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Abstract

Human induced pluripotent stem cells (hiPSCs) possess the potential to differentiate into
any cell of the human body for translational research towards drug discovery, disease
modeling, cell therapy, and tissue engineering applications. hiPSCs and differentiated
cells of certain lineages and maturity have been challenging to cryopreserve. Effective
cryopreservation will enable off-the-shelf use of the hiPSC-derived personalized
medicine platforms and therapeutic products. Systematic understanding of cryobiological

mechanisms is a key to the effective design of cryopreservation methodology.

We hypothesize that the mechanism of cryopreservation challenge varies between
different forms of the same cell type, particularly multicellular aggregates versus single
cells of hiPSCs, as well between different developmental stages of the same tissue-
specific lineage derived from hiPSCs; for example, neural crest cells versus immature
versus mature sensory neurons. Using low-temperature Raman spectroscopy as a tool for
label-free mechanistic discovery in molecular and cell cryobiology, this research
demonstrates that multicellular aggregates of hiPSCs are significantly more sensitive to
undercooling stresses due to their lower membrane fluidity than single cells. Similarly,
undercooling sensitivity of different hiPSC-derived neuronal cell stages also inversely
correlate with their respective membrane fluidity. However, a synergistic formulation of
non-DMSO osmolyte-based cryoprotective agents (CPAs) can effectively reduce cell
sensitivity to undercooling otherwise manifested by DMSO, by strengthening the

hydrogen bonds with water and inhibiting intracellular ice. We find that hiPSC-derived



developmental stages with larger cell sizes require significantly slower cooling rates than
those with smaller cell sizes to avoid intracellular ice and consequent cell damages upon
fast cooling. The mechanisms of action of sucrose, glycerol, L-isoleucine, human serum
albumin, and poloxamer 188 are respectively examined. Their thermophysical interaction
with water, with each other, and biological interaction with cells act in concert to
optimize pre-freeze cell stability, post-thaw survival and function, producing cells
superior in quality and undercooling tolerability to those cryopreserved in DMSO-based

alternative formulations.

Learning the mechanisms of cryoinjury in cell forms and cell types that are challenging to
cryopreserve, as well as the mechanisms of cryoprotection by different CPAs under
different cooling rates and nucleation temperatures, allows us to target identifiable
problems with effective solutions. The outcome of this dissertation will bring empirical
perspectives into designs of cryopreservation strategy for hiPSCs and hiPSC-derived
neural crest cells, sensory neurons and present a potentially imitable approach for future

cryobiological studies of other hiPSC-based cell technologies.
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Chapter 1

Introduction

1.1 Motivation

Possessing the potential to represent patient-specific disease models and differentiate into
cells of all three germ layers!-2, human induced pluripotent stem cells (hiPSCs) are the
backbone of academic research and therapeutic endeavors in disease modeling*#, cell
therapy?, tissue engineering®8, and personalized medicine®!!. Since the discovery of
induced pluripotent stem cells 15 years ago, in vitro culture of an abundance of new cell
types and differentiation lineages has been enabled by advances in hiPSC research. As a
result, there has been an expanding need for cryobiological wisdom to accelerate the
translation and adaptation of prior cryopreservation methods to these rapidly emerging
cell forms. Based on databases such as Grantome and ClinicalTrials.gov, there were over
1000 federal funded projects and over 200 clinical trials ongoing in 2020, nearly doubled
since 2016. Equipped with translational knowledge and fit-for-purpose technologies,
cryopreservation can enable efficient clinical cell manufacturing and accessible medicine

to more patients worldwide.

The field of cryobiology has extensively studied the cell types at the front end of hiPSC-
based manufacturing processes, including somatic starting materials such as peripheral
blood mononuclear cells (PBMCs)!?-!# and fibroblasts'>!®, While cryobiological research
has touched on the cryopreservation of hiPSCs, the approaches have been limited to

either vitrification!”, which is restricted by its technical difficulty and low scalability, or
1



slow freezing and apoptosis inhibitor-based rescue of singularized hiPSCs!'®, which is
adopted from methodologies developed for single cells like lymphocytes and not suitable
for the multicellular nature of hiPSCs. In stem cell biology practices, hiPSC
cryopreservation has been challenged by loss of viability, function or pluripotency!*2!.
Tracing down the hiPSC-based cell manufacturing workflow, utilization of
cryopreservation has been reported in stem cell biology studies of hiPSC-derived cell
types such as cardiomyocytes and endothelial cells?>*. However, there is a lack of
cryobiological knowledge and scientific principles that would guide the formulation of
cryopreservation media, parametric requirements for freezing and thawing, mechanisms
of cryoinjury — whether and how they change from one cell type to another —in the

context of the growing variety of cell types in this dynamic and complex realm of hiPSC-

based manufacturing.

Summarizing these opportunities and challenges, this dissertation work will focus on
dissecting mechanisms of action involved in the freezing of hiPSCs and its difficulties
and developing a paradigm of effective non-DMSO cryoprotective agents and defined
quality metrics. Using hiPSCs as a model cell type in this cryobiological frontier, we will
learn of multicellular systems’ unique sensitivities. Tracing cryobiology along a given
differentiation lineage from hiPSCs, we will discover that a cell’s freezing behavior and
the source of its cryopreservation challenge change as it differentiates and matures, and

how the similarities and differences it carries can inform future cryopreservation designs.



1.2 Hypothesis and Aims

This research proposes to understand the mechanisms of damages in hiPSC aggregates
and differentiated cells during cryopreservation as well as the mechanisms of action of
different cryoprotective agents (CPAs). We hypothesize that cell sensitivity to cooling
rate and undercooling will differ by cell form and cell developmental stage, and that a
synergistic combination of multiple non-DMSO CPAs will provide superior
cryoprotection against freezing damages in cells compared to DMSO. The following aims

will be used to test these two hypotheses.

Aim 1 — Mechanisms of freezing damage in hiPSCs and hiPSC-derived neuronal
cells as elucidated by Raman spectroscopy and supported by cell-based fluorescence

assays.

Aim 1.1 — Characterize damage in hiPSC single cells versus multicellular aggregates

given different cooling rates.

In Chapter 4, large, small hiPSC aggregates and their single-cell counterparts will be frozen in a
simple 10% DMSO solution with cooling rate varied between -1, -3 and -10 °C/min, where
intracellular ice formation during freezing and post-thaw cell survival and function will be
analyzed using low-temperature Raman spectroscopy, membrane exclusion assay, cell

reattachment assay, apoptosis assay, and cytoskeleton imaging respectively.

Aim 1.2 — Characterize damage in hiPSC single cells versus multicellular aggregates

given different ice nucleation temperatures (undercooling).



In Chapter 4, parallel to Aim 1.1, hiPSC aggregates and their single-cell counterparts will be
frozen in the 10% DMSO solution subjected to varied degrees of undercooling by inducing ice
nucleation at -4 or -8 °C, where intracellular ice formation during freezing and post-thaw cell
survival and function will be analyzed using low-temperature Raman spectroscopy, membrane

exclusion assay, cell reattachment assay, apoptosis assay, and cytoskeleton imaging respectively.

Aim 1.3 — Compare damage by suboptimal cooling rate in hiPSC-derived neuronal cells

of different development stages.

In Chapter 7, day-5 neural crest cells, day-7 immature sensory neurons, and day-14 more mature
sensory neurons will be frozen in the optimized solution from Aim 3.1 with cooling rate varied
between -1, -3 and -5 “C/min, where intracellular ice formation, membrane partitioning, cell
shrinkage, and cytochrome C release will be analyzed during freezing and compared across the

three cell stages using low-temperature Raman spectroscopy.

Aim 1.4 — Compare damage by undercooling in hiPSC-derived neuronal cells of different

development stages.

In Chapter 7, parallel to Aim 1.3, day-5 neural crest cells, day-7 immature sensory neurons, and
day-14 more mature sensory neurons will be frozen in the optimized solution from Aim 3.1 with
ice nucleation induced at -4 or -8 °C, where intracellular ice formation, membrane partitioning,
cellular integrity, and cytochrome C release will be analyzed during freezing and compared

across the three cell stages using low-temperature Raman spectroscopy.

Aim 2 — Mechanisms of cryoprotection by CPA-CPA, CPA-water and CPA-cell

interactions as unveiled by Raman and assisted by other analytical chemistry



techniques.

Aim 2.1 — Analyze interfacial interactions of sucrose during freezing.

In Chapter 5, based on Jurkat cells as a simplified cell model, under constant cooling rate and
nucleation temperature (CRF parameters), the molecular concentration of sucrose in the
nonfrozen solution, the spatial distribution of sucrose at its interface with extracellular ice and
with cell, and the correlation between intracellular ice formation and extracellular sucrose

distribution will be analyzed during freezing using low-temperature Raman spectroscopy.

Aim 2.2 — Examine interactions of NADES with water and NADES with cells.

Also in Chapter 5, based on Jurkat cells, under constant CRF parameters, the morphology of ice
crystals and the strength of hydrogen bond in dilute trehalose-glycerol NADES will be analyzed
during freezing and compared with that in individual trehalose and glycerol solutions using low-
temperature Raman spectroscopy; the suppression and depression of ice crystallization in dilute
NADES of varying concentrations will be analyzed using differential scanning calorimetry (DSC)
and compared with a non-NADES solution containing trehalose and glycerol; cell recovery
immediately post-thaw and persistence over time in culture will be quantified using membrane

exclusion assay and compared to the non-NADES solution and a simple DMSO solution.

Aim 2.3 — Investigate the nature of cryoprotection by isoleucine and albumin.

In Chapters 5 and 6, based on Jurkat cells representing simpler cell forms and hiPSC aggregates
representing multicellular systems, under constant CRF parameters, changes in the morphology
of ice crystals, the suppression and depression of overall ice formation, and post-thaw cell

survival upon the addition, subtraction, or removal of isoleucine and albumin will be analyzed
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using a combination of low-temperature Raman spectroscopy, DSC, membrane exclusion and

reattachment assays respectively.

Aim 2.4 — Explore the effect of poloxamer 188 on water crystallization and cell adhesion.

In Chapters 5 and 6, based on hiPSC aggregates representing multicellular systems, changes in
the morphology of ice crystals, the suppression and depression of overall ice formation, post-CPA
exposure cell survival, and post-thaw cell adhesion upon the presence or absence of poloxamer
188 (P188) will be analyzed using a combination of low-temperature Raman spectroscopy, DSC,

and cell reattachment assay respectively.

Aim 3 — Translational development of a new DMSO-free method to cryopreserve

hiPSC aggregates.

Aim 3.1 — Optimize a multicomponent non-DMSO CPA solution using the DE algorithm.

In Chapter 6, under constant CRF parameters, a CPA formulation composed of sucrose, glycerol,
L-isoleucine, human serum albumin and P188 will be optimized for the highest post-thaw
reattachment of hiPSC aggregates using a differential evolution (DE) algorithm in a 1296-point
parameter space. Post-thaw survival, phenotypic and chromosomal stability of the optimally

cryopreserved hiPSCs will be examined upon freeze-thaw stress amplification cycles.

Aim 3.2 — Benchmark against standard DMSO solutions on undercooling sensitivity.

In Chapter 6, under a constant cooling rate but varied degrees of undercooling by ice nucleation
induced at -4 or -12°C, hiPSC aggregates cryopreserved in the optimized non-DMSO formulation

from Aim 3.1 will be benchmarked against a group of 4 different commonly used DMSO-based



CPA solutions, in terms of post-thaw reattachment and their change in response to undercooling.

Aim 3.3 — Establish requirements for basal buffer components.

In Chapter 6, under ambient environment, hiPSC aggregates will be collected in a basal buffer
upon the presence, exclusion or replacement of each key component. After introducing the
optimized non-DMSO CPAs from Aim 3.1 and incubating for 1 hour, cell reattachment will be

measured with or without freeze-thaw and compared between the basal buffer variants.

Aim 3.4 — Test the cryopreservation method optimized for hiPSCs on hiPSC-derived

neuronal cells.

In Chapter 7, day-5 neural crest cells, day-7 immature sensory neurons, and day-14 more mature
sensory neurons will be frozen in the optimized non-DMSO CPA solution from Aim 3.1 using
the best-case cooling rate and nucleation temperature from Aim 1.4, where the post-thaw
recovery, reattachment and function of each cell stage will be benchmarked against a DMSO-

based gold standard solution and examined in comparison with a fresh cell control.

In addressing these specific aims, we will understand why hiPSC aggregates are more
difficult to freeze than single cells, what factors influence the bankability of
differentiating cells, how non-DMSO CPAs like sucrose, glycerol, L-isoleucine and
poloxamer 188 act in concert to protect cells against cryopreservation stresses, and
whether our DMSO-free method improves post-thaw cell survival and function from the
DMSO-based standards. The outcome of this dissertation will bring empirical

perspectives into subsequent designs of the cells’ cryopreservation strategy and present a
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potentially imitable approach for future cryobiological studies of other hiPSC-derived

cellular technologies.



Chapter 2

Background

2.1 Human induced pluripotent stem cells

2.1.1 Pluripotent stem cells

Induced pluripotent stem cells (iPSCs) were discovered for the first time in 2006 by
Takahashi and Yamanaka?*, reprogrammed from mouse somatic fibroblasts using a
cocktail of four factors, Oct3/4, Sox2, c-Myc and Klf4. Exhibiting the properties of
embryonic stem cells (ESCs) yet not requiring the harvest of an embryo, hiPSCs are
much more readily obtainable and widened the possibilities of stem cell-based biological
research and therapeutic development®®. Consequently, the field of stem cell biology
exploded with new hiPSC clones of different species, different somatic tissue origins or
different reprogramming methods, as well as ever improving protocols differentiating

hiPSCs into specific tissue lineages and functional cell types.

Human induced pluripotent stem cells (hiPSCs) have been spotlighted in this field for
their ability to represent the genomic profile of particular patients or patient populations
and generate an in vitro model of the disease accelerating drug discovery and enabling
personalized medicine. It also has the potential to differentiate into any cell type of the
human body and serve as a “factory” of off-the-shelf cell products. Examples include
sensory neurons for pain management research?%, retinal pigment epithelium for macular

degeneration repair?’, and natural killer cells for cancer immunotherapy?®.



2.1.2 Cell culture modalities

hiPSCs are conventionally maintained and expanded in the form of 2D adherent cultures,
where they adhere onto a fibroblast feeder cell monolayer or an ECM-coated surface and
grow as compact colonies made of tens to thousands of cells. A chemically defined
formulation named E8 was developed by the Thomson group in 2011 for the culture of
hiPSCs and has since been one of the most widely used pluripotent stem cell media®°.
Subculture of adherent hiPSCs requires dissociating the cells from the ECM into 2D
multicellular aggregates (or clusters), most commonly using non-enzymatic chelating
agents such as ethylenediaminetetraacetic acid (EDTA) that sequesters the calcium and
magnesium ions*’. The cell-cell adhesion between hiPSCs is partially preserved, whereas

the cell-ECM adhesion is disrupted and reestablished per passage in this culture modality.

Alternative to 2D adherent culture, 3D suspension culture of hiPSCs has recently gained
popularity due to its scalability demanded by preclinical and clinical cell productions?!
and its suitability for subsequent generation of organoids®? and differentiated cell
spheroids??. Cells form 3D spherical aggregates with diameters ranging from 30 to 300
um, where an aggregate larger than 300 pm would suffer oxygen depletion and apoptosis
at its center, and that an ideal aggregate size may be determined to maximize the directed
differentiation efficiency®*. Subculture of 3D suspension hiPSCs is typically achieved by
breaking up larger aggregates into smaller aggregates via gentle shear flow, where cell-
ECM dissociation is not relevant. hiPSCs from 3D suspension culture may also be

replated into 2D adherent cultures on an ECM-coated surface for downstream
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applications.

2.1.3 Non-cryopreservation stresses and abnormality

Like other types of stem cells and progenitor cells (e.g., mesenchymal stromal cells,
MSCs), hiPSCs are prone to spontaneous differentiation in culture due to, for example,
suboptimal colony size and density, overgrowth, insufficient growth factors (e.g., mis-
formulated or expired media), and excessive stress during passaging®. Interventions such
as hypoxia (i.e., < 5% instead of 21% 0,)*¢ and hypothermia (i.e., 35 instead of 37°C)*’
have been used in culture to reduce the occurrence of spontaneous differentiation. While
hiPSCs possess the potential to self-renew indefinitely, the phenotype and karyotype of
hiPSCs in reality can drift within several passages. Trisomy 21 is a common
chromosomal abnormality found in hiPSCs and amplified by prolonged hiPSC cultures,
as a result of apoptosis-inducing cell stresses (e.g., suboptimal cryopreservation) that
have given selective advantage to the survival and proliferation of this subpopulation

overexpressing anti-apoptotic genes®s,

In 2D and 3D hiPSC aggregates, neighboring cells are adhered to each other via E-
cadherin. E-cadherin-mediated cell-cell adhesion is pivotal for the self-renewal and
pluripotency of these pluripotent stem cells. Loss of this cell-cell adhesion can lead to
ROCK activation-mediated apoptosis and spontaneous differentiation, and ROCK
inhibitors are required to prevent apoptosis of singularized hiPSCs**#°. Therefore, for

hiPSCs and other multicellular systems that rely on cell-cell adhesion for survival and
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function, preservation of the cell-cell contact is critical in their manipulation including

cryopreservation.

2.1.4 Existing post-thaw cell metrics

In order to quantify the outcome of cryopreserved cells, a variety of post-thaw metrics
have been used in literature. The most common metric is post-thaw cell viability, defined
as the percent population of viable cells post-thaw among total cell population post-thaw,
where viable cells are determined by the exclusion of a charged dye Trypan Blue*!. The
calculation of post-thaw viability neglects to account for any cell loss by lysis, as it is
based on the counting of visible, morphologically intact cells. Despite its popularity, the
use of Trypan Blue is not appropriate for cryopreserved cells, frequently underestimating
or overestimating the viable cell count, due to high background noise and arbitrary

thresholding*?.

Post-thaw cell recovery is a modified version of post-thaw cell viability. It is defined as
the percent population of viable cells post-thaw divided by viable cells pre-freeze®.
Accounting for cell lysis, it is more conservative in estimating the survival of cells
through cryopreservation. The combination of acridine orange (AO) and propidium
iodide (PI) is an improved alternative to Trypan Blue, where green and red fluorescence
provides a binary distinction between viable and non-viable cells. However, based on
membrane exclusion alone, neither methods account for other mechanisms of freezing

damage that do not result in increased permeability of the plasma membrane to the
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molecular dye of interest*.

Post-thaw cell apoptosis can be quantified using a fluorescent caspase antibody like FAM
FLICA combined with a membrane exclusion dye like 7-AAD*. The live (double-
negative), early apoptotic (FLICA-positive), late apoptotic (double-positive) and necrotic
(7-AAD-positive) subpopulations are distinguished using flow cytometry. In addition,
other characteristic markers specific to the cell type of interest or a metabolic dye like

esterase-based Calcein AM may be used to identify live cells.

Post-thaw cell reattachment has gained utility in recent years to quantify the survival of
cryopreserved adherent cells like MSCs*. After thawing, cells are washed by
centrifugation and inoculated into 2D adherent culture. Upon undisturbed incubation at
37 °C for several hours until cell adhesion is established (e.g., 4 hours for MSCs), the
culture is washed to remove non-adherent cells, stained using a metabolic viability dye
like Calcein AM, and measured for fluorescence intensity using a microplate reader. A
control curve may be established to correlate the fluorescence intensity with an exact cell
count. Alternatively, a positive control group may be used, where fresh cells of
equivalent quantity are collected and inoculated back into 2D adherent culture. This
metric captures the preservation of viable, functionally adherent cells and potential

freezing damage of subcellular components like the cytoskeleton.

2.2 Existing hiPSC cryopreservation methods and problems
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Currently, the cryopreservation of hiPSCs involve either direct vitrification of the 2D

adherent culture or slow freezing of dissociated single cells and aggregates.

2.2.1 Vitrification

Vitrification is a freezing modality commonly used to preserve organs*’, oocytes and
embryos*® in a glass-like state, avoiding crystallization altogether, and achieved by rapid
cooling up to -100,000 “C/min. Despite high post-thaw survival of vitrified cells up to
100%, vitrification is technically challenging and prone to failure during cryogenic
storage and warming®’. To our knowledge, there has been one report of the vitrification
of hiPSCs. Cells are inoculated onto a so-called TWIST substrate inside a specialized
multi-chamber culture vessel, and the 2D adherent culture is vitrified by injection of
liquid nitrogen into the chamber adjoining the culture chamber by the TWIST substrate!”.
This TWIST method enables the single-containment culture, cryopreservation, and re-

culture of hiPSCs without dissociation. However, similar to other vitrification methods,

the vitrification of hiPSCs lack scalability, limiting its utility in translational settings.

2.2.2 Slow freezing - passive freezing

Alternative to vitrification, slow freezing is a modality that utilizes cooling rates typically
between -0.5 and -50 “C/min and lower concentrations of CPA aimed to achieve
crystallization of extracellular water and partial glass transition of cells and nonfrozen
solution between ice. Background on CPA formulation used for hiPSC cryopreservation

will be introduced in section 2.4. Slow freezing of hiPSCs in literature is achieved by
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primarily passive freezing™ rather than controlled rate freezing. Cryogenic vials of
dissociated hiPSCs are placed in an insulative secondary container or passive freezing
device like CoolCell (Biocision) or Mr. Frosty (ThermoFisher Scientific) and cooled
inside a -80°C mechanical freezer overnight before being transferred into cryogenic
storage. Compared to controlled rate freezing, passive freezing subject cells to cooling
rates that change over time, spontaneous ice nucleation, and environmental fluctuations

inside the freezer, likely suffering poor and highly irreproducible post-thaw cell outcome.

2.2.3 Single cell freezing and apoptosis inhibitor

While there has been a report of ESC aggregates cryopreserved by passive freezing’!,
fewer than 30% of the cell population was found viable and adherent in the post-thaw
culture. This method had yet to demonstrate superior post-thaw cell survival. More
studies cryopreserved ESCs and hiPSCs in the form of single cells and inoculated the
post-thaw cultures using ROCK inhibitor Y-27632 to counteract cell-cell dissociation-

induced apoptosis®!—?

. The cryopreservation of hiPSCs as single cells is compatible with
downstream differentiation protocols that require singularized hiPSCs as the starting
material. However, masking underlying damages with apoptosis inhibitor is not a long-
term solution for the advancement of multicellular system cryopreservation, where an

effective method that not only enables high post-thaw cell survival but also preserve the

natural multicellular form and function will be necessary.

2.3 Controlled rate freezing
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As mentioned in section 2.2, controlled rate freezing is a slow freezing method with
higher controllability and reproducibility than passive freezing, and better usability and
scalability than vitrification. Cooling rate and ice nucleation temperature are two main

parameters controlled by this method and contributing to cryoprotection of cells®.

2.3.1 Cooling rate

It has been postulated that cooling rate acts to balance the dehydration of cells and the
inhibition of intracellular ice formation®>¢. As temperature decreases during cooling, ice
crystals form and grow in the extracellular space, removing water from nonfrozen
solution and increasing the extracellular solute concentration in the nonfrozen space
between ice. While slow cooling rates promote exosmosis and dehydrate the cell
potentially beyond its minimum tolerable cell volume causing subcellular and membrane
damage, slow cooling rates prevent ice formation in the highly dehydrated cytoplasm. On
the other hand, while fast cooling rates may not allow sufficient time for exosmosis
resulting in intracellular ice formation, they reduce the extent of cellular dehydration and

related stresses.

It has also been demonstrated that cells of different sizes respond to the effect of cooling
rate differently”’. Larger cells have lower surface-to-volume ratio and thus less efficient
exosmosis during freezing. Compared to smaller cells, they require a slower maximum
cooling rate in order to avoid intracellular ice. While the correlation between post-thaw

cell survival and cooling rate would resemble an inverted “U” shape, due to the balance
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between cell dehydration and intracellular ice inhibition, the correlation between cell size
and optimal cooling rate would likely shift this inverted “U” curve towards slower

cooling rates for larger cells and faster cooling rates for smaller cells.

2.3.2 Undercooling

The effect of different ice nucleation temperatures have been examined in literature given
a certain cooling rate. The nucleation of ice crystals is a stochastic event that is
distributed across a range of temperatures. Undercooling, also known as supercooling, is
the process of decreasing sample temperature below its freezing point without
solidification. The lower the ice nucleation temperature, the greater the degree of
undercooling. It has been postulated in literature that as cell membrane permeability to
water decreases with temperature, the efficiency of exosmosis also decreases, and as a
result, the likelihood of intracellular ice increases>*. Therefore, it is desirable to minimize
undercooling and prevent intracellular ice by maximizing the temperature of ice

nucleation allowed by the sample’s thermophysical property.

Two main categories of methods to control ice nucleation temperature include seeding of
a sample and addition of a nucleating agent. Seeding here refers to seeding (or induced

nucleation) of ice crystals and is to be distinguished from seeding (or inoculation) of cell
culture. Methods of seeding include (a) electromagnetic perturbations®, which has yet to
be applied to cell cryopreservation, (b) mechanical perturbation (e.g., shaking and hitting

of a cryogenic vial), which is difficult to standardize and scale, (c) rapid withdrawal of
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heat via programmed temperature ramp of a controlled-rate freezer, which is most widely
used in industrial-scale cell cryopreservation, and (d) direct contact by a chilled object,
which is commonly used in oocyte slow freezing>*. Nucleating agents include (a) silver
and mercuric iodide>”®, (b) diamond, gold and other metal nanoparticles®!, (c) bacteria®
and microbial-derived proteins (e.g., Snowmax)%, (d) mineral beads (i.e., IceStart,
Asymptote)!*%4, and (e) crystalline cholesterol®-%7, in descending order of cytotoxicity

concerns and ascending order of current utility in cell cryopreservation.

2.4 Cryoprotective agents

2.4.1 DMSO

Dimethyl sulfoxide (DMSO), a byproduct of paper making, was originally used as a
solvent in the mid 1800s and is still widely used to dissolve a variety of polar and
nonpolar compounds including proteins in cell biology laboratories. The use of DMSO in
cell cryopreservation was first reported in the 1950s° and has since been the gold
standard®. As an organic solvent with colligative properties, DMSO suppresses and
depresses ice formation in aqueous solutions. With relatively low molecular weight,
DMSO is a cell-penetrating CPA that can inhibit intracellular ice formation given the
appropriate cooling rate and ice nucleation temperature. Cryoprotection may be improved

upon combination with non-penetrating CPAs such as trehalose’.

On the other hand, DMSO also exhibits cytotoxicity and causes safety concerns around

its infusion as part of cell therapies. Studies have demonstrated that exposing mammalian
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cells to DMSO can reduce cell proliferation’!, induce apoptosis by disintegrating the
mitochondrial and plasma membrane’?, alter gene expression on a RNA and microRNA
level, and cause genomic changes by disrupting DNA methylation mechanisms*®73,
Preclinical and clinical investigations have reported toxic effects of DMSO in animals
and human patients, including decreased cell respiration and subsequent cell death within
minutes of contact’* and adverse events ranging from nausea, vomiting, fever, to

hypertension, anaphylaxis, and seizure”"’.

