This graph depicts the relationship between RBC fluorescence intensity and
volume across various RBC subpopulations. There is a positive correlation between RBC
volumes and fluorescence intensity at 4 and 20 °C. Y-RBCs exhibit the highest
fluorescence intensity and volume, followed by U-RBCs, while O-RBCs display the

lowest fluorescence intensity at every time point (p<<0.0001).
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Figure 3-8 Dynamics of RBC Fluorescence and Volume During

Glycerolization and Deglycerolization Processes
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Figure 3-8: In section A, the fluorescence intensity of RBCs during glycerolization shows

an initial decrease followed by an increase. Conversely, in section B, during

deglycerolization, there is an initial surge in autofluorescence followed by a gradual

decrease before reaching a plateau. Throughout both processes, Y-RBCs consistently

exhibit significantly higher fluorescence intensity than O-RBCs across the 100-second

duration at both 4 °C and 20 °C. Section C depicts the change in RBC volume over time at

4 °C and 20 °C during glycerolization. Initially, cell volume decreases before increasing.

In contrast, section D illustrates the deglycerolization process, where cell volume initially

increases followed by a decrease and stabilization. Similar to fluorescence intensity, Y-

RBCs consistently demonstrate significantly higher volumes than O-RBCs across the 100-

second duration and at both temperatures.
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Figure 3-9 Analysis of L, Values of RBC Subpopulations Across NaCl

Solutions at 4 °C
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Figure 3-9: The figure depicts the analysis of RBC subpopulation L, values across
various NaCl solutions. Significant differences were observed among RBC subpopulations
(p<0.0001), with O-RBCs showing the highest L, values, followed by Y-RBCs, and U-
RBCs displaying the lowest L, values across all NaCl concentrations (p<0.0001). At
0.68% (w/v) NaCl, no substantial differences in L, values were observed between Y- and
O-RBCs. However, at higher NaCl concentrations, particularly at 1.6% and 3.5% (w/v)
NaCl, significant differences were noted. The increasing trend of L, values with higher
NaCl concentrations was more pronounced in O-RBCs (p=0.0010). Statistical significance

denoted by *: p<0.05, **: p<0.01, ***: p<0.001, and ****: p<0.0001.
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Figure 3-10 Analysis of L, Values of RBC Subpopulations Across NaCl

Solutions at 20 °C
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Figure 3-10: The graph illustrates significant differences in L, values among RBC

subpopulations (p<0.0001). O-RBCs presented the highest L, values, followed by Y-

RBCs, and U-RBCs demonstrated the lowest L, values across all NaCl solutions. O-RBCs

displayed higher L, values compared with Y-RBCs across all NaCl solutions. This

difference became more pronounced at higher concentrations of NaCl (p=0.0008).

Additionally, a positive correlation was identified between the concentration of NaCl and

L, values. L, values significantly increased in U-RBCs with the escalating NaCl

concentration (p<0.0001). Statistical significance denoted by *: p<0.05, **: p<0.01, ***:

p<0.001, and ****: p<0.0001.
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Figure 3-11 Analysis of RBC Subpopulation Ps; Values During

Glycerolization and Deglycerolization Processes
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Figure 3-11: The graph presents the analysis of Ps values across RBC subpopulations

during glycerolization and deglycerolization processes. No significant differences were

observed among RBC subpopulations during glycerolization at both temperatures.

However, a significant increase in Ps value was noted across all RBC subpopulations

during deglycerolization (p<<0.0001). O-RBCs exhibited the highest Py value during

deglycerolization, particularly pronounced at 4 °C (p=0.0020). Nevertheless, this

difference was attenuated at 20 °C. Statistical significance denoted by *: p<0.05, **:

p<0.01, ***: p<0.001, and ****: p<0.0001.
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Figure 3-12 Comparison of RBC Subpopulation L, Values During

Glycerolization and Deglycerolization Processes
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Figure 3-12: The graph illustrates the comparison of RBC subpopulation L, values during
glycerolization and deglycerolization processes. No significant differences were detected
in L, values during glycerolization and deglycerolization across all RBC subpopulations.
Furthermore, no significant differences in L, values were observed between RBC

subpopulations during both glycerolization and deglycerolization at both temperatures.
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Figure 3-13 Analysis of RBC Subpopulation E, Values Across NaCl
Solutions
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Figure 3-13: The graph presents the analysis of RBC subpopulation £, values across
different NaCl solutions. No significant differences were observed among RBC

subpopulations across the various NaCl concentrations.
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Figure 3-14 Elongation Analysis of RBC Subpopulations as a Function of

Shear Stress
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Figure 3-14: The graph depicts the analysis of elongation among RBC subpopulations
under varying shear stress levels. Y-RBCs show the highest elongation, followed by U-
RBCs (p<0.0001), while O-RBCs consistently exhibit the lowest elongation across all

shear stress levels.
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Elongation Index (EI)

Figure 3-15 Impact of Biotinylation on RBC Elongation
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Figure 3-15: The graph illustrates the effect of biotinylation on the deformability of RBC
subpopulations. Biotinylation did not significantly affect the elongation of Y-RBCs.
However, it was found to enhance the elongation of O-RBCs at specific shear stress
levels, ranging from 1.69 to 5.33 Pa (p=0.0019). No significant differences were detected

at higher and lower shear stress levels.
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Figure 3-16 Comparison of RBC Rigidity (Ke1) Among Subpopulations
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Figure 3-16: The graph shows the comparison of RBC rigidity (Kgi) among
subpopulations. O-RBCs display the highest rigidity, followed by U-RBCs and Y-RBCs
(p<0.0001). Statistical significance denoted by *: p<0.05, **: p<0.01, ***: p<0.001, and
Ak p<0.0001.
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Figure 3-17 Effect of Biotinylation on RBC Rigidity (Kgi)
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Figure 3-17: The graph depicts the impact of biotinylation on the rigidity of RBC
subpopulations. Biotinylation did not significantly affect the rigidity of Y-RBCs.
However, it reduced the rigidity of O-RBCs (p=0.0106). Statistical significance denoted
by *: p<0.05, **: p<0.01, ***: p<0.001, and ****: p<0.0001.
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Figure 3-18 Analysis of Onyper Values among RBC Subpopulations
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Figure 3-18: The figure illustrates the analysis of Onyper values among RBC
subpopulations. O-RBCs displayed the lowest Onyper Values, followed by U-RBCs with Y-
RBCs exhibiting the highest Onyper. (p<0.0001) Statistical significance denoted by *:
p<0.05, **: p<0.01, ***: p<0.001, and ****: p<0.0001.
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Figure 3-19 Effect of Biotinylation on Onyper Values in RBC

Subpopulations
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Figure 3-19: The figure demonstrates the impact of biotinylation on Onyper values in RBC
subpopulations. Biotinylation did not lead to a significant alteration of Onyperin Y-RBCs.
However, biotinylation resulted in a reduction in Onyper in O-RBCs (p=0.0471). Statistical

significance denoted by *: p<0.05, **: p<0.01, ***: p<0.001, and ****: p<0.0001.
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Figure 3-20 Comparison of Maximum Elongation Index (Elmax) Among

RBC Subpopulations
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Figure 3-20: The figure illustrates the comparison of Elmax among RBC subpopulations.
Y-RBCs displayed the highest Elmax, followed by U-RBCs, while O-RBCs demonstrated
the lowest Elmax (p<0.0001). Statistical significance denoted by *: p<0.05, **: p<0.01,
*H%: p<0.001, and ****: p<0.0001.
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Figure 3-21 Impact of Biotinylation on Maximum Elongation Index

(Elmax) in RBC Subpopulations
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Figure 3-21: The figure depicts the influence of biotinylation on Elnax in RBC
subpopulations. Biotinylation did not influence Elnax in Y-RBCs, while in O-RBCs, it
resulted in a decrease in Elnax. O-BioRBCs demonstrated a lower Elnax compared to O-
RBCs (p=0.0097). Statistical significance denoted by *: p<0.05, **: p<0.01, ***:
p<0.001, and ****: p<0.0001.
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Figure 3-22 Comparison of Elongation Index at Hypertonic Osmolality
(Elhyper) Among RBC Subpopulations
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Figure 3-22: The figure illustrates the comparison of Elnyper among RBC subpopulations.
Y-RBCs showed the highest Elnyper, followed by U-RBCs, while O-RBCs exhibited the
lowest (p<<0.0001). Statistical significance denoted by *: p<0.05, **: p<0.01, ***:
p<0.001, and ****: p<0.0001.
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Figure 3-23 Impact of Biotinylation on Elongation Index at Hypertonic
Osmolality (Elnyper) in RBC Subpopulations
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Figure 3-23: The figure depicts the effect of biotinylation on the Elongation Index at
hypertonic osmolality (Elnyper) across RBC subpopulations. Biotinylation did not affect
Elnyperin Y-RBCs, while it resulted in a significant reduction in Elnyper in O-RBCs
(p=0.0097). Statistical significance denoted by *: p<0.05, **: p<0.01, ***: p<0.001, and
ek p<0.0001.
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Figure 3-24 Comparison of Osmolality for Maximum Elongation Index

