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Abstract of the Dissertation
Erythrocyte Aggregation due to Surface Nanobubble Interactions
During the onset of Thermal Burn Injury
by
Harrison S. Seidner
Doctor of Philosophy
in
Biomedical Engineering
Stony Brook University

2016

Red Blood Cell (RBC) aggregation is an important hemorheological phenomenon
especially in microcirculation. In healthy individuals, RBCs are known to aggregate and
gravitate toward the faster flow in the center of vessels to increase their throughput for more
efficient oxygen delivery. Their aggregation is known to occur during a variety of
environmental, pathological, and physiological conditions and is reversible when aggregates are
subject to the relatively high shear forces in the circulation. The likelihood that aggregates will
monodisperse in flow is dependent on the conditions during which they form. In situations where
such aggregates are not sheared to monodispersion their presence can impact the perfusion of
microvascular networks. More specifically, aggregates subject to the low shear rates in the zone
of stasis near regions of thermal burn injury are capable of occluding vessels in the
microcirculation and inhibiting the delivery of oxygen and nutrients to tissue downstream. The

basic mechanism leading to erythrocyte aggregation at the onset of thermal injury is unknown.



This dissertation investigates parameters involved in erythrocyte aggregation, methods of
measuring and testing erythrocyte aggregation, and incorporates modeling based on first

principles ultimately to propose a mechanism of this phenomenon.
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Specific Aims

Aggregation of erythrocytes and formation of rouleaux in microcirculation is a dynamic
process involving many collective variables. Near regions of thermal injury, erythrocytes are
known to a form into characteristic structures known as rouleaux. Rouleau are face-to-face,
linear aggregates of RBCs. When multiple rouleau assemble into side-to-side, or side-to-face
orientations they form three dimensional, branching structures, termed rouleaux. Rouleaux are
capable of occluding blood vessels and blocking the flow of oxygen and nutrients to peripheral
tissue which can lead to progression of the zone stasis to necrosis. This phenomenon can to occur
during a variety of physiological, pathological and environmental conditions and is reversible.
Known factors involved with erythrocyte aggregation include, but are not limited to,
temperature, pH, percent hematocrit, hemoglobin oxygenation, membrane proteins, plasma
proteins, cytoskeletal proteins, viscosity, and shear force/rate. There are many methods of
measuring and influencing aggregation kinetics, however, there is a gap in knowledge
concerning the fundamental mechanism or mechanisms underlying their aggregation during
physiological and pathological conditions. The principle objective of this dissertation is to
assemble the basic knowledge that is essential for a complete understanding of the mechanism or
mechanisms involved with erythrocyte aggregation because it largely influences tissue perfusion
and blood flow behavior in the microcirculation. Specifically, this study is to determine the
contribution of various pathological plasma macromolecules to the pH and solubility of
dissolved oxygen in blood with respect to temperature. Oxyhemoglobin dissociation was
calculated in these environments and the relationship between gas solubility and dissociated
oxygen from hemoglobin allowed for the testing of the hypothesis that excess gas present in the

solution that is capable of forming bubbles. This provided a framework for a hypothesis aimed at



investigating the contribution of surface nanobubble interactions to thermally induced

erythrocyte aggregation.

Hypothesis 1: Interactions between surface nanobubbles on erythrocytes contribute to

erythrocyte aggregation during the onset of thermal injury.

Rationale 1: The development of a model of nanobubble formation and interactions will
provide insight into nanobubble dynamics that will help identify the key parameters that likely

influence bubble behavior on the erythrocyte membrane.

Specific Aim 1: To develop a theoretical model of thermally induced erythrocyte aggregation by

surface nanobubble interactions.

By integrating concepts and equations describing oxyhemoglobin dissociation, and
nanobubble formation from existing literature with empirically derived data from the
experiments below, an accurate theoretical model of surface nanobubble formation and

interactions can be developed.

Hypothesis 2: Blood plasma proteins and temperature contribute to dissolved oxygen

solubility and pH.

Rationale 2: It is known that gas solubility and bubble formation is influenced by temperature,
and solution composition. While these factors have already been well characterized, blood

contains too many proteins to allow for the hypothesis driven testing of individual proteins.

Specific Aim 2: To measure the contribution of plasma proteins and temperature to gas solubility

and pH.



SA 2.1: Dissolved O concentrations and pH of PBS and autologous plasma absence of RBCs

will be measured at temperatures ranging from 37-49°C.

SA 2.2: Dissolved O concentrations and pH of PBS in the absence of RBCs will be measured
with the addition of varied concentrations of plasma proteins including fibrinogen, and albumin,
corresponding to pathological and physiological conditions. Dissolved Oz and pH measurements

will be performed at temperatures from 37-49°C.

Hypothesis 3: Human Erythrocyte aggregation in PBS solution containing one of each
candidate plasma protein will be greatly reduced (or increased) in response to heating and

hemoglobin oxygenation state.

Rationale 3: The second specific aim will render information about the solubility of O, and pH
with regard to temperature and plasma proteins. Before ascribing gas dissolution as a
causality, erythrocyte aggregation in PBS with the addition of these proteins, and in plasma
must be evaluated in the presence (oxyhemoglobin) and absence (deoxyhemoglobin) of

dissolved oxygen.

Specific Aim 3: To measure the contribution of plasma proteins, hemoglobin oxygenation state

and temperature to erythrocyte aggregation.

Aggregation of erythrocytes at various hemoglobin oxygenation states in PBS solutions
containing one of the candidate plasma proteins, and in plasma will be tested and quantified at
each of the temperatures in the range of 37°C to 49°C. The results of the above experiments will

also be compared in the presence of DIDS-treated erythrocytes.



Background and Significance

Burn injuries are a common cause of injury and death in the United States and
worldwide. Approximately one million individuals seek medical attention for burns, one third of
which seek emergency care. While the vast majority of burn injuries do not require
hospitalization, severe burns can warrant surgical intervention, lead to potential morbidity, and
often require an elongated recovery process *°. In addition to accidental burn injuries, many
surgical procedures require cauterization to stop bleeding and can result in an increased risk of
infection!®. Another clinical treatment that causes thermal injury is cardiac ablation, over 50,000
procedures are performed each year in American and the rate of cardiac ablation procedures to
treat cardiac arrhythmias has increased by 15% each year since 1990 /. Thermal burns, both
accidental and interventional, have similar temperature gradients emanating from the burn center
including regions in the temperature range of 42°C to 45°C, and both undergo spatiotemporal

progression. Thermal burns in this temperature range is the clinical focus of this dissertation.

Thermal Burn Injury Progression

The extent of immediate tissue destruction from thermal trauma and the wound’s
spatiotemporal progression is directly related to temperature, burn area, and duration of
exposure. There exist three zones at the site of thermal injury that were first described in 1953 by
Jackson . Immediately following a thermal insult most tissue is lost as a result of heat
coagulation, this is the zone of irreversibly damage and is called the zone of coagulation.
Surrounding the zone of coagulation is a region of decreased perfusion, termed zone of stasis;
followed by a zone of hyperaemia. The latter two zones are considered to be at risk of becoming

necrotic, this is where thermally induced erythrocyte aggregation is likely to occur and increase



the risk of tissue necrosis. Erythrocyte aggregation in the zone of stasis impedes flow and causes

reduced perfusion of the zone of stasis resulting in subsequent tissue loss ** (Figure 1).

Zone of Coagulation \ Zone of Stasis / Zone of Hyperaemia
Healthy Blocked
Perfusion Flow

Restored Injury
Perfusion Progression

Figure 1: Three zones of thermal injury. Schematic representation of the three zones present at the site of thermal injury (top-

center). Blocked flow (top-right) can result in an increased zone of coagulation and injury progression (bottom right). Restored
perfusion (top-left) can resuscitate the zone of stasis and prevent injury progression (bottom-left). Figure adapted from Gunter?
and Jackson 4,

In a series of experiments by Moritz and Henriques, burn injury was studied with a goal
of characterizing the relative importance of time, and surface temperature dependent thresholds
in the causation of cutaneous burns of porcine skin. It was observed that second- and third-

degree burns resulted from prolonged exposure to temperatures greater than 44 °C, and

momentary exposure to temperatures greater than 60 °C 8. In their studies erythrocyte



aggregation was observed in tissues subject to first-degree burns and in tissue where the

temperature ranged from 42 to 45 °C, the peak temperature range of the zone of stasis 8.

Erythrocyte aggregation in the zone of stasis is reversible for the first four hours post-
burn. In a study by Clark et al., a porcine model was used to study coagulation in periburn tissue
19, 1t was observed that coagulation occurred between 1 and 4 hours postburn °. Such
coagulation is known to result in tissue death in the subsequent 24 to 72 hours, thus it is
postulated that intervention within the first 4 hours postburn is necessary to limit the effects of
burn injury progression 141%20. A future clinical treatment that would reduce aggregation
immediately after the onset of thermal injury would reduce coagulation in the zone of stasis,

prevent necrosis, and thereby prevent expansion of the inflammatory region.

Erythrocyte Rheology

Blood is a suspension comprised of plasma with proteins, blood cells, and platelets. Red
blood cells are the most abundant cell type in blood with a hematocrit ranging from 30-55%
(systemic hematocrit) of whole blood and are involved in the transport of respiratory gasses
between peripheral tissue and lungs. There are approximately 20x more RBCs than platelets and
1000x more RBCs than white blood cells in our blood. Blood cells and platelets cause the fluid

to be non-Newtonian, exhibiting viscosity changes with applied shear stress .

In microcirculation, erythrocytes, erythrocyte aggregates, and larger cell types gravitate
toward the center of the vessel where they travel faster than the plasma near the vessel wall 2.
This phenomena is thought to enhance RBC throughput in circulation in order to improve
oxygen delivery. Interestingly, athletic mammalian species have been shown to exhibit a larger

degree of erythrocyte aggregation (that is, in the absence of fibrin) which is likely an



evolutionary advantage & 22, Such two-phase flow is described by the Fahraeus effect (Equation

1) 2.
Equation 1: :—T = Hp + (1 — Hp) * (1 + 1.7e704150 — 0,6~ 0-011D)
D

where Hr represents tube hematocrit, Hp represents discharge hematocrit (i.e. systemic
hematocrit), and D represents vessel diameter. The Fahraeus effect explains the heterogeneity

and low hematocrit found in microcirculation. The Fahraeus-Lindquist effect explains the

variation in apparent viscosity with respect to Hp and D (Equation 2) with ( Equation 3) 2L,
; . e~fp-a -1 -1.42D —0.035D
Equation 2 nyerative = 1 + YT * (110e + 3 —3.45¢ )

Equation 3:  a = 4/[1 + e~ 0593x(D=674)]

From Equation 2 and Equation 3, it is clear that the relative viscosity increases exponentially
with hematocrit for large diameter vessels (D>15um) but for smaller diameter vessels (D<5um)
viscosity increases mostly linearly with respect to hematocrit. While investigating erythrocyte
aggregation in the microcirculation, it is important to consider the center-seeking behavior of
aggregates and the physiological tube hematocrit that would exist in the vessel of a given
diameter. This phenomenon is advantageous for oxygen delivery when considering larger vessels

but can lead to a blockage of flow when the aggregates reach the microcirculation.

Viscosity and Fluid Shear

Blood viscosity is largely dependent on RBC aggregation, and temperature. Aggregation
occurs mostly in post-capillary venules where shear stress is low 2324, The extent of aggregation
is a limited by the negative surface charge of erythrocytes and flow-induced shear stresses. The

viscosity, measured with a pressure-scanning capillary viscometer, of whole blood and plasma
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largely depends on shear rate and temperature. For instance, at a shear rate of 10 s, the plasma
viscosity decreased from 2.3mPa*s to 1.65mPa*s (a reduction of 28.3%) when the temperature

increased from 4°C to 37 °C (Figure 2) %,

The viscosity of blood and its -

constituents have been shown to change i w

as a function of temperature. The ) | ,\,\N\f

; Whole blood viscosity (n)

]
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apparent viscosity of human plasma 8 F i — : ' 2 E=ionh

§ [ 1 7 T n (v = 1000 s7)
decreased from 3.2mPa*s to 1.7mPa*s @ 5 Y| © Plasma viscosity ()
with a temperature change from 4°C to (% ? o)

0.001 = L L
37°C (Figure 2), a reduction of 48% 11, 0 0 = & "
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while the apparent Viscosity of whole Figure 2: Blood viscosity versus temperature and shear rate. Blood

component (whole blood versus plasma) viscosity changes as a
. . function of temperature. Viscosity plotted for various shear rates.
human blood 45% hematocrit with Figure from 1%,

EDTA and without WBCs also decreased with increased temperature 1. It is important to
consider that Nrelative = Napparent/Mplasma  Where Nplasma = 1.3CP at 37°C. An observed decrease of the
Nplasma caused by increased temperature would show a decreased napparent , hOWeVer, this apparent
decrease in viscosity may be a result of the annular cell free layer (plasma), whereas the central
portion of flow comprised of the RBC aggregates may actually have a higher viscosity that will

have been unnoticed. A decrease in plasma viscosity would likely increase the probability of




RBCs colliding through Brownian motion thus increasing their likelihood of aggregating. Of

course, the ability of the aggregates to remain intact is dependent on the fluid shear stress.

Threshold Shear Stress (TSS), the product of threshold shear rate and the corresponding

whole blood viscosity is measured with LORCA 25 e
20 f W Css
and is a measure of aggregative strength. Critical g A TSS[Neumann et al. (1987))
215t
. 8
Shear Stress (CSS) is the threshold shear stress 2 g0}
5
required to keep red cell aggregates dispersed in a T
. . 0 0 A A A
channel flow system and is determined through a 0 10 20 30 40
Temperature (°C)
simple microfluidic aggregometer with Figure 3: Threshold Shear Stress and Critical Shear

Stress versus temperature. A comparison of the

. Threshold Shear Stress (TSS) determined through
simultaneous measurements of the pressure and the | LORCA and Critical Shear Stress (CSS) measured
directly through a microfluidic aggregometer as a
function of temperature. Figure from 1%,

optical density. TSS and CSS decrease with

increased temperature from 4°C to 30°C. At temperatures higher than 30°C, both CSS and TSS
begin to increase. In Figure 3 the TSS obtained from a previous study is plotted as well for
comparison . The adhesive force between RBCs in buffered solution at room temperature is
28.8+8.9 pN “. Based on the results in Figure 3, at this temperature a shear stress of 1.1 Pa would

be required to separate them.



Erythrocyte Structure and Composition

The RBC is shaped like a biconcave disk shape which makes it such that they have large
surface area for the exchange of Carbon Dioxide and Oxygen. In humans their average
dimensions (Figure 4) are as follows: Diameter = 7.8um, Maximum thickness = 2.6um,
Minimum thickness = 0.8um, with a volume of ~90
fL and ~136 pum? surface area. * The protein
hemoglobin is responsible for transporting most of

the oxygen found in blood. The concentration of

hemoglobin inside human erythrocytes is 330 g/L and 7.8 um

v

P
«

it has been empirically determined that hemoglobin Figure 4: Average dimensions of human

) ) erythrocyte. Diameter=7.8um, Maximum
has the capacity to bind 1.34 mL O per gram of thickness=2.6um, Minimum thickness=0.8um,
with a volume of ~90 fL and ~136 um? surface
area Figure adapted from L.

hemoglobin 2,

The erythroid membrane is comprised of a lipid bilayer (40%) with globular proteins
(52%) embedded within that can move about the plane of the membrane giving the lipid bilayer
similar characteristics to a viscous fluid X 2°. On the extracellular side of the membrane,
carbohydrate residues (8% of the membrane) on glycoproteins and glycolipids form a ~0.5 pum
thick glycocalyx that mediates interactions between the cell and its environment 226, The
membrane also shows elastic properties because the spectrin cytoskeleton is fixed to proteins on
the intracellular side of the membrane by ankyrin ! (Figure 5). The viscoelastic nature of the

erythrocyte membrane resulting from spectrin-membrane interactions allows for the flexibility

10



and deformability required for these cells to withstand high shear forces as they pass through

vessels that are sometimes smaller than themselves %7,

Carbohydrate
Extracellular side Residues

oo/ (R (CLCE O (C (1
siaver \ T\ ‘J ),

Band 3

Band

Intracellular side

Spectrin Network Ankyrin

Figure 5: Schematic representation of the erythrocyte membrane. Spectrin, on the intracellular side, acts as a
cytoskeleton. Proteins within the lipid bilayer interact with spectrin on the intracellular side. Carbohydrate
residues on the extracellular side form the glycocalyx. Figure adapted from 1°

The interactions between spectrin and integral membrane proteins, namely Band 3 and
glycophorin C (GYPC), are mediated by intracellular peripheral membrane proteins known as

ankyrin, Band 4.2 (palladin) and Band 4.11% 28, These interactions regulate the erythrocyte shape.

GYPC is a 36.5 kDa transmembrane protein. It comprises less than 1% of the total
erythrocyte membrane proteins having 0.5 to 1 x10° copies per cell ?°. Together with the three
other varieties of glycophorins in the RBC membrane glycophorins still comprise less than 2% of
the total erythrocyte membrane proteins. Despite the low concentration of glycophorins on the
erythroid membrane, 60% of the RBC’s negative charge can be attributed to the high sialic acid
content on their extracellular domains. For this reason, glycophorins are thought to play a major

role in modulating RBC-RBC interactions .

Band 3 is a 90-100 kDa transmembrane protein. It comprises approximately 30% of the

total erythrocyte membrane proteins, having about a million copies per cell 3. Band 3 functions
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as a structural protein as well as an anion exchanger of bicarbonate for chloride, 1:1, across the
erythrocyte membrane. The erythroid structural component of band 3 relies on band 3’s lateral
and rotational mobility on the membrane, and ability to oligomerize, both of which are known to
be temperature dependent 2. Hyperthermic conditions have been shown to cause heterogeneous
distributions of band 3 throughout the erythrocyte membrane, thus changing the erythrocyte

structure through the interactions of band 3’s cytoplasmic domains with spectrin.

Membrane Deformation
While investigating the aggregation of erythrocytes during hyperthermia, it is important
to consider the morphological transformations that occur as a function of temperature. It has
been shown that structural changes of RBC membranes occur as a result of heat treatment.
Spectrin undergoes a series of conformational changes in the range of 21-72°C, with the largest
temperature dependence occurring in
the range 35-49°C before denaturing at
49.5°C after which these changes

become irreversible 3% 33, This happens

in addition to oligimerization of Band

Figure 6: Arrangements of inter-membrane particles on erythrocyte

. . membrane. Aggregation if IMPs on RBC membrane form of: left)
3inthe temp range 46-49°C which large protein-free, lipid areas that are typical of a spectrin-free
vesicle, and right) continuous network resembling the spectrin

increases Band 3’s lateral and rotatory | network. Figure from

mobility 2. These phenomena lead to alterations in the cell membrane which has shown to
increase micro-viscosity of the membrane and may induce vesiculation 2. IMP (Inter-Membrane
Particles) can aggregate and redistribute within the lipid membrane leaving large, protein-free,
lipid areas (Figure 6 left) 12, or they can aggregate to form a continuous networks having a

similar morphology to that of the membrane skeletal network (Figure 6 right) 2. Membrane
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proteins’ rotatory and lateral mobility on membrane are limited by the spectrin-actin membrane-
skeleton. Changes in the behavior of Band 3 are likely a result of changes in spectrin-Band 3,
and spectrin-GYPC interactions. Hyperthermia induced IMP aggregation in the form of a
continuous geometry that looks similar to that of a mesh-like cytoskeletal spectrin network

indicates that there is a strengthening of membrane protein affinity with spectrin molecules.

A study by Stefanovic et al. showed the involvement of hemoglobin oxygenation with the
affinity of ankyrin to Band 3 34. Deoxygenation of hemoglobin resulted in displacement of

ankyrin from Band 3, and subsequent release of spectrin from the erythrocyte membrane.

In a study by Van Dort et al., it was observed that following the removal of ankyrin, Band
3 oligomers slowly converted to dimers and ultimately monomers. In the reverse procedure, the
addition of excess ankyrin to membranes enriched with dissociated Band 3 resulted in the
preferred tetrameric form of Band 3. With the addition of a well characterized Band 3 inhibitor,
known as 4, 4’-Diisothiocyano-2, 2’-stilbenedisulfonic acid (DIDS), their study showed a shift of
most Band 3 to a dimeric state and an elimination of the majority of ankyrin-binding sites on the
membrane 28, DIDS inhibits chloride channels by interacting with band 3 on the extracellular
surface of the erythrocyte membrane %. The loss of ankyrin binding sites resulting from DIDS
treatment likely changes the extracellular side of the erythrocyte membrane thus providing a
strong basis for the investigation of DIDS as a mediator of erythrocyte membrane deformation

and aggregation.
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There are notable differences in the
membrane shape of human umbilical RBCs, at
46°C (Figure 7 left) and 20% hematocrit with

Heparin in PBS and 2.5% Glutaraldehyde (1:1),

Compared to that of rat RBCs under the same Figure 7: Membrane deformation of human and rat

o ] ] ] erythrocytes. Differences in deformation between:
conditions (Figure 7 right)!2. It is proposed that the left) Human umbilical cord RBCs at 46°C Right)
Rat RBCs at 46°C. Figure from 2,

differences in membrane surface morphology
between species are causes by differences in protein composition, and spectrin-membrane

protein interaction.

Thermally induced erythrocyte membrane deformation are caused by conformational
changes of spectrin and its interactions with transmembrane proteins Band 3 and GYPC. For
example, ankyrin, Band 4.2 (palladin) and Band 4.1 are primarily responsible for mediating the
interaction of spectrin and Band 3. In the absence of palladin, as for horses, it is postulated that
spectrin could be linked directly to Band 3. In this case, a conformational change of spectrin
would directly translate to a deformation of the membrane. This phenomena is likely responsible

for differences in temperature dependent RBC morphology between species.
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Erythrocyte membrane proteins comparison between species

Concentrations of erythrocyte membrane proteins of various mammalian species were
determined using polyacrylamide (12% acrylamide) gel electrophoresis then compared to human
concentrations . Significant differences in concentration of membrane proteins were observed
between species. Bands 1 and 2 (spectrins): lower in non-human species, and was significantly
lower in horses. Bands 2.1-2.3: significantly lower in rabbit and rat, slightly lower in mouse,

significantly higher in sheep. Band 3 (the anion exchanger): higher molecular weight (100kDa)

Table 1: Erythrocyte Membrane Protein Composition of Various Species Compared to Human
*Represents significant difference (p<.05), symbols indicate difference from human. Adapted from 36 37
Membrane Protein Horse Cow Sheep Rabbit Rat Guinea Pig Mouse
Bands 1,2 (Spectrins) * N% J N2 N NZ N2
Bands2.1-2.3 T = ™ $* $v* = N2
Band 3 (Anion T* NS % ™ N2 N2 N2
Exchanger)
Band 4.1 ™ = = = P N =
Band 4.2 (Palladin) X = = = J* = =

in cow, guinea pig and mouse: lower molecular weight (90kDa) in sheep, significantly lower
concentration in sheep, significantly higher concentration in horse, and rabbit. Band 4.1:
significantly higher in rat, slightly higher in horse, and guinea pig *. Band 4.2 (palladin): higher
concentration in human than rat, missing in horse *’. Band 4.5: significantly higher in horse and
rat. Band 4.9 (dematin): significantly higher in horse, rabbit and guinea pig. Band

6 (glyceraldehyde 3-phosphate dehydrogenase): undetectable in horse, rat and mouse,
significantly lower in sheep, rabbit, and guinea pig. Band 7: significantly higher in mouse. Band
8: undetectable in horse, cow and guinea pig, significantly higher concentration in rat 3. These

differences between species in concentrations of membrane, proteins, specifically Bands 1
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through 4.2 (Table 1), may contribute to the differences observed in membrane morphology
between species and is important to consider while choosing an animal model of human

erythrocyte aggregation.

RBC membrane deformation is important in rouleaux formation to provide parallel
alignment between adjacent RBCs. Deformability is a function of surface area/volume ratio,
membrane viscoelasticity, internal viscosity of the cell, shear rate, and hematocrit. Cells with low
surface area to volume ratios are more rigid and less likely to aggregate *. An increased surface
area to volume ratio is thought to increase the available area for cell-cell interactions to occur,
thus increasing aggregation. The interaction between Band 3 and spectrin greatly influences the
morphology of the erythrocyte membrane and presents a strong basis for investigating the

contributions to aggregation of the mediators of Band 3-spectrin bridging.

Erythrocyte Aggregation

Erythrocyte aggregation the process of erythrocytes forming three dimensional clusters of
linear erythrocyte aggregates, known as rouleaux. The process is reversible and has various
indices capable of being measured by several instruments and techniques. Aggregation indices
and kinetics are characteristic of the erythrocyte suspension under investigation, specifically the

properties and composition of the cells and medium in which they are suspended.

A commonly used tool in measuring hemorheological parameters including aggregation
behavior and deformability of red blood cells is Laser —assisted Optical Rotational Cell Analyzer
(LORCA). LORCA relies on syllectometry (backscattering of a laser versus time) in order to
measure both static and kinetic parameters in the aggregation process. The LORCA system

consists of a Couette-system of two concentric cylinders with a gap of .3mm in which 1mL of
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blood is placed. The outer cylinder rotates at varying speeds while the laser for syllectometry, a
photodiode sensor, and a temperature control unit are located in the fixed inner cylinder. This
tool is capable of measuring the extent of RBC aggregation, rates of aggregation, aggregation
index, threshold shear rate, aggregation tendency, and aggregate stability 3. RBC aggregation
index (Al) is a conventional parameter that is used to quantify aggregation of RBCs and is based
on the increase of light transmission through an RBC suspension that occurs when individual
cells aggregate; when there are gaps between the aggregates, more light can pass through the
suspension and a greater Al is measured. Furthermore, the aggregation index is extenuated in

flow by cell-free area caused by the Fahraeus effect.

The magnitude of these aggregation indices vary with conditions involving, but not
limited to, temperature, shear stress, shear rate, plasma proteins, membrane proteins, skeletal

proteins, hematocrit percentage, and species from which the RBCs were harvested.

Species Dependence

Aggregation kinetics differ between species which indicates that the mechanisms
involved with erythrocyte aggregation likely involve the proteins that erythrocytes are comprised
of or plasma proteins. This means that it is important to consider which species to use as a model

for human erythrocyte aggregation. There are significant differences in aggregation between

horse, human and rat. Horse RBCs with 40% hematocrit in autologous plasma aggregates 18x
more than rat, and ~10x more than human RBCs in autologous plasma at 25 °C 7. Another study
showed a significant difference in RBC adhesive forces and aggregation indexes between horse,
sheep and calf with 40% hematocrit in autologous plasma with EDTA and at 37°C 3%, They

showed that horse RBC aggregation was 16% more than human, sheep RBC aggregation was
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60% less than human, calf RBC aggregation was 63% less than human, and pig RBC
aggregation showed no significant difference in aggregation when compared to human. They
also showed that the adhesive forces between pig RBCs were not significantly different than that
of human, the adhesive forces between horse RBCs were too strong to be measured with their
instrument but were at least 600% stronger than that of human, the adhesive forces between
sheep RBCs are 75% weaker than that of human, and that the adhesive forces between calf RBCs
are 77% stronger than that of human . To eliminate the effects of species dependence on

aggregation, this research will focus on human erythrocytes.

Temperature Dependence
Studies have shown that erythrocyte aggregation to be enhanced by elevated temperature
making this parameter of particular interest in studies of RBC aggregation in thermal injury. It

has been shown that in whole human blood without WBCs with a 45% hematocrit with

Ethylenediaminetetraacetic acid anticoagulant (EDTA) | Table 2: Aggregation index of human
erythrocytes. Aggregation Index of

in autologous plasma 1, when the temperature was erythrocytes (45% hematocrit) with
EDTA in PBS at various temperatures

(table adapted from 2°)

changed from 4°C to 37 °C, the aggregation index
Temperature (°C) | Aggregation Index (%0)

increases 32% 1. In a similar study, human RBCs in 20 55
whole blood with EDTA and 45% hematocrit, human 25 58
30 61
RBCs showed a 16% increase in their aggregation
37 61+1.9
index with an increase in temperature from 20°C to 0 o

40°C (Table 2) *°. In addition to an increase in the
aggregation index, when the temperature was changed from 4°C to 37°C there was also an
observed change in aggregation rate (T12), a three-fold increase in aggregation rate was observed

in human RBCS (45% hematocrit) in autologous plasma without WBCs . There is an apparent
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correlation between temperature and erythrocyte aggregation in some suspensions more than

others, however, the causation remains unclear.

Plasma Proteins
Pathological stresses and conditions including, but not limited to, thermal injury,
diabetes, sepsis, thrombosis, myocardial infarction, renal failure, and microcirculatory diseases

have a tendency to increase the concentration of various plasma proteins “°.

A key study by Levin et al. sought to investigate the role of plasma and erythrocyte
factors in change of aggregation in burn disease. Through a series of experiments in which

erythrocyte aggregation was measured when blood

1.0
plasma from burn patients was added to erythrocytes 08} J
cluster size
. ost * ! 4
from healthy donors and vice versa *1. It was observed ° 2
oaf 4 3 |
x v 4
that erythrocytes, when suspended in burn patient gall.®_6 &"f —4 ]
. : : . ,_*-’f'//é A
plasma, showed a sharp increase in aggregation i Mo, KN 1
0 1 2 3 % &8 @8
compared to reduced aggregation of those suspended in concentration Fibrinogen (mg/mi)
] ) Figure 8: Aggregate size versus
plasma from a healthy donor. The differences in fibrinogen concentration. Statistical
distribution of RBC aggregates of
] different sizes at various concentrations
aggregation found between the plasma from healthy and of fibrinogen. Figure from &.

burn patient donors were the same whether or not the plasma was autologous . This indicates
that the cause of aggregation in burn disease is related primarily to changes in the constituents
and properties of the plasma. During inflammation the concentration of fibrinogen is known to
increase from its normal value of 1.8-4.0 mg/mL 8. Fibrinogen concentration is elevated 20% by

obesity 2, and even more so during pathological

19



conditions including cardiac disease and sepsis 8. Following severe thermal injury, fibrinogen
concentration has been shown to increase up to 5.54 mg/mL from a healthy concentration of 2.93

mg/mL L. Fibrinogen is a large, soluble glycoprotein synthesized in the liver by hepatocytes that

is involved with the formation of clots after it is Table 3: Concentration of fibrinogen
versus interaction energy between RBCs
converted by thrombin to fibrin which is insoluble. | (table adapted from )
Fibrinogen (mg/mL) | Interaction Energy (uJ/m?)
It has been shown that an increased concentration — —
of fibrinogen increases aggregation between 0.9 19
washed RBCs with EDTA in PBS at 45% 15 2.1
o ) 2.4 2.9
hematocrit (Figure 8) 8. Increased concentration of
33 3.25
fibrinogen is also known to increase the interaction = =
energy between washed RBCs with EDTA in PBS 54 46
at 45% hematocrit and was measured using single 6:5 4.9
_ ) 8.0 6.6
cell force spectroscopy (interaction energy = area

under the curve) (Table 3) 8.

Immunoglobulins (Igs) are also known to affect the aggregation of RBCs. It is thought
that positively charged immunoglobulins in high concentration are capable of forming
electrostatic bonds with RBCs and cause increased aggregation. Immunoglobulins are antibodies
used by the immune system to identify antigens and constitute 30% (by concentration) of the
total plasma proteins with the exception of fibrinogen. Of the immunoglobulins in plasma, 99%
of itis Ig G, Ig A, and Ig M. Their concentration, similarly to fibrinogen, is increased during
pathological stresses. A normal concentration of Immunoglobulin A is 1.4-4.2 g/L. A normal

concentration of Immunoglobulin G is 8.0-17.0 g/L. A normal concentration of Immunoglobulin
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M is 0.5-1.8 g/L. When any of these Ig concentrations are raised above their normal values,

RBCs are more likely to 30 ] T .
30
- 7 1
aggregate (Figure 9) ’. ;.525_ 3 27 . /‘/:
E— c ]
S s #7 / j
Albumin is a plasma 8- Saq 4 -
> & 1
. g’ o 184 =
protein that helps transport < tH ]
15+ 15+ » .
. T T T T 1 i T T T N T T
small molecules in the blood 10 20 30 40 5 6 10 20 30 4 50
Concentration of Ig G (g%) Concentration of Ig A (g%)
and maintains oncotic pressure. Figure 9: Aggregation index of erythrocytes treated with

immunoglobulins. Aggregation index plotted versus percent
concentration of Immunoglobulin G (Left) and Immunoglobulin A

A normal albumin concentration | gisno. Figure from .

is 34.0 -54.0 g/L. Thermal injury has been shown to decrease the albumin concentration in blood
to as low as 20.0 g/L, this is likely a cause of edema 3. Unlike most other plasma proteins,
increased albumin concentration has resulted in contradicting results. Some studies have shown
it to result in a decreases of erythrocyte aggregation “°, while others have shown its contribution
to hyperaggregation. The opposing results of albumin’s contribution to aggregation indicate that
there is coexisting factor in plasma that interacts plasma proteins to yield such results. One of the
principle functions of blood is to deliver oxygen via oxy-hemoglobin dissociation in the
microcirculation. Thus, the oxygenation state of hemoglobin becomes of particular interest in the

study of aggregation.

Hemoglobin: Oxygenation and Concentration

It has been shown that the hemoglobin oxygenation level of an erythrocyte solution has a
significant effect on aggregation parameters with respect to the extent of aggregation and its rate,
however, the mechanism is unknown 44, Erythrocyte aggregation in oxygenated blood samples
aggregate faster, but to a lesser extent than deoxygenated blood #° . Interestingly, the oxygenation

status of the blood samples only contributed to aggregation measurements made using a specific
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instrument (LORCA, Mechatronics, The Netherlands *°) but not with others. This is likely due to
the technical differences between LORCA and other systems, LORCA is based on backscattered
light (670nm) while most other systems are based on light transmission. The LORCA system,
however, showed only small differences in aggregation, compared to other systems, as a function
of temperature possibly because it requires that the sample be heated to the test temperature
before aggregation measurements can be taken. This method could potentially be missing the
aggregation that may result from the changes in oxygen solubility in plasma, and affinity to
hemoglobin with respect to temperature change (See “Proposed Model: Surface Nanobubble

Coalescence” section).

The in-vivo age of erythrocytes has been shown to have an effect on aggregation®.
Erythrocytes typically live for about 120 days before they are removed from the circulation®’.
During their aging process they are known to display an increase in density and cytoplasmic
hemoglobin concentration. Using high speed centrifugation the cells can be age-separated based
on their densities*®. The aggregation indices of the lowest density cells (top 10% of packed
RBCs) was lower than that of the highest density cells (bottom 10% of packed RBCs) when
suspended in 3% dextran 70 kDa “¢. These findings are consistent with earlier findings that
indicated ~100% difference in aggregation between old and young cells suspended in autologous
plasma %% 4%, The increased aggregability of old cells can likely be attributed to their greater
capacity to carry oxygen. These studies provide a strong basis for investigating dissolved oxygen

solubility and hemoglobin oxygenation states as potential mediators of aggregation.

Models of Erythrocyte Aggregation
The mechanism of erythrocyte aggregation has yet to be fully characterized and has

become a popular research subject. The multitude of factors and conditions that have been shown
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to influence aggregation have given rise to two fundamentally different, and mutually exclusive

models to explain the phenomenon; the bridging model, and the depletion layer model.

Bridging Model

The Bridging model suggests that plasma
proteins and macromolecules are non-specifically
absorbed into and onto the RBC membrane and

form a “bridge” between two adjacent cells

(Figure 10). Aggregation will occur when bridging Figure 10: Bridging model of erythrocyte

aggregation: schematic representation of

forces between cells exceed the forces that inhibit m;lﬁrqmolgcular bridging leading to intracellular
aanesion. .

aggregation such as shear, electrostatic repulsion, and membrane strain % 3. Most studies of
erythrocyte aggregation test the contribution of protein bridging, hence, this is likely the most

widely accepted model 4 & 46,

Depletion Model
The Depletion model suggests that aggregation occurs when the concentration of a

polymer or protein near the RBC surface is less than ' K\./" .
v/

the concentration of the bulk fluid; this is thought to ‘

cause an osmotic gradient that draws fluid away

i\
. . 7 \
from the region between cells thus causing ® x Oy ®
aggregation. In this system, a “depletion layer” Figure 11: Depletion model of erythrocyte

aggregation: Schematic representation of depletion
. . layer in a RBC and plasma protein system.
surrounds the RBC and the thickness of this layer Depletion layer surrounding cells (white). When
two adjacent depletion layers overlap, a volume
(dark blue) is expelled to become available for

equals the radius of the protein in solution. When plasma proteins with diameter d (green). *

two depletion layers overlap, an additional free volume force is present for the proteins which
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leads to an effective osmotic pressure that results in an attractive force between two adjacent

cells (Figure 11) 4.

Proposed Model: Surface Nanobubble Coalescence
The specific aims of this dissertation are aimed at investigating our proposed model that
challenges the fundamental mechanisms of the two widely accepted mechanisms of erythrocyte

aggregation, the “bridging model” and the “depletion model”. In this model, we suggest that an

Oxy-Hemoglobin Deoxy-Hemoglobin 37°C Arterial 45°C Arterial
] Blood Blood
)
0, / Hemoglobin-
Molecule Hemoglobin- Bound
s Bound Oxygen
8 Oxygen

Dissolved
CO2

Figure 12: Formation of gas bubbles from excess blood gas.
Increased temperature of arterial blood causes Oxy-
hemoglobin dissociation (Left) while decreasing the dissolved
gas solubility (Right). For a temperature change of arterial
blood (30% HCT) from 37°C to 45°C, arrows indicate relative

changes of hemoglobin oxygenation and dissolved gasses. Besalbes Dissolved
CcO2 N2
increase in temperature and reduction of pH causes :
Dissolved
oxygen to dissociate from hemoglobin (Figure 12 02
left) while simultaneously causing a reduction in Gas
_ Bubbles
solubility of dissolved gas in plasma (Figure 12 Dissolved CO2, N2,
N2 02

right). The pH of a given solution and the solubility

of dissolved gas for a given temperature is a function Dissolved
02

of plasma protein composition and concentration.

