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Abstract

Cryopreservation is the process of preserving biological matter such as cells, tissues, and organs,
at sub-zero temperatures for long-term storage. Cells at low temperatures are susceptible to
mechanical damage due to intracellular ice formation and osmotic injuries related to increasing
concentration of solutes as the pure water solidifies. Cryobiological damage can be mitigated by
controlling the cooling rate and using cryoprotective agents (CPAs). Cell injuries at low
temperatures are governed by the transport of water and CPAs across the cell membrane leading
to cell volume changes, known as the cell osmotic response. Mathematical modeling of the cell
osmotic response to non-isotonic solutions at different temperatures is helpful for optimizing
cryopreservation protocols. It has been shown that intra- and extracellular solutions at low
temperatures are generally thermodynamically non-ideal. Thus, the changing cell volume under
non-ideal thermodynamic assumptions can be modeled using the osmotic virial equation proposed
by Elliott et al.!, and obtaining cell membrane permeabilities to water and CPA, L} and P, the
osmotically inactive fraction of the cell, b* (the asterisks express that these properties are obtained
with non-ideal thermodynamic assumptions), and the second and third osmotic virial coefficients

of the grouped intracellular solute B

99> and Cg 4. Grouped solute is in fact all the non-permeating

intracellular solutes treated as a single solute. The temperature dependence of the cell membrane
permeability parameters plays an important role in optimizing a cryopreservation protocol by

determining the optimum cooling rate, and the steps for the CPA addition or removal.

In this work, we present a new two-part fitting method to obtain the five cell-type-specific
parameters at room temperature and 0 °C and model the temperature dependence of the
permeability parameters using the Arrhenius equation for five cell types, namely, human umbilical

vein endothelial cells (HUVECs), H9c2 rat myoblasts, porcine corneal endothelial cells (PCECs),



Jurkat T-lymphocyte cell line, and human cerebral microvascular endothelial cells (hCMECs/D3
cell line). Unlike the previous works in this area, the fitting method in this work is based on both
equilibrium and kinetic cell volume data, enabling us to overcome the limitations of previous
methods, expand our measurements to lower temperatures, and investigate the temperature
dependence of the cell-type-specific properties. The data collected from equilibrium cell volume
experiments are used to fit for b*, By, and Cy444 . Then, the three measured parameters and the
data obtained from the kinetic cell volume experiments are used to fit for the two permeability

parameters, L;, and P". We also investigated the possibility that the third osmotic virial coefficient,

Cyg4g- being equal to zero would result in a better fit to the experimental data for different cell types
at different temperatures, which has not been investigated in previous studies. Finally, the

temperature dependence of L}, and B was modeled using Arrhenius equations and the activation

energies related to each permeability parameter, EaL; and E,p: were found.

In the final chapter of this thesis, we use the presented model and the calculated parameters for
HUVECs as an example to investigate the impact of the non-ideal thermodynamic model on
predicting the changing cell volume during the cryopreservation protocol to show the effectiveness
of the proposed mathematical model in having a better understanding of the cell osmotic response

and consequently, optimizing the cryopreservation protocol.
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Chapter 1. Introduction

1.1. Cryopreservation
Cryopreservation is the process of preserving cells, tissues, and organs at low sub-zero
temperatures for long-term storage. This preservation method has become a prevalent way of

2-7

preserving cells used in medical treatments,”’ and genes of rare and endangered species of

10,11

animals®® or plants over the past few decades. Cells and tissues at low temperatures are far

from their physiological environment, making them susceptible to various injuries due to

Z increasing concentrations of solutes inside and outside the cells,'? and

intracellular ice formation,’
dehydration.!* A successful cryopreservation process relies on maximizing cell viability by
minimizing the low-temperature injuries. The early studies of the cryopreservation process showed
that high cooling rates in the freezing process increase the probability of intracellular ice formation
and consequently, mechanical damage to the cell membrane known as rapid cooling injury.'?!?
When cells are in an aqueous medium that has just started to freeze, there is a chemical potential
gradient between intra- and extracellular water, which leads to the intracellular water moving out
of the cells to remove the chemical potential differential. With sufficiently slow cooling, the
intracellular water has enough time to leave the cell before freezing, depressing the intracellular
solution’s freezing point to lower temperatures, and consequently, reducing the probability of
intracellular ice formation. On the other hand, low cooling rates were reported to prolong the
exposure to increasing concentration of solutes leading to osmotic stress and toxicity damage to
the cells. Therefore, an intermediate cooling rate known as the ‘optimal cooling rate’ depending

on the cell type was introduced by Mazur et al'® to have the maximum survival after thaw. The

optimal cooling rate being oppositely dependent on the probability of intracellular ice formation



and the increasing concentration of solute is known as ‘Mazur’s two-factor hypothesis’ in

cryobiology.

1.2. Cryoprotective agents (CPAs),; permeability and toxicity

Cryoprotective agents (CPAs) are widely used to mitigate freezing injuries. CPAs have
different mechanisms of protection based on their permeability through the cell membrane. Non-
permeating CPAs draw the water out of the cell by increasing the extracellular solution
concentration and reduce the likelihood of intracellular ice formation.'® The protective mechanism
of permeating CPAs, on the other hand, is related to their colligative properties. Since these
molecules can penetrate the cell membrane, they increase the concentration of both intra- and
extracellular solutions, leading to freezing point depression. That means that the intracellular ice
formation becomes less probable, and the amount of extracellular ice formation is less at each
temperature, resulting in a postponed increase in the concentration of solutes.!®!” Deciding what
CPA to use for a cell type, its concentration, and the temperature and rate of addition and removal
is of great importance in the cryopreservation process. Most common permeating cryoprotective
agents are toxic to cells at high concentrations and long exposure times.'® Therefore, for designing
a cryopreservation process, there should always be a balance between the permeating CPA toxicity
and permeability. CPAs with high permeability for a specific cell type need less time to permeate
the cells; thus, the lower exposure time will reduce the risk of the CPAs being lethal to the cells.
CPA toxicity and permeability are temperature-dependent.!® The CPA should be added at a high
enough temperature to have the acceptable permeability and at a low enough temperature to reduce
major toxicity effects. In addition to the toxicity, CPA addition and removal can create severe
osmotic stress on the cells leading to osmotic injuries as a function of volume excursions.?*?!

Osmotic damage is more severe with quick addition or removal of permeating CPAs, especially at



higher temperatures when the cells’ hydraulic conductivity and CPA permeability are much larger.
Therefore, the temperature, the rate, and the technique of addition or removal of a CPA can be
determined by creating a balance between CPA permeability and toxicity, and the cells’ osmotic

tolerance.

1.3. Mathematical modeling of the cryopreservation process

Cell osmotic response in the cryopreservation process is generally governed by the kinetics
of water movement, the transport of the cryoprotective agents across the cell membrane, and their
temperature dependence. Therefore, mathematical modeling of the cell volume changes during the
cryopreservation process enables us to investigate how different variables can affect the cell
osmotic response and optimize cryopreservation protocols. Mathematical models of the cell
osmotic response are based on thermodynamic theories that calculate the chemical potential of the
solutions inside and outside the cells. Common mathematical models of the cell volume changes
during the cryopreservation process are inherently based on ideal thermodynamic theories.*! 2
Meanwhile, several studies have reported that their commonly used model lacks the ability to
accurately predict the cells’ osmotic behavior, and they needed to modify their models to have the
best fit to real cell volume changes.?*?%"-28 Casula et al. modified their model by investigating and
explaining complicated cell membrane biological behavior, including the temporary opening of
mechanosensitive channels after being in contact with permeating or non-permeating solutes.?®
One strong explanation for the deviation of common models from real cell behavior is that the
solutions inside and outside the cells at cryobiological conditions are generally thermodynamically
non-ideal, as they contain multiple solutes at high concentrations. One of the most popular non-

ideal thermodynamic theories is the multi-solute form of the osmotic virial equation proposed by

Elliott et al. to be used in cryobiology.!** This theory is based on the osmotic virial equation form



of McMillan and Mayer,*° with a modification that enables the model to consider the interaction
between different molecules in the solutions. The osmotic virial coefficients in this model that
account for the solution non-ideality are solute specific. Elliott et al.’s form of osmotic virial
equation, which is used in this work, requires the exact concentration of every solute in the
solutions, which is challenging for a complicated biological system like cytoplasm. In this regard,
treating all the non-permeating intracellular solutes as a single ‘grouped’ solute has been reported
to be a valid approach for the osmotic virial equation model.?! Since different cell types have
different cytoplasm compositions, the grouped solute osmotic virial coefficients must be cell-type-
specific. Zielinski et al. recently proposed a method of measuring grouped intracellular solute
osmotic virial coefficients and used this new method to measure these coefficients for human
umbilical vein endothelial cells (HUVECs).?? Zielinski’s work focused on modeling the
equilibrium cell volume by exposing the cells to solutions containing permeating and non-
permeating CPAs and measuring the second and third osmotic virial coefficients of the grouped

and C,

solute, B 999

49> and the osmotically inactive fraction of the cell, b*. However, in order to

model the cell volume during the whole cryopreservation process, the changing cell volume must
also be modeled by measuring the cell membrane permeability to water (Lp) and CPA (Pg). More
recently, Gabler Pizarro et al. proposed a new iterative method that uses the kinetic cell volume
data resulting from exposing the cells to permeating and non-permeating CPAs to measure the five

cell-type-specific parameters: b*, Ly, Ps, B, and C, and modelled the kinetic cell volume data

99° 999°
for HUVECs and H9c2 cells.*® Gabler Pizarro et al.’s method is based on kinetic volume data that
does not necessarily reach the equilibrium state, which confines this method's applicability to room

temperature. One difficulty for Gabler Pizarro in measuring these parameters at 0 °C was the long

time required for the cells to reach the equilibrium state, which made it impossible to collect the



required kinetic data all the way to the equilibrium in a single run with the Coulter®counter and
Cell Size Analyzer program used.>* Another difficulty encountered by Gabler Pizarro was

maintaining a stable enough 0 °C temperature throughout the long measurement time needed.>*

1.3. Cells of interest in this work

The experimental kinetic and equilibrium cell volume data in this work was collected for
five different cell types: human umbilical vein endothelial cells (HUVECs), H9c2 rat myoblasts,
porcine corneal endothelial cells (PCECs), the Jurkat T-lymphocyte cell line, and a human cerebral
microvascular endothelial cell line (hCMECs/D3) by exposing them to hypertonic solutions with
and without a permeating solute. The chosen cells have different biological properties and
functions, and optimizing the cryopreservation process for each of them is very important for
clinical and research purposes. Designing an optimized cryopreservation protocol for human
umbilical vein endothelial cells (HUVECS) is of great importance because they are a model system
for endothelial and vascular biology research and are frequently used in tissue engineering and
drug delivery studies.>>® H9c2 cells are original skeletal muscle cells derived from embryonic
BD:X rat heart tissue by Kimes and Brandt,*® which are often used in in vitro studies because of
the resemblance of their morphological parameters to immature embryonic cardiomyocytes and
their ability to beat.***? Porcine corneal endothelial cell (PCEC) cryopreservation studies have
gained lots of attention due to the increasing need for donor corneas worldwide and the renewed
interest in the possibility of using corneas from other species, like pigs, that have similar properties
to the human cornea for partial thickness keratoplasty or the transplantation of engineered corneal
tissue created through endothelial cell expansion as alternative treatments for corneal endothelial
disorders.** ¢ Jurkat cells are an immortalized line of human T lymphocytes, first derived from

the peripheral blood of a 14-year-old boy suffering from T-cell leukemia.*’ Because Jurkat cells



can simulate the function of T lymphocytes, they are frequently used in in vitro studies of T cell
signal transduction, cytokines, and receptor expression, and can provide reference in cell therapy,
cancer treatment, blood research, and studies of differentiation, apoptosis, and cell survival.*$->°
Thus, developing an efficient cryopreservation process facilitates the storage and use of these cells
for research and clinical applications. The human cerebral microvascular endothelial cell
(hCMEC)/D3 line! is widely used in in vitro models of the human blood—brain barrier for drug
delivery studies.’>>* The blood—brain barrier regulates the passage of ions, molecules, and cells
between the blood vessels lined mainly with continuous endothelial cells and the brain.>*
Optimization of the hCMEC cryopreservation process is of great importance for blood—brain

barrier research.>

1.4. Scope of this thesis

In this work, I build on Zielinski et al.’s and Gabler Pizarro et al.’s works and introduce an
advanced method based on both equilibrium and kinetic cell volume data to calculate the five cell-
type-specific parameters, which enables us to expand the measurements to lower temperatures and
investigate the temperature dependence of these parameters. The five cell-type-specific parameters
are obtained by conducting eight sets of experiments in which the cell suspensions are exposed to
a hypertonic solution in the presence and absence of a permeating cryoprotectant, dimethyl
sulfoxide (Me2S0O), at equilibrium and kinetic cell volume conditions separately at room
temperature and 0 °C. The hypertonic solutions used in this work are 5x PBS and 3 molal Me>SO

solutions. The data collected from equilibrium cell volume experiments are used to obtain b*, By,
and Cy44 in an iterative process. The iterative process starts with ideal and dilute assumptions

(B

99 = C

999 = 0) to fit the non-permeating CPA data (5x PBS) and obtain an initial value for b*.

The calculated b™ is used to fit the permeating CPA data (3 molal Me>SO) and calculate B, and



Cygg- Then, the calculated By, and Cyg4,4 are used to refit the equilibrium non-permeating CPA
data to obtain a new b*. This iterative process continues until the values of b*, By, and Cy 44 stay
the same after an iteration. Then, these three measured parameters and the data from the kinetic
cell volume experiments are used to obtain the two other parameters, Ly, and Py (the asterisks
express that these properties are obtained with non-ideal thermodynamic assumptions), from the
non-permeating and permeating CPA data, respectively. Thus, in this work, I present a robust
method of obtaining the cell-type-specific parameters from specific parts of the cell volume data
which have the most information about those parameters, which enables me to overcome the
limitations of the previous works and expand the measurements to 0 °C. I also introduced an
efficient method of maintaining a stable enough 0 °C temperature throughout the long 0 °C
experimental runs in contrast to the previous work by Gabler Pizarro**. Furthermore, I investigated
the possibility of having a better fit to the experimental cell volume data by assuming that the third

osmotic virial coefficient, Cyq4, Was equal to zero at different temperatures. That assumption

means that the second osmotic virial coefficient, B alone, is sufficient to describe the

99>
intracellular solution’s non-ideality. Finally, the temperature dependence of the permeability

parameters is modeled using Arrhenius equations and the activations energies related to each

permeability parameter, E, L and Ep; are calculated. The experiments and the fitting method were

conducted for five different cell types, from endothelial cells to lymphocytes and muscle cells,
namely, 1) human umbilical vein endothelial cells (HUVECS), ii) porcine corneal endothelial cells
(PCECs), iii) human cerebral microvascular endothelial cells (hCMEC/D3 cell line), iv) Jurkat T-

lymphocyte cell line, and v) H9c2 rat myoblasts.

In the end, I use the calculated parameters in this work to model the cell volume changes during a

proposed HUVEC cryopreservation protocol using the ideal and non-ideal thermodynamic
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assumptions to show how the presented mathematical model can help cryobiologists better
understand the cell osmotic response and why the non-ideal thermodynamic assumptions are
important in optimizing cryopreservation protocols. The effects of CPA loading time, cooling rate,
and CPA dilution temperature on the cell volume changes during the cryopreservation process are

also investigated with ideal and non-ideal thermodynamic assumptions.