2.4.2 Non-DMSO osmolytes

To minimize the cytotoxicity of DMSO, alternative CPAs have been developed, reducing
the concentration of DMSO used or replacing DMSO altogether. These non-DMSO
CPAs include anti-freeze peptides and glycopeptides (AFPs) inspired by animals like the

80,81, and

arctic fish’®7, osmolytes inspired by trees that naturally survive frozen winters
synthetic polymers such as polyvinyl alcohol®? and ficoll>!#3, Examples of non-DMSO
osmolytes found effective in the cryopreservation of mammalian cells include sugars like
sucrose, trehalose, sugar alcohols like glycerol, and amino acids like L-isoleucine and
creatine. While the use of AFPs have been limited to research applications, yet to be
proven safe for infusion as an excipient of cell-based therapies, osmolytes are Generally
Recognized as Safe (GRAS) and readily suitable for use in clinical manufacturing and
cryopreservation. In contrast to the cryoprotective mechanism of DMSO that dehydrates

cells and spatially decouple water from the surface of subcellular macromolecules, non-

DMSO osmolytes incorporate into the hydrogen bond network of water and globally alter
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the properties of the intermolecular system34, inhibiting ice formation while preserving
cell integrity. Statistical modeling of these CPAs recently found an interactive effect
between sucrose and glycerol and between glycerol and isoleucine, only at a particular
concentration, that correlated with superior post-thaw cell survival, whereas the
interaction between sucrose and a different sugar alcohol, mannitol, inversely correlated

with post-thaw cell survival®>-8¢,

2.4.3 Optimization by differential evolution algorithm

Given the diversity of non-DMSO CPAs and limited understanding of their complex
mechanisms of action, formulating an effective CPA cocktail currently requires screening
to identify the appropriate molecules for each cell type and their cytotoxicity limit, as
well as subsequent optimization to determine the best concentration of each molecule in
this molecular combination. Existing methods of optimization include (a) high-
throughput carpet bombing, which tests all possible scenarios of the parameter space and
is most resource intensive, (b) trial and error, which lacks systematic transfer of learning
and is most inefficient, (¢) design of experiment (DOE) and its variant methods, which
assume a unimodal effect of each parameter without interaction between parameters and
are not suitable for complex, interactive parameter spaces, and (d) differential evolution
(DE) algorithm, which do not build upon these assumptions but stochastic direct search
iterated through each generation of experimentation and has been proven not only
efficient but accurate at locating the parametric optimum in recent cryobiological

studies®”88.
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2.5 Raman spectroscopy

Much of the text and figures in this section have previously appeared in the publication below,

included here with copyright permission from Springer Nature.

Yu G, Li R and Hubel A. Chapter 14 — Raman Cryomicroscopic Imaging and Sample Holder for
Spectroscopic Subzero Measurements. Methods in Molecular Biology: Cryopreservation and
Freeze-Drying Protocols. Fourth edition. W.F. Wolkers and H. Oldenhof (Eds.). 2021. Springer
Nature. 2180, 351-361.

Current theories of cell freezing damage were developed in the 1960s. Darkening of the
cell observed by conventional cryomicroscopy at a low temperature has been associated
with formation of ice crystals inside the cell, which leads to cell death®. The fundamental
knowledge of the mechanism of cell freezing damage has not changed in the intervening
more than 50 years; however, the tools available to interrogate cell freezing responses
have evolved greatly. A previous study in our lab has utilized low-temperature Raman
spectroscopy to verify the presence of ice inside a frozen cell and illustrate the
partitioning of dimethyl sulfoxide (DMSO) across the cell membrane at a low
temperature for the first time”’. The high spatial resolution of Raman microscopy also
allows us to investigate the freezing damage imposed to subcellular structures such as
mitochondria”, granting us a better understanding of the mechanism of cell damage

during freezing.

Raman scattering is based on the interaction between a monochromatic light with

molecular vibrations. It was first discovered by C.V. Raman in liquids in 1928°2, and two
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years later Raman won the Nobel Prize in Physics for his outstanding contributions.
During Raman scattering, molecules are excited to the short-lived higher energy levels
through direct absorption of a photon from the incident monochromatic light. The excited
molecules can further scatter a photon and return to the stable energy levels. Elastic
Raman scattering refers to the situation in which the energy of scattered photons is
different from that of absorbed photons. Raman spectra plots the intensity of the scattered
light as a function of its frequency difference to the incident light, and Raman imaging
generates false-color images of component distribution by acquiring and interrogating
Raman spectra at every pixel of the image. In reality, Raman scattering is a rare
phenomenon with an extremely low probability of occurrence. As a result, many
advanced techniques are being developed to enhance Raman signal intensity, such as
surface enhanced Raman spectroscopy (SERS), Resonance Raman spectroscopy and

simulated Raman spectroscopy (SRS)%.

Raman spectroscopy has been widely used for characterizing biological materials, as
Raman spectra and images provide plentiful information of the material®*. Furthermore,
Raman bioanalysis is non-invasive and non-destructive to the sample and requires little
effort of sample preparation®. A review of applications of Raman spectroscopy in single
cell analysis has been published by Huser and colleagues®®, and examples of common
applications include identification of cells’, drug-cell interaction®®, and discrimination
between healthy and unhealthy cells®. Recently, Raman spectroscopy is emerging as a

powerful technique for characterizing the freezing responses of cells cryopreserved in
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various cryoprotectants®’, defining morphology and size of ice crystals formed in

different freezing solutions’®-85:190

, as well as analyzing phase compositions of complex
frozen samples!?192 In this dissertation, we will demonstrate the manner by which low-
temperature Raman spectroscopy can be employed to analyze multicellular aggregates as

well as single cells during freezing and to reveal the mechanisms of damage in cells and

mechanisms of action of CPAs.
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Chapter 3

Methods

3.1 Materials and equipment

Table 1 lists all materials described in the following methods section, along with

associated abbreviations and manufacturer information. All products are from the United

States unless otherwise indicated.

Table 1. Materials

Chapter(s) | Material Details Abbreviation | Manufacturer/ location
4 | Accutase Innovative Cell Technologies/
San Diego, CA
4 | Camptothecin AdipoGen Life Sciences/ San
Diego, CA
4 | Essential 8 Essential 8, E8 | ThermoFisher Scientific/
medium Waltham, MA
4 | FAM-FLICA Immunochemistry
Poly Caspase Technologies/ Bloomington,
Assay Kit MN
4 | Hoechst 33342 Invitrogen - ThermoFisher
Scientific/ Waltham, MA
4 | Matrigel hESC-qualified, Corning/ Corning, NY
LDEV-free
4 | Rhodamine R415 Invitrogen - ThermoFisher
phalloidin Scientific/ Waltham, MA
4,5 | Via-Probe 7- 7-AAD BD Biosciences - BD/ East
aminoactinomycin Rutherford, NJ
D
4,5,6 | ReLeSR STEMCELL Technologies/
Vancouver, Canada
4,5,6,7 | Acridine orange AO MilliporeSigma/ Burlington,
MA
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4,5,6,7 | Calcein AM C1430 Invitrogen - ThermoFisher
Scientific/ Waltham, MA
4,5,6,7 | Costar 6-well 6-well plate Corning/ Corning, NY
Clear TC-treated
Multiple Well
Plate
4,5,6,7 | Dimethyl DMSO ThermoFisher Scientific/
sulfoxide Waltham, MA or
MilliporeSigma/ Burlington,
MA
4,5,6,7 | Nunc CryoTubes ThermoFisher Scientific/
Waltham, MA
4,5,6,7 | Propidium iodide PI MilliporeSigma/ Burlington,
MA
4,5,6,7 | TeSR-E8 medium TeSR-ES8, E8 STEMCELL Technologies/
Vancouver, Canada
4,6 | Anti-Oct-4 MAB4401 OCT4 MilliporeSigma/ Burlington,
antibody MA
4,6 | BD Accuri C6 BD Biosciences - BD/ East
flow cytometer Rutherford, NJ
4,6,7 | Alexa Fluor 488- | A-21202 Invitrogen - ThermoFisher
conjugated Scientific/ Waltham, MA
donkey anti-
mouse IgG
4,6,7 | Alexa Fluor 555- | A-21432 Invitrogen - ThermoFisher
conjugated Scientific/ Waltham, MA
donkey anti-goat
IeG
4, 6,7 | Bovine serum Prometheus Genesee Scientific/ San
albumin Protein Biology Diego, CA
Products, 25-529
4,6,7 | DAPI ThermoFisher Scientific/
Waltham, MA
4,6,7 | MycoAlert PLUS | LT07-701 Lonza/ Walkersville, MD

detection kit
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4, 6,7 | Paraformaldehyde ThermoFisher Scientific/
Waltham, MA
4,6, 7 | Triton X-100 X100-100mL MilliporeSigma/ Burlington,
MA
4,6,7 | Tween-20 P7949-100mL MilliporeSigma/ Burlington,
MA
4,7 | Accumax Innovative Cell Technologies/
San Diego, CA
5 | Fetal bovine Qualified FBS Gibco - ThermoFisher
serum Scientific/ Waltham, MA
5 | FTA Sample ATCC/ Manassas, VA
Collection Kit
5 | High-glucose 30-2001 RPMI ATCC/ Manassas, VA
RPMI-1640
5 | Human anti-CD3 | PE-Cy7 BioLegend/ San Diego, CA
5 | Jurkat cells Clone E6-1 Jurkat ATCC/ Manassas, VA
5 | Vybrant FAM Invitrogen - ThermoFisher
Poly Caspases Scientific/ Waltham, MA
Assay Kit
5,6 | Aluminum pan hermetically DSC Consumables/ Austin,
sealed lid MN
5, 6 | Normosol-R Hospira/ Lake Forest, IL
5, 6,7 | Corning 96-well 96-well plate Corning/ Corning, NY
Flat Clear Bottom
Black Polystyrene
TC-treated
Microplate
5,6,7 | Glycerol USP grade G, Gly Humco/ Texarkana, TX
5, 6,7 | Hank’s Balanced HBSS Lonza/ Walkersville, MD
Saline Solution
with Ca2+, Mg2+
and glucose
5, 6,7 | Human serum Albutein A, HSA Grifols/ Los Angeles, CA
albumin
5,6,7 | L-isoleucine ACS reagent or I, isoleucine MilliporeSigma/ Burlington,
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PharmaGrade

MA

5,6,7 | MEM non- 100x NEAA MilliporeSigma/ Burlington,
essential amino MA
acids
5, 6,7 | Poloxamer 188 USP grade P, P188 Spectrum Chemical/ Gardena,
CA
5,6,7 | Sodium HCOs MilliporeSigma/ Burlington,
bicarbonate MA
5,6,7 | Sucrose ACS reagent or S MilliporeSigma/ Burlington,
PharmaGrade MA
5, 6,7 | Vitronectin recombinant VTN Peprotech/ Cranbury, NJ
human
6 | BAMBanker B.hRM LYMPHOTEC Inc./ Japan
hRM Cell
Freezing Media
6 | HANDI1 MAS5-25494 HANDI1 Invitrogen - ThermoFisher
monoclonal Scientific/ Waltham, MA
antibody
(OTI1G10)
6 | Human MAB20851 Brachyury R&D Systems - Bio-Techne/
Brachyury Minneapolis, MN
antibody
6 | Human HNF-3 AF2400 FOXA2 R&D Systems - Bio-Techne/
beta /FoxA2 Minneapolis, MN
antibody
6 | Human Nanog AF1997 NANOG R&D Systems - Bio-Techne/
antibody Minneapolis, MN
6 | Human SOX17 AF1924 SOX17 R&D Systems - Bio-Techne/
antibody Minneapolis, MN
6 | Pax6 antibody PAX6 DSHB
6 | STEMdiff STEMCELL Technologies/
trilineage Vancouver, Canada
differentiation kit
6 | Trehalose ACS reagent or T MilliporeSigma/ Burlington,
PharmaGrade MA
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6 | Type T FEP insulation McMaster-Carr/ Elmhurst, IL
thermocouple and jacket
6 | Anti-human 60091 STEMCELL Technologies/
Nestin antibody Vancouver, Canada
6,7 | Alexa Fluor 647 A-31573 Invitrogen - ThermoFisher
donkey anti- Scientific/ Waltham, MA
rabbit IgG
6,7 | Cryostor 10 Cell CS10 BioLife Solutions/ Bothell,
Freezing Medium WA
6,7 | mFreSR mFreSR STEMCELL Technologies/
Cryopreservation Vancouver, Canada
Medium
6,7 | Versene ThermoFisher Scientific/
Waltham, MA
7 | Anti-SOX9 AB5535 SOX9 MilliporeSigma/ Burlington,
antibody MA
7 | Anti-Tubulin MAB1637 TUJ1 MilliporeSigma/ Burlington,
antibody MA
7 | Calbryte 520 AM | 20651 AAT Bioquest/ Sunnyvale,
CA
7 | Costar 6-well 12-well plate | Corning/ Corning, NY
Clear TC-treated
Multiple Well
Plate
7 | DMEM/F12 DMEM/F12 Gibco - ThermoFisher
media Scientific/ Waltham, MA
7 | Human SOX10 AF2864 SOX10 R&D Systems - Bio-Techne/
antibody Minneapolis, MN
7 | Membrane ab189819 Abcam/ Cambridge, United
Fluidity Kit Kingdom
7 | Potassium P5405 KCl1 MilliporeSigma/ Burlington,
chloride MA
7 | PowerLoad P10020 ThermoFisher Scientific/
Concentrate Waltham, MA
7 | Rabbit polyclonal | NB300137 PRPN Novus Biologicals/ Littleton,
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anti-Peripherin CO
antibody
7 | Senso-DM 7007 Anatomic Incorporated/
Minneapolis, MN
7 | Senso-MM 7008 Anatomic Incorporated/
Minneapolis, MN
7 | Tetrodotoxin 00061 TTX Biotium/ Fremont, CA
7 | Veratridine 2918 Tocris - Bio-Techne/
Minneapolis, MN

Table 2 lists all equipment described in the following methods section, along with

manufacturer information and physical location where the equipment was used. All

products are from the United States unless otherwise indicated.

Table 2. Equipment
Chapter(s) | Equipment Details Location used Manufacturer/ location
4,5, 6 | Microplate reader Synergy HT Bischof Lab BioTek/ Winooski, VT
4,5,6,7 | 100x air objective NA 0.90 CharFac Nikon Instruments,
Melville, NY
4,5,6,7 | 37°C water bath Hubel Lab
4,5,6,7 | Controlled-rate Kryo 560-16 Hubel Lab Planer/ Middlesex, United
freezer Kingdom
4,5,6,7 | Cryogun Hubel Lab Brymill/ Ellington, CT
4,5,6,7 | CryoPod Carrier Hubel Lab BioCision - Brooks Life
Sciences/ Chelmsford, MA
4,5, 6,7 | Four-stage Peltier TEC4-97-49- Hubel Lab Thermonamic/ Nanchang,
17-7-05 Jiangxi, China
4,5, 6,7 | Hemocytometer Bright-Line Hubel Lab Hausser Scientific/
Horsham, PA
4,5,6,7 | Optical power meter Hubel Lab Thorlabs/ Newton, NJ
4,5,6,7 | Series 800 Hubel Lab Alpha Omega Instruments/
temperature Houston, TX
controller
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4,5,6,7 | ThawSTAR Hubel Lab BioCision - Brooks Life
Sciences/ Chelmsford, MA
4,5,6,7 | WITec Confocal Alpha 300R CharFac WilTec/ Ulm, Germany
Raman Microscope
5 | BD FACSCanto UFCR BD Biosciences - BD/ East
Clinical Flow Rutherford, NJ
Cytometry System
5 | OSMETTE Hubel Lab Precisions Systems/ Natick,
osmometer MA
5,6 | Aluminum pan Hubel Lab DSC Consumables/ Austin,
MN
5, 6 | TA Differential CEMS Polymer TA Instruments/ New
Scanning Characterization | Castle, DE
Calorimeter Q1000 Facility
6 | -80°C mechanical Hubel Lab So-Low Environmental/
freezer Cincinnati, OH
6 | CoolCell Hubel Lab BioCision - Brooks Life
Sciences/ Chelmsford, MA
6 | DI-245 USB Hubel Lab DATAQ Instruments/
Thermocouple Data Akron, Ohio
Acquisition system
6 | pH meter @ 300 Series Hubel Lab Beckman Coulter/ Brea,
CA
6,7 | 10x air objective NA 0.25 Dutton Lab Leica Microsystems/
Buffalo Grove, IL
6,7 | Cytation 1 cell Dutton Lab BioTek/ Winooski, VT
imaging multi-mode
reader
6,7 | DFC365FX camera Dutton Lab Leica Microsystems/
Buffalo Grove, IL
6,7 | Leica DMI6000B Dutton Lab Leica Microsystems/
microscope Buffalo Grove, IL
6,7 | Microplate reader Synergy HTX | Hubel Lab BioTek/ Winooski, VT

Table 3 lists all software described in the following methods section, along with
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developer information and physical location where the software was used. All products

are from the United States unless otherwise indicated.

Table 3. Software

Chapter(s) | Software Details Location used Developer/ location
4,5,6,7 | Gen5 Software Dutton Lab BioTek/ Winooski, VT
4,5,6,7 | WITec Control CharFac WiITec/ Ulm, Germany
4,5,6,7 | WITec Project Hubel Lab WiITec/ Ulm, Germany

FOUR
4,6,7 | FIII versions 2.0.0 Hubel Lab National Institutes of
through 2.1.0 Health/ Bethesda, MD
5,6 | TA Universal Hubel Lab TA Instruments/ New
Analysis Software Castle, DE
6,7 | MATLAB versions 2015b Hubel Lab MathWorks/ Natick, MA
through 2020b
7 | GeoDa Hubel Lab University of Chicago/
Chicago, IL

3.2 Cell culture

3.2.1 Induced pluripotent stem cell culture

Two human induced pluripotent stem cell (hiPSC) lines, respectively DF-19-9-11! and

UMN PCBC16iPS!%, were used in different projects of this dissertation. The cells were

cultured as 2D adherent colonies on Matrigel (hESC-qualified, LDEV-free, Corning) or

recombinant human vitronectin (Peprotech) in TeSR-E8 medium (STEMCELL

Technologies) or Essential § medium (ThermoFisher Scientific) in a 37 °C incubator at

5% COz. Cultures were kept below 75% confluence. Cells were passaged every 4 days as

multicellular aggregates using enzyme-free dissociation reagent ReLeSR (STEMCELL

Technologies) or Versene (ThermoFisher Scientific) at a split ratio of 1:16. Cultures were
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routinely tested for mycoplasma using the MycoAlert PLUS detection kit (Lonza, LT07-

701) and karyotyped using G-banding at a 400-band resolution.

3.2.2 Jurkat cell culture

Jurkat cells (ATCC, TIB-1522) were cultured in high-glucose RPMI-1640 (Gibco)
supplemented with 10% fetal bovine serum (Qualified, Gibco). The cell concentration
was maintained between 1x10° and 3x10° cells/ml. The passage number was maintained
between 8 and 25. Cell line identification was done by Short Tandem Repeat (STR)

through ATCC using the FTA Sample Collection Kit (ATCC).

3.2.3 Sensory neuron differentiation

hiPSCs were differentiated into sensory neurons using a commercially available kit
(Senso-DM, Anatomic Incorporated, 7007) and further matured (Senso-MM, Anatomic
Incorporated, 7008) per the manufacturer’s instructions. Briefly, hiPSCs were passaged
as 3 to 10-cell aggregates using Versene at a split ratio of 1:20 onto Matrix 1. 24 hours
later, cultures were exposed to the first of a series of Senso-DM formulations, with
subsequent formulations applied daily for one week total. The differentiated cells were
dissociated and replated onto Matrix 3 and allowed to mature in Senso-MM media for
another 7 days with half media exchange every two days. Three different stages of
neuronal cells were selected for this investigation on the cryobiological change along this
hiPSC-derived lineage. They were respectively the intermediate SOX9-, SOX10-positive,

TUJ1-negative neural crest cells obtained on day 5 of this protocol, the fully
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differentiated but immature TUJ1-, PRPH-positive sensory neurons obtained on day 7,

and the electrophysiologically active and more mature sensory neurons.

3.3 Immunocytochemistry

The immunocytochemistry methods described below share the same procedures of
fixation, permeabilization, blocking, primary and secondary antibody staining. Cultures
were fixed in 3.7% paraformaldehyde (Fisher Scientific) for 10 minutes, permeabilized in
0.2% Triton X-100 (MilliporeSigma, X100-100mL) for 10 minutes, and incubated
overnight at 4 °C with primary antibodies diluted in a blocking buffer containing 1%
bovine serum albumin (Prometheus Protein Biology Products, 25-529) and 0.1% Tween-
20 (MilliporeSigma, P7949-100mL). The cultures were subsequently washed twice with
the blocking buffer and incubated for 2 hours with secondary antibodies. DAPI (1:1000,
ThermoFisher Scientific) or Hoechst 33342 (1:1000, Invitrogen) was added for 30
minutes before washing twice in DPBS. Negative controls included unstained cultures
and positively stained cultures known not to express the antigens of interest. Stained

cultures were imaged using a Leica DMI6000B microscope and a DFC365FX camera.

3.3.1 Phenotyping of fresh and cryopreserved hiPSCs

Co-expression of two transcription factors were used to characterize hiPSC cultures for
their pluripotency, whether fresh or cryopreserved and thawed. Primary antibodies used
include OCT4 (1:250, Millipore, MAB4401) and NANOG (1:100, R&D System:s,

AF1997). Secondary antibodies used include Alexa Fluor 488-conjugated donkey anti-
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mouse IgG (1:1000, Invitrogen A-21202) and Alexa Fluor 555-conjugated donkey anti-
goat IgG (1:1000, Invitrogen, A-21432). Quantification of the total population stained
with DAPI and of population proportion co-expressing OCT4 and NANOG was

performed using FIJI via automatic binary thresholding and boundary recognition.

3.3.2 Actin filament staining of fresh and cryopreserved hiPSCs

Spatial distribution of f-actin filaments were used to characterize the cytoskeletal health
versus damage of hiPSC cultures, whether fresh or cryopreserved and thawed. TRITC-
conjugated primary antibody, rhodamine phalloidin (1:1000, R415, Invitrogen). In
addition, Hoechst 33342 was used in place of DAPI to counterstain the cultures and

detect chromatin condensation.

3.3.3 Phenotyping of fresh and cryopreserved neural crest cells

Co-expression of two neural crest transcription factors and absence of a terminal neuron
marker were used to characterize neural crest cells for their progenitor state in the
developmental path, whether fresh or cryopreserved and thawed. Primary antibodies used
included SOX9 (1:1000, MilliporeSigma, AB5535), SOX10 (1:100, R&D System:s,
AF2864), and TUJI1 (1:500, MilliporeSigma, MAB1637). Secondary antibodies used
included Alexa Fluor 488-conjugated donkey anti-mouse IgG (1:1000, Invitrogen A-
21202), Alexa Fluor 555-conjugated donkey anti-goat IgG (1:1000, Invitrogen, A-
21432), and Alexa Fluor 647 donkey anti-rabbit IgG (1:1000, Invitrogen, A-31573).

Quantification of the total population stained with DAPI and of population proportion co-
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expressing SOX9 and SOX10 but not TUJ1 was performed using FIJI via automatic

binary thresholding and boundary recognition.

3.3.4 Phenotyping of fresh and cryopreserved sensory neurons

Co-expression of a neuron-specific marker and a peripheral nervous system marker were
used to characterize sensory neurons for their terminally differentiated state in the
developmental path, whether fresh or cryopreserved and thawed. Primary antibodies used
included TUJI1 (1:500, MilliporeSigma, MAB1637) and PRPH (1:1000, Novus
Biologicals, NB300137). Secondary antibodies used included Alexa Fluor 488 donkey
anti-mouse (1:1000, Invitrogen A-21202), Alexa Fluor 647 donkey anti-rabbit (1:1000,
Invitrogen, A-31573). Quantification of the total population stained with DAPI was
performed using FIJI via automatic binary thresholding and particle analysis.

Visual confirmation was used to threshold positively co-stained cells from negatively

stained cells and quantify the population proportion co-expressing TUJ1 and PRPH.

3.3.5 Calcium imaging of electrophysiological active sensory neurons
Electrophysiologically active sensory neurons were obtained by treating day-7 sensory
neurons, either freshly differentiated or cryopreserved and thawed, in the maturation
media for another 7 days. Live cultures were loaded with 2.5 uM Calbryte 520 AM (AAT
Bioquest, 20651) and PowerLoad Concentrate (1:100, ThermoFisher, P10020) for 1 hour
before imaging. Fluorescent videos of the stained cultures were acquired using a Leica

DMI6000B microscope, a DFC365FX camera, and a 10x air objective (NA 0.25, Leica
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Microsystems) for a duration of 185 seconds at 4 frames per second. Varying drug
solutions were added to the cultures within the first 10 seconds of each video. The drugs
included veratridine (Tocris, 2918) at a final concentration of 1 uM containing 0.1%
DMSO in DPBS, 30 mM potassium chloride (KCl, Millipore Sigma, P5405) containing
0.1% DMSO, 0.1% DMSO as negative control, and 1 uM tetrodotoxin (TTX, Biotium,

00061) intended to block voltage-gated sodium channels.

The image analysis was automated using FIJI (see Appendix 1 for the FIJI macro).
Specifically, individual somata were detected by local maxima-based image segmentation
and binary threshold. Mean intensity was measured over time inside each soma. The
intensity profiles were graphed, in terms of AF/Fy, where AF is the intensity differential
compared to background fluorescence (Fo) of the given sample, and responding cells
quantified using MATLAB (see Appendix 2 for the MATLAB script). Responders were
mathematically defined by the maximum of the first derivative of its fluorescent intensity
over time above a constant threshold that was determined by that of the background

fluorescence over time.

3.4 Cryoprotective agent formulation

DMSO-free (or non-DMSO) cryoprotective agents (CPA) in this dissertation included
sucrose (Sigma-Aldrich), trehalose (Sigma-Aldrich), glycerol (Humco), L-isoleucine
(Sigma-Aldrich), human serum albumin (Albutein, Grifols), and poloxamer 188 (P188,

Spectrum Chemical). Additives included MEM non-essential amino acids (NEAA,
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Sigma-Aldrich) and sodium bicarbonate (Sigma-Aldrich). Basal buffers included
phosphate-buffered saline with Ca**, Mg?* (PBS++), Hank’s Balanced Saline Solution
with Ca?", Mg?" and glucose (HBSS, Lonza), and Normosol-R (Hospira). The final
working concentrations of the DMSO-free CPA molecules were varied to optimize the
effectiveness of the CPA formulation. DMSO (Sigma-Aldrich) was used as the control
CPA at a concentration between 7.5% and 10%, and either Normosol-R or HBSS were
used as its basal buffer. The DMSO-free compositions discussed in this dissertation are
covered by issued Patent #10,314,302 and patent application #16/383,165, owned by
Regents of the University of Minnesota. Each of the multicomponent aqueous solutions
was prepared by mixing the respective solid and liquid components directly using a

vortex mixer or a magnetic stirrer at room temperature until a clear liquid was formed.

Natural deep eutectic system (NADES) versions of some of the DMSO-free solutions
were prepared by firstly mixing trehalose and glycerol at a molar ratio of 1:30 to form
NADES using a magnetic stir rod in a water bath at 70 °C on top of a magnetic stirring
hot plate until a clear viscous liquid was formed. To obtain dilute NADES-based CPA
solutions, NADES were subsequently diluted in Normosol-R and supplemented with

isoleucine at varying concentrations.