When the amount of dissociated oxygen surpasses the solubility of the solution, there becomes
an excess volume of oxygen gas. The excess volume of gas resulting from the sum of the

dissociated oxygen from hemoglobin, and dissoluted gas species from the change in solubility
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subsequently form nanobubbles on the thermally deformed erythrocyte membranes, treating the
troughs of the membrane as bubble nucleation sites. Nanobubbles on the membranes of adjacent

erythrocytes are attracted to each other and coalesce drawing the erythrocytes together (Figure

13).
RBC at 37°C Thermally Inducedl Gas Bubble Iformgtlon Gas Bubble Coalescence
Membrane Deformation on Nucleation Sites
Stabilizing
protein
Spectrin Trans- Bubble
cytoskeleton membrane nucleation

protein S Oxyhemoglobin dissociation

Figure 13: Thermally induced nanobubble formation and coalescence. Left to Right. Schematic of erythrocyte membrane.
Thermally induced membrane deformation forms potential bubble nucleation sites on membrane surface (second image
shows exaggerated membrane deformation not to be confused with crenation). Temperature induced dissociation of oxygen
from hemoglobin, and reduction of gas solubility. Gas nanobubble formation on membrane surface. Surface nanobubble
coalescence and aggregation of erythrocytes. Gas bubble coalescence stabilizing an aggregate of erythrocytes. The
schematic representation shown here is not drawn to scale.

Oxyhemoglobin Dissociation

Hemoglobin oxygen saturation percent (SO.) is a function of the partial pressure of

. H P 13
oxygen (PO) (Table 4), this Table 4: Partial Pressures of gasses in blood phases (mmHg)

curve is called the oxygen Gas Species Arterial Blood Mixed Venous Blood
saturation curve or the oM 100 0
oxygen dissociation curve

PCO2 40 46
and is expressed by Hill’s

PN. 573 573

equation (Equation 4):

- _ _(POa/Pso)"
Equation4: 50, = 0 5

Where Pso represents the partial pressure of oxygen (in mmHg) such that 50% of hemoglobin is

bound to oxygen, and n is the hills coefficient (n = 2.7 for humans) . The oxygen dissociation
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Hemoglobin Oxygen Dissociation Curves
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Figure 14: Shifts in the oxygen dissociation curves due to changes in temperature and pH. Oxygen dissociation curve
plotted versus POz compared between changes of temperature (left) and pH (right). Based on equations from 513,

curve is known to shift to the right with increases in temperature, [H*] (decreased pH), PCO»,

and 2,3 diphosphoglycerate (2,3 DPG) concentration (Figure 14). 2, 3 DPG is produced within

the RBC as a glycolytic intermediate that influences the affinity of hemoglobin for oxygen. In

venous blood, increased bicarbonate and carbonic acid corresponds to increased COzand [H*].

The decrease in pH causes a decrease in [2, 3 DPG] thus making oxyhemoglobin dissociation

more likely to occur in venous blood (pH 7.35) than arterial (pH 7.4). In the case of thermal

injury, pathological concentrations of plasma proteins may influence the blood pH by acting as

either sources or absorbers of hydrogen ions; this would in turn affect oxyhemoglobin affinity.

Dissociation curves for various temperatures (T), and pH for man can be computed from the

normal SO> curve by multiplying the Pso value by a factor for temperature (fr) (Equation 5) and

pH (fo+) (Equation 6): 5%

Equation 5: fT — 100.024 * (T — 37)

Equation 6:  fpy = 10-048 * (PH — 7.4)
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The total volume of oxygen (mL/L) bound to hemoglobin (Hb) in blood can be calculated

from the hematocrit (HCT), oxygen binding capacity (Crb) of hemoglobin (Cnp = 1.34 mL

Dissociated 02 Dissociated 02
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Figure 15: Dissociated oxygen curves for changes of temperature and pH. Calculated volume of Oz dissociated from human

hemoglobin (30%HCT) due to change in temperature from 37°C to a target temperature(left) and change in pH from 7.4 to a
target pH (right).

O2/gram Hb for humans), and hemoglobin concentration of a single erythrocyte ([Hb]rec)

([Hb]rec = 33 g/L for humans)®® (Equation 7).

Equatlon 7 [OZ]Bound = SOZ * HCT * [Hb]RBC * CHb

When the temperature of a blood solution is increased, the oxygen dissociation curve is
shifted rightward resulting in the dissociation of bound oxygen from hemoglobin. By subtracting
the So2 at various temperatures from the SOz at 37°C, one can calculate the volume of bound O>
that was released from hemoglobin as the temperature increased from 37°C (Figure 15 left). By
subtracting the SO- at various pH from the SO> at pH 7.4, one can calculate the volume of bound
O2 that was released from hemoglobin as the pH changed from pH 7.4 (Figure 15 right). The
combined effects of temperature change, and pH changed from 37 °C and pH 7.4, respectively,

on oxyhemoglobin dissociation in venous and arterial blood are shown in Figure 16.
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Figure 16: Dissociated oxygen verses Temperature and pH for arterial and mixed venous blood. Calculated volume of O2
dissociated from human hemoglobin (30%HCT) as a function of temperature and pH for arterial (A) (PO2=100 mmHg) and
mixed venous blood (V) (PO2=40 mmHg).

The results of the model indicates that the largest volume of oxygen is dissociated from
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hemoglobin when the PO is 32 mmHg for the temperature increase from 37°C to 45°C, and
when the PO> is 38 mmHg for the temperature increase from 37°C to 53°C. The POz in human
arterial blood is 100 mmHg, and 40 mmHg in mixed venous blood. Interestingly, this suggests
that more oxygen is dissociated from hemoglobin in mixed venous blood than in arterial blood.
If, at these temperatures, the volume of oxygen dissociated from hemoglobin surpasses the
solubility of oxygen in the plasma, bubbles will form. This may be an explanation for why
erythrocyte aggregation would be more likely to occur in veins than arteries. The solubility of
gas in solution is known to be temperature dependent, however, plasma proteins likely influence

it as well.

Temperature Dependence of Henry’s Law
The solubility of a given gas is a function of temperature as described by Henry’s Law

(Equation 8) °L.

. oy (—C(2-5)
Equation 8:  kypo(T) = kypc(T%)e T\ 76

Where ky, ,,.(T)is Henry’s constant at some Temperature, k H,pC(Tg) is Henry’s constant at body
temperature (310.15K), and C is the heat capacity of a given gas in water (Cy, = 1700, Ccop =
2400, Cy, = 1300). The heat capacity of a given gas in blood has yet to be determined, this gap
in knowledge will be addressed in Specific Aim 2. For the purpose of the model, the heat
capacity of blood was assumed to be the same as that of water. The Henry’s constant of each gas
were calculated for temperatures ranging from 37°C to 53°C. For arterial and mixed venous
blood phases, the concentration of each gas (mL/L) was then calculated at all temperatures by
dividing their partial pressure by Henry’s constant'®. With an increase in temperature the amount

of dissolved gas for all gas species decreased, in other words, gas is dissoluted as temperature is
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increased. The dissoluted volume of gas is calculated by subtracting the dissolved gas volume at
37°C (Table 4) from that at a given temperature. This instantaneous dissolution of gas occurs
with a simultaneous oxyhemoglobin dissociation and can cause more than 10 mL/L of total gas

to be forced from solution (Figure 17). This gas cannot easily escape into the atmosphere so it

Arterial Mixed Venous
20~
— Dfssolmed 0, Art - - -Dissoluted O, Ven -
A g:iz:::: Soi:ﬁ . - - - Dissoluted CO, Ven j’ﬁ
: : 5 ’ - - - Dissoluted N, Ven -
Dissociated O2 Art /"/ Dissociated o2 Ven - o
ol — & - Sum of Dissociated and Dissoluted Gas o 15+ | — ® —~Sum of Dissociated and Dissoluted Gas /,'.’

@ @ 3
T T T

S
T

A Concentration (mL/L)
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36 38 40 42 4 46 48 50 52 54 36 38 40 42 a4 46 48 50 52 54

Temperature (°C) Temperature (°C)

Figure 17: Dissociated and dissoluted gas versus temperature in arterial and venous blood. Volume of Oz, CO2, and N2 gas
dissoluted and O: dissociated from hemoglobin as a function of temperature for arterial and mixed venous blood.

must form bubbles on blood components. Being that hemoglobin is contained within the RBC,
when oxyhemoglobin dissociation occurs the released oxygen is already located near or around
the RBC and is unable to diffuse into the plasma because of the decreased solubility caused by

elevated temperature.

Dissolved CO; accounts for a small fraction of blood CO> transport °2. Carbonic
anhydrase is only within the RBC, and does not catalyze the reaction of CO2 to bicarbonate in
the plasma. CO2 must diffuse into the RBC to be converted to bicarbonate before it is exchanged
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with chloride by band 3 back into the plasma, on a one-for-one basis, by a process known as the
chloride shift >3, Most CO- is carried in the blood as bicarbonate and, in normal blood, is
converted from CO; to bicarbonate at a rate of 200 mL/minute °2. The fast conversion of CO>to
bicarbonate by carbonic anhydrase makes it such that CO: likely contributes less to the sum of
dissoluted gas in Figure 17 than does Oz. These combined effects make it likely that oxygen is

the main component of nanobubbles on the surface of the RBC membrane.

Nanobubble Model

In the case of erythrocytes, the nucleation sites in which the nanobubbles form are
dependent on the shape of the membrane (see membrane deformation section). The sizes and
behavior of such nanobubbles are dependent upon the volume of oxygen dissociated from
hemoglobin, and the ability of the solution to dissolve this oxygen along with other gasses.
Membrane deformation, gas solubility,

bubble contact angle, and oxyhemoglobin

dissociation all provide possible explanations
for our observed differences in erythrocyte

aggregation between species.

Surface nanobubbles are known to

Figure 18: Schematic representation of vapor
nanobubble. Vapor (v, white) in liquid (I, red) supported
by solid material (s, grey) Ro, Rc, and 0 represent base
radius, radius of curvature, and contact angle,

surface. Nanobubbles have geometries respectively. Figure adapted from *

nucleate and persist on imperfections of a

described by their base radius (Rb), radius of curvature (Rc), and contact angle (0) (Figure 18).
As described in the “Membrane Deformation’ section, intermembrane proteins, namely Band 3,
tend to aggregate on the surface of erythrocytes in a formation resembling the spectrin skeletal

network!2, This aggregation is a function of temperature for some species. The divots that form
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between aggregates of Band 3 on the extracellular membrane surface have a radius of ~100nm.
Assuming a bubble base radius to be similar to that of the divots described above, and with
knowledge of the surface area of a whole erythrocyte, simple geometry allows for an estimation
of the number of bubble nucleation sites per cell, and subsequently in an erythrocyte solution

with respect to the hematocrit and bubble

radius .With an erythrocyte surface area of i
136 um? and assumed a bubble base radius’
of 25nm, 50nm, 100nm, and 150nm each
6
erythrocyte would have 6.9264410°, T—
1.7316510°, 4.3290x10°, 1.9240,10° potential pnd B_IOOd R.
Constituents
bubble nucleation sites, respectively. The
total number of nucleation sites on cells in 1

one liter of erythrocyte solution can then be

AP 0
calculated as a function of hematocrit for a «

v »
given base radius for erythrocytes each
having a volume of 90 fL (Figure 20).

The dynamics and behavior of surface -

(]

nanobubbles depends on the interplay

Figure 19: Flow-diagram representation of variables that
impact nanobubble dynamics and behavior. Ry is base

between various variables that are radius, Reis radius of curvature, y is surface tension, AP
is the pressure difference between the bubble and
Characterlstic Of the unique properties Of the atmosphere, 0 is contact angle, and Ho is the maximum

coexistence separation between two bubbles.

liquid in which the cells are suspended, and

the surface of the erythrocyte. Figure 19 shows a flow chart of the relationship between these
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variables some of which are displayed schematically in Figure 18. Using trigonometry the

bubbles radius of curvature (R¢) can be calculated as (Equation 9):

Rp
sin 8

Equation9: R, =

where Ry is base radius, and 0 is contact angle 2.

Sum of Nucleation Sites on cells v. Hematocrit v. Base Radius
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Figure 20: Sum of potential bubble nucleation sites on erythrocytes versus hematocrit and bubble base radius.
Number of nucleation sites in one liter of erythrocyte solution as a function of hematocrit (0% -100%) for bubbles of
base radius’ of 25 nm, 50 nm, 100 nm, and 150 nm.

According to the Young-Laplace equation, the excess pressure inside a free (non-
supported) gas bubble (AP) with respect to the pressure of the liquid surrounding it is calculated

as (Equation 10);

Equation 10: AP = Z—Y
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Internal Bubble Pressure vs. Contact Angle for varied surface tensions (gamma)
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Figure 21: Internal bubble pressure as a function of contact angle. Plotted for surface tensions ranging from
0.03 to 0.08 N/m.

where y (gamma) is surface tension at the liquid-vapor interface °* (Figure 21).

Surface tension at the liquid-vapor interface, for most fluids, is known to decrease with
increased temperature. For blood serum from healthy human donors this relationship has been

empirically described as (Equation 11):

Equation 11:  ¥Ypi00d serum = — 0.3676T + 66.072
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where T is temperature ° (Figure 22).

Surface Tension vs. Temperature
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Figure 22: Temperature dependence of liquid-vapor surface tension

When a nanobubble of blood serum. Calculated from Equation 11. °

becomes attached to a solid surface, there is a reduction of pressure within the bubble. This
makes their attachment to a surface energetically favorable. Compared to the excess pressure
(APsree) Within a free bubble, the excess pressure (AP) within a supported bubble is smaller and

the ratio is given by the relation below 2 (Equation 12)(Figure 24);

AP

Equation 12: =[f(6)]Y3

APfree'

with (Equation 13) (Figure 23);

Equation 13:  f(0) = %(1 + cos ) + i (cos B sin(6)?)
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From the calculations of excess Internal Pressure vs. Contact Angle

ra

pressure within a bubble it is found that the o
— 18
£
total pressure within a bubble (P;) is St
R
described by Equation 14; £ -l
?—E 14
Equation 14: P; = P, + AP 213
5 12}
where P, is atmospheric pressure, and AP M
1CP ZID 4ID E:D B.D 11;!0 1iO ‘Illiﬂ ‘JéD 180
is the pressure difference between the Contact Angle (°)

Figure 23: Internal bubble pressure versus contact angle.

supported bubble and atmosphere >4, It is Sigmoidal relationship between the ratio between internal

important to notice that in the case of non-

bubble pressure of a supported bubble and a free bubble as a
function of contact angle. Calculated from Equation 13. 2

wetting (8 = 180°), the bubble becomes a thin film on a surface and does not have excess

Internal Pressure (atm)

Internal Bubble Pressure vs. Contact Angle for varied surface tensions (gamma)

3
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Figure 24: Internal bubble pressure as a function of contact angle and surface tension. Plotted for surface
tensions ranging from 0.03 to 0.08 N/m including compensation with Equation 13.
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pressure. In the opposite extreme of total-wetting (6 = 0%), the bubble is has the same excess

pressure as its free counterpart 2.

Bubbles coalescence occurs as a result of a long-range attractive forces that exist between

bubbles. To this end, empirical and computational models of bubble-bubble interactions have
Separation (nm)

become the subject of many research groups. In a study 0 50 100 150 200
by Parker et al., surface forces between glass surfaces % 0 | -
were measured as a function of temperature. As N

temperature is increased from 22 to 41°C, the range of 27 ‘:
the attraction force between the surfaces in water 27

increased (Figure 25) . After the system was allowed to ]

cool back to room temperature (middle curve), the

Figure 25: Long-range attractive forces
strength of the attractive interaction did not immediately between nanobubbles versus temperature
and distance. Forces measured between
surfaces in water for two temperatures
return back to its value at room temperature before (indicated by arrows) as a function of
separation distance (indicated by arrows).
Middle curve represents the measured

heating. The failure of the attractive force to return to its force after apparatus was allowed to ool
to room temperature from 41 °C. Figure
value before heating suggests that if the measured forces from °.

are a result of coalesced bubbles as it was hypothesised, that these bubbles are persistant. To test
the effects of surface tension on the attraction and adhesion forces between the surfaces the
experimental procedure was repeated for NaCl solutions with the addition of varied
concentrations of ethanol. NaCl, increased the liquid-vapor surface tension and increased the
range, strength, and adhesion forces between the surfaces. The addition of ethanol, reduced the
liquid-vapor surface tension and decreased such parameters 6. These results corroborate that the
increase in attractive force with increased temperature may be a result of surface bubble

interactions as gas de-dissolves from the solution, and is a function of surface tension ©.
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Small nanobubbles have higher inner pressures than larger nanobubbles. It has been

shown that when two nanobubbles coalesce, the inner pressure of the coalesced bubble is

significantly less than the inner pressures of the bubbles from which it formed (Table 5). This is

in addition to the

significant increase in

volume of the

coalesced bubble after

coalescence

indicating that bubble coalescence is energetically favorable >.

Table 5: Bubble properties before and after coalescence. Bubble
dimensions, inner pressure and volume. Measurements before and after
bubbles 1 and 2 coalesced to form a third bubble. Table adapted from **.

Bubble | Height (nm) | Base Radius (nm) | Pressure (atm) | Volume (x106 nm?3)
1 72.4 574 1.58 37.7
2 28.6 279 2.02 3.5
Coalesced 96.4 821 1.40 102.8

There is an abundance of oxygen in blood and a notable temperature-, and PO,-

dependence of its dissociation from hemoglobin, and dissolution out of blood plasma. Furthered

by the increased tendency of oxygen to dissociate from hemoglobin in blood with PO2 and pH

typical of venous blood, there is a strong basis for the investigation of oxygen solubility and

partial pressure as mediators of erythrocyte aggregation. The results of this model indicate that

venous blood provides a more favorable environment for erythrocyte aggregation than arterial

blood.
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Experimental Materials and Methods

Blood Acquisition, Preservation, and Storage

All experiments were performed under the oversight of, and in compliance with the
guidelines established by Stony Brook University’s Institutional Animal Care and Use
Committee (IACUC) through a tissue sharing program. Whole blood from healthy mammalian
species (pigs, sheep, mice, and rats) was drawn via cardiac puncture or venipuncture and
collected into vacutainers containing EDTA as an anticoagulant. Whole blood collected via
venipuncture, with the addition of disodium-EDTA, from healthy human volunteers was
purchased commercially (Bioreclamation IVT, Westbury NY). Erythrocytes were separated from
other blood constituents via centrifugation. Platelet poor plasma (PPP) was aspirated following
the first centrifugation and stored separately for use in experiments that required erythrocytes
suspended in autologous plasma. Erythrocytes were then washed three times by resuspension in
PBS (Sigma), centrifugation (The Drucker Co.) at 3369 rpm for five minutes, and aspiration of

the supernatant.

All specimens were washed three times daily and maintained at 4°C for one week, at
most, or until signs of cell lysing were noticed. Following each centrifugation, the color of the
supernatant was recorded as one of the following; clear, slightly cranberry, or cranberry. The
color of the supernatant served as an indication of cell viability. A clear supernatant after the
third washing cycle indicated the absence of lysed cells, while a cranberry color indicated free
hemoglobin in the supernatant from lysed cells. If the supernatant was cranberry colored after the

third centrifugation, the cells were discarded.
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Erythrocyte Suspensions and Treatments

Erythrocyte suspensions of known hematocrits were made prior to each experiment by
adding prescribed volumes of packed erythrocytes to a known volume of prepared solution.
Solutions containing dextrans of molecular weight 500 kDa (Fluka BioChemika), and 110 kDa
(Sigma), bovine serum albumin (BSA) (Sigma Aldrich), human serum albumin(Millipore),
human plasma fibrinogen (MilliPore), were prepared in PBS. It has been reported that
erythrocyte aggregate sizes are similar in dextran 500 kDa to that of normal, autologous plasma
and the intensity of such aggregation is dependent upon the polymer molecular size and
concentration %' %8, Suspensions were also made in autologous platelet poor plasma (PPP), and

PBS (Sigma). All specimens were used within one hour of preparation.

Erythrocytes were incubated with purchased rabbit polyclonal antibodies (Abcam) to
Band 3 and Glycophorin C (GYPC) with human reactivity. For non-specific binding, anti-avps
(Chemicon International) was purchased. To prevent repeated freeze-thaw cycles between trials,
anti-Band 3 and anti-GYPC were aliquoted and stored at -20 °C. Anti-avfB3 was stored at 4 °C as
suggested by the manufacturer. Anti-Band 3, and anti-avfB3 were stored at a concentration of 1
mg/mL in PBS, and anti-GYPC was stored at 1 mg/mL in PBS buffer with 50% glycerol.
Erythrocytes were treated with DIDS (Sigma), stored at 4 °C. Erythrocytes were also fixed with

glutaraldehyde, stored at -20 °C.

Erythrocyte treatments, to allow for specific or non-specific binding to occur, were
performed by incubating and stirring 50% hematocrit solutions in PBS for 15 minutes at 37 °C
with the concentrations of antibodies recommended by their manufacturer, and previous
literature °°. For treatments with anti-Band 3, anti-GYPC, and anti-ayBs erythrocytes were
incubated in concentrations of 5.0 pg/mL, 6.25 pg/mL, and 10.0 pug/mL, respectively. Anti-band
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3 binding was validated by flow cytometry at room temperature and 37 °C. Erythrocytes were
treated with DIDS, in a concentration of 0.1 mg/mL, using the same procedure as for antibody

treatments. Erythrocytes were fixed by
Gas

/
incubating, and stirring 10% hematocrit ‘ /
solutions in 0.05% glutaraldehyde in PBS for >
10 minutes at 37 °C.
Cellsin
|b . f h | . Equilibrati Vacutainer®
quilibration o
Equilibration of erythrocyte solutions lullbrati 37°C
(20% HCT) was performed in a sealed, and
temperature-controlled equilibration chamber
schematically represented in Figure 26. The Figure 26: Equilibration of erythrocyte solutions.

Schematic representation of erythrocyte solution in a
temperature-controlled equilibration chamber.

equilibration chamber allowed for testing of

particular hemoglobin oxygenation states [
(Figure 27) and was constructed from an
enclosed water jacket heated to 37 °C by warm

water pumped within its walls. Compressed gas . 0% 5% 10% 0, 100% O,

was mixed to a prescribed partial pressure of Figure 27: Image of erythrocyte suspensions
equilibrated with 0, 5, 10, and 100% oxygen (left to
. . ) . right). Image of 20% HCT in fibrinogen 2 mg/mL with
oxygen in residual nitrogen (Extra Dry, Airgas, DIDS inhibitor.

LLC) and connected to the chamber where a continuous gas stream was passed through the

interior of the chamber. Erythrocyte suspensions were allowed to equilibrate with the controlled
atmosphere inside the equilibration chamber for 15 minutes before each experiment. Continuous
stirring (Fisher Scientific Thermix 120S) of the erythrocyte solution at 200 rpm with a magnetic

stir bar expedited the equilibration process.
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Dissolved Oxygen and pH Measurement

Measurements of pH and dissolved oxygen were performed for 2mL test solution
samples in glass test tubes. Test solutions were made by serial dilutions with PBS then heated for
15 minutes using a dry bath incubator (Fisher Scientific) to a prescribed temperature of 37°C,
41°C, 45°C, or 49°C. For each test solution, while being heated, a pH measurement was made
with a pH electrode (VWR Scientific) followed by a dissolved oxygen measurement performed
using a modified Winkler’s method for small sample volumes %% 51, All purchased reagent
solutions (Hach, Inc.) were prepared as per standard methods (Method No. 4500-O-C) ®* and

used within one day of preparation.

The dissolved oxygen measurement procedure was performed as follows: 1mL mineral
oil (Walgreen, Co.) was added to the top of the incubating 2 mL test sample to avoid contact
between air and the sample limiting atmospheric oxygen diffusion into the sample during the
dissolved measurement 2. Next, 20 uL. MnSO4 was introduced into the sample below the
mineral oil layer, followed by a similar addition of 20 uL alkali-iodide-azide. In the presence of
oxygen, a manganese hydroxide precipitate (orange/brown) formed immediately after the
additions and was complete within 3 minutes . Afterwards, 0.2 mL of concentrated sulfamic
acid was added to the manganese hydroxide precipitate below the mineral oil layer, dissolving it
within 3 minutes and forming yellow iodine solution, in proportion to the oxygen concentration
below the mineral oil layer. Exactly 1 mL of the yellow iodine solution was extracted from
below the mineral oil layer and transferred into a beaker. The 1 mL of iodine solution in the
beaker was diluted to 10 mL by adding de-ionized water to improve the resolution and ease of
the titration measurement. By adding de-ionized water to the iodine solution, the iodine was only

diluted, the concentration of iodine in the solution remained unchanged. 1 mL of 0.025 M
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sodium thiosulfate solution was also diluted to 10 mL with the addition of de-ionized water, also
to improve the resolution and ease of the titration measurement. Next, 1-2 drops of starch
indicator solution was added to the iodine solution and a blue color appeared. Finally the iodine-
starch solution was titrated with the diluted sodium thiosulfate solution until the color changed
from a dark blue to a colorless end point. 0.1 mL of this titrant corresponds to 2 mg/L of DO in

the original sample.

In-Vitro Aggregation Models
Temperature-Controlled Heated Stage

A series of aggregation experiments was conducted in the absence of flow to evaluate the
effects of temperature on aggregation, the contribution of macromolecules to erythrocyte

aggregation and the intrinsic species dependence. These experiments were enabled by the

EE TestTemp
mm 37°C N

M variable Temp Cellson slide Coverslip 2-3mm
—— . A

i o Y
2-3mm Coverslip

—

Figure 28: Schematic representation of heating stage and temperature control system. Constructed to allow for a quick
change of temperature in the heating stage by switching flow from a 37°C pump to a test temperature pump (Left). Slide
with channels (depth = 160 um) (Right).

construction of an apparatus such that simultaneous heating and imaging of erythrocytes could

be performed as described below (Figure 28).
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Channels of fixed depth (160 um) were created between two cover slips by affixing
double-sided carbon tape strips (Electron Microscopy Sciences) between the pair of cover slips
(Corning, Inc.)(Borosilicate glass, 0.17 mm thick). The tape precisely spaced the coverslips 160
pm apart (Figure 28 right). Each slide contained six channels with dimensions 3-5 mm wide and
20-25mm long, each capable of accommodating 9.6-20 pL blood samples. Before constructing
the channels these coverslips were washed, for a minimum of 12 hours, with 1 M sodium
hydroxide to minimize cell-slide interactions ®3. Blood samples were introduced to each channel

at one end and were allowed to wick into them until full.

The absence of flow in this model allowed for the sedimentation of RBCs to the bottom
of the channels, this sedimentation allowed a given hematocrit to appear much higher after
settling than before. To account for this apparent increase of hematocrit caused by settling a 2-
dimensional approximation of hematocrit, termed “monolayer hematocrit”, was introduced that

displayed hematocrit as % cells by area instead of % cells by volume (Figure 29).

Settled into
Monolayer

Channel
Height

Figure 29: Sedimentation of erythrocyte into monolayer. Erythrocyte suspension in channel before (left) and after (right)
settling into a monolayer.

The actual hematocrit of a sample that is required for a desired monolayer hematocrit was

approximated using Equation 15 ;

RBC height

Equation 15:  Actual HCT = Monolayer HCT * ——————
Channel Height

44



where the channel height is 160 pum and the RBC height is 2 pm. Thus, to achieve 5, 10, 20, and
30% monolayer HCT, solutions having actual hematocrits of 0.0625, 0.125, 0.25, and 0.375%,

respectively, were used.

These channels were heated using a hot water circulation system (Figure 28) which we
have constructed to emulate the rapid change of temperature that blood is subject to during
thermal injury while allowing for the observation of a given sample before (37 °C), during, and
after heating. This heating system allows us to quickly (< 3 seconds) and precisely (£0.3°C)
change the temperature of the system. In short, two hot water pumps (VWR Scientific) each heat
a 5 gallon water reservoir from which water is pumped and circulated through a glass walled
heating stage on which the channels containing the samples are placed. One of the pumps is set

to 37 °C and the other is changed to the required test temperature for each trial.

The glass walled heating stage used in these experiments was constructed from 1.0 mm
thick borosilicate glass microscope slides (Fisher Scientific) spaced 0.5 cm apart with glass

tubing, and similar glass tubing serving as the inflow and outflow

47°C
(Figure 28). The heating stage was sealed with two-part epoxy. 45°C
43°C
The optically transparent glass from which it was constructed - 41°C

allowed for trans-illumination and also quickly conducted heat

37°C
Figure 30: Thermochromic

. . . film. Left-Top) Magnified
experiments, the temperature of the water inside the heating stage image (ZOOX)pgf thegrmochmmic

film heated to 41°C. Left-

was monitored with an electronic thermometer (Fisher Scientific) Z%té?(;‘“gf“t"haeﬂggﬁrm%eﬁlm

heated to 38°C. Right)

inserted in the heating stage and was confirmed outside (next to Thermochromic film
calibration scale.

the channels) with thermochromic film (Edmund Optics) (Figure 30). The heat profile and

from the water within to the cells in the channels. Throughout the

heating time shown experimentally by the thermochromic film on the heating stage confirmed
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that the high flow rate and conduction of heat through the glass layers was sufficient to and

uniformly heat our samples.

While thermochromic film proved to be a good measure of the temperature at the top
surface of the heating stage, the plastic film and liquid crystals from which it is composed are
likely to have different heat conduction properties than that of blood surrounded by glass. In
order to ensure that the temperature measured with thermochromic film is the same as
temperature of the cells of interest, a calculation of the time required for heat transfer was
necessary. This was estimated using the one-dimensional form of Fourier’s Law of Conduction

(Equation 16);
Equation 16: g, = —k‘;—i

where g, represents the local heat flux density (W-m™), k is the material conductivity (W - m™-
K1), x is the position within a material (m), and T is temperature (K). When the above equation
is integrated from the bottom surface to the top surface of a homogeneous material at a constant

temperature, the heat flow rate is calculated as (Equation 17);

ion17: 22 — _pa 4T
Equation 17: il kAAx
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where A4 is the cross sectional surface area (m?), AQ = gA is the amount of heat transferred (W),
AT is the temperature difference between the top and bottom surface (m), Ax is the thickness of

the material (m), and At is the total time required for heat transfer from bottom to top.

®
o

Cell solution'
)

o0

Glass Slide

-" Heating Stage

Glass Slide

Figure 31: Heat transfer schematic. Heat transfer through each layer from the heating stage to the erythrocytes in solution.
Ax represents the thickness of each layer (m), k represents the material conductivity (W-mK2), and AT represents the
difference in temperature between the top and bottom of each layer (Kelvin). The fixed values represented in the figure are
as follows; Ax1 = Ax3 = 1.0x107, Ax2= 1.7x10* M, ko = k1 = k3 = K borosilicate glass= 1.2 W-m™-K'X. Values for AT depend on the
prescribed test temperature.

In the case of heat transfer from our heating chamber to the cells of which it is heating,
each layer that the heat will pass through must be calculated separately. A schematic
representation of heat transfer through the system is shown in Figure 31. The time required to
heat the cells is equal to the sum of the heating times required for the top of the heating chamber
(At,, borosilicate glass slide, kg, Ax,), the bottom of channel (At;, borosilicate glass
coverslip, k4, Ax,), and the cell solution (At,, PBS, k,, Ax,). Based on these equations, the time

required to heat cells from 37°C to 45°C is 2.57 seconds.
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Aggregation of Stationary Erythrocytes: Dynamic Heating

In the stationary, dynamic heating experimental group we incubated erythrocytes
suspended in PBS at 37 °C before adding them to a slide, also at 37 °C, where they were allowed
to settle before rapidly increasing their temperature to a test temperature (stationary dynamic
heating) with our temperature control system (see Figure 28) while images were acquired.
Erythrocytes from species including pig, rat, sheep, and mouse were suspended in PBS with
hematocrits ranging from 5.0% to 20.0% tested at temperatures in the range of 35-49 °C after
equilibration with room gas. As a control experiment, the test temperature was set to 37 °C. An
image was taken at a rate of 1Hz for a period of 150 seconds. The stationary nature of this
system enabled us to test the hypothesis that, upon a rapid temperature change, there exists a
long-ranged attractive force between neighboring erythrocyte membranes that differs between

species.

Aggregation of Settling Erythrocytes: Static Hyperthermia

In the settling, static hyperthermia experimental model, erythrocytes from pigs, mice, and
rats were suspended in PBS with added macromolecules of various concentrations. The solutions
contained PBS with either bovine serum albumin or dextran 110kDa which were heated to a test
temperature of 37 °C, 45 °C and 53 °C in a sample cup (Evergreen Scientific), and equilibrated
with room gas before being added to a slide of the same temperature (static hyperthermia) where
they were allowed to settle before image acquisition. The solutions tested contained bovine
serum albumin (BSA) and dextran at concentrations of 1.5, 3.0, 4.5, and 6.0 g/dL. RBCs
suspended in PBS were used as a control group. This series of experiments differs from the
settled dynamic heating experiments in that the temperature of the cells was not changed, rather

they are maintained at the test temperature for the duration of the experiment.
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Vertical Flow System

Erythrocyte aggregation is known to increase the sedimentation rate within a solution,
however, it can be prevented by high shear forces. At high flow rates, the radial distribution of
erythrocytes in a channel is uniform in both horizontal and vertical flow systems. At low flow
rates, erythrocytes aggregate and sediment. This presents a problem with studying aggregation in
horizontal flow systems because the radial distribution of erythrocytes in the channel becomes
asymmetric when cells settle to the bottom and a cell-free layer forms above®4. Eventually, low

flow in a horizontal channel can obscure observed aggregation behavior by increasing flow

Cells in
Vacutainer®
PBS or Plasma 37°C

- Erythrocyte Suspension

sy SO —

Cells in p-channel

Heating Stage

C lllumination >

Drip pan

Figure 32: Schematic representation of the vertically oriented microfluidic system. A horizontally oriented microscope
imaged erythrocytes in a vertical channel. Temperature was controlled with heating stage.
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resistance and apparent viscosity 24 54555 The asymmetry that occurs in horizontally oriented
channels does not occur in vertically oriented channels, however, changes in the annular cell-free

region become influenced by aggregation as described by the Fahraeus effect 24,

A vertically oriented microfluidic channel was designed as a model of erythrocyte
aggregation in the zone of stasis immediately after thermal injury (Figure 32). In this model the
limitations of the settling and stationary aggregation models were addressed by allowing normal
interactions between erythrocytes to occur in flow. This enabled the observation of dynamic

aggregation behavior and subsequent rheological effects.

Erythrocyte suspensions were prepared as described above, and added to a vacutainer and
oriented up-side-down directly above the microchannel. The vacutainers were filled with the
erythrocyte suspension by overfilling and sealing from the atmosphere, caution was taken not to
allow air into the vacutainer. By isolating erythrocytes from the atmosphere we ensured
maintenance of their oxygenation state. The vacutainer served as a feed reservoir and was
attached to a syringe/syringe pump with polyethylene tubing (Becton Dickinson, inner diameter
= 0.86mm, outer diameter = 1.27mm). The syringe pump (KD Scientific) was set to infuse in
order to pressurize the vacutainer and drive flow of the solution toward the microchannel. The
vertically oriented microchannel (Drummond Scientific, inner diameter = 0.487mm) was
connected to the vacutainer with an inert, silicone-based elastomer tubing (A-M Systems Inc.,
inner diameter r = 0.635mm, outer diameter = 1.193mm), and was attached to the heating stage
which was mounted on an x,y,z-micropositioner (WPI Inc.). The flow of the erythrocyte solution
from the vacutainer until the discharge of the microchannel was always vertical, this was
confirmed with a level attached to the heating stage. A horizontally oriented microscope was

positioned to observe the sample flowing through the microchannel (Figure 32).
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The design of the vertical flow system likely introduced some intrinsic difficulties
involving gravity effects, maintaining the sample hematocrit constant over time, and cross-
contamination of samples. It is likely that, over time, the erythrocytes in the vacutainer were
settling and increasing the observed hematocrit within the microchannel. To help control for this
consequence, the vacutainer was inverted between each study (every 3.5 minutes). During the 3
minute duration of image acquisition, however, the vacutainer could not be inverted as that
would disrupt the flow profile being imaged. To control for the possible increase in sample
hematocrit during the duration of the experiment, the hematocrit of samples of discharge from
the microchannel were measured using a microhematocrit system (STI, Inc.). There were no
significant differences between hematocrit measurements at the beginning and end of the 3
minute experiment. As a result of gravity, even without pressure-driven flow, erythrocytes settle.
The velocity profile of erythrocytes (HCT = 0.0005%) in the micro channel was measured using
a particle tracking software in MATLAB. After high flow was abruptly stopped, the erythrocytes
reached a steady-state settling rate of 50 pixels/second in less than 5 seconds. To prevent cross-
contamination of subsequent samples, the entire portion of the system that came into contact
with the samples was cleaned before and after each experiment. The system was cleaned with a
series of perfusions of deionized water, followed by 30% hydrochloric acid, and lastly PBS

(before subsequent experiments) or 100% ethanol (to prevent residue accumulation overnight).

Aggregation of Erythrocytes in Model of Stasis Onset
Using the vertical flow system, measurement of the dynamic aggregation behavior and
subsequent rheological effects in a model of stasis were measured as a function of temperature in

the presence of plasma macromolecules. The physiological hematocrit that would be expected in

51



a vessel of this size is approximately 35% ®’, however, in this system erythrocyte samples of

slightly lower hematocrit (20% hematocrit) were used to maximize optical clarity.