Chapter 2. Methodology
In this work, the five cell-type-specific parameters needed for modeling the cell volume
changes during a cryopreservation process based on non-ideal thermodynamic assumptions, b*,

* *
P’PSaB

gg>and C

ggg- are obtained by using a new two-part, equilibrium and kinetic, curve fitting

method. The cell volume data are collected by conducting two sets of experiments in which the
cell suspensions are exposed to a hypertonic solution containing sodium chloride (NaCl) in the
presence and absence of a permeating cryoprotectant, dimethyl sulfoxide (Me>SO). In each set of
experiments, the kinetic and equilibrium cell volume data after contact with a hypertonic solution
are collected separately at room temperature and 0 °C. The hypertonic solutions used in this work
are 5x PBS and 3 molal Me;SO solutions. The data collected from equilibrium cell volume

experiments are used to fit for b*, B

gg> and Cygq using an iterative process. Then, the three

measured parameters obtained from the equilibrium part and the data obtained from the kinetic
cell volume experiments are used to fit for the two permeability parameters, Ly, and P;". The details

of the experiments and the fitting method are explained thoroughly in this chapter.

2.1. Experimental methods
2.1.1. Cell preparations

Human umbilical vein endothelial cells (HUVECs, Lonza, Walkersville, MD, USA) were
kept frozen in a liquid nitrogen Dewar as pooled primary cells until needed. For each set of
experiments, a vial of frozen HUVECs was rapidly thawed in a 37 °C water bath and then diluted
in 5 mL of Endothelial Basal Medium-2 (EBM-2) (Lonza, Walkersville, MD, USA) that was
supplemented with Endothelial Cell Growth Medium-2 Bulletkit (EGM-2, Lonza), consisting of
ascorbic acid, fetal bovine serum (FBS), hydrocortisone, R3 insulin-like growth factor (R3-IGF-

1), human fibroblast growth factor B (hFGF-B), vascular endothelial growth factor (VEGF), and



human endothelial growth factor (hEGF). Then, the cells were sub-cultured in 75 cm? tissue culture
flasks with 15 mL of the complete medium in an incubator at 37 °C and 5% COx. After reaching
70-90% confluence, the cells were passaged using 0.025% trypsin/0.01% EDTA (Lonza). Then,
they were centrifuged at 1000 rpm for 5 minutes at room temperature in an Eppendorf 5810R
tabletop centrifuge (Eppendorf AG, Hamburg, Germany). After that, the supernatant was removed,
the cell count and isotonic size were determined using a Coulter® Z2™ particle count and size
analyzer (Beckman Coulter, Mississauga, ON, Canada). The cell count was used to calculate the
amount of medium needed to prepare the desired cell concentration for the experiments, and the
cell size was used to determine which control bead size and aperture to use for volume

measurements.

Leah Marquez-Curtis prepared the primary porcine corneal endothelial cell (PCEC)
suspensions needed for the experiments. The methods were as previously described**, with some
modifications. Pig eyeballs were obtained through a local meat market (Kim Fat Market Ltd.,
Edmonton, AB) from pigs freshly slaughtered for meat processing. They were transported to the
laboratory in a Styrofoam box with a cooled gel pack designed to protect the samples from freezing
or over-heating. Upon arrival in the lab, the eyeballs were wrapped in gauze soaked in
chlortetracycline antibiotic (50 mg/mL, Sigma-Aldrich, Oakville, ON, Canada), left for 15 min,
and then transferred to a designated biosafety cabinet. The cornea was excised from the eyeball
using sterile scalpel and surgical scissors along with 1 to 2 mm of surrounding scleral tissue, and
placed in a sterile 24-well tissue culture plate with the endothelial side up. The cornea was rinsed
with Ca**- and Mg**-free phosphate buffered saline (PBS, Gibco Life Technologies, Grand Island,
NY, USA), and then treated with TrypLE Express Enzyme (1X, Gibco), and incubated for 10 min

at 37 °C. The dislodged cells were aspirated with a sterile pipette tip and centrifuged at 600 g for
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2 min. The cell pellet was resuspended in Dulbecco’s Modified Eagle Medium (DMEM, Gibco)
supplemented with 4.5 mg/mL glucose, 4 mM L-glutamine, 10% FBS, and 1% antibiotic-
antimycotic agent (10,000 units/mL of penicillin, 10,000 mg/mL of streptomycin, and 25 mg/mL
of amphotericin B, Gibco), and then seeded in tissue culture flasks and incubated at 37 °C. The
medium was changed every 2—3 days until a confluent cell monolayer was formed. The cells were
detached by treating with TrypLE Express and incubating at 37 °C for 10—12 min centrifuged at
500 g for 5 min. After that, the supernatant was removed, the cell count and isotonic size were
determined using a Coulter® Z2™ particle count and size analyzer (Beckman Coulter). The cell
count was used to calculate the amount of medium needed to prepare the desired cell concentration
for the experiments, and the cell size was used to determine which control bead size and aperture

to use for volume measurements.

Leah Marquez-Curtis prepared the H9¢2 suspensions needed for the experiments. Briefly,
the methods were as follows: H9¢2(2-1) (ATCC® CRL1446™, Manassas, VA, USA) cell line
was received in dry ice cryopreserved in complete growth medium supplemented with 5% (v/v)
dimethyl sulfoxide and was kept in a liquid nitrogen storage Dewar until use. Frozen cells were
thawed rapidly in a 37 °C water bath. DMEM (ATCC 30-2002) supplemented with 10% fetal
bovine serum (Gibco) was added, and cells were plated in T75 tissue culture flasks (Corning
430641, Millipore Sigma, Burlington, MA, USA). They were incubated in a humidified CO2 (5%)
incubator at 37 °C, and medium change was carried out every 2—3 days. When the cells were 50—
70% confluent, they were passaged by trypsinization using 0.25% trypsin/0.53 mM EDTA solution
(Gibco). Cells in suspension were centrifuged at 140 g for 6 min, the supernatant was removed,
and the cell pellet was resuspended in fresh complete medium. The cell count and isotonic size

were determined using a Coulter® Z2™ particle count and size analyzer (Beckman Coulter). The
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cell count was used to calculate the amount of medium needed to prepare the desired cell
concentration for the experiments, and the cell size was used to determine which control bead size

and aperture to use for volume measurements.

Leah Marquez-Curtis prepared the human cerebral microvascular endothelial cell
suspensions needed for the experiments. The methods were as previously described.”> Human
cerebral microvascular endothelial cell/D3 line (hCMEC/D3 cell line, CLU512, Cedarlane,
CELLutions Biosystems Inc., Burlington, ON, Canada) was kept in a liquid nitrogen storage
Dewar upon receipt. Frozen cells were retrieved from liquid nitrogen and thawed rapidly in a
37 °C water bath. The culture medium consisting of endothelial basal medium (EBM, Lonza), 5%
FBS (Gibco, 10270-106), 1% chemically defined lipid concentrate (Life Technologies,
111905031), 1.4 uM hydrocortisone (Millipore Sigma, H0135), 5 pg/mL ascorbic acid (A4544,
Millipore Sigma), 1% penicillin/streptomycin (Life Technologies), 10 mM HEPES (Life
Technologies, 15630—-080) and 1 ng/mL basic fibroblast growth factor (Millipore Sigma, F0291),
was added. The cells were plated on Falcon flasks (Thermo Fisher Scientific, Ottawa, ON, Canada)
pre-coated with Cultrex rat collagen I (Trevigen, R&D Systems, Minneapolis, MN, USA). The
flasks were incubated in a humidified CO: (5%) incubator at 37 °C. After reaching about 80%
confluence, the cells were passaged using 0.25% trypsin-EDTA solution (Gibco, Thermo Fisher
Scientific), and incubation at 37°C for 3 minutes. EBM complete medium (with FBS and the other
supplements described above) was then added to inactivate trypsin, and centrifugation was carried
out at 1000 g for 10 minutes in an Eppendorf 5810R tabletop centrifuge (Eppendorf AG, Hamburg,
Germany). The cell count and isotonic size were determined using a Coulter® Z2™ particle count
and size analyzer (Beckman Coulter). The cell count was used to calculate the amount of medium

needed to prepare the desired cell concentration for the experiments, and the cell size was used to
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determine which control bead size and aperture to use for volume measurements. After the first

passage, the cells were sub-cultured in antibiotic-free complete medium.

Leah Marquez-Curtis prepared the Jurkat cell suspensions needed for the experiments. The
methods were as follows: Jurkat clone E6-1 line (ATCC® TIB-152™) cells were kept frozen in
liquid nitrogen vapor phase until needed. The frozen cells were thawed by gentle agitation in a
37 °C water bath, then were transferred into a centrifuge tube containing 9 ml of the complete
culture medium consisting of RPMI Medium1640 (Gibco, 22400-089) supplemented with 10%
fetal bovine serum (FBS, Gibco, Life Technologies). The cell suspension was centrifuged at 1000
rpm for 6 minutes. The cell pellet was resuspended with the culture medium and plated at
1.0-2.5 X 10%/mL in untreated non-adherent tissue culture flasks. The cells were passaged after 2
days by centrifugation at 1000 rpm for 6 min. The cell count and isotonic size were determined
using a Coulter® Z2™ particle count and size analyzer (Beckman Coulter). The cell count was
used to calculate the amount of medium needed to prepare the desired cell concentration for the
experiments, and the cell size was used to determine the size of the control bead and aperture for

volume measurements.

2.1.2. Solution preparations

For each set of experiments, three different solutions were prepared. A stock solution of
ten-times phosphate-buffered saline (10x DPBS, Life Technologies, Grand Island, NY, USA) was
diluted with deionized water to create the solutions of 1x PBS and 5x PBS. The PBS solutions
were prepared by measuring the appropriate volume of each component and mixing them. Then,
their exact osmolalities were measured by a Micro-Osmette Model 5004 freezing point depression
osmometer (Precision Systems, Inc., Natick, MA, USA). The osmolality of the 10x PBS solution

is approximately 3000 mOsm/kg. It was diluted two times to prepare the 5x PBS solution with an
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osmolality of 1500 £ 50 mOsm/kg, and ten times to prepare the 1x PBS solution with an
osmolality of 300 + 30 mOsm/kg to be used in cell isotonic volume measurements. A 3 molal
dimethyl sulfoxide solution (Me>SO, Sigma-Aldrich, Oakville, ON, Canada) was prepared using
the prepared 1x PBS solution as solvent. 500 g of 1x PBS solution and 117.195 g of pure Me>SO
were weighed using a Mettler Toledo PG603-S analytical balance (Mettler Toledo, Mississauga,

ON, Canada) and mixed to make the 3 molal Me>SO solution.

2.1.3. Determining cell viability

The experiments and the fitting method in this work are designed based on the assumption
that the majority of the cells are alive and undamaged during the whole experiment. Therefore, the
viabilities of the cells that had been in contact with the hypertonic solutions with or without a
permeating CPA were measured using trypan blue viability assessment. Trypan blue assay is a
stain exclusion assessment that stains dead cells with compromised cell membranes blue and
leaves membrane-intact cells unstained. 30 um?® of the cell suspensions were mixed 1:14 with the
5x PBS and three molal Me,SOs solutions separately, and the mixtures were left as long as a
complete experimental run, depending on the hypertonic solution, to equilibrate. The 5x PBS cell
suspension was diluted 1:5 in the isotonic solution after the experimental test period. Then, the
resulting suspensions were mixed 1:1 with trypan blue solution (trypan blue 0.4%, 0.85% NaCl,
Lonza, Walkersville, MD USA), and the live cells were immediately counted on a hemocytometer.
Negative controls consisted of cells suddenly plunged into liquid nitrogen and thawed at room

temperature, which were almost all dead.
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2.1.4. Coulter® ZB1™ Counter

The equilibrium and kinetic cell volumes were measured with a Coulter® ZB1™ Counter
(Beckman Coulter, Mississauga, ON, Canada) fitted with a microcomputer interface designed by
Dr. Locksley McGann®® called the Cell Size Analyzer. A Coulter® counter is an electronic particle
counter that records a peak value and timestamp of each passing cell through a small aperture on
the tube placed inside the experimental solution. The peak value is an expression of the potential
displacement across the aperture, varying between 0 and 256 depending on the settings chosen on
the Coulter® counter. Adjustable settings, which are the amplification, the aperture current, the
matching switch, the gain trim, and the aperture size, were chosen to capture the largest number
of peaks measured in an isotonic environment run in the middle of the peak value range depending
on the cell type. The aperture size was determined based on the diameter of the cells measured
earlier during the cell preparation process; the 100 pm-diameter aperture was used for HUVECs,
PCECs, H9c2 cells, and hCMECs, and the 50 um-diameter aperture was used for Jurkat cells. The
aperture current and the maximum switch were set to 1 and 20x10°, respectively, for all the cell
types. For HUVECs, PCECs, and hCMECs, the amplification and gain trim were set to 8 and 9,
respectively. For H9c2 cells, the amplification and gain trim were set to 8 and 4, respectively. For
Jurkat cells, the amplification and gain trim were set to 32 and 4, respectively. Finally, to calibrate
the settings with the measured peak values, three calibration runs were done on each day of
experiments with each solution using latex beads (Beckman Coulter, Mississauga, ON, Canada).
The size of the latex beads was chosen based on the diameter of the cells. For HUVECs, PCECs,
H9c2 cells, and hCMECs, the 15 um diameter beads were used and for Jurkat cells, the 10 um

diameter beads were used. Then, a calibration factor (f) was calculated based on the average peak

Vbeads

value of the calibration runs as f = , where Vj.q45 15 the volume of the beads, and p is the
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average peak value measured during the calibration run. This factor was used to convert the

measured peaks in the runs done with the cells to a value in terms of volume.

2.1.5. Isotonic runs

Isotonic runs were done on each day of experiments to measure the isotonic volume of the
cells. Each isotonic run was done by adding 10 ml of the 1x PBS prepared solution to a 20 ml
blood dilution vial (VWR International, Edmonton, AB, Canada) and then adding the cell
suspension containing 250,000 cells to the vial to reach a concentration of 25,000 cells per
milliliter of the cells. This concentration had previously been found to be the best concentration of
the cells to capture the rapid shrinkage or swelling of the cells and reduce the risk of clogging the
aperture.” In order to have a uniform distribution of the cells in the experimental solutions, a
stirring magnet was added to the vial, and the vial was placed on an RT Basic Series Stirrer
(Thermo Fisher Scientific, Burlington, ON, Canada). The tube of the Coulter® counter, including
the aperture, was submerged in the solution. Then, the stirrer was turned on, the Coulter® counter
valve was opened, and the Cell Size Analyzer (CSA) data acquisition program was started to record
the measured peak values and their timestamps for about 60 seconds. After the run, the CSA
program was paused, the Coulter® counter valve was closed, and the mixer was turned off. All the
isotonic runs were repeated three times on each day of experiments, and the average of the three

data sets was used to calculate the cells’ isotonic volume.

2.1.6. Kinetic runs

In the kinetic cell volume experimental runs, the whole volume changing process from the
beginning when the cells start to shrink must be covered. Therefore, in the kinetic runs, the cells
were added to the vial using a small-tip pipet after the Coulter® counter valve was opened and the

Cell Size Analyzer program was set to record the measurements. When the cells were added to the
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vial containing 5x PBS, which had a higher osmolality, they shrunk until they reached the final
equilibrium volume. When the cells were added to the vial containing 3 molal Me>SO, they
initially shrunk because of the exposure to a hypertonic environment and then swelled back up as
the Me>SO entered the cell and equilibrated between the intra- and extracellular environment. For
all the cell types at room temperature, kinetic runs in 5x PBS and 3 molal Me>SO were continued
for 60 seconds and 3 minutes, respectively, to collect enough data on the cell volume changes,
except for the Me>SO runs for the Jurkat cells that were continued for 4 minutes. The kinetic runs
at 0 °C were done for longer times since the shrinkage and swelling for all the cell types are much
slower compared to room temperature. For all the cell types, the 5x PBS and 3 molal Me>SO runs
were continued for 2.5 and 3.5 minutes, respectively, to collect enough data on the cell volume
changes at 0 °C, except for the Me>SO runs for the Jurkat cells that were continued for 5 minutes.
All the kinetic runs were repeated three times on each day of experiments to calculate the error
bars. Thanks to the new fitting method employed in this work, reaching the equilibrium in the
kinetic runs is unnecessary since the equilibrium data were gathered in a separate set of

experiments described in the next section.