Several commercially available products of CPA solution were used in a subsequent
benchmark experiment. These ready-made CPA formulations included BAMBanker

hRM Cell Freezing Media (B.hRM, LYMPHOTEC Inc.), Cryostor 10 Cell Freezing
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Medium (CS10, BioLife Solutions), and mFreSR Cryopreservation Medium for PSCs

(mFreSR, STEMCELL Technologies). No modifications or dilutions were made.

3.5 Pre-freeze cell preparation

3.5.1 Preparing hiPSCs for freezing

hiPSCs were cultured to a 65-75% confluence on the day of freezing. Freezing studies
were performed using small aggregates (3-50 cells). After dissociation, the cell
aggregates were collected using the basal buffer. The aggregate size was controlled by
the timing of dissociation and the amount of gentle pipetting. The freezing solutions were
prepared at twice the final working concentration (2x) and added dropwise to the
suspension of aggregates at a 1:1 ratio. The mixture was incubated at room temperature

for 30 min to 1 h before freezing to allow sufficient internalization of cell-penetrating

CPAs.

For the benchmark study with commercial ready-made solutions, dissociated hiPSC
aggregates were directly resuspended in the respective solution following the
manufacturer’s instructions. In the case of B.hRM, pre-freeze incubation was not

recommended and, therefore, omitted in the cell preparation procedures.

3.5.2 Preparing Jurkat cells for freezing
Cells were cultured to 3x10° cells/ml on the day of cryopreservation. After

centrifugation, cells were resuspended in Normosol-R to 1.2x107 cells/ml. The CPA
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solutions were prepared at twice (2x) the final working concentration and added stepwise
to the cell suspension at 1:1 volume ratio, so that the cell freezing concentration was
6x10° cells/ml. The mixture was incubated at room temperature for 1 h before freezing to

allow sufficient internalization of cell-penetrating CPAs.

3.5.3 Preparing neural crest cells and sensory neurons for freezing

Neural crest cells fully differentiated but immature sensory neurons, and mature,
electrophysiologically active sensory neurons were dissociated with Accumax
(Innovative Cell Technologies) for 10, 45 or 90 minutes respectively at room temperature
on day 5, 7 or 14 of the hiPSC-to-sensory neuron differentiation protocol. Accumax was
inactivated using 37 °C DMEM/F12 media (Gibco). The dissociated cells were
centrifuged and resuspended in a basal buffer containing P188. A twice concentrated (2x)
CPA solution optimized for hiPSC cryopreservation was added at equal volume. The
mixture was incubated at room temperature for 1 hour before freezing to allow sufficient

internalization of cell-penetrating CPAs.

For the benchmark study with CS10, dissociated neural crest cells and sensory neurons
were resuspended respectively in CS10 without dilution following the manufacturer’s
instructions. Pre-freeze incubation of varying duration between 0 and 1 h was tested to

assess the cytotoxicity of this DMSO-based solution on the neuronal cells.

3.6 Freezing and thawing
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3.6.1 Controlled rate freezing
Cell suspensions of interest were dispensed in cryogenic vials (Nunc CryoTubes,
ThermoFisher Scientific) at 1 ml per vial. Vials of cells were frozen using either
controlled rate freezing or passive freezing. For controlled rate freezing, cells were frozen
in a controlled-rate freezer (Kryo 10 or Kryo 560-16, Planer) following the steps listed
below.

1. Starting temperature 20 °C;

2. -10 °C/min to intended nucleation temperature (7yuc);

3. Hold at Tyuc for 15 minutes to equilibrate sample and chamber temperatures;

4. Induce ice nucleation manually by briefly spraying liquid nitrogen onto vials

using a Cryogun (Brymill) for accurate control of the nucleation temperature;

5. B °C/min (cooling rate) to -60 °C;

6. -10 °C/min to -100 °C.
Alternatively, manual induction of ice nucleation as shown in step 4 above can be
replaced by automated induction of ice nucleation using the following steps.

a) -50 °C/min to -45 °C;

b) +15°C/minto -12.4 °C;

¢) +2.16 °C/min to -7.4 °C.
Sample temperature was logged using the built-in thermocouple of the controlled-rate
freezer, which was inserted via a bored, fitted cap into a “dummy” vial replicating the
content of the experimental samples. After freezing was complete, the vials were

transferred in a CryoPod Carrier (BioCision) and stored in the liquid phase of liquid
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nitrogen (LN2).

3.6.2 Passive freezing

For passive freezing, cells were frozen in an insulated freezing container CoolCell
(Biocision) inside a -80 °C mechanical freezer. In the case of BAMBanker hRM Cell
Freezing Media, vials of cells were placed on a non-insulative tube rack and directly
exposed to the air inside the -80 °C freezer. Cells were kept in the -80 °C freezer for a
duration between 4 and 24 hours. Sample temperature was logged using a DI-245 USB
Thermocouple Data Acquisition system (DATAQ) and a type T thermocouple that was
inserted via a holed, fitted cap into a “dummy” vial containing a replicate sample. After
freezing was complete, vials were transferred in the CryoPod Carrier and stored in the

liquid phase of LN2.

3.6.3 Thawing

Frozen vials of cells were thawed in a 37 °C water bath for exactly 2 min 30 s using a
continuous, swirling motion. Alternatively, an automated thawing device (ThawSTAR,
Biocision) was used following the manufacturer’s instructions. Thawed cells were

immediately used for downstream experiments as follows.

3.7 Post-thaw cell counting

3.7.1 Dissociating cell aggregates for cell counting

For hiPSC frozen and thawed in the form of multicellular aggregates, one replica of each

41



sample was sacrificed for post-thaw cell counting. Cells were singularized by mixing the
cell suspension and Accumax at 1:1 volume ratio and incubating for 10 minutes at room

temperature. Single cell suspension was ensured by gentle pipetting.

3.7.2 Counting single cells using hemocytometer

Dissociated cells were stained for viability based on membrane integrity by mixing the
single cell suspension 1:1 with a solution containing 20 mM acridine orange (Sigma-
Aldrich) and 10 pg/ml propidium iodide (Sigma-Aldrich) in PBS (AO/PI). Live cells
(stained green by AO) and dead cells (stained red by PI) were counted using a

hemocytometer (Hausser Scientific) and a Zeiss Axioskop 50 fluorescent microscope.

3.7.3 Calculating post-thaw viability and post-thaw recovery
Post-thaw viability was calculated by the ratio of live cell count and total cell count after
thawing.

tth bilit post-thaw live cell count 100%
- = X
post-haw VIabIily post-thaw live cell count + post-thaw dead cell count °

Post-thaw recovery required cell counting prior to cryopreservation by preparing a fresh
cell control per experiment representative of the sample cell population before CPA
introduction and cryopreservation. Live cell counts in the fresh cell samples were
obtained using AO/PI and hemocytometer as described above. Post-thaw recovery was
calculated by the ratio of live cell count after thawing and live cell count before freezing.

post-thaw live cell count
post-thaw recovery = - x 100%
pre-freeze live cell count
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3.7.4 High-throughput quantification of live cells using microplate reader
Alternative to manual, direct cell counting, the following procedure was used to quantify
post-thaw recovery at higher throughput. Pre-warmed cell growth media was added
dropwise to the thawed cell suspension at 1:6 dilution ratio. After gentle mixing and
centrifugation, cells were resuspended in 1 ml pre-warmed phenol red-free media per
sample and distributed at 50 pl/well using multi-channel pipettes and reservoirs into a 96-
well clear-bottom black microplate (Corning). Cells were then stained for viability (i.e.,
esterase activity) by adding 50 pl/well of calcein AM (1:1000, Invitrogen) and incubating
for 30 min at 37 °C. Fluorescence intensity of the stained cells was measured using a
BioTek Synergy HT or HTX microplate reader using a 485/20 nm excitation filter, a
528/20 nm emission filter and the top probes with sensitivity of 35. The fluorescence
measurement (y) of each well was correlated to a cell count (x) via a pre-established
control curve. Fresh Jurkat cells were resuspended in media and distributed into a 96-well
plate at varying concentrations via serial dilution to establish the correlation between live
cell count per well and fluorescence measurement.

y =0.0831x%+ 193.35x (R?=0.999)
The calculated live cell count of thawed cell samples was divided by anticipated fresh
live cell count equivalent to the cell freezing concentration of 6x10° cells/ml to produce

the post-thaw cell recovery rate.

3.8 Post-thaw cell reattachment
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For the adherent cells of interest, including hiPSCs, neural crest cells, and sensory
neurons, post-thaw cell reattachment was used to quantify the integrity of cell adhesion, a

fundamental cell function of the cryopreserved cells.

3.8.1 Reattachment of cryopreserved hiPSCs

After thawing, TeSR-E8 or Essential 8 was added dropwise to the cell suspension at 1:6
dilution ratio and gently mixed to obtain a homogenous suspension of hiPSC aggregates.
The cells were then seeded onto a freshly coated 6-well plate and cultured undisturbed for
24 hours. Subsequently, the post-thaw culture and the post-passage control culture were
washed with PBS++ and stained for esterase activity using calcein AM. Fluorescence
intensity of the stained cells were measured using a Synergy HT or HTX microplate
reader with an ex/em 485/528 nm filter set. Post-thaw reattachment was calculated by the
ratio of fluorescence measurement of cryopreserved sample to that of the control. In some
experiments, in place of a fresh cell control, cells cryopreserved in 7.5% DMSO and
seeded into post-thaw culture at 1:6 split ratio was used as the denominator in the

calculation of post-thaw reattachment.

3.8.2 Reattachment of cryopreserved neural crest cells and sensory neurons

After thawing, pre-warmed DMEM/F12 was added dropwise to the cell suspension at
1:10 dilution ratio and gently mixed to remove cell-penetrating CPA molecules from the
cytoplasm. The cells were then centrifuged, resuspended in the respective cell growth

media, seeded onto a freshly coated 12-well plate, and cultured undisturbed for 24 hours.
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Subsequently, the post-thaw culture and the post-passage control culture were washed
with PBS++ and stained for esterase activity using calcein AM. Fluorescence intensity of
the stained cells were measured using a Synergy HT or HTX microplate reader with an
ex/em 485/528 nm filter set. Post-thaw reattachment was calculated by the ratio of

fluorescence measurement of cryopreserved sample to that of the control.

3.9 Post-thaw cell growth

3.9.1 Growth of post-thaw Jurkat cell culture

After thawing, pre-warmed Jurkat cell growth media (10% FBS in high-glucose RPMI-
1640) was added dropwise to the thawed cell suspension at 1:6 dilution ratio. After gentle
mixing and centrifugation, Jurkat cells were resuspended in the growth media and seeded
into post-thaw culture at 5x10° cells/ml. At 0, 24, 48, 72 h post-thaw, the cultures were
each sampled to measure the live cell count based on membrane integrity using AO/PI

and a hemocytometer.

3.9.2 Growth of post-thaw hiPSC culture

After thawing, suspension of hiPSC aggregates was diluted using TeSR-ES8 at a 1:6 split
ratio as described above. Fresh hiPSC aggregates of equivalent quantity were passaged at
the same split ratio as the control. Growth in the cultures were monitored label-free by
imaging daily using a Cytation 1 cell imaging multi-mode reader (BioTek) with a 4x
objective (NA 0.13, Olympus) in the bright-field and scan mode using default focusing

method. Images were automatically analyzed by the Gen5 Software (BioTek) using
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boundary recognition and thresholding to measure the confluence. Confluence was

sampled at 24-, 48-, 72-, and 96-hour post-thaw or post-passage respectively.

3.10 Post-thaw cell apoptosis

3.10.1 Apoptosis assay of Jurkat cells

Apoptosis of cryopreserved Jurkat cells was assessed immediately post-thaw. Cells were
thawed as described above and then stained for poly caspase activation following the
manufacturer’s instructions (Vybrant FAM Poly Caspases Assay Kit, Invitrogen). In
brief, cells were incubated with the FLICA reagent in the dark for 60 minutes at 37 °C
and 5% COas. They were then washed twice with the apoptosis wash buffer, stained for
CD3 (Human Anti-CD3, PE-Cy7, BioLegend), and incubated in the dark at room
temperature for 15 minutes. After a final wash step, cells were stained with a membrane
integrity-based viability dye for 10 minutes (Via-Probe, 7-AAD, BD Biosciences).

Samples were analyzed using a BD FACSCanto (BD Biosciences).

Proportions of viable, early and late apoptotic, and necrotic Jurkat cells were determined.
Viable, healthy cells stained negative for both caspases and 7-AAD. Necrotic cells
stained negative for caspases but positive for 7-AAD. Cells in early apoptosis stained
positive for caspases but negative for 7-AAD, while cells in late apoptosis stained

positive for both caspases and 7-AAD.

The gating strategy identified Jurkat cells using forward scattering channel (FSC) and
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side scattering channel (SSC) to eliminate debris. A gate was applied to FSC-W and
FSC-H to select only single cells. CD3+ cells were identified from this plot and gated
using isotype control (BioLegend) to select only CD3+ cells. FLICA was plotted against
7-AAD to divide CD3+ cells into viable, necrotic, early apoptotic, and late apoptotic sub-

populations.

3.10.2 Apoptosis assay of hiPSCs

Apoptosis of cryopreserved hiPSCs was assessed immediately post-thaw. hiPSCs freshly
dissociated from culture were served as control. Cell aggregates were singularized using
Accumax as described above and stained for poly caspase activation using FLICA FAM-
VAD-FMK antibody (Immunochemistry Technologies) and for loss of membrane
integrity using 7-AAD, that were resulted from either cryopreservation or cell
dissociation. Apoptosis was actively induced using camptothecin (Adipogen) and cell
death was induced by incubating cells at 60 °C for 15 minutes and 4 °C for 5 minutes to
serve as gating controls. Samples were analyzed using BD Accuri C6 flow cytometer
(BD Biosciences). Early apoptotic cells were defined as positive for FLICA and negative
for 7-AAD staining, late apoptotic cells as positive for both FLICA and 7-AAD, necrotic
cells as negative for FLICA and positive for 7-AAD, and live cells as negative for both

FLICA and 7-AAD.

3.11 Post-thaw cell function

3.11.1 Trilineage differentiation of cryopreserved hiPSCs
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On day 4 after seeding, the post-thaw hiPSC culture was differentiated into cells
representing all three germ layers using a STEMdiff trilineage differentiation kit
(STEMCELL Technologies) over 7 days. The endodermal cells were detected with anti-
FOXAZ2 and anti-SOX17 antibodies (R&D Systems), the mesoderm with anti-Brachyury
(T, R&D Systems) and anti-HAND1 (Invitrogen) antibodies, the ectoderm with anti-
PAX6 (DSHB) and anti-NESTIN (STEMCELL Technologies) antibodies, and all
counterstained with DAPI. Fluorescent secondary antibodies (Invitrogen) were utilized to
detect primary antibody binding and imaged using the Cytation 1 cell imaging multi-

mode reader with a 20x objective (NA 0.45, Olympus).

3.11.2 Continued differentiation of cryopreserved neural crest cells

24 hours after seeding, the post-thaw culture of day-5 neural crest cells was treated
sequentially with the day-6 and day-7 Senso-DM sensory neuron induction media for 24
hours each. Immunocytochemistry was subsequently performed to measure the cell
population proportion co-expressing TUJ1 and PRPH, and cell morphology was assessed
to observe neurite outgrowth. Fresh neural crest cells were passaged and treated in a

similar fashion as control.

3.11.3 Maturation of cryopreserved sensory neurons
24 hours after seeding, the post-thaw culture of day-7 sensory neurons was treated with
the Senso-MM sensory neuron maturation media for 7 days. Electrophysiological

response to the aforementioned drug molecules (i.e., DMSO, KCl, veratridine, TTX) was
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measured using calcium imaging, and the responder proportion and response waveform
were evaluated in comparison to the day-14 sensory neurons prepared from fresh day-7

cells.

3.12 Differential evolution algorithm

A DE algorithm with the basic mutation strategy (DE/rand/1/bin)!%+1% was used to
rapidly optimize the composition of the DMSO-free CPA solution for hiPSCs based on
the functional metric of post-thaw reattachment. Briefly, the DE algorithm utilizes
stochastic direct search to randomly generate an initial group (Generation 0) of sample
parameters (i.e., concentrations of DMSO-free CPA molecules) from the population
spanning the entire parameter space. Generation 0 samples were tested experimentally,
and their post-thaw reattachment rates were used by the algorithm to output the next
group (Generation 1) of CPA concentrations that were mutated versions of Generation 0
to be tested. Cumulatively the best members after each generation were stored as an
emergent population. The algorithm-driven optimization was completed, and
convergence was achieved when the emergent population of the latest generation was the
same as that of the previous generation. Parameter space of the DE algorithm was
determined by the cytotoxicity limit and was discretized into 5 intervals between 20 mM
and 120 mM for sucrose, 2.5% v./v. and 5% v./v. for glycerol, 0 mM and 37.5 mM for
isoleucine, and 0% and 2.5% for albumin. Cytotoxicity was defined as decrease in cell
reattachment in the hiPSC culture measured using calcein AM 24 hours after 1-hour

exposure to the respective molecules compared to fresh cell control.
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3.13 Raman spectroscopy

3.13.1 Instrumental configuration

= Thermocouple
- Direct current

Propylene glycol solution O
Nitrogen gas
Temperature | /...
Controller ;
Nitrogen gas

Propylene Glycol
Cooling Stage Bath

Figure 1. Sketch of the instrumental setup of low-temperature Raman spectroscopy with a zoomed-in view

of the cooling stage.

As illustrated in Figure 1, a Peltier stage (Thermonamic Electronics) and a series 800
temperature controller (Alpha Omega Instruments) were used to freeze samples of cells
of interest in the CPA solution of interest or samples of the CPA solution alone for low-
temperature confocal Raman microscopy!?’. Cooling rate of -1, -3, -5 or -10 °C/min was
used for cells and -10 °C/min for solution alone, and ice nucleation was induced at -4 or -
8 °C by briefly touching a LN2-chilled needle, unless otherwise noted. Final temperature
was stabilized at -50 °C, where Raman data were collected. Raman spectroscopic

measurements were made using the WITec Confocal Raman Microscope Alpha 300R
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with UHTS spectrometer and DV401 CCD detector with 600/mm grating. A 532 nm
Nd:YAG laser was used as the excitation source. A 100x air objective (NA 0.90, Nikon
Instruments) was used to focus the laser. Laser power at the objective was measured at 10
mW using an optical power meter (Thorlabs). Spatial resolution of the microscope was
measured by WITec (unpublished) at 305 nm in lateral direction and 790 nm axial. More

details can be found in the published protocol'%.

3.13.2 Data acquisition and rendering

Full spectra at a given point of interest was acquired using the Single Spectrum mode on
the WITec Control software, with an integration time of 0.5 s and denoised by averaging
over 100 collections. Hyperspectral data within a given region of interest was acquired
using the Image Scan mode, with the scan dimensions defined by a resolution of 333
nm/pixel and an integration time of 0.2 s used to scan each pixel. The Raman image (or
heat map) of each substance of interest was rendered by integrating the area under the
peak of Raman spectra pixel-by-pixel. Correlation between different wavenumbers and
different chemical bond vibrations within substances of interest was based on literature
and used to select the position of the peak and the width of the bandpass filter used in
image rendering. Image intensity was proportional to the number of photons generated
from the Raman scattering as a result of the chemical bond vibration and, therefore,

proportional to the content of the substance of interest within the pixel space.

3.13.3 Spatial deconvolution of Raman images
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The rendered Raman heat maps were spatially deconvolved using the theoretical point
spread function (PSF) based on the instrumental setup. 2D PSF was generated using the
Imagel macro, Diffraction PSF 3D. Spatial deconvolution was performed using the

ImageJ macro, Iterative Deconvolve 3D.

3.14 Raman hyperspectral data analysis

3.14.1 Cell boundary and integrity

Spatial distribution of amide I signal (1660 cm™), or cellular hydrogen bond signal (115
cm!), was used to delineate the area of the cell or cell aggregate. Thresholding was used
to create a binary mask of the cell(s) via WITec Project FOUR or FIJI. Cellular integrity
on a protein level was quantified by calculating the Moran’s I value of amide I signals in
GeoDa, where spatial dispersion versus autocorrelation was determined between -1 and 1

using a spatial weight matrix based on 8§ nearest neighbors.

3.14.2 Intracellular ice formation

Spatial distribution of OH stretching signal (3125 ¢cm™), or ice hydrogen bond signal (215
cm!), was used to delineate the area of the crystalline ice. Thresholding was used to
create a binary mask of the ice crystals in WITec Project FOUR or F1JI. Binary masks of
cell(s) and ice were multiplied to create the binary mask of intracellular ice. The area
proportion of intracellular ice to cell (AIC) was used as the metric to quantify

intracellular ice formation.
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3.14.3 Cytochrome C release

Heme vibration signal (1127 cm™) was used to analyze the distribution of cytochrome C.
Spatial autocorrelation of the heme vibration signal was calculated using Moran’s I and
an 8 nearest-neighbor weight matrix in GeoDa. Autocorrelation values of individual cells
within a large cell population of healthy and apoptotic cells were used to define the
quantitative threshold of cytochrome C release and mitochondrial apoptosis in the

cryopreserved cell(s).

3.14.4 Membrane partitioning of solutes

CC stretching signal (840 cm™') was used to analyze the distribution of non-DMSO CPA
molecules. Symmetric CS stretching (687 cm™) was used to analyze the distribution of
DMSO. Line profile of the CPA distribution was obtained by tracing segmented lines
along the midline of the nonfrozen CPA channels from outside the cell on one side,
through the center of the cells, to the nonfrozen channel on the other side of the cell using
FIJI. The binary mask of cell was used to distinguish intracellular pixels containing the
CPA molecules from extracellular pixels containing the CPA molecules. Membrane
partitioning ratio of CPA was calculated by the ratio of mean Raman image intensity of
extracellular CPA to intracellular CPA. It was used to characterize the extent of
internalization of DMSO versus non-DMSO CPAs by different cell types as well as the
extent of membrane damage in cells subjected to different cooling rates or ice nucleation

temperatures.
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3.15 Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed on a TA Differential Scanning
Calorimeter Q1000. Approximately 5 mg of each sample CPA solution was encapsulated
in an aluminum pan (DSC Consumables) with a hermetically sealed lid. Samples were
frozen and thawed using the following protocol: (1) start at 20 °C, (2) cool to -140 or -
150 °C at -10 °C/min, (3) hold for 3 min at -140 or -150 °C, and (4) warm to 20 or 40 °C

at +10 "C/min. An empty pan was used as a reference.

TA Universal Analysis Software was used to determine the thermophysical behavior of
the CPA solutions. The endothermic peak for each sample was used to calculate the
enthalpy of melting and melting temperature. Enthalpy of melting was defined as the area
under the endothermic peak, and melting temperature was defined as the onset of melting
of the endothermic peak. Glass transition temperature and softening temperature, both
second-order phase transitions, were determined by plotting the first derivative of heat
flow over time against temperature. Two local maxima were found for each CPA solution
except for DMSO, representing the glass transition and softening temperatures'®

respectively in ascending order.

3.16 Osmolality

Osmolality of solutions was prepared at room temperature at 50 pl unit volume and
measured based on freezing point depression using an OSMETTE osmometer (Precisions

Systems). All measurements were repeated in independent triplicate. A dilution curve

54



showed a linear relationship between the dilution ratio of NADES in water and the
measurement of osmolality and was used to extrapolate the osmolality of solutions that

were out of range of the osmometer.

3.17 pH

pH of solutions and extracellular supernatant was measured at room temperature using a
pH meter (Beckman, @ 300 Series) that was calibrated routinely. Sample volume was

kept constant at 1 ml. Measurements were taken in independent triplicate.

3.18 Membrane fluidity

iPSC cultures were dissociated with Versene for 8§ minutes or 20 minutes to obtain a
suspension of multicellular aggregates or single cells. Neural crest cells, immature and
mature sensory neurons were dissociated with Accumax for 10, 45 or 90 minutes
respectively at room temperature on day 5, 7 or 14. Dissociated cells were washed once
and stained with a fluorescent pyrene-decanoic acid (PDA) probe (Membrane Fluidity
Kit, Abcam, ab189819) at room temperature for exactly 20 minutes before washing twice
and quantification per the manufacturer’s instructions. Phenol red-free DMEM/F12 was
used as the suspension media to minimize extrinsic variability between samples. Relative
membrane fluidity was measured by the PDA excimer-to-monomer ratio using a Synergy

HTX microplate reader with excitation at 360 nm and emission at 400 nm and 460 nm.

3.19 Cell diameter
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Neural crest cells, immature and mature sensory neurons were dissociated with Accumax
for 10, 45 or 90 minutes respectively at room temperature on day 5, 7 or 14. Dissociated
cells were washed once, resuspended in DMEM/F12, stained using AO/PI and imaged in
a hemocytometer using a Zeiss Axioskop 50 fluorescent microscope. Fluorescent images
of AO-positive, PI-negative live cells were processed in FIJI, where the cell area was
measured using automatic thresholding and particle analysis functions. Cell diameter

estimate was calculated from the cell area as below.

Area

Diameter =2 X
8

3.20 Statistical analysis

Independent biological replicates were used with sample size specified per dataset. Power
analysis was performed to ensure sufficient sample size with a power of 0.95. Sample
size of 1 was used in the DE algorithm-driven experiments to optimize the DMSO-free
CPA formulation with high efficiency. Error bars represented either standard error or
95% confidence intervals as noted in later text. Two-tailed Student’s #-tests were
performed for two-sample comparisons, unless otherwise noted. Fisher’s exact test
performed for two-sample comparisons of samples with binomial distribution. ANOVA
with Bonferroni correction was performed for comparisons of multiple samples, with the
exception of Kruskal-Wallis ANOVA performed for sample populations with non-normal
distribution. Levene’s Test was used to verify the assumption for homogeneity of

variance for the two or more samples. The null hypothesis was defined as no statistical
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difference between the parameters (e.g., means) for any pair of groups or between the
experimental group and control group. The null hypothesis was rejected, and differences

were considered statistically significant for a p-value less than 0.05.
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Chapter 4
Mechanism of Damage in DMSO-Based Cryopreservation of

hiPSC Multicellular Aggregates Compared to Single Cells

Much of the text and figures in this chapter have previously appeared in the publication below,

included here with copyright permission from Mary Ann Liebert.

Li R', Yu G', Azarin S and Hubel A. Freezing responses in DMSO-based cryopreservation of
human iPS cells: aggregates vs. single cells. Tissue Engineering: Part C. 2018. 24, 289-299.

4.1 Introduction

Human induced pluripotent stem cells (hiPSCs) are multicellular aggregates that can be
reprogrammed from a variety of somatic cells and have the potential to be differentiated
into all three germ-layers'-2, attracting much interests in tissue engineering®8, disease
modeling®*, and personalized medicine®!°. For both clinical and scientific purposes,
effective cryopreservation of hiPSCs is required for transportation, storage of frozen
hiPSCs and other downstream uses. However, cryopreserved hiPSCs are vulnerable to
the loss of viability, function or pluripotency!'®~2!. hiPSCs can be frozen either as

aggregates or single cells depending upon the application.