(O(EImax)) among RBC Subpopulations
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Figure 3-24: The figure illustrates the comparison of O(Elmax) among RBC
subpopulations. Y-RBCs exhibit the lowest O(Elmax), followed by O-RBCs and U-RBCs
(p=0.0472). Statistical significance denoted by *: p<0.05, **: p<0.01, ***: p<0.001, and
Ak p<0.0001.
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Figure 3-25 Comparison of Initial Hemolysis Levels Post-RBC

Separation among Subpopulations
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Figure 3-25: The graph presents the analysis of initial hemolysis levels post-RBC
separation among subpopulations. No significant differences were observed initially
among RBC subpopulations. However, the biotinylation process correlated with increased
initial hemolysis levels in both Y- and O-RBC subpopulations (Y-RBCs vs. Y-BioRBC,
p=0.0062; O-RBCs vs. O-BioRBC, p=0.0022). Statistical significance denoted by *:
p<0.05, **: p<0.01, ***: p<0.001, and ****: p<0.0001.
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Figure 3-26 Comparison of Oxidative Hemolysis Levels Across RBC

Subpopulations
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Figure 3-26: The figure illustrates the comparison of oxidative hemolysis levels among
RBC Subpopulations. Y-RBCs displayed the lowest oxidative hemolysis, followed by U-
RBCs, and O-RBCs exhibited the highest levels (p<0.0001). Statistical significance
denoted by *: p<0.05, **: p<0.01, ***: p<0.001, and ****: p<0.0001.
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Figure 3-27 Effect of Biotinylation on Oxidative Hemolysis in RBC
Subpopulations
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Figure 3-27: The figure illustrates the impact of biotinylation on oxidative hemolysis in
RBC subpopulations. Biotinylation did not affect the oxidative hemolysis of Y-RBCs;
however, it correlated with an upsurge in oxidative hemolysis in O-RBCs (p=0.0269).
Statistical significance denoted by *: p<0.05, **: p<0.01, ***: p<0.001, and ****:
p<0.0001.
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Figure 3-28 Comparison of Osmotic Hemolysis Among RBC

Subpopulations
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Figure 3-28: The figure illustrates the comparison of osmotic hemolysis among RBC
subpopulations. O-RBCs demonstrate the lowest osmotic hemolysis compared to Y-RBCs
and U-RBCs (p=0.0189). Statistical significance denoted by *: p<0.05, **: p<0.01, ***:
p<0.001, and ****: p<0.0001.
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Figure 3-29 Comparison of Osmotic Fragility Among RBC

Subpopulations
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Figure 3-29: The graph illustrates the osmotic fragility results, indicating significant
variations among RBC subpopulations. At 0.5% NaCl, U-RBCs exhibit higher hemolysis
compared to Y-RBCs and O-RBCs. At 0.46% NaCl, O-RBCs displayed the lowest
hemolysis, followed by Y-RBCs, with U-RBCs showing the highest hemolysis level
(p=0.0177). Similarly, at 0.4% NaCl, O-RBCs demonstrate the lowest hemolysis, Y-RBCs
exhibit an intermediate level, and U-RBCs display the highest hemolysis (p=0.0035).
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Figure 3-30 Tracking Changes in the Numbers of Biolabeled RBC

Subpopulations Post-Deglycerolization
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Figure 3-30: The graph illustrates the dynamic shifts in cell counts over the specified time
points. Following deglycerolization and hypothermic storage, both Y- and O-BioRBCs
experienced a decrease in cell numbers. There were no significant differences in the

reduction trends between Y- and O-BioRBCs.
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Chapter 4

Exploring the Impact of Gamma Irradiation on Biologically Young and

Old Subpopulations of Red Blood Cells
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4.1 Introduction

Gamma irradiation of RCCs is utilized to prevent TA-GVHD, a rare but often fatal
complication for high-risk recipients, by preventing DNA replication in donor T-
lymphocytes that may be present in the RCCs. (1) Irradiation of leukoreduced RCCs is the
standard care for patients at risk of GVHD, including patients with immune deficiencies,
intrauterine transfusions, and allogeneic stem cell recipients. (2) The Association for
Advancement of Blood & Biotherapies (AABB) and Canadian Standards Association (CSA)
have suggested that irradiation can be performed at any time during storage (up to day 42)
and that the irradiated RCCs can be stored for up to 28 days, not exceeding the original
expiry date. (3,4) In the United States and Canada, a minimum dose of 25 grays (Gy) to the

midpoint of the component and of 15 Gy to the entire component is required. (3,4)

4.1.1 Impact of Gamma-Irradiation on Red Blood Cells

Gamma-irradiation through different mechanisms accelerates storage lesions (5), causing
predominantly biochemical changes and altering RBC metabolism. (6—8) Radiation induces
oxidative stress that compromises RBC membrane integrity, leading to membrane
destabilization, protein denaturation, hemolysis, and impaired oxygen delivery. (9—13)
Gamma-irradiation affects the homeostasis of RBCs, disrupting the function of ion
transporters and channels on the RBC membrane. (14—16) Radiation-induced oxidative stress
affects the metabolomics of RBCs by targeting enzymes involved in glycolysis and the Krebs
cycle, disrupting ATP production. The impaired metabolomics system of RBCs affects its
homeostasis by disrupting the function of ion transporters and channels that rely on ATP. (9—
12) This disruption can change the intracellular ion concentrations, increasing the cytosolic
Ca®" concentration (9—12,17), and triggering microvesiculation and K* leakage by activation
of calcium-sensitive K* channels. (18-25) Irradiation also disrupts the integrity of RBC
membranes and associated proteins, leading to the release of Hb and lactate dehydrogenase
(LDH), which accelerates aging processes. (18-21) Previous studies have demonstrated that
the elevation in supernatant K* and hemolysis levels becomes more pronounced with
extended post-irradiation storage duration. (26-28) This considerable elevation in K* levels
and hemolysis increases the risk of post-transfusion hyperkalemia and subsequent cardiac

complications, particularly in neonates or patients undergoing massive transfusions.
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(21,23,28,29) Additionally, decreased ATP levels impede the progression through the
Ruperport-Leubering shunt, leading to lower levels of 2,3-DPG (30), enhanced O, affinity,

and impaired O; delivery post-transfusion. (31)
4.1.2 RBC Biological Aging

RCCs consist of different subpopulations of RBCs with varying biological age,
including Y-RBC and O-RBC. (32-34) The biological aging of RBCs is characterized by
changes in RBC properties. (32) Metabolomic analysis reveals unique metabolic
signatures within Y- and O-RBCs, indicating that the capacity to cope with oxidant stress
decreases with RBC aging. (34) Additionally, the biological aging of RBCs leads to a
rapid depletion of ATP and 2,3-DPG, disrupting energy-dependent activities within RBCs.
(32,35) Different studies revealed that transfusion of RCCs containing a higher presence
of O-RBCs within the RCCs is associated with a higher level of storage hemolysis and
impaired oxygen delivery post-transfusion. (34,36—38) Given the compromised function
of membrane proteins and reduced antioxidant defense in O-RBCs (34,37), these cells are
more likely to be susceptible to oxidative stress induced by irradiation. Therefore, it is
hypothesized that O-RBCs, with their compromised membrane and antioxidant defense
mechanisms, may contribute significantly to the observed increase in hemolysis,
supernatant potassium levels in RCCs, and impaired RBC oxygen delivery post-

irradiation.

This study aims to investigate the impact of gamma irradiation on Y- and O-RBC
subpopulations. The study involved a comparison of oxidative stress, p50, and supernatant
K" levels in Y- and O-RBCs before and after gamma irradiation. These parameters were
monitored throughout hypothermic storage for up to 14 days post-irradiation. Anticipated
outcomes include higher supernatant K* levels and increased hemolysis in O-RBCs due to
compromised membrane function, alongside elevated O affinity possibly attributed to
decreased 2,3-DPG concentration and increased methemoglobin concentration post-
irradiation. Biotinylation will be utilized to evaluate the post-irradiation recovery of Y-
and O-BioRBCs, with an expectation of higher recovery rates in Y-BioRBCs compared to

O-BioRBCs. The investigation aims to optimize irradiation strategies by aiming for a
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favorable Y- to O-RBC ratio in RCCs designated for irradiation, thereby improving their
quality and effectiveness for transfusion purposes, particularly in vulnerable patient

populations.

4.2 Method and Material

4.2.1 Red Cell Concentrate (RCC) Selection and Pooling

The Canadian Blood Services Blood4Research provided the RCCs from healthy donors
and collected in Macopharma collection bags, processed via the RCF method, and stored
in CPD and SAGM at temperatures ranging from 1-6 °C. To maintain optimal integrity,
the RCCs used in the experiments were within seven days of their collection. Approval for
the study was obtained from both the University of Alberta Health Research Ethics Board
(Biomedical Panel; Protocol #PR0O00103459) and the Canadian Blood Services Research
Ethics Board (Protocol #2020.005).