Erythrocytes were suspended in PBS (negative control), autologous platelet poor plasma
(positive control), or in various test solutions and treatments as described in ‘Erythrocyte
Suspensions and Treatments’ section. All samples were maintained at 37°C in a vacutainer into
which their corresponding solvent was pumped to drive high Reynolds flow into the vertically
oriented channel. One minute of high Reynolds flow was qualitatively determined to
monodisperse any aggregates in the channel and served to set a controlled starting point for

aggregation comparisons between groups.

The high Reynolds flow required to achieve total monodispersion of aggregates was
achieved with a volumetric flow rate (Q) of 27.5 pL/min, corresponding to a Reynolds number

of 0.254.

Equation 18: Re = %

kg m
(1060 W) (0.00246 ?)(0.000487 m)
0.005 Pa * s

Re =

Re =~ 0.254

where p represents the density of blood, v represents the mean fluid velocity (v = %), A

represents the cross-sectional area of the vessel, D represents the vessel diameter, and
represents the estimated dynamic viscosity of 20% hematocrit blood at 37°C and a shear rate of
100s* described in literature %8, The Re used here for monodispersion exceeds that found in the
microcirculation (0.001 < Re < 0.01)%°, and is typical of veins, and small arteries’.
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After monodispersion was confirmed qualitatively, flow was abruptly stopped and
aggregates were allowed to form in a low shear environment where their subsequent center-
seeking behavior was observed. The sudden cessation of flow emulated the environment
encountered by erythrocytes in the zone of stasis immediately after the occlusion of microvessels
in the zone of coagulation during the onset of thermal injury. To study the effects of
hyperthermia on aggregation of erythrocytes in stasis the experimental procedure was performed

for samples heated to 37 °C, 41 °C, 45 °C, and 49 °C.

Image Processing Software
Digital image processing tools were employed for quantification of erythrocyte
aggregation in images of settled erythrocytes on horizontal slides, and rheological effects of

aggregation in images of flowing erythrocytes in vertical channels.

37°C 45°C

Figure 33: Image processing for identification of cells and aggregates. RBCs heated from 37°C to 45°C (porcine). A,B)
Grayscale image of RBCs at 37°C and 45°C, respectively (10% HCT) C,D) Detected RBCs and aggregates at 37°C and
45°C, respectively (10% HCT)
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Figure 34: Image processing for counting erythrocyte aggregates. Shown are raw data tracings of detected aggregates
during dynamic heating in the stationary model (porcine). A) Number of detected aggregates for control trial (37°C to 37°C,
10% HCT); B) Number of detected aggregates for experimental trial (37°C to 45°C, 10% HCT)

Using a MATLAB-based image analysis script (Mathworks®), written with Geoffrey
Gunter (50% contribution) 3, we were capable of identifying (Figure 33) and counting settled
cells and aggregates (Figure 34) based on set parameters including pixel intensity and object
area. Aggregates are defined as three or more coincident cells. This program uses a variety of
image processing techniques for image pre-processing to compensate for non-uniform
illumination. A top-hat transform algorithm, followed by a median filter, and gamma correction
reduced the illumination heterogeneities in the image. A graphical user interface allowed an
operator to manually apply an intensity-based threshold to the image to distinguish between cells
and background in a binary image. Once the images was converted to binary, the operator
applied a size-based threshold, based on the number of connected pixels in an object, to
distinguish between aggregated and non-aggregated erythrocytes. From the binary image
solution hematocrit was verified computationally, and the percent of which was aggregated was

measured based on percent-by-area of cells.

A Python-based image processing script, writtten with Geoffrey Gunter (50%

contribution) 3, enabled quantification of rheological effects of aggregation in a vertical channel
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based on pixel intensity. For three minutes, images were acquired every 2.5 seconds. The cell-
free region of each image was quantified using an intensity-based threshold, where a pixel of
high intenisty corresponds to a cell-free point. The Cell-Free Area (CFA) of each image was
calculated as a percent of the total image area. A large CFA corresponded to a high level of large
aggregates. Although the same intensity threshold was used for all images in these analyses, the

use of a threshold led to omition of information about small aggregate formation. For this reason
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Figure 35: Image sequence of erythrocyte aggregation in onset of stasis model. Left-Top) Shown are time series (180
seconds,) images of human erythrocytes in PBS in the absence of antibodies. Images were acquired every 2.5 seconds
starting immediately after secession of flow. Left-Bottom) corresponding raw data tracings, from 6-30-2015, of the
standard deviation of the pixel intensities as a function of time. Right-Top) Shown are time series (180 seconds,) images
of human erythrocytes in autologous Plasma in the absence of antibodies. Images were acquired every 2.5 seconds
starting immediately after secession of flow. Right-Bottom) corresponding raw data tracings, from 9-24-2015, of the
standard deviation of the pixel intensities as a function of time with 4 Sigma Max., and Tv2 4 Sigma Max..
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another metric of aggregation was needed. The standard deviation of the image pixel intensities,
sigma, was used to quantify aggregation. Sigma is analagous to the aggregation index used in
literature as it is a direct measure of light transmission through the erythrocyte solution 3. In the
absence of aggregation, the pixel intensities of an image would be relatively uniform and would
have a small standard deviation (Figure 35 Left), the opposite is true in the presence of
aggregation (Figure 35 Right). The standard deviation, sigma, was determined and fit to a
second-order polynomial best fit. Data was normalized for each trial by subtracting the minimum
sigma value of the fitted line from each subsequent image before statistical analysis. The
normalized sigma values are termend A Sigma. For each trial A Sigma Max. was calculated and

the time required to reach half of A Sigma Max., T12 A Sigma Max., was determined (Figure 35).
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Research Design
The focus of this study is to develop and test a theoretical model of thermally induced
erythrocyte aggregation by surface nanobubble interactions. The experimental design is

described below, and was performed using the materials and methods outlined above.

Specific Aim 1: To develop a theoretical model of thermally induced erythrocyte
aggregation by surface nanobubble interactions

In the “Proposed Model: Surface Nanobubble Coalescence” section, hemoglobin SOz is
described with respect to temperature, pH, and PO> based on governing equations. By changing
temperature and pH in the model, subsequent changes in hemoglobin SO occurred.
Simultaneously, the temperature dependence of gas solubility was calculated and excess gas in
solution was estimated as the sum of the concentrations of oxygen dissociated from hemoglobin

and dissoluted gas.

The results of the model indicate that at 37°C and pH 7.4, and 0 mmHg O2 hemoglobin is
deoxygenated (SO2~0%), thus oxy-hemoglobin dissociation cannot occur. At 38 mmHg O>
(SO2~ 65%), and at 76 mmHg O2 (S02~90%) hemoglobin is oxygenated and experiences a high
degree of oxy-hemoglobin dissociation when temperature is increased. At 760 mmHg O>
(SO2~100%) hemoglobin is fully oxygenated and the abundance of dissolved oxygen in solution
makes oxy-hemoglobin dissociation highly unfavorable at any of the temperatures tested in the

model.

The results of the model indicate that, at all temperatures, low magnitudes of erythrocyte
aggregation will be observed in solutions equilibrated with at 0 mmHg O, and 100 mmHg Oo,

and high magnitudes of aggregation will be observed in solutions equilibrated with 38 mmHg
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0., and 76 mmHg O.. Temperature-dependence of aggregation is expected only for solutions
equilibrated with 38 mmHg O, and 76 mmHg O». Low magnitudes of aggregation are expected
in solutions with minimal temperature-dependent oxygen solubility, and high magnitudes of
aggregation are expected in solvents with highly temperature-dependent oxygen solubility.
Temperature-dependent aggregation is expected to be proportional to the temperature

dependence of solution pH, and oxygen solubility.

Specific Aim 2: To measure the contribution of plasma proteins and temperature to
gas solubility and pH

It is known that gas solubility and bubble formation is influenced by temperature, and
solution composition. While these factors have already been well characterized, blood contains
too many proteins to allow for the hypothesis driven testing of individual proteins. The aim of
Specific Aim 2 was to determine the contribution of plasma proteins to pH, and dissolved
oxygen content in PBS-protein solutions at specific temperatures. To test the hypothesis that
blood plasma proteins and temperature contribute to dissolved oxygen solubility and pH, plasma
proteins were added to PBS solutions in concentrations as follows: fibrinogen (2.0 and 8
mg/mL), and albumin (20, and 50 mg/mL), corresponding to physiological (low) and
pathological (high) concentrations , respectively & 4% 46, The protein solutions, and
concentrations, were chosen for use in this experiments because of their known contributions to
erythrocyte aggregation “6. The contribution of each concentration of protein to oxygen solubility
were compared to a control PBS solution without added protein. These samples were heated to
one of the prescribed test temperatures (37°C, 41°C, 45°C, or 49°C) in an incubator while a pH,
and subsequent dissolved oxygen measurement was performed using a modified Winkler

titration method (‘Experimental Materials and Methods” Section). The outcome variables of this
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study were pH and dissolved oxygen concentration. The hypothesis would be supported if
differences in the outcome variables are detected between test solutions or if the outcome

variables, for a given test solution, change as a function of temperature.

Specific Aim 3: To measure the contribution of plasma proteins, hemoglobin
oxygenation, and temperature to erythrocyte aggregation

The second specific aim rendered information about the solubility of Oz and pH with
regard to temperature and plasma proteins of varied concentrations. Before ascribing gas
dissolution as a causality of aggregation, erythrocyte aggregation in PBS with the addition of
these proteins, and in plasma was evaluated in the presence varied hemoglobin oxygenation
states. To test the hypothesis that erythrocyte aggregation is influenced by solution composition,
pH, dissolved oxygen, and ultimately oxy-hemoglobin dissociation, erythrocyte suspensions
were equilibrated with specific oxygen gas mixtures of 0, 5, 10, and 100% O (in residual
nitrogen) with theoretical partial pressures of oxygen 0 mmHg, 38 mmHg, 76 mmHg, and 760
mmHg, respectively, to control the hemoglobin oxygenation state (as described in “Materials and
Methods” section). The oxygen partial pressures were chosen based on the results shown in

Figure 14 and Figure 15.

Following equilibration with the prescribed partial pressures of oxygen (or room gas),
aggregation of non-treated erythrocytes and erythrocytes treated with DIDS inhibitor and
suspended in autologous plasma, fibrinogen (2.0 and 8 mg/mL), and albumin (20, and 50
mg/mL) was evaluated at 37°C, 41°C, 45°C, and 49°C using the onset of stasis model (described
in “Materials and Methods”). The outcome variables of this experiment were Delta Sigma
Maximum, and half-time to Delta Sigma Maximum. The hypothesis would be supported if

erythrocyte aggregation is minimal in samples equilibrated with 0% O, and 100% O», and
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elevated for samples equilibrated with 5% Oz and 10% O. The hypothesis would also be
supported if the outcome variables were temperature-dependent in solutions having temperature-
dependent pH and/or temperature-dependent dissolved oxygen, or if in the presence of DIDS

erythrocytes exhibit reduced aggregation.

Statistical Analysis

The statistical methods performed in the comparison between groups in the stationary,
settling models, and onset of stasis models were used for the analysis of dissolved oxygen and
pH. Changes in the outcome variables between the control solutions of PBS or plasma, and
solutions of PBS containing the candidate proteins of varied concentration were compared at the
prescribed temperatures and/or oxygen equilibration levels stated above with Welch’s t-tests.
Assuming all normally distributed data, statistical analyses were performed on the means of each
data set using only software packages that employ the standard equations, mainly using the R
language for statistical computing. To evaluate trends, residuals of linear regressions were
reviewed before using non-linear models if necessary. Multiple comparisons were made between
groups with ANOVA with repeated measures and a Tukey HSD post-hoc test with temperature
or oxygen level as a covariate. With sample size of n = 4 per group and an assumed probability
of a Type I error 0<0.05, the maximal probability of committing a Type II error was less than 3 =

0.20. Our statistical power (1- B) is greater than 80%.
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Results

Here the results of each experimental model are presented in the order they were
performed. The erythrocyte aggregation studies using the stationary, settling, and onset of stasis
models used samples equilibrated with room gas and were performed in collaboration with
Geoffrey Gunter (50% contribution) and are presented in his Master’s thesis 3. The
computational model was used to select the specific oxygenation levels that were used in the

assay using the onset of stasis model where samples were equilibrated with controlled gas

conditions.

Stationary Model: Aggregation of Mouse, Ovine, Porcine and Rat Erythrocytes
A study of aggregation was performed for erythrocytes, subject to dynamic heating, from
four species in a stationary model of erythrocyte aggregation. The percent of sedimented

erythrocytes that were aggregated was measured. For each of the species tested, aggregation was
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Figure 36: Percent of aggregated erythrocytes versus species after dynamic heating in stationary model. Aggregation
represented as a function of monolayer HCT (%) and compared between porcine (n=4), ovine (n=1), rat (n=3), and
mouse (n=2) erythrocytes. Trend lines are second-order polynomial best fit (least squares) for each temperature.
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measured at a range of hematocrits and temperatures (Figure 36). No significant differences in
aggregation were detected between species at 37 °C. Significant changes in aggregation with
respect to temperature were only observed for porcine erythrocytes. At temperatures of 47°C,
and 49°C, porcine erythrocytes showed significantly (p <0.001) more aggregation than at 37°C.
Aggregation of ovine, rat, and mouse erythrocytes did not show significant temperature

dependence. For all species and temperatures, a nonlinear increase of aggregation was observed

with increased hematocrit.

Settling Model: Aggregation of Mouse, Porcine, and Rat Erythrocytes
A study of aggregation was performed for erythrocytes, subject to static hyperthermia,
from three species in a settling model of erythrocyte aggregation. The percent of sedimented

erythrocytes that were aggregated was measured. For each species, aggregation was measured in
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Figure 37: Percent of aggregated erythrocytes versus species after static hyperthermia in settling model. Aggregation of
erythrocytes suspended in PBS, PBS+6g/dL BSA, PBS+6g/dL dextran 110 kDa after static hyperthermia and settling at
37°C and 45°C. Aggregation represented as a function of monolayer HCT (%) and compared between ovine (n=2), rat
(n=2), and mouse (n=2) erythrocytes. Trend lines are second-order polynomial best fit (least squares) for each
temperature.
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Figure 38: Percent of aggregated erythrocytes versus solution after static hyperthermia in settling model. Aggregation of
erythrocytes (porcine, rat, and mouse) at 37°C and 45°C suspended in PBS (n=2), PBS+6g/dL BSA (n=2), PBS+6g/dL

dextran 110 kDa (n=2). Aggregation represented as a function of monolayer HCT (%) and compared between solvents.
Trend lines are linear regressions (least squares).

PBS at temperatures of 37°C and 45 °C in the presence of 6g/dL dextran 110 kDa, and BSA for a
range of hematocrits. Aggregation of rat, mouse, and porcine erythrocytes did not show
significant temperature dependence (Figure 37). Neither dextran 110 kDa nor BSA resulted in
significant changes in aggregation between temperatures of 37°C and 45°C for any of the species

tested (Figure 38). For all species, temperatures, and solutions tested aggregation increased with

hematocrit.

Onset of Stasis Model (Room Gas): Aggregation of Human Erythrocytes

A study of aggregation was performed for human erythrocytes, equilibrated with room
gas, immediately following an abrupt reduction of shear in a vertical channel. For each image in
all series of images (180 second duration after flow-stop) corresponding to each trial, the pixel

intensity standard deviation, Sigma, was measured and fit to a second-order polynomial best fit
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trend line. Sigma was then normalized, Delta Sigma, by subtracting Sigma at t = 0 from the fitted
Sigma value of each subsequent image. For every trial the maximum Delta Sigma was
determined from a second-order polynomial best fit trend line and from that the time required to
reach half of Delta Sigma maximum, T2, was calculated. The maximum Delta Sigma, and Delta
Sigma Ty, for erythrocytes suspended in PBS, autologous plasma, and 0.5 g/dL dextran 500kDa

was compared at various temperatures, and after treatment with various compounds.
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Figure 39: Time series of aggregation versus solution in onset of stasis model. Standard Deviation, Sigma, of image pixel
intensities over time for 20% HCT erythrocyte suspensions in PBS (n = 4), autologous Plasma (n = 7), and 0.5 g/dL

dextran 500 kDa (n = 4). Samples were equilibrated with room gas, and in the absence of antibodies. Lines + transparent
filled areas represent mean + standard error. Top Left) 37°C. Top Right) 41°C. Bottom Left) 45°C. Bottom Right) 49°C.
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Figure 40: Time series of aggregation versus temperature in onset of stasis model. Standard Deviation, Sigma, of
image pixel intensities over time for 20% HCT erythrocyte suspensions at 37°C, 41°C, 45°C, and 49°C. Samples were
equilibrated with room gas, and in the absence of antibodies. Lines + transparent filled areas represent mean +
standard error. Top Left) PBS (n = 4). Top Right) autologous plasma (n = 7). Bottom Left) 0.5 g/dL dextran 500 kDa
(n=4).

Immediately after the secession flow, the Sigma for erythrocytes suspended in PBS, and
0.5 g/dL dextran 500 kDa, were similar, with an average of 10 to 20 at all temperatures and
autologous plasma was slightly higher. The variance between measurements of Sigma was larger
for erythrocytes suspended in autologous plasma than for PBS and 0.5 g/dL dextran 500 kDa.
The variance between measurements of Sigma decreased over time for erythrocyte solutions in
autologous plasma at 37°C and 45°C, and increased over time for 0.5 g/dL dextran 500 kDa
solutions at 41°C and 49°C. Throughout the 180 second period of observation an apparent linear
increase in Sigma was observed for erythrocyte solutions in 0.5 g/dL dextran 500 kDa, and a

slight linear decrease for erythrocyte solutions in PBS. A nonlinear increase in Sigma was
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observed for erythrocyte solutions in autologous plasma at all temperatures tested, Sigma

increased at a decreasing rate over time (Figure 39) (Figure 40).

In the absence of antibodies the magnitude of the maximum Delta Sigma over three
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Figure 41: Aggregation magnitude and rate vs temperature and solution in onset of stasis model (Room Gas). Comparison
of 20% HCT erythrocyte suspensions equilibrated with Room Gas in PBS (n = 4), autologous plasma (n = 7) and 0.5g/dL
dextran 500 kDa (n = 4) at 37°C, 41°C, 45°C, and 49°C in absence of antibodies. Error bars represent mean * standard
error. Left) Maximum change in sigma from that at t = 0. Right) Time to reach half maximum change in sigma. [~ differs
from PBS, p < 0.05], [> differs from plasma, p < 0.05], [+ differs vs 37°C, p < 0.05], [* differs from 41°C, p < 0.05].

minutes was significantly different (by Welch’s t-test) between erythrocytes suspended in PBS
and plasma (greater) at 37°C, 41°C, 45°C, and 49°C, between PBS and 0.5 g/dL dextran 500
kDa (greater) at 37°C, 41°C, 45°C, and 49°C, and between plasma (greater) and 0.5 g/dL dextran
500 kDa only at 41°C (Figure 41). Significant differences in Delta Sigma T1/2 were observed
between erythrocytes suspended in PBS and 0.5 g/dL dextran 500 kDa (slower) at 45°C, and

between plasma and 0.5 g/dL dextran 500 kDa (slower) only at 45°C.
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A one-way ANOVA was conducted to compare the effect of temperature on aggregation
magnitude and rate in PBS, autologous plasma, and 0.5 g/dL dextran 500 kDa. In the absence of
antibodies, there was a significant effect of temperature on aggregation rate (increase) in PBS at
the p < 0.05 level [F(1,14)=4.666, p=0.0486]. Also, in the absence of antibodies, there was a
significant effect of temperature on aggregation rate (increase) in autologous plasma at the p <
0.05 level [F(1,26)=7.713, p=0.01]. Aggregation rate in plasma was significantly faster in plasma
at 49°C than at 37°C or 41°C and significantly slower in 0.5 g/dL dextran 500 kDa at 45°C than

at 37°C (Figure 41 Right).
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Figure 42: Aggregation magnitude and rate in PBS vs temperature and treatment in onset of stasis model (Room Gas).
Comparison of 20% HCT erythrocyte suspensions in PBS at 37°C, 41°C, 45°C, and 49°C. Samples were equilibrated with
Room Gas, and in the presence of anti-band 3 (n = 4), anti-GYPC (n = 4), anti-ayf3 (n = 3), and control (no Ab) (n = 4).
Error bars represent mean + standard error. Left) Maximum change in sigma from that at t = 0. Right) Time to reach half
maximum change in sigma. /@ differs from no Ab, p < 0.05], [ differs from Band 3, p < 0.05], [~ differs from GYPC, p <
0.05], [$ differs from avp3, p < 0.05].

No significant differences in erythrocyte aggregation were observed between non-treated
erythrocytes suspended in PBS and erythrocytes treated with anti-band 3, anti-GYPC, or anti-
avBz suspended in PBS at any of the temperatures tested (Figure 42). In autologous plasma at
37°C, 45°C, and 49°C no significant differences in aggregation magnitude were detected
between non-treated and treated erythrocytes. At 41°C aggregation magnitude in autologous
plasma was significantly reduced in the presence of anti-band 3. An apparent trend of increased

aggregation magnitude with increased temperature was observed for erythrocytes treated with
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DIDS band-3 inhibitor and suspended in autologous plasma. Significant differences in

aggregation rate, but not aggregation magnitude, were only observed in plasma only at 49°C
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Figure 437 Aggregation magnitude and rate in plasma vs temperature and treatment in onset of stasis model (Room
Gas). Comparison of 20% HCT erythrocyte suspensions in autologous plasma at 37°C, 41°C, 45°C, and 49°C. Samples
were equilibrated with Room Gas, and in the presence of anti-band 3 (n = 4), anti-GYPC (n = 4), anti-ayf3 (n = 3), DIDS
(n = 1), Glutaraldehyde (n = 1), and control (no Ab) (n = 7). Error bars represent mean + standard error. Left)
Maximum change in sigma from that at t = 0. Right) Time to reach half maximum change in sigma. [@ differs from no
Ab, p < 0.05], [T differs from Band 3, p < 0.05], [~ differs from GYPC, p < 0.05], [$ differs from av/3, p < 0.05].

between non-treated erythrocytes and erythrocytes treated with anti-band 3 (slower) (Figure 43).

Dissolved Oxygen and pH of Plasma Protein Solutions

A study of dissolved oxygen and pH was performed for heated plasma protein solutions
of fibrinogen (2 and 8 mg/mL), and albumin (20 and 50 mg/mL) in PBS to determine the effects
of temperature and solution on these outcome variables. At each temperature (37, 41, 45, and
49°C), pH was measured with a glass pH electrode and a subsequent dissolved oxygen (DO)
measurement of the same solution was performed using a modified Winkler’s protocol (see
‘Dissolved Oxygen and pH Measurement’ section). For all protein solutions, with the exception
of albumin (20 and 50 mg/mL) and plasma, the DO protocol was performed successfully.
Fibrinogen solutions exhibited a cloudy appearance following exposure to 49°C for 15 minutes,

this was more noticeable in fibrinogen 8 mg/mL than in fibrinogen 2 mg/mL and was likely
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caused by thermally induced fibrinogen aggregation, no changes in the appearance of PBS was

observed.

A one-way ANOVA was conducted to compare the effect of temperature on dissolved
oxygen and pH in the protein solutions. With increased temperature, a significant decrease of DO
was observed at the p < 0.05 level in fibrinogen 2 mg/mL [F(1,12)=15.21, p=0.00211] where DO
at 49°C was significantly less than that at 37°C. Similarly, a significant decrease of DO was
observed with increased temperature of PBS [F(1,12)=21.86, p=0.000537] where the DO
measured at 45°C was significantly less than at 37°C, and the DO measured at 49°C was
significantly less than at 37°C and 41°C. The reverse effect was observed with increased
temperature fibrinogen 8 mg/mL, a significant increase of DO [F(1,12)=12.68, p=0.00392] was
observed with no change in DO in the temperature range of 37°C to 45°C, followed by a

significant increase in DO at 49°C (Figure 44). The only solution that exhibited a significant
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Figure 44: Dissolved Oxygen concentration as a function of temperature (37, 41, 45, and 49°C) for Phosphate Buffered
Saline (PBS), fibrinogen 2 mg/mL, and fibrinogen 8 mg/mL. Error bars represent mean * standard deviation. [+ differs
from 37°C, p < 0.05], [* differs from 41°C, p < 0.05], [# differs from 45°C, p < 0.05], [~ differs from PBS, p < 0.05], [>
differs from fibrinogen 2 mg/mL, p < 0.05].
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temperature-dependent change in pH was fibrinogen 2 mg/mL where pH was significantly lower

at 45°C than at 41°C (Figure 45) (see ‘Appendix C’ for all statistical comparisons).

A one-way ANOVA was conducted to compare the effect of protein concentration on

pH versus Temperature for Various Protein Solutions
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Figure 45: pH values as a function of temperature (37, 41, 45, and 49°C) for Phosphate Buffered Saline (PBS), fibrinogen 2
mg/mL, fibrinogen 8 mg/mL, Albumin 20 mg/mL, and Albumin 50 mg/mL. Error bars represent mean + standard deviation.
[~ differs from PBS, p < 0.05], [* differs from 41°C, p < 0.05].

dissolved oxygen and pH in the protein solutions. With increased plasma protein concentration, a

significant decrease of DO was observed at the p < 0.05 level in samples heated to 37°C, 41°C,
45°C, and 49°C ([F(2,6)=313.9, p=8.49e-07], [F(2,6)=203.3, p=3.07e-06], [F(2,9)=172.6,
p=6.65e-08], [F(2,9)=76.98, p=2.19e-06], respectively). For all of the temperatures tested, no
significant differences were observed between PBS and fibrinogen 2 mg/mL, and significantly
less DO was measured in fibrinogen 8 mg/mL than in PBS and fibrinogen 2 mg/mL (Figure 44).
The pH of the protein solutions became increasingly acidic with increased protein concentration
at 37°C, 41°C, 45°C, and 49°C ([F(4,10)=43.32, p=2.77e-06], [F(4,10)=250.2, p=5.64e-10],
[F(4,15)=1083, p<2e-16], [F(4,15)=412.1, p=3.88e-15], respectively) (Figure 45). At any given
temperature, the pH of all solutions tested were significantly different with the exception of PBS
and fibrinogen 2 mg/mL at 37°C, and fibrinogen 8 mg/mL and albumin 20 mg/mL at 37°C. A
direct relationship of increasing acidity was observed with respect to protein concentration,

regardless of protein type (see ‘Appendix C’ for all statistical comparisons).
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Onset of Stasis Model (Controlled Gas): Aggregation of Human Erythrocytes

A study of aggregation was performed for human erythrocytes, equilibrated with
prescribed oxygen levels, immediately following an abrupt reduction of shear in a vertical
channel. For each image in all series of images (180 second duration after flow-stop)
corresponding to each trial, the pixel intensity standard deviation, Sigma, was measured and fit
to a second-order polynomial best fit trend line. Sigma was then normalized, Delta Sigma, by
subtracting Sigma at t = 0 from the fitted Sigma value of each subsequent image. For every trial
the maximum Delta Sigma was determined from a second-order polynomial best fit trend line
and from that the time required to reach half of Delta Sigma maximum, T/, was calculated. The
maximum Delta Sigma, and Delta Sigma Tq/> for erythrocytes suspended in autologous plasma,
fibrinogen (2 mg/mL and 8 mg/mL), albumin (20 mg/mL and 50 mg/mL) was compared at

various temperatures, and after treatment with DIDS inhibitor.

A one-way ANOVA was conducted to compare the effect of temperature on aggregation
magnitude and rate in autologous plasma in the presence and absence of DIDS inhibitor. In the
absence of DIDS and after equilibration with 0% oxygen, there was a significant effect of
temperature on aggregation rate (increase) at the p < 0.05 level in autologous plasma
[F(1,13)=2.874, p=0.0182]. In the presence of DIDS and after equilibration with 0% oxygen,
there was a significant effect of temperature on aggregation magnitude (increase) and rate
(increase) in autologous plasma at the p < 0.05 level [F(1,13)=4.884, p=0.0457], and
[F(1,13)=6.568, p=0.0236], respectively. Similarly, in the presence of DIDS and after
equilibration with 5% oxygen, there was a significant effect of temperature on aggregation
magnitude (increase) and rate (increase) in autologous plasma at the p < 0.05 level

[F(1,14)=8.985, p=0.0096], and [F(1,14)=5.556, p=0.0335], respectively. Significant differences
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in aggregation magnitude were observed in autologous plasma, and fibrinogen 8 mg/mL in the
presence of DIDS (reduced) compared to control (Figure 46). Minimal aggregation was observed
in fibrinogen 2 mg/mL, and albumin 20 mg/mL and 50 mg/mL, thus significant differences were
observed between autologous plasma and these protein solutions. Erythrocytes suspended in
fibrinogen 8 mg/mL exhibited a higher level of aggregation in the absence of DIDS than
fibrinogen 2 mg/mL and albumin 20 mg/mL and 50 mg/mL, however, the aggregation
magnitude observed in fibrinogen 8 mg/mL was significantly less than that of autologous plasma

(see ‘Appendix E’ for all statistical comparisons) (Figure 46 - Figure 52).

A one-way ANOVA was conducted to compare the effect of oxygen equilibration on
aggregation magnitude and rate in autologous plasma in the presence and absence of DIDS
inhibitor. In the absence of DIDS and at 49°C, there was a significant effect of oxygen on
aggregation magnitude (decrease) at the p < 0.05 level in plasma [F(1,14)=3.053, p=0.0432]
(Figure 51). A trend of increasing aggregation magnitude and increasing aggregation rate with
temperature, although not all statistically significant, was observed for all oxygen equilibration

states of autologous plasma in the presence of DIDS (Figure 46).

In the absence of DIDS in autologous plasma the temperature-dependence of aggregation
magnitude and rate differed with respect to the oxygen level in which it was equilibrated. No
significant changes in aggregation magnitude were observed with rising increasing temperature
after equilibration with 0% oxygen. At the 5% oxygen level, a trend of aggregation magnitude
increase was observed with temperature in the range of 37°C to 45°C but not at 49°C. At the 10%
oxygen level, a trend of aggregation magnitude increase was observed with temperature in the

range of 37°C to 45°C before decreasing at 49°C. At the 100% oxygen level, no significant
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changes in aggregation magnitude were observed with a rising temperature from 37°C to 45°C,

however a significant reduction of aggregation magnitude was observed at 49°C (Figure 46).
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Figure 46: Aggregation magnitude and rate vs temperature in autologous plasma in onset of stasis model (Controlled Gas).
Comparison of 20% HCT erythrocyte suspensions equilibrated with 0%, 5%, 10%, an 100% oxygen at 37°C, 41°C, 45°C,
and 49°C in absence (no Ab) and presence of DIDS (n = 4 each). Error bars represent mean + standard error. Left)
Maximum change in sigma from that at t = 0. Right) Time to reach half maximum change in sigma. [+ Differs from 37°C, p
<0.05], [* Differs from 41°C, p <0.05], [# Differs from 45°C, p <0.05], [~ Differs from no Ab, p <0.05].
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Figure 47: Aggregation magnitude and rate vs temperature in fibrinogen 2 mg/mL in onset of stasis model (Controlled
Gas). Comparison of 20% HCT erythrocyte suspensions equilibrated with 0%, 5%, 10%, an 100% oxygen at 37°C, 41°C,
45°C, and 49°C in absence (no Ab) and presence of DIDS (n = 4 each). Error bars represent mean + standard error. Left)
Maximum change in sigma from that at t = 0. Right) Time to reach half maximum change in sigma. [+ Differs from 37°C, p
<0.05], [* Differs from 41°C, p <0.05], [# Differs from 45°C, p <0.05], [~ Differs from no Ab, p <0.05].
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Figure 48: Aggregation magnitude and rate vs temperature in fibrinogen 8 mg/mL in onset of stasis model (Controlled
Gas). Comparison of 20% HCT erythrocyte suspensions equilibrated with 0%, 5%, 10%, an 100% oxygen at 37°C, 41°C,
45°C, and 49°C in absence (no Ab) and presence of DIDS (n = 4 each). Error bars represent mean + standard error. Left)
Maximum change in sigma from that at t = 0. Right) Time to reach half maximum change in sigma[+ Differs from 37°C, p
<0.05], [* Differs from 41°C, p <0.05], [# Differs from 45°C, p <0.05], [~ Differs from no Ab, p <0.05].
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Figure 49: Aggregation magnitude and rate vs temperature in albumin 20 mg/mL in onset of stasis model (Controlled
Gas). Comparison of 20% HCT erythrocyte suspensions equilibrated with 0%, 5%, 10%, an 100% oxygen at 37°C, 41°C,
45°C, and 49°C in absence (no Ab) and presence of DIDS (n = 4 each). Error bars represent mean + standard error. Left)
Maximum change in sigma from that at t = 0. Right) Time to reach half maximum change in sigma. [+ Differs from 37°C,
p <0.05], [* Differs from 41°C, p <0.05], [# Differs from 45°C, p <0.05], [~ Differs from no Ab, p <0.05].
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Figure 50- Aggregation magnitude and rate vs temperature in aloumin 50 mg/mL in onset of stasis model (Controlled
Gas). Comparison of 20% HCT erythrocyte suspensions equilibrated with 0%, 5%, 10%, an 100% oxygen at 37°C, 41°C,
45°C, and 49°C in absence (no Ab) and presence of DIDS (n = 4 each). Error bars represent mean + standard error. Left)
Maximum change in sigma from that at t = 0. Right) Time to reach half maximum change in sigma. [+ Differs from 37°C,
p <0.05], [* Differs from 41°C, p <0.05], [# Differs from 45°C, p <0.05], [~ Differs from no Ab, p <0.05].
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Figure 51° Aggregation magnitude and rate vs oxygen concentrations in various protein solutions in onset of stasis model
(Controlled Gas). Comparison of 20% HCT erythrocyte suspensions equilibrated with 0%, 5%, 10%, an 100% oxygen at
37°C, 41°C, 45°C, and 49°C in autologous plasma, albumin 50 mg/mL, albumin 20mg/mL, fibrinogen 8 mg/mL, and
fibrinogen 2 mg/mL (n = 4 each). Error bars represent mean * standard error. Left) Maximum change in sigma from that

at t = 0. Right) Time to reach half maximum change in sigma. [+ Differs from 0%, p <0.05], [* Differs from 5%, p <0.05],
[# Differs from 10%, p <0.05].
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Figure 527 Aggregation magnitude and rate vs oxygen concentrations in the presence of DIDS in various protein solutions
in onset of stasis model (Controlled Gas). Comparison of 20% HCT erythrocyte suspensions equilibrated with 0%, 5%,
10%, an 100% oxygen at 37°C, 41°C, 45°C, and 49°C in autologous plasma, albumin 50 mg/mL, albumin 20mg/mL,
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Challenges and Limitations of the Specific Aims

From the observations of erythrocyte aggregation in the stationary (dynamic heating) and
settling (static hyperthermia) models, we gained information about the importance of the solvent,
temperature, hematocrit, and species from which the cells are harvested. Direct measurements of
spatial and temporal parameters of erythrocyte aggregation were enabled by the stationary and
settling models with the use of our novel transparent heating stage. The stop-flow model of the
onset of stasis also helped improve our knowledge of the contributions of solution-dependent
aggregation, while highlighting the involvement of band 3 which indicated a role for spectrin in
the creation of potential bubble nucleation sites. In the stop-flow model several controls were
established to ensure the measurements reflect erythrocyte aggregation. Temperature changes
were confirmed with an electronic thermometer, thermochromic film, and rhodamine-B. After
flow (of several flow rates) was stopped, no differences in the time required for the velocity
profiles to reach a steady settling rate were observed for PBS nor plasma. The flow rate required
to achieve monodispersion of erythrocytes in our system was measured by comparing
aggregation at varied flow rates and increasing the flow rate until aggregation was unchanged by
further increases. A flow rate of 27.5 pL/min was proven sufficient for monodispersion of
erythrocytes in all suspensions tested. Even so, the potential for problems exist: variations of
atmospheric pressure with weather systems may have influenced oxygen solubility in the
solutions tested, vibration of the flow system or operator related mistakes may have obscured
aggregation measurements. In Specific Aim 2, for albumin solutions and plasma, upon addition
of the starch indicator solution to the iodine solution the blue color did not appear, thus an
endpoint of the Winkler titration was not able to be determined for these solutions. While we

took great precautions to prevent the equilibration of atmospheric gas into our samples during the
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experiments in Specific Aims 2 and 3, there was the possibility that during handling and
evaluation of the test solutions they may have equilibrated with atmospheric gas, this would have
obscured the results. If this was the case, the experimental groups of which dissolved oxygen
was manipulated (either by temperature change or by equilibration with prescribed oxygen

partial pressures) would have been most susceptible to obscured results.
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Discussion

In the studies described in this dissertation, several in-vitro experimental models were
designed for the study of the mechanism of erythrocyte aggregation. In the stationary model
(dynamic heating), erythrocyte aggregation was studied in PBS in a monolayer after erythrocytes
from several mammalian species settled then were heated. In the settling model (static
hyperthermia), erythrocytes from several mammalian species were subject to hyperthermia in
PBS during settling in the presence of dextran 110 kDa, and albumin of varied concentrations. In
these models, differences in aggregation metrics were detected between species. When
comparing results from the static hyperthermia and dynamic heating models it was observed that
the temperature-dependent aggregation was dependent on temperature change rather than
temperature itself. These results, combined with knowledge of temperature-dependent
oxyhemoglobin saturation, temperature-dependent oxygen solubility, and temperature-dependent
protein arrangement gave rise to the proposed model of erythrocyte aggregation by surface
nanobubble interactions. Several parameters were incorporated into a computational model of
erythrocyte aggregation by surface nanobubble interactions to help predict conditions that are
more, or less conducive to aggregation. Finally, several conditions described by the
computational model were tested in the stasis onset model (with use of dynamic heating), human
erythrocytes in PBS, autologous plasma, 0.5 g/dL dextran 500 kDa, fibrinogen (2 and 8 mg/mL),
and albumin (20 and 50 mg/mL) were allowed to aggregate following equilibration with
prescribed oxygen levels or room gas and after monodispersion by high shear. The aggregation
rate and magnitude was measured in the stasis onset model for human erythrocytes subject to
various treatments. Dissolved oxygen and pH of each solution was measured, and erythrocyte

aggregation observations were analyzed using novel image processing software. Aggregation
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metrics were compared between temperatures, oxygenation levels, pH, species, solvents,
treatments, and experimental models. Many of the experimental results corroborate the outcomes
predicted by the model and support the global hypothesis that surface nanobubble interactions

contribute to thermally induced erythrocyte aggregation.