Cryopreservation of hiPSCs typically involves two different methods: conventional slow
cooling and vitrification. Briefly, vitrification uses high concentrations of cryoprotective
agents combined with high cooling rates to avoid the formation of ice during freezing.
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Conventional slow cooling in this particular application implies using a solution using
10% dimethyl sulfoxide (DMSO) and a cooling rate of -1 “C/min. High rates of post-thaw
recovery are observed (~100%) by vitrification, but the method faces limitations of poor
scalability and high risk for contamination'!?, Slow-cooling studies have attempted to

find suitable freezing parameters for the cells*!-!11-114,

ROCK inhibitor (ROCKi) Y-27632 has been used to enhance the survival of dissociated
hiPSCs (i.e., single cells)>*!1>:116 The disruption of nonmuscle myosin IIA (NMMIIA)
and actin as a result of ROCK inhibition has been shown to increase survival and
pluripotency of single hiPSCs!!7:!!8, However, the addition of ROCKi can have
contradictory effects in the case of hiPSC aggregates. The downregulation of NMMIIA
has been shown to impair cell adhesion, cell-cell junction, self-renewal and pluripotency
of hiPSC aggregates'!*!2%, In order to exclude the confounding effect of ROCKi and
capture native cell response to freezing, we hereby studied the cryopreservation of

hiPSCs without the use of ROCKi.

Despite attempts to improve cryopreservation of multicellular aggregates, the
mechanisms of damage for different freezing conditions are poorly understood. As with
single cells, extensive intracellular ice formation (IIF) has been proven to be
damaging!'?!; exposure to high solute concentration at low temperatures can cause the
“solute effect” in cells, and the addition, removal of cryoprotective agents can result in

osmotic stress.!” However, freezing responses of cell aggregates are more complex than
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single cells. For example, propagation of IIF in cell aggregates via gap junctions has been

observed experimentally in a variety of cell types!?2124,

Recently, Raman spectroscopy has become a powerful tool for understanding cell
responses to the freezing environment®*%125-127 The magnitude and spatial distribution
of specific chemical signals (liquid water, ice, cryoprotective agent, hydrohalite) and
biological signals (cytochrome c¢) have been measured for single cells during
freezing!?”-12%. However, to the best of our knowledge, there has been no Raman
spectroscopy study of cell aggregates. In this study, Raman spectroscopy was used to
observe both hiPSC single cells and aggregates frozen at three cooling rates and two
seeding temperatures. The seeding temperature is the temperature at which ice forms in

the extracellular solution (Figure 2A).

In parallel, hiPSCs as single cells or aggregates were frozen using a programmable
controlled-rate freezer (CRF) with the same cooling rates and seeding temperatures as
Raman spectroscopy. Cell recovery, attachment, apoptosis, and cytoskeletal organization
were examined after rapid thawing in 37 °C water bath. This chapter deepens our
understanding of behaviors of single cells and aggregates frozen at various conditions and

promotes the development of improved cryopreservation protocols for hiPSCs.
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Figure 2. Illustration of CRF, flow cytometry and Raman methodology. (A) A CRF cooling curve showing
cooling rate of-1 *°C/min and seeding temperature at -4 “C. (B) Flow cytometry overlaid histograms of anti-
TRA-1-60 and its isotype control, showing 99.75% TRA-1-60 positive cells. (C) Flow cytometry overlaid
histograms of anti-OCT4 and its isotype control, showing 98.88% OCT4 positive cells. (D) Raman spectra
of ice, DMSO and single hiPSCs cryopreserved in 10% DMSO. Raman images of ice, DMSO and amide I
are rendered based on the specific Raman signal indicated on the spectra. (E) Raman image of ice showing
cell section with IIF (1) and without IIF (2) with corresponding Raman spectra. The arrow indicates the

Raman signal of ice. [Panels D and E are based on Guanglin Yu’s work.]

4.2 Methods

hiPSCs used in this chapter were from cell line DF-19-9-11 and cultured as described in
section 3.2.1. Cells were >95% positive (Figure 2B and C) for hiPSC pluripotency

surface marker TRA-1-60 and transcription factor OCT4.

Aggregates and single cells were dissociated from culture as described in section 3.5.1.
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Aggregate size was controlled by the amount of gentle pipetting. Large aggregates
consisted of 100 or more cells, whereas small aggregates consisted of 3 to 10 cells.
Membrane fluidity of hiPSC in the form of small aggregates versus single cells was
measured as described in section 3.18. 10% DMSO in PBS++ was formulated as the CPA
solution of interest. Cells in CPA solution were incubated at room temperature for 30
minutes before freezing. Controlled rate freezing was performed as described in section
3.6.1 with varying cooling rates, B, of -1, -3, or -10 °C/min and ice nucleation manually

induced at varying temperatures, 7yuc, of -4 or -8 °C.

From immediately post-thaw to 4 days post-thaw, a series of assays were performed to
characterize the survival and function and examine potential mechanism of damage in the
cryopreserved hiPSCs for each freezing condition (i.e., cooling rate and ice nucleation or
seeding temperature), following a progression in both time and depth of analysis. After
thawing as described in section 3.6.3, post-thaw recovery was measured as described in
sections 3.7.1 through 3.7.3. Post-thaw reattachment was selected as the cell functional
metric and measured as described in section 3.8.1. Post-thaw apoptosis was analyzed as
described in section 3.10.2. Cytoskeletal organization and chromatin condensation in the
post-thaw culture were monitored for 24 hours, sampled and measured by
immunocytochemistry as described in section 3.3.2 every 4 hours. Growth of post-thaw
culture was also measured daily for 4 days as described in section 3.9.2. A fresh cell

control was used for each set of post-thaw cell assays.
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Low-temperature Raman spectroscopy was set up as described in section 3.13.1. Raman
images of hiPSC, DMSO, and ice (Figure 2D) were rendered respectively per freezing
condition as described in section 3.13.2, where image size was fixed at 15 pm by 15 pm
for samples of single cells and varied for samples of multicellular aggregates depending
on the actual size of the aggregates. The Raman signals for this study did not overlap
with each other; as a result, multivariate data analysis was not required. Cells were
delineated as described in section 3.14.1, and intracellular ice formation (IIF) was
determined as described in section 3.14.2. Raman spectra of cell sections with IIF showed
presence of OH stretch peak, while Raman spectra of cell sections without IIF showed

absence of OH stretch peak (Figure 2E).

In this chapter, data was represented as mean plus/minus standard error. Two-tailed
student t-tests were performed for two-sample comparisons and one-way ANOVA tests
with Tukey HSD were performed for simultaneous three-sample comparisons to obtain p-
values with a significance level set at 0.05. Three independent biological replicates were

used.

4.3 Results

4.3.1 High IIF found with high cooling rate and low seeding temperature
IIF can be influenced by many freezing parameters, including cell type, cell-cell
interaction, cooling rate, seeding temperature, and solution composition.!?° In order to

investigate the effects of cooling rates and seeding temperatures on the IIF of
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cryopreserved hiPSCs, single cells and aggregates in 10% DMSO solution were frozen at

a constant cooling rate of -1, -3, or-10 *C/min with seeding temperature of -4 or -8 °C.

Typical Raman images rendered on the signal associated with ice and amide I were
shown for both single cells and aggregates cryopreserved at three different cooling rates
grouped by seeding temperatures (Figure 3A, B, E and F). In order to characterize the
proportion of IIF, the ratio of cross-sectional area of IIF to the cross-sectional area of
single cells or aggregates (AIC) was calculated. The effect of cooling rates on AIC was
examined for a given seeding temperature. For single cells, there is no statistical
difference of AIC between cells cryopreserved at -1 and -3 “C/min, however cells
cryopreserved at -10 “C/min showed statistically greater AIC for both seeding
temperatures (Figure 3C). Similar conclusions on the effect of cooling rate on AIC can be

drawn for aggregates (Figure 3G).

The effects of seeding temperature on AIC were also investigated. There was no
statistical difference in AIC between single cells seeded at -4 “C and -8 °C for all three
cooling rates. For aggregates, greater AIC was observed at a seeding temperature of -8 °C
than -4 °C for a cooling rate of -1 and -3 “C/min (Figure 3D). Aggregates cryopreserved
at -10 °C/min showed no difference in AIC between the two seeding temperatures (Figure

3H).
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Figure 3. Intracellular ice formation in frozen hiPSC single cells versus aggregates. (A) Raman images of
ice and amide I of single cells at seeding temperature of -4 °C. (B) Raman images of ice and amide I of
single cells at seeding temperature of -8 “C. AIC of single cells grouped by (C) seeding temperature (n=8,
*: p<0.05) and by (D) cooling rate (n=8, *: p>0.05). Ends of the whiskers represent the minimum and

maximum of the data. The bottom and top of the box are the first and third quartiles and the square inside
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the box is the average. (E) Raman images of ice and amide I of aggregates at seeding temperature of -4 °C.
(F) Raman images of ice and amide I of aggregates at seeding temperature of -8 °C. (G) AIC of aggregates
grouped by seeding temperature (SE, n=5, *: p<0.05, **: p<0.01). (H) AIC of aggregates grouped by
cooling rates (SE, n=5, *: p<0.05, **: p<0.01). [This figure is based on Guanglin Yu’s work.]

4.3.2 DMSO distribution more variable in multicellular aggregates

Single cells and aggregates frozen without a significant amount of IIF were used to study
whether the distribution of DMSO varied in aggregates'?’. Raman images of DMSO in
cells frozen at -1 *C/min seeded at -4 “C were shown as examples (Figure 4A and B). For
single cells, a diagonal line was drawn across the image and the normalized DMSO
concentration (DMSO peak intensity at each pixel to the maximum DMSO peak intensity
of the line) was calculated (Figure 4A). Standard deviation of normalized DMSO
concentration (SD) was calculated to represent the variation of DMSO concentration
across the cell. It was noteworthy that 1 pm from the cell membrane inward to the cell
was not considered for the calculation because of partitioning of DMSO by the cell
membrane (calculation within gray shading). For aggregates, two diagonal lines were
drawn across the image and the DMSO concentration along those lines as well as its
variation were quantified (Figure 4B). It was found that SD was significantly greater in

aggregates than single cells frozen at -1 or -3 *C/min (Figure 4C).
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Figure 4. Heterogeneity of intracellular DMSO distribution. (A) Raman image of DMSO in the single
hiPSCs cryopreserved at -1 *C/min with a seeding temperature of -4 °C. (Scale bar: 3 pum.) The white arrow
goes through different regions of the image and represents the location where peak intensity of DMSO is
obtained. Normalized DMSO concentration (peak intensity of DMSO at each data point along the arrow
divided by maximum peak intensity of DMSO) is plotted as a function of horizontal distance of the arrow
from its start point. Gray shading indicates the region used for calculation of standard deviation of
normalized DMSO concentration. (B) Raman image of DMSO of aggregates cryopreserved at -1 *C/min
with seeding temperature of -4 °C. (Scale bar: 7 um.) Normalized DMSO is plotted as a function of
horizontal distance of the arrow from its start point for both arrows. (C) Standard deviation of normalized
DMSO concentration for single cells and aggregates cryopreserved at -1 and -3 °C with seeding
temperature of -4 °C (SE, n=8 for single cells, n=5 for aggregates, **: p<0.01). [This figure is based on

Guanglin Yu’s work.]

4.3.3 Freezing damages of hiPSC aggregates reflected in poor reattachment

Post-thaw recovery and attachment rates were examined for both hiPSC as single cells
and aggregates cryopreserved using CRF with the same set of cooling rates -1, -3, -10
°C/min and seeding temperatures -4, -8 °C. Post-thaw recovery was measured in terms of
membrane integrity. Post-thaw attachment was normalized to the post-passage
attachment of fresh, nonfrozen aggregates, so a post-thaw attachment rate close to 1

indicates attachment ability of cryopreserved cells comparable to what was observed of
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fresh cells. Of all freezing conditions tested, the combined cooling rate of -1 *C/min and
seeding temperature of -4 °C had the highest mean post-thaw recovery at 97.93% and

highest mean post-thaw attachment rate at 0.9851.

The effect of different cooling rates was examined for each seeding temperature. For
single cells, membrane integrity for both -1 and -3 “C/min were significantly higher than
-10 °C/min regardless of the seeding temperature (Figure 5A). All of the single cell
conditions tested had few to no cells attached to the culture substrate post-thaw (Figure

130-132 For aggregates, little difference in the

5C), consistent with previous studies
membrane integrity was observed for the range of cooling rates studied (Figure 5B).
However, aggregates cryopreserved at -1 “C/min attached to the surface post-thaw at
greater rates than either -3 or -10 “C/min for a seeding temperature of -4 °C (Figure 5D).
The effect of different seeding temperatures was examined for each cooling rate. For cells
frozen at -1 and -3 °C/min, membrane integrity (of both single cells and aggregates,
Figure 5E, F) and cell attachment (of aggregates, Figure SH) for seeding temperature of -
4 °C were significantly higher than -8 °C; for those frozen at -10 °C/min, little difference

in membrane integrity or cell attachment was observed for the seeding temperatures

studied (Figure SE-H).
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Figure 5. (A) Post-thaw recovery rate of single cells against the cooling rate grouped by seeding
temperature. (B) Post-thaw recovery rate of aggregates against the cooling rate grouped by seeding
temperature. (C) Post-thaw attachment rate of single cells against the cooling rate grouped by seeding
temperature. (D) Post-thaw attachment rate of aggregates against the cooling rate grouped by seeding
temperature. (E) Post-thaw recovery rate of single cells against the seeding temperature grouped by cooling
rate. (F) Post-thaw recovery rate of aggregates against the seeding temperature grouped by cooling rate.
(G) Post-thaw attachment rate of single cells against the seeding temperature grouped by cooling rate. (H)
Post-thaw attachment rate of aggregates against the seeding temperature grouped by cooling rate. (SE, n=3,

n.s.: p=0.05, *: p<0.05, **: p<0.01, **=*: p<0.001).

4.3.4 Apoptosis and onset of proliferation varied in post-thaw cultures

In many different cell types, post-thaw apoptosis can result in significant cell losses!33134,
As a result, we investigated both post-thaw apoptosis and proliferation. The proportions
of apoptotic and necrotic subpopulations were measured (Figure 6A) for all
cryopreserved cell aggregate samples immediately post-thaw as well as a fresh cell

aggregate control immediately after dissociation from culture, by detecting caspase

activation and membrane integrity. All samples, including the post-passage control, had
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large proportions of cells expressing apoptosis markers (64 to 78% of total cell
population, Figure 6B). The ratio of early to late apoptotic subpopulations was also
calculated. Freezing at higher cooling rates resulted in 2 to 3-fold less predominantly
early apoptosis and more late apoptosis (Figure 6B). No obvious difference in apoptotic
subpopulations was observed between the different seeding temperatures at each cooling

rate.

Post-thaw apoptosis was further monitored via chromatin condensation in attached
colonies for up to 24 hours post-thaw. Condensed chromatin was not visible at 4 hours
post-passage but was visible until 8 hours post-thaw for the aggregates frozen at -1
°C/min seeded at -4 °C, up to 24 hours post-thaw for the aggregates frozen at -3 °C/min
seeded at -4 °C (Figure 6C). In addition, sister chromatids were also clearly visible
starting at 8 hours post-passage, 8 hours post-thaw for the aggregates frozen at -1 *C/min
seeded at -4 °C, but not observed for the aggregates frozen at -3 °C/min seeded at -4 °C.
As shown by the growth curves in Figure 6D, the aggregates frozen at -3 *C/min seeded
at -4 °C proliferated greatly between 24 and 48 hours post-thaw, surpassing the culture of
aggregates frozen at -1 “C/min seeded at -4 °C; the culture of aggregates frozen at -3
°C/min seeded at -8 °C proliferated and became detectable starting at 48 hours post-thaw;
all the rest of the sample conditions, single cells and aggregates, did not show detectable

amount of attached cells throughout the 4-day period.
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Figure 6. Post-thaw apoptosis and proliferation. (A) An example of the flow cytometry density plot of
FAM-VAD-FMK against 7-AAD, with four quadrants defining live, early apoptotic, late apoptotic and
necrotic cell subpopulations respectively. (B) Left: 100% stacked column graph of cell subpopulation
proportions against fresh post-passage control or the freezing condition in abbreviated forms of
“Aggregates-cooling rate (°C/min)-seeding temperature ("C)”. Right: combined apoptotic population
proportion and ratio of early-to-late apoptotic population proportions calculated from the subpopulation
proportions on the left. (C) Attached colonies in culture 4, 8, 12, 24 hours post-passage or post-thaw,
stained with Hoechst 33342. White arrows point at condensed chromatin. White circles highlight formed,
aligned or separated sister chromatids. (Scale bar: 50 um.) (D) Modified Bezier curves of cell growth up to
4 days post-thaw. Sample conditions are shown in abbreviated forms of “Single cells (or aggregates)-

cooling rate (°C/min)-seeding temperature (°C)”.

4.4 Discussion
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4.4.1 Multicellular aggregates more sensitive to undercooling than single cells

AIC values of single cells and aggregates cryopreserved at -10 °C/min were significantly
greater than those at -1 and -3 “C/min, consistent with earlier studies that fast cooling
rates resulted in greater IIF!3° and greater value of AIC led to lower cell survival'?’. Two
different types of ice crystals were observed in this study: 1) small ice crystals mixed
with cytoplasm and 2) large pure ice crystals (Figure 7A). Type-1 ice crystals were
intracellular as observed in a previous study'?’; type-2 ice crystals could be either
intracellular or intercellular, where future study is needed to determine their location
relative to the cell membrane. However, because the size of some type-2 ice crystals was
clearly greater than that of an individual cell, they were most likely intercellular. Only
high cooling rate (-10 *C/min) resulted in type-2 ice crystals in cryopreserved single cells.
Undercooling occurs when the temperature at which ice forms or seeding temperature
drops below the melting temperature of the system. The lower the seeding temperature,
the greater the undercooling. The relative insensitivity of hiPSC single cells to
undercooling is similar to that observed with peripheral lymphocytes'*®, but differs from

137 erythrocytes!® and hiPSC aggregates. In contrast, high cooling rates (-10

hepatocytes
°C/min) and low seeding temperature (-8 “C) resulted in type-2 ice crystals in aggregates.
This suggests that aggregates are more sensitive to undercooling than single cells. As the
seeding temperature decreased from -4 °C to -8 °C, the cooling rate threshold for IIF in
aggregates also decreased from -10 °C/min to -1 “C/min, which is consistent with an early

study, where the higher the degree of undercooling, the lower the cooling rate at which

IIF is observed!3®.
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Figure 7. Intracellular ice crystal categorization and f-actin organization. (A) Sketches of frozen cell
aggregates showing two types of ice crystals. (B) Attached colonies in culture 4, 8, 12, 24 hours post-
passage or post-thaw, stained for f-actin. The honeycomb-like pattern became clearly visible around 8§
hours post-passage and around 12 hours post-thaw for the aggregates cryopreserved at -1 °C/min with
seeding at -4 °C and for those cryopreserved at -3 *C/min with seeding at -4 °C. All other freezing
conditions tested were not assessed here due to failed post-thaw cell attachment. (Scale bar: 50 pm.) [Panel

A is based on Guanglin Yu’s work.]

A lower seeding temperature results in a greater difference in chemical potential across
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the cell membrane!’. It has been hypothesized that a new equilibrium can be reached by
dehydration of cells or solidification of water inside the cell. Several effects could
influence the probability of IIF at lower seeding temperatures, including water
permeability of cell membrane. Compared to single cells, aggregates have a more
complex cytoskeletal structure (Figure 7B), which can interact with the plasma
membrane, compacting the aggregates'*’, therefore decreasing membrane water
permeability'#!. In addition, membrane fluidity was found to be significantly lower in
aggregates (i.e., 1.39 £ 0.01 a.u., 95% confidence interval) than in single cells (i.e., 1.52
1 0.01 a.u., 95% confidence interval). Membrane permeability of water should be
proportional to the membrane fluidity!#?. Kinetic energy and molecular motion decrease
with undercooling, and upon ice nucleation in the extracellular space, a more rigid
plasma membrane may not allow water molecules to transport quickly enough from the
intracellular space following the sudden increase in the transmembrane concentration
differential and avoid intracellular ice formation. The higher sensitivity to undercooling
of aggregates than single cells is likely a result of their decreased membrane fluidity and

water permeability.

Propagation of ice crystals from cell-to cell has been observed in non-hiPSC
aggregates,!22:124.143.144 Tp this study, small ice crystals mixed with cytoplasm were
confined within the cell where ice was initially formed, and there was no evidence that

these small ice crystals propagated from one cell to the next.
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4.4.2 DMSO distribution more heterogeneous in aggregates than single cells

Variation of DMSO concentration across aggregates was significantly greater than that
across single cells frozen at cooling rates of -1, -3 °C/min with a seeding temperature of -
4 °C. These differences could result from greater disturbance to transport by more

complex membrane-cytoskeletal structure!4?

of multicellular systems. Previous studies
have measured DMSO transport in tissues using MRI'*> and demonstrated variations in
the concentration with time and location, but no previous studies have had the spatial
resolution to look at the distribution of cryoprotective agents in a multicellular system on
a cell-by-cell basis. Raman spectroscopy served as an ideal tool to investigate the

distribution of cryoprotective agent cell-by-cell for both single cells and multicellular

aggregates in this study.

4.4.3 Membrane integrity decoupled from post-thaw function of adherent cells

For single cells, similar to what was reported in literature!!!-114

, slow cooling rates (-1, -3
°C/min) allowed significantly better preservation of membrane integrity than higher

cooling rate (-10 °C/min) regardless of the seeding temperature. This outcome was

consistent with the observation that AIC increased with the increasing cooling rate.

For aggregates, however, slow cooling rates (-1, -3 °C/min) combined with high seeding
temperature (-4 °C) had little effect on the membrane integrity but resulted in
significantly better cell attachment than higher cooling rate (-10 °C/min) or low seeding

temperature (-8 °C). The clear advantage of seeding temperature -4 “C compared to -8 "C
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suggests that the range of seeding temperatures of -7 to -12 °C being used in literature!!°
is suboptimal, and that seeding temperature should be considered as a critical parameter
when designing cryopreservation protocol for hiPSCs. Cell attachment of the aggregates
correlated with AIC. The two freezing conditions that successfully attached post-thaw
both had little intracellular ice, while those freezing conditions that formed large pure ice
crystals all failed to attach post-thaw. Similar to the results observed with hMSCs*,
membrane integrity of hiPSC aggregates did not always correlate with cell attachment.
All conditions tested using aggregates had reasonable levels of post-thaw membrane
integrity, but only two of these conditions had detectable cell attachment post-thaw. It is
not clear the specific mechanism for the impaired attachment observed in this study.
Previous studies have found that freezing can result in damage to the cytoskeleton!® or
exposure to DMSO can result in damage to DNA and proteins >’-'46 that does not alter
membrane integrity. This suggested that the two metrics, post-thaw recovery rate and
post-thaw attachment rate, could be decoupled. The conventional approach of optimizing
hiPSC cryopreservation based on only post-thaw membrane integrity may be insufficient.
Functional metrics like post-thaw attachment should be incorporated into screening of

cryoprotective agents and tuning of freezing protocols.

4.4.4 Predominantly late apoptosis and late onset of proliferation linked to poor post-
thaw reattachment
Post-thaw apoptosis can influence the persistence of cells with time post-thaw.

Significant cell losses can be experienced with time post-thaw resulting from
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apoptosis'3. High levels of post-thaw apoptosis were observed in this investigation and
apoptosis dominated necrosis. This result is similar to that observed in renal cells and

148,149 and lymphocytes!?, no

hESCs!331%7 However, unlike hematopoietic stem cells
association between the caspase activation (early apoptosis) and post-thaw function (cell
attachment) was found in cryopreserved hiPSC aggregates. Different freezing conditions
resulted in similar levels of caspase activation. Similar level of caspase activation was
also observed in passaged fresh hiPSC aggregates, suggesting that the high caspase
activation was primarily induced by cell dissociation, rather than cryopreservation'3!. The
presence of condensed chromatin (late apoptosis) and absence of mitotic chromosomes

(proliferation) up to 24 hours post-thaw correlated with low cell attachment measured at

24 hours post-thaw.

F-actin cytoskeleton has been evaluated by previous studies in ROCKi-conditioned

adherent single cells'>!

. In this study, f-actin cytoskeletal organization was monitored in
attached colonies of ROCKi-free culture (Figure 7B). The colonies underwent
remodeling and reestablishing of f-actin organization both post-thaw in the cryopreserved
samples and post-passage in the fresh sample, where f-actin fibers progressed to localize
near the cell-cell interfaces and the edge of the colony, forming a honeycomb-like
pattern. Impaired f-actin organization was seen in the cryopreserved cells up to 8 hours
post-thaw compared to fresh cells, which could be explained by actin depolymerization

due to osmotic stress during freeze-thaw!>. The dense f-actin at the edge of the colony

was identified in a recent study as a contractile actin fence that reinforces colony
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structure and pluripotency'#’, supporting that the f-actin organization plays an important

role in post-thaw survival and growth of these multicellular aggregates.

4.4.5 Aggregate size-dependent post-thaw survival and further complexity in
cryopreservation of multicellular systems

Data thus far has been acquired using small aggregates of 3 to 50 cells. A recent study
found that the survival of cryopreserved aggregates depended on the size of aggregates,

preferring those around 109 um in diameter to larger sizes'>?

. Following the publication,
we explored the cryopreservation of larger hiPSC aggregates (> 100-cell) and whether
their survival would be affected by variations in the cooling rate. In cryobiological
studies of single cells, it has been postulated that larger cells require slower cooling rates
to avoid lethal intracellular ice and consequent cell death due to their lower surface-to-
volume ratio®’. Interestingly, we found that the optimal cooling rate of the larger
aggregates favored a faster cooling rate (i.e., -3 °C/min) whereas the smaller aggregates

required a slower cooling rate (i.e., -1 *C/min) to avoid significant loss of viable adherent

cells (Figure 8), opposing the trend observed in the single cell-based literature.
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Figure 8. Post-thaw survival of hiPSC aggregates of different aggregate sizes in terms of (A) post-thaw cell
recovery based on membrane integrity and (B) post-thaw cell reattachment based on viable, adherent cell
count in 24 h post-thaw culture, showing drastically lower sensitivity of the membrane integrity assay to
freezing damages caused by suboptimal cooling rates, -3 “C/min as the best cooling rate for the large

aggregates and -1 “C/min as the best cooling rate for the small aggregates with statistical significance.

Combined with other findings in this chapter, it is clear that hiPSCs as a multicellular
system respond to freezing in a complex fashion, and the successful establishment of
post-thaw culture depends on various critical factors. Further studies will need to not only
continue exploring additional factors to optimize the freezing protocol for hiPSCs but
investigate the biological pathways connecting the factors and the observed
cryopreservation outcomes to provide targets for future development of cryoprotective

agents.