2.1.7. Equilibrium runs

The time to reach the equilibrium, especially for the 3 molal Me>SO runs, could be so long
that the solution level in the vials would lower and go below the aperture level. This will be even
more challenging for low-temperature experiments that require much longer times for the cells to
reach equilibrium. To address this problem, a new fitting method that requires gathering the
equilibrium cell volume data in separate runs is used in this work. For the equilibrium runs, the
time at which the cells reach the equilibrium must be determined in advance. For all the cell types

at room temperature, a 2-minute-long set of raw data was collected when the cells were added in
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5x PBS runs. For 3 molal Me>SO runs, on the other hand, the process was longer and more
complex. The cell volume data was collected from 3 to 6 minutes after adding the cells to the
solution in one run; in another run, the data was collected from 5 to 8 minutes after adding the cells
to the solution; and in the last run, the data was collected from 7 to 10 minutes after adding the
cells to the solution. At 0 °C for all the cell types, a 3-minute-long set of raw data was collected
when the cells were added in 5x PBS runs. For 3 molal Me;SO runs, the cell volume data was
collected from 7 to 10 minutes after adding the cells to the solution in one run; in another run, the
data was collected from 9 to 12 minutes after adding the cells to the solution; and in the last run,
the data was collected from 11 to 14 minutes after adding the cells to the solution. The only
exception was the 3 molal Me>SO runs for Jurkat cells at 0 °C in which the set of runs was done
from 15 to 18 minutes, 17 to 20 minutes, and 19 to 22 minutes after adding the cells because it
took them much longer to swell back up at 0 °C. The collected data for these two solutions were
statistically analyzed, as explained in section 2.2.3, to determine the time required to reach
equilibrium as the time after which the cell volume does not change anymore. After determining
the equilibrium time, the equilibrium data was collected by doing the measurements for 30 seconds
after the cells had reached equilibrium. The average of the collected data was used as the unique
equilibrium cell volume for that run. All the experimental equilibrium runs were repeated three

times to calculate the error bars.

2.1.8. Temperature conditions

Several techniques were used to keep the temperature constant during the runs, which was
more challenging for 0° C experiments. Meanwhile, in order to consider even the slightest changes
in the temperature, the temperature was measured with a Temp300 JTEK Data Logging

Thermocouple (Thermo-Fisher Scientific, Singapore) before and after each run, and the average
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was used as the run temperature for the data analysis. For room temperature experiments, the
environment as an infinite volume compared to the solutions kept the temperature constant. The
only disruptive factor was the heat produced by the Coulter® counter lens lamp, which was
covered to isolate its heat source. For the 0 °C experiments, on the other hand, the following steps
were performed to keep the temperature constant: First, all the prepared solutions and the cell
suspensions were placed in a bucket of ice and water mixture for more than one hour to equilibrate
as indicated in Figure 1.a. The Coulter® counter’s flushing solutions were also kept in a beaker
containing ice and water during the whole experiment. The vials of solutions for each run were
covered by a jacket of ice and water mixture (Figure 1.b) during the entire run to avoid any
temperature changes while the Coulter® counter was working. The Coulter® counter’s lens lamp

was covered during the runs, as showed in Figure 1.c.

Figure 1. Photographs of the 0 °C experimental setups showing (a) Solution bottles and vials and the cell
suspension in the buckets of the ice—water mixture, (b) Jacket of the ice—water mixture that covers the
vials during the runs, and (c) The Coulter® counter during the run.
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2.2. Data analysis methods and modeling

In this work, all the cell volume data used to do the equilibrium analysis and the kinetic

Vdata

fittings are the relative cell volume data, which is defined as . In this definition, V4, is the

0

calculated cell volume using the cell volume outputs of the Coulter® counter and the calibration

factors, and Vj, is the measured isotonic cell volume on each day of the experiment.

2.2.1. Cell Size Analyzer program

The data files generated as the output of the Coulter® counter were analyzed by the Cell
Size Analyzer (CSA) program created by Dr. Locksley McGann. This program opens a file in one
main window (Figure 2) and three additional windows named “Histogram”, “Raw Data”, and
“Mean vs Time”. The “Histogram” window, which is indicated in Figure 3 with a 5x PBS run as
the sample, shows the peak value distribution or the number of times a peak value within each
peak value interval was obtained in the run. The “Raw Data” window shows all the measured peak
values versus time, and the “Mean vs Time” window illustrates the mean peak value per assigned
time interval versus time, as indicated in Figures 4 and 5, respectively, for the same 5x PBS run.
The time interval can be adjusted in the main window, making the mean data versus time less
scattered, which is set at 500 milliseconds in this work. The beginning and the end times of the
runs can be adjusted by dragging the vertical red lines in the “Raw Data” and checking data
“Invalid” for the part that is excluded. Also, the lower and upper thresholds shown as the horizontal
red lines in the “Raw Data” window are adjusted with the vertical red lines in the “Histogram”

window, or the “Upper” and “Lower” buttons in the main window, to exclude noise.

20



HO909P53.CSA
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# data points: 263860 HO909C32 CSA .
Gain: 1.000 HO909C33.CSA
Current: 1.000 HO0909C35.C5A
Count: 0 HO909C36.CSA
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Temperature: 22.0 HO909P12.CSA
Initial Osm: 0.300 HO909P13.CSA
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Isotonic Volume: 13.000 HO909PS3.CSA
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Figure 2. The main window of the CSA program, showing the files generated as Coulter® counter output.

ML Histogram File: HO909P53.C5A X

Smoothing Factor
,'_' ' Save

H0909P53.CSA
263860 Total # cells
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238464  # out threshold
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90.38 % out threshold
5 Smoothing
66.06 Mean
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71.02 D32
245 High threshold
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12 cells at 250

Figure 3. The “Histogram” window of the CSA program displaying the number of cells measured at
different peak heights and additional information about the total number of cells, the threshold peak
values, the cells within the current threshold, and the average peak value.
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24 Raw Data  File: HO909P53.C5A X

Figure 4. The “Raw Data” window of the CSA program displaying all the measured peak values of data
points versus time. The vertical red lines are used to cut out the time span of the data where there are no
peaks or the aperture was clogged.

[_ Mean vs Time  File: HO909P53.CSA ®
1065 '

768 sec

Figure 5. The “Mean vs Time” window of the CSA program, displaying the mean peak measured within
the time interval as blue dots and the total number of points per time interval as black dots.

For the isotonic and calibration runs, after conducting the adjustments above, the text that appears
in the “Histogram” window is used. The kinetic and equilibrium runs are obtained by adjusting the
mentioned settings and clicking on “Export” in the main window, then “Mean vs Time”. This
process creates a text file with the same information as in the “Histogram” window and the time,
the number of peaks per time interval, and the mean peak value in three separate columns. The
text files were inserted into Excel, and columns were added to convert the peak values into volume
using the calibration factor. Finally, the cell volume was converted into the relative volume by

dividing by the measured isotonic volume on the day of experiments.
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2.2.2. Equilibrium cell volume model (as published in reference *?)

In this work, the equilibrium cell volume is modeled using the equations from a previous
study to obtain the cell-type-specific grouped intracellular solute osmotic virial coefficients and
osmotically inactive fraction by curve-fitting the model to experimental measurements. Then, the
obtained grouped solute osmotic virial coefficients and osmotically inactive fraction are used to

model the kinetic cell volume data to obtain the cell membrane permeability parameters.

The equilibrium cell volume can be generally modeled by the following equations:>2>’

0 in

Vcell * mg Vp *

ot (- bt @
cell mg cell
i Veell Vpin Vin

mi Mppy (w2 - b* - —E—) = p, —L @)
PP Vo Veell > Ve

n.in — n.ex (3)

and,

My = 1y @

where mé” is the combined molality of all non-permeating intracellular solutes known as the
grouped solute, mg is the combined molality of all non-permeating intracellular solutes under
isotonic conditions (in moles of grouped solute g/kg of water), b* is the osmotically inactive
fraction of the cell, or the volume fraction of the cell contents that cannot leave the cell, V2, is
the equilibrium cell volume under isotonic conditions (in um?), mzi,” is the intracellular molality of
permeating solute p (in moles of solute p/kg of water), Vpin is the intracellular volume of solute p
(in pm?), M, is the molar mass of solute p (in kg/mole), p,, is the density of permeating solute p
(in kg/ pm?®), p, is the density of water (in kg/pm?), V., is the equilibrium cell volume (in pm?),
'™ and ®* are the intra- and extracellular solutions osmolalities (in osmoles/kg of water), and
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m and up* are the chemical potential of permeating solute p in intra- and extracellular solutions,

respectively (in J/mole).

The solutions osmolalities and the permeating solute chemical potential are calculated using the

Elliott et al. form of osmotic virial equation as below:"?’

™= ka +ZZ[ . kmk m,] +ZZZ[(C”,CMC &) kmde.m k,m, ] (3)
i=2 j=2 i=2 j=2 k=2
and,’!
K, :kp9p+RTkp[ln(Mlmp+ZZ:[(B +B, Ykm ]+ 22:Z;[(CWCMCPPP)mklmlkjmj]] (6)
= i J

where m; is the molality of solute i (in moles of solute i/kg of water), B;; and C;;; are the second

and third osmotic virial coefficients of solute i, respectively (in [moles of solute i/kg of water]!
and [moles of solute i/kg of water]2, respectively), k; is the empirical dissociation constant of
solute i, R is the universal gas constant (in J/[mole K]), T is the absolute temperature (in K), M; is
the molar mass of water (in kg/mole), 8, is a function of temperature and pressure for solute p (in

J/mole), and (r — 1) is the number of solutes in the solution.

In this work, one permeating cryoprotectant, Me>SO (p), and one non-permeating solute, NaCl
(N), are available in the extracellular solution for permeating CPA runs. The intracellular solution
contains the permeating cryoprotectant and all the native compounds of the cells, defined as a

grouped solute (g). Thus, based on Equation 5 and 6, Equation 3 becomes:*?
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'+ mit + Bpp(my")? + Bgg(mi)? + (Bpp+Bgg) my'm{ + Copp(mpyt)3 +
3(C2ypCog9) 3 (mE)2mIt + 3 (CoppClyg) 3t (mi)? + Cggg(mi*)3 =
x4+ kNmN + Bpp(mgx)z + BNN(kNm )2 + (Bpp+BNN) mgxk,\,m + Cppp(mgx)3+

3(ChppCNNN) 3 () 2kvmi + 3(CoppCiiwn) /3my* (kymf)? + CNNN(kymi )3 ()

and Equation 4 becomes:*?

In(My,mIM)+( Bpp+Byg) Mi+3/2(C254Copp) /3 (M2 =

In(My,m&*)+( Bpp+Byn) kvt +3/2(Ciinn Copp) 3 (kymi)? 3

where mg is the intracellular molality of the grouped solute (g), By4 and Cy 44 are the second and
third osmotic virial coefficients of the grouped solute, respectively (in [moles of grouped solute
g/kg of water] ! and [moles of grouped solute g/kg of water]?, respectively), ms* is the
extracellular molality of NaCl, Byy and Cyyy are the second and third osmotic virial coefficients
of NaCl, respectively (in [moles of NaCl/kg of water]™' and [moles of NaCl/kg of water] 2,
respectively), kn is the dissociation constant of NaCl, and B,,, and C,,,), are the second and third
osmotic virial coefficients of the permeating cryoprotectant (Me2SO in this case), respectively (in

[moles of Me>SO/kg of water] ' and [moles of Me>SO/kg of water] 2, respectively).

On the other hand, for non-permeating CPA runs, there is only one non-permeating solute present
in the extracellular solution, which is NaCl. The intracellular solution also only contains the
grouped solute. Therefore, for non-permeating CPA runs Equations 2 and 4 are not needed, and

Equation 1 becomes:*?

Vel (1- b b ©)
Veen

And based on Equation 5, Equation 3 becomes: *2
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mg' + Bgg (ng")? + Cygg (Mg")* =1 (10)
where %% is measured experimentally.

The water and cryoprotectant densities are assumed to be temperature dependent by the following

equations:>®

(T — 3.983035)2(T + 301.797)

— -18
Pw = 999.974950 x 10711 522528.9(T + 6934881) 1D
and,”
pp = —9.87181 x 1071°T + 1.11979 x 10715 (12)

where p,, and p, are the densities of water and the cryoprotectant in kg/um3, and T is the
temperature of the solution in °C. The equations used for the equilibrium permeating and non-

permeating CPA data fittings are summarized in Table 1 and Table 2, respectively.

Table 1. Equations for modeling the equilibrium permeating CPA data

Equilibrium permeating CPA equations®>>%%

0 in
Veell m V
v = (1= b") i+ i +b” (M
Vcell mg Vcell
i v yin yin
in cell * P _ 14
m P1 ( 0 —-b* - 0 ) =p 0 (2)
p p Vcell Vcell p Vcell
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7+ mJ" + Bpp(mJ")? + Bgg(my)?+ (Bpp+Bgg) mym{* + Cppp(myh)3 +
3(CappCygg) 3 (ME)2mIt + 3 (CoppClyg)AmiH(mi)2 + Cggg(mit)3 = (7
X+ kymy* + Bpp(m *)2 4+ BNN(kymy¥)2+ (Bpp+By,) m kam + Cppp(m )3+

3(Chpp Cun) 3 (my) 2kvmi + 3(CoppCiiwn) /3my* (kymf)? + CNnN(kymy* )3

ln(MWm ' )+( Bpp+Byg) mbn+3/2( 2.4 ppp)1/3(mgn)2: (8)

ln(MWm )+( B p‘l‘BNN)kng]x‘l'g/z (CNNNCppp)1/3(kNmex)2

(T-3.983035)%(T+301.797)

— -18 (1 _ 58
pw = 999.974950 x 10 [1 522528.9(T+6934881) (D
pp = —9.87181 x 1071°T + 1.11979 x 1075 (12)%°
Table 2. Equations for modeling the equilibrium non-permeating CPA data
Equilibrium non-permeating CPA equations’>>7*
Vcell — (1 b* ) mg + b* (9)
VO
cell

Te* = mén +B,, (m;n)z +Cygg (mm (10)
_ 2

0, = 999.974950 x 10-18 [1 _ (1-3.983035)(T+301.797) (11)%
522528.9(T+6934881)

2.2.3. Finding the time of equilibrium

Gathering the equilibrium data in this work is based on statistical proof of the time required
by the cells to reach equilibrium. The experimental cell volume data were collected in different

time intervals as explained in section 2.1.7. After equilibrium, the cell volume remains constant
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over time. Based on this fact, a trend line is fitted to the cell volume data in each 3-minute
experimental time interval. The time interval that has a trend line with the closest slope to zero is
divided into 30 seconds intervals to find their trend line slopes by the same process. The half-
minute interval with the trend line slope smaller than the others and less than 0.01 indicates the
interval that the equilibrium begins. To make sure that the specified time interval is the accurate
time of equilibrium, several time intervals starting at the equilibrium time with random lengths are
fitted to a line to show that their slopes are either equal to or smaller than the slope of the
equilibrium interval. Representative graphs of applying this part off the method for HUVECsS in
permeating CPA runs at room temperature are shown in Figure 6. The absolute slope values in this
method can be sensitive to the scatter of the cell volume data. Therefore, for this part of the
analysis, the output cell volume data from the Cell Size Analyzer program can be taken at longer
time intervals than 500 ms to make the equilibrium slope values slightly closer to zero, which is

more expected.