Experimental Models of Erythrocyte Aggregation

Each of the outcomes of the experimental models highlighted possible improvements to
be made to subsequent experimental models. In both the stationary and settling models, the
experiments were limited by the extremely low hematocrits (<1%) required to distinguish
between adjacent erythrocytes in a monolayer after sedimentation had occurred. The low
hematocrits used in the stationary and settling models likely reduced the likelyhood of cell
interactions simply by increasing the distance between cells. Furthermore, while some Brownian
motion was detected in the stationary model, interactions were limited by the lack of mobility of
the sedimented cells. While the settling model attempted to address the problem of immobility
(seen in the stationary model) by allowing pre-heated cells to settle, the requirement of such low
hematocrit samples still limited cell-cell interactions. Switching to the settling model from the
stationary model highlighted the importance of dynamic heating to erythrocyte aggregation, cells
subject to static hyperthermia in the settling model did not aggregate while cells subject to

dynamic heating in the stationary model did.

To alleviate the problems caused by low hematocrit samples and immobility of
sedimented cells, a vertical flow model was designed that incorporated dynamic heating and
allowed for use of higher hematocrit samples for increased cell-cell interaction. Instead of
performing studies of aggregation in continuous (downward) vertical flow, we created an

experimental model that directly mimics the in-vivo onset of stasis in a thermal burn injury. To
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best model the onset of stasis, a protocol was designed using the vertical flow model that
required the abrupt stop of a high flow rate. After stopping flow, aggregation was allowed to
occur in a reduced shear environment with simultaneous dynamic heating. This model of the

onset of stasis was used to address the specific aims of this dissertation.

Species Dependence of Erythrocyte Aggregation

In this study, aggregation differences between species were observed only in the dynamic
heating model. Porcine erythrocytes, suspended in PBS, aggregated more than those harvested
from mouse, rat, and sheep. The results of this study are consistent with previous comparisons of
aggregation properties between species showing intense aggregation of pig erythrocytes, and
moderate to low levels of aggregation for rat, sheep, and mouse erythrocytes *¢. Human
erythrocytes were not tested in the settling or stationary models, however, based on similar
aggregation studies it is expected that aggregation of human erythrocytes would resemble that of
porcine erythrocytes in these experimental models 3 ™. It is postulated that the observed
differences in aggregation between species are a result of differences in erythrocyte membrane
composition. For example, band 3 concentration varies greatly between species and is in higher
concentration on the membranes of more athletic species like horses which exhibit more intense
aggregation than species with low band 3 concentration as for rodents which exhibit minimal
aggregation %% 3738 In studies of erythrocyte aggregation using animal models, it is important to
ensure that the aggregation exhibited by the animal model of choice is substantially similar to

that of humans.

Solvent Dependence of Erythrocyte Aggregation
In the settling model, no differences in erythrocyte aggregation were detected between

PBS, and any of the concentrations of dextran 110 kDa or BSA tested. This is likely a result of
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reduced cell-cell interactions because of the low hematocrit used in this model and needs to be

tested in a more robust experimental model of aggregation.

In the onset of stasis model (Room Gas), at all temperatures tested, aggregation
magnitude was notably less in 0.5 g/dL dextran 500 kDa than in autologous plasma although the
only significant differences detected between erythrocytes these groups was at 41°C. Our
inability to detect significant differences between these groups was likely due to the large
variability of aggregation magnitude observed in plasma (coefficient of variation in plasma and
dextran heated to 37, 41, 45, 49°C, respectively: plasma = 0.79, 0.41, 0.79, 0.70, dextran 500
kDa = 0.47, 0.42, 0.40, 0.67). The results of this study contest the results of previous studies that
claim aggregation of erythrocytes in 0.5 g/dL dextran 500 kDa is a substantial model of
aggregation in autologous plasma 5’ %8, The differences between aggregation detected in this
study and aggregation detected in previous studies are likely a result of the use of different

aggregation detection apparatuses (see “Hemoglobin: Oxygenation and Concentration” section).

In the onset of stasis model (Controlled Gas), at all temperature and oxygenation levels
tested (with or without DIDS inhibition of band 3), the aggregation magnitude in autologous
plasma was considerably higher than the other protein solutions tested. Aggregation magnitude
observed in fibrinogen 2 mg/mL, albumin 20 mg/mL, and albumin 50 mg/mL was less than 10%
of the magnitude measured in autologous plasma. Aggregation magnitude observed in fibrinogen
8 mg/mL was approximately 25% of the magnitude measured in autologous plasma. The protein
concentration dependence of aggregation magnitude observed in fibrinogen corroborates
previous studies, however, the lack of aggregation observed in albumin solutions (having two to
four times the highest tested concentration of fibrinogen tested) indicated that aggregation is

more influenced by protein type than by concentration, this contests the depletion layer model of
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aggregation. Although significant differences in aggregation were observed between solutions of
plasma proteins from human serum, none of the protein solutions tested exhibited the same
aggregation properties as that of plasma and no aggregation was observed in PBS (corroborating
the depletion layer model). The results indicate that aggregation in autologous plasma may be the
result of interplay between various protein types in a solution rather than one particular protein
and that the depletion layer model of erythrocyte aggregation may be exhibited in some protein
solution mixtures not others. Systematic testing of aggregation in PBS solutions with varied
protein mixtures in varied concentrations will lead to a better understanding of the mechanism or
mechanisms of aggregation and would provide insight into the possibility that several

mechanisms of aggregation may occur simultaneously.

Protein Solution Dissolved Oxygen and pH

The dissolved oxygen (DO) in all of the solutions tested decreased as a function of
protein concentration. The predictions of the computational model indicate that aggregation is
more favorable in solutions having low dissolved oxygen levels, this was supported by the
decreased dissolved oxygen and corresponding increased aggregation magnitude observed in
fibrinogen 8 mg/mL compared to fibrinogen 2 mg/mL. As expected, increased temperature
caused a decrease of DO in PBS and fibrinogen 2 mg/mL, however the opposite effect was
observed in fibrinogen 8 mg/mL. At 49°C, the DO in fibrinogen 8 mg/mL was much higher than
at lower temperatures, this increased DO was accompanied by a change in the appearance of the
solution. After heating to 49°C for 15 minutes, a precipitate formed in the fibrinogen 8 mg/mL
solution as it became noticeably cloudy in approximately 25% of the total volume, while the
remaining solution remained transparent. The inhomogeneous distribution of fibrinogen in the

fibrinogen 8 mg/mL solution may have reduced the protein concentration of the transparent
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regions of the sample, thus increasing the DO to a value closer to that of PBS. A similar change
in appearance was observed to a lesser extent in fibrinogen 2 mg/mL, however, it did not cause
an increase of DO. The different levels of precipitate formation in these protein solutions of
different concentration is likely due to the increased likelihood of protein-protein interactions in
the higher concentration sample. The protein-protein interactions that caused the fibrinogen
precipitate to form are supportive of the bridging model of erythrocyte aggregation at 49°C,
however, it does not explain thermally induced aggregation in the temperature range of 37°C to
45°C. Interestingly, in Onset of Stasis Model, a reduction of aggregation (relative to 45°C) was
observed at 49°C in autologous plasma for samples equilibrated with high oxygen levels, this is
likely due to the increase of DO caused by the plasma fibrinogen precipitation at this elevated
temperature and is supportive of computational model’s prediction that increasing the capacity of
a solution to dissolve oxygen would decrease aggregation because surface nanobubbles would be

more easily dissolved.

At all of the temperatures tested, the pH of the protein solutions decreased as a function
of protein concentration. The predictions of the computational model indicate that aggregation is
more favorable in solutions having low pH, this was supported by the decreased pH and
corresponding increased aggregation magnitude observed in fibrinogen 8 mg/mL compared to
fibrinogen 2 mg/mL. At all temperatures tested, albumin exhibited significantly lower pH values
than fibrinogen (2 mg/mL and 8 mg/mL), however, this did not correspond to increased
aggregation as predicted by the model. The discrepancy between the model’s predictions for
aggregation parameters in fibrinogen and albumin with respect to pH indicate that pH is not the
principle contributor to aggregation in albumin solutions. A possible explanation is that the low

pH of albumin solutions caused oxygen to dissociate from hemoglobin before the experiments
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were performed (during the sample preparation). According to the model, for venous blood (PO>
= 40mmHg) a change of pH from physiological (as for PBS at 37°C) to pH 6.8 (as for albumin
50 mg/mL at 37°C) would cause the oxygen saturation of hemoglobin to reduce from 76% SO>
to 33% SO2 the moment the erythrocytes were suspended in albumin 50 mg/mL, that is before
the start of the experiment. Being that the SO in solutions with pH less than 7.4 at 37°C was
reduced prior to the experiment, the contributions of pH-induced oxyhemoglobin dissociation to

erythrocyte aggregation in these experiments may have been masked.

Temperature Dependence of Erythrocyte Aggregation

Dynamic heating of erythrocytes showed an increase in aggregation with increased
temperature while the cells subject to static hyperthermia did not. In the onset of stasis model,
aggregation rate increased in plasma with increased temperature. The results of these studies
(shown as Figure 53 for ease of comparison) indicate that it is the increase in temperature that
causes erythrocyte aggregation, not temperature itself. A potential explanation for the

aggregation observed in the dynamic heating model (Figure 53 left), but not in the static
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Figure 53: Aggregation in dynamic heating model versus static hyperthermia model. Left) Figure 36: Washed erythrocytes
in PBS were allowed to settle in a channel while subject to dynamic heating; or Right) Figure 37: static hyperthermia.
Trend lines are second-order polynomial best fit (least squares) for each temperature.

hyperthermia model (Figure 53 right) is that the hemoglobin oxygen saturation states were
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different in the two models. In the dynamic heating model, erythrocytes likely experienced a
temperature-induced reduction of oxygenated hemoglobin. In the case of the static hyperthermia
model, the reduction of hemoglobin oxygenation from elevated temperature would not have
occurred during image acquisition because the cells had been brought to the test temperature
prior to imaging, this is supported by the computational model. To study the effects of
temperature on erythrocyte aggregation, only experimental models using dynamic heating

methods should be used.

In the Onset of Stasis model, no significant temperature-dependence of erythrocyte
aggregation magnitude was observed for samples equilibrated with room gas, however, their
aggregation rate was significantly increased with temperature for samples in autologous plasma.
Interestingly, the temperature-dependence of aggregation metrics varied as a function of oxygen

level in the Onset of Stasis model (controlled gas), this is discussed below.

Blood Oxygenation Dependence of Erythrocyte Aggregation

Samples equilibrated with prescribed oxygen levels in the Onset of Stasis model
exhibited temperature-dependent aggregation magnitudes that were consistent with the
predictions of the computational model. Samples suspended in autologous plasma, in the
presence of DIDS inhibitor, showed a trend of increased in aggregation magnitude and rate with
increased temperature from 37°C to 45°C for all oxygen levels tested except for 100% oxygen.
Control samples suspended in autologous plasma that were equilibrated with oxygen levels
similar to that of venous blood (5% and 10% oxygen) exhibited increased aggregation magnitude
and rate with increasing temperature consistent with the results of the computational model that
indicated oxyhemoglobin dissociation was likely to contribute to surface nanobubbles under
these conditions. It was unexpected that samples suspended in autologous plasma equilibrated
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with 0% oxygen also showed a trend of increasing aggregation magnitude and rate with
temperature elevation, it was predicted that temperature would not have an effect on this group
because, theoretically, there would not be any oxygen bound to hemoglobin, thus no
oxyhemoglobin dissociation. A possible cause of the temperature dependence of aggregation in
this sample could be contamination by atmospheric oxygen or that there exists an additional

mechanism of aggregation that was not predicted by the model.

Interestingly, the aggregation magnitude of samples suspended in autologous plasma and
heated to 49°C differed between groups with respect to oxygenation level. After a temperature-
dependent increase in aggregation magnitude, with temperature rise from 37°C to 45°C in the
samples equilibrated with 5% and 10% oxygen, no further changes were observed at 49°C in the
5% oxygen sample whereas a significant reduction of aggregation magnitude was observed at
49°C in the 10% oxygen sample. A similar reduction of aggregation magnitude was observed at
49°C in the 100% oxygen samples, after not having changed with temperature increase from
37°C to 45°C. The sharp reduction of aggregation magnitude at 49°C in samples equilibrated

with higher oxygen levels is likely related to the increase of dissolved oxygen solubility caused
by the inhomogeneity of protein in solution following the heat-induced coagulation of fibrinogen

observed in specific aim 2.

Membrane Protein Treatment Effects on Erythrocyte Aggregation

In the onset of stasis model (Room Gas), minimal differences in the magnitude of
aggregation were detected between non-treated erythrocytes and those treated with anti-band 3,
anti-avfs, or anti-GYPC in PBS nor in autologous plasma. Anti-band 3, and anti-GYPC tested

specific binding of extracellular regions of erythrocyte membrane proteins while anti-a.fs tested
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non- specific binding of extracellular regions of erythrocyte membrane proteins. Anti-band 3,
anti-avps, and anti-GYPC all bind to the extracellular side of membrane proteins, thus the results
of this study indicate that the mechanism erythrocyte aggregation is not sufficiently explained by
the bridging model, however, the results do not refute the involvement of plasma proteins in
erythrocyte aggregation. The lack of differences in aggregation in the presence of anti-band 3,
and anti-GYPC indicate that the extracellular domains of these proteins are not mediators of
aggregation but more studies need to be performed to investigate the intracellular domains of
GYPC and band 3 as mediators of aggregation. The interaction of DIDS with band 3 is thought
affect the intracellular domain of band 3 and cause reduction in the affinity of band 3 to spectrin
which subsequently reduces temperature-dependent erythrocyte membrane deformation and
subsequent reduction of aggregation. Although, due to small sample size (n=1) performed for
DIDS inhibition of band 3 (n=1) in the Onset of Stasis (Room Gas) assay, the reduction of
aggregation in the presence of DIDS was not significant, however, a clear reduction of
aggregation and temperature-dependent trend was evident. This provided a strong basis for
further investigation of DIDS as a mediator of aggregation in the Onset of Stasis model

(Controlled Gas).

In the Onset of Stasis model (Controlled Gas), aggregation of erythrocytes suspended in
autologous plasma and fibrinogen 8 mg/mL was significantly less (compared to control) for
erythrocytes with band 3 inhibition by DIDS. In autologous plasma, aggregation magnitude was
approximately halved in the presence of DIDS, and essentially eliminated for erythrocytes
suspended in fibrinogen 8 mg/mL. It was expected that a similar reduction of aggregation
magnitude were to be exhibited by erythrocytes suspended in the other protein solutions tested,

however, the minimal aggregation observed in the control experiments provided minimal room
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for reduction of aggregation by DIDS inhibition of band 3, thus no differences were detected.
The results of these experiments support the hypothesis that the intracellular domain of band 3 is

largely involved with erythrocyte aggregation.
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Conclusion

This study presents new findings that will contribute to the discovery of new mechanisms
of particle interactions. We proposed, computationally modelled, and experimentally tested a
theoretical model of erythrocyte aggregation where excess gas from oxy-hemoglobin
dissociation and gas dissolution forms nanobubbles on the extracellular surface of erythrocyte
membranes and mediates interactions between neighboring cells. Many of the experimental
results presented here served to validate those predicted by the theoretical model. While this
study investigated the contribution of oxygen nanobubbles to erythrocyte aggregation during the
onset of thermal burn injury, the general mechanism of nanobubble-mediated aggregation that
was corroborated by our experiments may have relevance in other pathologies that are
characterized by blood constituent changes including, but not limited to, diabetes, sickle cell
anemia, and sepsis. Nanobubbles can also form by cavitation near mechanical heart valves and

influence cell interactions in such scenarios.

The mechanism of particle interaction by surface nanobubble interactions may also be
relevant to entirely different fields and could become the subject of future studies. For example,
the mechanism of brewer’s yeast flocculation during fermentation is still not fully understood. It
is likely that carbon dioxide, a byproduct of fermentation, forms bubbles on yeast, when the
solution in which they are suspended becomes super-saturated, leading to a similar scenario of
aggregation by surface nanobubble interactions. The mechanism may also have applications in
fields related to water treatment, and environmental engineering. Most previously proposed
mechanisms of particle aggregation require particles or cells to come into contact by random
Brownian motion before an interaction can occur, an interesting attribute of the mechanism

proposed here is the non-random and relatively long-ranged attractive force between
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nanobubbles resulting from surface tension. Future advances in super-resolution microscopy for
in-situ imaging, where the sample environment is not perturbed by the imaging system, will
enable visualization of nanobubbles and allow a better understanding of the contribution of

surface nanobubbles to particle interactions.
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Appendix A: MATLAB-based Image Analysis Script (for Stationary and Settling Models)

%$analysis of Erythreocyte Aggregaticon in Stationary Mcdel (Dynamic Heating)
%and Settling Model (Static Hyperthermia)

%2015 Harriason Seidner and Geoffrey Gunter

functicon wvarargout = catmintGUI4 (varargin)
% CATMINTGUI4 MATLAR code for catmintGUIS.fig

% CATMINTGUI4, by itself, creates a new CATMINTGUI4 or raises the
existing

% gsingletan®,

§

% H « CATMINTGUI4 returns the handle tc a new CATMINTGUI4 or the handle
Lo

% the existing singletcn”*,

k)

% CATMINTGUI4 ("CALLBACK', hObject, «ventData, handles, .. .) calls the local
% functicon named CALLBACK in CATMINTGUI4.M with the givaen input
arguments.

%

% CATMINTGUIA ("Propercy’, "Value',...) creates a new CATMINTGUI4 or
raises the

% axisting singleton*. Starting from the lefr, property value palrs are
5 applied to the GUI before catmintGUI4_OpeningFcon gets called. An

* unrecognized property name or invalid value makes property applicaticn
% atop. All lfnputs are passed to catmintGUI4 OpeningFon via varargin.
%

) *See GUI Opticns on GUIDE's Tocls menu. Cheose “GUI allows only cne
% instance to run (singletan)™.

%

% See also: GUIDE, GUIDATA, GUIHANDLES

% Edit the above text to modify the response to help catmintGUI4
% Last Modifiad by GUIDE v2.5 27-Feb-2015 09:45:10

% Begin initialization code - DO NOT EDIT

gui_sSingleton = 1;

qui_State = struct ("gui Nama', mfilename, ...
‘gui_Singleton', gui_Singleton, ...
‘qui_OpeningFen®, @catmintGUI4 OpeningFcn, ...
'gui_OutputFon',  fBcatmintGUI4_OutputFen, ...
‘gqui_Layoutfen', [) , ...
‘gqui Callback', {1:

if nargin && ischar (varargin{lj))

gui_State.gui_Callback = str2func(varargini{l)):
end

if nargout
[varargout{l:nargout}] = qui mainfen(qui_State, varargin{:});
else
gui mainfen(gui_State, varargin{:});
end
% End initialization cocde - DO NOT EDIT

% --- Executes just before catmintGUI4 is made visible.
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functicn catmintGUI4 _OpeningFcn (hObject, eventdata, handles, varargin)

% Choose default command line output for catmintGUI4
handles.cutput = hObject;

% Update handles structure
gquidata (hObject, handles);

% Initialize handles/silders/axes, make message lag uneditable
ery
if isfield(handles, ‘data’)
handleg=rmfield (handles, "data’);
and

handles.int_thresh = get (handles.sliderl, "Value'};

set (handles.text3, "5tring',num2str (handles.int_thresh))
handles.clump thresh = get(handles.slider2, *Value');

set (handles.textd, "Suring”, num2str (handles.clump_thresh])

handles.expt_date="";
handles.date_cells_collected='"';
handlea.mHTC="";
handles.temp="";
handles.expt_group="";
handles.ID="'";

handles. spaciesg~="";
handles.gender="";
handles.age="";
handles.weight="";
handles.treatment="";
handles.date review='‘;
handles.inits="";
handlas.tophat=0;

pos=[185,426,486,7);%get (handles.axes4, "Position') %

handles.progbar=axes ('Units’', "pixels', ‘Position',pos, *XLim", [0
1], '¥Lim®, [0 1), "XTick®', [}, "¥Tick", {}};

viprogbar (handles.progbar, 0) 7

% ms
% se

glog_java=findjckj (handles.editl2);
t (msgleg java, 'Editable*,0);

guidata (hObject, handles):
catch errorObj

errordlg (gectReport (errorObj, "extended”, "hyperlinks', "off'), "Error'};
end

% --- Qutputs frem this functiocn are returned to the command line.
functicn varargout = catmintGUI4_OutputFen (hObject, eventdata, handles)

% Get default command line cutput from handles structure
varargout{l) = handles.cutput;

% -~~~ Executes on button press in pushbuttonl.
function pushbuttonl_Callback (hObject, eventdata, handles)
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% "Open Folder™ Pushbutton
try
handles.data=uigetdir('.", "Select Directory')s
msg=sprintf ("Open Directory “t%s5'\n',handles.data);
maglag=get (handlea.editl2, "String');
msglog{end+l )=msg;
set (handles.aeditl2, '*String’,msgloq)
quidata (hObject, handles);
catch errorObj
errcrdlg (getReport (errorObj, 'extended’, *hyperlinks*, "off'}, "Error'};
end

% === Executea on button press in pushbutten2.
functicn pushbutton2 Callback (hObject, eventdata, handles)
% "Open File"™ Pushbutteon
try
[£ilename, filepath]~uigetfile("./*.Lif", "Select File");
handles.data=strcat (filepath, filenams) ;
mag=gprintf ('Open File \t%s'n',handles.data);
msglog=get (handles.editl?, "String');
msglegl(end+l)=msqg;
get (handles.editl2, *String’,magloqg)
guidata (hObject, handles);
catch errorObj
errordlg (getReport (exrcrObj, ‘extended*, *hyperlinka®, *off'}, ‘Error'};
and

% --- Executes on slider movement.

function slider2_Callback (hObject, eventdata, handles)

% "Clump Threshcld®™ Slider

ery
handles.clump_thresh = round(get (handles.slider2, '"Valua'll;s
set (handles.text4, "String’,num2str (round (handles.clump thresh)))
guidata (hObject, handles);

catch errorObj
errordlg(getReport (exrrexrObj, ‘extended", *hyperlinks', ‘off'}), "Exrror'};

end

¢ === Exacutes during cbject creation, after setcing all properties.
function slider2 CreateFoen (hObject, eventdata, handles)
if isequal (get (hObject, 'BackgroundColor'),
get (0, "defaultUicoentrolBackgroeundColor®))
set (hObject, "BackgroundCalor®, [.9 .9 .9));
and

% --- Executes on button press in pushbuttond.
functicn pushbutten3 Callback (hObject, eventdata, handles)
% "RUN CATMINT™ Pushbutton
try
data=handles.data;
int_thresh=handles.int_thresh;
clump_thresh=handles.clump_thresh;
mag=aprintf (‘Run Catmint “tInt Threshold - %f, Clump Threshold -
#fhn', int_thresh, clump_thresh);
msglog=get (handles.aditl2, "String');
maglogl{end+l)=-maq;
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set (handles.editl?2, '5tring’,msglog)
{Objects,Clumps, Singlets, HTC comp) =

catmint (data, int_thresh, clump_thresh, handles. tophat, handles.progbar) 7

handles.0Objects=0bjects;
handles.Clumps=Clumps;
handles.Singlets=Singletcs;
handles.HTC comp=HTC comp:
assignin('base’, "Objecta’,Objects)
assignin("base’, "Clumps',Clumps)
assignin('bas=2', 'Singlets’', Singlets)
assignin('base’, "HTC comp', HTC_comp)
guidata (hObject, handles)

catch errcrObj

end

errordlg (getReport (exrorObj, ‘extended’, *hyperlinks*, ‘off'), "Exror'};

% --- Ex&cutes on button press in pushbuttiond.
functicn pushbutton4_Callback (hObject, eventdata, handlas)
% "Export to Excel®™ Pushbutton

try

uviprogbar (handles.progbar, 0) ;
[filename,pathname]=uiputfile(*./*.xlsx"', "Select Excel File'};
handles.excel cut-=stroat (pathname, filename) ;

pausa (0.5)

msg=sprintf ('Export to “t%s%n',handles.excel_out);
msgleg=get (handles.editcl2, ‘String’);
msglag{end+l)=maqg;

set (handles.edicl2, "String’, msglog)

fields=fieldnames (handlas.Objects) s
{dates{l:length(fields),1)])=deal (handles.expt_date);
(apecies{l:length(fielda), 1} )=deal (handles.species);
{ID{1:1length(fields), 1) )=deal (handles.ID);
[temps{l:length(fields),1)])=deal (handles.temp) ;
[mHTCs{1l:1enqth(fields), 1} )~deal (handlesa.mHTC) ;
fgroups{l:length (fields), 1} )=deal (handles.grcup);
[gender({l:length(fields), 1} ]=deal (handles.gender);
lage{l:length(fields), 1} )=deal (handles.aqge);
[weight{l:length (fields), 1) ]=deal (handles.weight);
[treatment{l:length(fields),1))=deal (handles.treatment);
{date_cells{l:length(fields),1})=deal (handles.date cells collected);
[review_date{l:length(fields), 1}]=deal (handles.date_review);
{inits{l:length(fields),1))=deal (handles.inits);

viprogbar (handles.progbar,0.1);

cbjects=zeros (length (fields), 1)
cbject_areas=zercs(length(fields),1);
clumps=zéras (length (fields), 1) ;
clump_areas=zercs (length (fields), 1) ;
singlets=zercs (length(fields),1);
singlet_areas=zeros (length(fields),1);
HTC_comp=zeros (length(fields), 1)
for i=1:length(fields)

ocbjects (i) =length (handles. Objects. (fields{i}));
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cbject_areas (i)=mean(handles.Objects. (fields{i})};
clumps (1) =length (handlea.Clumps. (fields(i}));
clump_areas (i) =mean (handles.Clumps. (fields{i}));
singlets (i) =length(handles.Singlets. (fields{i)));
singlet_areas (i) =mean (handles.Singlets. (fields{i}));
HTC_comp (i) =handles . HTC _comp. (fields{i));

end

uipregbar (handles.progbar,0.2);

age_cells~datenum(dates)-datenum(date_cells);

ratio_cells_clumped=(clump_areas.*clumps) ./ (singlat_areas.*singlats+clump_are
as.*clumps);
uiprogbar (handles. progbar, 0.3) 5

if exist (handles.excel cut, "file’)
[~,m, ~)=xlsread (handles.axcal_cut, 2);
n=length(m(:,1))+1;

alse
n=2;

end

sheat=cat (2,dates, species, ID, temps, mHTCs, groups, gender, age, weight, treatment, .

date_cells,num2cell (age_cells),num2cell (HTC comp) ,num2cell (objectsa},...

num2cell (cbject_areas),num2cell (clumps),num2cell (clump_areas),num2cell (single
ey

num2cell (singlet_areas),num2cell (ratic_cells_clumped), review date, inits);
uiprogbar (handlea.progbar,0.4);

xlswrite (handles.excel cut,sheet,2,strcat ('A',num2str(n}))

uiprogbar (handles.progbar, 0.9);

pause (0.5)

uipreogbar (handles.praegbar, 1) ;
catch errorObj

arrordlg (getReport (errorObj, "extended", *hyperlinks', *off"}, "Error'};
end

functicn editll Callback (hObject, eventdata, handles)
% "Weight™ text
£ry
handles.weight=get (hObject, *String');
quidata (hObject, handles);
catch errorObj
errordlg (gectReport (exrorObi, ‘extended*, *hyperlinka, ‘off'), "Error'});
end

% --- Executes during cbject creation, after setting all properties.
functicon edicll_CreateFon (hObjact, evaentdata, handlas)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, *defaultUicantrolBackgroundColor®))
set (hObject, 'BackgroundCelor’, "white') s
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end

function editll_Callback(hObject, eventdata, handles)
& "Age® text
try
handles.age=get (hObject, "String’):
quidata (hObject, handles);
catch errorObj
arrordlg (getReport (errordbj, ‘extendsd", *hyperiinks®, "eff'), "Error'};
end

% --- Executes during ¢bject creaticn, after setting all properties.
function €ditl0_CreateFon (hObject, éventdata, handles)
if ispc && isequal (get (hObject, "BackgroundColor'),
get (0, ‘defaultUicentrolBackgrocundColor'))
set (hObject, "BackgroundCoelor”, "white’);
and

functicn edit8_Callback (hObject, eventdata, handles)
% "Gender®™ text
ey
handles.gender=get (hObject, "String');
guidata (hObject, handles);
catch errorObj
errordlqg (getReport (errorObj, "extended®, *hyperlinks®, "off"}, "Error');
end

% --- Exacutes during cbject creation, after setting all proparties.
functicn edit8 CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, "BackgroundColor'),
get (0, ‘defaultUicontrolBackgroundColor’))
get (hObject, *BackgroundCalor', "whita');
end

function edité_Callback (hObject, eventdata, handles)
% "Species/Strain® text
Try
handles.species~get (hObject, "String');
guidata (hObject, handles);
catch errorObj
errordlg (getReport (exrrorOby, "extended’, "hyperlinks®, "of "), "Exrror'};
and

% --- Executes during object creation, after setting all propertias,
functicn edité_CreateFcn(hObject, eventdata, handles)
if Sspc 44 isequal (get (hObject, "BackgroundColor'),
get (0, "defaultlUicentrolBackgroundColor®))
get (hObject, 'BackgroundCeler', *white');
and

function editd_Callback (hObject, eventdata, handles)
§ "Temparature™ text
try

105



handles.temp=get (hObject, 'String');

guidata (hObject, handles);
catch errorObj

errordlg (getReport (errerObj, ‘extended’, *hyperiinks', *off"}, "Error'};
end

§ ~--=- Executes during chject creation, after setting all properties.
function editd_CreateFon (hObject, eventdata, handles)
if ispc && isequal (get (hObject, 'BackgroundColor'),
get (0, "defaultUicontrolBackgroundColer®))
set (hObject, "BackgroundColor”, "white");
and

functicn adit3_Callback (hObject, eventdata, handles)
$ “"mcnolayer HTC® text
Lry
handles.mHTC=get (hObjact, 'String") ;s
guidata (hObject, handles);
catch errorObj
errordlg (getReport (errorObj, "extendaed’, "hyperlinks', "off '}, "Error'};
end

§ --- Executes during cbject creaticn, after setting all preperties.
functicn edit3 CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, "BackgroundColor'),
get (0, ‘defaultUicontrelBackgroundCelor®))
get (hObject, 'BackgroundColor®, *white');
end

function edic2_Callback (hObject, eventdata, handles)
% "Date Cells Collected™ text
try
handles.date_cells_collected=get (hObject, "String’);
guidata (hObjact, handlas);
catch errorObj
errordlg (getReport (errorObj, "extendsd’, "hyperiinks®, "off"), "Errer');
end

% --- Executes during cbject creaticn, after secting all propertias,
functicn edit2 CreateFcn(hObject, eventdata, handles)
if ispc &4& isequal (get (hObject, 'BackgroundColor'),
gat (0, "dafaulclUicontrolBackgroundColor'))
get (hObject, *BackgreundCeler', *white'};
end

functicn editl Callback (hObject, eventdata, handles)
% "Experiment Date™ text
try
handles._expt datewget (hObject, 'String’);
guidata (hObject, handles);
catch errorObj
errordlg (getReport (errorOb], "extendad”, "hyperlinks', "off"), "Error’};
and

$ --- Executes during object creation, after setting all properties.
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functicn editl Createfcn(hObject, eventdata, handles)
if igpc && isequal (get (hObject, 'BackgroundColor'),
get (0, 'defauitlUicontrelBRackgroundColor®) )

set (hObject, 'BackgroundCeler', 'white') ;
end

§ === Executes on slider movement.
function sliderl_Callback (hObject, eventdata, handles)
% "Intensity Threshold®™ Slider
try
handles.int_thresh = round (get (handles.sliderl, "Value'));
sat (handlas.textd, "String', num2str (round (handles.int_thresh) )}
quidata (hObject, handles);
catch errcrObj
arrcrdlg (getRepert (errorObj, "extaended', "hyperlinks', "off")}, "Exrror'};
end

& ==~ Executes during cbject creation, after setting all properties.
functicn sliderl CreateFcn (hObject, eventdata, handles)
if isequal (get (hObject, "BackgroundColor'),
get (0, ‘defaultviccentrelBackgroundCalar'))
set (hObject, "BackgroundColaer®, 1.9 .9 .9));
and

% --- Executes during cbject creation, after setting all properties.
functicn axes4_Createfcn(hObject, eventdata, handles)

% --- Exacutes on button press in chackboxl.
functicn checkboxl Callback (hObject, eventdata, handles)
% "Apply Top Hat Algorichm™ checkbox
try
handles.tophat=get (hObject, *Valua');
guidata (hObject, handles);
catch arrcrobj
errcrdlg (getReport (errorObj, 'extended*, *hyperlinka, *off'), ‘Error'};
end

function editld_Callback (hObject, eventdata, handles)
% "Animal Treatment™ text
Try
handles_ treatment=get (hObject, "String');
guidata (hObject, handlas);
catch errcrObj
errordlyg (getReport (errorObj, "extended, "hyperlinks®, "off"), "Error’});
and

% --- Exacutes during cbject creaticn, after setting all properties.
functicn editl4 Createfcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, "BackgroundColor'},
get (0, "defauvlcUicontrelBackgroundColor'))
gset (hObject, "BackgroundColor®, *white');
end

functicn editl3 Callback (hObject, eventdata, handles)
% "Group™ text
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try

handles.group=get (hObject, *String');

guidata (hObject, handles);
catch errorObj

errordlg (getReport (errorOb], "extended’, "hyperliinka®, "off"), "Exrror'};
end

% --- Executes during cbject creation, after setting all properties.
functicon editl3_Createfcn (hObject, eventdata, handles)
if iapc && isequal (get (hObject, *BackgroundColor'),
get (0, "defauitlicontrolBackgroundCalor))
sat (hObjact, 'BackgroundColor', *white') s
end

functicn editl?_Callback (hObject, eventdata, handles)
% "Reviewxer Initials™ text
try
handles.inita=get (hObject, *String’);
guidata (hObject, handles);
catch errcrObj
errordlg (getReport (errorObj, ‘extendsd”, *hyperlinka®, '*cff'), "Exrror'});
end

% --- Executes during object creation, after setting all properties.
functicn editl?_CreateFcn (hObject, eventdata, handles)
if ispc && isequal (get (hObject, *BackgroundColor'),
get (0, ‘defaulcUicentralBackgroundColar®))
set (hObject, "BackgroundColor®, "white');
end

functicn editlé_Callback (hObject, eventdata, handles)
% "Date Reviewed"™ text
try
handles.date_review=gat (hObject, *String');
guidata (hObject, handles);
catch errorObj
errordlg (getReport (errerObj, "extended", *hyperlinks', "off"}, "Error'};
end

§ ==~ Executes during cbject creation, after setting all properties.
functicn editlé_CreateFon (hObject, eventdata, handles)
if ispc && isaqual (get (hObjact, 'BackgroundColor'),
get (0, *defaultUicontrolBackgroundColor'))
set (hObject, "Backgroundfolor”, "white') ;
and

function editl5_Callback (hObject, eventdata, handles)
& "Aanimal ID" text
try
handles.ID=get (hObject, "String');
guidata (hObject, handles);
catch errorObj
errordlg (getReport (exrerObj, "extended®, *hyperlinks', "of f'1, "Error'};
end
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Appendix B: Python-based Image Analysis Script (for Onset of Stasis Models)

Fahraeus-Lyndquist Analysis script -

Organize databases, plot, and analyze intensity distribution of time-
series in vitro blood rheology imaging data.
Data fitted to second order polynomial

2015-2016 Harrison Seidner and Geoffrey Gunter

This script is written for analysis of RoomGas data, and for analysis
of data where oxygen partial pressure is controlled

import os
import matplotlib.pyplot as plt
#import ns

from FL_Image import *

from FL_DataFrameGasl import *
from FL_plotsl import *

from FL_DataGas import *

seaporn as sn

## source data and
indir = 'C:\\FL_Analyze\\experiments'
outdir = 'C:\\FL_Analyze\\data"'

output directories

intplotsdir = outdir+'\\'+'intplots’

imgsdir = outdir+'\\ '+ imgs’

binimgsdir = outdir+'\\'+'binimgs’

cfaplotsdir = outdir+'\\'+'cfaplots’
deltaSigmaplotsdir = outdir+'\\'+'deltaSigmaplots’
dwplotsdir = outdir+'\\'+'dwplots’

barplotsdir = outdir+'\\'+'barplots’

legendsdir = outdir+'\\ '+'legends’

for d in [outdir, intplotsdir, imgsdir, binimgsdir, cfaplotsdir,\
deltaSigmaplotsdir, dwplotsdir, barplotsdir, legendsdir]:
if os.path.isdir(d) == False:
os.mkdir(d)

## Donor demographic info

donors = [{'SubjID':'HO2', Gender':"
{'SubjID':"'HO3"', 'Gender':"
{"SubjID':'HO4", ' Gender':"'
{'SubjID':"'HO5", " 'Gender':"
{'SubjID':'HO6'," 'Gender':"
{'SubjID':"'HO7', 'Gender':'M', 'Age’:48, 'CollectionDate’:"'2015-08-