To mitigate the potential influence of donor variability on RBC subpopulation density
profiles, six ABO/Rh-matched RCCs were pooled. Four units were from female donors
with an average age of 54 + 14.5 years old, while two units were from male donors with
an average age of 32 + 1 years old. The RBC indices for each unit were measured using a
cell counter. The RBC parameters within our dataset are as follows: HCT: 0.5714 0.004
(%) (CV: 3.38%), Hb: 186.39 + 1.90 (g/dL) (CV: 4.45%), MCHC: 326.61 + 3.5 (g/dL)
(CV:4.68%), and MCV: 87.86 = 2.65 (fL) (CV: 132.15%) (Table 4-1). The units were
pooled in a waste bag from the Haemonetics Deglycerolization set (LN 236; capacity of

up to 4000 mL). In Chapter 3, the pooling process have been described in detail.
4.2.2 Density-Fractionation using Percoll® Separation

The Percoll® separation was utilized to investigate the density distribution of RBCs
within the pooled unit. A comprehensive explanation of this method can be found in
Chapter 2, where all aspects of the technique are discussed in detail. To isolate sufficient
volumes of Y- and O-RBCs, an aliquot of 450 mL from the pooled unit was collected into
nine 50 mL conical tubes. A 25 mL aliquot was reserved for density profiling of the

pooled unit, while 425 mL was used for extracting sufficient volume of the Y- and O-RBC
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subpopulations for further experiments. RBC indices were assessed using a hematology
analyzer, and the Percoll® densities necessary for creating a density panel were estimated
using the method proposed by Mykhailova et al., which involves estimating Percoll®

density based on RBC indices using measurements of MCHC and MCV. (39,40)

Percoll® solutions with varying densities were carefully prepared, ranging from 1.087
to 1.099 g/mL. A 3 mL aliquot of each Percoll® solution was distributed into designated
tubes, followed by gently layering a 1 mL aliquot of RBCs onto the solutions. The tubes
underwent centrifugation, after which the Y-RBCs were isolated into separate tubes while
the O-RBC pellet remained undisturbed at the bottom. The RBC subpopulations were
washed with PBS, and then the supernatants were carefully removed, leaving PBS
covering the packed RBCs to achieve a hematocrit range of 40-55%. The RBC indices for
each subpopulation were measured using a hematology analyzer. The volume of each
RBC subpopulation was measured using a calibrated adjustable-volume pipette to estimate
the proportion of each subpopulation. A density of 1.088 g/mL was chosen for separating
Y-RBCs, while 1.099 g/mL was selected for isolating O-RBCs, constituting 13.8 = 0.07%
and 18.5 £ 0.07% of the total population, respectively. The Percoll® separation was
repeated with these selected densities (1.088, 1.099) to extract a sufficient volume of Y-
and O-RBC subpopulations (with a minimum volume requirement of 20 mL per RBC

subpopulation at 50% HCT).
4.2.3 Biotinylation of Red Blood Cell

Two concentrations of the biotin reagent (15 ng/mL and 48 ng/mL) were prepared for
optimal fluorescence separation of Y- and O-RBCs using standard flow cytometry. A
higher concentration of biotin (48 pg/mL) was used for O-RBCs, while a lower
concentration (15 pg/mL) was used for Y-RBCs. Pre-washed RBCs were mixed with the
respective biotin solutions and incubated for 30 minutes. After incubation, RBCs were
washed twice with a dextrose-saline solution. (41) The biotinylation method is thoroughly
explained in Chapter 3. The RBC indices, including HCT and Hb were measured using the
hematology analyzer. For Y-BioRBCs, the HCT was 0.551 £ 0.004 (%) (CV: 1.41%), and
Hb was 160.53 = 0.47 (g/dL) (CV: 1.51%); for O-BioRBCs, the HCT was 0.561 +
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0.001(%) (CV: 0.45%), and Hb was 195.60 + 0.73 (g/dL) (CV: 0.79%) (Table 4-2). The
hemolysis levels before and after labeling were measured and did not exceed the baseline
(0.8%) except for O-BioRBCs. Hemolysis measurements are as follow: Pooled unit 0.24 +
0.03% (CV: 23.57%), Y-RBCs 0.35 £ 0.05% (CV: 29.88%), O-RBCs 0.20 £+ 0. 0.00%
(CV: 3.45%), spiked pooled unit 0.18 £ 0.00% (CV: 15.94%), Y-BioRBCs 0.54 = 0.00%
(CV: 1.3 %), O-BioRBCs 1.0 £ 0.12% (CV: 12.73%).

4.2.4 Spiking the Pooled Unit with Young and Old Biotin-Labeled RBCs

Spiking and splitting the pooled unit have been described in detail in Chapter 3. A 12.5
mL aliquot of each biotinylated subpopulation was reintroduced into the pooled unit to
attain a final concentration of around 1% for each biotin-labeled RBC subpopulation
within the pooled unit. After completing the spiking process, the pooled unit was mixed
by carefully inverting the bag multiple times and split into five separate units of matched

blood weight.

4.2.5 Blood Component Irradiation Procedure:

A small aliquot (10 mL) from each RBC subpopulation (unlabeled and labeled) was
stored in 5 mL round-bottom tubes at 4 °C. These aliquots were used to assess K* leakage,
p50, oxidative hemolysis, and storage hemolysis at three specific time points following
irradiation (day 1, day 7, and day 14). Both RCC units and small aliquots of RBC
subpopulations were irradiated with a minimum dose of 25 Gy using the Canadian Blood

Service Irradiation Protocol. (42)

Four out of five units and 25 sets of 5 mL tubes containing RBC subpopulations were
delivered to the Distribution Staff at the Canadian Blood Service in Edmonton for gamma
irradiation, with one unit serving as an unirradiated control. The irradiation cycle was
initiated by recording essential batch information (F040557 and F800049 forms, Irradiated
Blood Components Record Forms). Irradiation indicators were carefully applied following
labeling guidelines, and the components were loaded into a Gammacell Irradiator to
initiate the irradiation cycle (Gammacell ® 3000, Elan, Best Medical International,
Virginia, USA). Units underwent irradiation in two separate cycles (1st cycle: 3 units, 2nd

cycle: 1 unit, and 25 tubes) as per Canadian Blood Service instructions. Tube irradiation
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involved applying three irradiation indicators on the tubes, with one placed on the outer
tubes and two on the inner tubes (Figure 4-1). The tubes, arranged in a group and secured
with an elastic band, were positioned upright in the middle of the irradiation container,
and the distribution staff proceeded with the irradiation cycle, following the protocol
typically used for an RCC unit. (42) After each cycle, components were removed, and the
exposure time was verified either by an independent backup timer or the irradiation setting
time. Irradiation indicators were subsequently examined for the absence of "NOT". The
disappearance of the word "NOT" indicated that it had received the minimum irradiation
dose of 15 Gy. The entire process adhered to CBS guidelines, incorporating
comprehensive checks and documentation at each step to ensure the quality and safety of

irradiated blood components. (42)
4.2.6 Measurement of Hemolysis

As thoroughly explained in Chapter 3, hemolysis assessment was conducted for various
RBC subpopulations, including U-RBCs, Y-RBCs, O-RBCs, SP-RBCs, Y-BioRBCs, and
0O-BioRBCs, utilizing cyanmethemoglobin spectrophotometric measurement based on
Drabkin method. (43) In summary, 5 uL of each sample was mixed with 1 mL of Drabkin
reagent and incubated for 5 minutes to measure total hemoglobin. For supernatant
hemoglobin determination, 40 pL of the supernatant obtained after centrifugation was
mixed with Drabkin reagent, followed by vortexing and incubation. Subsequently, 200 uLL
of each mixture was pipetted into a 96-well EIA/RIA Plate, along with 200 pL of Drabkin
reagent as a sample blank. Absorbance was measured at 540 nm, and hemoglobin

concentration was calculated accordingly.

The oxidative hemolysis of RBC subpopulations was evaluated, as explained in
Chapter 3 in detail. The procedure involved pipetting RBC samples into labeled tubes,
washing them with PBS, and incubating them with AAPH to induce oxidative stress.
Controls were incubated with PBS to establish a baseline. Hemolysis was quantified using
spectrophotometry. Quality control measures ensured reliable results with a CV of less

than 10%. (44)

174



4.2.7 Measurement of Supernatant Potassium (K*)

Supernatant K™ levels were measured in U-RBCs, Y-RBCs, O-RBCs, SP-RBCs, Y-
BioRBCs, and O-BioRBCs as well as in all five units. Measurements were taken before
irradiation, immediately after irradiation, and on days 7 and 14 post-irradiation during
hypertonic storage. 1 mL of each sample was dispensed into 1.5 mL microtubes and
centrifuged using a microcentrifuge at a speed of 2200 x g for 10 min at 4 °C
(acceleration: 9, brake: 3). After centrifugation, 0.5 mL of supernatant was carefully
removed and placed in the corresponding microtube. The supernatant tubes, accompanied
by the necessary forms, were dispatched to Alberta Precision Laboratories (APL).
Supernatant K" levels were analyzed using a chemistry analyzer (Roche Cobas ¢503,

Roche Diagnostics, Basel, Switzerland). (45)
4.2.8 pS0 Measurement

Accurate measurement of hemoglobin oxygen saturation (pQ2) and 50% saturation
levels (p50) is vital for evaluating the quality of RBCs. The Hemox™ analyzer (TCS
Scientific Corp., Pennsylvania, USA) was employed to measure p50 values, which reflect
hemoglobin's affinity for oxygen, providing a critical assessment of RBCs' oxygen-
carrying capacity. The method involves generating a de-oxygenation curve by fully
oxygenating RBC samples with compressed Oz gas and subsequently de-oxygenating
them with compressed nitrogen (N2). The p50 value is extrapolated from this curve,
offering insights into the oxygen saturation point. The process incorporates various

reagents, equipment, and calculations to ensure precise measurements.