(a) min-7.5 to min-8

o
< y = 0.0018x + 1.0206
0.5 R?=0.0003
0
7.4 7.6 7.8 8 8.2
time
(b) min-7.5 to min-8.5 (c) min-7.5 to min-9
15 15
S1 eeessseeseee, L1 e,

< =
> y =-0.0006x + 1.0382 > y =0.0006x + 1.0277

0.5 R? = 9E-05 0.5 R? = 0.0002

0 0
7 75 time 8 8.5 9 7 75 8 time 85 9 9.5

Figure 6. The relative cell volume data and their trend lines for the (a) 30 seconds, (b) 1 minute, and (c)
1.5 minute after equilibrium for a HUVEC Me,SO run at room temperature.
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2.2.4. Equilibrium fitting method

A previous study reported that By 4, and Cj 4, are more sensitive to cell volume data in the

presence of cryoprotectants.>? Thus, the equilibrium permeating CPA data are fitted with the

and C

equations summarized in Table (1) to calculate B 999>

99 and the equilibrium non-permeating

CPA data are fitted to the equations in Table (2) to obtain b*. Therefore, an iterative process is
needed here. Starting with ideal and dilute assumptions (By,= Cy44= 0) and fitting the non-
permeating CPA data to the equations in Table (2), an initial value for b* is obtained. Then the
calculated b* is used to fit the permeating CPA data with the equations in Table (1) to calculate
By, and Cyg44. Then, the newly calculated B, and Cg44 are used to refit the equilibrium non-
permeating CPA data to equations in Table (2) to obtain a new b*. This iterative process continues
until the values of b*, By 4, and Cy 44 stay the same after an iteration. A flowchart of the equilibrium
fitting method is given in Figure 7. To extend the investigations on the grouped solute behavior in
terms of the osmotic virial coefficients and the intracellular osmolality, two possible sets of values
for By and Cy 44 are also analyzed separately in this work to find the option with the best fit to the
experimental cell volume data. The first possible answer is that a three-degree polynomial best

describes the grouped solute behavior, meaning both B,, and Cy,4, have non-zero values. The

999
second possibility assumes that a two-degree polynomial produces the best interpretation of the

grouped solute role in intracellular osmolality, meaning C

ggg 18 €qual to zero, and B, is the only

osmotic virial coefficient applicable.

The average of all the repeats of cell volume data at equilibrium was given to MATLAB as the
unique equilibrium cell volume value. A program was written to solve Equation 9 for b* using the

non-permeating CPA equilibrium volume and the ideal and dilute assumption (By 4= Cyq4= 0) as
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the initial guess. Subsequently, a program was written to solve Equations 1 and 2 for By, and

9>
Cygg using the permeating CPA equilibrium volume and the obtained b* from the first code. In
the first program, the built-in nonlinear system solving function “fsolve” from MATLAB was used
to solve Equation 10 for mg and mg‘ by providing the initial guesses for these parameters. The
experimentally measured values of the extracellular osmolality at isotonic and hypertonic
conditions ( % and m®¥) were given to the code as known parameters. Then, the same function
was used to solve for b* by having mg, m;", and the equilibrium volume data. In the second
program, a nested loop is utilized to assign certain values with specified ranges and resolutions to

By, and Cyg44. The ranges were set to wide enough intervals to include the values reported for

B

99> and Cg g4 in previous studies. Then, a function named ‘root2d’ was defined as a system of the

two Equations 7 and 8, with the two unknowns m,@" and mg” , and the function “fsolve” was used
to solve this system of equations for m,i)" and mé". Next, Equations 1 and 2 were solved for the

equilibrium cell volume value. Finally, a conditional loop was defined to end the nested loop and

and C

introduce the best values for B 999

99> once the difference between experimental and

calculated cell volume at equilibrium was less than a certain threshold. The thresholds are the

closest numbers to zero that enable the program to find at least one set of answers for B,,, and

99°

C

ggg- The obtained By, and Cy 44 were used in the first program to obtain a new b* and continue

the iteration. Analyzing the possibility of having a better fit by considering a two-degree

polynomial for the grouped solute behavior, meaning C,

999 = 0, caused some slight changes in the

codes, making them more straightforward. In both codes, the value for C,, was set to zero without

exception, and in the second code, the nested loop turned into a simple loop that assigned

changeable values to By, only. The steps of the iterative process of the equilibrium fitting method

30



until convergence for all the cell types at room temperature and 0 °C, are illustrated in the
Appendix, Table Al to A10. This iterative fitting method was done for each repeat of the 5x PBS
and 3 molal Me>SO equilibrium runs to calculate the standard deviations for the fitting parameters
b*, By4 and Cgyg44. The equilibrium iterative fittings used to obtain the standard deviations related

to the repeats of H9¢2 cells at 0 °C are reported in the Appendix, Tables A11 to A16, as an example.
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Input: Average non-permeating
CPA (5x PBS) equilibrium data
Initial guess: Byg= Cgg4=0

l

1. fit for b* using 5x PBS
equilibrium data

by

A 4
2. fit for Bygand Cy 44 using 3 molal Input: Average

permeating CPA (3 molal
Me,SO) equilibrium data

Me>SO equilibrium data and by

B

99,2
Cgg9.2
3. fit for b* using 5x PBS equilibrium T
/" Parameters b*
dataand By, , Cygg.2 ’
—> | Byg » and
l b} \,  Cggg Obtained.
4. fit for Bygand Cy 44 using
3 molal Me,SO equilibrium data and b3 v
Repeat the iterative
rocess for each
Bgg.a Process’
C equilibrium run
9994
separately

* _ Lk
bn ~Yn-1 ?
Bggn =Bggn-17?

Cgggn = Cgggm-1?

Yes

Figure 7. Flowchart of the equilibrium fitting method for obtaining b* , Byg , Cgg4-
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2.2.5. Kinetic cell volume model (as published in reference *)

The cell volume changes before reaching the equilibrium result from water and

cryoprotectant transport across the cell membrane which can be generally modeled by the

following equations:3%3%6!

Tdt = LpAcell(t)Rpr [T[m (t) - n.ex] (13)
degn —_ p* ex in
dt Ps Acell(t) [ap —ap (t)] (14)

where V" and Vpin are the volume of water and volume of cryoprotectant inside the cell,
respectively (both in pum?), Ly, is the hydraulic conductivity (in um atm™! min™'), P} is the
membrane permeability to permeating solutes or cryoprotectants (in pm min!), R is the universal
gas constant, T is the temperature (in K), p,, is the density of water (in kg um=>), A,,;; is the surface
area of the cell (in pm?), 7™ and w®* are the intra- and extracellular osmolalities (in osmoles/kg
of water), respectively, and azi,” and aj* are the intra- and extracellular activity of the
cryoprotectant, respectively. The extracellular solution is assumed to be an infinite solution with
constant properties. Therefore, m* and ay* are constant with time. On the other hand, the

intracellular osmolality and activity, 7' and all',”, are assumed to change with volume over time.

In addition, Ly, and Py are assumed to be temperature-dependent with an Arrhenius behavior and

are described as:
LY = L*RT Ea_L;, [ 15
b= Ly exp[ — 91 (15)

E o+
P
P} = PR exp[ 2%

v (G 7)) a6)
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where L™ and PR are the reference points of L, and P’ which are measured at room

temperature, Tgr, and Ea’fi: and E,ps are respective activation energies.

Acen, the surface area of the cell (in um?), changes with the volume. Assuming the cells are

spherical we will have:

3
Acey(t) = 4m [E Vcell(t)]Z/3 (17)
where V. (t) is the total cell volume which is changing with time and is calculated as:

Veeu(t) = Vi (£) + V™(6) + b* Ve (18)

The activity of the cryoprotectant can be described as:>!*?

1

a, = explky[In(Mymy) + X7_,[(Bii + Bpp)kim;] + %Z?:z =2l (Ciii Cjjj Copp)3kim; kymy]]]

(19)

As mentioned earlier, in this work, one permeating cryoprotectant (p) and one non-permeating
solute, (N), are available in the extracellular solution for the permeating CPA runs. The
intracellular solution contains the permeating cryoprotectant and all the native compounds of the
cells defined as grouped solute (g). Thus, based on Equation 19 we will have the intra- and

extracellular activities:>3

1 .
@l (¢) = exp [n(My i (©) + (Byp + Byg) m'(©) +2 (g Cppp ) (mfF ©)’] (20)
3 1
al* = exp [ln(MWm;;x) + (Bpp + Buw) kenmf + = (Cliwn Copp ) ( kNm,er)Z] 1)
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In addition, based on equation 5, we can write the intra- and extracellular osmolalities as follows:*?

m(t) = m () +m (t) + Bpp(m )2+ ng(m )2+ (Bppt+Bgg) m (t) (t)+CPPP(m ()3

+ 3(C§pnggg)1/3(m (t))? m}l”(t) + 3 (CopC, 99)1/3m;')n () (mgi;n(t))z + ngg(mf;n (t))3 (22)

3(CgppCNNN)1/3(m H)2knmy* +3(C,,p,,CNNN)1/3m§x(kNm )2+ Cnun(kymg* )3 (23)

where m *(t) and m (t) are the intracellular molalities of the cryoprotectant and the grouped

solute, respectively, which are time-dependent and are described as:**

incey _ V" ©pp
My (8 = v e @4)
0
mir(t) = W (25)

where p,, is the density of the cryoprotectant, M,, is the molar mass of the cryoprotectant, and N;
is the number of moles of the grouped solutes inside the cell at isotonic conditions. The grouped

solute is the non-permeating content of the cell, thus N; remains constant and is expressed as:**
N =mgVsu(1—b)py, (26)

where mg is the intracellular molality of the grouped solute at isotonic conditions. mg can be

calculated by writing the Equation 5 for isotonic conditions and then solving it for mJ:*

mg + Byg (ng)2 + Cygq (ng)3 =m° (27)
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The water and cryoprotectant densities are again assumed to be temperature dependent according
to Equations 11 and 12. The equations used for the kinetic permeating and non-permeating CPA

data fittings are summarized in Table (3) and Table (4), respectively.

Table 3. Equations for modeling the kinetic permeating CPA data

Kinetic permeating CPA equations 335

ﬁ = LyAcenn(ORTpy, [T (t) — m%¥] (13)
L8 P A (Dlag” — a ()] (14)
Ly = LfTexp[ 22 (= - 7)] (15)
P} = PR exp[ fe2 (i - 2] (16)
Acen(t) = 41 [-= Ven (D (17)
Veeu(t) = V() + V3" (t) + b* Ve, (18)
al(t) = exp [ln(M I (©)) + (Byp + Byg) mE(0) + (236 Copp)* (i (©) ] 20)
ag* = exp [ln(MWm *) + (Bpp + Byy) kym§* += (CNNNCppp) (kymg©) ] 1)
T () = mJH(t) + m(t) + Bpp(mPH(£))* + Bog(m (£))*+ (Bt Bgg) My ()mG* (£)+ Cppp (P ()3
+3(ChppCogg) (MY () mT (1) +3 (Cppp Clg ) "M (£) (M (£))* + Cogg(mi (1))3 (22)
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% = mg* + kym§* + Byp(mp*)* + Ban(kym§)* + (Bpp+By) mg*kymgF + Cppp(mg*)*+
3(Chpp ) (M) kv + 3(CoppCiiwn) *mg* (kym§F)? + Craan(kymgi* )* (23)
in V3" (O)pp
t) =—"7—— 24
( ) MpV\k/n(t)Pw ( )
0
t) = 25
M) = 25)
N; = Tng(;)vcoell(1 —b)pw (26)
+Bgg (MJ)? + Cggq (mY)* =m° (27)
—18 (T—-3.983035)2(T+301.797) 58
0, = 999.974950 x 10 [1 - (10
522528.9(T+6934881)
pp = —9.87181 x 1071T + 1.11979 x 10~ 15 (12)%
Table 4. Equations for modeling the equilibrium non-permeating CPA data
Kinetic non-permeating CPA equations®*>8
dVv%/n_ * in ex
7_ LpAcell(t)Rpr [T[ (t) - ] (13)
* __ % Eqy, 1 1
Ly = Ly exp| = (E - F) ] (1)
3
Acell(t) = 4m [E Vcell (t)]2/3 (17)
cell (t) - Vm(t) +b” cell (18)
't ) = mén (t)+B g(m (t))2 ggg (m (t))3 (22)
m®* is measured experimentally with an osmometer (23)
0
2
mg(6) = V”‘(t)p (25)
NO = ‘mOVcoell(1 b*)pw (26)
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mg + Bgg (mg)* + Cggg (Mg)* =m° 27)

(T—3.983035)%(T+301.797)
522528.9(T+6934881)

(1 1)58

pw = 999.974950 x 1078 |1

2.2.6. Kinetic fitting method

The b*, B

99> and Cy g4 values obtained from the equilibrium part are used to fit the kinetic

non-permeating CPA data to the equations summarized in Table (4) to obtain Lj,. Then, the
obtained Ly, along with the three previously calculated parameters are used to fit the permeating

CPA data to the equations summarized in Table (3) to obtain P;".

One additional adjustment for the kinetic cell volume data over time was also required before
solving the kinetic part for L;, and F". Even though small, there is always a gap between the time
of addition of the cell suspension to the solutions (ty) in a 20 ml vial, and the time that the first
few cells pass through the Coulter® counter’s aperture (t;). Thus, t, is obtained for each kinetic
run and a new time set is generated by replacing t; with t,. Then, the cell volume data over time
is adjusted and renewed with the new set of times. After adjusting the data for the time gap, all
three repeats of each non-permeating CPA and permeating CPA runs are combined to have one
combined set of data for each of them. The combined cell volume data is used to do the kinetic
fittings to obtain Ly, and P;". Then, the time gap fitting is repeated using the obtained L}, and Py’
values to recalculate ¢, for each experimental run. If the new t, for each run is not equal to the
initially calculated one, each kinetic run will be readjusted with its new time gap, and the kinetic
fitting will be redone using the new combined kinetic data to obtain the final values for L;, and F;".
In addition to the combined data, the kinetic fitting was done for each repeat separately to calculate

the error bars for the permeability parameters, Ly, and F’. The time gap adjustment enables
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including the time during which osmotic changes happened to the cells from the moment they
touched the hypertonic solution, even before the Coulter® counter recorded any reading, making

the experimental data more real and the fittings more accurate.

A flowchart of the kinetic fitting method is given in Figure 8. The parameters involved in this work
are also summarized in Table (5), based on whether they change during an experimental run or
remain constant. The experimental kinetic data also contain the equilibrium data to increase the
accuracy of the kinetic fittings. Ultimately, having L}, and F;" at room temperature and 0 °C, their
temperature dependence is obtained by taking the room temperature parameters as the reference

points and calculating the activation energies, ani7 and E,p: using Equations 15, 16.

The time gap was calculated for each kinetic run in MATLAB using two separate programs for
non-permeating CPA and permeating CPA runs. These programs find the time gap by minimizing
the sum of squared errors of the non-permeating CPA and permeating CPA codes using a for loop

that changes t, values. The sum of squared errors was calculated as follows:

14 14
Error = Z(M — M)Z (28)
Vo Vo
Veell - . . Vdata - . .
where s—e” is the relative theoretical cell volume and ‘;‘”“ is the relative experimental cell volume.
0 0

The time gap programs fit data using the b*, By, and C, 44, obtained from the equilibrium fittings,
and defining the permeability parameters, Ly, and Py, as the fitting parameters to be obtained during
the run. The time data points column was created again in each run of the loop by adjusting the
to values and using the same intervals of the experimental values until the error defined as
Equation 28 reaches the set threshold. The error threshold was set manually according to the

calculated error by MATLARB; if the calculated error was smaller than the set threshold, a smaller
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threshold value was assigned to minimize the error. After finding the time gap, the actual time
when the cells touched the solution () replaced the time they passed the aperture the (t;), and the

time data points column was regenerated.