M','Age’':58,'CollectionDate’:'2015-06-
M
M
M
M
M
{'SubjID':'HO8', 'Gender':'M', 'Age':27,'CollectionDate’:"'2015-09-
M
M
M
F
M
M
M

(2]
‘,"'Age’:41, 'CollectionDate’:'2015-06-1
',"'Age':45, 'CollectionDate’:'2015-06-1
',"'Age':33,'CollectionDate’:"'2015-06-2
',"'Age':56, 'CollectionDate’:'2015-06-2
1
2
(2]

{'SubjID':'HO9", 'Gender':'M', 'Age’:54, 'CollectionDate’:"'2015-10-

{'SubjID':'H1@"',"'Gender':'M', ‘Age':50, 'CollectionDate’:"'2015-10-1
{"SubjID':'H11",'Gender':'M', 'Age’:53, 'CollectionDate’:"'2015-12-1
{'SubjID':'H12','Gender':'F','Age':52, " 'CollectionDate":"'2016-01-0
{'SubjID':'H13', 'Gender':'M', 'Age':56, 'CollectionDate’:'2016-01-0
{'SubjID':"'H14','Gender':'M','Age’':37, 'CollectionDate’:"'2016-01-1
{'SubjID':"H15', 'Gender':'M', 'Age’':32, 'CollectionDate’:'2016-01-1
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{*'SubjID':'H16', 'Gender':'M', 'Age':57, 'CollectionDate":'2016-01-12"},
{'SubjID':'H17', 'Gender':"'M', 'Age’':52, 'CollectionDate":'2016-01-19"},
{'SubjID':'H18', " 'Gender':'M', 'Age':51, 'CollectionDate’:"'2016-01-19'},

M },

\
\
\
{'SubjID':'H19', 'Gender':'M', 'Age':27,'CollectionDate’:'2016-01-19'},]

print ‘'\nwrite Donor dataframe’
D = None
for donor in donors:
D = insDonor(donor, D)
D.to_excel(outdir+'\\'+'Donors.xlsx")

print ‘\nwrite Trial dataframe’
T = None
time = np.hstack((np.arange(0,180,20),180)).astype(float)

for dirname in os.listdir(indir):
if os.path.isdir(indir+'\\'+dirname):
print dirname
trial = insTrial(indir+'\\'+dirname)
ind = 0
s, a, t, d, o, n = trial.iloc[@].Solvent, trial.iloc[@].Ab,\
trial.iloc[@].Temp, \
trial.iloc[@].Date, trial.iloc[@].Oxy, trial.iloc[@].Nitro
intPlotpdf = intplotsdir+'\\'+s+'_'+a+'_ '+np.str(t)+'C_'+d+'.pdf’
plotPDF(intPlot, trial, ind, time, intPlotpdf)
imgPlotpdf = imgsdir+'\\'+s+'_‘+a+'_‘+np.str(t)+ 'C_"+d+' .pdf’
plotPDF (imgPlot, trial, ind, time, imgPlotpdf)
binImgPlotpdf = binimgsdir+'\\'+s+'_'+a+'_'+np.str(t)+'C_"+d+'.pdf’
plotPDF(binImgPlot, trial, ind, time, binImgPlotpdf)
T = insTrialData(trial, T)
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T.to_excel(outdir+'\\'+'Data.xlsx")

R R R A R R B iR B R R R

## Get aggregation @ 3 min and t_1/2

print '\nwrite Time-Series Stats dataframe’

#T = pd.read_excel(outdir+'\\ '+'Data_RoomGas.xlLsx")

T = pd.read_excel(outdir+'\\'+'Data_Gas.xlsx")

""" NOTE: Change the filename above to do Max/t_1/2 analysis on a new
Excel file"""

""" Also note that ALL DATA must be on "Sheet 1" and must have a UNIQUE
index number*"*"

#TS = None

#for d in np.unique(T.Date):

# for s in np.unique(T[T.Date == d].Solvent):

# for a in np.unique(T[(T.Date ==d) & (T.Solvent == s)].Ab):
# for t in np.unique(T[(T.Date ==d) & (T.Solvent == s) &\
# (T.Ab == a)].Temp):

# ind = filterDF(T,{'Date’:d, '‘Solvent':s, 'Ab‘':a, 'Temp':t}).index
# TS = insTimeSeriesStats(T.loc[ind], TS)
#TS.to_excel(outdir+'\\ '+ 'Stats.xlsx")

- A A St S I S A S

TS = None

for d in np.unique(T.Date):
for s in np.unique(T[T.Date == d].Solvent):
for a in np.unique(T[(T.Date ==d) & (T.Solvent == s)].Ab):
for o in np.unique(T[(T.Date ==d) & (T.Solvent == s) & (T.Ab == a)].Oxy):
for n in np.unique(T[(T.Date ==d) & (T.Solvent == s) & (T.Ab == a) &\
(T.Oxy == o0)].Nitro):
for t in np.unique(T[(T.Date ==d) & (T.Solvent == s) & (T.Ab == a) &\
(T.Oxy == 0) & (T.Nitro == n)].Temp):
ind = filterDF(T,{'Date':d,'Solvent':s,'Ab':a, "“Oxy":0, "Nitro":n,\
‘Temp':t}).index
TS = insTimeSeriesStats(T.loc[ind], TS)
TS.to_excel(outdir+ ' \\ '+ 'Stats.x1sx")

# Generate plots

##C = ('dodgerblue’', 'red’, 'indigo')
C = ('dodgerblue’, ‘red’', ‘yellow')
#for t in [37, 41, 45, 49]:

H*

# PBS = T[(T.Temp == t) & (T.Ab == 'noAnt’') & (T.Solvent == 'PBS')].index

# Plasma = T[(T.Temp == t) & (T.Ab == 'noAnt') &\

# (T.Solvent == 'Plasma’)].index

# Dex = T[(T.Temp == t) & (T.Ab == 'noAnt') & (T.Solvent == 'Dex5600')].1index
# cfaPDF = cfaplotsdir+'\\ '+np.str(t)+'C_"'+'noAb’'+"'.pdf"

# plotPDF(cfaPlot, T, (PBS, Plasma, Dex), C, cfaPDF)

# dwPDF = dwplotsdir+'\\'+np.str(t)+'C_"'+'noAb’'+".pdf"’

# plotPDF(dwPlot, T, (PBS, Plasma, Dex), C, dwPDF)

# deltaSigmaPDF = deltaSigmaplotsdir+'\\ '+np.str(t)+'C_"'+'noAb'+"'.pdf"’

- 3

plLotPDF(del taSigmaPLot, T, (PBS, Plasma, Dex), C, deltaSigmaPDF)

C = ('red', 'forestgreen', 'lime', 'indigo’, 'blueviolet’)
for o in [00, 05, 10, 100]:
for t in [37, 41, 45, 49]:
Plasma = T[(T.Temp == t) & (T.Ab == 'noAnt') & (T.Oxy == o) &\
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(T.Solvent == ‘Plasma’')].index

ALB50@ = T[(T.Temp == t) & (T.Ab == 'noAnt') & (T.Oxy == 0) &\
(T.Solvent == 'ALB50')].index
ALB20 = T[(T.Temp == t) & (T.Ab == 'noAnt') & (T.Oxy == o) &\
(T.Solvent == 'ALB20')].index
FIBO8 = T[(T.Temp == t) & (T.Ab == "noAnt') & (T.Oxy == 0) &\
(T.Solvent == 'FIBO8')].index
FIBO2 = T[(T.Temp == t) & (T.Ab == 'noAnt') & (T.Oxy == o) &\
(T.Solvent == 'FIB02')].index

deltaSigmaPDF =\ deltaSigmaplotsdir+'\\'+'Solvents’'+'_"+np.str(t)+\
C_' o+ _"+'Oxy%' +np.str(o)+'_'+'noAb’+" . pdf’
plotPDF(deltaSigmaPlot, T, (Plasma, ALB50, ALB20, FIBOS, FIBO2),\
C, deltaSigmaPDF)

C = ('red', 'forestgreen', 'lime', 'indigo', 'blueviolet')

for o in [@0, 05, 10, 100]:
for t in [37, 41, 45, 49]:

Plasma = T[(T.Temp == t) & (T.Ab == 'DIDS') & (T.Oxy == 0) &\
(T.Solvent == 'Plasma')].index

ALB50 = T[(T.Temp == t) & (T.Ab == 'DIDS') & (T.Oxy == o) &\
(T.Solvent == 'ALB50')].index

ALB20 = T[(T.Temp == t) & (T.Ab == 'DIDS') & (T.Oxy == o) &\
(T.Solvent == "ALB20')].index

FIBO8 = T[(T.Temp == t) & (T.Ab == 'DIDS') & (T.Oxy == 0) &\
(T.Solvent == 'FIB@8')].index

FIBO2 = T[(T.Temp == t) & (T.Ab == 'DIDS') & (T.Oxy == o) &\
(T.Solvent == 'FIBO2')].index

deltaSigmaPDF = deltaSigmaplotsdir+'\\'+'Solvents'+' ‘+np.str(t)+\
'C_' o+ _"+'0xy%" +np.str(o)+'_'+'DIDS'+'.pdf’
plotPDF(deltaSigmaPlot, T, (Plasma, ALB50, ALB20, FIBO8, FIBO2),\
C, deltaSigmaPDF)

C = ('dodgerblue', ‘'darkorchid', ‘red', ‘'darkred’)
for o in [0@, ©5, 10, 100]:
for s in ['Plasma', 'ALB5@', 'ALB20', 'FIB@8', 'FIB02']:

T37 = T[(T.Temp == 37) & (T.Ab == 'noAnt') & (T.Solvent == s) &\
(T.Oxy == o0)].index
T41 = T[(T.Temp == 41) & (T.Ab == 'noAnt') & (T.Solvent == s) &\
(T.Oxy == o)].index
T45 = T[(T.Temp == 45) & (T.Ab == 'noAnt') & (T.Solvent == s) &\
(T.Oxy == 0)].index
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T49 = T[(T.Temp == 49) & (T.Ab == 'noAnt') & (T.Solvent == s) &\
(T.Oxy == o0)].index

deltaSigmaPDF = deltaSigmaplotsdir+'\\ '+ ' Temps'+'_"+s+'_'+\

'%0xy ‘+np.str(o)+'_'+'noAb’'+' .pdf’

plotPDF(deltaSigmaPlot, T, (T37, T41, T45, T49), C, deltaSigmaPDF)

= ('dodgerblue', 'darkorchid', ‘red', 'darkred')
for o in [@0, 05, 10, 100]:
for s in ['Plasma‘, 'ALB50©‘, 'ALB20', 'FIB@8', 'FIB02']:
T37 = T[(T.Temp == 37) & (T.Ab == 'DIDS') & (T.Solvent == s) &\
(T.Oxy == o)].index
T41 = T[(T.Temp == 41) & (T.Ab == 'DIDS') & (T.Solvent == s) &\
(T.Oxy == o0)].index
T45 = T[(T.Temp == 45) & (T.Ab == 'DIDS') & (T.Solvent == s) &\
(T.Oxy == o0)].index
T49 = T[(T.Temp == 49) & (T.Ab == 'DIDS') & (T.Solvent == s) &\
(T.Oxy == o0)].index
deltaSigmaPDF = deltaSigmaplotsdir+'\\ '+ Temps'+'_"+s+'_'+\
'%0xy "+np.str(o)+'_"+'DIDS'+' .pdf"’
p10tPDF(de1taSlgmaP10t T, (T37 T41 T45 T49), C deltaSlgmaPDF)
r‘ﬂ##rf HHE AR l‘v—## HHH 7 HE A -
#C = ('navy’, 'dodgerblue’, fo:estg:een areenyeltow 3 fuch51a 5 sanon )
#for s in ['PBS', 'Plasma’]:

for t in [37, 41, 45, 49]:
noAb = T[(T.Temp == t) & (T.Ab == 'noAnt') & (T.Solvent == s)].1index
Band3 = T[(T.Temp == t) & (T.Ab == 'Band3’') & (T.Solvent == s)].index
GYPC = T[(T.Temp == t) & (T.Ab == 'GYPC') & (T.Solvent == s)].index
avb3 = T[(T.Temp == t) & (T.Ab == 'aVb3') & (T.Solvent == s)].index
DIDS = T[(T.Temp == t) & (T.Ab == 'DIDS') & (T.Solvent == s) ].index########it#####
Glut = T[(T.Temp == t) & (T.Ab == 'Glut') & (T.Solvent == s) ].index#####H##H##

cfaPDF = cfaplotsdir+'\\ '+s+'_ ‘+np.str(t)+'C'+"'.pdf’

plotPDF(cfaPlot, T, (noAb, Band3, GYPC, aVb3, DIDS, Glut), C, cfaPDF)####HHH#H###H
dwPDF = dwplotsdir+'\\'+s+'_‘'+np.str(t)+'C'+"'.pdf"’

plotPDF(dwPlLot, T, (noAb, Band3, GYPC, aVb3, DIDS, GlLut), C, dwPDF )##HHHHEHEHEH
deltaSigmaPDF = deltaSigmaplotsdir+'\\ '+s+'_'+np.str(t)+'C'+’'.pdf"
plotPDF(deltaSigmaPlot, T, (noAb, Band3, GYPC, aVb3, DIDS, GlLut),/

#C, deltaSigmaPDF)

oW W Y W R R EHRR

## Generate bar plots
print '\nGenerate bar plots'
TS = pd.read_excel(outdir+'\\ '+'Stats.xlsx")

= ('dodgerblue’', ‘'darkorchid’', ‘'red’, ‘'darkred')
#PBS, Plasma, Dex = {}, {}, {}
#for t in [37, 41, 45, 49]:

# PBS[t] = TS[(TS.Temp == t) & (TS.Ab == 'noAnt’) &\

# (7S.Solvent == 'PBS’)].1index

# Plasma[t] = TS[(TS.Temp == t) & (TS.Ab == 'noAnt’) &)\

# (TS.Solvent == 'Plasma’)].index

# De/[t] = TS[(TS.Temp == t) & (TS.Ab == 'noAnt’) &\

# .Solvent == 'Dex500')].1index

#ma = ((PBS[37], PBS[41], PBS[45], PBS[49]), \

# (PlLasma[37], Plasma[41], PlLasma[45], PlLasma[49]), \

# (Dex[37], Dex[41], Dex[45], Dex[49]))

#sigmamaxbarPDF = barplotsdir+'\\sigmabarmax '+'_'+'noAb’'+'_"+'Temp'+'.pdf’
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#plLotPDF (sigmamaxBarPlot, TS, ind, C, sigmamaxbarPDF)

#CFAmaxbarPDF = barplotsdir+'\\CFAbarmax'+'_'+'noAb‘+"'_'+'Temp'+".pdf’

#plotPDF (CFAmaxBarPlLot, TS, ind, C, CFAmaxbarPDF)

#DWmaxbarPDF = barplotsdir+‘\\DWbarmax'+'_'+'noAb'+'_'+'Temp'+"'.pdf’

#plotPDF (DWmaxBarPlot, TS, ind, C, DWmaxbarPDF)

#sigmat_hal fbarPDF = barplotsdir+'\\sigmabarthalf'+’'_ '+'noAb'+'_'+'Temp'+'.pdf"’
#plotPDF(sigmat_halfBarPlot, TS, ind, C, sigmat_halfbarPDF)

#CFAthal fbarPDF = barplotsdir+'\\CFAbarthalf'+'_'+'noAb'+"'_'+'Temp'+'.pdf’
#plotPDF (CFAthalfBarPlot, TS, ind, C, CFAthalfbarPDF)

#DWthalfbarPDF = barplotsdir+'\\DwWbarthalf'+'_'+'noAb'+'_'+'Temp'+'.pdf’
#plotPDF (DWthalfBarPlot, TS, ind, C, DWwthaljfbarPDF)

HHHRH S “-‘““#j‘t} it ,v‘* e M ‘#‘#ﬁkﬁ FEAE A ,“ 1 I B S S “;“— me

#C = ('dodgerblue’, 'red’', 'yellow')

#T_37, T_41, T_45, T_49 = {}, {}, {} {}

#for s in ['PBS‘', 'Plasma’, 'Dex500']:
T _37[s] = TS[(TS.Temp == 37) & (7S.Ab == 'noAnt') & (TS.Solvent == s)].index
T 41[s] = TS[(TS.Temp == 41) & (TS.Ab == 'noAnt') & (TS.Solvent == s)].index
T_45[s] = TS[(TS.Temp == 45) & (7S.Ab == 'noAnt') & (7S.Solvent == s)].1index
T_49[s] = TS[(TS.Temp == 49) & (TS.Ab == 'noAnt’') & (TS.Solvent == s)].index

ind = ((T_37['PBS'], T_37['Plasma’], T_37['Dex500°']), \
(T_41['PBS'], T _41['PLasma’'], T_41[ ‘Dex500°']), \
(T_45['PBS'], T_45['Plasma’], T_45[ 'Dex500°]), \
(T_49[ 'PBS'], T_49[ 'Plasma'], T_49[ 'Dex500']))
#sigmamaxbarPDF = barplotsdir+'\\sigmabarmax'+'_'+'noAb'+'_'+'Solvents.pdf"’
#plotPDF (sigmamaxBarPlot, TS, ind, C, sigmamaxbarPDF)
#CFAmaxbarPDF = barplotsdir+'\\CFAbarmax'+'_'+'noAb’'+'_'+'Solvents.pdf"’
#plotPDF (CFAmaxBarPlot, TS, ind, C, CFAmaxbarPDF)
#DWmaxbarPDF = barplotsdir+'\\DWbarmax '+'_'+'noAb'+'_'+'Solvents. pdf"'
#plotPDF (DWmaxBarPlot, TS, ind, C, DWmaxbarPDF)
#sigmat_hal fbarPDF = barplotsdir+'\\sigmabarthalf '+’ '+\
#'noAb'+'_"'+'Solvents.pdf'’
#pLotPDF (sigmat_halfBarPlot, TS, ind, C, sigmat_halfbarPDF)
#CFAthal fbarPDF = barplotsdir+'\\CFAbarthalf'+'_'+'noAb'+'_'+'Solvents.pdf'
#plLotPDF (CFAthalfBarPlot, TS, ind, C, CFAthalfbarPDF)
#DWthalfbarPDF = barplotsdir+'\\Dwbarthalf'+'_'+'noAb’'+'_'+'Solvents.pdf"
#plotPDF (DWthalfBarPlot, TS, ind, C, DWthalfbarPDF)
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C = ('red', 'forestgreen', 'lime', 'indigo', 'blueviolet')
Plasma, ALB50, ALB20, FIBO8, FIBe2 = {}, {}, {}, {}, {}
for t in [37, 41, 45; 49]:
for o in [00, 05, 10, 100]:
Plasma[o] = TS[(TS.Oxy == 0) & (TS.Ab == 'noAnt') &\
(TS.Solvent == 'Plasma’) & (TS.Temp == t)].index
ALB50[0] = TS[(TS.Oxy == 0) & (TS.Ab == 'noAnt') &\
(TS.Solvent == 'ALB50') & (TS.Temp == t)].index
ALB20[o] = TS[(TS.Oxy == 0) & (TS.Ab == 'noAnt') &\
(TS.Solvent == 'ALB20') & (TS.Temp == t)].index
FIBO8[o] = TS[(TS.Oxy == o) & (TS.Ab == 'noAnt') &\
(TS.Solvent == 'FIBO8') & (TS.Temp == t)].index
FIBO2[o] = TS[(TS.Oxy == 0) & (TS.Ab == "noAnt') &\
(TS.Solvent == 'FIB02') & (TS.Temp == t)].index
ind = ((Plasma[0@], ALB50[00], ALB20[©0], FIBO8[0G], FIBO2[00]), \
(Plasma[@5], ALB50[05], ALB20[0©5], FIBO8[05], FIBO2[05]), \
(Plasma[10], ALB50[1@], ALB20[10], FIBe8[10], FIB@2[1@]), \
(Plasma[100], ALB50[100], ALB20[100], FIBO8[100], FIBO2[100]))

oo R R R RR
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sigmamaxbarPDF = barplotsdir+'\\sigmabarmax'+'_ "+ 'noAb’'+'_"+\
'Solvents'+'_"+'Oxys'+'_"+np.str(t)+'C'+' .pdf’

plotPDF (sigmamaxBarPlot, TS, ind, C, sigmamaxbarPDF)
sigmat_halfbarPDF = barplotsdir+'\\sigmabarthalf'+'_ '+'noAb'+\
'_'+'Solvents'+'_"+'Oxys'+'_"+np.str(t)+'C'+'.pdf’

plotPDF (sigmat_halfBarPlot, TS, ind, C, sigmat_halfbarPDF)

C = ('red', 'forestgreen', 'lime', 'indigo', 'blueviolet')
Plasma, ALB50, ALB20, FIB@8, FIBe2 = {}, {}, {}, {}, {}
for t in [37; 41, 45; 49]:

for o in [00, 05, 10, 100]:

Plasmaf[o] = TS[(TS.Oxy == o) & (TS.Ab == 'DIDS') &\
(TS.Solvent == ‘Plasma’) & (TS.Temp == t)].index
ALB5@[0] = TS[(TS.Oxy == 0) & (TS.Ab == 'DIDS') &\
(TS.Solvent == 'ALB50') & (TS.Temp == t)].index
ALB20[o] = TS[(TS.Oxy == o) & (TS.Ab == 'DIDS') &\
(TS.Solvent == 'ALB20') & (TS.Temp == t)].index
FIBO8[0] = TS[(TS.Oxy == 0) & (TS.Ab == 'DIDS') &\
(TS.Solvent == 'FIBO8') & (TS.Temp == t)].index
FIBO2[0] = TS[(TS.Oxy == 0) & (TS.Ab == 'DIDS') &\
(TS.Solvent == 'FIB02') & (TS.Temp == t)].index

ind = ((Plasma[@@], ALB50[00], ALB20[00], FIBOS[00], FIBO2[00]), \
(Plasma[05], ALB50[05], ALB20[05], FIBO8[05], FIBO2[05]), \
(Plasma[10], ALB50[1@], ALB20[10], FIB@8[10], FIBO2[10]), \
(Plasma[100], ALB50[100], ALB20[100], FIB@8[100], FIBO2[100]))

sigmamaxbarPDF = barplotsdir+'\\sigmabarmax'+'_'+'DIDS'+'_"+'Solvents'+\

'+Oxys'+'_"+np.str(t)+'C'+ . pdf’

plotPDF (sigmamaxBarPlot, TS, ind, C, sigmamaxbarPDF)

sigmat_halfbarPDF = barplotsdir+'\\sigmabarthalf'+' '+'DIDS'+'_'+\

‘Solvents'+'_"+'Oxys'+'_"+np.str(t)+'C'+'.pdf’

plotPDF (sigmat_halfBarPlot, TS, ind, C, sigmat_halfbarPDF)

C = ('dodgerblue', 'darkorchid', ‘'red', 'darkred')
Plasma, PlasmaDIDS= {}, {}
for o in [@@, ©5, 10, 100]:

for t in [37; 41; 45; 49];

Plasma[t] = TS[(TS.Oxy == 0) & (TS.Ab == 'noAnt') &\
(TS.Solvent == 'Plasma’) & (TS.Temp == t)].index
PlasmaDIDS[t] = TS[(TS.Oxy == 0) & (TS.Ab == 'DIDS') &\
(TS.Solvent == ‘Plasma’) & (TS.Temp == t)].index

ind = ((Plasma[37], Plasma[41], Plasma[45], Plasma[49]), \
(PlasmaDIDS[37], PlasmaDIDS[41], PlasmaDIDS[45], PlasmaDIDS[49]))

sigmamaxbarPDF = barplotsdir+ \\sigmabarmax'+'_'+'noAb_v_DIDS'+\

‘'+'Plasma’+’ _"+'Temp'+'_"+'%0xy ‘+np.str(o)+' .pdf’

plotPDF (sigmamaxBarPlot, TS, ind, C, sigmamaxbarPDF)

sigmat_halfbarPDF = barplotsdir+'\\sigmabarthalf'+'_'+'noAb_v_DIDS'+\

‘_'+'Plasma’+’_"+'Temp'+'_'+'%0Oxy'+np.str(o)+' .pdf’

plotPDF (sigmat_halfBarPlot, TS, ind, C, sigmat_halfbarPDF)

C = ('dodgerblue', 'darkorchid', ‘'red', 'darkred')
ALB5@, ALB50DIDS= {}, {}
for o in [0@, 05, 10, 100]:
for t an [37, 41, 45, 49]:
ALB5@[t] = TS[(TS.Oxy == 0) & (TS.Ab == 'noAnt') &\
(TS.Solvent == ‘ALB50') & (TS.Temp == t)].index
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ALBSODIDS[t] = TS[(TS.Oxy == 0) & (TS.Ab == 'DIDS') &\
(TS.Solvent == 'ALB50') & (TS.Temp == t)].index
ind = ((ALB50[37], ALB50[41], ALB50[45], ALB50[49]), \

(ALB50DIDS[37], ALB5@DIDS[41], ALB5@DIDS[45], ALB5@DIDS[49]))~
sigmamaxbarPDF = barplotsdir+'\\sigmabarmax'+' '+'noAb_v_DIDS'+' "+\
‘ALB5O'+"_"+'Temp'+' _'+'%0xy '+np.str(o)+’ .pdf’
plotPDF(sigmamaxBarPlot, TS, ind, C, sigmamaxbarPDF)
sigmat_halfbarPDF = barplotsdir+'\\sigmabarthalf'+'_ '+'noAb_v_DIDS'+'_ '+\
'ALB5O'+'_"+'Temp'+'_'+'%0xy ' '+np.str(o)+' .pdf"
plotPDF (sigmat_halfBarPlot, TS, ind, C, sigmat_halfbarPDF)

C = ('dodgerblue', ‘'darkorchid', ‘red', 'darkred')
ALB20, ALB20DIDS= {}, {}
for o in [@@, ©5, 10, 100]:

for t in [37, 41, 45; 49]:

ALB20[t] = TS[(TS.Oxy == 0) & (TS.Ab == 'noAnt') &\
(TS.Solvent == 'ALB20') & (TS.Temp == t)].index
ALB20DIDS[t] = TS[(TS.Oxy == 0) & (TS.Ab == 'DIDS') &\
(TS.Solvent == 'ALB20') & (TS.Temp == t)].index

ind = ((ALB20[37], ALB20[41], ALB20[45], ALB20[49]), \
(ALB2@0DIDS[37], ALB26DIDS[41], ALB2eDIDS[45], ALB20DIDS[49]))#,
sigmamaxbarPDF = barplotsdir+ \\sigmabarmax'+'_"+'noAb_v_DIDS'+' "+\
‘ALB20'+'_'+'Temp'+'_'+'%0Oxy '+np.str(o)+' .pdf’
plotPDF (sigmamaxBarPlot, TS, ind, C, sigmamaxbarPDF)
sigmat_halfbarPDF = barplotsdir+'\\sigmabarthalf'+'_'+'noAb_v_DIDS'+\
' "+'ALB20'+'_'+'Temp'+'_'+'%0Oxy'+np.str(o)+’.pdf"’
plotPDF(sigmat_halfBarPlot, TS, ind, C, sigmat_halfbarPDF)

C = ('dodgerblue', ‘'darkorchid', 'red', 'darkred')
FIBO8, FIBO8DIDS= {}, {}
for o in [0@, ©5, 10, 100]:

for t in [37, 41, 45, 49]:

FIBOS[t] = TS[(TS.Oxy == 0) & (TS.Ab == 'noAnt') &\
(TS.Solvent == 'FIBO8') & (TS.Temp == t)].index
FIBOSDIDS[t] = TS[(TS.Oxy == 0) & (TS.Ab == 'DIDS') &\
(TS.Solvent == 'FIBO8') & (TS.Temp == t)].index

ind = ((FIBOS[37], FIBO8[41], FIBO8[45], FIBO8[49]), \
(FIBOSDIDS[37], FIBOS8DIDS[41], FIBOSDIDS[45], FIB@SDIDS[49]))

sigmamaxbarPDF = barplotsdir+'\\sigmabarmax'+'_'+'noAb_v_DIDS'+\

‘_"+'FIBO8'+'_'+'Temp'+'_"'+'%0xy'+np.str(o)+'.pdf"’

plotPDF (sigmamaxBarPlot, TS, ind, C, sigmamaxbarPDF)

sigmat_halfbarPDF = barplotsdir+'\\sigmabarthalf'+'_'+'noAb_v_DIDS'+\

'_"+'FIBO8'+'_'+'Temp'+'_'+'%0Oxy'+np.str(o)+'.pdf’

plotPDF (sigmat_halfBarPlot, TS, ind, C, sigmat_halfbarPDF)

C = ('dodgerblue', ‘'darkorchid', ‘'red', 'darkred')
FIBO2, FIBO2DIDS= {}, {}
for o in [0@, ©5, 10, 100]:
for' 't in [37, 41, 45, 49]%
FIBO2[t] = TS[(TS.Oxy == o) & (TS.Ab == 'noAnt') &\

(TS.Solvent == 'FIB02') & (TS.Temp == t)].index
FIBO2DIDS[t] = TS[(TS.Oxy == 0) & (TS.Ab == ‘DIDS') &\
(TS.Solvent == 'FIB02') & (TS.Temp == t)].index

ind = ((FIBO2[37], FIBO2[41], FIB@2[45], FIBO2[49]), \
(FIBO2DIDS[37], FIBO2DIDS[41], FIBO2DIDS[45], FIBO2DIDS[49]))
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sigmamaxbarPDF = barplotsdir+ \\sigmabarmax'+'_'+'noAb_v_DIDS'+\
'_"+'FIBO2'+'_'+'Temp'+'_'+'%0Oxy'+np.str(o)+'.pdf"’

plotPDF (sigmamaxBarPlot, TS, ind, C, sigmamaxbarPDF)
sigmat_halfbarPDF = barplotsdir+'\\sigmabarthalf'+'_'+'noAb_v_DIDS'+\
' '+'FIBO2'+"_'+'Temp'+'_'+'%0Oxy'+np.str(o)+’.pdf’

plotPDF (sigmat_halfBarPlot, TS, ind, C, sigmat_halfbarPDF)

C = ('red', 'forestgreen', 'lime', 'indigo', ‘'blueviolet')
Plasma, ALB50, ALB20, FIB@8, FIBe2 = {}, {}, {}, {}, {}
for o in [@0@, ©5, 10, 100]:

for 't dAn [37; 41, 45, 49]:

Plasma[t] = TS[(TS.Oxy == o) & (TS.Ab == 'noAnt') &\
(TS.Solvent == ‘Plasma’) & (TS.Temp == t)].index
ALB5@[t] = TS[(TS.Oxy == 0) & (TS.Ab == 'noAnt') &\
(TS.Solvent == 'ALB50') & (TS.Temp == t)].index
ALB20[t] = TS[(TS.Oxy == 0) & (TS.Ab == 'noAnt') &\
(TS.Solvent == 'ALB20') & (TS.Temp == t)].index
FIBOS[t] = TS[(TS.Oxy == 0) & (TS.Ab == 'noAnt') &\
(TS.Solvent == 'FIBO8') & (TS.Temp == t)].index
FIBO2[t] = TS[(TS.Oxy == 0) & (TS.Ab == 'noAnt') &\
(TS.Solvent == 'FIB02') & (TS.Temp == t)].index

ind = ((Plasma[37], ALB50[37], ALB20[37], FIB@8[37], FIBO2[37]), \
(Plasma[41], ALB50[41], ALB20[41], FIB@8[41], FIBO2[41]), \
(Plasma[45], ALB50[45], ALB20[45], FIBO8[45], FIBO2[45]), \
(Plasma[49], ALB50[49], ALB20[49], FIBO8[49], FIBO2[49]))

sigmamaxbarPDF = barplotsdir+'\\sigmabarmax'+'_ "+ 'Solvents'+'_"+\

‘Temps'+'_'+'noAb'+'_"' "%0xy '+np.str(o)+' .pdf"’

plotPDF (sigmamaxBarPlot, TS, ind, C, sigmamaxbarPDF)

sigmat_halfbarPDF = barplotsdir+'\\sigmabarthalf'+' '+'Solvents'+\

_'+'Temps'+'_"+'noAb'+'_"''%Oxy '+np.str(o)+’ .pdf’

plotPDF (sigmat_halfBarPlot, TS, ind, C, sigmat_halfbarPDF)

C = ('red', 'forestgreen', 'lime', 'indigo', 'blueviolet')
Plasma, ALB50, ALB20, FIB@8, FIBe2 = {}, {}, {}, {}, {}
for o in [@@, ©5, 10, 100]:

for t in [37; 41; 45; 49];

Plasma[t] = TS[(TS.Oxy == 0) & (TS.Ab == 'DIDS') &\
(TS.Solvent == 'Plasma’) & (TS.Temp == t)].index
ALB50[t] = TS[(TS.Oxy == 0) & (TS.Ab == 'DIDS') &\
(TS.Solvent == 'ALB50') & (TS.Temp == t)].index
ALB20[t] = TS[(TS.Oxy == 0) & (TS.Ab == 'DIDS') &\
(TS.Solvent == 'ALB20') & (TS.Temp == t)].index
FIBO8[t] = TS[(TS.Oxy == 0) & (TS.Ab == 'DIDS') &\
(TS.Solvent == 'FIBO8') & (TS.Temp == t)].index

FIBO2[t] = TS[(TS.Oxy == o) & (TS.Ab == 'DIDS') &\
(TS.Solvent == 'FIBO2') & (TS.Temp == t)].index
ind = ((Plasma[37], ALB5©[37], ALB20[37], FIBOS8[37], FIBO2[37]), \
(Plasma[41], ALB50[41], ALB20[41], FIB@8[41], FIBO2[41]), \
(Plasma[45], ALB50[45], ALB20[45], FIB@8[45], FIBO2[45]), \
(Plasma[49], ALB50[49], ALB20[49], FIB@8[49], FIB0O2[49]))

sigmamaxbarPDF = barplotsdir+ \\sigmabarmax'+' '+'Solvents'+' '+\
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‘Temps'+'_'+'DIDS'+'_"' "%0xy '+np.str(o)+' .pdf"

plotPDF (sigmamaxBarPlot, TS, ind, C, sigmamaxbarPDF)
sigmat_halfbarPDF = barplotsdir+'\\sigmabarthalf'+'_'+'Solvents'+\
‘_'+'Temps'+'_'+'DIDS'+'_"''%0xy '+np.str(o)+' .pdf’
plotPDF(sigmat_halfBarPlot, TS, ind, C, sigmat_halfbarPDF)
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#C = ('navy’, 'dodgerblue’, 'forestgreen’, ‘'greenyellow’, 'fuchsia', 'salmon’)#i########H
#noAb, Band3, GYPC, aVb3, DIDS, Glut = {}, {}, {}, {}, {}, {} % e e ¢
#for s in ['PBS', 'Plasma']:
for t in [37, 41, 45, 49]:

noAb[t] = TS[(TS.Temp == t) & (TS.Ab == 'noAnt') &)\
(TS.Solvent == s)].index

Band3[t] = TS[(TS.Temp == t) & (TS.Ab == 'Band3') &\
(7S.Solvent == s)].index

GYPC[t] = TS[(TS.Temp == t) & (TS.Ab == ‘GYPC') &\
(TS.Solvent == s)].1index

aVb3[t] = TS[(TS.Temp == t) & (TS.Ab == 'aVb3') &\
(T7S.Solvent == s)].index

DIDS[t] = TS[(TS.Temp == t) & (TS.Ab == 'DIDS') &\
(TS.Solvent == s)].index#########1####

Glut[t] = TS[(TS.Temp == t) & (TS.Ab == 'GlLut’) &)\

(TS.Solvent == s)].index#H####H####

ind = ((noAb[37], Band3[37], GYPC[37], aVb3[37], DIDS[37], GlLut[37]),
(noAb[41], Band3[41], GYPC[41], aVb3[41], DIDS[41], GlLut[41]),
(noAb[45], Band3[45], GYPC[45], aVb3[45], DIDS[45], GlLut[45]),
(noAb[49], Band3[49], GYPC[49], aVb3[49], DIDS[49], GLut[49]))

sigmamaxbarPDF = barplotsdir+'\\sigmabarmax'+'_'+s+".pdf’

pLotPDF(sigmamaxBarPlot, TS, ind, C, sigmamaxbarPDF)

CFAmaxbarPDF = barplotsdir+'\\CFAbarmax'+'_'+s+'.pdf’

pLotPDF(CFAmaxBarPlot, TS, ind, C, CFAmaxbarPDF)

DWmaxbarPDF = barplotsdir+'\\Dwbarmax'+'_'+s+'.pdf'

pLotPDF(DiwmaxBarPlot, TS, ind, C, DWmaxbarPDF)

sigmat_halfbarPDF = barplotsdir+'\\sigmabarthalf'+"' '+s+'.pdf’

plotPDF(sigmat_halfBarPlot, TS, ind, C, sigmat_hal fbarPDF)

CFAthalfbarPDF = barplotsdir+'\\CFAbarthalf'+'_'+s+'.pdf"’

pLotPDF(CFAthalfBarPlot, TS, ind, C, CFAthalfbarPDF)

DWthalfbarPDF = barplotsdir+'\\DWbarthalf'+'_'+s+'.pdf’

plLotPDF(Dwthal fBarPlLot, TS, ind, C, DwthalfbarPDF)
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## Legends

C = ('red', 'forestgreen’, 'lime’', 'indigo', ‘blueviolet')

legPDF = legendsdir+'\\'+'solvent'+'.pdf’

plotPDF(Leg, None, ('Plasma‘', ‘Albumin 50 mg/mL', 'Albumin 20 mg/mL',\
'Fibrinogen 8 mg/mL', 'Fibrinogen 2 mg/mL'), C, legPDF)