4.5 Conclusion

Inadequate preservation methods of human induced pluripotent stem cells (hiPSCs) have
impeded efficient reestablishment of cell culture after freeze-thaw. In this chapter, we

examined the roles of cooling rate, seeding temperature and the difference between cell
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aggregates (3-50 cells) and single cells in controlled rate freezing of hiPSCs. Intracellular
ice formation (IIF), post-thaw membrane integrity, cell attachment, apoptosis and
cytoskeleton organization were evaluated to understand the different freezing responses
between hiPSC single cells and aggregates, among cooling rates of -1, -3, -10 “C/min,
and between seeding temperatures of -4, -8 °C. Raman spectroscopy images of ice
showed that lower seeding temperature (-8 “C) did not affect IIF in single cells but
significantly increased IIF in aggregates, suggesting higher sensitivity of aggregates to
undercooling. In absence of IIF, Raman images showed greater variation of DMSO
concentration across aggregates than single cells, suggesting cryoprotective agent
transport limitations in aggregates. Ability of cryopreserved aggregates to attach to
culture substrates did not correlate with membrane integrity for the wide range of
freezing parameters, indicating inadequacy of using only membrane integrity-based
optimization metrics. Lower cooling rates (-1, -3 “C/min) combined with higher seeding
temperature (-4 °C) were better at preventing IIF and preserving cell function than higher
cooling rate (-10 “C/min) or lower seeding temperature (-8 “C), proving the seeding
temperature range of -7 to -12 °C from literature to be suboptimal. Unique f-actin
cytoskeletal organization into a honeycomb-like pattern was observed in post-passage

and post-thaw colonies and correlated with successful reestablishment of cell culture.

80



Chapter S
Non-DMSO Cryoprotective Agents Synergistically Strengthen

Hydrogen Bonds and Alter Solidification Behaviors of Water

Much of the text and figures in this chapter have previously appeared in the publications below,
included here with copyright permission from John Wiley & Sons, American Chemical Society

and Frontiers.

Yu G, Li R and Hubel A. Interfacial interactions of sucrose during cryopreservation detected by

Raman spectroscopy. Langmuir. 2018. 35, 7388-7395.

Li R', Hornberger K', Duarte AR and Hubel A. Natural Deep Eutectic Systems for Improved
Cryopreservation of Cells. AIChE Journal. 2021. 67, ¢17085.

Li R", Hornberger K, Dutton J and Hubel A. Cryopreservation of iPS cell aggregates in a DMSO-
free solution — an optimization and comparative study. Frontiers in Bioengineering and

Biotechnology. 2020. 8, 1-13.

5.1 Introduction

Cryopreservation is the technology used to stabilize cells at cryogenic temperatures for a
variety of research and clinical applications. The majority of mammalian cells are
cryopreserved with dimethyl sulfoxide (DMSO) using slow cooling rates. Unfortunately,
there are cells that respond poorly to this conventional method of freezing!>3!4, and
DMSO itself is associated with dangerous adverse effects when infused into the human
body!>. As a result, non-DMSO cryoprotective agents (CPA) such as sugars have been
commonly utilized in the cryopreservation of various mammalian cell types to replace the

use of DMSO!%6-158 Tn addition, we have recently demonstrated that sugars in
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combination with sugar alcohols and amino acids are effective in preserving cells*®8°,

This chapter dissects the cryoprotective mechanisms of action of these non-DMSO CPAs
in terms of the interaction of sugar with water and with cells, the interaction between
sugar and sugar alcohol as well as their interaction with water and with cells, and the
interaction of a complete multicomponent CPA solution with water, so as to build the

scientific foundation for future DMSO-free cryopreservation designs.

5.1.1 Sucrose

Numerous studies have been performed to understand the mechanisms of protective
properties of sucrose, most of which aimed at the interactions between sucrose and water,
proteins and membranes. In dilute aqueous solutions, the destructuring effect of sucrose
on the water tetrahedral hydrogen bond network has been observed in both experimental
studies and molecular dynamics simulations'**-'®, In sucrose/water mixture at
concentrations over 30%, it was found that all the water molecules were involved in
hydrogen bonds with sucrose!¢!, and that the hydrogen bonds formed between sucrose

162 Tn these studies, the

and water significantly slowed down the water dynamics
interactions between sucrose and water were examined based on a limited range of solute
concentrations; however, the change of solute composition induced by the formation and
growth of ice crystals in the real situation of cryopreservation might be substantial. As a

result, it will be beneficial to explore the interactions between sucrose and water in a

frozen sucrose solution.
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The interactions between sucrose and macromolecules including proteins and membranes
have been extensively examined, with several hypotheses being proposed to explain the
protective properties of sucrose, including the water-replacement hypothesis'®*-167 and

168

the vitrification hypothesis'®°. Various techniques including infrared

166,167.169 " nuclear magnetic resonance!”’, differential scanning calorimeter!®

spectroscopy
and molecular modeling!”! have been employed to provide supporting evidence for these

hypotheses. However, there have been no studies to visualize the interactions between

sucrose and cell membrane at a low temperature directly.

Interactions between cell and extracellular ice and their influence on cell survival have
been systematically studied by the encapsulation and partitioning of cells in growing ice
crystals!’2-176, Tt has been shown that interactions between cell and solidifying interface
can produce a beneficial local environment to protect cells from damage!”’. However,
information regarding the solute concentration at the interface between cell and
extracellular ice was still lacking except for a few simulation studies!””-178, Tt is still
unclear how the cells interfere with the local solute transport ahead of the interface.
Detailed knowledge of the distribution and concentration of sucrose relative to the
cryopreserved cell is essential for understanding the interactions between the nonfrozen
sucrose solution and cell, interactions between extracellular ice and cell, and dehydration

induced cell damage.

Recently, Raman spectroscopy has been emerging as a powerful imaging tool to

&3



investigate the freezing responses of various types of cells cryopreserved in different
CPAg7080.909LI10L102,107.179 'The high spatial resolution of Raman spectroscopy allowed us
to visualize the distribution of extracellular and intracellular ice, CPAs and biological
signals for single cells during freezing®!. The morphology and size of ice crystals formed
in different combinations of CPAs have also been successfully captured by Raman
imaging®*1%°, Raman spectroscopy is sensitive to the structure of hydrogen bond network,
making it a suitable tool to examine the effects of CPAs on the water hydrogen bond
network at a low temperature!. In the first part of this chapter work, Raman
spectroscopy was utilized to study the interactions between sucrose and water during
freezing and to explore the biophysical environment at interfaces between cell and
nonfrozen sucrose solution, between cell and extracellular ice, and between nonfrozen
sucrose solution and ice. This work will enhance our understanding of the behaviors of

sucrose solution at a low temperature and the mechanisms of its protective effects on cell.

5.1.2 Sugar-sugar alcohol natural deep eutectic systems

Natural deep eutectic systems or natural deep eutectic solvents (NADES) are solutions
composed of primary metabolites including sugars, sugar alcohols, and amino acids at
specific molar ratios that influence the freezing behavior of water!8. Intermolecular
hydrogen bonding between the NADES components and water results in strong
depression of the melting point of the solution. Organisms that routinely survive below
freezing temperatures, such as wood frogs, earthworms, and tardigrades, protect

themselves naturally from freezing damage by synthesizing metabolites that likely form
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NADES, resulting in melting point depression within the organism, reduced ice crystal

formation and protection from osmotic stress!8!:182,

NADES are emerging as alternative nontoxic solutions for a variety of applications, most
commonly used as drug carriers or nontoxic extraction media to replace organic
solvents!83. NADES have been recently explored as potential CPAs (CPAs) for the

preservation of mouse fibroblast cells'84

and lactobacillus'®. Cells are commonly
cryopreserved in 5-10% dimethyl sulfoxide (DMSO)!3¢, which is cytotoxic and
unsuitable for cells intended to be administered to patients as cell therapies!®’. Thus, there
is great interest in the development of non-DMSO CPAs for the cryopreservation of cells.
Pure NADES typically have high viscosities, making them unsuitable for cell
preservation, but previous studies have shown that NADES can be added to water to
decrease their viscosity 84188191 Tn particular, a NADES composed of trehalose and

glycerol (T:G) has been shown to successfully preserve mouse fibroblast cells when

added to water (10% w./v. T:G)'84,

In our previous studies, we used naturally occurring metabolites to develop an optimized
multicomponent osmolyte (MCO) solution for the cryopreservation of Jurkat cells, an
immortalized cell line used as a T lymphocyte model, via a differential evolution
algorithm-driven optimization process. The optimized MCO solution composed of
trehalose, glycerol, and isoleucine (TGI) resulted in 84% post-thaw recovery of Jurkat

cells®®.
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In the second part of this chapter, we study Jurkat cell cryopreservation using T:G
NADES diluted in Normosol-R and supplemented with isoleucine to explore the
capability of NADES as a CPA and the benefit of isoleucine as an additional CPA.
Freezing behavior is characterized for all the dilute NADES solutions experimented in
this study in comparison with the preexisting MCO solution and a standard DMSO
solution. Differential Scanning Calorimetry (DSC) is used to define the thermophysical
properties of the various CPA solutions. Raman spectroscopy is used to characterize the
effect of T:G NADES on hydrogen bonding as well as the microscopic behavior of water
at low temperatures. Cells are also frozen in NADES, MCO and DMSO solutions using a
controlled rate freezing method, and post-thaw apoptosis and proliferation are used to

quantify the freezing responses of the cells.

5.1.3 Multicomponent non-DMSO CPA solution

The last part of this chapter focuses on the effect of a multicomponent non-DMSO CPA
solution derived from the cell-based studies described in Chapter 6, herein providing
mechanistic insights to the practical benefits observed in later context. The CPA
components include sucrose, glycerol, L-isoleucine, human serum albumin (HSA), and
poloxamer 188 (P188), all of which are nontoxic and FDA-approved for infusion. Low-
temperature Raman spectroscopy is used to analyze the freezing behavior of water in
solution with an optimized versus deviated formulation of these five types of CPAs. This

comparison investigates particularly the effect of subtle difference in the concentration of
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individual CPAs on the cryoprotective effect of the complete CPA solution. Differential
scanning calorimetry (DSC) is used to analyze the thermophysical behaviors of the
optimized and deviated CPA solutions, as well as their variant forms each with one
component of interest removed. This controlled experiment, in combination with other
low-temperature Raman spectroscopy results in this chapter, examines the mechanism of
action of the non-DMSO CPAs, individually and in concert, and the significance of their

cryoprotective property.

5.2 Methods

Jurkat cells (ATCC, TIB-1522) were used as a cell model to aid the cell-based
investigation of sucrose and dilute T:G NADES. They were cultured as described in
section 3.2.2. No cells but the aqueous solutions alone were used in investigation of the
complete multicomponent CPA formulation. Aqueous solutions of sucrose at varying
concentrations, of T:G NADES at varying dilution ratios supplemented with varying
concentrations of isoleucine, and of sucrose, glycerol, isoleucine, HSA and P188 at
varying compositions were respectively formulated for the following experiments as
described in section 3.4. The multicomponent non-DMSO CPA solutions discussed in
this article are covered by issued Patent #10,314,302 and patent application #16/383,165,

owned by Regents of the University of Minnesota.

To confirm the formation of NADES, mixtures of trehalose and glycerol at a molar ratio

of 1:10 and 1:30 were imaged using a Zeiss TIRF imaging system in its phase contrast
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configuration with a 20x air objective (Plan-Apochromat, NA 0.8, Zeiss) and a Zeiss
AxioCam MRm 12-bit monochrome camera. Microscope slides containing 2-3 drops of
each solution were observed under the microscope. The sample space was surveyed to
verify the absence of sugar crystals or obtain the microscopic images of identified sugar
crystals. Fibrous debris and dust particles in the samples were excluded based on their
morphology. Osmolality of the dilute NADES was measured as described in section 3.16.
A dilution curve was created to validate a linear relationship between the dilution ratio of
NADES in water and the measurement of osmolality and was used to extrapolate the

osmolality of solutions that were out of range of the osmometer.

Low-temperature Raman spectroscopy was set up as described in section 3.13.1.
Independent experiments were performed with final sample temperature stabilized
respectively at 20 °C, -10 °C and -50 °C to collect Raman data. For freezing experiments,
ice nucleation was induced manually at a constant temperature of -6 °C. Samples
containing cells were cooled at a constant rate of -1 “C/min, whereas samples containing
aqueous solutions alone were cooled at a constant rate of -10 “C/min. When the samples
stabilized at each target temperature, Raman images of cell (1660 cm™), ice (3125 cm™!),
sucrose (850 cm™), and DMSO (695 cm™') were rendered, and Raman spectra at various
points of interest were acquired as described in section 3.13.2. Raman images were
spatially deconvolved as described in section 3.13.3. Differential scanning calorimetry
(DSC) was performed, and DSC results were analyzed as described in section 3.15.

Samples were run in independent triplicate.

88



Jurkat cells were frozen in vials at a concentration of 6x10° cells/ml upon 1 h incubation
at room temperature. Controlled rate freezing was performed as described in section 3.6.1
with a constant cooling rate of -1 “C/min and a constant ice nucleation temperature of -8
°C. After 24 h storage in the vapor phase of liquid nitrogen, post-thaw recovery was
quantified for 6 independent biological replicates as described in section 3.7. Post-thaw
cell growth was monitored daily for 3 days in independent biological replicates as
described in section 3.9. Post-thaw cell apoptosis was measured as described in section

3.10.

In this chapter, data was represented as mean plus/minus standard error. Two-tailed
student #-tests were performed for two-sample comparisons, and one-way ANOVA tests
with Bonferroni correction were performed for comparisons between multiple sample
groups to obtain p-values with a significance level set at 0.05. One-sample hypothesis
testing was performed using a T distribution on the DSC measurements, post-thaw cell
recovery rates and proportions of post-thaw apoptosis subpopulations, and 95%
confidence intervals were calculated. Null hypothesis was defined as no statistically
significant difference between any pair of samples. p-value less than 0.05 was used to
reject the null hypothesis and determine the statistical significance. Power analysis was
performed for the experiments in this study to ensure sufficient sample size with a power

of 0.95.
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5.3 Results

5.3.1 Sucrose aqueous solution between ice concentrated beyond solubility limit

In order to characterize the behaviors of a nonfrozen sucrose solution at a low
temperature, 730 mM sucrose solution was seeded at -6 °C and cooled at -1 “C/min to -10
°C or -50 °C. Raman images rendered on the signals associated with ice and the sucrose
were generated (Figure 9A). Spectra were averaged over the area of nonfrozen sucrose
solution (excluding the influence of ice) for both temperatures and further normalized to
the CHa stretching peak at 2936 cm™! of the spectra at -50 °C!°? (Figure 9B). The stronger
intensity of CH; stretching peak at -50 °C compared to that at -10 °C indicates a
substantial increase of sucrose concentration as the temperature decreased. In order to
determine the concentration of nonfrozen sucrose solution at a low temperature, Raman
spectra of sucrose solutions with concentration ranging from 2920 mM to 4380 mM were
collected. A calibration curve was developed based on the ratio of peak intensity at 2936
cm! to the peak intensity at 3420 cm™! (Figure 9C and D). The concentration of sucrose in
the nonfrozen solution at -10 °C was estimated to be 3650 mM. The concentration at -50
°C exceeded the range of the calibration curve, greatly higher than 4380 mM (i.e., the
solubility limit achieved at room temperature), and no extrapolation was used to estimate

the exact concentration (Figure 9D).

Raman spectra could also be used to characterize the hydrogen bond network of the
nonfrozen solution. The broad OH stretching peak from 3100 cm™ to 3800 cm™! has been

decomposed into symmetric OH stretching centered at 3230 cm! (corresponding to
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tetrahedral hydrogen bond of water molecules) and asymmetric OH stretching centered at
3420 cm! (corresponding to a partially developed hydrogen bond of water molecules) for
dilute sugar solutions!'®*!?3, However, in this work, the high concentration of nonfrozen
sucrose solution no longer qualified as dilute sugar solution, and the OH stretching from
sucrose also contribute to the broad OH stretching peak, so the method of decomposing
OH stretching peak into symmetric and asymmetric OH stretching of water was not
performed. However, it could still be observed that peak intensity at 3420 cm™ slightly
decreased from -10 °C to -50 °C in Figure 9B, and the whole OH stretching peak shifted

to a lower wavenumber as the temperature decreased.
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Figure 9. Raman analysis of sucrose concentration in nonfrozen solution. (A) Raman images of ice and
nonfrozen sucrose solution at -10 °C and -50 °C for 730 mM sucrose solution. (B) Raman spectra averaged
over the nonfrozen sucrose solution area at -10 °C and -50 °C. (C) Raman spectra of 2920 mM and 4380
mM sucrose solution. (D) Peak intensity ratio of 2936 cm™ to 3420 cm™ for a range of sucrose
concentration. This ratio for Raman spectra averaged over nonfrozen sucrose solution at -10 °C and -50 °C

were 1.6 and 3.5 respectively. [Experiments for this figure were performed by Guanglin Yu.]
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Complex solutions, such as sucrose and water, freeze over a range of temperatures and
the high spatial resolution of the Raman microscopy enabled us to closely investigate the
nonfrozen solution between two adjacent ice crystals. Across the gap filled with
nonfrozen solution (Figure 10A), a red arrow was drawn from one ice crystal through the
nonfrozen sucrose solution to the other ice crystal. Normalized sucrose concentration and
ice intensity were plotted (Figure 10B). At the interface of ice crystal and nonfrozen
sucrose solution, the concentration of sucrose gradually increased away from the ice,
while the ice density gradually decreased into the sucrose solution. The gradual nature of
the changes in sucrose concentration and ice density at the interface was consistent with
results shown by other interfacial studies. Across this channel of sucrose solution, the
distribution of sucrose was relatively uniform in the non-interfacial region. The plateau of
sucrose across the narrow channel of nonfrozen solution was unlike the accumulation of
solutes at the interface during dynamic freezing process'®. The high lateral and spectral
(chemical) resolution of confocal Raman spectroscopy allowed us to observe the sucrose-
ice interface on the submicron level. On the other hand, its lower axial and temporal
resolution limited our ability to study the interface on the third dimension or capture
transient states of the interface during freezing. The analysis here illustrates the interface
in a relatively steady state, where images were taken roughly one hour after seeding and

30 minutes after reaching -50 °C.
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Figure 10. Raman analysis of sucrose-ice interface. (A) Raman images of sucrose and ice at -50 °C for 730
mM sucrose solution. (B) Normalized sucrose concentration and ice intensity along the red arrow.

[Experiments for this figure were performed by Guanglin Yu.]

5.3.2 Nonfrozen sucrose solution of submicron thickness in and around cell membrane
It is generally accepted that sugars such as sucrose and trehalose are not cell-penetrating,
although several techniques have been proposed to load sugars into cells to improve cell

1195197 However, studies that explore the precise distribution of sucrose relative

surviva
to the cryopreserved cells are limited. To remedy this gap, Jurkat cells were
cryopreserved in 730 mM sucrose solution at -1 °C/min to -50 °C, and Raman images
were rendered on the signals associated with sucrose, as well as of the ice and cell (amide

I) (Figure 11A). Raman images of sucrose demonstrated that sucrose was predominantly

distributed outside the cell. The cell membrane was either in close proximity to the
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extracellular ice or connecting with a nonfrozen sucrose solution between adjacent ice
crystals. It is noteworthy that sucrose was present at the interface between cell membrane
and extracellular ice and formed a thin layer of nonfrozen solution surrounding the cell,
which, to the best of our knowledge, has never been observed before.
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Figure 11. Raman analysis of spatial separation between Jurkat cells and ice. (A) Raman images of ice, cell
(amide I) and sucrose for Jurkat cells cryopreserved in 730 mM sucrose solution. (B) The thickness of the
nonfrozen sucrose solution around the cell. For the regions where solution thickness is not indicated, the
thickness is less than the spatial resolution of the microscope (~300 nm). [Experiments for this figure were

performed by Guanglin Yu.]

The thickness of the layer of sucrose solution between the cell membrane and the

extracellular ice was calculated, and the average thickness was in the range of 0.4-0.9 um
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(Figure 11B). Distances between the cell membrane and extracellular ice that were below
the lateral spatial resolution of the confocal Raman microscope could not be resolved.
Raman images of ice showed little intracellular ice formation (IIF) in the cryopreserved
cells, and Raman images of cells showed that the cells maintained their normal circular

morphology.

Cells were trapped between adjacent ice crystals whose geometric proximity to the cell
was not uniform. The next phase of investigation involved quantifying the variation in the
sucrose concentration in a gap between a cell and the ice phase. Raman images of ice,
cell (amide I) and sucrose were shown for the cell used for analysis (Figure 12A). The
normalized sucrose concentration was obtained along the white arrow passing through
the interface (Figure 12B). The sucrose concentration at the interface between cell and
extracellular ice was lower than that in bulk nonfrozen solution (Figure 12C). It was also

noteworthy that the ice front was curved when close to the cell (Figure 12A).
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Figure 12. Raman analysis of heterogeneity of sucrose distribution around a cell. (A) Raman image of ice,
cell (amide I) and sucrose for the cell used for analysis. (B) Binary image showing the location of white
arrow used to illustrate sucrose concentration. (C) Normalized sucrose concentration obtained along the

white arrow in (B). [Experiments for this figure were performed by Guanglin Yu.]

In order to further examine the interactions between cell and sucrose solution, a cell
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engulfed in ice was analyzed (Figure 13A). Binary masks were created from Raman
images of sucrose and amide I to indicate the location and area of sucrose solution and
cell, and the overlay of the two binary masks was observed (Figure 13B). Averaged
Raman spectra over the sucrose mask in Figure 13B showed both peaks of sucrose (box
1) and amide I (box 2), substantiating the overlap between sucrose solution and cell
(Figure 13C). Raman spectra averaged over the cell area (excluded the overlapping area
of cell and sucrose) showed much lower OH stretching peak than that of cell in DPBS at
room temperature, indicating dehydration of the cells cryopreserved in sucrose solution

(Figure 13D).
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Figure 13. Raman analysis of spatial overlap between sucrose and cell. (A) Raman image of ice, cell
(amide I) and sucrose for a Jurkat cell cryopreserved in 730 mM sucrose. (B) Binary masks of location and
area of unfrozen sucrose solution and cell, and corresponding overlay of the two masks. Rectangle area
showing the location of cell membrane relative to the sucrose solution. (C) Raman spectra averaged over
the sucrose mask. Box 1 indicates Raman signal of sucrose and box 2 indicates Raman signal of amide I.
(D) Raman spectra of a cell cryopreserved in 730 mM sucrose solution at -50 °C and in DPBS at room

temperature. [Experiments for this figure were performed by Guanglin Yu.]

Furthermore, the partitioning of sucrose across the cell membrane was quantified by
correlating intracellular and extracellular sucrose concentration for a Jurkat cell frozen in
a 730 mM sucrose solution. A red arrow was drawn in the Raman image of sucrose, and
normalized sucrose concentration was calculated (Figure 14A). The intracellular sucrose
concentration was less than 10% of the extracellular sucrose concentration. The same

method was employed on another Jurkat cell frozen in a 934 mM sucrose solution,
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showing that the intracellular and the extracellular sucrose concentrations were
comparable. This implies the breakdown of cell membrane (Figure 14B), which is
consistent with the fact that Jurkat cells frozen in 934 mM sucrose exhibited poor post
thaw recovery (data not shown). There was little IIF in both cells, based on the Raman
images of ice. The partitioning of 10% DMSO across the cell membrane was also
examined. It was found that the intracellular DMSO concentration was lower than the
extracellular DMSO concentration (Figure 14C). Unlike sucrose, the gap between
extracellular ice and the cell cryopreserved in DMSO solution was beyond the resolution

limit of the Raman microscopy.
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Figure 14. Membrane partitioning of sucrose. (A) Brightfield image and Raman image of ice, cell (amide
I) and sucrose for a cell cryopreserved in 730 mM sucrose solution. Normalized sucrose concentration was
obtained across the red arrow. (B) Brightfield image and Raman image of ice, cell (amide I) and sucrose for
a cell cryopreserved in 934 mM sucrose solution. Normalized sucrose concentration was obtained across

the red arrow. (C) Brightfield image and Raman image of ice, cell (amide I) and DMSO for a cell
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cryopreserved in 10% DMSO solution. Normalized DMSO concentration was obtained across the red
arrow. Representative images of one cell were selected from eight different cells and shown here for each

condition. [Experiments for this figure were performed by Guanglin Yu.]

During freezing, cells respond to the change of composition of a nonfrozen solution by an
efflux of water>1°%19%_ Cells cryopreserved in a 730 mM sucrose solution were
significantly dehydrated, as demonstrated by the Raman spectra; however, the cell
membrane was still intact. Raman spectroscopy also enables us to determine loss of
membrane integrity during freezing, which could not be detected by conventional
microscopy without a fluorescent tag. The freezing of cells in 934 mM sucrose solution
demonstrated such a loss in membrane integrity, and corresponding post thaw recoveries

WCEre poor.

5.3.3 Formation of NADES confirmed by light microscopy

The T:G NADES was prepared at a molar ratio of 1:30'%*, which resulted in the
formation of a clear viscous liquid after continuous mixing at 70 “C (Figure 15A). Phase
contrast microscopic imaging at room temperature showed that no trehalose crystals were
formed in the T:G 1:30 NADES, while sugar crystals were easily found in the mixture of

trehalose and glycerol at a molar ratio of 1:10, as exemplified in Figure 15B.
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Figure 15. Visual confirmation of NADES formation. (A) From left to right: trehalose, glycerol, and T:G
1:30. (B) Confocal microscope image of T:G 1:30 shows no undissolved crystals (left) while trehalose and
glycerol at a molar ratio of 1:10 shows undissolved crystal (right). [Experiments for this figure were

performed by Kathlyn Hornberger and Adam Joules.]

5.3.4 T:G NADES distinct from trehalose and glycerol alone in interaction with water
To demonstrate the effect of NADES formation on the freezing behaviors of water,
aqueous solutions containing only trehalose, only glycerol or T:G NADES of equivalent
concentrations of trehalose and glycerol were frozen and analyzed using low-temperature
Raman spectroscopy. Both ice crystal morphology and hydrogen bonding were

characterized.
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Figure 16. Ice crystal morphology and nonfrozen hydrogen bond network. (A-C) Brightfield images (scale
bar: 10 um) and Raman spectral heat maps (scale bar: 5 pm) of ice, trehalose and glycerol acquired in both
lateral and axial planes at -50 °C for (A) 1.1% w./v. trehalose in Normosol-R, (B) 8.9% w./v. glycerol in
Normosol-R and (C) 10% w./v. T:G NADES in Normosol-R, showing difference in ice morphology and
width of the nonfrozen channel between ice crystals, the quantified results of which are given in Table 4.
(D-F) Overlaid Raman spectra independently acquired at 20 °C, -10 °C and -50 °C from (D) 1.1% w./v.
trehalose in Normosol-R, (E) 8.9% w./v. glycerol in Normosol-R and (F) 10% w./v. T:G NADES in
Normosol-R, showing difference in shift of the OH stretching band (solid arrows) in response to

temperature decrease.
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As shown by the brightfield images in Figure 16A-C, ice morphology was different
among the three solutions of interest. Ice crystals were fitted to ellipses, and ellipticity

was defined by the first flattening:

_(a-b)
~@-b

f

f: ellipticity (or first flattening); a: semimajor axis; b: semiminor axis.
As quantified from Raman heat maps in Figure 16 (Table 4), the ellipticity of ice crystals
that formed in 10% T:G NADES solution at -50 °C was significantly lower than that in
the solution composed of trehalose alone but significantly higher than that in the solution
composed of glycerol alone. However, the distance between adjacent ice crystals in the

NADES solution was significantly greater than that in the trehalose or glycerol solution.