The p50 levels in U-RBCs, Y-RBCs, and O-RBCs were evaluated at three distinct time
points (day 1, day 7, and day 14). For p50 measurement, 5000 uL of Hemox Buffer (TCS
Scientific Corp., Pennsylvania, USA), 10 uL of anti-foaming agent (TCS Scientific Corp.,
Pennsylvania, USA), and 20 uL of 22% Bovine Serum Albumin (Sigma-Aldrich, St.
Louise, MD, USA), and 50 uL of samples were added to the dilution vial. For the
oxygenation process, samples were fully oxygenated by flipping the gas selector to O,
opening the release valve on the tubing to the compressed air tank, and allowing the

sample to warm up and oxygenate for approximately 15-20 min. Subsequently, for
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deoxygenation, the gas selector was switched to Ny, ensuring that the valve on the tubing
connected to the compressed N» tank was opened. The deoxygenation occurs over

approximately 20-40 minutes until the pressure reaches the predetermined stop value. (46)
4.2.9 Tracing Biotin-labeled RBC Subpopulations in Irradiated RCCs

Flow cytometry was employed to assess the recovery of spiked Y-BioRBC and O-
BioRBC post-irradiation during hypothermic storage. Streptavidin-conjugated antibodies
were utilized for quantifying and categorizing biotinylated RBC subpopulations.
Necessary controls were included to ensure accuracy and reliability. Samples underwent
dilution stages and were analyzed using appropriate gating parameters to distinguish RBC
populations based on fluorescence intensity. This systematic approach facilitated the
precise identification and quantification of biotinylated RBCs within irradiated RCCs.

(47) Detailed methodology is outlined in Chapter 3.
4.2.10 Statistical Analysis

Statistical analyses were performed using GraphPad Prism software (version 9.5.0,
GraphPad Software, San Diego, CA, USA). Descriptive statistics (mean, SD, SEM) were
calculated. Statistical significance was determined using appropriate tests (t-tests, one-
way/two-way ANOVA with post hoc tests). Graphs with error bars (SEM/SD) were
generated. Flow cytometry data was analyzed with gating strategies. Results are presented

as mean + SEM/SD, with p<0.05 denoting significance.

4.3 Results

4.3.1 Hemolytic Variability in Red Blood Cell Subpopulations

The results demonstrate a significant increase in hemolysis levels following gamma
irradiation during hypothermic storage across all RBC subpopulations (p<0.0001) (Figure
4-2). Comparatively, both Y- and O-RBCs consistently exhibited higher hemolysis levels
than U-RBCs at all observed time points (p<0.0001); however, no significant differences
were observed between Y- and O-RBCs during hypothermic storage after irradiation

(p=0.1410) (Figure 4-3). Biotinylation displayed a positive correlation with increased
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hemolysis levels. This correlation appears to be more pronounced in O-RBCs than in Y-
RBCs (Y-RBCs vs. Y-BioRBCs, p=0.010; O-RBCs vs. O-BioRBCs, p<0.0001) (Figure
4-4). Furthermore, irradiated units demonstrated higher hemolysis levels compared to non-
irradiated units at every time point, with this difference becoming more pronounced at day

14 post-irradiation (p=0.0005) (Figure 4-5).

The results revealed a significant positive correlation between RBC senescent level and
oxidative hemolysis. O-RBCs consistently demonstrated higher levels of oxidative
hemolysis at all observed time points, followed by U-RBCs, while Y-RBCs exhibited the
lowest oxidative hemolysis levels (p<0.0001) (Figure 4-6). Oxidative hemolysis exhibited
an increase by day 14 following irradiation across all subpopulation groups (p=0.0188)
(Figure 4-7). While irradiation did not exacerbate the escalation of oxidative hemolysis in
Y-RBCs during hypothermic storage (p=0.2608), it did contribute to an increasing trend
of oxidative hemolysis in O-RBCs (p=0.0110) (Figure 4-8). Furthermore, the
biotinylation process was found to be correlated with an increase in oxidative hemolysis in

O-RBCs (p=0.0269) (Figure 4-9).
4.3.2 Measurement of Supernatant K*in RBC Subpopulations

The results reveal a substantial increase in supernatant K™ levels during hypothermic
storage following irradiation across all RBC subpopulations (p<0.0001) (Figure 4-10).
Comparison of K™ levels between RBC subpopulations demonstrated significant
differences, with U-RBCs demonstrating the highest K* levels at all time points, followed
by O-RBCs and Y-RBCs having the lowest supernatant K levels (p=0.0006). However,
no significant differences were observed between Y- and O-RBCs across hypothermic
storage (p=0.9994) (Figure 4-11). Analysis of K* levels in irradiated and non-irradiated
RBC subpopulations in 5 mL tubes revealed a significant correlation between irradiation
and supernatant K* levels in Y-RBCs and U-RBCs during hypothermic storage
(p<0.0001), while no significant differences were observed in K* levels between irradiated
and non-irradiated O-RBCs during the hypothermic storage (p=0.0762) (Figure 4-12).
Additionally, a comparison of K* levels in irradiated units and non-irradiated unit

demonstrated a significant difference, with the non-irradiated unit demonstrating the
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lowest K" levels across all testing time points (p<0.0001) (Figure 4-13). The biotinylation
process did not exert a significant impact on supernatant K* levels in both Y- and O-RBCs

(p=0.0682).
4.3.3 Dynamic Changes in p50 Values across RBC Subpopulations

The analysis of p50 values during hypothermic storage following irradiation revealed a
significant decrease across all RBC subpopulations (p<0.0001). Dynamic changes were
observed in p50 values, with Y-RBCs initially exhibiting the highest values, followed by a
decline at day 7 post-irradiation, which persisted until day 14. In contrast, O-RBCs and U-
RBCs showed a notably lower baseline p50 level, which remained constant after 7 days
post-irradiation and decreased by day 14. Analysis of irradiation impact on various RBC
subpopulations revealed a significant decline in U-RBCs from day 1 to day 14 (p=0.0224).
Additionally, a significant decrease in pS0 levels was observed in Y-RBCs between days 7
and 14 post-irradiation (p=0.0065). However, no significant differences were observed in
p50 value in O-RBCs over the hypothermic storage period (p=0.8600) (Figure 4-14).
Evaluating the impact of irradiation, no significant differences were observed in the p50
values between irradiated and non-irradiated RBC subpopulations (Figure 4-15). This
suggests that hypothermic storage has a more significant impact on p50 levels compared

to irradiation.
4.3.4 RBC Survival Post-Irradiation

The examination of post-irradiation survival dynamics in different RBC subpopulations
revealed a decreasing trend in both subpopulations during hypothermic storage, with Y-
BioRBCs exhibiting a notable decrease by day 14 (p<0.0001). The delta changes in Y-
BioRBCs showed a decreasing slope (slope=0.0006571) from day 1 to day 14 post-
irradiation. The delta change of O-BioRBCs did not demonstrate any significant decrease
over the 14 days of hypothermic storage (slope=0.0009528). Moreover, there were no

significant differences in the survival of RBC subpopulations following irradiation during

hypothermic storage (p=0.5341) (Figure 4-16).
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4.4 Discussion

This study investigated the impact of gamma irradiation and subsequent hypothermic
storage on different RBC subpopulations. The results of this study demonstrated a
significant increase in hemolysis levels post-irradiation across all RBC subpopulations
(Figure 4-2), with Y- and O-RBCs consistently exhibiting higher levels compared to U-
RBCs (Figure 4-3). Additionally, a positive correlation was noted between biotinylation
and increased hemolysis, particularly pronounced in O-RBCs (Figure 4-4). Oxidative
hemolysis results demonstrated that O-RBCs consistently exhibited higher levels of
oxidative hemolysis than Y-RBCs and U-RBCs (Figure 4-6). Following irradiation,
oxidative hemolysis increased across all subpopulations, with O-RBCs showing a more
pronounced trend compared to Y-RBCs (Figure 4-8). Supernatant K levels displayed a
substantial increase during hypothermic storage, with U-RBCs consistently exhibiting the
highest levels (Figure 4-10). Furthermore, analysis of p50 values revealed a significant
decrease across all RBC subpopulations post-irradiation. Initially, Y-RBCs exhibited the
highest values, which then declined, while O- and U-RBCs consistently displayed lower
baseline levels that decreased over time (Figure 4-14). Post-irradiation survival dynamics
exhibited decreasing trends in both Y- and O-BioRBC during hypothermic storage. The
trend was notably more pronounced in Y-RBCs; however, we did not observe any

significant differences in survival between Y- and O-RBC subpopulations (Figure 4-16).