C = ('dodgerblue', ‘'darkorchid', ‘red', 'darkred’)
legPDF = legendsdir+'\\'+'temperature'+".pdf’
plotPDF(Leg, None, (‘37 C', '41 C', '45C', '49 C'), C, legPDF)

C = ('navy', 'dodgerblue', ‘forestgreen', ‘greenyellow', 'fuchsia‘', ‘salmon')
legPDF = legendsdir+'\\'+'antibody'+".pdf"’
plotPDF(Leg, None, (‘no Ab‘,'anti-band 3', 'anti-GYPC',\

‘anti-avb3','DIDS', 'Glut’), C, legPDF)
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DataFrame classes and functions for FL_AnalyzeGasl.py

import pandas as pd

import numpy as np

import os

from scipy.misc import imread

class trialInfo(object):
def __init__ (self, dirname):
if os.path.isdir(dirname):
trialinfo = dirname.split('\\')[-1].split('_")

[self.date, self.subjID, self.solvent, self.Ab] = trialinfo[0:4]
self.HCT = np.int(trialinfo[4][-2:])

self.Oxy = np.int(trialinfo[5][:-2])

self.Nitro = np.int(trialinfo[6][:-2])

self.temp = np.int(trialinfo[7][:2])

else:
raise ValueError('Argument must be a valid directory’)

def insImg(fname, d={}, tval=2.5):

time = tval*nb.float(fname.split('\\')[-1].§p1it('.')[0].sp1it('_')[8])
d[time] = imread(fname, flatten=True)
return d

def insTrial(dirname, df=None):
t = trialInfo(dirname)
d = {}
for fname in os.listdir(dirname):
if '.tif' in fname:
d = insImg(dirname+'\\ '+fname, d)

trial = [t.date, t.subjID, t.solvent, t.Ab, t.HCT, t.temp, t.Oxy, t.Nitro, d]
labels = ['Date’, 'SubjID', ‘Solvent', 'Ab', 'HCT', 'Temp', 'Oxy',\

‘Nitro', 'Data’]

return insertNewRow(newrow(trial, labels), df)

def insDonor(donorInfo, df=None):
labels = ['SubjID', 'Gender', 'Age', 'CollectionDate’]
donor = [donorInfo[key] for key in labels]
return insertNewRow(newrow(donor, labels), df)

def insertNewRow(newrow, df=None):
if df is not None:
return df.append(newrow, ignore_index=True)
else:
return newrow
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def newrow(data, col):
return pd.DataFrame(data, index=col).T

def filterDF(df, filt):
return df[np.all([df[key] == filt[key] for key in filt], axis=0)]
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Image classes and functions for FL_AnalyzeGasl.py

import numpy as np
from scipy.misc import imread

clas

s FL_intDist(object):

def __init_ (self, I, t, pixSize=(1.068,0.922)):

def
e

def
yl
y2
x1
X2

self.t =t

self.pixSize = pixSize

self.mu = np.mean(I, axis=0)

self.sigma = np.std(I, axis=0)

self.r = np.multiply(pixSize[1],np.arange(np.float(I.shape[1]))-\
(I.shape[1]-1.)/2.)

crop2ROI(I, xbound=(®, None), ybound=(©, None)):
turn I[ybound[0]:ybound[1], xbound[@]:xbound[1]]

pcCrop2ROI(I, xbound=(©, 100), ybound=(0, 100)):
np.rint(ybound[0]/100. *(I.shape[0]-1))

None if ybound[1]==100 else np.rint(ybound[1]/100.*(I.shape[0]))
np.rint (xbound[©]/100. *(I.shape[1]-1))

= None if xbound[1]==100 else np.rint(xbound[1]/100.*(I.shape[1]))

mn

return crop2ROI(I, xbound=(x1, x2), ybound=(yl, y2))
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data analysis classes and functions for FL_AnalyzeGasl.py

import numpy as np

from scipy import stats

from FL_Image import *

from FL_DataFrameGasl import *

from scipy.optimize import curve_fit

class plotParams(object):
def __init_ (self, df):
self.time = sorted(df.iloc[@].Data.viewkeys())

self.mu = []
self.cfa = []
self.dw =[]

self.sigma = []

for t in self.time:
I = pcCrop2ROI(df.iloc[@].Data[t], xbound=(2,97), ybound=(25, 75))

self.mu.append(np.mean(I))

self.sigma.append(np.std(I))

self.cfa.append(cellFreeArea(I, 100))

FLI = FL_intDist(I, t)

self.dw.append(distWidth(FLI.mu, FLI.r))
self.deltaCFA = np.array(self.cfa) - self.cfa[0]

def f(x, a, b, c):

X = np.asarray(x)
y = a¥x**2 + b*x + ¢
return y

params, _ = curve_fit(f, self.time, self.sigma)
self.SigmaFit = f(self.time, *params)

self.deltaSigmaFit = np.array(self.SigmaFit) - self.SigmaFit[0]
self.normedDW = np.divide(np.array(self.dw), self.dw[0])

class timeseriesParams(object):
def __init__(self, df):
self.DWmax = df.iloc[-1].normedDW
self.DWt_half = t_half(df.normedDW.values, 180.)
self.CFAmax = df.iloc[-1].deltaCFA
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self.CFAt_half = t_half(df.deltaCFA.values, 180.)

self.sigmamax = df.iloc[-1].deltaSigmaFit
self.sigmat_half = t_half(df.deltaSigmaFit.values, 180.)

def findHalfMax(x):
halfMax = np.divide(np.add(np.max(x), np.min(x)), 2)
return np.abs(x-halfMax).argmin()

def t_half(x, t):
x50 = np.divide(np.add(x[-1], x[@]), 2)
if x50 > x[0]:
t50 = np.where(x > x50)[0][0]
elif x50 < x[0]:
150 = np.where(x < x50)[0][0]
elif x50 == x[0Q]:
150 = 0
return np.float(t50)/x.size*t

def distWidth(x, r):
x1, xr = np.array_split(x, 2)
x150 = findHalfMax(x1)
xr50 = findHalfMax(xr)
rl, rr = np.array_split(r, 2)
return np.abs(rl[x150]-rr[xr50])

def intThreshold(I, threshold_val):
return np.where(I<=threshold_val, 0, 1)

def cellFreeArea(I, threshold_val):
I_bin = intThreshold(I, threshold_val)
return np.float(I_bin.nonzero()[@].size)/np.float(I_bin.size)*100.

def insTrialData(inDF, outDF=None):
pp = plotParams(inDF)
inDF = inDF.iloc[@]
for time, cfa, dw, deltaCFA, normedDW, sigma, SigmaFit,\
deltaSigmaFit in zip(pp.time, pp.cfa, pp.dw, pp.deltaCFA, pp.normedDW,\
pp.sigma, pp.SigmaFit, pp.deltaSigmaFit):

trial = [inDF.Date, inDF.SubjID, inDF.Solvent, inDF.Ab, inDF.HCT,\
inDF.Oxy, inDF.Nitro,
inDF.Temp, time, cfa, deltaCFA, dw, normedDW, sigma,\
SigmaFit, deltaSigmaFit]
labels = ['Date’, ‘SubjID', ‘Solvent', 'Ab‘, ‘HCT', 'Oxy',\
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‘Nitro', ‘Temp', 'Time',
'CFA', ‘'deltaCFA', 'DW', 'normedDW', ‘sigma’,\
‘SigmaFit', 'deltaSigmaFit']

outDF = insertNewRow(newrow(trial, labels), outDF)
return outDF

def insTimeSeriesStats(inDF, outDF=None):
tsp = timeseriesParams(inDF)
inDF = inDF.iloc[@]

trial = [inDF.Date, inDF.SubjID, inDF.Solvent, inDF.Ab, inDF.HCT,\
inDF.Oxy, inDF.Nitro,
inDF.Temp, tsp.CFAmax, tsp.CFAt_half, tsp.DWmax,\
tsp.DWt_half, tsp.sigmamax, tsp.sigmat_half]
labels = ['Date’, *SubjID‘, 'Solvent', 'Ab', 'HCT', ‘Oxy',\
*‘Nitre”, "Temp®;
‘CFA_max', 'CFA_t_half', 'DW_max', 'DW_t_half"',\
‘deltaSigma_max', 'deltaSigma_t_half']

outDF = insertNewRow(newrow(trial, labels), outDF)
return outDF
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plotting functions for FL_AnalyzeGasl.py

import matplotlib as mpl

import matplotlib.pyplot as plt
import matplotlib.cm as cm

import matplotlib.patches as mpatches
import numpy as np

from matplotlib import colors

from matplotlib.backends.backend_pdf import PdfPages
from FL_Image import *

from FL_DataFrameGasl import *

from FL_DataGas import *

def plotPDF(func, T, ind, time, outpdf):
mpl.rc('font', family='Times New Roman', size=20)

with PdfPages(outpdf) as pp:
func(T, ind, time, pp)
plt.close('all’)

def colorSpec(cmap, xi, x):
return cmap((xi-np.min(x))/(np.max(x)-np.min(x)))

def intPlot(T, ind, time, pp):

cm=plt.get_cmap('jet')
plt.figure()
for t in time:
FLI = FL_intDist(pcCrop2ROI(T.loc[ind].Data[t], xbound=(2,97),\
ybound=(25,75)), t)
X FLI.P
y = FLI.mu
c = colorSpec(cm, t, time)
leg = 't = {0} s'.format(np.int(t))
plt.plot(x, y, color=c)
plt.ylim(©,255)
plt.xlabel(‘radial position')
plt.ylabel(‘Average Intensity')
pp.savefig()

def imgPlot(T, ind, time, pp):

for t in time:
plt.figure()
I = pcCrop2ROI(T.loc[ind].Data[t], xbound=(2,97), ybound=(25,75))
plt.imshow(I, cmap=cm.Greys_r)
plt.gca().axes.xaxis.set_ticks([])
plt.gca().axes.yaxis.set_ticks([])
pp.savefig()
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def binImgPlot(T, ind, time, pp):

for t in time:
plt.figure()
I = intThreshold(pcCrop2ROI(T.loc[ind].Data[t], xbound=(2,97), \
ybound=(25,75)), 100)
plt.imshow(I, cmap=cm.Greys_r)
plt.gca().axes.xaxis.set_ticks([])
plt.gca().axes.yaxis.set_ticks([])
pp.savefig()

def tsPlot(X, Y, c=None):
X = np.unique(X)
mu = np.array([np.mean(Y[X == xi]) for xi in x])
stdev = np.array([np.std(Y[X == xi]) for xi in x])
plt.plot(x, mu, color=c)
plt.fill_between(x, np.add(mu, stdev/2.), np.add(mu, -1.*stdev/2.),\
color=c, alpha=0.25)

def cfaPlot(T, ind, c, pp):
plt.figure()
if type(ind) == tuple:
for ii in range(len(ind)):
X = T.loc[ind[ii]].Time
Y = T.loc[ind[ii]].CFA
tsPlot(X, Y, c=c[ii])
else:
X = T.loc[ind].Time
Y = T.loc[ind].CFA
tsPlot(X, Y)
plt.ylim(-5, 75)
plt.xlabel( ' time")
plt.ylabel('Cell Free Area as % of total image area')
pp.savefig()

def deltaSigmaPlot(T, ind, c, pp):
plt.figure()
if type(ind) == tuple:
for ii in range(len(ind)):
X = T.loc[ind[ii]].Time
Y = T.loc[ind[ii]].deltaSigmaFit
tsPlot(X, Y, c=c[ii])
else:
X = T.loc[ind].Time
Y = T.loc[ind].deltaSigma
tsPlot(X, Y)
plt.ylim(-5, 35)
plt.xlabel('time')
plt.ylabel('Delta Sigma Fitted')
pp.savefig()

def dwPlot(T, ind, c, pp):
plt.figure()
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if type(ind) == tuple:
for ii in range(len(ind)):
X = T.loc[ind[ii]].Time
Y = T.loc[ind[ii]].normedDW
tsPlot(X, Y, c=c[ii])

else:
X = T.loc[ind].Time
Y = T.loc[ind].normedDW

tsPlot(X, Y)
plt.ylim(®.75, 1.1)
plt.xlabel('time")
plt.ylabel('Distribution Width\
(width @ half maximum, normalized to initial value)')
pp.savefig()

def barPlot(X, Y, c=None, h=None, f=True, w=1):
plt.axhline(®, color="k')
for ii in range(len(Y)):
mu = np.mean(Y[ii])
stdev = np.std(Y[ii])
plt.bar(X+ii*w, mu, width=w, color=c[ii], ec='white', yerr=stdev/2.,\
ecolor="k', hatch=h, fill=f)

def barPlotWrapper(T, ind, c, plotType, pp):
plt.figure()
h = (Nefe;, "¢","%';".")
for ii in range(len(ind)):
X = np.float(len(ind[@])+1)*np.float(ii)
Y = tuple([T.loc[jj]l[plotType] for jj in ind[ii]])
barPlot(X, Y, c, h[ii])
plt.gca().axes.xaxis.set_ticks([])

def CFAmaxBarPlot(T, ind, c, pp):
barPlotWrapper(T, ind, c, 'CFA_max', pp)
plt.ylim(-10, 60)
plt.ylabel('Max. Cell Free Area (% total image area')
pp.savefig()

def sigmamaxBarPlot(T, ind, c, pp):
barPlotWrapper(T, ind, c, ‘deltaSigma_max', pp)
plt.ylim(-5, 35)
plt.ylabel(‘Max. Delta Sigma')
pp.savefig()

def DWmaxBarPlot(T, ind, c, pp):
barPlotWrapper(T, ind, c, 'DW_max', pp)
plt.ylim(o, 1.2)
plt.ylabel('Distribution Width\
(width @ half max., normalized to initial value)')
pp.savefig()

def CFAthalfBarPlot(T, ind, c, pp):
barPlotWrapper(T, ind, c, 'CFA_t_half’', pp)
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plt.ylim(e, 140)
plt.ylabel('half time of Max. Cell Free Area')
pp.savefig()

def sigmat_halfBarPlot(T, ind, c, pp):
barPlotWrapper(T, ind, c, 'deltaSigma_t_half', pp)
plt.ylim(®, 180)
plt.ylabel('half time of Max. Delta Sigma')
pp.savefig()

def DWthalfBarPlot(T, ind, c, pp):
barPlotWrapper(T, ind, ¢, 'DW_t_half', pp)
plt.ylim(@, 140)
plt.ylabel('half time of Distribution Width')
pp.savefig()

def Leg(T, label, color, pp):
leg = [mpatches.Patch(color=c, label=1) for c, 1 in zip(color, label)]

plt.legend(handles=leg)
pp.savefig()
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Appendix C: Protein Solution pH and Dissolved Oxygen Statistics

Table 6: Temperature-Dependence of Solution pH and Dissolved Oxygen. [ALB 20, albumin 20 mg/mL],
[ALB 50, albumin 50 mg/mL], [FIB 02, fibrinogen 2 mg/mL], [FIB 08, fibrinogen 8 mg/mL]. Entries are p-values form Welch’s
two sample t-test. * p<0.05.

Temperature-Dependence of pH Temperature-Dependence of Dissolved Oxygen
ALB 20 37°C | 41°C | 45°C | 49°C ALB20 |37°C| 41°C | 45°C 49°C

37°C - 0.60 0.62 0.67 37°C N/A| N/A N/A N/A
41°C - - 0.04 * 0.06 41°C N/A| N/A N/A N/A
45°C - - - 0.87 45°C N/A | N/A N/A N/A
49 °C - - - - 49 °C N/A| N/A N/A N/A

ALB 50 37°C | 41°C | 45°C | 49°C ALB50 |37°C| 41°C | 45°C 49°C

37°C - 0.60 0.50 0.48 37°C N/A| N/A N/A N/A
41°C - - 0.11 0.10 41°C N/A | N/A N/A N/A
45°C - - - 0.91 45°C N/A| N/A N/A N/A
49°C - - - - 49°C N/A| N/A N/A N/A
FIB 02 37°C 41°C 45°C 49 °C FIB 02 37°C| 41°C | 45°C 49 °C
37°C - 0.82 0.53 0.68 37°C - 0.62 0.09 0.01*
41°C - - 0.22 0.62 41°C - - 0.15 0.06
45°C - - - 0.56 45°C - - - 0.09
49°C - - - - 49°C - - - -

FIB 08 37°C | 41°C | 45°C | 49°C FIBO8 [37°C| 41°C | 45°C 49°C

37°C - 0.90 0.67 0.67 37°C - 0.28 0.55 0.001 *
41°C - - 0.47 0.49 41°C - - 0.85 |2.59E-04 *
45°C - - - 1.00 45°C - - - 2.04E-04 *
49°C - - - - 49°C - - - -

PBS 37°C | 41°C | 45°C | 49°C PBS 37°C| 41°C | 45°C 49°C
37°C - 0.87 0.95 1.00 37°C - 0.26 | 0.046 * 0.01*
41°C - - 0.72 0.67 41°C - - 0.11 0.02 *
45°C - - - 0.88 45°C - - - 0.36
49°C - - - - 49°C - - - -
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Table 7: Solution-Dependence of pH and Dissolved Oxygen. [ALB 20, albumin 20 mg/mL], [ALB 50, albumin
50 mg/mL], [FIB 02, fibrinogen 2 mg/mL], [FIB 08, fibrinogen 8 mg/mL]. Entries are p-values form Welch’s two sample t-test. *
p<0.05.

Solution-Dependence of pH Solution-Dependence of Dissolved Oxygen
37°C |ALB20| ALB50 FIB 02 FIB 08 PBS 37°C |ALB20|ALB50|FIB02| FIBO08 PBS
ALB 20 - 0.01* 0.003 * 0.09 0.002 * ALB 20 - N/A | N/A N/A N/A
ALB 50 - - 6.34E-04 *|3.30E-03 *|4.32E-04 * ALB 50 - - N/A N/A N/A
FIB 02 - - - 0.03 * 0.27 FIB 02 - - - |2.62E-04 * 0.82
FIB 08 - - - - 0.01* FIB 08 - - - - 1.11E-03 *
PBS - - - - - PBS - - - - -
41°C |[ALB20| ALB50 FIB 02 FIB 08 PBS 41°C |ALB20|ALB50(FIB02| FIB08 PBS
ALB 20 - 0.004* |5.89E-05*| 0.01* [6.01E-05* ALB 20 - N/A | N/A N/A N/A
ALB 50 - - 9.33E-04 *|6.95E-04 *| 0.001 * ALB 50 - - N/A N/A N/A
FIB 02 - - - 0.003 * 0.002 * FIB 02 - - - 0.002 * 0.28
FIB 08 - - - - 0.002 * FIB 08 - - - - 3.05E-06 *
PBS - - - - - PBS - - - - -
45°C [ALB20| ALB50 FIB 02 FIB 08 PBS 45°C |ALB20|ALB50(FIB02| FIB08 PBS
ALB 20 - 2.55E-06 *|6.63E-07 *|6.26E-06 * [ 5.08E-08 * ALB 20 - N/A | N/A N/A N/A
ALB 50 - - 1.17E-08 *|4.28E-07 * [5.58E-09 * ALB 50 - - N/A N/A N/A
FIB 02 - - - 1.16E-05 *[2.87E-04 * FIB 02 - - - |2.43E-06* 0.39
FIB 08 - - - - 4.63E-07 * FIB 08 - - - - 2.13E-05 *
PBS - - - - - PBS - - - - -
49°C |[ALB20| ALB50 FIB 02 FIB 08 PBS 49°C |ALB20|ALB50(FIB02| FIB08 PBS
ALB 20 - 1.97E-05 *[2.19E-06 * |3.18E-04 *|5.22E-07 * ALB 20 - N/A | N/A N/A N/A
ALB 50 - - 2.90E-07 *|4.44E-06 * | 1.55E-07 * ALB 50 - - N/A N/A N/A
FIB 02 - - - 3.29E-05 *|3.70E-03 * FIB 02 - - - |2.47E-05* 0.60
FIB 08 - - - - 3.73E-06 * FIB 08 - - - - 1.65E-04 *
PBS - - - - - PBS - - - - -
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Table 8: Mean and Standard Deviation of Solution pH and Dissolved Oxygen. [ALB 20, albumin 20
mg/mL], [ALB 50, albumin 50 mg/mL], [FIB 02, fibrinogen 2 mg/mL], [FIB 08, fibrinogen 8 mg/mL]. Entries are mean £

standard deviation. (n=4 each).

pH
mean = SD ALB 20 ALB 50 FIB 02 FIB 08 PBS
37°C 7.13 £ 0.06(6.86 £ 0.08(7.45 + 0.06(7.26 + 0.08|7.52 = 0.06
41°C 7.15+ 0.02(6.89 £ 0.05(7.44 + 0.02|7.25 + 0.03|7.53 + 0.01
45°C 711+ 0.01(6.82+ 0.02(7.43 + 0.02|7.24 + 0.01|7.52 = 0.02
49 °C 7.11 £ 0.03(6.82 + 0.03(7.44 + 0.03|7.24 + 0.02|7.52 = 0.03
Dissolved Oxygen
mean £ SD FIB 02 FIB 08 PBS
37°C |6.10 + 0.26(1.30 + 0.10(6.17 + 0.38
41°C |6.30+ 0.56|1.17 + 0.15|5.83 + 0.15
45°C [5.60 + 0.37|1.20 + 0.28|5.33 + 0.46
49°C [5.15+ 0.19(2.80 + 0.28|5.03 + 0.39
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Appendix D: Onset of Stasis Model Statistics (Room Gas)

Table 9: Temperature-Dependence of Delta Sigma Max. and Ty, for Delta Sigma Max. for

conditions in PBS and equilibrated with Room Gas. Entries are p-values form Welch’s two sample t-test. *
p<0.05.

Temperature-Dependence of Delta Sigma Max. Temperature-Dependence of T,,, for Delta Sigma Max.
noAb 37°C 41°C 45°C 49°C noAb 37°C 41°C 45°C 49°C
37°C - 0.66 0.81 0.44 37°C - 0.16 0.14 0.07
41°C - - 0.97 0.24 41°C - - 0.78 0.60
45°C - - - 0.42 45°C - - - 0.87
49°C - - - - 49°C - - - -

Band3 | 37°C 41°C 45°C 49°C Band3 | 37°C 41°C 45°C 49°C
37°C - 0.50 0.44 0.53 37°C - 0.40 0.44 0.97
41°C - - 0.76 0.83 41°C - - 1.00 0.54
45°C - - - 0.59 45°C - - - 0.56
49 °C - - - - 49°C - - - -
GYPC 37°C 41°C 45°C 49°C GYPC 37°C 41°C 45°C 49°C
37°C - 0.72 0.59 0.87 37°C - 0.29 0.18 0.15
41°C - - 0.36 0.54 41°C - - 0.45 0.50
45°C - - - 0.64 45°C - - - 0.85
49°C - - - - 49°C - - - -
avp3 37°C 41°C 45°C 49°C avp3 37°C 41°C 45°C 49 °C
37°C - 0.81 0.64 0.48 37°C - 0.68 0.43 0.66
41°C - - 0.76 0.52 41°C - - 0.43 0.25
45°C - - - 0.65 45°C - - - 0.13
49 °C - - - - 49°C - - - -

Table 10: Temperature-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for

conditions in 0.5 g/dL dextran 500 kDa and equilibrated with Room Gas. Entries are p-values form Welch’s
two sample t-test. * p<0.05.

Temperature-Dependence of Delta Sigma Max. Temperature-Dependence of Ty, for Delta Sigma Max.
noAb 37°C 41°C 45°C 49°C noAb 37°C 41°C 45°C 49°C
37°C - 0.88 0.93 0.71 37°C - 0.97 0.03 * 0.90
41°C - - 0.94 0.78 41°C - - 0.24 0.90
45°C - - - 0.74 45°C - - - 0.18
49°C - - - - 49°C - - - -
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Table 11: Temperature-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for

conditions in autologous plasma and equilibrated with Room Gas. Entries are p-values form Welch’s two
sample t-test. * p<0.05.

Temperature-Dependence of Delta Sigma Max. Temperature-Dependence of T/, for Delta Sigma Max.
noAb 37°C 41°C 45°C 49°C noAb 37°C 41°C 45°C 49°C
37°C - 0.79 0.83 0.74 37°C - 0.83 0.12 0.03 *
41°C - - 0.59 0.45 41°C - - 0.13 0.04 *
45°C - - - 0.91 45°C - - - 0.35
49°C - - - - 49 °C - - - -

Band 3 37°C 41°C 45°C 49°C Band 3 37°C 41°C 45°C 49 °C
37°C - 0.27 0.48 0.48 37°C - 0.29 0.46 0.85
41°C - - 0.43 0.14 41°C - - 0.84 0.13
45°C - - - 0.23 45°C - - - 0.32
49°C - - - - 49°C - - - -
GYPC 37°C 41°C 45°C 49°C GYPC 37°C 41°C 45 °C 49°C
37°C - 0.56 0.47 0.30 37°C - 0.45 0.30 0.86
41°C - - 0.92 0.72 41°C - - 0.86 0.65
45°C - - - 0.79 45°C - - - 0.53
49°C - - - - 49°C - - - -
avp3 37°C 41°C 45°C 49°C avp3 37°C 41°C 45°C 49°C
37°C - 0.58 0.74 0.83 37°C - 0.46 0.81 0.43
41°C - - 0.45 0.54 41°C - - 0.36 0.21
45°C - - - 0.95 45°C - - - 0.57
49 °C - - - - 49 °C - - - -
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Table 12: Antibody-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for conditions
in PBS and equilibrated with Room Gas. Entries are p-values form Welch’s two sample t-test. * p<0.05.

Antibody-Dependence of Delta Sigma Max. Antibody-Dependence of T,,, for Delta Sigma Max.
37°C noAb Band 3 GYPC avp3 37°C noAb Band 3 GYPC avp3
noAb - 0.43 0.44 0.68 noAb - 0.47 0.07 0.88

Band 3 - - 0.30 0.67 Band 3 - - 0.20 0.83
GYPC - - - 0.43 GYPC - - - 0.41
aVvb3 - - - - aVb3 - - - -
41°C noAb Band 3 GYPC avp3 41°C noAb Band 3 GYPC avp3
noAb - 1.00 0.12 1.00 noAb - 0.96 0.62 0.69

Band 3 - - 0.15 1.00 Band 3 - - 0.59 0.67
GYPC - - - 0.28 GYPC - - - 0.90
aVb3 - - - - aVb3 - - - -
45°C noAb Band 3 GYPC avp3 45°C noAb Band 3 GYPC avp3
noAb - 0.84 0.72 0.75 noAb - 0.75 0.25 0.82

Band 3 - - 0.84 0.89 Band 3 - - 0.30 0.59
GYPC - - - 0.94 GYPC - - - 0.21
aVvb3 - - - - aVvb3 - - - -
49°C noAb Band 3 GYPC avp3 49°C noAb Band 3 GYPC avp3
noAb - 0.19 0.95 0.99 noAb - 0.33 0.17 0.13

Band 3 - - 0.14 0.36 Band 3 - - 0.66 0.37
GYPC - - - 0.97 GYPC - - - 0.60
aVb3 - - - - aVb3 - - - -

134



Table 13: Antibody-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for conditions

in autologous plasma and equilibrated with Room Gas. Entries are p-values form Welch’s two sample t-test. *
p<0.05.

Antibody-Dependence of Delta Sigma Max. Antibody-Dependence of T/, for Delta Sigma Max.
37°C noAb Band 3 GYPC avp3 37°C noAb Band 3 GYPC avp3
noAb - 0.66 0.43 0.63 noAb - 0.96 0.20 0.90

Band 3 - - 0.61 0.93 Band 3 - - 0.30 0.96
GYPC - - - 0.68 GYPC - - - 0.17
aVb3 - - - - aVb3 - - - -
41°C noAb Band 3 GYPC avp3 41°C noAb Band 3 GYPC avp3
noAb - 0.048 * 0.61 0.21 noAb - 0.18 0.76 0.65

Band 3 - - 0.32 0.86 Band 3 - - 0.44 0.07
GYPC - - - 0.48 GYPC - - - 0.52
aVb3 - - - - aVb3 - - - -
45°C noAb Band 3 GYPC avp3 45°C noAb Band 3 GYPC avp3
noAb - 0.45 0.93 0.94 noAb - 0.86 0.26 0.18

Band 3 - - 0.39 0.47 Band 3 - - 0.46 0.47
GYPC - - - 1.00 GYPC - - - 0.89
aVb3 - - - - aVb3 - - - -
49°C noAb Band 3 GYPC avp3 49°C noAb Band 3 GYPC avp3
noAb - 0.56 0.57 0.92 noAb - 0.02 * 0.52 0.27

Band 3 - - 0.89 0.73 Band 3 - - 0.41 0.36
GYPC - - - 0.79 GYPC - - - 0.87
aVb3 - - - - aVb3 - - - -
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Table 14: Solution-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for conditions

in autologous plasma and equilibrated with Room Gas. Entries are p-values form Welch’s two sample t-test. *
p<0.05.

Solution-Dependence of Delta Sigma Max. Solution-Dependence of T/, for Delta Sigma Max.
37°C PBS Plasma | Dextran 37°C PBS Plasma | Dextran
PBS - 0.01* 0.01* PBS - 0.96 0.70

Plasma - - 0.18 Plasma - - 0.53
Dextran - - - Dextran - - -
41°C PBS Plasma | Dextran 41°C PBS Plasma | Dextran
PBS - 0.0004 * [ 0.01* PBS - 0.09 0.14
Plasma - - 0.02 * Plasma - - 0.83
Dextran - - - Dextran - - -
45°C PBS Plasma | Dextran 45°C PBS Plasma | Dextran
PBS - 0.01* 0.01* PBS - 0.39 0.01*
Plasma - - 0.23 Plasma - - 0.0009 *
Dextran - - - Dextran - - -
49°C PBS Plasma | Dextran 49°C PBS Plasma | Dextran
PBS - 0.01* 0.04 * PBS - 0.53 0.08
Plasma - - 0.42 Plasma - - 0.13
Dextran - - - Dextran - - -
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Table 15: Mean and Standard Deviation of Delta Sigma Max. and T, for Delta Sigma Max. for all
conditions equilibrated with Room Gas. Entries are mean + standard deviation. (n=4 each unless otherwise stated).
Delta Sigma Max.

noAb PBS Plasma Dextran 500
37°C -1.79 £ 0.62|17.90 + 14.20| 9.27 + 4.33
41°C -1.96 + 0.35/19.56 + 7.94| 9.76 + 4.13
45°C -1.94 + 1.00[{16.35 + 12.97| 9.53 + 3.78
49°C -1.39 + 0.74(15.58 + 10.86(10.97 + 7.30
Band 3 PBS Plasma Dextran 500
37°C -2.90 + 2.42(15.03 + 6.64 -
41°C -1.95 + 0.65[ 9.51 + 6.12 -
45°C -1.80 + 0.71{12.33 + 1.23 -
49°C -2.04 + 0.44|19.44 £+ 9.43 -
GYPC PBS Plasma Dextran 500
37°C -1.33 + 1.02(11.83 + 9.76 -
41°C -1.10 + 0.79(16.25 + 10.49 -
45°C -1.69 + 0.87(16.98 + 9.35 -
49°C -1.42 + 0.67(18.60 + 6.32 -
avpB3 PBS Plasma Dextran 500
37°C -2.22 + 1531456 + 7.76 -
41°C -1.95 + 0.96(10.66 + 10.74 -
45°C -1.73 + 0.64(16.96 + 11.16 -
49°C -1.40 + 0.93(16.42 + 13.96 -

DIDS (n=1) PBS Plasma Dextran
37°C - 0.49 + NA -
41°C - 0.84 £+ NA -
45°C - 2.72 £+ NA -
49°C - 6.14 + NA -

Glut (n=1) PBS Plasma Dextran 500
37°C - 19.79 + NA -
41°C - 13.00 + NA -
45°C - 8.24 + NA -
49°C - 31.03 + NA -
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T,/, Delta Sigma Max.

noAb PBS Plasma Dextran 500
37°C 77.05 + 22.18| 76.44 + 18.45| 81.99 + 9.52
41°C 53.63 + 18.93| 78.90 + 23.52| 82.60 + 27.79
45°C 49.32 + 23.48| 61.64 + 13.65/103.56 + 11.57
49°C 46.85 + 15.33( 53.54 + 17.07| 80.14 + 26.21
Band 3 PBS Plasma Dextran 500
37°C 65.34 + 21.16| 77.05 + 21.63 -
41°C 5425 + 11.74| 61.03 + 16.89 -
45°C 5425 + 16.72 64.11 + 24.49 -
49°C 64.73 + 29.20[ 79.52 + 12.31 -
GYPC PBS Plasma Dextran 500
37°C 4438 + 23.26 61.64 + 15.72 -
41°C 61.03 + 20.67| 73.97 + 25.55 -
45°C 79.52 + 39.47( 77.05 + 21.53 -
49°C 74.47 + 34.84( 64.73 + 29.41 -
avp3 PBS Plasma Dextran 500
37°C 72.33 + 46.68| 77.67 + 12.81 -
41°C 59.18 + 15.40( 83.22 + 4.67 -
45°C 4521 + 2224 75.21 + 14.73 -
49°C 87.95 + 31.03| 67.81 + 19.47 -

DIDS (n=1) PBS Plasma Dextran 500
37°C - 88.77 + NA -
41°C - 125.75 + NA -
45°C - 86.30 + NA -
49°C - 59.18 + NA -

Glut (n=1) PBS Plasma Dextran 500
37°C - 51.78 + NA -
41°C - 29.59 + NA -
45°C - 24.66 + NA -
49°C - 54.25 + NA -




Appendix E: Onset of Stasis Model Statistics (Controlled Gas)

Table 16: Temperature-Dependence of Delta Sigma Max. and Ty, for Delta Sigma Max. for
conditions of no antibody in autologous plasma and equilibrated with prescribed oxygen
concentrations. Entries are p-values form Welch’s two sample t-test. * p<0.05.

Temperature-Dependence of Delta Sigma Max. Temperature-Dependence of T/, for Delta Sigma Max.
0% Oxygen 37°C 41°C 45°C 49 °C 0% Oxygen 37°C 41°C 45°C 49°C
37°C - 0.08 0.82 0.16 37°C - 0.43 0.36 0.03 *
41°C - - 0.58 0.07 41°C - - 0.83 0.15
45°C - - - 0.59 45°C - - - 0.25
49°C - - - - 49°C - - - -
5% Oxygen 37°C 41°C 45°C 49°C 5% Oxygen 37°C | 41°C 45°C 49°C
37°C - 0.65 0.36 0.36 37°C - 0.92 0.91 0.37
41°C - - 0.55 0.55 41°C - - 0.87 0.31
45°C - - - 0.92 45°C - - - 0.65
49 °C - - - - 49 °C - - - -
10% Oxygen 37°C 41°C 45°C 49 °C 10% Oxygen 37°C 41°C 45°C 49 °C
37°C - 0.55 0.02 * 0.20 37°C - 0.36 0.03 * 0.28
41°C - - 0.23 0.86 41°C - - 0.31 0.95
45°C - - - 0.02 * 45°C - - - 0.29
49 °C - - - - 49 °C - - - -
100% Oxygen| 37°C 41°C 45°C 49°C 100% Oxygen | 37°C 41°C 45°C 49°C
37°C - 0.87 0.86 0.27 37°C - 0.90 0.41 0.38
41°C - - 0.15 0.01* 41°C - - 0.36 0.34
45°C - - - 0.02 * 45°C - - - 0.94
49°C - - - - 49°C - - - -
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Table 17: Temperature-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for
conditions of no antibody in fibrinogen 8 mg/mL and equilibrated with prescribed oxygen
concentrations. Entries are p-values form Welch’s two sample t-test. * p<0.05.

Temperature-Dependence of Delta Sigma Max. Temperature-Dependence of Ty, for Delta Sigma Max.
0% Oxygen 37°C 41°C 45°C 49°C 0% Oxygen 37°C 41°C 45°C 49°C
37°C - 0.27 0.28 0.29 37°C - 0.22 0.85 0.90
41°C - - 0.86 0.96 41°C - - 0.42 0.44
45°C - - - 0.91 45°C - - - 0.97
49°C - - - - 49°C - - - -
5% Oxygen 37°C 41°C 45°C 49°C 5% Oxygen 37°C 41°C 45°C 49°C
37°C - 0.65 0.29 0.19 37°C - 0.23 0.49 0.89
41°C - - 0.43 0.28 41°C - - 0.85 0.32
45°C - - - 0.78 45°C - - - 0.57
49°C - - - - 49°C - - - -
10% Oxygen| 37°C 41°C 45°C 49°C 10% Oxygen| 37°C 41°C 45°C 49°C
37°C - 0.82 1.00 0.79 37°C - 0.93 0.44 0.33
41°C - - 0.80 0.96 41°C - - 0.44 0.33
45°C - - - 0.74 45°C - - - 0.71
49°C - - - - 49°C - - - -
100% Oxygen| 37°C 41°C 45°C 49°C 100% Oxygen| 37°C 41°C 45°C 49°C
37°C - 0.16 0.59 0.55 37°C - 0.18 0.22 0.002 *
41°C - - 0.28 0.93 41°C - - 0.55 0.79
45°C - - - 0.68 45°C - - - 0.19
49°C - - - - 49°C - - - -
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Table 18: Temperature-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for
conditions of no antibody in fibrinogen 2 mg/mL and equilibrated with prescribed oxygen

concentrations. Entries are p-values form Welch’s two sample t-test. * p<0.05.
Temperature-Dependence of Ty, for Delta Sigma Max.

Temperature-Dependence of Delta Sigma Max.