Table 4. Quantified morphology of ice crystals in Raman heat maps®

CPA solutions Ellipticity of ice crystals Distance between adjacent ice

crystals (um)

1.1% w./v. trehalose 0.617 +£0.096 0.956 +0.504
8.9% w./v. glycerol 0.212 +£0.071 1.607 +0.288
10% w./v. T:G 0.436 + 0.073*" 2.328 +0.417%"

*CPA: cryoprotective agents; T:G: NADES composed of trehalose and glycerol at 1:30 molar ratio and
equivalent concentrations to the single component solution. 95% confidence intervals each calculated from
a sample size greater than 8 using a T distribution. *: p < 0.05 compared to the trehalose solution using
ANOVA with Bonferroni correction; T: p < 0.05 compared to the glycerol solution using ANOVA with

Bonferroni correction.

To characterize hydrogen bonding during freezing, the trehalose, glycerol and T:G

NADES solutions were also cooled to different final temperatures using a constant
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cooling rate. Raman spectra were acquired in the middle of a nonfrozen region. All three
compositions of interest remained in solution as temperature decreased (no precipitation
was observed). As shown in Figure 16D-F, a red shift of the broad OH stretching band
was observed in all samples as temperature decreased, indicating lower-energy vibration
of the chemical bonds and therefore, a strengthened hydrogen bond network. For the
sample containing only trehalose, the OH stretching peak of ice was clearly visible at -50
°C in the Raman spectra at the visually based middle of the nonfrozen region, indicating
that the space between adjacent ice crystals was less than 333 nm (the spatial resolution
of the Raman microscope) apart (Figure 16D). In comparison, the sample containing only
glycerol was found with an upshift of the ice region of the broad OH stretching band
(Figure 16E), whereas the NADES sample was found with a downshift of the entire OH
stretching band (Figure 16F) as temperature decreased. This result suggests suppression

of ice formation by NADES in comparison to its two components separately.

5.3.5 Thermophysical property of dilute NADES unaffected by addition of isoleucine
The thermophysical properties of varying NADES compositions, a multicomponent
osmolyte (MCO) solution containing trehalose, glycerol and isoleucine (TGI), and a
DMSO solution were measured using DSC. Melting temperature, enthalpy of melting,

glass transition temperature, and softening temperature were calculated and are listed in

Table 5.
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Table 5. DSC measurements of melting temperatures, enthalpy of melting, glass transition and

softening temperatures for NADES, MCO and DMSO solutions®

CPA solutions Tn(°C) AH,, (J/g) T, (°C) T, (°0)
-5.407 £ 248.867 + -88.823 + -64.047 +
5% T:G
1.709 17.497 1.322 3.384
-8.660 + 201.133 + -93.917 + -65.813 +
10% T:G
0.197* 5.601* 0.291* 4.143
2 -10.347 + 199.633 + -95.353 + -66.253 +
.S 15% T:G
3 1.963* 28.799* 0.619* 2.758
o
Céi 5% T:G + 10.75 mM -5.820+ 249.167 + -89.700 + -63.983 +
<ZC 1soleucine 0.323 10.231 1.193 3.253
5% T:G+21.5mM -5.527+ 249.767 + -87.597 + -63.707 £+
1soleucine 1.491 12.740 0.436 0.274
5% T:G + 43 mM -5.367 + 250.333 + -86.463 + -63.243 +
1soleucine 0.188 16.807 0911* 3.098
-7.853 + 206.600 = -91.490 + -63.220 +
TGI (MCO)
0.438" 2.370% 2.035 1.334
-10.270 + 188.467 + -121.150 +
10% DMSO ) .
0.4227 11.578" 0.675" (N/A)

*DSC: differential scanning calorimetry; NADES: natural deep eutectic system; TGI or MCO: a
multicomponent osmolyte solution containing trehalose, glycerol and isoleucine; DMSO: dimethyl
sulfoxide; CPA: cryoprotective agents; T:G: NADES composed of trehalose and glycerol at 1:30 molar
ratio; Tw: melting temperature; AH: enthalpy of melting; 7,: glass transition temperature; 7s: softening
temperature. 95% confidence interval calculated from 3 independent replicates for each sample using a T
distribution. *: p < 0.05 in two-sample comparison with 5% T:G. *: p < 0.05 in two-sample comparison

with 5% T:G + 21.5 mM isoleucine.

T:G NADES diluted in Normosol-R showed lower melting temperature and enthalpy of
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melting as the percentage of NADES increased (Figure 17A, p < 0.05). Lower melting
temperature indicates depressed ice crystallization, and lower enthalpy of melting
indicates a reduced amount of ice crystal formation. Based on recent unpublished work
by Adam Joules et al., deepness of dilute T:G NADES was estimated using equation
Deepness = T,,_trehalose alone + 7,,_glycerol alone — 75, T:G
and found to be statistically equal to 0 for 5% — 20% T:G and greater than 1 for 30% and
higher concentrations. This result indicated that working concentrations of T:G NADES
in the present study were too dilute to exhibit deep eutectic behavior (i.e., having an
effect of depressing ice crystallization no greater than the combined effect of their

individual trehalose and glycerol components).

As 5% T:G was determined to be the optimal dilution for post-thaw survival of Jurkat
cells, the thermophysical properties of 5% T:G supplemented with different
concentrations of isoleucine were determined. DSC results of 5% T:G with varying
amounts of isoleucine showed no significant change in melting temperature or enthalpy
of melting (Figure 17B), indicating that adding isoleucine did not significantly depress or
suppress ice formation. Figure 17C compares the melting profiles of the optimized
NADES (i.e., 5% T:G supplemented with 21.5 mM isoleucine), MCO, and 10% DMSO
solutions. The optimized NADES solution has the highest melting temperature and

enthalpy of melting, while 10% DMSO has the lowest.

The glass transition, consisting of glass transition temperature and softening temperature,
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was also measured for each solution. The glass transition is defined as the transition of a
cooling material from a viscoelastic to a glassy state, and softening temperature is when
the warming material becomes viscoelastic, collapsing under its own weight!?%-200201 A g
the percentage of NADES increased, the glass transition (p < 0.05) and softening (p >
0.05) temperatures decreased (Figure 17D). Comparing the three isoleucine-containing
solutions shows that the addition of isoleucine gradually increased the glass transition and
softening temperatures (Figure 17E). This increase in glass transition temperature
increases the stability of the solution in cryogenic storage, while transient warming above
this temperature could damage the cells. Both glass transition peaks were identified for

all the tested solutions except for 10% DMSO (Figure 17F).
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Figure 17. DSC melting profiles (A-C) and glass transitions (D-F) of (A, D) 5, 10, and 15% (w/v) T:G in
Normosol-R, (B, E) 5% T:G with increasing concentration of isoleucine, and (C, F) 5% T:G with 21.5 mM
isoleucine (optimized NADES), TGI (optimized MCO), and 10% DMSO (control). [Experiments for this
figure were performed by Kathlyn Hornberger. ]
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5.3.6 More concentrated NADES aqueous solution measured higher in osmolality
Cryopreservation solutions are typically hypertonic, and the cells must respond to the
changes in osmolarity (or osmolality) in their environment both at introduction of the
CPA solution pre-freeze and removal of the solution post-thaw. In order to characterize
the solutions, the osmolality of the T:G NADES and MCO were measured and are shown
in Table 6. A higher percentage of NADES resulted in higher osmolality, and the TGI
MCO had comparable osmolality to the 10% T:G NADES. Significant cell losses were
not observed for a single step introduction of the NADES solutions for NADES

compositions < 20% (data not shown).

Table 6. Osmolality measurements of increasing NADES concentration (%w/v) in Normosol-R

and MCO?

CPA Solution Osmolality (mOsm/kg)
5% T:G 640+ 10

10% T:G 1350 + 60

15% T:G 1710 = 10*

TGI (MCO) 1340+ 10

*NADES: natural deep eutectic system; MCO or TGI: a multicomponent osmolyte solution containing
trehalose, glycerol and isoleucine; CPA: cryoprotective agent; T:G: NADES composed of trehalose and
glycerol at 1:30 molar ratio. 95% confidence interval calculated from 3 independent replicates for each

sample using a T distribution. *Estimated osmolality extrapolated using a dilution curve (Figure 18).
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Figure 18. Dilution curve showing linear regression of osmolality measurements with a dilution ratio of
15% T:G NADES in water. Curve fitting was performed using OriginLab with no weighting and intercept
of 0. R-square values close to 1 determined that over 99.9% of the variance in the measured osmolality was
predictable from the dilution ratio of the NADES in water. As 15% T:G NADES undiluted by water fell out
of range for the freezing point depression osmometer, this dilution curve was used to extrapolate and

estimate its osmolality (i.e., slope) by a 95% confidence interval using a T distribution.

5.3.7 Post-thaw recovery insensitive to compositional variation of dilute NADES
Jurkat cells were frozen using a controlled-rate freezer at a cooling rate of -1 “C/min as
determined previously'?. Post-thaw recovery was measured for samples of Jurkat cells
cryopreserved in NADES, MCO and DMSO solutions immediately after thawing, based
on cell esterase activity determined using calcein AM. Cell loss due to lysis as well as
intact, dead cells were accounted for. As shown in Table 7, there was no statistically
significant difference among the post-thaw recovery rates for all conditions of interest.
Despite the varying thermophysical properties displayed by the different solutions, their
different effect on ice formation did not result in significantly different post-thaw
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recovery of the Jurkat cells. This suggests that CPA components in each solution may not
only act upon altering the freezing behavior of water but interact with cells stabilizing
them, and immediate post-thaw recovery may not be reflective of the complete cell

response to cryopreservation or the longer-term manifestation of freezing damage.

Table 7. Post-thaw recovery of Jurkat cells cryopreserved in NADES, MCO and DMSO

solutions®
CPA solutions  Post-thaw CPA solutions Post-thaw
recovery (%) recovery (%)
5% T:G 75.8+£6.3 5% T:G + 10.75 mM isoleucine 86.1 +16.7
10% T:G 772+5.5 5% T:G + 21.5 mM isoleucine 76.0 + 13.0
15% T:G 81.9+6.4 5% T:G + 43 mM isoleucine 78.7+15.8
TGI (MCO) 79.8+5.7 10% DMSO 822+13.9

*NADES: natural deep eutectic system; TGI or MCO: a multicomponent osmolyte solution containing
trehalose, glycerol and isoleucine; DMSO: dimethyl sulfoxide; CPA: cryoprotective agents; T:G: NADES
composed of trehalose and glycerol at 1:30 molar ratio. Data represented as mean +/- 95% confidence

interval. n = 6. No significant difference was found between any pair of sample groups (p > 0.05).

5.3.8 Low-concentration NADES combined with mid-range isoleucine yielded most
persistent post-thaw cell culture

Cryopreserved samples of Jurkat cells in NADES, MCO and DMSO solutions were
thawed and immediately stained. While viability can determine cell loss that occurred
during freezing and thawing, cell losses over time post-thaw can also be significant.
Therefore, post-thaw apoptosis was quantified in order to determine the extent of those
losses (Table 8). For each of the solution compositions tested, the sample had minimal

cells in late apoptosis or necrosis (<3%). Cells frozen in a high percentage of T:G (10%,
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15%) experienced a high percentage of early apoptosis (>40%), while cells frozen in 5%
T:G had less than 10% early apoptosis. Adding 10.75 mM isoleucine to 5% T:G resulted
in the highest fraction of healthy, viable cells, outperforming all other NADES, MCO,
and 10% DMSO. In general, as the percentage of T:G or isoleucine concentration

increased, the percentage of healthy, viable cells decreased.

Table 8. Post-thaw apoptosis of Jurkat cells cryopreserved in NADES, MCO and DMSO

solutions®
CPA solutions Live (%) Early Late apoptotic ~ Necrotic (%)
apoptotic (%) (%)
5% T:G 89.97 £0.29 9.03 +£0.39 0.34+0.17 0.65+0.48
10% T:G 52.37£2.01 46.40 £ 2.15 0.58 £0.15 0.68 +0.73
2 15% T:G 47.07 +£7.52 50.83 £8.61 1.29£0.16 0.80 +0.89
£ 5% T:G+10.75
= 94.97 £0.52 4.45+0.33 0.22 £ 0.087 0.37+0.18
2z mM isoleucine
A 5%T:G+21.5
< 88.70 + 0.25 10.43£0.14 0.42+0.20 0.42+0.11
Z  mM isoleucine
5% T:G+43
) ) 80.80 £ 0.90 18.03 £0.76 0.62 +0.38 0.50+0.13
mM isoleucine
TGI (MCO) 90.30 = 1.14 891+1.29 0.36 + 0.029 0.42+0.19
10% DMSO 92.87+0.14 5.90+3.19 0.27+0.12 0.32+0.28

*NADES: natural deep eutectic system; TGI or MCO: a multicomponent osmolyte solution containing

trehalose, glycerol and isoleucine; DMSO: dimethyl sulfoxide; CPA: cryoprotective agents; T:G: NADES

composed of trehalose and glycerol at 1:30 molar ratio. 95% confidence interval calculated from 3

independent replicates for each sample using a T distribution. Fresh Jurkat cells in culture were 99.1% live,

0.29% early apoptotic, 0.03% late apoptotic, and 0.56% necrotic.

Post-thaw function of the cells was determined by measuring cell growth in normal

culture conditions over a 72-hour period. Among the different T:G concentrations tested,
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cells frozen in 5% T:G showed the highest proliferation as well as total cell number (p <
0.05) at the end of a 3-day culture period (Figure 19A and D) compared to 10% and 15%
T:G. Both 10% and 15% T:G samples displayed cell loss in the initial 24 hours post-thaw
that was consistent with post-thaw early apoptosis measurements (Table 8). Among the
5% T:G solutions supplemented with amino acids, 5% T:G with 21.5 mM isoleucine
showed optimal cell growth (highest proliferation with statistical significance, p < 0.05,
and highest mean of final cell number, p > 0.05) in post-thaw culture compared to lower
or higher amount of isoleucine (Figure 19B and E). Interestingly, the solution with the
lowest immediate post-thaw apoptosis and highest percentage of healthy cells (5% T:G
with 10.75 mM isoleucine) displayed the lowest cell proliferation (p < 0.05) in the initial
24 hours after thawing and ultimately lower than optimal cell yield by 72 hours. The
proliferation of 5% T:G with 21.5 mM exceeded that of all other NADES solutions and
was comparable to DMSO (p > 0.05) throughout the entire 72-hour culture period (Figure
19C and F). Cell concentration of the optimal NADES and 10% DMSO grew to 2.14x10°
and 2.19x10° cells/ml, respectively, compared to 1.36x10° cells/ml for the MCO at the

end of 72 hours in culture.
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Figure 19. Cell growth in post-thaw culture of Jurkat cells cryopreserved in various NADES, MCO and
DMSO solutions. (A-C) Growth curves visualized in the form of growth rate, with all measurements
normalized to Oh of each sample, emphasizing on the cell proliferation. (D-F) Growth curves visualized in
the form of absolute cell concentration at each point of post-thaw culture encompassing both the cell
proliferation and the small differences in post-thaw cell recovery. (A, D) showing the effect of increasing
concentration of T:G on post-thaw cell growth. *: p <0.05 in comparison between three sample groups
using ANOVA with Bonferroni correction at 72 hours. (B, E) showing the effect of increasing
concentration of isoleucine in 5% T:G on post-thaw cell growth. *: p <0.05; n.s.: p > 0.05 in comparison
between four sample groups using ANOVA with Bonferroni correction at 72 hours. (C, F) showing the
effect of 5% T:G + 21.5 mM isoleucine (optimized NADES) versus TGI (optimized MCO) versus 10%
DMSO on post-thaw cell growth. n.s.: p > 0.05 in two-sample comparisons between the optimized NADES
and 10% DMSO at 0, 24, 48 and 72 hours.

5.3.9 Ice morphology distinct between subtly varied multicomponent CPA solutions
As described later in Chapter 6, differences in CPA composition can have a profound
effect on post-thaw cell survival, and higher levels of CPA did not always result in

increased post-thaw cell survival. Two different non-DMSO solutions that appeared in
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the DE algorithm were tested and compared for their effect on the freezing responses of
hiPSCs. Solution A was the optimized CPA solution containing level-2 sucrose, level-5
glycerol, level-1 isoleucine, and level-4 albumin. Solution B was deviated from Solution
A and contained level-3 sucrose, level-4 glycerol, level-2 isoleucine, and level-5 albumin,
which differed from the optimum by only one concentration level per CPA variable (i.e.,
20 mM, 0.5% v./v., 7.5 mM and 0.5%).

A. B.
Solution A alone Solution B alone

RS

Figure 20. Raman heat maps representative of freezing behaviors in (A) optimized non-DMSO vs. (B)

& -
. all CPAS|

deviated non-DMSO solutions showing ice crystals separated by nonfrozen channels of the respective
cryoprotective agent (CPA) solution at -50 °C shown in lateral plane (scale bar: 10 pm) and axial plane

(scale bar: 3 um).

Raman spectroscopy was used to characterize the freezing behavior of Solutions A and B.
Effective cryopreservation of cells typically arises from the ability of CPA to control the
freezing behavior of water, preventing the types of ice crystal formation that disrupt
membrane integrity in suspended cells. When frozen alone without cells, Solution A
formed ice crystals with a unique morphological characteristic not observed in Solution
B: distinctly shown in both the lateral and axial Raman heat maps, each ice crystal in
Solution A had a softened solid-liquid interface on one side and a regular, abrupt
interface on the other side (Figure 20). As a result, although the total amount of ice
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formation quantified by area fraction was similar between Solutions A and B, the
distance between adjacent ice crystals was significantly greater in Solution A than
Solution B (Table 9). As frozen cells are typically located in the space between adjacent
ice crystals, the greater distance between ice could reduce the likelihood of intracellular

ice formation and therefore cellular damage'?’.

Table 9. Comparison of freezing responses in Solutions A, B and C under optimal freezing

conditions?

Solution A Solution B
Conditions and measurements
(optimized non-DMSQ) (deviated non-DMSO)

Cooling rate -1 °C/min -1 °C/min
Ice nucleation temperature -4°C -4°C
Area fraction of ice in frozen solution, n=5 76.0 % +7.93 % 80.3 % +4.28 %"*

Distance between adjacent ice crystals

(um), n=20

2.16 £ 0.667 0.670 = 0.400*

295% confidence intervals calculated from samples of size shown for each metric. ANOVA with
Bonferroni correction used to determine statistical significance compared to Solution A. n.s.: p>0.05; *:

p<0.05.

DSC was used to characterize the melting temperature, enthalpy of melting and glass
transition temperature of different CPA compositions (Table 10). Lower enthalpy of
melting suggests a lower amount of ice formed during freezing. There was no statistically
significant difference in melting temperature, enthalpy of melting or glass transition
temperature between Solutions A and B. These DSC findings suggest that the difference

in post-thaw cell survival between Solutions A and B likely resulted from interactions
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between components of the solution and different structures in the cell (membrane and

proteins) rather than changes in the freezing behavior of water.

Table 10. Melting temperatures, enthalpy of melting and glass transition temperatures for non-

DMSO solutions measured by DSC*

CPA solution Tu1 CC) T.: (CC) AH,, (J/g) T, (C)
-6.727 + ) 205.87 + -89.150 +
A (optimized non-DMSO) 2.047 +
0.712 0.0940 21.49 1.631
-6.623 + ) 210.97 + -88.637 +
B (deviated non-DMSO) 1.903 &
0.826 0.225 27.53 4.875

*CPA: cryoprotective agent; DSC: differential scanning calorimetry; 7,.;: melting temperature defined as
the onset of melting; 7n2: melting temperature defined as the peak of melting; AH: enthalpy of melting; Ty:
glass transition temperature; A: Solution A; B: Solution B. Measurements shown as 95% confidence
intervals. No statistical significance was found in the two-sample #-test (p<0.05) comparing Solutions A

and B.

5.4 Discussion

5.4.1 Hydrogen bond between sucrose and water strengthened with lower temperature
The shorter OH stretching peak at 3420 cm! at the lower temperature indicates fewer
“free” water molecules and strengthened intermolecular hydrogen bond between sucrose

and Water159’202’2°3

, which is consistent with the substantially increased sucrose

concentration at -50 °C measured in this investigation. Previous studies suggested that
sucrose molecules in concentrated solutions form chains via their hydroxyl groups and
create a polymer-like structure with cavities'®!. As a result, nonfrozen water molecules

could be constrained or trapped in the highly viscous sucrose glass, and the dynamics of

the water molecules was halted!'%>2%4, The shift of wide OH stretching peak to lower
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wavenumber also indicates an enhanced hydrogen bond network of the nonfrozen
solution as lower OH stretching frequency is associated with stronger hydrogen
bond?%2%. However, it could not be discerned whether this shift resulted from an
increased sucrose concentration or decreased temperature itself, or a combination of both,

and will require further investigation.

5.4.2 Cells subject to heterogeneous chemical environment during freezing
The interactions between solidifying interface and biological cells have been investigated

by both experimental and simulation studies!7?175-177.194.207-209

. The engulfment or
entrapment of the cells between ice crystals in sugar solution have been studied before. It
was previously suggested that molecular level interactions between the cell and sugar
were important!’2. However, without accurate knowledge of the solute concentration, the
effects of solute concentration and solidifying interface on the biological cells could not
be precisely estimated. Concentration of solute at a concave solidifying interface was
theorized by Dantzig and Rappaz to be higher than that at a planar interface for the same
freezing conditions?!?. However, the results in this study showed that sucrose
concentration at the concave interface between the cell and the extracellular ice was
lower than that of bulk nonfrozen solution. This suggests that cells are exposed to a
heterogeneous chemical environment during freezing. The most likely cause of this
outcome was the outflow of water from the cell, thereby diluting the concentration of

sucrose in the nonfrozen solution!*”. The timing of the exosmosis from the cell is unclear

(during freezing, during the hold period, or both), but it is likely that the lower
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concentration of sucrose in the narrow region of cell-extracellular ice interface and higher
concentration in the bulk solution may reflect the inability of the water to quickly diffuse

out of the narrow region and into the bulk regions at the low temperatures.

5.4.3 Sucrose protects cells against membrane phospholipid fusion and ice damage
Although sucrose is normally not cell-permeant, Raman imaging of the sucrose and cell
(amide I) showed that sucrose was not completely excluded from the cell. The overlap of
Raman image of sucrose with that of amide I suggests that sucrose was adjacent to the
cell membrane and was potentially integrated into the cell membrane, an evidence
supporting the interactions between sugars and cell membrane during freezing that have

163 As the typical thickness of cell membrane is more than one

been postulated by others
order of magnitude below the spatial resolution of the microscope, the spectral
composition of cell membrane could not be resolved from that of the cytoplasm, making
it difficult to determine definitively the relationship between sucrose and the cell
membrane. The presence of the nonfrozen solution between cell and extracellular ice
resulted in the growth of ice around rather than into the cell, which is consistent with
simulation studies of cell/particle capture in binary solidification?!!2!2, The presence of a

thin layer of nonfrozen sucrose solution also increased the distance between the cell

membrane and the ice phase, which, in turn, reduced the potential for IIF*!,

5.4.4 NADES protects cells against intracellular ice and dehydration

This study investigated the capability of NADES as a nontoxic, alternative CPA to
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DMSO for the cryopreservation of Jurkat cells. Existing literature of NADES!84188-191
has contributed its unique properties to the establishment of hydrogen bonding between
its molecular components as well as with water, which has been observed using nuclear
magnetic resonance (NMR) methods. Strengthened hydrogen bonding has been

184213 Here, low-

associated with cryoprotective properties of CPAs in recent studies
temperature Raman spectroscopy interrogated the role of hydrogen bonding in NADES
for cryopreservation applications from both microscopic and spectroscopic perspectives.
Controlling ice formation has been a focus of cryopreservation research. While literature
has presented mathematical and empirical evidence connecting different extents of

214-216
b

hydrogen bonding to different water lattice structures and ice modifications our

Raman studies®>213

including this one show that morphology of ice crystals can be a
macroscopic reflection of the molecular interactions between water molecules and
solutes. In addition, low-temperature Raman spectroscopy-based analysis of molecular

vibrations in NADES expands upon the capabilities of NMR-based methods in literature

of NADES by investigating the hydrogen bonding in frozen samples.

Both lower ellipticity® and greater distance between adjacent ice crystals?'*2!7” have been
correlated to better cryoprotective outcome of a given CPA solution. Presence of CPA
molecules can alter the solidification pattern of water and consequently allow ice to
propagate around (rather than through) cells if they are present!7+2!8, Similar to the
instances presented in Figure 16, changing ice crystal growth from a typical

unidirectional elongation to relatively uniform growth in various directions would result
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in a rounder appearance of the ice crystals. Ellipticity of ice crystals is inversely a
measurement of the strength of this influence of the CPAs. Proximity of the ice phase to
cells has been associated with intracellular ice formation and consequently freezing
damages in cells'?’. The more separated are the ice crystals, the less proximate the cells
in the nonfrozen region would be to the ice phase. As a result of these studies, we
understand that factors in the microscopic structures of ice crystals, in turn, affect the
extent of cell damage by ice crystal formation that can manifest as post-thaw cell survival

versus death.

Based on the quantitative analysis of Raman heat maps described in this study, T:G
NADES had a relatively neutral effect on ice morphology resulting in ellipticity of ice
crystals lower than trehalose alone and higher than glycerol alone. However, the T:G
NADES resulted in significantly wider channels of nonfrozen solution between ice
crystals than both trehalose and glycerol alone. As cells are located in the nonfrozen
channels, wider channels will decrease the likelihood of lethal intracellular ice formation
due to close proximity to extracellular ice?!”. This effect on the nonfrozen channels will

likely contribute to the cryoprotective benefits of NADES-based solutions.

Red shift of OH stretching band of Raman spectra during freezing indicates that
hydrogen bonds between trehalose, glycerol and water, all of which contain O-H covalent
bonds, were strengthened in the nonfrozen regions surrounding ice crystals. This effect

was observed in solutions of both T:G NADES and its individual components. In
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contrast, the downshift of OH stretching band from -10 °C to -50 °C was observed only in
the NADES solution. This downshift cannot be explained by the different molecular
composition of NADES than its individual components, as the greater abundance of
solutes containing O-H bonds would, on the contrary, result in an upshift of OH
stretching band. In combination with the lower CH stretching band (~2800-3000 cm'!) in
NADES sample, this likely suggests that NADES formation resulted in lower
concentration of trehalose and glycerol solution and therefore greater water content in its
nonfrozen solution, which can then explain its wider nonfrozen channels in the
macroscopic observation of Raman and expose cells to lower osmotic stress during
freezing. Further studies will investigate methodologies of spectral deconvolution,
measure definitively the CPA concentration and water content respectively in these

nonfrozen regions and explore the subject of water retention in greater depth.