4.4.1 Impact of Irradiation on Hemolysis Levels in RBC Subpopulations

The observed increase in hemolysis following irradiation during hypothermic storage
underscores the role of irradiation in exacerbating hemolysis during storage. This
difference becomes more pronounced by day 14 post-irradiation (p=0.0005), aligning with
findings from previous studies indicating an elevation in hemolysis after gamma-
irradiation. (23,24,48) Hauk et al. demonstrated a significant rise in hemolysis rates post-
irradiation, with a significant difference between irradiated and non-irradiated units by day
+28 onwards. (23) Serrano et al. revealed a progressive increase in hemolysis with storage
time, both before and after irradiation, with predictors including male gender, greater
donor age, and storage duration post-irradiation. (24) Mykhailova et al. demonstrate a

strong association between RBC hemolysis and hypothermic storage time regardless of
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donor groups. (34) Comparison of hemolysis levels between RBC subpopulations showed
that Y- and O-RBCs exhibited higher hemolysis levels compared to U-RBCs across all
testing time points. This finding can be attributed to mechanical and osmotic stress
induced by Percoll® separation, leading to membrane damage and subsequent hemoglobin
leakage. Previous studies, such as Masalunga et al., have demonstrated that the
mechanical manipulation of RBCs, including centrifugation and saline washing, increases
the osmotic fragility of RBC membranes, consequently leading to enhanced hemolysis.
(49) Additionally, O’Leary et al. found an immediate increase in hemolysis and free Hb
levels following RBC washing. (50) Biotinylation was found to contribute to hemolysis
level, with a more pronounced correlation observed in O-RBCs compared to Y-RBCs.
This phenomenon can be attributed to the biological age-dependent remodeling of the
RBC membrane, which gradually impairs membrane function and properties over time.
(51-56) Consequently, O-RBCs might be more susceptible to damage during the

biotinylation process and subsequent washing steps.

4.4.2 Impact of Irradiation on Oxidative Hemolysis Levels in RBC Subpopulations

The study observed a positive correlation between oxidative hemolysis and RBC
senescence levels, with O-RBCs consistently exhibiting higher levels of oxidative
hemolysis at all testing time points, followed by U-RBCs, with Y-RBCs displaying the
lowest oxidative hemolysis levels. The accumulation of ROS during RBC aging, along
with the metabolic differences between Y- and O-RBC subpopulations, highlights
variations in their capacity to manage oxidative stress. Specifically, O-RBCs exhibit a
lower capacity to cope with oxidative hemolysis compared to Y-RBCs. (34) This aligns
with our results, demonstrating that while irradiation did not significantly exacerbate the
oxidative hemolysis in Y-RBCs post-irradiation (p=0.2608), it did contribute to an
increasing trend of oxidative hemolysis in O-RBCs during hypothermic storage
(p=0.0110). As ATP levels decline during the biological aging process of RBCs, their
antioxidant system undergoes progressive impairment, leading to an elevation in
methemoglobin concentration. (33) Consequently, O-RBCs become more vulnerable to
oxidative stress induced by gamma irradiation, while Y-RBCs are capable to withstand

oxidative stress following irradiation. Additionally, a positive correlation was observed
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between oxidative hemolysis level and hypothermic storage time. Serrano et al.
demonstrated that RCCs with higher chronological age have higher oxidative hemolysis
levels, suggesting the reduced antioxidant protective capacity of RBC during storage. (24)
These results are in alignment with Katharia et al. findings, demonstrating a progressive
and significant increase in markers of oxidative injury during the 28 days of RBC storage.
These changes were more pronounced in irradiated RBCs compared to non-irradiated
ones. (6) The role of biotinylation in oxidative hemolysis introduced a potential link
between biotinylation and oxidative damage, with this correlation being more pronounced
in O-RBC:s. This association could be attributed to the impaired antioxidant capacity of O-
RBCs (51-56), rendering them more susceptible to potential oxidative stress induced by

the biotinylation process.
4.4.3 Effect of Gamma Irradiation on Supernatant K* Levels in RBC Subpopulations

The study results indicate an association between the duration of hypothermic storage
and increased extracellular K*. The K level in the stored RCCs increases over time due to
the gradual leakage of K" out of the cell. (57) Irradiation was correlated with elevated
supernatant K" levels during hypothermic storage across all RBC subpopulations, with U-
RBCs demonstrating the highest K" level at every testing time point. Serrano et al.
demonstrated that K" levels increased rapidly following gamma irradiation, with storage
time before and after irradiation, male gender, and older donor age being predictive
factors for K+ concentration. (6,24,58) Additionally, previous investigations demonstrated
that gamma irradiation inhibits 40% of the Na"/K" pump by day 14 after irradiation,
disrupting ion balance and membrane functionality. (12) During hypothermic storage,
supernatant K" concentration increases in all RBC subpopulations, with Y-RBCs
displaying the lowest levels, followed by O-RBCs and U-RBCs. The lower K™ levels
observed in Y- and O-RBCs compared to U-RBCs could be attributed to the effect of
washing on the supernatant K concentration. This process involves the removal of
supernatant, leading to decreased levels of K in Y- and O-RBCs. Swindell et al.
demonstrated that the supernatant K+ concentration decreases after washing RBCs for
neonatal patients. (59) Similarly, previous studies show that washing RBCs reduces

supernatant K" concentration. (60,61) The discrepancy between the higher K™ levels in U-
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RBCs compared to O- and Y-RBCs and the elevated hemolysis levels observed in O-
RBCs and Y-RBCs relative to U-RBCs poses an intriguing question. This disparity could
potentially be attributed to the dilution of samples before measuring K* levels,
necessitated by the high K™ concentration in the samples. However, it it important to note
that the dilution process itself may introduce errors in the results, thus warranting further

investigation into this discrepancy.

Analysis of K" levels in irradiated and non-irradiated RBC subpopulations in 5 mL
tubes revealed a significant correlation between irradiation and supernatant K™ levels in Y-
RBCs and U-RBCs during hypothermic storage (p<0.0001), while no significant
differences were observed in K* levels between irradiated and non-irradiated O-RBCs
during the hypothermic storage (p=0.0762). One potential explanation for this
phenomenon is associated with the fact that RBC aging is associated with impaired
functionality of membrane transporter proteins and K™ leakage. (32,35) Consequently, the
initial concentration of intracellular K™ might be lower in O-RBCs compared to Y-RBCs,
so irradiation cannot significantly intensify the release of K in O-RBCs. Further
investigations are required to validate this hypothesis by measuring intracellular K* levels
in RBC subpopulations. The biotinylation process did not significantly impact supernatant

K" levels in both Y- and O-RBCs (p=0.0682).

4.4.4 Effects of Irradiation on p50 Values and Post-Irradiation Survival of RBC
Subpopulations

Analysis of p50 values during hypothermic storage post-irradiation revealed a
significant decrease across all RBC subpopulations (p<0.0001), indicating increased
hemoglobin affinity for oxygen and decreased oxygen release in tissues. These findings
are consistent with previous clinical trials, which demonstrated that hypothermic storage
following irradiation can compromise the oxygen delivery capacity of RBCs. (62) The
decline in 2,3-DPG levels in RBCs following chronological aging post-irradiation leads to
impaired oxygen release function of the RBCs. (63—65) This study found no significant
differences in p50 values among O-RBCs over the hypothermic storage period (p=0.8600)
(Figure 4-14). One explanation might be related to the lower initial p50 value in O-RBCs,
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suggesting that further degradation during hypothermic storage may not be significant in
this subpopulation. Comparing p50 values in both irradiated and non-irradiated RBC
subpopulations, there was a decrease regardless of irradiation, indicating a significant

impact of hypothermic storage on p50 levels compared to irradiation alone (Figure 4-15).

The investigation into post-irradiation survival revealed a decrease in the numbers of
both Y-BioRBCs and O-BioRBCs during hypothermic storage, with Y-BioRBCs showing
a more pronounced decrease by day 14 (Figure 4-16). Previous studies have suggested
that transfusion of RCCs containing predominantly Y-RBCs can prolong post-transfusion
survival, whereas a higher presence of O-RBCs within the RCCs is associated with
increased storage hemolysis, K* leakage, and impaired oxygen delivery post-transfusion.
(34,36-38) Although initial observations indicated potential benefits of Y-RBCs,
including lower K™ and hemoglobin leakage, lower oxidative hemolysis, and higher p50
values, these advantages did not translate into significant outperformance in post-
irradiation recovery rate compared to O-RBCs during hypothermic storage. One possible
factor contributing to this outcome could be related to the pooling and splitting method.
When pooling RCCs, there is a risk of segregating RBC subpopulations from individual
donors with distinct characteristics, potentially affecting the results. Analysis revealed that
the classified fraction as Y-RBCs may have originated from a donor exhibiting
microcytosis and lower MCHC, indicating potential iron deficiency. Iron-deficient RBCs
have lower antioxidant capacity (66,67), reduced deformability, and increased rigidity.
(67-73) To validate our findings, two additional units were separately analyzed, with Y-
and O-RBCs separated from each unit, using a density-based age profiling pattern.
Biotinylation was used to label Y- and O-RBCs, which were then spiked back into a small
volume of RBCs and subjected to irradiation. Additionally, 10 mL aliquots of Y- and O-
RBCs were separated and irradiated, and all tests were repeated to ensure consistency and
verify that mixing did not impact the results. The supplementary data validated our initial

findings, showcasing consistent results.