0% Oxygen | 37°C | 41°C | 45°C 49°C
37°C - 0.88 0.18 0.48
41°C - - 0.30 0.54
45°C - - - 0.10
49°C - - - -

5% Oxygen | 37°C | 41°C | 45°C 49°C
37°C - 0.84 0.80 0.70
41°C - - 0.99 0.60
45°C - - - 0.53
49°C - - - -

10% Oxygen| 37°C | 41°C | 45°C 49°C
37°C - 0.16 0.70 0.13
41°C - - 0.80 0.51
45°C - - - 0.54
49°C - - - -

100% Oxygen| 37°C | 41°C [ 45°C 49°C
37°C - 0.25 0.09 0.054
41°C - - 0.58 0.51
45°C - - - 0.94
49°C - - - -

0% Oxygen [ 37°C | 41°C 45°C 49°C
37°C - 0.28 0.15 0.57
41°C - - 0.48 0.08
45°C - - - 0.07
49°C - - - -

5% Oxygen | 37°C | 41°C 45°C 49°C
37°C - 0.41 0.46 0.87
41°C - - 0.97 0.26
45°C - - - 0.32
49°C - - - -

10% Oxygen | 37°C | 41°C 45°C 49°C
37°C - 0.47 0.85 0.40
41°C - - 0.58 0.89
45°C - - - 0.51
49°C - - - -

100% Oxygen | 37°C [ 41°C 45°C 49°C
37°C - 0.63 0.64 0.73
41°C - - 1.00 0.82
45°C - - - 0.83
49°C - - - -
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Table 19: Temperature-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for
conditions of no antibody in albumin 50 mg/mL and equilibrated with prescribed oxygen
concentrations. Entries are p-values form Welch’s two sample t-test. * p<0.05.

Temperature-Dependence of Delta Sigma Max. Temperature-Dependence of Ty, for Delta Sigma Max.
0% Oxygen 37°C 41°C 45°C 49°C 0% Oxygen 37°C 41°C 45°C 49°C
37°C - 0.35 0.52 0.28 37°C - 0.52 0.23 0.19
41°C - - 0.42 0.55 41°C - - 0.54 0.55
45°C - - - 0.41 45°C - - - 0.90
49°C - - - - 49°C - - - -
5% Oxygen 37°C 41°C 45°C 49°C 5% Oxygen 37°C 41°C 45°C 49°C
37°C - 0.95 0.57 0.18 37°C - 0.71 0.53 1.00
41°C - - 0.15 0.02 * 41°C - - 0.64 0.66
45°C - - - 0.10 45°C - - - 0.51
49°C - - - - 49°C - - - -
10% Oxygen| 37°C 41°C 45°C 49°C 10% Oxygen 37°C 41°C 45°C 49°C
37°C - 0.84 0.04 * 0.82 37°C - 0.34 0.20 0.80
41°C - - 0.03 * 0.69 41°C - - 0.52 0.50
45°C - - - 0.09 45°C - - - 0.30
49°C - - - - 49°C - - - -
100% Oxygen| 37°C 41°C 45°C 49°C 100% Oxygen| 37°C 41°C 45°C 49°C
37°C - 0.44 0.14 0.30 37°C - 0.01* 0.20 0.30
41°C - - 0.27 0.48 41°C - - 0.64 0.42
45°C - - - 0.93 45°C - - - 0.78
49°C - - - - 49°C - - - -
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Table 20: Temperature-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for
conditions of no antibody in albumin 20 mg/mL and equilibrated with prescribed oxygen
concentrations. Entries are p-values form Welch’s two sample t-test. * p<0.05.

Temperature-Dependence of Delta Sigma Max. Temperature-Dependence of Ty, for Delta Sigma Max.
0% Oxygen 37°C 41°C 45°C 49°C 0% Oxygen 37°C 41°C 45°C 49°C
37°C - 0.98 0.71 0.98 37°C - 0.61 0.42 0.62
41°C - - 0.76 0.96 41°C - - 0.78 0.90
45°C - - - 0.61 45°C - - - 0.92
49°C - - - - 49°C - - - -
5% Oxygen 37°C 41°C 45°C 49°C 5% Oxygen 37°C 41°C 45°C 49°C
37°C - 0.19 0.44 0.28 37°C - 0.61 0.82 0.73
41°C - - 0.28 0.77 41°C - - 0.80 0.82
45°C - - - 0.42 45°C - - - 0.95
49°C - - - - 49°C - - - -
10% Oxygen 37°C 41°C 45°C 49°C 10% Oxygen 37°C 41°C 45°C 49°C
37°C - 0.26 0.34 0.09 37°C - 0.08 0.03 * 0.16
41°C - - 0.85 0.18 41°C - - 0.82 0.41
45°C - - - 0.64 45°C - - - 0.43
49°C - - - - 49°C - - - -
100% Oxygen| 37°C 41°C 45°C 49°C 100% Oxygen| 37°C 41°C 45°C 49°C
37°C - 0.73 0.34 0.29 37°C - 0.20 0.22 0.94
41°C - - 0.39 0.33 41°C - - 0.01* 0.07
45°C - - - 0.79 45°C - - - 0.08
49°C - - - - 49°C - - - -
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Table 21: Temperature-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for

conditions of DIDS in autologous plasma and equilibrated with prescribed oxygen concentrations.
Entries are p-values form Welch’s two sample t-test. * p<0.05.

Temperature-Dependence of Delta Sigma Max. Temperature-Dependence of Ty, for Delta Sigma Max.
0% Oxygen 37°C | 41°C 45°C 49°C 0% Oxygen 37°C 41°C 45°C 49 °C
37°C - 0.88 0.15 0.16 37°C - 0.30 0.22 0.10
41°C - - 0.16 0.18 41°C - - 0.83 0.32
45°C - - - 0.88 45°C - - - 0.27
49°C - - - - 49°C - - - -
5% Oxygen | 37°C | 41°C | 45°C 49°C 5% Oxygen 37°C 41°C 45°C 49°C
37°C - 0.40 0.22 0.051 37°C - 0.39 0.72 0.03 *
41°C - - 0.45 0.10 41°C - - 0.62 0.11
45°C - - - 0.35 45°C - - - 0.06
49°C - - - - 49°C - - - -
10% Oxygen | 37°C | 41°C | 45°C 49°C 10% Oxygen 37°C 41°C 45°C 49°C
37°C - 0.82 0.38 0.33 37°C - 0.80 0.34 0.28
41°C - - 0.51 0.43 41°C - - 0.39 0.32
45°C - - - 0.73 45°C - - - 0.68
49°C - - - - 49°C - - - -
100% Oxygen | 37°C | 41°C | 45°C 49°C 100% Oxygen [ 37°C 41°C 45°C 49°C
37°C - 0.77 0.31 0.35 37°C - 0.33 0.98 0.76
41°C - - 0.39 0.49 41°C - - 0.29 0.47
45°C - - - 0.77 45°C - - - 0.74
49°C - - - - 49°C - - - -
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Table 22: Temperature-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for

conditions of DIDS in fibrinogen 8 mg/mL and equilibrated with prescribed oxygen concentrations.
Entries are p-values form Welch’s two sample t-test. * p<0.05.

Temperature-Dependence of Delta Sigma Max. Temperature-Dependence of Ty, for Delta Sigma Max.
0% Oxygen 37°C 41°C 45°C 49°C 0% Oxygen 37°C 41°C 45°C 49°C
37°C - 0.67 0.91 0.84 37°C - 0.46 0.97 0.63
41°C - - 0.68 0.59 41°C - - 0.29 0.64
45°C - - - 0.96 45°C - - - 0.40
49°C - - - - 49°C - - - -
5% Oxygen 37°C 41°C 45°C 49°C 5% Oxygen 37°C 41°C 45°C 49°C
37°C - 0.67 0.74 0.97 37°C - 0.51 0.60 0.82
41°C - - 0.91 0.62 41°C - - 0.86 0.61
45°C - - - 0.69 45°C - - - 0.73
49°C - - - - 49°C - - - -
10% Oxygen 37°C 41°C 45°C 49°C 10% Oxygen | 37°C 41°C 45°C 49°C
37°C - 0.71 0.80 0.83 37°C - 0.45 0.90 0.16
41°C - - 0.88 0.59 41°C - - 0.30 0.28
45°C - - - 0.65 45°C - - - 0.12
49°C - - - - 49°C - - - -
100% Oxygen | 37°C 41°C 45°C 49°C 100% Oxygen| 37°C 41°C 45°C 49°C
37°C - 0.84 0.63 0.68 37°C - 0.94 0.40 0.65
41°C - - 0.81 0.85 41°C - - 0.39 0.57
45°C - - - 0.97 45°C - - - 0.28
49°C - - - - 49°C - - - -
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Table 23: Temperature-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for

conditions of DIDS in fibrinogen 2 mg/mL and equilibrated with prescribed oxygen concentrations.
Entries are p-values form Welch’s two sample t-test. * p<0.05.

Temperature-Dependence of Delta Sigma Max. Temperature-Dependence of T,/, for Delta Sigma Max.

0% Oxygen 37°C 41°C 45°C 49°C 0% Oxygen 37°C 41°C 45°C 49 °C
37°C - 0.99 0.45 0.90 37°C - 0.68 0.84 0.92
41°C - - 0.60 0.94 41°C - - 0.26 0.79
45°C - - - 0.50 45°C - - - 0.76

49°C - - - - 49°C - - - -
5% Oxygen 37°C 41°C 45°C 49 °C 5% Oxygen 37°C 41°C 45°C 49 °C
37°C - 0.89 0.67 0.76 37°C - 0.46 0.07 0.51
41°C - - 0.65 0.73 41°C - - 0.03 * 0.24
45°C - - - 0.88 45°C - - - 0.27

49 °C - - - - 49°C - - - -
10% Oxygen 37°C 41°C 45°C 49 °C 10% Oxygen 37°C 41°C 45°C 49°C
37°C - 0.51 0.45 0.78 37°C - 0.74 0.57 0.62
41°C - - 0.55 0.60 41°C - - 0.88 0.94
45 °C - - - 0.37 45°C - - - 0.92

49°C - - - - 49°C - - - -
100% Oxygen| 37°C 41°C 45°C 49°C 100% Oxygen| 37°C 41°C 45°C 49°C
37°C - 0.93 0.76 0.34 37°C - 0.47 0.71 0.47
41°C - - 0.80 0.34 41°C - - 0.63 0.90
45°C - - - 0.78 45°C - - - 0.62

49 °C - - - - 49 °C - - - -
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Table 24: Temperature-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for

conditions of DIDS in albumin 50 mg/mL and equilibrated with prescribed oxygen concentrations.
Entries are p-values form Welch’s two sample t-test. * p<0.05.

Temperature-Dependence of Delta Sigma Max. Temperature-Dependence of T,/, for Delta Sigma Max.
0% Oxygen 37°C 41°C 45°C 49 °C 0% Oxygen 37°C 41°C 45°C 49°C
37°C - 0.70 0.24 0.41 37°C - 0.07 0.45 0.39
41°C - - 0.48 0.73 41°C - - 0.40 0.80
45°C - - - 0.61 45°C - - - 0.73
49°C - - - - 49°C - - - -
5% Oxygen 37°C 41°C 45°C 49°C 5% Oxygen 37°C 41°C 45°C 49°C
37°C - 0.89 0.85 0.046 * 37°C - 0.87 0.85 0.03 *
41°C - - 0.99 0.15 41°C - - 0.68 0.01*
45°C - - - 0.08 45°C - - - 0.02 *
49°C - - - - 49°C - - - -
10% Oxygen| 37°C 41°C 45°C 49°C 10% Oxygen 37°C 41°C 45°C 49°C
37°C - 0.69 0.42 0.46 37°C - 0.44 0.78 0.33
41°C - - 0.46 0.35 41°C - - 0.44 0.81
45°C - - - 0.35 45°C - - - 0.35
49°C - - - - 49°C - - - -
100% Oxygen| 37°C 41°C 45°C 49°C 100% Oxygen| 37°C 41°C 45°C 49°C
37°C - 0.72 0.78 0.47 37°C - 0.66 0.15 0.27
41°C - - 0.92 0.24 41°C - - 0.30 0.50
45°C - - - 0.27 45°C - - - 0.68
49°C - - - - 49°C - - - -
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Table 25: Temperature-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for

conditions of DIDS in albumin 20 mg/mL and equilibrated with prescribed oxygen concentrations.
Entries are p-values form Welch’s two sample t-test. * p<0.05.

Temperature-Dependence of Delta Sigma Max. Temperature-Dependence of T,/, for Delta Sigma Max.
0% Oxygen 37°C 41°C 45°C 49°C 0% Oxygen 37°C 41°C 45°C 49 °C
37°C - 0.54 0.19 0.07 37°C - 0.89 0.94 0.75
41°C - - 0.53 0.25 41°C - - 0.95 0.82
45°C - - - 0.53 45°C - - - 0.77
49°C - - - - 49°C - - - -
5% Oxygen 37°C 41°C 45°C 49 °C 5% Oxygen 37°C 41°C 45°C 49 °C
37°C - 0.31 0.62 0.23 37°C - 0.47 0.33 0.93
41°C - - 0.26 0.72 41°C - - 0.11 0.49
45°C - - - 0.06 45°C - - - 0.23
49°C - - - - 49°C - - - -
10% Oxygen 37°C 41°C 45°C 49°C 10% Oxygen 37°C 41°C 45°C 49°C
37°C - 0.73 1.00 0.45 37°C - 0.63 0.76 0.01*
41°C - - 0.73 0.54 41°C - - 0.86 0.12
45°C - - - 0.44 45°C - - - 0.08
49°C - - - - 49°C - - - -
100% Oxygen| 37°C 41°C 45°C 49°C 100% Oxygen| 37°C 41°C 45°C 49°C
37°C - 0.58 0.83 0.58 37°C - 0.55 0.53 0.68
41°C - - 0.72 0.95 41°C - - 0.08 0.27
45°C - - - 0.71 45°C - - - 0.87
49°C - - - - 49°C - - - -
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Table 26: Oxygen-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for conditions of

no antibody in autologous plasma and equilibrated with prescribed oxygen concentrations. Entries are
p-values form Welch’s two sample t-test. * p<0.05.

Oxygen-Dependence of Delta Sigma Max. Oxygen-Dependence of T/, for Delta Sigma Max.
37°C 0% Oxy [ 5% Oxy | 10% Oxy | 100% Oxy 37°C 0% Oxy | 5% Oxy | 10% Oxy | 100% Oxy
0% Oxy - 0.64 0.20 0.47 0% Oxy - 0.31 0.72 0.20
5% Oxy - - 0.78 0.38 5% Oxy - - 0.23 0.73
10% Oxy - - - 0.18 10% Oxy - - - 0.15
100% Oxy - - - - 100% Oxy - - - -
41°C 0% Oxy [ 5% Oxy | 10% Oxy | 100% Oxy 41°C 0% Oxy | 5% Oxy | 10% Oxy | 100% Oxy
0% Oxy - 0.48 0.72 0.002 * 0% Oxy - 0.84 0.88 0.46
5% Oxy - - 0.86 0.34 5% Oxy - - 1.00 0.57
10% Oxy - - - 0.36 10% Oxy - - - 0.65
100% Oxy - - - - 100% Oxy - - - -
45°C 0% Oxy [ 5% Oxy | 10% Oxy | 100% Oxy 45°C 0% Oxy | 5% Oxy | 10% Oxy | 100% Oxy
0% Oxy - 0.82 0.54 0.87 0% Oxy - 0.88 0.23 0.64
5% Oxy - - 0.46 0.86 5% Oxy - - 0.55 0.66
10% Oxy - - - 0.02 * 10% Oxy - - - 0.13
100% Oxy - - - - 100% Oxy - - - -
49°C 0% Oxy [ 5% Oxy | 10% Oxy | 100% Oxy 49°C 0% Oxy | 5% Oxy | 10% Oxy | 100% Oxy
0% Oxy - 0.48 0.18 0.08 0% Oxy - 0.88 0.32 0.13
5% Oxy - - 0.34 0.09 5% Oxy - - 0.42 0.19
10% Oxy - - - 0.24 10% Oxy - - - 0.58
100% Oxy - - - - 100% Oxy - - - -
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Table 27: Oxygen-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for conditions of
no antibody in fibrinogen 8 mg/mL and equilibrated with prescribed oxygen concentrations. Entries

are p-values form Welch’s two sample t-test. * p<0.05.
Oxygen-Dependence of Delta Sigma Max.

37°C 0% Oxy [ 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.23 0.17 0.04 *
5% Oxy - - 0.63 0.86
10% Oxy - - - 0.67
100% Oxy - - - -
41°C 0% Oxy [ 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.73 0.89 0.33
5% Oxy - - 0.89 0.40
10% Oxy - - - 0.51
100% Oxy - - - -

5% Oxy | 10%

Oxy |100% Oxy

45°C 0% Oxy
0% Oxy - 0.48 0.82 0.92
5% Oxy - 0.55 0.39
10% Oxy - - 0.83
100% Oxy - - - -

49 °C 0% Oxy [ 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.27 0.86 0.60
5% Oxy - - 0.22 0.65
10% Oxy - - - 0.63
100% Oxy - - - -

Oxygen-Dependence of T/, for Delta Sigma Max.

37°C 0% Oxy [ 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.16 0.69 0.62
5% Oxy - - 0.13 0.08
10% Oxy - - - 0.93
100% Oxy - - - -
41°C 0% Oxy [ 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.30 0.18 0.53
5% Oxy - - 0.47 0.58
10% Oxy - - - 0.32
100% Oxy - - - -
45°C 0% Oxy [ 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.85 0.87 0.98
5% Oxy - 0.95 0.82
10% Oxy - - 0.83
100% Oxy - - - -
49°C 0% Oxy [ 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.49 0.65 0.59
5% Oxy - - 0.80 0.69
10% Oxy - - - 1.00
100% Oxy - - - -
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Table 28: Oxygen-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for conditions of
no antibody in fibrinogen 2 mg/mL and equilibrated with prescribed oxygen concentrations. Entries
are p-values form Welch’s two sample t-test. * p<0.05.

Oxygen-Dependence of Delta Sigma Max.

37°C 0% Oxy [5% Oxy | 10% Oxy | 100% Oxy
0% Oxy - 0.71 0.07 0.38
5% Oxy - - 0.17 0.32

10% Oxy - - - 0.04 *
100% Oxy - - - -
41°C 0% Oxy [5% Oxy |10% Oxy [ 100% Oxy
0% Oxy - 0.70 0.83 0.63
5% Oxy - - 0.84 0.96
10% Oxy - - - 0.77
100% Oxy - - - -
45°C 0% Oxy [5% Oxy | 10% Oxy | 100% Oxy
0% Oxy - 0.64 0.95 0.83
5% Oxy - - 0.89 0.54
10% Oxy - - - 0.88
100% Oxy - - - -

49 °C 0% Oxy [5% Oxy | 10% Oxy | 100% Oxy
0% Oxy - 0.68 0.80 0.050
5% Oxy - - 0.66 0.13
10% Oxy - - - 0.20

100% Oxy - - - -
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Oxygen-Dependence of T,/, for Delta Sigma Max.

37°C 0% Oxy| 5% Oxy [10% Oxy|100% Oxy
0% Oxy - 0.31 0.14 0.23
5% Oxy - - 0.81 0.86

10% Oxy - - - 0.97
100% Oxy - - - -
41°C 0% Oxy | 5% Oxy [10% Oxy |100% Oxy
0% Oxy - 0.40 0.95 0.97
5% Oxy - - 0.45 0.53
10% Oxy - - - 0.99
100% Oxy - - - -
45°C 0% Oxy| 5% Oxy [10% Oxy|100% Oxy
0% Oxy - 0.26 0.82 0.54
5% Oxy - - 0.31 0.61
10% Oxy - - - 0.66
100% Oxy - - - -

49 °C 0% Oxy| 5% Oxy [10% Oxy|100% Oxy
0% Oxy - 0.10 0.13 0.06
5% Oxy - - 0.50 0.73
10% Oxy - - - 0.66

100% Oxy - - - -




Table 29: Oxygen-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for conditions of

no antibody in albumin 50 mg/mL and equilibrated with prescribed oxygen concentrations. Entries
are p-values form Welch’s two sample t-test. * p<0.05.

Oxygen-Dependence of Delta Sigma Max.

37°C 0% Oxy | 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.64 0.99 0.56
5% Oxy - - 0.58 0.96
10% Oxy - - - 0.31
100% Oxy - - - -
41°C 0% Oxy | 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.26 0.35 0.33
5% Oxy - - 0.06 0.17
10% Oxy - - - 0.60
100% Oxy - - - -
45°C 0% Oxy [ 5% Oxy | 10% Oxy [100% Oxy
0% Oxy - 0.21 0.002 * 0.86
5% Oxy - - 0.17 0.43
10% Oxy - - - 0.08
100% Oxy - - - -
49°C 0% Oxy | 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.87 0.16 0.57
5% Oxy - - 0.07 0.61
10% Oxy - - - 0.51
100% Oxy - - - -

151

Oxygen-Dependence of T,/, for Delta Sigma Max.

37°C 0% Oxy | 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.97 0.43 0.56
5% Oxy - - 0.41 0.58
10% Oxy - - - 0.15
100% Oxy - - - -
41°C 0% Oxy | 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.60 0.46 0.75
5% Oxy - - 0.58 0.09
10% Oxy - - - 0.08
100% Oxy - - - -
45°C 0% Oxy [ 5% Oxy | 10% Oxy [100% Oxy
0% Oxy - 0.54 0.13 0.47
5% Oxy - - 0.34 0.96
10% Oxy - - - 0.27
100% Oxy - - - -
49°C 0% Oxy | 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.14 0.41 0.31
5% Oxy - - 0.52 0.65
10% Oxy - - - 0.85
100% Oxy - - - -




Table 30: Oxygen-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for conditions of
no antibody in albumin 20 mg/mL and equilibrated with prescribed oxygen concentrations. Entries
are p-values form Welch’s two sample t-test. * p<0.05.

Oxygen-Dependence of Delta Sigma Max. Oxygen-Dependence of T,/, for Delta Sigma Max.
37°C 0% Oxy [ 5% Oxy | 10% Oxy |100% Oxy 37°C 0% Oxy [ 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.23 0.52 0.36 0% Oxy - 0.51 0.01* 0.42
5% Oxy - - 0.49 0.14 5% Oxy - - 0.23 0.95
10% Oxy - - - 0.21 10% Oxy - - - 0.21
100% Oxy - - - - 100% Oxy - - - -
41°C 0% Oxy [ 5% Oxy | 10% Oxy |100% Oxy 41°C 0% Oxy [ 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.71 0.83 0.45 0% Oxy - 0.73 0.79 0.09
5% Oxy - - 0.80 0.70 5% Oxy - - 0.92 0.11
10% Oxy - - - 0.45 10% Oxy - - - 0.08
100% Oxy - - - - 100% Oxy - - - -
45°C 0% Oxy [ 5% Oxy | 10% Oxy |100% Oxy 45°C 0% Oxy [ 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.63 0.49 0.71 0% Oxy - 0.79 0.69 0.21
5% Oxy - - 0.24 0.34 5% Oxy - - 0.99 0.49
10% Oxy - - - 0.71 10% Oxy - - - 0.24
100% Oxy - - - - 100% Oxy - - - -
49°C 0% Oxy [ 5% Oxy | 10% Oxy |100% Oxy 49°C 0% Oxy [ 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.96 0.10 0.73 0% Oxy - 0.82 0.75 0.83
5% Oxy - - 0.49 0.76 5% Oxy - - 0.48 0.54
10% Oxy - - - 0.30 10% Oxy - - - 0.86
100% Oxy - - - - 100% Oxy - - - -
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Table 31: Oxygen-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for conditions of

DIDS in autologous plasma and equilibrated with prescribed oxygen concentrations. Entries are p-
values form Welch’s two sample t-test. * p<0.05.

Oxygen-Dependence of Delta Sigma Max.

37°C 0% Oxy [5% Oxy [ 10% Oxy | 100% Oxy
0% Oxy - 0.70 0.45 1.00
5% Oxy - - 0.56 0.59
10% Oxy - - - 0.41
100% Oxy - - - -
41°C 0% Oxy | 5% Oxy [10% Oxy | 100% Oxy
0% Oxy - 0.36 0.32 0.93
5% Oxy - - 0.66 0.43
10% Oxy - - - 0.36
100% Oxy - - - -
45°C 0% Oxy 5% Oxy [ 10% Oxy | 100% Oxy
0% Oxy - 0.61 0.85 0.59
5% Oxy - - 0.61 0.92
10% Oxy - - - 0.62
100% Oxy - - - -
49°C 0% Oxy 5% Oxy [ 10% Oxy | 100% Oxy
0% Oxy - 0.97 0.95 0.36
5% Oxy - - 0.90 0.19
10% Oxy - - - 0.31
100% Oxy - - - -
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Oxygen-Dependence of T,, for Delta Sigma Max.

37°C 0% Oxy | 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.46 0.54 0.35
5% Oxy - - 0.83 0.67
10% Oxy - - - 0.58
100% Oxy - - - -
41°C 0% Oxy | 5% Oxy [ 10% Oxy [100% Oxy
0% Oxy - 0.94 0.55 0.48
5% Oxy - - 0.40 0.35
10% Oxy - - - 0.17
100% Oxy - - - -
45°C 0% Oxy | 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.36 0.80 0.50
5% Oxy - - 0.57 0.81
10% Oxy - - - 0.72
100% Oxy - - - -
49°C 0% Oxy | 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.90 0.57 0.29
5% Oxy - - 0.60 0.28
10% Oxy - - - 0.72
100% Oxy - - - -




Table 32: Oxygen-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for conditions of
DIDS in fibrinogen 8 mg/mL and equilibrated with prescribed oxygen concentrations. Entries are p-

values form Welch’s two sample t-test. * p<0.05.

Oxygen-Dependence of Delta Sigma Max.

37°C 0% Oxy | 5% Oxy [ 10% Oxy |100% Oxy
0% Oxy - 0.94 0.76 0.99
5% Oxy - - 0.74 0.94
10% Oxy - - - 0.77
100% Oxy - - - -
41°C 0% Oxy | 5% Oxy | 10% Oxy |[100% Oxy
0% Oxy - 0.98 0.65 0.64
5% Oxy - - 0.64 0.64
10% Oxy - - - 0.96
100% Oxy - - - -
45°C 0% Oxy | 5% Oxy [ 10% Oxy |100% Oxy
0% Oxy - 0.74 0.91 0.76
5% Oxy - - 0.80 0.50
10% Oxy - - - 0.65
100% Oxy - - - -
49°C 0% Oxy | 5% Oxy [ 10% Oxy |100% Oxy
0% Oxy - 0.93 0.52 0.81
5% Oxy - - 0.53 0.75
10% Oxy - - - 0.46
100% Oxy - - - -
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Oxygen-Dependence of T,/, for Delta Sigma Max.

37°C 0% Oxy | 5% Oxy [ 10% Oxy |100% Oxy
0% Oxy - 0.57 0.31 0.38
5% Oxy - - 0.10 0.10
10% Oxy - - -
100% Oxy - - - -
41°C 0% Oxy | 5% Oxy | 10% Oxy [100% Oxy
0% Oxy - 0.57 0.72 0.86
5% Oxy - - 0.70 0.47
10% Oxy - - - 0.44
100% Oxy - - - -
45°C 0% Oxy | 5% Oxy [ 10% Oxy |100% Oxy
0% Oxy - 0.92 0.12 0.86
5% Oxy - - 0.21 0.93
10% Oxy - - - 0.28
100% Oxy - - - -
49°C 0% Oxy | 5% Oxy [ 10% Oxy |100% Oxy
0% Oxy - 0.21 0.31 0.35
5% Oxy - - 0.78 0.13
10% Oxy - - - 0.14
100% Oxy - - - -




Table 33: Oxygen-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for conditions of

DIDS in fibrinogen 2 mg/mL and equilibrated with prescribed oxygen concentrations. Entries are p-
values form Welch’s two sample t-test. * p<0.05.

Oxygen-Dependence of Delta Sigma Max.

37°C 0% Oxy [ 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.59 0.56 0.75
5% Oxy - - 0.91 0.87
10% Oxy - - - 0.79
100% Oxy - - - -
41°C 0% Oxy | 5% Oxy | 10% Oxy [100% Oxy
0% Oxy - 0.87 0.55 0.77
5% Oxy - - 0.68 0.93
10% Oxy - - - 0.66
100% Oxy - - - -
45°C 0% Oxy | 5% Oxy | 10% Oxy [100% Oxy
0% Oxy - 0.85 0.49 0.98
5% Oxy - - 0.56 0.90
10% Oxy - - - 0.54
100% Oxy - - - -
49°C 0% Oxy [ 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.47 0.81 0.13
5% Oxy - - 0.64 0.67
10% Oxy - - - 0.30
100% Oxy - - - -
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Oxygen-Dependence of T,/, for Delta Sigma Max.

37°C 0% Oxy | 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.94 0.72 0.89
5% Oxy - - 0.61 0.76
10% Oxy - - - 0.52
100% Oxy - - - -
41°C 0% Oxy | 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.13 0.41 0.18
5% Oxy - - 0.63 0.98
10% Oxy - - - 0.67
100% Oxy - - - -
45°C 0% Oxy | 5% Oxy | 10% Oxy |[100% Oxy
0% Oxy - 0.06 0.75 0.91
5% Oxy - - 0.08 0.08
10% Oxy - - - 0.87
100% Oxy - - - -
49°C 0% Oxy | 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.87 0.83 0.57
5% Oxy - - 0.49 0.33
10% Oxy - - - 0.56
100% Oxy - - - -




Table 34: Oxygen-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for conditions of
DIDS in albumin 50 mg/mL and equilibrated with prescribed oxygen concentrations. Entries are p-
values form Welch’s two sample t-test. * p<0.05.

Oxygen-Dependence of Delta Sigma Max.

37°C 0% Oxy [ 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.94 0.47 0.68
5% Oxy - - 0.40 0.61

10% Oxy - - - 0.33
100% Oxy - - - -
41°C 0% Oxy [ 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.77 0.61 0.63
5% Oxy - - 0.80 0.45
10% Oxy - - - 0.36
100% Oxy - - - -
45°C 0% Oxy [ 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.24 0.57 0.81
5% Oxy - - 0.48 0.47
10% Oxy - - - 0.55
100% Oxy - - - -

49 °C 0% Oxy [ 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.02 * 0.13 0.16
5% Oxy - - 0.80 0.11
10% Oxy - - - 0.32

100% Oxy - - - -
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Oxygen-Dependence of T/, for Delta Sigma Max.

37°C 0% Oxy [ 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.23 0.22 0.50
5% Oxy - - 0.89 0.50
10% Oxy - - - 0.55
100% Oxy - - - -
41°C 0% Oxy [ 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.82 0.35 0.67
5% Oxy - - 0.44 0.87
10% Oxy - - - 0.51
100% Oxy - - - -
45°C 0% Oxy [ 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.36 0.57 0.16
5% Oxy - - 0.94 0.69
10% Oxy - - - 0.90
100% Oxy - - - -
49°C 0% Oxy [ 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.03 * 0.41 0.65
5% Oxy - - 0.02 * 0.01*
10% Oxy - - - 0.22
100% Oxy - - - -




Table 35: Oxygen-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for conditions of

DIDS in albumin 20 mg/mL and equilibrated with prescribed oxygen concentrations. Entries are p-
values form Welch’s two sample t-test. * p<0.05.

Oxygen-Dependence of Delta Sigma Max.

37°C 0% Oxy | 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.38 0.90 0.41
5% Oxy - - 0.43 0.73
10% Oxy - - - 0.53
100% Oxy - - - -
41°C 0% Oxy | 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.43 0.39 0.84
5% Oxy - - 0.90 0.50
10% Oxy - - - 0.46
100% Oxy - - - -
45°C 0% Oxy | 5% Oxy | 10% Oxy |[100% Oxy
0% Oxy - 0.75 0.39 0.77
5% Oxy - - 0.50 0.92
10% Oxy - - - 0.64
100% Oxy - - - -
49°C 0% Oxy | 5% Oxy | 10% Oxy [100% Oxy
0% Oxy - 0.02 * 0.02 * 0.23
5% Oxy - - 0.98 0.32
10% Oxy - - - 0.33
100% Oxy - - - -
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Oxygen-Dependence of T/, for Delta Sigma Max.

37°C 0% Oxy | 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.38 0.42 0.76
5% Oxy - - 0.77 0.53
10% Oxy - - - 0.62
100% Oxy - - - -
41°C 0% Oxy | 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.09 0.75 0.18
5% Oxy - - 0.22 0.27
10% Oxy - - - 0.58
100% Oxy - - - -
45°C 0% Oxy | 5% Oxy | 10% Oxy |[100% Oxy
0% Oxy - 0.82 0.62 0.86
5% Oxy - - 0.70 0.61
10% Oxy - - - 0.52
100% Oxy - - - -
49°C 0% Oxy | 5% Oxy | 10% Oxy |100% Oxy
0% Oxy - 0.13 0.053 0.80
5% Oxy - - 0.02 * 0.24
10% Oxy - - - 0.08
100% Oxy - - - -




Table 36: DIDS-Dependence of Delta Sigma Max. and Ty, for Delta Sigma Max. for conditions in

autologous plasma and equilibrated with prescribed oxygen concentrations. Entries are p-values form
Welch’s two sample t-test. * p<0.05.

DIDS-Dependence of Delta Sigma Max.

DIDS vs noAb| 0% Oxy | 5% Oxy [ 10% Oxy | 100% Oxy
37°C 0.02 * 0.15 0.22 0.03 *
41°C 0.01* 0.052 0.21 0.001 *
45°C 0.41 0.047 * | 0.001 * 0.054
49°C 0.12 0.08 0.25 0.07

DIDS-Dependence of T,/, for Delta Sigma Max.

DIDS vs noAb [0% Oxy [ 5% Oxy | 10% Oxy | 100% Oxy
37°C 0.14 | 0.01%* 0.09 0.07
41°C 0.25 | 0.04* | 0.04* 0.43
45°C 0.11 0.12 0.02 * 0.10
49°C 0.28 0.18 0.41 0.32

Table 37: DIDS-Dependence of Delta Sigma Max. and Ty, for Delta Sigma Max. for conditions in

fibrinogen 8 mg/mL and equilibrated with prescribed oxygen concentrations. Entries are p-values form
Welch’s two sample t-test. * p<0.05.

DIDS-Dependence of Delta Sigma Max.

DIDS vs noAb| 0% Oxy | 5% Oxy | 10% Oxy |100% Oxy
37°C 0.04 * 0.04 * 0.04 * 0.004 *
41°C 0.04 * 0.01* 0.10 0.01*
45°C 0.09 0.01* 0.02 * 0.04 *
49°C 0.09 0.01* [3.77E-04*| 0.09

DIDS-Dependence of Ty, for Delta Sigma Max.

DIDS vs noAb| 0% Oxy | 5% Oxy | 10% Oxy |100% Oxy
37°C 0.81 0.04 * 0.23 0.21
41°C 0.49 0.72 0.45 0.96
45°C 0.68 0.52 0.44 0.59
49°C 0.96 0.07 0.21 0.64

Table 38: DIDS-Dependence of Delta Sigma Max. and Ty, for Delta Sigma Max. for conditions in
fibrinogen 2 mg/mL and equilibrated with prescribed oxygen concentrations. Entries are p-values form

Welch’s two sample t-test. * p<0.05.

DIDS-Dependence of Delta Sigma Max.

DIDS vs noAb| 0% Oxy | 5% Oxy | 10% Oxy | 100% Oxy
37°C 0.42 0.23 0.04 * 0.94
41°C 0.66 0.41 0.18 0.20
45°C 0.06 0.13 0.23 0.14
49°C 0.64 0.24 0.93 0.01*

DIDS-Dependence of T,/, for Delta Sigma Max.

DIDS vs noAb |0% Oxy | 5% Oxy [10% Oxy | 100% Oxy
37°C 0.29 0.92 0.90 0.75
41°C 0.90 0.06 0.49 0.37
45°C 0.90 0.85 0.97 0.58
49°C 0.22 0.61 0.37 0.42

Table 39: DIDS-Dependence of Delta Sigma Max. and Ty, for Delta Sigma Max. for conditions in
albumin 50 mg/mL and equilibrated with prescribed oxygen concentrations. Entries are p-values form

Welch’s two sample t-test. * p<0.05.

DIDS-Dependence of Delta Sigma Max.

DIDS vs noAb| 0% Oxy | 5% Oxy | 10% Oxy |100% Oxy
37°C 0.23 0.60 0.21 0.25
41°C 0.19 0.38 0.19 0.0499 *
45°C 0.004* | 0.048* 0.41 0.02 *
49°C 0.02 * 0.06 0.89 0.16

DIDS-Dependence of Ty, for Delta Sigma Max.

DIDS vs noAb [ 0% Oxy | 5% Oxy | 10% Oxy |100% Oxy
37°C 0.72 0.32 0.93 0.02 *
41°C 0.93 0.19 0.61 0.41
45°C 0.35 0.85 0.14 0.62
49°C 0.39 0.03 * 0.63 0.49

Table 40: DIDS-Dependence of Delta Sigma Max. and Ty, for Delta Sigma Max. for conditions in
albumin 20 mg/mL and equilibrated with prescribed oxygen concentrations. Entries are p-values form

Welch’s two sample t-test. * p<0.05.

DIDS-Dependence of Delta Sigma Max.

DIDS vs noAb| 0% Oxy | 5% Oxy | 10% Oxy [100% Oxy
37°C 0.10 0.07 0.06 0.51
41°C 0.09 0.50 0.08 0.33
45°C 0.01%* 0.001 * 0.24 0.07
49 °C 0.003 * 0.41 0.69 0.09
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DIDS-Dependence of Ty, for Delta Sigma Max.

DIDS vs noAb| 0% Oxy | 5% Oxy | 10% Oxy [100% Oxy
37°C 0.56 0.82 0.01 * 0.80
41°C 0.85 0.23 0.72 0.003 *
45°C 0.63 0.98 0.71 0.21
49°C 0.73 0.42 0.06 0.40




Table 41: Solution-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for conditions

of no antibody at 37°C and equilibrated with prescribed oxygen concentrations. [ALB 20, albumin 20
mg/mL], [ALB 50, albumin 50 mg/mL], [FIB 02, fibrinogen 2 mg/mL], [FIB 08, fibrinogen 8 mg/mL]. Entries are p-values form
Welch’s two sample t-test. * p<0.05.