Thermophysical behavior of the CPA solutions were determined using DSC. Higher
concentrations of NADES had lower melting temperatures and enthalpies of melting,
which indicates less ice crystal formation!8418521% However, higher NADES
concentration has higher osmolality, and higher osmotic stress can lead to greater cell
loss. For suboptimal conditions (i.e., 10-15% T:G), evidence of early apoptosis was
found in both post-thaw growth and caspase activation. In contrast, using a lower
concentration of T:G resulted in improved preservation of healthy cells (<10% of cells in

early apoptosis).
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In this study, optimized NADES and MCO solutions were compared via the proliferation
of Jurkat cells cryopreserved in the respective solutions, which was a functional assay. It
should be noted that the molar ratio of trehalose and glycerol in the MCO do not form a
NADES. Despite containing the same molecules (trehalose, glycerol and isoleucine), the
optimized NADES solution outperforms the optimized MCO solution, resulting in faster
cell growth in the post-thaw culture. As temperature decreases during freezing, CPA
molecules concentrate in the nonfrozen solution. A possible interpretation of our Raman
spectral results, that the NADES retains more water in the nonfrozen solution than
trehalose or glycerol alone, can translate to reduced cell dehydration and may decrease
anti-proliferative signaling??° and encourage proliferation. With these same components,
NADES present a novel formulation strategy to enhance the capability of these CPAs. As
a result, NADES can be a powerful tool to advance the non-DMSO cryopreservation of

valuable cell types for both scientific and clinical purposes.

5.4.5 Sweet spot of interaction between isoleucine and cell for best post-thaw survival
Conventional wisdom indicates that CPAs work by controlling the freezing of water to
reduce ice crystal formation and protect the cells from mechanical damage??!. In this
study, however, solutions with more favorable thermophysical properties (lower melting
temperature, lower enthalpy of melting) did not result in improved post-thaw cell
recovery and proliferation. Although immediate post-thaw recovery showed no
significant differences between the MCO and varying NADES, post-thaw proliferation

showed that 5% T:G with 21.5 mM isoleucine had the highest growth rate over 72 hours
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compared to the MCO and all other NADES, with a comparable growth curve to 10%
DMSO. These results suggest that reducing ice formation is not the only factor that
contributes to cryoprotection of cells. In addition to controlling the freezing of water,
biological interactions between CPA molecules and cells likely play a major role in the
success of cryopreservation. Sugars have been shown to interact with and stabilize the
cell membrane during freezing?!'?, glycerol penetrates the cell and can stabilize
proteins??2, and isoleucine interacts with sugars and may help to keep them from

precipitating out of solution??*.

In the development of alternatives to DMSO-based cryopreservation, post-thaw apoptosis

is a critical concern for lymphocytes!33:149:224.225

and was included in the post-thaw
analysis. The role of caspase activation in post-thaw apoptosis has been well-established
in the literature. In particular, caspase-3 has been found to be activated post-thaw in T
cells frozen in DMSO and likely contributes to cell death!#-?2*, When supplemented with
a small amount of isoleucine (10.75 mM), the live cell fraction increased, but larger
amounts of isoleucine increased the percentage of cells in early apoptosis. This suggests
that there is a “sweet spot” for the optimal concentration of isoleucine in T:G NADES.
The importance of optimizing each component of a CPA is consistent with findings in
our previous studies of MCO solutions??6227, While post-thaw caspase activation is a
direct indicator of apoptosis immediately post-thaw, cell stress could manifest later, as

seen in the discrepancy between immediate post-thaw apoptosis and cell growth over 72

hours. This highlights the importance of direct measurement of cell survival at the
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functional time point of interest.

Similarly, while DSC results showed that isoleucine did not significantly contribute to the
ice inhibition effects of the multicomponent CPA cocktail overall, DE algorithm results
in Chapter 6 will show that post-thaw cell survival could be increased significantly (e.g.,

from 48.3% to 100%) by 7.5mM isoleucine. This again is likely a “sweet spot” between

228,229 230

the stabilizing and destabilizing=" effects of a hydrophobic amino acid on protein

molecules in the cells.

5.4.6 Poloxamer 188 altered freezing behavior of water at the solid-liquid interface
Most notably, we were able to use low-temperature Raman spectroscopy and DSC to
characterize a novel additive for hiPSC cryopreservation, P188. In a synergistic
combination with sucrose, glycerol, isoleucine and HSA, P188 was found here to not
only inhibit ice formation significantly but also soften the solid-liquid interface of ice and
increase the distance between adjacent ice crystals. It is important to understand that
these cryoprotective effects of the non-DMSO CPA cocktail could be capitalized only
with the optimized composition. Deviation from the optimum could result in significantly
less desirable outcomes in cryopreservation as shown in Chapter 6. When a deviated non-
DMSO solution is used to cryopreserve cells, formation of intracellular ice is changed,
and cells are significantly less likely to survive post-thaw. One potential explanation for
this difference is that the optimal non-DMSO CPA composition results in enhanced

stabilization of the cell membrane and thereby confers greater resistance to intracellular

124



ice formation.
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Figure 21. (A) Raman spectra acquired from the extracellular nonfrozen region of varying sample
conditions at -50 °C showing the multicomponent non-DMSO solution with different waveforms in
hydrogen bond (below 250 cm™, single-headed arrow) and OH stretching (3000-3600 cm™, double-headed
arrow) vibrations and that (B) the addition of P188 significantly decreased the vibrational energy of the
hydrogen bond network (as quantified based on A).

While it has been speculated that the nonfrozen regions of highly concentrated
multicomponent CPAs may form NADES-like molecular interaction®®!84, preliminary
experimentation using Raman spectroscopy (Figure 21) revealed a different waveform in
the intermolecular hydrogen bond vibration and in the broader OH stretching band than
T:G NADES. However, it was also found that the synergistic formulation of these CPAs
resulted in a stronger hydrogen bond network in the extracellular space by a significant
red shift of the hydrogen bond vibration, from 111 cm™ to 106 cm™ compared to when
the synergy was disrupted by the removal of P188 (p < 0.05), which likely prevented
extracellular ice from propagating into the cells. Supporting a prior hypothesis!?’, these
changes in ice crystal formation outside the cells in turn suppress ice formation inside the
cells. Currently, DSC and NMR are being explored by other students in our group to

define the formation of NADES and expand our understanding of the molecular
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interactions within an optimal multicomponent non-DMSO CPA formulation.

5.5 Conclusion

This chapter capitalized on the label-free high-resolution technique of low-temperature
Raman spectroscopy to characterize the freezing behaviors of aqueous CPA solutions and
postulate the mechanisms of action of four major classes of non-DMSO CPA molecules —
sugar, sugar alcohol, amino acid, and poloxamer. Mechanisms of cryoprotection for non-
DMSO CPAs differ from that of DMSO, which is an organic solvent. Spatial overlap
between nonfrozen sucrose solution and a cryopreserved cell was visually observed for
the first time, suggesting that protective properties of sucrose might originate from its
direct interaction with the cell. NADES was found to suppress both ice formation and
dehydration of the nonfrozen region. Supplementing NADES with optimized amount of
isoleucine does not affect the solution’s thermophysical properties but significantly
improves cell survival and proliferation in the days after thawing, which suggests that
both physical interaction between NADES and water and biological interaction between
isoleucine and cells play a role in successful cryopreservation. Hydrogen bonds of the
water lattice in the nonfrozen regions are found strengthened by synergistic combinations
of different CPA molecules at a particular ratio such as the optimized multicomponent
solution from Chapter 6. It is also the first time that a softened solid-liquid interface was
visualized and reported in slow freezing. In perfect concert with one another, P188 and
the other non-DMSO CPAs were observed to alter the water solidification pattern during

freezing and provide cryoprotection for cells by the means of widened nonfrozen
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channels and a strengthened hydrogen bond network. Hopefully, future advancement in
Raman spectroscopy modality will allow faster data acquisition at higher spatial
resolution, and that in non-interfering molecular probes will enable more in-depth
analyses with higher chemical specificity and sensitivity. Nonetheless, the results of this
chapter demonstrated Raman spectroscopy as a powerful tool to enable mechanistic

discovery in cryobiology through a window into the otherwise inaccessible frozen state.
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Chapter 6
Optimized Formulation of Non-DMSO Cryoprotective Agents
Mitigate Non-Cryopreservation and Cryopreservation Stresses

in hiPSCs

Much of the text and figures in this chapter have previously appeared in the publication below,

included here with copyright permission from Frontiers.

Li RY, Hornberger K, Dutton J and Hubel A. Cryopreservation of iPS cell aggregates in a DMSO-
free solution — an optimization and comparative study. Frontiers in Bioengineering and

Biotechnology. 2020. 8, 1-13.

6.1 Introduction

Human induced pluripotent stem cells (hiPSCs) are an important cell source for cell
therapy and regenerative medicine*?3!. With the potential to differentiate into all cell
types, high-efficiency banking of hiPSCs is critical for downstream clinical and
commercial production of cells and tissues for human therapeutic applications. Effective,
consistent methods of hiPSC cryopreservation reduce cost and time associated with
production of regenerative medicine and enable development of a manufacturing

paradigm for these products.

Current methods of preservation of hiPSCs are not suitable for current and emerging
applications. Specifically, conventional methods use dimethyl sulfoxide (DMSO) as a

cryoprotective agent (CPA)**19%116 DMSO increases the mRNA level of the de novo
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DNA methyltransferase DNMT3A in mouse embryoid bodies, accompanied by hyper- or
hypo-methylation of many genetic loci'>® making it unsuitable for use with
reprogrammed cells. Furthermore, DMSO is cytotoxic, and it is common practice for
cells to be frozen immediately upon introduction of DMSO-containing CPA solutions.
After thawing, the cells are typically washed or diluted quickly as well to minimize their
exposure to DMSO. These are pain points associated with the use of DMSO in hiPSC-

based cell production processes regardless of the type of application.

Non-DMSO CPAs have the potential to alleviate the aforementioned pain points and
improve the utility, effectiveness and efficiency of hiPSC cryopreservation. We have
demonstrated in previous studies that combinations of sugar, sugar alcohols and amino
acids can be used to preserve human mesenchymal stem cells and T
lymphocytes®®-8386.105 When used to cryopreserve cells in vitro, they have been shown to
act in concert with each other and amino acids to protect and stabilize cells®®®. This
study uses a cocktail of non-DMSO CPAs including sucrose, glycerol, L-isoleucine,
human serum albumin (HSA) and poloxamer 188 (P188), which are nontoxic and FDA-

approved for infusion.

In this chapter, a DMSO-free CPA formulation is optimized using a DE algorithm. The
optimized non-DMSO solution is compared to alternative non-DMSO solutions, with
subtly deviated CPA concentrations or one molecular component removed, to explore the

mechanism of action of the complete formulation as well as that of individual CPAs.
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Requirements of basal buffer composition are defined in terms of pH buffer, energy
conservation, cell-cell contact stabilization, and osmotic balance. The optimized DMSO-
free method is also benchmarked against a variety of standard DMSO-based methods
under varying freezing conditions. Undercooling damage in the hiPSC aggregates are
revealed using low-temperature Raman spectroscopy and a variety of post-thaw cell-
based assays. Effect of different CPA solutions on the cells’ undercooling sensitivity is

evaluated.

6.2 Methods

hiPSCs used in this chapter were from cell line UMN PCBC16iPS and cultured as
described in section 3.2.1. Passage numbers used in the following experiments were
between 59 and 71. Cell culture of the latest passage used for karyotyping arose from
cells previously cryopreserved and was the result of 3 freeze-thaw cycles with 3 passages
in between via the optimized DMSO-free cryopreservation method described in this

investigation.

Final working concentrations of non-DMSO CPA molecules — sucrose, glycerol,
isoleucine and albumin — were varied to optimize the cryopreservation of hiPSC
aggregates. A basal buffer composed of P188 at a non-micelle forming concentration,
supplemented with NEAA and HBSS was constant for all non-DMSO freezing solutions
studied. DMSO was used as a control at an optimized concentration of 7.5%, and HBSS

was used as its basal buffer. The non-DMSO compositions discussed in this article are

130



covered by issued Patent #10,314,302 and patent application #16/383,165, owned by
Regents of the University of Minnesota. The solutions used in this article can be acquired

directly from the authors for replication of the studies.

Parameter space of the DE algorithm was determined by the cytotoxicity limit and was
discretized into 5 intervals between 20 mM and 120 mM for sucrose, 2.5% v./v. and 5%
v./v. for glycerol, 0 mM and 37.5 mM for isoleucine, and 0% and 2.5% for albumin.
Cytotoxicity was defined as decrease in cell reattachment in the hiPSC culture measured
using calcein AM 24 hours after 1-hour exposure to the respective molecules compared

to fresh cell control.

Small (3 to 50-cell) aggregates were dissociated as described in section 3.5.1. After
dissociation, the cell aggregates were collected using the basal buffer of interest. The
freezing solutions were prepared at twice (2x) the final working concentration and added
dropwise to the suspension of aggregates at a 1:1 ratio. The mixture was incubated at
room temperature for 30 min to 1 h before freezing. Working cell concentration for
cryopreservation was defined based on surface area of the 2D cell culture as shown in
Table 11 (e.g., all cells produced from 1 well of a 6-well cell culture plate were frozen in
1 ml of 1x cryopreservation solution.). Exact cell concentration was measured as
described in sections 3.7.1 and 3.7.2. The working cell concentration from samples used
for cryopreservation in this study was between 1.46 and 1.89 million cells per ml (95%

confidence interval).
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Table 11. Working cell concentration for hiPSC cryopreservation®

i Step 2. CPA
Step 1. Cell collection ) )
introduction Number
Growth
Number of Volume of
Cultureware | surface Volume |  2x cell Final cell .
cells of 2x cryogenic
area of basal concen- concen- .
CPA vials
buffer tration tration
solution
500 500
6-well plate | 9.5 cm? | 1.5x10%well 1/well
ul/well pl/well
2 6
T25 flask 25 cm 4x10 1.3 ml 3%10%/ml 1.3 ml 1.5%10ml 2
T75 flask 75 cm? 1.2x107 3.9ml 3.9ml 7
T175 flask 175 cm? 2.8x107 9.2 ml 9.2 ml 18

*Numerical values in this table are estimates of the respective parameters; CPA: cryoprotective agent.

Controlled rate freezing was performed, and sample temperature was logged as described
in section 3.6.1 using a constant cooling rate of -1 °C/min and ice nucleation manually
induced at varying temperatures of -4 or -12 °C. Alternative to controlled rate freezing,
passive freezing was performed, and sample temperature was logged as described in

section 3.6.2.

After cryogenic storage for a minimum of 24 hours and thawing as described in section
3.6.3, a series of assays were performed to characterize the survival and function of the
cryopreserved hiPSCs. Post-thaw reattachment was selected as the metric of optimization
driving the DE algorithm and measured as described in section 3.8.1. The split ratio at

thawing was 1:1, and the reattachment rate was normalized to a DMSO control in the DE
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algorithm experiments, where the split ratio was 1:6, and the reattachment rate was
normalized to a fresh cell control otherwise. Post-thaw cell growth was monitored daily
for 4 days as described in section 3.9.2. On day 4 after thawing, immunocytochemistry
was performed as described in section 3.3.1, and the post-thaw culture was dissociated
into single cells, stained with anti-TRA-1-60 antibody and its isotype control (Invitrogen)
and measured using a BD Accuri C6 flow cytometer (BD Biosciences). Also on day 4,
trilineage differentiation and immunocytochemistry of the resulting cultures were

performed as described in section 3.11.1.

Low-temperature Raman spectroscopy was set up as described in section 3.13.1. Cooling
rate of -1 °C/min was used for cells and -10 “C/min for solution alone, and ice nucleation
was induced at -4 °C unless otherwise noted. When final temperature was stabilized at -
50 °C, Raman images of different substances were rendered as described in section 3.13.2
(illustrative example given in Figure 22A, characteristic wavenumber assignments given
in Table 12) and spatially deconvolved as described in section 3.13.3. hiPSC aggregates
were delineated as described in section 3.14.1. Intracellular ice formation was quantified
as described in section 3.14.2. DSC was performed to determine the thermophysical
behavior of the CPA solutions, and DSC results were analyzed as described in section

3.15 and shown in Figure 22B. Samples were run in independent triplicate.
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Table 12. Raman spectral peak assignments®

Substance Wavenumber (cm™) Assignments'>2322%
Proteins, lipids (cell) 1620-1700 amide [ and C=C stretching
Ice 3087-3162 OH stretching
Glycerol 460-510 CCO rocking

P188 1267-1303 CH; twisting
Sucrose, glycerol, isoleucine, P188

(heat map labeled as “CPA”) B15-883 CC stretehing
DMSO 648-698 symmetric CS stretching

2P188: poloxamer 188; CPA: cryoprotective agent; DMSO: dimethyl sulfoxide; C=C, OH, etc. refer to

chemical bonds.
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Figure 22. Illustration of Raman and DSC methodology. (A) Raman spectra of a hiPSC aggregate, ice, all
CPAs combined, glycerol and P188, as well as Raman heat maps rendered from the spectra based on the
characteristic Raman signal shown by the shaded region respectively. (B) Top: DSC thermogram showing
endothermic peak (melting). The melting temperature was defined as the onset of melting (7:) for
evaluation of thermophysical properties and the peak of melting (77.2) for the interpretation of
undercooling. Enthalpy of melting (4H») was defined as the area under the curve of the endothermic peak.
Bottom: First derivative of SC thermogram showing second-order phase transitions. Glass transition
temperature (7) and softening temperature (7s) were visualized by deriving heat flow with respect to time
and defining 7 and T as two local maxima along the derivative curve. [Panel B is based on Kathlyn
Hornberger’s work.]

In this chapter, data was represented as mean plus/minus standard error. Sample size of 1
was used in the DE algorithm-driven experiments to optimize the non-DMSO CPA
formulation with high efficiency. Power analysis was performed for the remaining
experiments to ensure sufficient sample size with a power of 0.95. One-sample
hypothesis testing was performed on measurements for each sample, where 95%
confidence intervals were shown. Two-tailed Student’s 7-tests were performed for two-
sample comparisons, with the exception of a Fisher’s exact test performed for two-

sample comparisons of samples with binomial distribution. ANOVA with Bonferroni
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correction was performed for comparisons of multiple samples. Levene’s Test was used
to verify the assumption for homogeneity of variance for the two or more samples. Null
hypothesis was defined as no statistical difference between any pairs of samples or
between sample and control. p-value less than 0.05 was used to make the decision of

rejecting the null hypothesis and determining the significant difference.

6.3 Results

6.3.1 DE algorithm accelerated optimization of a complex CPA parameter space
Optimizing the non-DMSO freezing solution in this study involved using the DE
algorithm to identify the composition of CPA variables (sucrose, glycerol, isoleucine and
albumin) associated with the highest post-thaw cell survival. A single cooling rate (-1
°C/min) and a single ice nucleation temperature (-4 °C) were used in this investigation
based on preliminary studies that screened different cooling rates as previously
described!®” with different compositions. The DE algorithm was used with a population
size (NP, i.e., the number of unique solutions output per generation) of 10, with mutation
factor (F or weight, i.e., amplification of the differential variance) of 0.85 and crossover
(CR) of 1. Quantified outcome of a functional assay — post-thaw cell reattachment
measured by calcein AM-stained, adherent, live cells in culture 24 hours after thawing —

was used as the metric of optimization.

The mean post-thaw cell reattachment increased with every generation, and the number

of non-DMSO freezing solutions better than the 7.5% DMSO control increased
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gradually, until both plateaued between Generations 6 and 7 (Figure 23A). Therefore, the
DE algorithm converged to the global maximum after 8 generations, or 8 sets of 10-
sample experiments. The topology of this parameter space was non-linear and NOT
unimodal (Figure 23B). It was complex with closely spaced contour lines within the
region containing the optimum, which was level-2 sucrose, level-5 glycerol, level-1

isoleucine and level-4 albumin (Figure 23C).
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Figure 23. Results of differential evolution (DE) algorithm-driven optimization. Sample size of 1 for
accelerated optimization. (A) Emergent population of formulations of freezing solution improving then
stabilizing in terms of their post-thaw reattachment normalized to a 7.5% dimethyl sulfoxide (DMSO)
solution, at the end of which, 6 DMSO-free solutions were better than the DMSO control. (B) Topology of
parameter space that the DE algorithm navigated through during optimization, shown in 4 of 5 dimensions.
An optimum (—) was located towards medium concentration of sucrose, high concentration of glycerol and

low concentration of isoleucine. (C) Bubble chart of all formulations tested by the DE algorithm, shown in
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all 5 dimensions. Bubble size correlated to albumin concentration. Grayscale intensity correlated to post-
thaw cell reattachment. The optimum (%) located at level-2 sucrose, level-5 glycerol, level-1 isoleucine,

level-4 albumin.

6.3.2 High post-thaw survival and function withstood stress amplification cycles

To evaluate the suitability of this optimized non-DMSO method for cell banking
purposes, cells were characterized after freezing, thawing and one passage of post-thaw
culture for three freeze-thaw cycles amplifying any phenotypic instability that could
result from cryopreservation. The hiPSC aggregates cryopreserved using this method
consistently yielded post-thaw culture with efficiency comparable to fresh cells passaged
and better than cells cryopreserved in DMSO. Specifically, 24 hours after plating at a
split ratio of 1:6 (3 independent experiments of 6 biological replicates), reattachment
measured for cells cryopreserved using the optimized non-DMSO solution was similar to
fresh cells (»>0.05) and 52-95% (95% confidence interval) higher than cells
cryopreserved using DMSO. On day 4 post-thaw, the cells cryopreserved using the
optimized non-DMSO formulation exhibited high expression of NANOG, OCT4 and
TRA-1-60 (Figure 24A) and demonstrated the ability to differentiate into representative
cell types of all three germ layers (Figure 24B), illustrating that the cells retained their
pluripotent phenotype and differentiation potential. In addition, samples of hiPSC
aggregates were karyotyped after freezing, thawing and three passages of post-thaw
culture for three freeze-thaw cycles amplifying any chromosomal instability that could
result from cryopreservation. G-banding found a normal male karyotype with no clonal

numerical or structural chromosomal abnormality in all 16 metaphase cells available for

138



analysis (Figure 24C).
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Figure 24. Phenotype and karyotype of hiPSCs cryopreserved using the optimized non-DMSO solution.
Monochromatic images with pseudo-coloring matching the real color of respective fluorescent dye. (A)
Quantitative fluorescent microscopy (counterstained with nuclear dye Hoechst 33342, blue) and forward
versus side scatter-gated flow cytometry of cryopreserved hiPSCs showing high expression of transcription
factors NANOG (red), OCT4 (green) and pluripotency surface marker TRA-1-60. Scale bar: 100 pm. (B)
Immunocytochemistry images showing trilineage differentiation of cryopreserved hiPSCs into three germ
layers and expression of endodermal markers, FOXA2 and SOX17, mesodermal markers, T and HANDI,
and ectodermal markers, PAX6 and NESTIN. Scale bar: 100 um. (C) A representative image of normal
male karyotype without numerical or structural chromosomal abnormality from the 16 metaphase cells

available for analysis.
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6.3.3 Drastic increase in freezing damage and cell loss due to CPA deviation

As described above in section 6.3.1, differences in CPA composition can have a profound
effect on post-thaw cell survival, and higher levels of CPA did not always result in
increased post-thaw cell survival. Two different non-DMSO solutions that appeared in
the DE algorithm were tested and compared for their effect on the freezing responses of
hiPSCs. Solution A was the optimized CPA solution containing level-2 sucrose, level-5
glycerol, level-1 isoleucine, and level-4 albumin. Solution B contained level-3 sucrose,
level-4 glycerol, level-2 isoleucine, and level-5 albumin, which differed from the
optimum by only one concentration level per CPA variable (i.e., 20 mM, 0.5% v./v., 7.5
mM and 0.5%). Solution A resulted in post-thaw cell reattachment of approximately
100% when compared to fresh cells post-passage, whereas Solution B resulted in
significantly lower post-thaw cell reattachment and cell losses of over 50% at 24 hours

after thawing (Table 13).

As discussed in Chapter 5, when frozen alone without cells, Solution A formed ice
crystals with a unique softened solid-liquid interface as well as greater distance of
nonfrozen region between one another, which was not observed in Solution B. Raman
spectroscopy was also used to characterize the freezing response of hiPSC aggregates in
the two solutions of interest. Freezing of hiPSCs in Solution A resulted in the formation
of little to no intracellular ice, whereas freezing of hiPSCs in Solution B resulted in
significantly more intracellular ice (Table 13). None of the cells (0/12 cells) frozen in

Solution A exhibited intracellular ice formation, whereas 6 out of 12 cells contained
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intracellular ice when frozen in Solution B. As represented by Figure 25E, the ice crystals
found inside the cell aggregates frozen in Solution B were near or in direct contact with
extracellular ice, suggesting that the intracellular ice was nucleated by extracellular ice on
the other side of the plasma membrane. The fraction of cells exhibiting intracellular ice
was consistent with the post-thaw cell reattachment rates of the two solutions. The
Raman heat maps also permitted quantification of CPAs partitioning across the cell
membrane, an indicator of membrane integrity. As expected, sucrose was non-penetrating
and located outside of the hiPSCs, and glycerol penetrated the plasma membrane of the
cells in Solution A, indicating normal membrane permeability (Figure 25D). However,
higher concentration of sucrose and glycerol was found inside the cells in Solution B,

which is consistent with a loss of membrane integrity (Figure 25E).
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Table 13. Comparison of freezing responses in Solutions A, B and C under optimal freezing

conditions®
Solution A Solution B Solution C
Conditions and measurements (optimized non- (non-optimized (optimized
DMSO) non-DMSO) DMSO)
Cooling rate -1 °C/min -1 °C/min -1 °C/min
Ice nucleation temperature -4°C -4°C -4°C
104 % + 48.7 % + 584 %+
Post-thaw cell reattachment rate, n=18
573% 9.85 %* 6.58 %*
g Area fraction of ice in frozen 76.0 % + 80.3 % + 68.6 % +
5 Q solution, n=5 7.93 % 4.28 s 10.4 %0
(0]
G =
. B Distance between adjacent ice 2.16+ 0.670 + 1.85+
2875 crystals (pm), n=20 0.667 0.400* 0.952"
<
[ Qe o}
;‘; E) };3 Area fraction of intracellular ice in 276 %+ 257 %+ 16.6 % =
>
g % frozen cell aggregate, n>3 1.58 % 23.9 04 9.05 %*
E 4
S 0 ;
g =~ Proportion of cells that had 0/12 6/12* 5/10%

intracellular ice, n=12

*DMSO: dimethyl sulfoxide. 95% confidence intervals calculated from samples of size shown for each
metric. ANOVA with Bonferroni correction used to determine statistical significance compared to Solution

A. n.s.: p>0.05; *: p<0.05.
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Figure 25. Raman heat maps representative of extracellular and intracellular ice formation in optimized
DMSO-free (Solution A) vs. non-optimized DMSO-free (Solution B) vs. optimized DMSO (Solution C).
(A-C) Raman heat maps of ice crystals separated by nonfrozen channels of the respective cryoprotective
agent (CPA) solution at -50 °C shown in lateral plane (scale bar: 10 um) and axial plane (scale bar: 3 pm).
(D-F) Raman heat maps of ice formation and CPA distribution in cell aggregate frozen in the respective
solution at -50 °C (scale bar: 5 um), with the cell aggregate outlined (white dash) and intracellular ice

marked (white arrowhead).