Two separate programs were written to fit the kinetic experimental data to the model to obtain the
permeability parameters, L}, and P, without any iteration between them. The first program was
written to solve for Ly, by fitting the non-permeating CPA experimental data to Equation 13, and
the second one was written to solve for P by fitting the permeating CPA experimental data to
Equations 13 and 14, having the Ly, value from the first code. Both programs conducted the curve-
fitting using the MATLAB built-in function “Isqcurvefit” , which is a nonlinear least-square solver
that changes the values of the fitting parameters, here L}, and Py’ to minimize the sum of the squares
of residuals of the fit to the experimental data. Since Equations 13 and 14 are ordinary differential
equations (ODE), the built-in function “ode45” which solves non-stiff differential equations was
used to integrate Equation 13 in the non-permeating CPA program and the system of Equations 13
and 14 in the permeating CPA program. The output of “ode45” is the input of the fitting function
“Isqcurvefit” alongside with the experimental cell volume data versus time, and the outputs of the
fitting function “Isqcurvefit” are the fitting parameters, Ly, and P in the non-permeating CPA and
permeating CPA programs, respectively. In these codes, the values of the isotonic and hypertonic
extracellular osmolalities, the molality of the Me>SO and NaCl, b*, By, and Cy,4, were given as
known parameters. In each of the kinetic programs, the error between the experimental data and
the theoretical model was calculated using the inner option of the °‘lsqcurvefit” function,
“resnorm”, for the comparison purposes between the two aforementioned possible values for C,

999

(zero or not zero) to find the best fits.
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Input: Combined
5x PBS kinetic data
adjusted with the

corresponding t,

Input: b*, Byg, and Cg44 obtained

from the equilibrium fitting

A 4
1. fit for Ly, using

5X PBS kinetic data

Input: Combined
3 molal Me,SO
kinetic data
adjusted with the
corresponding ¢,

A\ 4

2. fit for P;" using 3 molal
Me,SO kinetic data and Ly,

- ~.

Redo the time gap fitting
for each kinetic run using
the obtained L, and Py

\,
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/
/
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\,
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Parameters
Ly, and P
obtained.
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~~~~~~

,
’
/

Repeat the
kinetic fitting
for each kinetic

run separately

Figure 8. Flowchart of the kinetic fitting method for obtaining the permeability parameters Ly, and P;
using the obtained parameters from the equilibrium fitting.
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Table 5. Parameters (Adapted from reference %)

Name description Value/Unit Status during a run
Veenl Volume of the cell um3 Variable
vaiu Isotonic volume of the cell um?3 Constant

yin Intracellular volume of water um3 Variable
Vg” Intracellular volume of cryoprotectant um?3 Variable
mf]" Intracellular molality of the grouped solute mole/(kg water) Variable
Intracellul lality of th d solut
mg fitaceiiufar motatity o the grotped sotute mole/(kg water) Constant
at isotonic condition
0 Intracellular number of moles of the
Ny . . .. mole Constant
grouped solute at isotonic conditions
m%,” Intracellular molality of the cryoprotectant mole/(kg water) Variable
my* Extracellular molality of the cryoprotectant mole/(kg water) Constant
me* Extracellular molality of NaCl mole/(kg water) Constant
ky Dissociation constant of NaCl® 1.678 Constant
. Osmotically inactive fraction of the cell,
b . Constant
fitting parameter -
Pw Density of water kg/um3 Constant
Pp Density of the cryoprotectant kg/um3 Constant
Acenr Surface area of the cell um? Variable
Ly, Hydraulic conductivity pm/(atm min) Constant
P Cryoprotectant permeability um/min Constant
L’;,RT Reference value of Ly, at room temperature um/(atm min) Constant
PyRT Reference value of P;" at room temperature pum/min Constant
Eope Activation energy of P, temperature keal/mol Constant
dependence
Activati fLt t
Euy ctivation energy of L, temperature keal/mol Constant
dependence
i Intracellular osmolality osm/(kg water) Variable
e Extracellular osmolality osm/(kg water) Constant
0 Isotonic osmolality, measured osm/(kg water) Constant
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Second osmotic virial coefficient of the

(kg water)/mol

Constant

99 grouped solute, fitting parameter
os | poupet st fting purameter | (g atenymo® | Constant
Bopp Second osm:rt}i;;/ri(r)i‘;lc;::;t;f;cient of the 0.108 (kg water)/mol Constant
Copp Third osmoctrl}cloxgﬁizf;ftf;1201ent of the 0 ((kg water)/mol)? Constant
Byn Second osmotic virial coefficient of NaCl1®? | 0.044 (kg water)/mol Constant
Cnnn Third osmotic virial coefficient of NaCl®? 0 ((kg water)/mol)? Constant
M, Molar mass of the cryoprotectant® 0.078133 kg/mol Constant
M,, Molar mass of water™ 0.01802 kg/mol Constant
Trr Room temperature (measured) K Constant
T Temperature (measured) K Constant
R Universal gas constant® ur:f ﬁgl;((é?;l) Constant
t Time min Variable
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Chapter 3. Results

The methods used in this work to minimize the temperature variations during the
experimental runs at room temperature and 0 °C were successful. The temperature range for room
temperature experiments was 23.1 °C — 23.7 °C, and for 0 °C experiments was 0.0 °C — 0.6 °C for
all the cell types, which proves the effectiveness of the methods used in this work compared to the
previous work by Gabler Pizarro** in which the temperature of the 0 °C experiments varied from
0.7 °C to 7.9 °C during one experimental run according to her lab notebook, and an average value

of 4 °C £ 0.5 °C was used for the fittings.

The isotonic cell diameter measured with at least two repeats during the cell preparation process
at room temperature using the Coulter® Z2™ counter is reported in Table (6) for all the cell types.
These values were used to determine the size of the calibration beads and the Coulter® ZB1™

counter tube for the volume experiments.

Table 6. The measured isotonic diameter of the cells using the Coulter® Z2™ Counter during the cell
preparation process at room temperature, and their corresponding calculated volumes. (The values for
H9c¢2 cells, PCECs, hCMECs, and Jurkat cells are measured by Leah Marquez-Curtis.)

Cell types HUVECs H9¢2 cells PCECs hCMECs Jurkat cells

Measured
diameters (pm)

150+£0.75 | 16.6+0.6 | 152+0.65 | 15.0+0.25 | 11.5+0.55

Calculated
volumes (pum?)

1767 £ 278 | 2395 +£269 | 1839 +246 | 1767 £90 796 + 130

The measured isotonic volumes of the cells on each day of experiment using the Coulter® ZB1™
counter and the McGann Cell Size Analyzer program, which were used to generate the relative
cell volume data as defined in section 2.2, are also reported in Table (7) for the five cell types at

room temperature and 0 °C. Isotonic runs were conducted three times each day to calculate the
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error bars. For some cell types, the 5x PBS and 3 molal Me>SO runs were performed in one day
of experiments, and for other cell types the 5x PBS and 3 molal Me>SO runs were conducted on

two different days, depending on the length of the experiments and the availability of the cells.

Table 7. The measured isotonic volumes of the cells (in pm?) using the Coulter® ZB1™ Counter and the
Cell Size Analyzer program at room temperature and 0 °C.

Runs HUVECs HO9c2 cells PCECs hCMECs Jurkat cells

5x PBS | RT | 2159.7 +10.8 | 2280.2 +4.7 | 1813.6 +£3.1 | 1691.5+30.1 | 836.1 +20.4
runs’
day 0°C | 2010.2+36.3 | 2336.1 +13.2 | 1789.6 £ 8.1 | 1568.2 +34.3 | 746.8 +23.3

i;:fsl?)l RT | 2159.7 + 10.8 | 25125+ 17.8 | 1813.6 + 3.1 | 1691.5 + 30.1 | 836.1 +20.4
rg;l}s] 0°C | 2167.8 4+ 10.5 | 24753 +7.1 | 1795.8+ 9.1 | 15682 + 34.1 | 7443 + 212

The time required by each cell type to reach equilibrium that was found using the method described
in section 2.2.3 is reported in Table (8). Jurkat cells’ permeability to Me>SO was drastically
influenced by lowering the temperature compared to the other cell types. The time required by
PCEC:s to reach equilibrium in 5x PBS solution was not affected by the low temperature as much

as the other cells’ were.

Table 8. Required time (in minutes) to reach equilibrium for the five cell types at room temperature (RT)

and 0 °C.
Runs temperature | HUVECs | H9¢2 cells PCECs | hCMECs | Jurkat cells
RT 0.5 0.4 0.3 04 0.3
5x PBS runs
0°C 2.5 2 0.5 2 1
3 molal RT 7.5 6 5.5 7 8
Me,S0 runs 0°C 12.5 11.5 9.5 13 21.5
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The viabilities of all the cell types measured by trypan blue assessment with different durations of
exposure to the hypertonic solutions comparable to the duration of the experimental runs are

reported in Table (9) at room temperature and 0 °C.

Table 9. Viabilities of the cell types measured by trypan blue assessment with different durations of
exposure to the hypertonic solutions at room temperature (RT) and 0 °C.

Exposure
Temperature | Solution | duration | HUVECs | H9¢2cells | PCECs | hCMECs | JUrkat
(min) cells
1 100% 100% 100% 100% | 99.5%
5x PBS 2 100% 100% 99.5% | 99.8% | 98.5%
3 99.3% 99.7% B 98.3% | 94.8%
RT 5 100% B 100% B B
3 molal 6 B 98.8% 100% 100% | 99.05%
MeSO 7 99.3% 98.9% 99.7% 100% 100%
9 98.6% 97.8% B 98.9% | 96.5%
1 100% 100% 100% 100% 100%
5x PBS 2 100% 98.5% 100% | 99.5% 99%
3 100% 95.4% B 98.9% | 93.5%
8 B B 100% B B
0°C 9 100% 99.3% 99.6% 100% B
3 molal 11 100% 100% 98.9% | 99.65% B
Me,S0 13 99.1% 99.1% B 99.35% | 97.7%
18 - . . - 95%
20 - . . - 94.8%
Negative control 0.03%
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The fitting method was applied for the five cell types in MATLAB, and the five cell-type-specific
parameters were obtained for each cell type. Figures 9 to 13, show the curve fittings of the
combined relative volume data in 5x PBS and 3 molal Me>SO solutions for the five cell types at
room temperature and 0 °C. We observed that adding the data obtained from the equilibrium runs
to the kinetic experimental data to conduct the kinetic cell volume fittings reduces the error
between the experimental data and the model for 3 molal Me>SO solutions, resulting in a better
fit, and more accurate values for the permeability parameters. Therefore, all the kinetic fittings in
this work are done using the combined kinetic and equilibrium experimental data. For 5x PBS the
kinetic data is always continued to the equilibrium data without any gap, since the cells reach the

equilibrium much faster in this solution.
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Figure 9. HUVEC experimental data and theoretical model kinetic fits for (a) 5x PBS at room

temperature, (b) 3 molal Me>SO at room temperature, (¢) 5x PBS at 0 °C, and (d) 3 molal Me,SO at 0 °C.
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Figure 11. PCEC experimental data and theoretical model kinetic fits for (a) 5x PBS at room temperature,
(b) 3 molal Me»SO at room temperature, (c) 5x PBS at 0 °C, and (d) 3 molal Me,SO at 0 °C.
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Figure 12. HCMEC experimental data and theoretical model kinetic fits for (a) 5x PBS at room
temperature, (b) 3 molal Me>SO at room temperature, (¢) 5x PBS at 0 °C, and (d) 3 molal Me,SO at 0 °C.
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Figure 13. Jurkat cell experimental data and theoretical model kinetic fits for (a) 5x PBS at room
temperature, (b) 3 molal Me>SO at room temperature, (¢) 5x PBS at 0 °C, and (d) 3 molal Me,SO at 0 °C.
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It was observed for all the cell types that at 0 °C, the final equilibrium volume of the cells after
being in contact with a permeating CPA is considerably smaller than their initial isotonic volume,
as indicated in part (d) of Figures 9 to 13. The averages and standard deviations for the five cell-
type-specific parameters at room temperature and 0 °C are reported in Table (10) and Table (11)
for the five cell types. Since we used the relative volume data for the fittings (defined in section

2.2), the final result for the L}, and P reported in Table (10) and Table (11) are actually the L}, and

P;" obtained from the fitting methods multiplied by the Vol/ 3, where I/, is the measured cell isotonic
volume. Statistical t-test analysis was performed in Excel for all the repeats of the room
temperature and 0 °C fitting parameters and the P-values are reported in Table (12). P < 0.05 was
considered significant. The calculated activation energies related to the Arrhenius equations for
modeling the temperature dependence of the cell membrane permeability parameters are also

reported in Table (13).

The membrane permeability parameters Ly, and Py, for all the cell types decreased significantly
by decreasing temperature from room temperature to 0 °C based on the performed t-test analysis
in Excel. At room temperature, HUVECs, H9¢2 cells and PCECs data had the best fit when
assuming that the third osmotic virial coefficient is equal to zero, but for Jurkat cells and hCMECs
that assumption did not lead to the best fit to the experimental data. At 0 °C on the other hand, for
all of the cell types investigated, the third osmotic virial coefficient had a non-zero value in the
best fit to the experimental data. For the two cell types that needed the third osmotic virial
coefficient both at room temperature and at 0 °C, Jurkat cells and hCMEC:s, t-test analysis for the

b*, B;4 and Cg,4, values showed that for both cell types, the b*and B, values were significantly
different at room temperature and 0 °C, but C, 4, value differences were not significant. For all the
other cell types, all five cell-type-specific parameters were statistically significantly different at
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0 °C and room temperature. The results of this work clearly indicate that the obtained osmotically

inactive fractions of the cells, b*, are temperature dependent. This observation was consistent for

all the cell types studied in this work with different degrees of variation in the value of b*,

suggesting that the cells do not act like perfect osmometers at different temperatures.

Table 10. Means and standard deviations for the cell-type-specific parameters at room temperature

Parameters

and unts b* Bgyg Cg99 Lp Py
%Se - kg water / mol | (kg water / mol)> | pm / atm min pm / min
HUVECs 0.42+0.03  0.103+0.013 0 0.577 +£0.089 ' 101.92 +18.05
PCECs 0.46+0.01 | 0.073 +£0.003 0 1.311 £0.407 & 140.58 +42.8
HOc2 Cells | 0.449 +0.002 | 0.123 +0.007 0 0.584 +0.034  130.15+6.21
Jurkat Cells [ 0.19 +£0.01 0.65 +0.032 2476 +2.26 | 0.729 + 0.369 9.45+0.65
hCMECs 0.18 £0.02 0.42 +0.027 25.7+1.30 0.378+0.013 | 61.99+2.93
Table 11. Means and standard deviations for the cell-type-specific parameters at 0 °C
s b’ Byg Cagg Lp P
(Tjsge - kg water / mol (kgm VZT;ZC v/ um / atm min um / min
HUVECs 0.12+0.05 1.174+0.09 | 22.84+0.73 | 0.067 + 0.002 | 4.737+0.123
PCECs 0.162+0.028 ' 092+0.09  2744+1.76 0481+0.159 4.937+1.09
H9c2 Cells | 0.017 +£0.011 | 0.98+0.07 @ 22.84+1.07  0.102+0.011 | 7.076 +0.448
Jurkat Cells | 0.126 +0.004 = 1.1+0.178 | 23.77+1.18 | 0.093 +£0.009 @ 0.527 +0.028
hCMECs 0.097+0.024 | 1.18+0.07 | 23.61+244 0.070+0.009 @ 2.684 +0.689
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Table 12. P-values of the t-test analysis for the differences between the room temperature and 0 °C values
of the five cell-type-specific parameters (Differences are considered significant when P < 0.05.)