4.5 Conclusion

In conclusion, this study aimed to assess the effects of gamma irradiation and

subsequent hypothermic storage on various subpopulations of RBCs. Our findings
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revealed a significant increase in hemolysis levels post-irradiation across all RBC
subpopulations, with Y- and O-RBCs displaying higher levels compared to U-RBCs.
Additionally, oxidative hemolysis was more pronounced in O-RBCs, suggesting their
increased vulnerability to oxidative stress. Analysis of supernatant K* levels indicated a
substantial increase during hypothermic storage, with U-RBCs consistently exhibiting the
highest levels. Furthermore, a significant decrease in p50 values across all RBC
subpopulations post-irradiation was observed, indicating reduced hemoglobin affinity for
oxygen. Interestingly, while Y-RBCs initially exhibited higher p50 values, they
experienced a decline over time, while O- and U-RBCs displayed lower baseline levels
that decreased further during storage. The lack of significant differences in RBC survival
across the subpopulations underscores the ongoing necessity for extensive research to
enhance our understanding of the intricate factors that impact the behavior of RBC
subpopulations both post-irradiation and during hypothermic storage. This understanding

ultimately contributes to clinical practice optimization.
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Table 4-1 RBC Indices Measured for RCCs

| Average SD Cv SE
Unitl
Hb (g/dL) 186.067 2.926 1.573 1.379
HCT (%) 0.554 0.008 1.433 0.004
MCV (fL) 94.633 0.058 0.061 0.027
MCHC (g/dL) 335.667 0.577 0.172 0.272
Unit2
Hb (g/dL) 192.433 1.361 0.707 0.642
HCT (%) 0.583 0.004 0.693 0.002
MCV (fL) 93.367 0.306 0.327 0.144
MCHC (g/dL) 330.000 0.000 0.000 0.000
Unit3
Hb (g/dL) 185.400 1.418 0.765 0.668
HCT (%) 0.568 0.006 0.970 0.003
MCV (fL) 87.433 0.006 0.006 0.003
MCHC (g/dL) 326.333 2.082 0.638 0.981
Unit4
Hb (g/dL) 198.967 1.501 0.754 0.708
HCT (%) 0.589 0.005 0.854 0.002
MCYV (fL) 91.200 0.100 0.110 0.047
MCHC (g/dL) 337.667 0.577 0.171 0.272
Unit5
Hb (g/dL) 173.767 1.950 1.122 0.919
HCT (%) 0.590 0.006 1.031 0.003
MCV (L) 63.633 0.058 0.091 0.027
MCHC (g/dL) 294.667 2.309 0.784 1.089
Unit6
Hb (g/dL) 181.733 0.702 0.386 0.331
HCT (%) 0.542 0.004 0.738 0.002
MCV (L) 96.900 0.200 0.206 0.094
MCHC (g/dL) 335.333 2.082 0.621 0.981
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Table 4-2 RBC Indices for Subpopulation Extremes

| Average | SD Cv SE
Y-RBC
Hb (g/dL) 161.900 3.158 1.950 1.488
HCT (%) 0.565 0.013 2.381 0.006
MCV (fL) 65.867 0.321 0.488 0.152
MCHC (g/dL) 286.667 3.215 1.121 1.515
Y-BioRBC
Hb (g/dL) 160.53 2.419 1.507 0.466
HCT (%) 0.55 0.008 1.408 0.004
MCV (fL) 66.53 0.058 0.087 0.011
MCHC (g/dL) 291.00 0.000 0.000 0.000
O-RBC
Hb (g/dL) 202.367 0.503 0.249 0.237
HCT (%) 0.577 0.005 0.800 0.002
MCV (fL) 87.167 0.231 0.265 0.109
MCHC (g/dL) 350.667 3.786 1.080 1.785
O-BioRBC
Hb (g/dL) 195.60 1.539 0.787 0.726
HCT (%) 0.56 0.003 0.448 0.001
MCYV (fL) 89.47 0.153 0.171 0.072
MCHC (g/dL) 348.67 2.082 0.597 0.981

186




Figure 4-1 Arrangement of Tubes and Placement of Radsure Stickers for

Irradiation

Figure 4-1: The figure demonstrated tube arrangement for irradiation with the suggested

placement of Radsure stickers.
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Figure 4-2 Hemolysis Levels Post-irradiation in Different RBC

Subpopulations
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Figure 4-2: The figure illustrates a significant increase in hemolysis levels post-irradiation
during hypothermic storage across all experimental groups (p<0.0001). Hemolysis
increases after 7 days post-irradiation, which was further intensified by day 14 post-
irradiation across all RBC subpopulations. Statistical significance denoted by *: p<<0.05,

*%:p<0.01, ***: p<0.001, and ****: p<0.0001.
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Figure 4-3 Comparative Hemolysis Levels in Young and Old RBC

Subpopulations
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Figure 4-3: This figure illustrates the varying levels of hemolysis observed across
different red blood cell subpopulations during hypothermic storage following irradiation.
O-RBCs consistently exhibited the highest hemolysis levels throughout the storage period,
followed by Y-RBCs, while U-RBCs showed the lowest hemolysis levels at each time
point post-irradiation. No significant differences between O-RBCs and Y-RBCs across all
observed time points (p=0.1410). Statistical significance denoted by *: p<0.05, **:
p<0.01, ***: p<0.001, and ****: p<0.0001.
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Figure 4-4 Correlation between Biotinylation and Hemolysis
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Figure 4-4: This figure depicts a positive correlation between biotin and hemolysis levels
in Y- and O-RBC subpopulations. Biotinylation accentuates hemolysis levels in both Y-
and O-RBCs (p=0.0101, p<0.0001), with O-BioRBCs exhibiting higher hemolysis levels
compared to Y-BioRBCs. Additionally, the impact of biotinylation on hemolysis level
appears to be more pronounced in O-RBCs than in Y-RBCs. Statistical significance

denoted by *: p<0.05, **: p<0.01, ***: p<0.001, and ****: p<0.0001.
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Figure 4-5 Comparison of Hemolysis Levels between Irradiated and

Non-irradiated RCCs
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Figure 4-5: This figure compares hemolysis levels between irradiated and non-irradiated
red blood cell units at various time points during hypothermic storage. Irradiated units
consistently demonstrate higher hemolysis levels compared to non-irradiated units at
every time point, with a more pronounced difference at day 14 post-irradiation
(p=0.0005). Statistical significance denoted by *: p<0.05, **: p<0.01, ***: p<0.001, and
Ak p<0.0001.
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Figure 4-6 Correlation Between RBC Senescence and Oxidative

Hemolysis
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Figure 4-6: The graph illustrates oxidative hemolysis levels among Y-RBC, O-RBC, and
U-RBC subpopulations. A significant positive correlation was observed between RBC
senescent level and oxidative hemolysis. O-RBCs consistently demonstrated higher levels
of oxidative hemolysis at all observed time points, followed by U-RBCs, while Y-RBCs
exhibited the lowest oxidative hemolysis levels (p<0.0001). Statistical significance

denoted by *: p<0.05, **: p<0.01, ***: p<0.001, and ****: p<0.0001.
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Figure 4-7 Impact of Irradiation on Oxidative Hemolysis Levels during

Hypothermic Storage
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Figure 4-7: The figure illustrates the impact of irradiation on oxidative hemolysis levels

across all testing time points. There is a significant increase in oxidative hemolysis by day

14 following irradiation across all red blood cell subpopulation groups (p=0.0188)
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Figure 4-8 Impact of Irradiation on Oxidative Hemolysis in RBC
Subpopulations
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Figure 4-8: The figure illustrates the impact of irradiation on the trend of oxidative
hemolysis in Y-RBC and O-RBC subpopulations during hypothermic storage. While
irradiation did not exacerbate the escalation of oxidative hemolysis in Y-RBCs (p
=0.2608), it contributed to an increasing trend in O-RBCs (p=0.0110). Statistical
significance denoted by *: p<0.05, **: p<0.01, ***: p<0.001, and ****: p<0.0001.
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Figure 4-9 Correlation Between Biotinylation and Oxidative Hemolysis

Levels in RBC Subpopulations
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Figure 4-9: The figure depicts the correlation between biotinylation and oxidative
hemolysis levels across RBC subpopulations. Specifically, the biotinylation process was
associated with an increase in oxidative hemolysis in O-RBCs (p=0.0269). Statistical

significance denoted by *: p<0.05, **: p<0.01, ***: p<0.001, and ****: p<0.0001.
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Figure 4-10 Comparison of Supernatant K™ Levels during Hypothermic