Solution-Dependence of Delta Sigma Max.

0% Oxygen [ALB20|ALB50|FIB0O2| FIBO8 | Plasma
ALB 20 - 0.83 | 0.39 | 0.001* | 1.52E-04 *
ALB 50 - - 0.36 | 0.001* | 1.06E-04 *
FIB 02 - - - 0.001 * | 2.00E-04 *
FIB 08 - - - - 1.85E-04 *
Plasma - - - - -

5% Oxygen [ALB20|ALB50|FIB0O2| FIBO8 | Plasma
ALB 20 - 0.17 | 0.86 | 0.052 0.08
ALB 50 - - 0.20 | 0.03* 0.07
FIB 02 - - - |0.0497 * 0.08
FIB 08 - - - - 0.13
Plasma - - - - -

10% Oxygen |ALB 20| ALB50(FIB02| FIB0O8 | Plasma
ALB 20 - 0.20 | 0.06 0.051 0.02 *
ALB 50 - - 0.03*| 0.04* 0.02 *
FIB 02 - - - 0.08 0.02 *
FIB 08 - - - - 0.049 *
Plasma - - - - -

100% Oxygen | ALB 20| ALB50(FIB02| FIB08 | Plasma
ALB 20 - 0.69 | 0.47 | 0.001* 0.02 *
ALB 50 - - 0.57 | 0.003 * 0.02 *
FIB 02 - - - 0.002 * 0.02 *
FIB 08 - - - - 0.03 *
Plasma - - - - -
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Solution-Dependence of T,/, for Delta Sigma Max.

0% Oxygen |ALB20|ALB50|FIB02|FIB08|Plasma
ALB 20 - 0.19 |0.04*| 0.15 0.18
ALB 50 - - 0.72 | 0.54 0.48
FIB 02 - - - 0.18 | 0.15
FIB 08 - - - - 0.77
Plasma - - - - -

5% Oxygen |ALB20|ALB50(FIB02|FIB08|Plasma
ALB 20 - 0.58 | 093 | 0.65 | 0.75
ALB 50 - - 051 | 0.23 | 0.66
FIB 02 - - - 0.72 | 0.66
FIB 08 - - - - 0.07
Plasma - - - - -

10% Oxygen |[ALB20[ALB50]|FIB02|FIB08|Plasma
ALB 20 - 0.12 | 0.07 | 0.03 *|0.002 *
ALB 50 - - 090 | 0.55 | 0.84
FIB 02 - - - 0.40 | 0.67
FIB 08 - - - - 0.39
Plasma - - - - -

100% Oxygen [ALB 20(ALB 50| FIB 02 | FIB 08| Plasma
ALB 20 - 0.26 | 0.73 | 0.85 0.68
ALB 50 - - 0.18 [ 0.01*| 0.046 *
FIB 02 - - - 0.55 | 0.44
FIB 08 - - - - 0.46
Plasma - - - - -




Table 42: Solution-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for conditions

of no antibody at 41°C and equilibrated with prescribed oxygen concentrations. [ALB 20, albumin 20
mg/mL], [ALB 50, albumin 50 mg/mL], [FIB 02, fibrinogen 2 mg/mL], [FIB 08, fibrinogen 8 mg/mL]. Entries are p-values form
Welch’s two sample t-test. * p<0.05.

Solution-Dependence of Delta Sigma Max.

0% Oxygen [ALB20|ALB50|FIB0O2| FIBO8 | Plasma
ALB 20 - 0.38 | 0.48 0.06 0.001 *
ALB 50 - - 0.51 0.13 8.51E-05 *
FIB 02 - - - 0.07 0.001 *
FIB 08 - - - - 4.30E-04 *
Plasma - - - - -

5% Oxygen [ALB20|ALB50|FIB0O2| FIBO8 | Plasma
ALB 20 - 0.53 | 0.26 | 0.01* 0.02 *
ALB 50 - - 0.15 | 0.01* 0.02 *
FIB 02 - - - 0.01* 0.02 *
FIB 08 - - - - 0.04 *
Plasma - - - - -

10% Oxygen |ALB 20| ALB50(FIB02| FIB0O8 | Plasma
ALB 20 - 0.89 | 0.24 0.08 0.052
ALB 50 - - 0.22 0.08 0.052
FIB 02 - - - 0.10 0.055
FIB 08 - - - - 0.09
Plasma - - - - -

100% Oxygen | ALB 20| ALB50(FIB02| FIB08 | Plasma
ALB 20 - 0.60 | 0.13 | 0.002 * |5.84E-05 *
ALB 50 - - 0.17 | 0.004 * | 1.18E-04 *
FIB 02 - - - 0.002 * | 3.17E-05 *
FIB 08 - - - - 7.95E-06 *
Plasma - - - - -
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Solution-Dependence of T,/, for Delta Sigma Max.

0% Oxygen |ALB20|ALB50|FIB02|FIB08|Plasma
ALB 20 - 093 | 0.59 | 0.79 | 0.52
ALB 50 - - 0.74 | 0.76 | 0.69
FIB 02 - - - 0.29 | 0.93
FIB 08 - - - - 0.14
Plasma - - - - -

5% Oxygen |ALB20|ALB50(FIB02|FIB08|Plasma
ALB 20 - 0.33 | 0.22 | 0.52 0.37
ALB 50 - - 0.46 | 0.17 0.77
FIB 02 - - - 0.17 | 0.38
FIB 08 - - - - 0.26
Plasma - - - - -

10% Oxygen |[ALB20[ALB50]|FIB02|FIB08|Plasma
ALB 20 - 0.22 | 0.42 | 0.36 0.36
ALB 50 - - 0.54 | 0.56 0.51
FIB 02 - - - 091 | 0.92
FIB 08 - - - - 0.98
Plasma - - - - -

100% Oxygen [ALB 20(ALB 50| FIB 02 | FIB 08| Plasma
ALB 20 - 0.01 | 0.19 | 0.003| 0.03
ALB 50 - - 0.39 | 0.51 | 0.07
FIB 02 - - - 0.60 | 0.74
FIB 08 - - - - 0.10
Plasma - - - - -




Table 43: Solution-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for conditions

of no antibody at 45°C and equilibrated with prescribed oxygen concentrations. [ALB 20, albumin 20
mg/mL], [ALB 50, albumin 50 mg/mL], [FIB 02, fibrinogen 2 mg/mL], [FIB 08, fibrinogen 8 mg/mL]. Entries are p-values form
Welch’s two sample t-test. * p<0.05.

Solution-Dependence of Delta Sigma Max.

0% Oxygen [ALB20|ALB50|FIB0O2| FIBO8 | Plasma
ALB 20 - 0.95 | 0.12 0.08 0.12
ALB 50 - - 0.11 0.08 0.12
FIB 02 - - - 0.11 0.12
FIB 08 - - - - 0.16
Plasma - - - - -

5% Oxygen [ALB20|ALB50|FIB0O2| FIBO8 | Plasma
ALB 20 - 0.11 | 0.48 | 0.03* 0.03 *
ALB 50 - - 0.20 | 0.02* 0.03 *
FIB 02 - - - 0.03 * 0.03 *
FIB 08 - - - - 0.03 *
Plasma - - - - -

10% Oxygen |ALB 20| ALB50(FIB02| FIB0O8 | Plasma
ALB 20 - 0.45 | 0.48 | 0.02* |[1.16E-04*
ALB 50 - - 0.38 | 0.02* |1.62E-04*
FIB 02 - - - 0.04* |3.48E-06*
FIB 08 - - - - 9.46E-06 *
Plasma - - - -

100% Oxygen | ALB 20| ALB50(FIB02| FIB08 | Plasma
ALB 20 - 0.73 | 0.08 | 0.001* |3.44E-05*
ALB 50 - - 0.11 | 0.002 * | 4.29E-05 *
FIB 02 - - - 0.001 * |9.81E-06*
FIB 08 - - - - 3.17E-06 *
Plasma - - - - -
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Solution-Dependence of T,/, for Delta Sigma Max.

0% Oxygen |ALB20|ALB50|FIB02|FIB08|Plasma
ALB 20 - 0.42 | 0.67 | 0.99 0.73
ALB 50 - - 0.63 | 0.39 | 0.27
FIB 02 - - - 0.62 | 0.37
FIB 08 - - - - 0.57
Plasma - - - - -

5% Oxygen |ALB20|ALB50(FIB02|FIB08|Plasma
ALB 20 - 0.90 | 0.42 | 0.86 0.57
ALB 50 - - 0.48 | 0.98 | 0.65
FIB 02 - - - 0.30 | 0.66
FIB 08 - - - - 0.44
Plasma - - - - -

10% Oxygen |[ALB20[ALB50]|FIB02|FIB08|Plasma
ALB 20 - 0.06 | 0.87 | 0.65 0.11
ALB 50 - - 0.14 {0.02*| 0.35
FIB 02 - - - 0.85 | 0.23
FIB 08 - - - - 0.07
Plasma - - - -

100% Oxygen [ALB 20(ALB 50| FIB 02 | FIB 08| Plasma
ALB 20 - 0.27 | 0.16 | 0.07 | 0.051
ALB 50 - - 0.79 | 0.93 | 0.80
FIB 02 - - - 0.78 | 0.92
FIB 08 - - - - 0.65
Plasma - - - - -




Table 44: Solution-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for conditions

of no antibody at 49°C and equilibrated with prescribed oxygen concentrations. [ALB 20, albumin 20
mg/mL], [ALB 50, albumin 50 mg/mL], [FIB 02, fibrinogen 2 mg/mL], [FIB 08, fibrinogen 8 mg/mL]. Entries are p-values form
Welch’s two sample t-test. * p<0.05.

Solution-Dependence of Delta Sigma Max.

0% Oxygen [ALB20|ALB50|FIB0O2| FIBO8 | Plasma
ALB 20 - 0.24 | 0.51 0.07 0.01*
ALB 50 - - 0.38 0.09 0.01*
FIB 02 - - - 0.08 0.01 *
FIB 08 - - - - 0.01*
Plasma - - - - -

5% Oxygen [ALB20|ALB50|FIB0O2| FIBO8 | Plasma
ALB 20 - 0.31 | 0.53 | 0.02* 0.003 *
ALB 50 - - 0.76 | 0.02* 0.004 *
FIB 02 - - - 0.02 * 0.003 *
FIB 08 - - - - 0.004 *
Plasma - - - - -

10% Oxygen |ALB 20| ALB50(FIB02| FIB0O8 | Plasma
ALB 20 - 0.27 | 0.78 | 0.002 * 0.002 *
ALB 50 - - 0.93 | 0.002* [ 0.002*
FIB 02 - - - 0.001* [ 0.001*
FIB 08 - - - - 0.002 *
Plasma - - - - -

100% Oxygen | ALB 20| ALB50(FIB02| FIB08 | Plasma
ALB 20 - 0.93 | 0.08 0.07 0.002 *
ALB 50 - - 0.12 0.07 0.002 *
FIB 02 - - - 0.10 0.002 *
FIB 08 - - - - 0.004 *
Plasma - - - - -
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Solution-Dependence of T,/, for Delta Sigma Max.

0% Oxygen |ALB20|ALB50|FIB02|FIB08|Plasma
ALB 20 - 0.55 | 0.24 | 0.90 | 0.50
ALB 50 - - 0.04*| 0.32 | 0.10
FIB 02 - - - 0.07 | 0.08
FIB 08 - - - - 0.30
Plasma - - - - -

5% Oxygen |ALB20|ALB50(FIB02|FIB08|Plasma
ALB 20 - 0.29 | 0.91 | 0.99 0.24
ALB 50 - - 033 | 0.18 | 0.92
FIB 02 - - - 0.90 | 0.29
FIB 08 - - - - 0.03 *
Plasma - - - - -

10% Oxygen |[ALB20[ALB50]|FIB02|FIB08|Plasma
ALB 20 - 0.79 | 0.94 | 0.46 0.95
ALB 50 - - 0.74 | 0.75 0.73
FIB 02 - - - 0.38 | 0.98
FIB 08 - - - - 0.26
Plasma - - - - -

100% Oxygen [ALB 20(ALB 50| FIB 02 | FIB 08| Plasma
ALB 20 - 093 | 0.85 | 0.43 0.94
ALB 50 - - 0.82 | 0.55 | 0.88
FIB 02 - - - 0.60 | 0.88
FIB 08 - - - - 0.25
Plasma - - - - -




Table 45: Solution-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for conditions

of DIDS at 37°C and equilibrated with prescribed oxygen concentrations. [ALB 20, aloumin 20 mg/mL],
[ALB 50, albumin 50 mg/mL], [FIB 02, fibrinogen 2 mg/mL], [FIB 08, fibrinogen 8 mg/mL]. Entries are p-values form Welch’s
two sample t-test. * p<0.05.

Solution-Dependence of Delta Sigma Max.

0% Oxygen |ALB20(ALB50|FIB02|FIBO08|Plasma
ALB 20 - 0.95 | 0.09 | 0.39 | 0.32
ALB 50 - - 0.10 | 0.38 | 0.32
FIB 02 - - - 0.86 | 0.38
FIB 08 - - - - 0.40
Plasma - - - - -

5% Oxygen |ALB20|ALB50|FIB02|FIB08|Plasma
ALB 20 - 0.37 | 0.21 | 0.26 | 0.03 *
ALB 50 - - 0.37 | 0.46 |0.048 *
FIB 02 - - - 0.67 | 0.054
FIB 08 - - - - 0.06
Plasma - - - - -

10% Oxygen |ALB20|ALB50|FIB 02| FIB 08 |Plasma
ALB 20 - 0.53 | 0.54 | 0.60 | 0.15
ALB 50 - - 0.83 | 0.79 | 0.16

FIB 02 - - - 0.90 | 0.17
FIB 08 - - - - 0.17
Plasma - - - - -
100% Oxygen | ALB 20| ALB 50| FIB 02 | FIB 08 [ Plasma
ALB 20 - 0.68 | 0.17 | 0.25 | 0.12
ALB 50 - - 0.24 | 0.33 | 0.13
FIB 02 - - - 0.75 | 0.17
FIB 08 - - - - 0.20
Plasma - - - - -
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Solution-Dependence of T/, for Delta Sigma Max.

0% Oxygen |ALB20|ALB50(FIB02| FIB08 | Plasma
ALB 20 - 0.21 | 0.84 | 0.36 0.25
ALB 50 - - 0.61 | 0.80 0.10
FIB 02 - - - 0.71 0.30
FIB 08 - - - - 0.10
Plasma - - - - -

5% Oxygen |ALB20|ALB50(FIB02| FIB08 | Plasma
ALB 20 - 0.43 | 043 | 0.67 0.11
ALB 50 - - 0.93 | 0.16 0.30
FIB 02 - - - 0.11 0.20
FIB 08 - - - - 0.01*
Plasma - - - - -

10% Oxygen | ALB 20| ALB 50| FIB 02| FIB 08 | Plasma
ALB 20 - 0.52 | 0.27 | 0.34 | 0.054
ALB 50 - - 0.58 | 0.73 0.18
FIB 02 - - - 0.82 0.49
FIB 08 - - - - 0.32
Plasma - - - - -

100% Oxygen|ALB 20| ALB50(FIB 02| FIB 08 | Plasma
ALB 20 - 0.63 | 0.83 | 0.87 0.47
ALB 50 - - 0.90 | 0.46 0.21
FIB 02 - - - 0.73 0.45
FIB 08 - - - - 0.52
Plasma - - - - -




Table 46: Solution-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for conditions

of DIDS at 41°C and equilibrated with prescribed oxygen concentrations. [ALB 20, aloumin 20 mg/mL],
[ALB 50, albumin 50 mg/mL], [FIB 02, fibrinogen 2 mg/mL], [FIB 08, fibrinogen 8 mg/mL]. Entries are p-values form Welch’s
two sample t-test. * p<0.05.

Solution-Dependence of Delta Sigma Max.

0% Oxygen |ALB20(ALB50|FIB02|FIBO08|Plasma
ALB 20 - 0.90 | 0.28 | 0.54 | 0.15
ALB 50 - - 0.30 | 0.58 | 0.15
FIB 02 - - - 0.74 | 0.20
FIB 08 - - - - 0.17
Plasma - - - - -

5% Oxygen |ALB20|ALB50|FIB02|FIB08|Plasma
ALB 20 - 0.67 | 0.64 | 0.88 | 0.03 *
ALB 50 - - 0.48 | 0.74 | 0.03*

FIB 02 - - - 0.85 | 0.03*
FIB 08 - - - - 0.02 *
Plasma - - - - -

10% Oxygen |ALB20|ALB50|FIB 02| FIB 08 |Plasma
ALB 20 - 0.93 | 092 | 0.51 | 0.10
ALB 50 - - 0.89 | 0.50 | 0.10

FIB 02 - - - 0.55 | 0.10
FIB 08 - - - - 0.12
Plasma - - - - -
100% Oxygen | ALB 20| ALB 50| FIB 02 | FIB 08 [ Plasma
ALB 20 - 0.57 | 0.23 | 0.45 | 0.15
ALB 50 - - 0.14 | 039 | 0.14
FIB 02 - - - 0.67 | 0.18
FIB 08 - - - - 0.24
Plasma - - - - -
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Solution-Dependence of T/, for Delta Sigma Max.

0% Oxygen |ALB20|ALB50(FIB02| FIB08 | Plasma
ALB 20 - 0.68 | 0.19 | 0.54 0.98
ALB 50 - - 0.25 | 0.77 0.75
FIB 02 - - - 0.37 0.28
FIB 08 - - - - 0.63
Plasma - - - - -

5% Oxygen |ALB20|ALB50(FIB02| FIB08 | Plasma
ALB 20 - 0.16 | 0.07 | 0.38 0.07
ALB 50 - - 0.41 | 0.56 0.45
FIB 02 - - - 0.23 0.81
FIB 08 - - - - 0.25
Plasma - - - - -

10% Oxygen | ALB 20| ALB 50| FIB 02| FIB 08 | Plasma
ALB 20 - 0.50 | 0,94 | 0.77 0.39
ALB 50 - - 0.43 | 0.54 0.11
FIB 02 - - - 0.68 0.41
FIB 08 - - - - 0.04 *
Plasma - - - - -

100% Oxygen|ALB 20| ALB50(FIB 02| FIB 08 | Plasma
ALB 20 - 0.53 | 0,20 | 0.14 0.88
ALB 50 - - 0.40 | 0.74 0.80
FIB 02 - - - 0.47 0.35
FIB 08 - - - - 0.61
Plasma - - - - -




Table 47: Solution-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for conditions

of DIDS at 45°C and equilibrated with prescribed oxygen concentrations. [ALB 20, aloumin 20 mg/mL],
[ALB 50, albumin 50 mg/mL], [FIB 02, fibrinogen 2 mg/mL], [FIB 08, fibrinogen 8 mg/mL]. Entries are p-values form Welch’s
two sample t-test. * p<0.05.

Solution-Dependence of Delta Sigma Max.

0% Oxygen |ALB20(ALB50|FIB02|FIBO08|Plasma
ALB 20 - 0.94 | 0.24 | 0.39 | 0.07
ALB 50 - - 0.26 | 0.39 | 0.07
FIB 02 - - - 0.63 | 0.07
FIB 08 - - - - 0.08
Plasma - - - - -

5% Oxygen |ALB20|ALB50|FIB02|FIB08|Plasma
ALB 20 - 0.30 | 0.47 | 0.45 |0.049*
ALB 50 - - 0.79 | 0.61 | 0.051
FIB 02 - - - 0.75 | 0.052
FIB 08 - - - - 0.054
Plasma - - - - -

10% Oxygen |ALB20|ALB50|FIB 02| FIB 08 |Plasma
ALB 20 - 0.48 | 0.64 | 0.49 | 0.01*
ALB 50 - - 0.65 | 0.33 |0.003 *

FIB 02 - - - 0.38 | 0.01*
FIB 08 - - - - 0.01*
Plasma - - - - -
100% Oxygen | ALB 20| ALB 50| FIB 02 | FIB 08 [ Plasma
ALB 20 - 0.97 | 0.55 | 0.28 | 0.13
ALB 50 - - 0.53 | 0.27 | 0.13
FIB 02 - - - 042 | 0.14
FIB 08 - - - - 0.18
Plasma - - - - -
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Solution-Dependence of T/, for Delta Sigma Max.

0% Oxygen |ALB20|ALB50(FIB02| FIB08 | Plasma
ALB 20 - 0.32 | 0,90 | 0.15 0.86
ALB 50 - - 0.40 | 0.67 0.34
FIB 02 - - - 0.21 0.97
FIB 08 - - - - 0.11
Plasma - - - - -

5% Oxygen |ALB20|ALB50(FIB02| FIB08 | Plasma
ALB 20 - 0.88 [0.052 | 0.25 0.31
ALB 50 - - 0.053| 0.26 0.50
FIB 02 - - - 0.29 | 0.02*
FIB 08 - - - - 0.10
Plasma - - - - -

10% Oxygen | ALB 20| ALB 50| FIB 02| FIB 08 | Plasma
ALB 20 - 0.71 | 0.87 | 0.58 0.58
ALB 50 - - 0.78 | 1.00 1.00
FIB 02 - - - 0.59 0.60
FIB 08 - - - - 1.00
Plasma - - - - -

100% Oxygen|ALB 20| ALB50(FIB 02| FIB 08 | Plasma
ALB 20 - 0.86 | 0.69 | 0.24 0.77
ALB 50 - - 0.61 | 0.22 0.90
FIB 02 - - - 0.41 0.56
FIB 08 - - - - 0.20
Plasma - - - - -




Table 48: Solution-Dependence of Delta Sigma Max. and T, for Delta Sigma Max. for conditions

of DIDS at 49°C and equilibrated with prescribed oxygen concentrations. [ALB 20, aloumin 20 mg/mL],
[ALB 50, albumin 50 mg/mL], [FIB 02, fibrinogen 2 mg/mL], [FIB 08, fibrinogen 8 mg/mL]. Entries are p-values form Welch’s
two sample t-test. * p<0.05.

Solution-Dependence of Delta Sigma Max.

0% Oxygen |ALB20(ALB50|FIB02|FIBO08|Plasma
ALB 20 - 0.23 |0.01*| 0.23 | 0.08
ALB 50 - - 0.04*| 0.31 | 0.09
FIB 02 - - - 0.69 | 0.09
FIB 08 - - - - 0.10
Plasma - - - - -

5% Oxygen |ALB20|ALB50|FIB02|FIB08|Plasma
ALB 20 - 0.50 | 0.90 | 0.52 | 0.02*
ALB 50 - - 0.63 [ 0.62 | 0.02*
FIB 02 - - - 0.51 | 0.02*
FIB 08 - - - - 0.02 *
Plasma - - - - -

10% Oxygen |ALB20|ALB50|FIB 02| FIB 08 |Plasma
ALB 20 - 0.54 | 0.62 | 0.95 | 0.051
ALB 50 - - 0.90 | 0.65 | 0.052

FIB 02 - - - 0.71 | 0.052
FIB 08 - - - - 0.050
Plasma - - - - -
100% Oxygen | ALB 20| ALB 50| FIB 02 | FIB 08 [ Plasma
ALB 20 - 0.59 | 0.78 | 0.36 | 0.11
ALB 50 - - 0.76 | 0.41 | 0.12
FIB 02 - - - 039 | 0.12
FIB 08 - - - - 0.16
Plasma - - - - -
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Solution-Dependence of T/, for Delta Sigma Max.

0% Oxygen |ALB20|ALB50(FIB02| FIB08 | Plasma
ALB 20 - 0.48 | 0.63 | 0.13 0.15
ALB 50 - - 0.91 | 0.80 0.59
FIB 02 - - - 0.99 0.84
FIB 08 - - - - 0.65
Plasma - - - - -

5% Oxygen |ALB20|ALB50(FIB02| FIB08 | Plasma
ALB 20 - 0.01*| 0.82 | 0.83 0.72
ALB 50 - - 0.02 *| 0.001 *| 0.001 *
FIB 02 - - - 0.65 0.96
FIB 08 - - - - 0.43
Plasma - - - - -

10% Oxygen | ALB 20| ALB 50| FIB 02| FIB 08 | Plasma
ALB 20 - 0.03*|0.03*| 0.01* [ 0.09
ALB 50 - - 0.30 | 0.94 0.39
FIB 02 - - - 0.20 0.92
FIB 08 - - - - 0.31
Plasma - - - - -

100% Oxygen|ALB 20| ALB50(FIB 02| FIB 08 | Plasma
ALB 20 - 098 | 0.72 | 0.85 0.98
ALB 50 - - 0.69 | 0.81 0.95
FIB 02 - - - 0.84 0.73
FIB 08 - - - - 0.87
Plasma - - - - -




Table 49: Mean and Standard Deviation of Delta Sigma Max. for conditions of no antibody

equilibrated with prescribed oxygen concentrations. [ALB 20, albumin 20 mg/mL], [ALB 50, albumin 50 mg/mL],
[FIB 02, fibrinogen 2 mg/mL], [FIB 08, fibrinogen 8 mg/mL]. Entries are mean + standard deviation. (n=4 each).

Delta Sigma Max.

0% Oxygen ALB 20 ALB 50 FIB 02 FIB 08 Plasma
37°C -0.17 £ 0.36|-0.24 £ 0.47| 0.03 + 0.26(1.69 + 0.42(17.13 + 1.68
41°C -0.16 =+ 0.44) 0.73 £+ 1.73| 0.08 + 0.45[3.24 + 2.29(14.21 + 214
45 °C -0.08 £ 0.33|-0.07 £ 0.08| 0.44 + 0.45(3.57 + 2.85(18.93 + 12.26
49 °C -0.18 + 0.16| 0.14 + 0.44|-0.09 + 0.19(3.33 + 2.58(23.75 + 7.18

5% Oxygen ALB 20 ALB 50 FIB 02 FIB 08 Plasma
37°C 0.10 £ 0.12|-0.43 £ 0.59| 0.15 £ 0.53|3.16 + 1.96|14.28 + 10.93
41°C -0.29 + 0.45(-0.45 + 0.15| 0.25 + 0.72|3.75 + 1.56|17.48 + 7.99
45 °C 0.02 £ 0.16/-0.23 £ 0.21] 0.26 + 0.59(4.99 + 2.41(20.91 + 6.12
49 °C -0.19 + 0.43( 0.10 + 0.27] 0.01 + 0.43|5.49 + 2.45/20.47 + 4.92

10% Oxygen ALB 20 ALB 50 FIB 02 FIB 08 Plasma
37°C -0.02 £ 0.28|-0.25 £ 0.09| 0.73 + 0.52(3.98 + 2.55(12.47 + 5.64
41°C -0.22 + 0.15(-0.23 + 0.08| 0.15 + 0.50{3.51 + 2.89|16.29 + 10.55
45 °C -0.26 + 0.37|-0.42 £ 0.10| 0.38 + 1.57({3.99 + 2.09(24.15 + 2.08
49 °C -0.36 £ 0.09|-0.26 £ 0.12|-0.22 + 0.90(3.59 + 0.82(17.34 + 3.22

100% Oxygen ALB 20 ALB 50 FIB 02 FIB 08 Plasma
37°C -0.57 + 0.68|-0.41 £ 0.27|-0.24 + 0.49(3.36 + 0.99(21.15 + 9.68
41°C -0.42 £ 0.44]-0.28 £ 0.16| 0.27 + 0.63|4.66 + 1.26(22.00 £+ 1.74
45°C -0.17 + 0.31]-0.09 + 0.26| 0.52 + 0.54(3.73 + 0.86(20.21 + 1.31
49 °C -0.09 £ 0.42|-0.06 £ 0.53| 0.54 + 0.42(4.49 + 3.32(14.53 + 2091
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Table 50: Mean and Standard Deviation of Ty, for Delta Sigma Max. for conditions of no antibody
equilibrated with prescribed oxygen concentrations. [ALB 20, albumin 20 mg/mL], [ALB 50, albumin 50 mg/mL],

[FIB 02, fibrinogen 2 mg/mL], [FIB 08, fibrinogen 8 mg/mL]. Entries are mean + standard deviation. (n=4 each).

T,/, for Delta Sigma Max.

0% Oxygen ALB 20 ALB 50 FIB 02 FIB 08 Plasma
37°C 115.27 + 35.30| 57.33 + 66.63| 41.92 + 44.38| 80.75 + 19.45(84.45 + 14.15
41°C 96.78 + 57.59| 92.47 + 78.71| 77.05 * 39.16|106.03 + 30.47(75.21 + 16.78
45°C 84.45 + 60.91|130.07 + 85.16|103.56 + 58.52| 85.07 + 37.04(72.33 + 16.04
49°C 90.00 + 86.14|123.29 + 57.97| 26.51 + 22.99| 83.84 + 43.13|56.71 + 14.52

5% Oxygen ALB 20 ALB 50 FIB 02 FIB 08 Plasma
37°C 85.07 + 76.41| 55.48 + 65.32| 90.00 + 73.41|104.79 + 23.00(71.51 + 18.34
41°C 114.66 + 78.40| 69.04 + 16.96| 52.40 + 37.74| 86.30 + 13.80|72.74 + 16.78
45°C 99.25 + 89.00( 91.23 + 84.20| 53.63 + 53.62| 90.00 + 32.80|69.04 + 32.05
49°C 102.95 + 60.65| 55.48 + 53.51| 98.01 + 60.85|102.33 + 24.94|58.56 + 19.24

10% Oxygen ALB 20 ALB 50 FIB 02 FIB 08 Plasma
37°C 28.36 + 14.31| 96.16 + 63.60(101.71 + 53.51| 73.97 + 26.33(88.77 + 18.12
41°C 109.11 + 64.44| 57.33 + 35.30| 75.21 + 41.68| 72.12 + 32.55(72.74 + 26.29
45°C 99.86 + 40.09| 43.77 + 16.40| 94.32 + 50.79| 88.77 + 23.82|55.48 + 15.92
49°C 73.36 + 48.12| 84.45 + 64.59| 70.89 + 42.34| 96.78 + 33.53|71.51 + 22.51

100% Oxygen ALB 20 ALB 50 FIB 02 FIB 08 Plasma
37°C 81.99 + 66.97| 35.14 + 13.71] 99.86 + 73.30| 75.21 + 6.52|66.58 + 20.03
41°C 26.51 + 17.13|107.26 + 31.99| 75.82 + 58.19| 93.70 + 21.21(64.73 + 20.76
45°C 136.23 + 38.11| 88.77 + 65.89| 75.82 + 63.07| 85.68 + 13.26(79.52 *+ 21.63
49°C 78.90 + 39.66 75.21 + 64.06| 84.45 + 41.62| 96.78 + 4.21|80.75 + 22.63
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Table 51: Mean and Standard Deviation of Delta Sigma Max. for conditions of DIDS equilibrated

with prescribed oxygen concentrations. [ALB 20, albumin 20 mg/mL], [ALB 50, albumin 50 mg/mL], [FIB 02,
fibrinogen 2 mg/mL], [FIB 08, fibrinogen 8 mg/mL]. Entries are mean + standard deviation. (n=4 each).

Delta Sigma Max.

0% Oxygen ALB 20 ALB 50 FIB 02 FIB 08 Plasma
37°C -0.61 £ 0.25(-0.62 * 0.29|-0.16 + 0.36|-0.05 + 1.09| 2.60 + 4.27
41°C -0.74 £ 0.32(-0.70 + 0.32|-0.15 + 0.86|-0.38 + 1.01| 3.13 + 3.97
45°C -0.87 £+ 0.26/-0.86 + 0.24|-0.44 + 0.58| 0.08 + 1.87|11.11 + 8.57
49 °C -0.99 £ 0.25(-0.77 £ 0.21|-0.19 + 0.36| 0.14 + 1.50|12.17 + 10.23

5% Oxygen ALB 20 ALB 50 FIB 02 FIB 08 Plasma
37°C -1.06 £ 0.85(-0.60 + 0.14|-0.34 + 0.50| 0.01 + 1.46| 3.77 =+ 2.70
41°C -0.51 £+ 0.43(-0.63 * 0.33|-0.26 + 0.89|-0.41 + 1.19| 5.63 + 3.13
45°C -0.82 £+ 0.21{-0.63 * 0.25/-0.53 + 0.67|-0.30 + 1.16| 8.31 + 5.69
49°C -0.42 £ 0.26/-0.30 + 0.19|-0.46 + 0.58| 0.05 + 1.28|12.40 + 5.81

10% Oxygen ALB 20 ALB 50 FIB 02 FIB 08 Plasma
37°C -0.64 + 0.45/-0.46 * 0.27|-0.39 + 0.63|-0.30 + 1.09| 6.20 + 7.23
41°C -0.54 + 0.26/-0.56 + 0.40|-0.50 + 0.69| 0.11 + 1.76| 7.40 + 6.71
45°C -0.64 £ 0.43(-1.72 + 2.70|-1.00 + 1.34|-0.06 + 1.43|10.15 + 3.69
49 °C -0.42 £ 0.27(-0.22 £ 0.53|-0.27 + 0.50/-0.45 + 0.77|11.75 + 7.69

100% Oxygen ALB 20 ALB 50 FIB 02 FIB 08 Plasma
37°C -0.87 £ 0.53(-0.73 + 0.41|-0.27 + 0.56|-0.06 + 1.10| 2.58 + 3.19
41°C -0.69 £ 0.27(-0.83 * 0.36/-0.31 + 0.49| 0.18 + 1.99| 3.39 + 4.29
45°C -0.79 £ 0.45(-0.80 + 0.36/-0.45 + 0.96| 0.52 + 1.96| 7.76 + 8.21
49°C -0.68 + 0.40(-0.55 *+ 0.19|-0.61 + 0.29| 0.47 + 2.11| 6.18 + 6.21
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Table 52: Mean and Standard Deviation of Ty, for Delta Sigma Max. for conditions of DIDS

equilibrated with prescribed oxygen concentrations. [ALB 20, albumin 20 mg/mL], [ALB 50, albumin 50 mg/mL],
[FIB 02, fibrinogen 2 mg/mL], [FIB 08, fibrinogen 8 mg/mL]. Entries are mean + standard deviation. (n=4 each).

T,/, for Delta Sigma Max.

0% Oxygen ALB 20 ALB 50 FIB 02 FIB 08 Plasma
37°C 99.86 + 36.04| 70.89 + 15.38| 91.23 + 70.81| 75.82 + 32.86|141.37 + 43.44
41°C 102.95 + 25.58| 96.16 + 17.55| 73.97 + 29.24| 91.85 + 22.63|103.56 + 39.19
45°C 101.71 + 26.20| 82.60 + 24.03| 99.25 + 27.92| 76.44 + 11.57| 98.63 + 19.42
49 °C 106.64 + 18.71| 90.62 *+ 37.63| 85.68 + 76.33| 85.07 + 15.13| 77.05 = 29.55

5% Oxygen ALB 20 ALB 50 FIB 02 FIB 08 Plasma
37°C 74.59 + 38.80| 96.16 + 32.77| 94.32 + 25.89| 65.34 + 3.18/118.36 + 20.43
41°C 53.01 + 40.29| 92.47 + 25.66(109.73 + 28.93| 78.90 + 35.96(105.41 + 19.14
45°C 98.01 + 16.65|100.48 + 26.66| 47.47 + 34.19| 74.59 + 31.67|112.81 + 20.86
49 °C 72.12 + 33.23(155.34 + 18.67 78.29 + 37.90| 67.81 = 19.15 79.52 + 19.87

10% Oxygen ALB 20 ALB 50 FIB 02 FIB 08 Plasma
37°C 81.37 + 20.43| 93.08 + 27.56|106.03 + 34.23|100.48 + 29.89|122.05 + 26.60
41°C 94.32 + 4495 72.12 + 41.62| 96.78 + 41.33| 86.92 + 12.95|117.74 + 19.56
45°C 88.77 + 41.41(102.95 £ 60.34| 93.08 + 25.26|102.95 + 24.27|102.95 = 25.26
49 °C 142.40 + 22.72| 64.11 £ 46.39| 94.93 + 24.20| 61.64 + 37.72( 92.47 = 40.79

100% Oxygen ALB 20 ALB 50 FIB 02 FIB 08 Plasma
37°C 91.85 + 33.47| 81.37 + 24.58| 85.07 + 50.15| 95.55 + 25.81|109.73 + 32.24
41°C 80.14 + 11.12| 89.38 + 24.77|109.11 + 35.01| 94.32 + 12.31| 83.22 + 37.79
45°C 104.79 + 19.15(107.26 + 18.72 96.78 + 33.35( 72.12 + 44.03(109.11 + 21.34
49 °C 101.71 + 31.28|101.10 + 21.59|113.42 + 52.85|106.64 + 37.69|102.33 + 32.12

Table 53: Linear Regressions for Oxygen Dependence of Delta Sigma Max. for conditions of noAb
and DIDS.

Delta Sigma Max.

Plasma noAb Intercept Intercept Standard Error| Slope [Slope Standard Error| R-Square
37°C 14.39868 +1.63298 0.06471 +0.03246 0.49793
41°C 15.6496 +0.89861 0.0643 +0.01786 0.79947
45°C 21.27562 +1.63504 -0.0079 +0.0325 -0.457
49 °C 20.95686 +1.75232 -0.06729 +0.03483 0.47671

Plasma DIDS Intercept Intercept Standard Error| Slope |Slope Standard Error| R-Square
37°C 4.19255 +1.16552 -0.01416 +0.02317 -0.264
41°C 5.397 +1.36833 -0.01777 +0.0272 -0.23624
45 °C 9.98444 10.84873 -0.02259 10.01687 0.20923
49°C 12.41719 +0.1669 -0.06223 +0.00332 0.99152
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