Cell Type b’ Bgyg Cgg9 Lp Py
HUVECs | 2.238x 1077 | 2.324x 1071° | 3.19 x 1072 | 1.138 x 1078 | 9.371 x 107
PCECs 6.901x 107 | 2.388 x 107° | 2.59 x 10710 0.00468 7.591 x 107°
H9¢2 Cells | 1.48 x 1076 | 9.102x 10711 | 1.853x 10713 | 1.783 x 107> | 1.092 x 10713
Jurkat Cells | 4.301 x 1073 0.007674 0.195714 0.01673 1.924 x 107°
hCMECs | 6.893 x 1075 | 5.286 x 107 0.126294 7.60 x 107> | 1.593 x 10713

Table 13. Means and standard deviations for the cell-type-specific activation energies

Cell Type Eu (kcal/mol) Eup: (kcal/mol)
HUVECs 14.77 + 1.68 24.15+6.82
PCECs 7.47+ 1.89 23.43 +2.87
H9c2 Cells 12.36 +0.19 21.0+0.37
Jurkat Cells 13.68 +3.68 20.41 +0.68
hCMECs 12.13 + 1.11 22.39+1.73
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Chapter 4. Using the obtained parameters to model HUVEC volume changes

Now that we have obtained all the cell-type-specific parameters, we can model the cell volume
changes during the cryopreservation process using the presented non-ideal thermodynamic model
and the commonly used ideal model to investigate the difference. This section illustrates the cell
volume model predictions for HUVECs as an example based on the steps of a series of
cryopreservation protocols investigated by Sultani et al.* In these protocols, the CPA was added
to the cells at 0 °C with at least a 15-minute loading time, and ice nucleation was induced at a
subzero temperature between —3 °C to —5 °C using precooled forceps in liquid nitrogen followed
by a 3-minute holding time to remove the latent heat of fusion. Then, the cell suspensions were
slowly (—0.2 °C/min or —1 °C/min) cooled to an intermediate subzero temperature from —25 °C
to —40 °C followed by plunging into liquid nitrogen or thawing directly by rapid warming in a
37 °C water bath. The best protocol identified by Sultani et al. was to cool HUVECs at —1 °C/min
in the presence of 10% (v/v) Me2SO or 5% (v/v) Me2SO plus 6% (v/v) hydroxyethyl starch (HES,

a non-permeating CPA) to —35 °C, and then plunge into liquid nitrogen and store.

For the simulations in this work, we assume that the cells are initially at isotonic condition at 0 °C
when 10% (v/v) Me2SO solution mixed in isotonic NaCl is added to the cell suspension and left to
equilibrate for 15 minutes. After CPA loading, the suspension is instantly cooled to —5 °C,
assuming no cell volume changes happen in between. At —5 °C, ice nucleation is induced. The
suspension is held at —5 °C for 3 minutes after the nucleation and then cooled at —1 °C/min to —40
°C. The role of latent heat of fusion is ignored in this simulation. Then, cell suspensions are thawed
directly from —40 °C to 0 °C by rapid warming. Based on our personal communication with Dr.
Leah Marquez-Curtis, who frequently conducts the HUVEC cryopreservation process in our lab,

the warming rate related to directly thawing a glass cryovial of HUVECs in a 37 °C water bath
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from —40 °C to 0 °C is approximately 100 °C/min (rapid warming). After thawing, the Me>SO is
removed from the cells by diluting the suspensions in an isotonic medium at room temperature.
We assume no significant water or CPA movements happen between the thawing to 0 °C and

warming to RT as dilution begins.

The modeling is done in MATLAB, having the five cell-type-specific parameters and the
activation energies as known values. For the osmotic parameters, b*, By, and Cyg44, the values
measured at 0 °C reported in Table (11) are used, except for the dilution step in which the room
temperature values reported in Table (10) are used. Permeability parameters, Lp and Pg, are

expressed by their corresponding Arrhenius equations as below:

. 1477 (1 1

Lp=0.577exp] —— (296.15 a F)] (29)
. 2415 [ 1 1

Ps =101.91exp[ —— (296.15 a F)] (30)

For the first step, the CPA loading, the cell volume is modeled using the permeating-CPA kinetic
volume equations summarized in Table (3). In this step, the cells initially shrink as water leaves
the cells and then swell back up as the permeating CPA, Me>SO, diffuses into the cells and some
water comes back into the cells. The cells finally reach an equilibrium volume within 15 minutes

that is smaller than their initial isotonic volume at 0 °C.

In the second step, ice nucleation is induced at —5 °C. When the ice is nucleated at —5 °C, the pure
water solidifies, concentrating the extracellular solutes and causing an increase in the extracellular
molality of the Me>SO. Thus, the ice nucleation step acts like a small CPA addition step. The
solidification of extracellular water will also increase the salt (NaCl) concentration outside the

cells drawing more water out. Therefore, in the presence of ice, we need a new equation to calculate
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the extracellular osmolality as a function of freezing temperature. The changing cell volume in the
ice nucleation step is modeled using the equations summarized in Table (3), and the extracellular

osmolality as a function of the freezing point defined below:*%>

TO—T,
T = m—mo 31
RTy[My/ASp, ]

where T, is the absolute freezing point of the solution (in Kelvin), T, is the absolute freezing
point of pure water (273.15 K), R is the universal gas constant (8.314 J/mol K), M, is the molar
mass of water (0.01802 kg/mol), and AS ]91 is the standard molar entropy change of fusion of water

(22 J/mol K) at the freezing point of pure water. Substituting the values of the constants will result

in the following:

273.15-T,
= m (32)
6.8099%x1073 Ty,

After the extracellular osmolality at —5 °C is calculated using Equation 32, the result is used to
calculate the new values for the extracellular molalities of the Me>SO and NaCl using Equation
23, and the ratio of the initial extracellular molalities of Me>SO and NaCl (which is known and

stays constant during the whole process) defined as below:

Myqtio = mlﬁlx/ m{;x (33)
where mp* is the extracellular molality of NaCl, and mj* is the extracellular molality of the

Me>SO. The new values of the extracellular molality of the Me>SO and NaCl are used to calculate

the Me2SO extracellular activity using Equation 21.

In the slow cooling process to —40 °C, the solidification of extracellular water will increase the

extracellular osmolality, drawing more water out. Thus, the changing cell volume is modeled using
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the same equations used in the second part and defining the temperature changes over time as
below:

T = Bt + Tiitia + 273.15 (34)
where B is cooling rate, equal to —1 °C/min in this case, t is time (min), Tjyitiq 1S the temperature
of ice nucleation (in °C), in this case, —5 °C, and T is the temperature (in K). At each temperature
calculated by Equation 34 in the slow cooling process, the extracellular osmolality is calculated
using Equation 32, and the extracellular molality of the Me>SO and NaCl are calculated using

Equations 23 and 33.

In the rapid warming process, as the temperature increases from —40 °C to 0 °C, the ice melts and
the extracellular osmolality calculated by Equation 32 decreases, which leads to water moving into
the cells to remove the chemical potential differential, making the cells swell. The rapid warming
process is modeled using the same equations used for the slow cooling process and having B as

the warming rate equal to 100 °C/min, and Tjyitiq; €qual to —40 °C in Equation 34.

The dilution process is done at room temperature using a solution with no permeating CPA to draw
the Me2SO out of the cells. The larger intracellular osmolality makes the water initially move into
the cells, causing an initial swelling. Then, the water moves out of the cells as the Me2SO leaves
the cells, causing shrinkage. The same equations used in the CPA loading process are used to
model the dilution process, except with the measured osmotic and permeability values at room
temperature. Also, the temperature in the MATLAB code is set to 23.5 °C, and the extracellular
osmolality of the Me>SO is set to a number very close to zero (0.000001) in order for the code to

be able to find an answer.
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To calculate the cell-type-specific parameters and the activation energies for the ideal
thermodynamic model (reported in Table (14)), the fitting methods were performed based on the
most common ideal thermodynamic models, assuming that all the osmotic virial coefficients of
the solutes (grouped solute, salt, and CPA) were equal to zero, meaning that the osmolalities were
equal to the simple summation of the solute concentrations as indicated below for the non-

electrolyte and electrolyte solutes:®
= Y kim; (35)

where m; is the molality of solute i, and k; is the dissociation constant of the electrolyte solute i,

k; = 1 for non-electrolyte solutes.

The cell-type-specific parameters used for CPA loading, cooling to —40 °C, and rewarming to
0 °C are the ones measured at 0 °C because they are more likely to be accurate under cryobiological
conditions. For the dilution step, on the other hand, the room temperature values for the cell-type-
specific parameters are used. The cell-type-specific parameters and the activation energies used in

both models are reported in Table (14).

Table 14. Cell-type-specific parameters and the activation energies used in the HUVEC models

Non-ideal Parameters | b* Byy | Cygg Lp Pg Ea, | Eap;

RT 0.4 0.103 0 0.577 101.92
values 14.77 24.15
0°C 0.12 1.17 22.8 0.067 4.737

Ideal Parameters b By, | Cygq Lp Pg Eotp | Egps
RT 0.4 0 0 0.603 | 36.473

values 15.631 | 19.675
0°C 0.4 0 0 0.067 | 2.297
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The HUVEC volume changes during the preservation process are modeled using the ideal and
non-ideal thermodynamic models, which are illustrated in Figure 14 as the changes in the relative
volumes of the cell, intracellular water, and intracellular CPA versus time. The relative cell volume
is the total relative volumes of the intracellular water and CPA plus the osmotically inactive

fraction of the cell.

CPA removal
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Figure 14. Model predictions for relative volume over time for the HUVEC cryopreservation protocol,
representing non-ideal (solid lines) and ideal (dashed lines) models. The magenta lines represent the
relative cell volume (V.an), the red lines represent the contribution to the relative volume of intracellular
water (Vw), and the blue lines indicate the contribution to the relative volume of intracellular Me,SO
(Vp). Minutes 0 to 15 show the Me>SO addition step, minutes 15 to 18 show the ice nucleation holding
time, minutes 18 to 53 show the slow cooling (—1 °C/min) process to —40 °C, minutes 53 to 53.4 show
the rapid warming (100 °C/min) process from —40 °C to 0 °C, and minutes 53.4 to 60.9 show the Me,SO
removal step at room temperature.

The calculated cell volume (V) and the volume of intracellular water (V;,) and Me>SO (V) for
each step of the protocol for both models are also reported in Table (15). Figure 14 indicates that

the ideal and non-ideal models have similar overall shapes but predict different values for the
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relative volumes in each step of the process. The deviation of the non-ideal model from the ideal
model for the intracellular Me>SO volume is less significant than that for the volume of
intracellular water. There is also a small jump in the relative cell volume between the rapid
warming and dilution steps for the non-ideal model, which is caused by the temperature

dependence of the osmotically inactive fraction of the cells reported in Table (14).

The model predictions play a significant role in cryobiologists’ understanding of cell osmotic
behavior and designing their optimization methods. Therefore, even the slightest improvement in
modeling the changing cell volume using the non-ideal assumptions can make the optimization
process much more accurate. For instance, cryobiologists need to minimize the osmotic stress on
the cell during the CPA addition, cooling, and CPA removal steps, and for that, they need to have
accurate predictions of the cell volume changes in these steps. A bigger change in the cell volume
in a certain amount of time leads to larger osmotic stress on the cells. As indicated in Figure 14,
the ideal model overestimates the osmotic stress on the cells in the CPA addition and removal, and
ice nucleation steps, and significantly underestimates the osmotic stress in the slow cooling
process. The other significant difference between the non-ideal and ideal models is their
predictions of the osmotically inactive volume of the cells and, consequently, the intracellular
water content at different temperatures. The ideal model yields an osmotically inactive fraction
equal to 0.4 at 0 °C, while the non-ideal model yields one equal to 0.1203. That means the ideal
model predicts significantly smaller intracellular water content for the cells at sub-zero
temperatures. The final volume predictions after the dilution step at room temperature are almost

the same for the ideal and non-ideal models.
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Table 15. Relative cell, water, and CPA volumes after each step of the cryopreservation process for
HUVECs. The matching colors in this table and Table (16), where the effects of protocol deviations are
explored, highlight the equal values for the corresponding steps of the protocols.

using the non-ideal using the ideal
thermodynamic model thermodynamic model
v 0.8797 0.6
Before CPA w
addition vy 0 0
at 0 °C o
VCell 1 1
After CPA vy 0.6857 0.455
loading 1
V 0.0593 0.0471
at 0 °C p
for 15 min Ve 0.8652 0.9021
After ice VZ 0.6140 0.4046
nucleation 2
af —5 °C Vs 0.064 0.065
for 3 min VZ.u 0.7980 0.8698
V3 0.1746 0.0443
After slow d
cooling to Vg 0.053 0.0618
—40 °C 3
Ve 0.3479 0.5061
vy 0.6748 0.5311
After rapid
warming v, 0.034 0.046
to 0 °C A
Vien 0.829 0.9771
Vi 0.6001 0.6074
After CPA ad
removal VIS, 2.67 x 1077 1.08 x 1077
(at RT) s
Veeu 1.000 1.007

In order to have a deeper understanding of how each step of the cryopreservation protocol
influences the HUVEC volume changes, the modeling is repeated with four other conditions: 1) a
protocol with a dilution step done at 0 °C instead of room temperature (Figure 15). i1) Another

protocol with not enough time for CPA loading at the beginning of the process (i.e., 30 seconds)
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and cooling the cells almost immediately after adding the CPA (Figure 16). iii) A protocol with a
cooling rate equal to —2 °C/min instead of —1 °C/min (Figure 17), and iv) a protocol with a cooling
rate equal to —10 °C/min (Figure 18). In each modified protocol, just the mentioned step is
changed, and the other steps and conditions are kept the same as in the original protocol. The
calculated final cell volume (V) and the volume of intracellular water (V,) and CPA (1},) for
each step related to each protocol are reported in Table (16). The ideal and non-ideal models arrive
at the exact same volumes as the original protocol (reported in Table (15)) after slow cooling to

and after the rapid warming process to 0 °C for all the protocols.

Figure 15 shows that in a dilution step done at 0 °C, the water diffuses into the cells much faster
than the CPA moves out of the cells, causing larger cell volume changes and extra osmotic stress
compared to a dilution step done at room temperature, which is also demonstrated by the higher
water content of the cells after CPA removal for this protocol reported in Table (16) compared to
the original protocol reported in Table (15). When the dilution is modeled at 0 °C, there is no jump
in the cell volume between the warming and dilution steps for the non-ideal model since the same
value of b* (0.12) is used for both steps. Figure 15. (a) shows that the ideal model overestimates
the osmotic stress on the cells for CPA removal at 0 °C as well as at room temperature compared
to the non-ideal model. As indicated in Figure 15. (b), which compares the original protocol and
protocol 1, the CPA removal at room temperature happens faster and causes less osmotic stress
caused by large kinetic movements on the cells than the CPA removal at 0 °C for both ideal and

non-ideal models.

Figure 16 indicates that when the CPA loading time is short, a sudden CPA loading at the

beginning of the ice nucleation step will compensate for it, bringing the cells to the same final
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conditions after the cooling, warming, and CPA removal steps. That means successful

cryopreservation of the cells is also possible without having a long CPA loading step.

Figure 17 indicates that by having a cooling rate equal to —2 °C/min, the models predict
approximately the same volume values (0.02% error) at —40 °C and exactly the same values after
the rapid warming and dilution steps as the original protocol with a —1 *C/min cooling rate, but

reaches it in a shorter time, causing larger osmotic stress on the cells.

Based on both ideal and non-ideal models, higher cooling rates will result in larger water contents
for the cells at —40 °C. As indicated in Figure 18 and reported in Table (16), a —10 °C/min cooling
rate will result in relative intracellular water volumes equal to 0.1748 based on the non-ideal model
and equal to 0.0446 based on the ideal model at —40 °C, which are slightly larger than the values
predicted by the original model, which are equal to 0.1746 and 0.0443, respectively. Although the
differences between the values predicted by the original ptotocol and by the protocol with a ten
times faster cooling rate are not significant, the increasing trend for the intracellular water content
shows that high cooling rates can cause low dehydration, leading to a large extent of supercooling
and a high probability of intracellular ice formation. Having an accurate prediction of these values
using the mathematical model is essential for cryobiologists to be able to maximize cell survival

after the cryopreservation process.