Storage after Irradiation
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Figure 4-10: The graph illustrates the comparison of supernatant K" levels across RBC
subpopulations during hypothermic storage following irradiation. A significant increase in
supernatant K" levels was observed across all RBC subpopulations during hypothermic

storage (p<0.0001). Statistical significance denoted by *: p<0.05, **: p<0.01, ***:
p<0.001, and ****: p<0.0001.
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Figure 4-11 Comparison of Supernatant K™ Levels Across RBC
Subpopulation After Irradiation
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Figure 4-11: The figure illustrates a comparison of K* levels between Y-RBCs, O-RBCs,
and U-RBCs during hypothermic storage after irradiation. U-RBCs exhibit the highest K*
levels consistently at all time points (p=0.0006). No significant differences were observed
between Y- and O-RBCs across all testing time points (p=0.9994). Statistical significance
denoted by *: p<0.05, **: p<0.01, ***: p<0.001, and ****: p<0.0001.
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Figure 4-12 Analysis of K™ Levels in Irradiated and Non-irradiated RBC

Subpopulations
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Figure 4-12: The figure illustrates the K" level in both irradiated and non-irradiated
subpopulations of RBC in 5 mL tubes. Significant correlations were observed between
irradiation and supernatant K" levels in Y-RBCs and U-RBCs (p<0.0001), while no
significant differences were found in K" levels between irradiated and non-irradiated O-
RBCs (p=0.0762). Statistical significance denoted by *: p<0.05, **: p<0.01, ***:
p<0.001, and ****: p<0.0001.
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Figure 4-13 Comparison of K™ Levels Between Irradiated and Non-

Irradiated RCCs
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Figure 4-13: The figure illustrates the comparison of K" levels between irradiated units
and non-irradiated unit across all testing time points. Non-irradiated unit demonstrated the
lowest K" levels compared to irradiated units across all testing time points (p<0.0001).
Statistical significance denoted by *: p<0.05, **: p<0.01, ***: p<0.001, and ****:
p<0.0001.
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Figure 4-14 Dynamic Changes in pS0 Values Across RBC

Subpopulations Following Irradiation
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Figure 4-14: Graph A depicts a significant reduction in p5S0 values across all RBC
subpopulations after irradiation during hypothermic storage (p<0.0001). Y-RBCs initially
exhibit the highest values, followed by a decline at day 7 post-irradiation. O-RBCs and U-
RBCs show lower baseline p50 levels, remaining constant after 7 days post-irradiation and
decreasing by day 14. The p50 values continued to decrease by day 14 across all
subpopulations. Figure B demonstrates the p50 value across RBC subpopulations. While
significant decreases in p50 values were observed in Y-RBCs between day 7 and day 14
post-irradiation (p=0.0065) and in U-RBCs from day 1 to day 14 (p=0.0224), no
significant differences were found in p50 values after irradiation during hypothermic
storage (p=0.8600). Statistical significance denoted by *: p<0.05, **: p<0.01, ***:
p<0.001, and ****: p<0.0001.
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pS0 (mmHg)

Figure 4-15 Comparison of pS0 Values Between Irradiated and Non-
Irradiated RBC Subpopulations
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Figure 4-15: The figure illustrates the comparison of p50 values between irradiated and
non-irradiated RBC subpopulations. No significant differences were observed in p50

value between irradiated and non-irradiated RBC subpopulations.
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Figure 4-16 Post-Irradiation Survival Dynamics of Different RBC
Subpopulations
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Figure 4-16: The figure illustrates the trends in post-irradiation survival dynamics of Y-
BioRBCs and O-BioRBCs during hypothermic storage. Y-BioRBCs exhibit a significant
decrease by day 14 (p<0.0001), whereas O-RBCs show no significant decrease over the
14-day storage period. No significant differences in survival are observed between the

RBC subpopulations following irradiation (p=0.5341).
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Chapter 5

General Discussion and Concluding Remarks
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5.1 Assessing the Impact of Manufacturing Methods on the Distribution of RBC

Subpopulations in Red Cell Concentrates

The effectiveness of RCCs in transfusion medicine is subject to various factors, including but not
limited to storage duration, manufacturing techniques, donor-related variables, and the proportion of
different RBC subpopulations within the RCC. Previous studies revealed that transfusion of RCCs
containing predominantly Y-RBCs prolongs post-transfusion survival, and the higher presence of
O-RBCs within the RCCs is associated with a higher level of storage hemolysis, accumulation of
side products of biological aging, and impaired oxygen delivery post-transfusion. (1,2) Previous
studies demonstrated that the post-transfusion survival of Y-RBCs is significantly greater than O-
RBCs, using a >'Cr labeling method (3,4), and the average transfusion requirement to sustain
hemoglobin levels among splenectomized thalassemia patients who exclusively receive Y-RBCs,
significantly decrease. (5) Hence, assessing the effectiveness of RCCs necessitates determining the
proportions of Y- and O-RBCs within them, as an increased presence of O-RBCs may degrade RCC
quality. (2) This thesis investigated the impact of pre-transfusion processing methods used in
transfusion medicine, including component manufacturing methods, cryopreservation, and
irradiation, on the distribution of RBC subpopulations with diverse biological ages. The various
steps involved in different manufacturing methods lead to the isolation of distinct subpopulations of
RBCs. Previous investigations have illuminated substantial disparities in the characteristics of
RBCs within an RCC resulting from various manufacturing methods. (6) The results of Chapter 2
align with previous research, emphasizing the significant influence of manufacturing methods on
the composition of RCCs. RCF-derived RCCs demonstrated lower HCT, Hb, RBC count, and
volume compared to WBF-derived RCCs. This phenomenon could potentially be explained by the
loss of RBCs associated with the buffy coat removal step, resulting in the loss of RBCs.

Moreover, the consistency of EMD across RCCs processed using different methods may be
attributed to the Gaussian distribution curve of RBC density, with EMD acting as a threshold
ensuring equal partitioning along the spectrum. Thus, while EMD remains consistent, the
composition of RBCs at each end of the spectrum may differ. Analysis of RBC subpopulation
distribution based on density revealed variations among units processed using different methods.
This finding may be related to donor-related factors, including donor sex, age, and donation

frequency. Remarkably, the sex of donors was found to be significantly associated with the
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distribution of RBCs, with RCC units from male donors containing denser RBCs compared to their

female counterparts. (7,8)

5.2 Comparative Analysis of Osmotic Characteristics and Post-Deglycerolization Survival

in Red Blood Cell Subpopulations

This thesis further elucidated significant correlations between RBC senescence level and
fluorescence intensity, with Y-RBCs exhibiting higher intensity attributed to lower cytoplasmic
hemoglobin concentration. Higher MCHC results in self-quenching of the hemoglobin auto-
fluorescence and decreased fluorescence intensity in O-RBCs. (9—12) Moreover, the equilibrium
fluorescence intensity of RBCs exhibited an inverse relationship with NaCl concentration across all
RBC subpopulations, peaking at 0.68% NaCl and reaching the lowest level at 3.5% NaCl, which
aligns with previous results from our team. (13) Stopped-flow experiments (Chapter 3) yielded
noteworthy insights into the membrane permeability of RBC subpopulations with O-RBCs
exhibiting the highest L, values, leading to a more rapid volume change in response to anisotonic
conditions compared to Y-RBCs. The distinctions in L, value between Y- and O-RBCs become
more prominent with the elevation of NaCl concentration at both temperatures. Additionally, during
deglycerolization, O-RBCs demonstrated a higher Py value compared to Y-RBCs, suggesting that
the O-RBC membrane allows for a faster rate of glycerol efflux. This suggests that RCCs with a
higher proportion of O-RBCs might undergo deglycerolization more efficiently due to the enhanced
glycerol efflux. This presents new opportunities for refining cryopreservation procedures by

considering the age distribution of RBCs within RCCs.

Additionally, Y-RBCs exhibited higher deformability and lower rigidity compared to O-
RBCs, indicating their greater ability to withstand shear stress under various anisotonic
conditions. The gradual decline in RBC deformability during biological aging is attributed to
membrane alterations, morphological shifts, and heightened cytoplasmic viscosity. (1,13,14) The
correlation between hemolysis and RBC senescence was consistent, with O-RBCs showing
elevated hemolysis. This extends to oxidative hemolysis, highlighting compromised antioxidant
systems in O-RBCs. In terms of osmotic hemolysis, O-RBCs exhibited the lowest levels,
indicating superior resistance to rupturing under osmotic stress. This could be attributed to their
higher L, value, which facilitates water transport across the cell membrane and results in faster

adaptation to osmotic changes.
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Following deglycerolization, the number of both Y- and O-BioRBCs decreased by day 14.
Surprisingly, despite the superior osmotic characteristics of Y-RBCs, no significant advantages
were observed in their post-deglycerolization survival compared to O-RBCs. This unexpected
outcome may be attributed to the high glycerol-slow cooling method, which favored the
preservation of O-RBCs. Additionally, the higher L, and Py values in O-RBCs facilitated the
movement of water and glycerol across the RBC membrane. Further investigations into the
effects of various glycerolization and deglycerolization methods on Y-RBCs and O-RBCs would
offer supplementary data regarding the influence of different levels of freezing and osmotic
stress caused by these methods on the survival of RBC subpopulations. This assessment would
evaluate their capacity to withstand such stresses induced by different methods. The reduced
glycerol concentration and faster freezing rate could exacerbate osmotic stress, potentially
leading to varying degrees of post-deglycerolization survival and functionality between Y-RBCs

and O-RBCs.