The effect of other conditions and variables can be investigated as easily; the role of the
intermediate sub-zero temperature, ice nucleation temperature, the permeating CPA concentration,
salt concentration, warming rate, and CPA loading or removal steps and temperature can all be

studied separately or simultaneously using the presented thermodynamic model.
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Figure 15. Model predictions for relative volume over time, representing non-ideal (solid lines) and ideal
(dashed lines) models, (a) for the HUVEC cryopreservation protocol with dilution at 0 °C; (b) comparing
the protocol with dilution at 0 °C and the original protocol with dilution at room temperature. The
magenta lines represent the relative cell volume (Veen), the red lines represent the contribution to the
relative volume of intracellular water (Vw), and the blue lines indicate the contribution to the relative
volume of intracellular Me>SO (Vp) for the protocol with dilution at 0 °C, and the black lines show Ve
for the original protocol with dilution at room temperature. Minutes 0 to 15 show the Me>SO addition
step, minutes 15 to 18 show the ice nucleation holding time, minutes 18 to 53 show the slow cooling
(—1 °C/min) process to —40 °C, minutes 53 to 53.4 show the rapid warming (100 °C/min) process from
—40 °C to 0 °C, and minutes 53.4 to 60.9 show the Me>SO removal step.
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Figure 16. Model predictions for relative volume over time, representing non-ideal (solid lines) and ideal
(dashed lines) models, (a) for the HUVEC cryopreservation protocol with not enough incubation time (0.5
min); (b) comparing the protocol with not enough incubation time and the original protocol. The magenta
lines represent the relative cell volume (Vcen), the red lines represent the contribution to the relative
volume of intracellular water (Vw), and the blue lines indicate the contribution to the relative volume of
intracellular Me>SO (Vp) for the protocol with not enough incubation time, and the black lines show Ve
for the original protocol with enough incubation time (15 min).
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Figure 17. Model predictions for relative volume over time, representing non-ideal (solid lines) and ideal
(dashed lines) models, (a) for the HUVEC cryopreservation protocol with —2 °C/min cooling rate; (b)
comparing the protocol with —2 °C/min cooling rate and the original protocol. The magenta lines
represent the relative cell volume (Ven), the red lines represent the contribution to the relative volume of
intracellular water (Vw), and the blue lines indicate the contribution to the relative volume of intracellular
Me>SO (Vp) for the protocol with —2 °C/min cooling rate, and the black lines show V. for the original
protocol with —1 °C/min cooling rate.
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Figure 18. Model predictions for relative volume over time, representing non-ideal (solid lines) and ideal
(dashed lines) models, (a) for the HUVEC cryopreservation protocol with —10 °C/min cooling rate; (b)
comparing the protocol with —10 °C/min cooling rate and the original protocol. The magenta lines
represent the relative cell volume (Ven), the red lines represent the contribution to the relative volume of
intracellular water (Vw), and the blue lines indicate the contribution to the relative volume of intracellular
Me,SO (Vp) for the protocol with —10 °C/min cooling rate, and the black lines show V. for the original
protocol with —1 °C/min cooling rate.
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Table 16. Relative cell, water, and CPA volumes after each step of the changed cryopreservation process
for HUVECs. The matching colors in this table and Table (15) highlight the equal values for the
corresponding steps of the protocols.

(i) With the (ii) With not (iii) With (iv) With
dilution step enough CPA —2 °C/min —10 °C/min
done at 0 °C loading time cooling rate cooling rate

Non- . Non- . Non- . Non- ,
ideal ideal ideal ideal ideal ideal ideal ideal
Before | VY | 08797 | 06 | 08797 | 06 |08797| 06 |08797| 0.6
CPA 0
dditon | V8 0 0 0 0 0 0 0 0
at0C Ayl l 1 1 1 1 1 1 1 1
A{terdc_?PA vy | 0.6857 | 0.455 | 0.5386 | 0.2902 | 0.6857 | 0.455 | 0.6857 | 0.455
oading
at0°C | VL | 0.0593 | 0.0471 | 0.0185 | 0.0095 | 0.0593 | 0.0471 | 0.0593 | 0.0471
for 15
min | Vi, | 0.8652 | 0.9021 | 0.6774 | 0.6997 | 0.8652 | 0.9021 | 0.8652 | 0.9021
dfierfce | V3 | 06140 | 0.4046 | 0.6143 | 0.3993 | 0.6140 | 0.4046 | 0.6140 | 0.4046
”;f’_e?’f,ocn VZ | 0.0638 | 0.0652 | 0.064 | 0.0642 | 0.0638 | 0.0652 | 0.0638 | 0.0652
Jor3min | y2 107980 | 0.8698 | 0.7983 | 0.8634 | 0.7980 | 0.8698 | 0.7980 | 0.8698
Afterslow | V3 | 0.1746 | 0.0443 | 0.1746 | 0.0443 | 0.1746 | 0.0444 | 0.1748 | 0.0446
C"‘;f”g V3 | 0053 |0.0618 | 0.053 | 0.0618 | 0.053 |0.0618 | 0.0531 | 0.0621
—40°C 1 y3_, | 03479 | 05061 | 0.3479 | 0.5061 | 0.3480 | 0.5062 | 0.3482 | 0.5066
fier | Vi | 06748 | 0.5311 | 0.6748 | 0.5311 | 0.6748 | 0.5311 | 0.6748 | 0.5311
rapid |yt | 0034 | 0.046 | 0.034 | 0.046 | 0.034 | 0.046 | 0.034 | 0.046
warming
00°C |yt | 0829 |0.9971| 0.829 | 0.9771 | 0.829 | 0.9771 | 0.829 |0.9771
VS | 0.8909 | 0.8191 | 0.600 | 0.607 | 0.600 | 0.607 | 0.600 | 0.607
After CPA
removal | V3 | 0000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
(at RT)
VS, | 1011 | 1219 | 1.000 | 1.007 | 1.000 | 1.007 | 1.000 | 1.007
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Chapter 5. General discussion

The importance of this work is that no other previous research has obtained the temperature
dependence of the cell membrane permeability parameters using the grouped solute and non-ideal
and non-dilute thermodynamic assumptions, and the room temperature studies with these
assumptions are also limited to the two cell types, HUVECs, and H9¢c2 cells. Zielinski et al.*?
measured the values for b*, By, and Cy4, for HUVECs at room temperature using the non-ideal
thermodynamic assumptions, which are reported in Table (17). The obtained b* value at room
temperature in this work is consistent with Zielinski et al.’s reported value, but this work’s obtained
values for By, and Cg 44 are different because Zielinski et al. did not investigate the responsivity
of a two-degree polynomial for the grouped solute behavior, meaning Cy4, = 0. Moreover,
Zielinski et al. used non-permeating solute data obtained by Ross-Rodriguez®, which was done
on HUVEC: at passages beyond the supplier’s recommended doubling time according to Ross-
Rodriguez’s laboratory notes, and Gabler Pizarro et al.>* confirmed that based on the cell size

distribution, the cells are not healthy beyond the recommended doubling time.

Table 17. Comparing the room temperature osmotic parameter values reported by Zielinski et al. >> with
those in this work.

b ng ngg
- kg water / mol (kg water / mol)?
Zielinski et al.3? 0.42 33 23.9
This work 0.425 + 0.035 0.103 £ 0.013 0
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Gabler Pizarro et al.>* measured the five cell-type-specific parameters for HUVECs and H9¢2 cells
at room temperature using an iterative fitting method based on non-ideal thermodynamic
assumptions, which are reported in Table (18). Gabler Pizarro et al.’s measured P,” value for
HUVECs, and L, and P values for H9c2 cells are consistent with our work’s result range for
those parameters, but all other parameters have different values because Gabler Pizarro et al. did
not consider the C = 0 assumption, and their fitting method was limited to the kinetic cell volume

data.

Table 18. Comparing the room temperature values of five cell-type-specific parameters reported by
Gabler Pizarro et al. with those in this work.

b ng ngg L; P;
k / . .
- kg water / mol ( %n V:ll)tze ' pum / atm min pum / min
Gabler | HUVECs 0.1801 0.4956 30.25 0.3434 100.8
Pizarro
etal® | HOc2 cells 0.06297 0.3772 8.802 0.5869 133.4
This | HUVECs | 0.425+0.035 | 0.103 +0.013 0 0.577 +0.089 | 101.92 + 18.05
Work | 19co cells | 0.449 +0.002 | 0.123 + 0.007 0 0.584 +0.034 | 130.15+6.21

The results of this work cannot be compared with the results of any previous study that used the
ideal and dilute thermodynamic assumptions in their calculations. For instance, Yang et al.*
measured the Jurkat cells’ membrane permeability to water and Me2SO, L), and F, values at room
temperature using a microfluidic device, and those values were 0.148 + 0.051 pm / atm min and
3.4 £ 1.4 um / min, respectively. However, they used the conventional two-parameter model of
the cell volume, which is inherently based on the ideal thermodynamic assumptions. Therefore,

our results for Jurkat cells are not comparable to those values.
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In this study, we observed that the osmotically inactive fraction of the cell and the cell cytoplasm
osmotic virial coefficients are temperature-dependent. The variation of inactive volume fraction
with temperature has also been reported by Casula et al.?”%’ for human mesenchymal stem cells
(hMSCs). These observations lead us to conclude that the cells do not act like perfect osmometers,
and the cytoplasm and cell membrane complexities have a vital role in the cells’ osmotic response

1.%7 observed the same

at different temperatures and in different non-isotonic conditions. Casula et a
osmotic behavior from human mesenchymal stem cells (hMSCs) and tried to model the imperfect
osmotic behavior of these cells by incorporating membrane complexities such as the temporary
opening of mechanosensitive channels. They explained that the cells can reach an equilibrium
volume different from the initial isotonic one when isotonic conditions are re-established after
contact with non-permeating or permeating solutes, and only a partial recovery of the initial
isotonic volume is attained in the swelling phase.?® They also reported that the deviation from the

initial isotonic volume is more pronounced at low temperatures and decreases when the

temperature increases, which is consistent with the change seen across temperatures in this work.

The cells studied in this work showed specific osmotic responses to non-isotonic conditions, which
stem from their different types and biological functionalities. HUVECs, PCECs, and hCMECs are
all endothelial cells but with different functionalities. Based on our results, PCECs have a
relatively large permeability value to water (L) compared to the other cells at both room
temperature and 0 °C as reported in Tables (8) and (9), causing a very fast shrinkage after being in
contact with the hypertonic solutions. It has been reported that corneal endothelial cells pump
excess water from the corneal stroma to maintain a state of relative dehydration and prevent its
tendency to swell and the cornea to lose its transparency.®®%° Thus, the high water conductivity of

corneal endothelial cells stems from their main function, the removal of stromal water. It is also
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known that the corneal endothelial cells have massive permeability to other large molecules®’,
which explains the PCECs’ relatively higher permeability to Me>SO than other endothelial cells.
Jurkat cells, on the other hand, showed very low permeability to Me>SO at both room temperature
and 0 °C. Jurkat cells are a type of human T lymphocytes whose primary function is controlling
and shaping the body immune response using membrane receptors.** Therefore, the fact that
Jurkat cells’ main function is related to the protein receptors on their membrane, and they do not
need to have massive permeability for large molecules, could be the reason for their low
permeability to Me>SO. H9¢2 rat myoblasts, on the other hand, as a type of skeletal muscle,

showed a relatively high permeability to Me>SO at both room temperature and 0 °C.

Using the obtained parameters in this work to model the changing cell volume and predict the cell
osmotic response indicates how this work's results can help cryobiologists understand cells’
cryobiological behavior and optimize cryopreservation protocols. The role of CPA concentration,
loading or removal time and temperature, ice nucleation temperature, cooling rate the final
temperature before plunging into liquid nitrogen, and warming rate in the cryopreservation process
can all be studied using the presented non-ideal thermodynamic model. The cooling rate,
determines the kinetics of water movement and whether the cells undergo large osmotic stress or
a significant extent of supercooling.!” The model can predict the intracellular water volume
changes over time depending on the cooling rate, as explained in the previous chapter. The CPA
addition time and temperature determine the CPA permeability and toxicity to the cells; the
presented model can predict the amount of CPA entering the cells at a specific time and
temperature. Inducing ice nucleation at a subzero temperature ensures enough dehydration of the
cells to reduce the extent of intracellular supercooling and the probability of intracellular ice

formation.* The amount of dehydration at various temperatures caused by inducing ice nucleation
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can be investigated using the presented model. This work’s model prediction for HUVECs showed
logical trends for the cell volume changes during the various cryopreservation protocol.
Comparing the ideal and non-ideal models showed that the ideal model overestimates the osmotic
stress on the cells in the CPA addition/removal and ice nucleation steps and significantly
underestimates the osmotic stress in the slow cooling process. The ideal model also predicted
smaller intracellular water content than the non-ideal model and, consequently, a lower possibility
of intracellular ice formation. Investigating the short CPA loading time as we kept the other
conditions fixed and cooled the cells to a certain subzero temperature showed the same final
conditions for the cells at that temperature. That can explain why when some cryobiologists start
the cooling process shortly after adding the CPA to the cell suspension they still get acceptable
cell survival. It was also demonstrated that two times larger cooling rates do not affect the cell
volume noticeably but bring the cells to the final condition at the plunging temperature two times
faster. Comparing the CPA removal steps conducted at room temperature and 0 °C revealed larger
osmotic stress on the cells at 0 °C; that is why it is important for cryobiologists to keep the medium
out of the refrigrator for a some time to reach the room temperature before using them for diluting
the cell suspentions after thaw, otherwise the cells may die in the dilution process due to excessive
osmotic stress. These obervations reveal the importance of mathematical modeling of the changing

cell volume in optimizing cryopreservation protocols.
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Chapter 6. Conclusion

Optimizing cryopreservation protocols by controlling the cooling rate and
addition/removal steps of the CPA requires knowledge of the cells’ osmotic properties.
Mathematical modeling of the cell osmotic response in non-isotonic conditions by measuring the
temperature dependence of the membrane permeabilities and the osmotically inactive volume of
the cell is an efficient way of optimizing the cryopreservation protocols without conducting a large
number of experiments. Employing non-ideal thermodynamic assumptions in the cryopreservation
models can predict cell volume changes during this process. In this work, we presented a new
fitting method based on both equilibrium and kinetic cell volume data to measure the five cell-
C

type-specific parameters, b*, 999> Lp and P, at room temperature and 0 °C and model the

99>
temperature dependence of the permeability parameters, L, and P, using the non-ideal
thermodynamic assumptions and permeating and non-permeating solutes for five cell types,
namely, human umbilical vein endothelial cells (HUVECs), H9¢2 rat myoblasts, porcine corneal
endothelial cells (PCECs), Jurkat cells, and human cerebral microvascular endothelial cell line

(hCMEC/D3). We also investigated the possibility that the third osmotic virial coefficient, Cy4g,

being equal to zero would result in a better fit to the experimental data for different cell types at
different temperatures, which has not been investigated in previous studies. Finally, we used the
obtained parameters to model the cell volume changes during a HUVEC cryopreservation
protocol, demonstrated the differences between the ideal and non-ideal thermodynamic models,

and investigated the impact of each step of the protocol on cell osmotic behavior.