The biological aging of RBCs is associated with decreased ATP and 2,3-DPG levels, impairing
the function of ion pumps, antioxidant capacity, and oxygen affinity of RBCs. (1,4,15) Irradiation
disrupts cell hemostasis, membrane integrity, and cellular functionality (16), leading to gradual Hb
and K" leakage (17-20), posing risks of post-transfusion complications, particularly in vulnerable
patients. (21-23) Results in Chapter 4 demonstrated that hemolysis levels increased significantly in
both irradiated and non-irradiated RCCs during hypothermic storage, with irradiated RCCs
exhibiting higher levels of hemolysis at all testing time points. This difference became more
pronounced between irradiated and non-irradiated units by day 14 (p=0.0005). These results are
consistent with findings from previous studies. (19) Comparison of hemolysis levels between RBC
subpopulations showed that Y- and O-RBCs exhibited higher hemolysis levels compared to U-
RBCs across all testing time points. This finding can be attributed to mechanical and osmotic stress
induced by Percoll® separation, leading to membrane damage and subsequent hemoglobin leakage.
Previous studies have demonstrated that osmotic and mechanical manipulation of RBCs, including

centrifugation and saline washing, leads to enhanced hemolysis. (24,25)

The study found a positive correlation between oxidative hemolysis and RBC senescence
level, with O-RBCs consistently displaying higher levels of oxidative hemolysis compared to Y-
RBCs and U-RBCs. During the biological aging process of RBCs, the accumulation of ROS in
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O-RBC, coupled with their impaired antioxidant system (1,19,23,26,27), renders them more
susceptible to oxidative hemolysis induced by gamma-irradiation, while Y-RBCs demonstrate
greater resilience to oxidative stress following irradiation. This aligns with our results,
demonstrating that irradiation did not exacerbate the oxidative hemolysis level in Y-RBCs during
hypothermic storage; however, it did contribute to an increasing trend of oxidative hemolysis in

O-RBCs (p=0.0110).

The supernatant K" levels increased significantly in both irradiated and non-irradiated RCCs
during hypothermic storage, with irradiated RCCs exhibiting higher levels of supernatant K at
all testing time points. Irradiation was found to correlate with elevated supernatant K levels
across all RBC subpopulations. U-RBCs exhibited the highest supernatant K™ levels at each
testing time point, followed by O-RBCs, while Y-RBCs had the lowest levels. These results may
be attributed to the washing steps of the Percoll® separation method, which likely contribute to
lower K" levels in Y- and O-RBCs by reducing the concentration of supernatant K. (28-30)
(15,31) The correlation between irradiation and supernatant K* levels was significant in Y-RBCs
and U-RBCs, but not in O-RBCs, possibly due to differences in initial intracellular K*
concentrations. Further investigations are required to measure intracellular K levels in RBC
subpopulations. p50 values significantly decrease across all RBC subpopulations during
hypothermic storage post-irradiation (p<0.0001). This aligns with previous trials showing
compromised oxygen delivery capacity of RBCs after hypothermic storage following irradiation.
(32) This study revealed no significant differences in the p50 value in O-RBCs over the
hypothermic storage (p=0.8600). Comparing p50 values between irradiated and non-irradiated
RBC subpopulations demonstrated a decrease in p50 values regardless of irradiation, indicating

that hypothermic storage has a more pronounced effect on p50 levels than irradiation alone.

The investigation into post-irradiation survival revealed a decrease in the number of both Y-
and O-BioRBCs during hypothermic storage, with Y-BioRBCs showing a more pronounced
decrease by day 14. Despite initial observations suggesting potential advantages of Y-RBCs in
terms of lower K™ and hemoglobin leakage, lower oxidative hemolysis, and higher p50, our
study did not find significant advantages in survival of Y-RBCs compared to O-RBCs during
hypothermic storage post-irradiation. These outcomes might be influenced by the pooling and

splitting method, where units from different donors with unique characteristics are combined,
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potentially affecting the results. However, our validation with two additional units subjected to
the same study confirms that this factor did not impact the results. Despite this, the absence of
notable differences in RBC survival among subpopulations underscores the ongoing necessity

for comprehensive research to comprehend the intricate factors affecting RBC behavior post-

irradiation and during hypothermic storage.

5.4 Effects of Biotinylation on Red Blood Cell Properties

Biotinylation, a process used to label RBCs, has multifaceted effects on RBC properties.
Biotinylation was found to enhance the deformability in O-RBCs and reduce the rigidity. This
phenomenon can be attributed to the elevated L, value in O-RBCs, primarily linked to water
influx during the labeling and washing steps. This process leads to cytoplasm dilution,
potentially enhancing deformability indices. This is in agreement with Mohandas et al. findings
reporting a reverse correlation between the hemoglobin concentration and deformability of
RBCs. (33) Additionally, biotinylation further contributes to increased oxidative hemolysis in O-
RBCs, highlighting a potential lower antioxidant capacity in O-RBCs to overcome the oxidative
stress induced by biotinylation. Interestingly, the impact of biotinylation on hemolysis levels is

more pronounced in O-RBCs compared to Y-RBCs.

5.5 Conclusion

This thesis provides a comprehensive analysis of the density-based distribution of RBC
subpopulations using RCF and WBF processing methods. Although WBF-derived RCCs
exhibited higher levels of HCT, Hb, RBC counts, and volume, the distribution of Y- and O-
RBCs in RCCs was not significantly influenced by manufacturing methods, as evidenced by
consistent Y-to-O-RBC ratios across all units. This suggests that the centrifugation settings used
in these processing methods might not generate sufficient centrifugal force to establish a density-
based gradient of RBCs within the centrifuged bag. Moreover, observed variations in RBC
distribution within some RCCs are likely attributed to donor-related factors such as age and sex
rather than the manufacturing method itself. This donor-specific variation in the density-based
distribution of RBC subpopulations can significantly impact the outcomes of studies examining
the effects of different manufacturing processes on RBC subpopulations. These findings
underscore the critical importance of considering donor-related factors when assessing RCC

composition. The significance of this work lies in its potential to impact transfusion medicine by
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providing a deeper understanding of how manufacturing methods affect the distribution of RBC
subpopulations with varying biological ages. Future research should focus on tailoring the choice
of RCCs based on the donor's profile and the recipient's needs. For instance, transfusing Y-RBCs
might be beneficial for chronic blood recipients to reduce the frequency of transfusions and the

total amount of blood required.

Despite Y-RBCs having superior osmotic characteristics, these advantages did not result in
improved survival after deglycerolization. The use of a high glycerol/slow-cooling method may
have favored the preservation of O-RBCs instead. Alternatively, the higher water and solute
permeability of O-RBCs could facilitate osmotic adaptation and glycerol removal, potentially
enhancing their survival. Additionally, O-RBCs' lower osmotically inactive volume might enable
them to better regulate their volume in response to osmotic changes. The significant variations in
osmotic characteristics among RBC subpopulations lay the foundation for future research on
cryopreservation and post-transfusion survival. Emphasizing these differences highlights O-
RBCs as more suitable for deglycerolization due to their higher solute permeability. This
research underscores the importance of tailoring cryopreservation protocols based on the
distribution of these subpopulations within RCC units to maximize final product quality.
Furthermore, assessing the impact of different cryopreservation techniques on various RBC
subpopulations could provide additional insights into the effects of cryoprotectant concentration
and cooling rate on biologically aged RBC subpopulations. Biotinylation studies also offer
valuable insights into the cryopreservation of bio-labeled RBCs for tracing studies in humans,

potentially offering deeper insights into RBC lifespan and function post-transfusion.

Assessing the effects of gamma irradiation on various subpopulations of RBCs revealed that
hemolysis and supernatant increased in Y- and O-RBCs following irradiation, suggesting
comparable membrane damage. The impaired antioxidant capacity of O-RBCs leads to a more
pronounced increase in oxidative hemolysis post-gamma irradiation. This suggests that units
containing a higher proportion of O-RBCs may be less effective for oxygen delivery due to their
impaired ability to withstand oxidative stress after irradiation, leading to a higher affinity for
oxygen and reduced oxygenation capability. Moreover, irradiation studies have shown that Y-
RBCs exhibit higher potassium efflux. Therefore, for patients at risk of hyperkalemia, units with
a higher proportion of Y-RBCs might pose a risk.
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A primary limitation of this study lies in the inherent variability within the Gaussian-shaped
distribution of RBCs. The same density may represent Y-RBCs in one donor and O-RBCs in
another, complicating result comparison and interpretation. Moreover, the separation and biotin
labeling processes tend to eliminate the most vulnerable cells, biasing the sample towards the
strongest Y- and O-RBC populations. Consequently, the surviving cells may display enhanced
characteristics due to their resilience, rendering them non-representative of the average Y and O
cells within the original RCC. This selection bias emphasizes the importance of cautious

interpretation and necessitates methodologies that can mitigate these biases.

Furthermore, this thesis provides a foundational framework for future advancements in
strategically selecting RCCs based on donor-related factors and pre-transfusion manipulations
tailored to recipient clinical conditions and requirements. By advancing these methodologies, we

can ultimately pave the way for more effective and safer transfusion therapies.
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