The results of this study raise a few concerns about cells’ osmotic properties. The temperature

dependence of the cells’ osmotically inactive fraction, b*, and osmotic virial coefficients, B,

39 and
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C

ggg> Suggests that understanding the cell osmotic behavior requires more and deeper

investigations by accounting for the cytoplasm and membrane complexities as well as the intra-
and extracellular thermodynamic conditions. The changes in the osmotically inactive fraction of
the cells by changing the temperature indicate that the intracellular components are changing with
temperature, which makes more sense if we consider the fact that the cells are biological entities
that express different behavior in different temperatures and conditions according to their
functionality. Therefore, in order to have a complete and comprehensive model for the cell osmotic
response, the temperature dependence of the osmotic properties should also be modeled or at least
measured at every temperature that matters in the cryopreservation protocols. However, regarding
the results of this work, we can say that the 0 °C values for the osmotic properties are the more
likely ones to be relevant under cryobiological conditions. The other concern is related to the
complex cell membrane behavior in the presence of a permeating CPA, especially at low
temperatures, and whether it can lead to a change in the cell membrane permeability to water (Ly,)
in the presence of a permeating CPA. In this work, we used the data with the most information
about a parameter to obtain that parameter to have the lowest uncertainty in our estimations: we
used the non-permeating CPA cell volume data to obtain the hydraulic conductivity, Ly, and the
permeating CPA cell volume data to obtain the permeability to CPA, F; the L}, obtained from the
non-permeating CPA cell volume data allowed the permeating CPA cell volume data to be fit
perfectly for Py, meaning there is no significant extra information for Ly, in the permeating CPA

cell volume data.
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Appendix

Table Al. One room temperature equilibrium iterative process for HUVECs

5x PBS equilibrium relative volume = 0.59154,
3 molal Me,SO equilibrium relative volume = 0.98985
RUN b Bgg Cggsg Error | resolution Bee Ceeg
kg water / mol | (kg water / mol)? range range
RUN 1 0.4845 0 0 - 0.005 - -
RUN 2 0.4845 0.115 0 0.005 0.005 0-10 -
RUN 3 0.4701 0.115 0 - 0.005 - -
RUN 4 0.4701 0.115 0 0.005 0.005 0-10 -
Table A2. One 0 °C equilibrium iterative process for HUVECs
5x PBS equilibrium relative volume = 0.5448,
3 molal Me,SO equilibrium relative volume = 0.7

RUN b kg w:tgrg /mol | (kg W'ftgefﬁ mol)? Error resolution r:::e r(;iggge
RUN 1 0.4291 0 0 - 0.005 - -
RUN 2 0.4291 1.95 19.15 0.0005 0.005 0-5 0-40
RUN 3 0.1685 1.96 20.15 - 0.005 - -
RUN 4 0.1685 1 15.25 0.0007 0.005 0-5 0-40
RUN 5 0.1728 1 15.25 - 0.005 - -
RUN 6 0.1728 1.2 22.95 0.0007 0.005 0-5 0-40
RUN 7 0.1487 1.2 22.95 - 0.005 - -
RUN 8 0.1487 1.15 22 0.0007 0.005 0-5 0-40
RUN 9 0.1508 1.15 22 - 0.005 - -
RUN 10 | 0.1508 1.15 223 0.0007 0.005 0-5 0-40
RUN 11 0.15 1.15 223 - 0.005 - -
RUN 12 0.15 1.15 22.35 0.0007 0.005 0-5 0-40
RUN13 | 0.1498 1.15 22.35 - 0.005 - -

84



Table A3. One room temperature equilibrium iterative process for Jurkat cells

5x PBS equilibrium relative volume = 0.5741,

3 molal Me,SO equilibrium relative volume = 0.8708

RUN b Bgg Cgeg Error | resolution Beg Ceeg
kg water / mol | (kg water / mol)? range range

RUN 1 0.4617 0 0 - 0.05 - -
RUN2 | 0.4617 0.8 21.5 0.00007 0.05 0-5 5-40

RUN3 | 0.1905 0.8 21.5 - 0.05 - -
RUN4 | 0.1905 0.65 23.65 0.00003 0.05 0-5 5-40

RUNS5 | 0.1827 0.65 23.65 - 0.05 - -
RUNG6 | 0.1827 0.65 23.89 0.00007 0.05 0-3 5-40

RUN7 | 0.1821 0.65 23.89 - 0.05 - -

Table A4. One 0 °C equilibrium iterative process for Jurkat cells
5x PBS equilibrium relative volume = 0.5444,
3 molal Me;SO equilibrium relative volume = 0.7401

RUN b kg W;gf /mol | (kg wzftgffmol)2 Error resolution raB::e r(jlggge

RUN1 | 0.4246 0 0 0.05 - -
RUN2 | 0.4246 1.25 21.2 0.00007 0.05 0-5 5-40

RUN3 | 0.1424 1.25 21.2 0.05 - -
RUN4 | 0.1424 0.9 24.6 0.00003 0.05 0-5 5-40

RUN5 | 0.1282 0.9 24.6 0.05 - -
RUNG6 | 0.1282 0.9 25.35 0.00007 0.05 0-3 5-40

RUN7 | 0.1263 0.9 25.35 0.05 - -
RUN8 | 0.1263 0.9 25.45 0.0002 0.05 0-3 5-40

RUN 9 0.126 0.9 25.45 0.05 - -
RUN10 | 0.126 0.9 25.45 0.0003 0.05 0-3 5-40
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Table A5. One room temperature equilibrium iterative process for PCECs

5x PBS equilibrium relative volume = 0.59,

3 molal Me,SO0 equilibrium relative volume = 1.06

RUN b Bgg Cggg Error | resolution Beg Cees
kg water / mol | (kg water / mol)? range range
RUN1 | 0.4823 0 0 - 0.005 - -
RUN2 | 0.4823 0.07 0 0.005 | 0.005 0-10 -
RUN3 | 0.4730 0.07 0 - 0.005 - -
RUN4 | 0.4730 0.075 0 0.005 | 0.005 0-10 -
RUN5 | 0.4724 0.075 0 - 0.005 - -
Table A6. One 0 °C equilibrium iterative process for PCECs
5x PBS equilibrium relative volume = 0.557,
3 molal Me,SO equilibrium relative volume = 0.807
RUN b kg waBtgrg /mol | (kg we?t%ff/:{mol)2 Error ) resolution raBr?:e r(;iggge
RUN 1 0.4413 0 0 0.05 - -
RUN 2 0.4413 1.1 20.85 0.00003 0.05 0-5 5-40
RUN 3 0.1673 1.1 20.85 0.05 - -
RUN 4 0.1673 0.8 22.4 0.00005 0.05 0-5 5-40
RUN 5 0.1594 0.8 22.4 0.05 - -
RUN 6 0.1594 0.85 26.35 0.00007 0.05 0-3 5-40
RUN 7 0.1499 0.85 26.35 0.05 - -
RUN 8 0.1499 0.85 26.85 0.00003 0.05 0-3 5-40
RUN 9 0.1487 0.85 26.85 0.05 - -
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Table A7. One room temperature equilibrium iterative process for hCMECs

5x PBS equilibrium relative volume = 0.5711,

3 molal Me,SO equilibrium relative volume = 0.987

RUN b Bgg Cggsg Error | resolution Bee Ceeg
kg water / mol | (kg water / mol)? range range

RUN 1 0.4608 0 0 - 0.05 - -
RUN 2 0.4608 0.45 234 0.00007 0.05 0-5 5-40

RUN 3 0.1827 0.45 234 - 0.05 - -
RUN 4 0.1827 0.45 26.4 0.00003 0.05 0-5 5-40

RUN 5 0.1756 0.45 26.4 - 0.05 - -
RUN6 | 0.1756 0.45 26.45 0.00007 0.05 0-3 5-40

Table A8. One 0 °C equilibrium iterative process for hCMECs
5x PBS equilibrium relative volume = 0.512,
3 molal Me,SO equilibrium relative volume = 0.6793

RUN b kg w:[§rg /mol | (kg wzftgffmol)2 Error resolution raB::e r(jlggge

RUN 1 0.3865 0 0 - 0.05 - -
RUN 2 0.3865 2 20.35 0.00001 0.05 0-5 5-40

RUN 3 0.0999 2 20.35 - 0.05 - -
RUN 4 0.0999 1.35 23.64 0.0001 0.05 0-5 5-40

RUN 5 0.0820 1.35 23.64 - 0.05 - -
RUN 6 0.0820 1.15 22.55 0.0001 0.05 0-3 5-40

RUN 7 0.0827 1.15 22.55 - 0.05 - -
RUN 8 0.0827 1.15 22.5 0.0001 0.05 0-3 5-40

RUN 9 0.0828 1.15 225 - 0.05 - -
RUN 10 | 0.0828 1.15 22,5 0.0001 0.05 0-3 5-40
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Table A9. One room temperature equilibrium iterative process for H9¢c2 cells

5x PBS equilibrium relative volume = 0.5744,
3 molal Me,SO equilibrium relative volume = 0.988
RUN b Bgg Csgsg Error | resolution Beg Ceeg
kg water / mol | (kg water / mol)? range range
RUN1 | 0.4639 0 0 - 0.005 - -
RUN2 | 0.4639 0.115 0 0.005 0.005 0-10 -
RUN3 | 0.4491 0.115 0 - 0.005 - -
RUN4 | 0.4491 0.115 0 0.005 0.005 0-10 -
RUNS5 | 0.4491 0.115 0 - 0.005 - -
Table A10. First 0 °C equilibrium iterative process for H9c2 cells
5x PBS equilibrium relative volume = 0.4764,
3 molal Me;SO equilibrium relative volume = 0.7129
RUN b kg wzligtgrg /mol | (kg wz?tif? mol)? Error resolution r:f:e r(a:?fgge
RUN 1 0.3403 0 0 0.05 - -
RUN 2 0.0217 0.9 18.95 0.00003 0.05 0-5 5-40
RUN 3 0.0217 0.95 20.8 0.05 - -
RUN 4 0.0154 0.95 20.8 0.00005 0.05 0-5 5-40
RUN 5 0.0154 0.95 21.1 0.05 - -
RUN 6 0.0144 0.95 21.1 0.00007 0.05 0-3 5-40
RUN 7 0.0144 0.95 21.15 0.05 - -
RUN 8 0.0142 0.95 21.15 0.00003 0.05 0-3 5-40
RUN 9 0.0142 0.95 21.15 0.05 - -
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Table A11. Second 0 °C equilibrium iterative process for H9¢c2 cells

5x PBS equilibrium relative volume = 0.4875,

3 molal Me,SO equilibrium relative volume = 0.7323

RUN b ke waBtgrg /mol | (ke w;:tif?mol)z Error | resolution rangge rziggi
RUN 1 0.3543 0 0 - 0.05 - -
RUN 2 0.3543 1.5 24.6 0.00003 0.05 0-5 5-40
RUN 3 0.0316 1.5 24.6 - 0.05 - -
RUN 4 0.0316 0.95 23.55 0.00005 0.05 0-5 5-40
RUN 5 0.0273 0.95 23.55 - 0.05 - -
RUN 6 0.0273 0.95 23.75 0.0001 0.05 0-3 5-40
RUN 7 0.0266 0.95 23.75 - 0.05 - -
RUN 8 0.0266 0.95 23.8 0.00003 0.05 0-3 5-40
RUN 9 0.0265 0.95 23.8 - 0.05 - -

Table A12. Third 0 °C equilibrium iterative process for H9c2 cells
5x PBS equilibrium relative volume = 0.4875,
3 molal Me,SO equilibrium relative volume =0.7129

RUN b kg w:grg /mol | (kg W;§§§m01)2 Error resolution raBr?:e rzgnggge
RUN 1 0.3543 0 0 - 0.05 - -
RUN 2 0.3543 1.65 24.2 0.00003 0.05 0-5 5-40
RUN 3 0.0347 1.65 24.2 - 0.05 - -
RUN 4 0.0347 1 22.85 0.0001 0.05 0-5 5-40
RUN 5 0.0302 1 22.85 - 0.05 - -
RUN 6 0.0302 1 23.05 0.0003 0.05 0-3 5-40
RUN 7 0.0295 1 23.05 - 0.05 - -
RUN 8 0.0295 1 23.1 0.0003 0.05 0-3 5-40
RUN 9 0.0294 1 23.1 - 0.05 - -
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Table A13. Fourth 0 °C equilibrium iterative process for H9¢2 cells

5x PBS equilibrium relative volume = 0.4875,

3 molal Me;SO equilibrium relative volume = 0.6889

RUN b ke w:tgrg /mol | (kg wgtif?mol)z Error | resolution rangge r:\iggi
RUN 1 0.3543 0 0 - 0.05 - -
RUN 2 0.3543 1.9 24.7 0.00003 0.05 0-5 5-40
RUN 3 0.0362 1.9 24.7 - 0.05 - -
RUN 4 0.0362 1.1 23.75 0.00005 0.05 0-5 5-40
RUN 5 0.0288 1.1 23.75 - 0.05 - -
RUN 6 0.0288 1.1 24.2 0.00007 0.05 0-3 5-40
RUN 7 0.0274 1.1 24.2 - 0.05 - -
RUN 8 0.0274 1.1 24.25 0.00003 0.05 0-3 5-40
RUN9 | 0.0273 1.1 24.25 - 0.05 - -

Table A14. Fifth 0 °C equilibrium iterative process for H9c2 cells
5x PBS equilibrium relative volume = 0.4764,
3 molal Me,S0 equilibrium relative volume = 0.6889

RUN b kg wzgrg /mol | (kg wz(l:tif? mol)? Error resolution r:f:e rcaiggge
RUN1 | 0.3403 0 0 - 0.05 - -
RUN2 | 0.3403 1.8 23.75 0.00003 0.05 0-5 5-40
RUN3 | 0.0171 1.8 23.75 - 0.05 - -
RUN4 | 0.0171 1.05 223 0.0001 0.05 0-5 5-40
RUNS5 | 0.0117 1.05 223 - 0.05 - -
RUNG6 | 0.0117 1.05 22.55 0.0003 0.05 0-3 5-40
RUN7 | 0.0109 1.05 22.55 - 0.05 - -
RUN8 | 0.0109 1.05 22.6 0.0003 0.05 0-3 5-40
RUN9 | 0.0107 1.05 22.6 - 0.05 - -
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Table A15. Sixth 0 °C equilibrium iterative process for H9c2 cells

5x PBS equilibrium relative volume = 0.4727,

3 molal Me,SO equilibrium relative volume = 0.7129

RUN b ke w:tgrg /mol | (kg wgtif?mol)z Error | resolution r:f:e rziggi
RUN 1 0.3356 0 0 - 0.05 - -
RUN 2 0.3356 1.6 24.2 0.00003 0.05 0-5 5-40
RUN 3 0.0038 1.6 24.2 - 0.05 - -
RUN 4 0.0038 1 22.85 0.00009 0.05 0-5 5-40
RUN 5 0..0042 1 22.85 - 0.05 - -
RUN 6 0..0043 1 22.9 0.00007 0.05 0-3 5-40
RUN 7 0.0048 1 22.9 - 0.05 - -
RUN 8 0.0048 1 23.1 0.00003 0.05 0-3 5-40
RUN 9 0.0048 1 23.1 - 0.05 - -

Table A16. Seventh 0 °C equilibrium iterative process for H9¢2 cells
5x PBS equilibrium relative volume = 0.4727,
3 molal Me,SO0 equilibrium relative volume = 0.7323

N | B Sy | Eror | resotution | S
RUN 1 0.3356 0 0 - 0.05 - -
RUN 2 0.3356 1.45 24.85 0.00003 0.05 0-5 5-40
RUN 3 0.0022 1.45 24.85 - 0.05 - -
RUN 4 0.0022 0.9 22 0.00009 0.05 0-5 5-40
RUN 5 0.0035 0.9 22 - 0.05 - -
RUN 6 0.0035 0.9 21.9 0.00007 0.05 0-3 5-40
RUN 7 0.0038 0.9 21.9 - 0.05 - -
RUN 8 0.0038 0.9 21.9 0.00003 0.05 0-3 5-40
RUN 9 0.0038 0.9 21.9 - 0.05 - -
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