6.3.4 Superior intracellular ice inhibition by optimized non-DMSO than DMSO
Low-temperature Raman spectroscopy was used to characterize the freezing behavior of
Solutions A, the optimized non-DMSO composition, and Solution C, a 7.5% DMSO
solution commonly used to cryopreserve hiPSCs?°. Compared to the unique morphology
of ice that formed in Solution A, the ice crystals formed in Solution C had typical, abrupt
solid-liquid interfaces (Figure 25C). The total amount of ice measured in a given field of
view for each solution (Figure 25A and C) was not different (p > 0.05, Table 13). In
addition, the distance between adjacent ice crystals was similar between the two solutions

(p > 0.05, Table 13). DSC was used to compare the thermophysical behavior of Solutions
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A and C. As shown in Table 13, Solution C had a statistically significantly lower melting
temperature than Solution A (with or without P188). However, the total amount of ice
measured by the enthalpy of melting was not different (p > 0.05) between Solutions A
and C, which was consistent with Raman measurements described above. Despite its
higher melting temperature, Solution A resulted in significantly better post-thaw cell
survival when it was used to cryopreserve the hiPSC aggregates, whereas the lower
melting temperature of Solution C, a typically desirable property of CPAs, was not
sufficient to result in high levels of post-thaw cell survival. Solution C also exhibited

glass transition temperature significantly lower than Solution A.

Raman spectroscopy was also used to characterize the freezing responses of hiPSC
aggregates in the two solutions. While Solution A resulted in little to no intracellular ice,
Solution C resulted in significantly more intracellular ice (Table 13). While none of the
cells (0/12) frozen in Solution A contained intracellular ice, 5 out of 12 cells frozen in
Solution C were found with intracellular ice crystals. This was consistent with the percent
cell loss measured by post-thaw cell reattachment, suggesting that similar to Solution B,
intracellular ice formation likely damaged the cells during freezing when Solution C was

used and resulted in cell death or impaired cell adhesion after thawing.

As shown in Figure 25F, similar to cells frozen in Solution A, those frozen in Solution C
showed normal permeability of the plasma membrane (i.e., normal partitioning of non-

DMSO CPAs or DMSO inside and outside the cell aggregates), suggesting intact
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membrane integrity. However, Raman heat maps rendered from signals of proteins and
lipids showed high variance in the distribution of protein and lipid content in the cells
frozen in Solution C. A considerable number of pixels were saturated in these Raman
signals of interest, suggesting aggregation of cellular materials such as organelles and
cytoskeleton, while other parts of the cells contained dark regions with very low Raman
signals, suggesting loss of cellular integrity. This outcome was not observed in the cells

frozen in Solution A.

6.3.5 Undercooling sensitivity mitigated by the optimal non-DMSO formulation

107 we demonstrated that hiPSCs in DMSO were sensitive to

In a previous study
undercooling (the difference between the melting temperature and the temperature at
which ice forms or ice nucleation temperature). Based on the DSC measurements of the
peak of melting (77:2) shown in Table 10, the extent of undercooling was similar (p >
0.05) between Solutions A and B when ice nucleation was induced at the same
temperature in the respective samples. The extent of undercooling was approximately 2
°C when ice nucleation was induced at -4 °C and increased to 10 °C when ice nucleation
was induced at -12 °C. The sensitivity of hiPSC aggregates frozen in the optimized versus
deviated non-DMSO formulations of interest to undercooling was compared. As shown
in Figure 26A, decreasing ice nucleation temperature from -4 to -12 °C did not affect the
post-thaw reattachment of cells cryopreserved in Solution A. In contrast, high sensitivity

to undercooling was observed when the formulation was shifted away from the optimum.

Cells cryopreserved in Solution B showed significantly lower post-thaw cell survival
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with decreasing ice nucleation temperature. For hiPSCs cryopreserved in Solution A, the
cell growth rates measured over a 3-day period after seeding were very similar among
fresh cells and frozen cells nucleated at -4 or -12 °C (Figure 26B). This outcome
indicated that both the post-thaw reattachment and the growth rate of the cells
cryopreserved in Solution A were similar for the different ice nucleation temperatures

tested.

Cell sensitivity to undercooling was also compared between the optimized non-DMSO
and DMSO formulations. When ice nucleation was induced at -12 °C, both solutions
were subject to 8 °C greater undercooling than when ice nucleation was induced at -4 °C.
Based on measurements of peak of melting shown in Table 14, for a given ice nucleation
temperature, the extent of undercooling was always 0.48 °C greater in Solution A than in
Solution C (p < 0.05). In spite of this slight advantage of Solution C, hiPSC aggregates in
Solution C were sensitive to undercooling, whereas those in Solution A were not.
Consistent with the results from a recent study that used DMSO to cryopreserve a
different cell line of hiPSCs!%’, post-thaw reattachment of the cells cryopreserved in
Solution C dropped significantly with lower ice nucleation temperature (Figure 26A).
When ice nucleation occurred at -12 °C, post-thaw cell reattachment was 9.53-10.4%
(95% confidence interval) in Solution C, while no cell loss was observed in Solution A

for the same ice nucleation temperature.
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Figure 26. Effect of ice nucleation temperature (undercooling) on post-thaw cell survival in conditions of
different cryoprotective agent (CPA) solutions. Error bars of standard error. (A) Cell reattachment
measured by calcein AM staining 24 hours after thawing at 1:6 split ratio, showing greater cell sensitivity
to the freezing condition when using the non-optimized dimethyl sulfoxide (DMSO)-free or optimized
DMSO solution than the optimized DMSO-free solution. ANOVA with Bonferroni correction performed
for comparison. n.s.: p>0.05; *: p<0.05. Sample size of 18 (3 independent experiments of 6) biological

replicates. (B) Cell growth in terms of culture confluence monitored for 3 days after thawing or passaging
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at 1:6 split ratio, showing normal growth rate of cryopreserved cells not affected by the ice nucleation
temperature (7vuc). Sample size of 6 biological replicates. (C) Sample internal temperature recorded over
the course of controlled rate freezing with ice nucleation induced manually at -4 °C. (D) 1% derivative of
(C) plotted against the corresponding sample internal temperature. Shaded region (pink): ice growth phase
where effective cooling rate ranged roughly between -0.3 and -2.1 °C. (E) Sample internal temperature
recorded over the course of passive freezing in CoolCell with spontaneous ice nucleation. (F) 1% derivative
of (E) plotted against the corresponding sample internal temperature. Shaded region (pink): ice growth

phase where effective cooling rate ranged between -0.2 and -1.2 °C.

It was also noteworthy that, passive freezing of hiPSC aggregates using insulated
containers such as a CoolCell in -80 °C mechanical freezer resulted in significant cell loss
regardless of CPA composition (Figure 26A). The increase in temperature associated
with the release of latent heat (Figure 26E) suggests that nucleation occurred
approximately between -3 °C and -4 °C for all solutions tested. Therefore, there was no
evidence of excessive undercooling that would lead to cell loss in the CoolCell. The
temperature-time profiles (Figure 26C and E) and the corresponding cooling rate
experienced by the samples (Figures 26D and F) indicate that lower cooling rates were
observed using the CoolCell than using the controlled-rate freezer, which can explain the

cell loss.

6.3.6 Benchmark study with commercial hiPSC CPA solutions

Within the nucleation temperature range of -4 and -12 °C, earlier sections of this chapter
showed that the optimized non-DMSO CPA formulation was able to maintain
consistently high post-thaw viability and function of hiPSC aggregates, whereas the

simple DMSO solution with an optimized concentration of 7.5% in HBSS could not. The
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superior ability of the non-DMSO CPA solution to reduce multicellular aggregates’
sensitivity to undercooling was subsequently validated in comparison with a group of
DMSO-based solutions that are commercially available and have been used to
cryopreserve hiPSCs in clinical manufacturing, which included mFreSR, CS10, and
B.hRM. All of the three commercial benchmark solutions experienced significantly lower
post-thaw cell survival with greater undercooling (Figure 27), emphasizing the
commonality of hiPSC multicellular aggregates’ vulnerability to undercooling stresses in
a variety of DMSO-based solutions as well as the uniqueness of the optimized

multicomponent non-DMSO CPA solution’s ability to mitigate these stresses.
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Figure 27. Effect of ice nucleation temperature (undercooling) on post-thaw cell reattachment normalized
to fresh cell passaging, comparing the optimized non-DMSO solution (Li et al) developed in this chapter
with three different commercial DMSO-based CPA products frozen using a CRF, as well as one additional
condition of B.hRM solution frozen using a -80°C mechanical freezer without insulative secondary
containment following the manufacturer’s recommendation. Data represented as mean +/- 95% confidence
interval. *: p < 0.05 in two-sample comparison between -4 and -12 °C nucleation; 1: p < 0.05 in ANOVA

comparison with all the other sample groups.

One may note that another sample condition (i.e., -80°C uninsulated passive freezing)
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was also included in Figure 27, a freezing modality particularly prescribed for B.hRM by
its manufacturer. Post-thaw cell reattachment resulted from this condition (i.e., 74.4% +/-
1.6%) was second to the optimized non-DMSO solution with controlled rate freezing
(i.e., 100% +/- 4.3%) and significantly higher than the two controlled rate freezing
conditions in B.hRM (p < 0.05). It is likely that the defined cooling rate of -1°C/min was

suboptimal for the molecular formulation and cryoprotective mechanisms of B.hRM.
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Figure 28. Temperature log inside a dummy vial of 1 ml B.hRM frozen using a -80°C mechanical freezer
without insulative secondary containment corresponding to the additional condition in Figure 27. (A)
Sample internal temperature over time. (B) 1% derivative of (A) plotted against the corresponding sample
internal temperature. Shaded region (pink): ice growth phase where effective cooling rate ranged roughly

between -3 and -8 °C.

Internal temperature of the B.hRM sample was monitored over the course of its freezing
in the -80°C freezer without insulative secondary containment (Figure 28) as described in
section 3.6.2. The effective cooling rate ranged between -3.0 and -7.4 *C/min, overall
higher than the stable cooling rate of -1 *C/min achieved in the controlled rate freezing

profiles shown in Figure 28C and D. Based on Chapter 4, small hiPSC aggregates
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experience significant cell loss with cooling rates of -3 °C/min and higher. Consistently,
hiPSC aggregates frozen in the optimized non-DMSO solution using this rapid freezing
method was found to suffer near complete loss of viable, adherent cells after thawing
(data not shown). The CPA composition of B.hRM is likely optimized for fast cooling
rates, containing intracellular ice inhibitors, whereas the multicomponent non-DMSO
CPA formulation was optimized in the work of this chapter for a fixed cooling rate of -1
°C/min, with such limitation to slow cooling. Future investigations may measure the post-
thaw reattachment of hiPSC aggregates subjected to varying cooling rates (e.g., -0.5, -1, -
3, -5, -7, -9 °C/min) to define our optimized non-DMSO solution’s sensitivity to cooling
rate deviations. They may also perform a new round of DE algorithm under a faster
cooling rate (e.g., -7 °C/min) using a selection of non-DMSO CPAs as the variables of
optimization to understand the molecular requirements and cryoprotective mechanisms of

action that prevent intracellular ice during rapid freezing.

6.3.7 Mechanisms of action of albumin, P188 and other basal buffer components
Among the thermophysical properties of a CPA solution, melting temperature indicates
the ability of the solution to depress ice crystallization, enthalpy of melting correlates to
the amount of ice formed, and glass transition temperature indicates the extent of partial
vitrification at low temperatures. A comparison of Solution A with and without two CPA
components (isoleucine and albumin) showed no statistically significant difference in
enthalpy of melting (Table 14), indicating that isoleucine and albumin did not affect the

amount of ice that formed during freezing. However, significant differences in melting
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temperature and enthalpy of melting were observed for Solution A with and without
P188, indicating that the presence of P188 both depressed and suppressed ice formation

during freezing.

Table 14. Melting temperatures, enthalpy of melting and glass transition temperatures for

DMSO-free and DMSO CPA solutions measured by DSC?

CPA solution T CC) Tu2(CC) AH,, (J/g) T: (CO)
-6.727 £ -2.047 £ 205.87 £ -89.150 +
A (optimized non-DMSO)
0.712 0.0940 21.49 1.631
-7.027 £ -1.913 + 212.20+ -89.807 +
A minus isoleucine
0.296 0.117 4.390 2414
-6.770 + -1.830 + 219.90 + -89.557 +
A minus albumin
0.433 0.293 13.12 5.594
-6.257 + -1.697 + 23047 £ -91.693 +
A minus P188
0.0759* 0.2748%* 15.68* 0.737
-8.013 + -2.527 £ 214.08 + -118.45 +
C (optimized DMSO)
0.263* 0.123* 9.392 0.723*

8Tw1: melting temperature defined as the onset of melting; 7o.2: melting temperature defined as the peak of
melting; AHn: enthalpy of melting; T: glass transition temperature; A: Solution A; C: Solution C.
Measurements shown as 95% confidence intervals. Asterisk (*) indicates statistical significance using a

two-sample t-test (p<0.05) compared to Solution A.

The optimized non-DMSO CPA solution (or Solution A) developed from the work in this
chapter and published on Frontiers?!” will be referred to as Li et al hereon. Different
variant versions of the basal buffer and 2x CPA solution of the Li et al formulation were
tested to dissect the effect and postulate the biological mechanism of action of individual

CPAs and other basal buffer components in addition to the evidence provided by Raman
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spectroscopy and DSC.
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Figure 29. Reattachment of hiPSC aggregates upon collection in the respective variants of the basal buffer
and 1 h exposure in the respective variants of the CPA solution, without freezing or thawing, normalized to

the mean of the Li et al control group (red). *: p < 0.05 in comparison to the Li et al control.

By removing HSA, pre-freeze stability of hiPSCs in the CPA solution decreased
significantly (Figure 29), supporting the protective effect of albumin for the non-
cryopreserved step stabilizing the cells before freezing. In addition to its cryoprotective
effect in concert with the other non-DMSO CPAs to alter ice formation, P188 was also
found to increase the reattachment of dissociated hiPSC aggregates (Figure 30). The final
working concentration of P188 in Li et al was closest to 4% w./v., which most
significantly enhanced the cell reattachment compared to other concentrations tested, not
only ensuring high post-thaw survival rate but also enabling wash-free thawing of the

hiPSCs.
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Figure 30. Reattachment of hiPSC aggregates suspended in varying concentrations of P188 and diluted in
E8 medium, normalized to untreated fresh cell passaging. Data represented as mean +/- 95% confidence
interval. Shaded region: 95% confidence interval of untreated fresh cell control. *: p <0.05 in ANOVA

comparison with the other sample groups and untreated fresh cell control.

Moreover, when the P188 content was removed from the basal buffer and added to the 2x
CPA solution before introducing these components to the hiPSCs, nearly 90% cell loss
was seen in the post-thaw culture (Figure 31) despite the equivalent final working
concentration of P188. This finding may suggest that collecting hiPSC aggregates in a
P188-based basal buffer played a critical role in ensuring proper partitioning
internalization of other CPA molecules, balance of osmotic stresses, and consequently
effective cryopreservation of the cells, which can be directly examined with further

experimentation using low-temperature Raman spectroscopy.
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Figure 31. Post-thaw reattachment of hiPSC aggregates collected in the respective variants of the basal
buffer, exposed to the respective variants of the 2x CPA solution, and cryopreserved with -1 *C/min
cooling rate and -4 °C nucleation. Data represented as mean +/- 95% confidence interval, normalized to the

Li et al control group. *: p < 0.05 in comparison to the Li et al control.

Besides P188, the basal buffer in Li et al was also composed of NEAA and HBSS with
Ca%*, Mg?*, and HCO3". When NEAA was removed from the formulation, post-thaw cell
recovery dropped significantly by 48.3%, and no viable cells were detected in culture 24
hours post-thaw (data not shown), indicating its correlation with cell survival in general.
Likely consistent with the purpose of NEAA in common growth media for a variety of
cell types, the presence of NEAA in the CPA formulation conserved cell energy that
would otherwise be spent towards their production and prevented cell death in the
nutrient-deprived environment during non-cryopreserved steps before freezing. On the
other hand, replacing HBSS with E8 medium in the CPA solution, as seen in Figure 29,

would result in significant cell loss prior to freezing likely due to increased cell metabolic
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activity and heightened response to osmotic stresses. Cell metabolic activity will be
studied intensively by other students in our group to explore mechanisms of action as

such.

Calcium (Ca®") and magnesium (Mg?*) ions have been known as essential buffer
components to support cell-cell and cell-ECM adhesion in vitro'3!. It is expected that the
removal of these divalent cations to inhibit calcium-dependent cell-ECM adhesion and
cause magnesium-dependent cell-cell dissociation-induced apoptosis. Interestingly, upon
1 h CPA exposure in Li et al without Ca?* or Mg?*, there was no significant change in the
cell reattachment (Figure 29). However, it was after freezing and thawing in the divalent
cation-depleted CPA solution that cells exhibited over 60% loss during the 24 hours of
re-culture (Figure 31). As ice grows and propagates around cells, the presence of Mg?*
likely strengthens the cell-cell adhesion preventing ice formation in the intercellular
space of a multicellular aggregate. While undergoing phase transitions in the freeze-thaw
process can stress the cell membrane and membrane proteins, the presence of Ca?* likely
enables sufficient binding between cell adhesion molecules and ECM despite membrane

impairment.

Lastly, the role of bicarbonate (HCO3") involves the regulation of intracellular and
extracellular pH. It is certain that without HCOs", cell loss was significant upon the non-
cryopreserved CPA exposure before freezing (Figure 29). However, it is unclear whether

intracellular or extracellular pH fluctuation resulted in such cell loss, whether additional

156



HEPES would enhance pH regulation and further improve cell survival, and whether

HSA also served as a pH buffer.
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Figure 32. pH measurement in the (A) optimized non-DMSO solution developed earlier in this chapter and
its variants (B) with HEPES added, (C) without HSA, and (D) without bicarbonate, respectively obtained
without cells and in the respective extracellular supernatant over time corresponding to the length of pre-
freeze incubation of cell-CPA mixture. Data represented as mean +/- 95% confidence interval. Subtle
fluctuation of pH value +/- 0.1 over time was observed in the extracellular environment regardless of the

CPA condition, with 0.05 to 0.1 points higher acidity than in the CPA solution alone.

Direct measurement of intracellular pH in the varying CPA solutions was attempted but
deemed technically infeasible due to the fluorescent probe’s high sensitivity to
environmental temperature and predominant response to extracellular pH rather than

isolated, robust measurement of intracellular pH (data not shown). However, based on
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measurements as described in section 3.17 and shown in Figure 32, extracellular pH was
maintained within a range of 0.1 over the course of pre-freeze CPA exposure regardless
of the presence or absence of HCO3", HEPES or HSA. Due to the subtilty of the
extracellular pH fluctuation, it is more likely that intracellular pH fluctuation was the
predominant source of cell stress in the non-cryopreserved condition before freezing as a

result of cell metabolic activity.

6.4 Discussion

In this chapter, the DE algorithm produced an optimal non-DMSO formulation for the
cryopreservation of hiPSC aggregates under a small number of experiments. Traditional
approaches such as empirical trial-and-error and high-throughput screening would take
up to 1296 experiments to locate an optimum in this multi-dimensional parameter space;
this algorithm reduced the amount of experimentation to only 8 experiments. Alternative
methods of optimization are design of experiment (DOE) and the Taguchi method, which
is a variant of DOE. Both DOE and Taguchi methods assume that the topology of the
parameter space that is being studied is unimodal and that there are no interactions
between parameters. Both of these assumptions are not true, as this study has
demonstrated that the topology is not unimodal, and our statistical model®® has shown
that there are synergistic effects between the CPA molecules tested, making these
alternative approaches unsuitable. The emergent population staying constant for two
generations was defined as the criterion of convergence for the DE algorithm. This has

been validated in our recent study!% to ensure > 95% accuracy of predicting the global
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optimum.

Compared to our previous DE algorithm studies!'%>1%, this study optimized 4 variable
components instead of the former 3 variables, which resulted in 6 times as many possible
vectors in the parameter space than before. However, the population size of each
generation (i.e., 10) was smaller than what had been commonly used before (i.e., 13-27).
Interestingly, the convergence speed (i.e., 7 iterations) was well-maintained in spite of the
higher-dimensional parameter space and smaller experiments. It is also noteworthy that
this study used the attachment of multicellular aggregates, a more complex biological
system than previously reported and a functional metric. All of these further provide
evidence for the stability of this DE algorithm and demonstrate its promising ability to
achieve optimization with a small number of cells. With the capability of handling
designs and data of greater complexity but no limit to the number of parameters or the
type of application beyond cryopreservation, the DE algorithm could serve as a powerful
tool to accelerate the otherwise resource-intensive process of optimization and encourage
the beneficial practice of optimizing translational stem cell technologies in general.
A variety of methods for preserving hiPSCs have been developed (see review article!'?).
These methods can be divided into two different categories: (1) vitrification and (2) slow
freezing. DMSO has been a universal component in these cryopreservation solutions.
ROCK inhibitor is commonly used as an additive to suppress post-thaw

apoptosis!”1930:132 In contrast, this investigation describes a non-DMSO method that
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freezes hiPSCs in aggregates and avoids the use of apoptosis inhibitors.

The combination of previous studies®*-

and new findings from this investigation
provides insights into how the non-DMSO CPAs act to protect the hiPSCs from freezing
damage. Mechanisms of cryoprotection for non-DMSO CPAs differ from that of DMSO,
which is an organic solvent. Both sucrose and glycerol influence the hydrogen bonding

with water?03-213:236

and interact with each other®® to likely form natural deep eutectic
systems (NADES)!#*. These molecular interactions can modify the freezing behavior of

water around cells, specifically changing in ice crystal morphology to reduce cellular

damage from ice.

The CPAs used also interact with the biological structures in cells. Low-temperature
Raman spectroscopy has demonstrated that sucrose interacts with the plasma

membrane?!3

. While cellular dehydration plays a major role in preventing intracellular
ice, glycerol also inhibits intracellular ice by forming strengthened hydrogen bonds with
the remaining water content in the cytoplasm?°>237, Tsoleucine was found to be
cryoprotective at a low concentration and higher concentrations resulting in lower post-
thaw cell survival. While DSC results of the thermophysical properties of CPAs in this
study showed that isoleucine did not significantly contribute to the ice inhibition effects

of the CPA cocktail overall, DE algorithm results showed that post-thaw cell survival

could be increased significantly (e.g., from 48.3% to 100%) by 7.5mM isoleucine. This is

228,229 230

likely a “sweet spot” between the stabilizing and destabilizing=" effects of a
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hydrophobic amino acid on protein molecules in the cells. While albumin may not have a
significant effect on ice formation as shown by DSC, it can act as a scavenger of free
radicals alleviating oxidative stress and a carrier of waste produced from any cell damage

and stress in freezing and thawing??8.

Our earlier study found that hiPSC aggregates were more sensitive to undercooling than
single cells frozen in DMSO!?". The sensitivity to undercooling has been observed in a

239 controlled ice

variety of biological systems. As described in a review article
nucleation of samples or directional solidification, which eliminates undercooling, has
been shown to improve post-thaw cell recovery. The outcome of this investigation
expands our understanding of this issue. Specifically, cell aggregates frozen in a variety
of DMSO-based solutions and a suboptimal formulation of a non-DMSO solution
exhibited sensitivity to undercooling. This restricts the modalities of freezing suitable for
hiPSCs in these solutions. However, hiPSC aggregates cryopreserved using an optimized
non-DMSO solution exhibited far less sensitivity to undercooling, and ice nucleation
temperatures of as low as -12 “C do not result in cell losses post-thaw. In contrast to
DMSO, the optimal non-DMSO solution provides greater flexibility in freezing and can
accommodate greater variability in execution of the freezing protocol. In design of a
controlled rate freezing protocol, it is important that the ice nucleation (or seeding)
temperature is lower than the peak temperature of melting for the CPA solution used to

ensure that ice crystallization is feasible and that the frozen state can be maintained in the

subsequent slow freezing steps. While ice nucleation at -4 °C optimized in our earlier
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study'?” demonstrated effective cryopreservation using the optimized non-DMSO
solution in this study, ice nucleation temperatures below -2.2 °C and above -4 °C may be
alternative ice nucleation temperatures to be used with this method in future studies. In
addition, the use of passive freezing devices as well as the rapid freezing in mechanical
freezer resulted in significant drops in post-thaw cell survival when compared to
controlled rate freezing. This observation is consistent with the sensitivity of hiPSCs to

cooling rate variation.

In addition to the superior cryoprotection provided by the synergistic combination of
sucrose, glycerol, L-isoleucine, human serum albumin and P188, components of the basal
buffer protected the multicellular aggregates in non-cryopreserved conditions
surrounding the freeze-thaw process. P188 was found to not only enhance reattachment
of dissociated hiPSCs but also ensured proper osmotic balance upon CPA introduction.
Calcium and magnesium ions in HBSS were found to enable post-thaw reattachment of
hiPSCs that had been subjected to the stresses and possible impairment in their cell
adhesion molecules. While extracellular pH may be very stable over the course of CPA
exposure, bicarbonate played a significant role in regulating intracellular pH and ensuring
cell stability in the non-physiological environment of cryopreservation. The outcome of
this investigation enables not only improved cryopreservation of hiPSCs, but also insight
into the sensitivity of multicellular systems to freezing, as well as to processes before

freezing, and strategies to overcome those sensitivities.
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6.5 Conclusion

Human induced pluripotent stem cells (hiPSCs) are an important cell source for
regenerative medicine products. Effective methods of preservation are critical to their
clinical and commercial applications. The use of a dimethyl sulfoxide (DMSO)-free
solution containing all nontoxic molecules offers an effective alternative to the
conventional DMSO and alleviates pain points associated with the use of DMSO in the
cryopreservation of hiPSCs. Both hiPSCs and cells differentiated from them are
commonly multicellular systems, which are more sensitive to stresses of freezing and
thawing than single cells. In this investigation, low-temperature Raman spectroscopy
visualized freezing behaviors of hiPSC aggregates in different solutions. These
aggregates exhibited sensitivity to undercooling in DMSO-containing solutions. We
demonstrated the ability to replace DMSO with nontoxic molecules, improve post-thaw
cell survival, and reduce sensitivity to undercooling. An accelerated optimization process
capitalized on the positive synergy among multiple non-DMSO molecules, which acted
in concert to influence ice formation and protect cells before freezing, during freezing,
and after thawing. A differential evolution algorithm was used to optimize the
multivariable, non-DMSO preservation protocol in 8 experiments. hiPSC aggregates
frozen in the optimized solution did not exhibit the same sensitivity to undercooling as
those frozen in DMSO, indicating superior adaptability of the optimized solution to
different freezing modalities and unplanned deviations. This investigation shows the
importance of optimization, explains the mechanisms and advantages of a non-DMSO

solution, and enables not only improved cryopreservation of hiPSCs but potentially other
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cell types for translational regenerative medicine.
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Chapter 7
Cell Cryobiology and Cryopreservation Challenge Change
with Differentiation and Maturation from hiPSCs to Sensory

Neurons

Much of the text and figures in this chapter will appear in the pending publication below,
included here with copyright permission from potential publishers including Frontiers, Mary Ann

Liebert, and Elsevier.

Li R, Walsh P, Truong V, Peterson A, Dutton JR and Hubel A. DMSO-free freezing of hiPSC-
derived sensory neurons reveals stage-specific mechanisms for addressing cryopreservation

challenges during cell manufacturing. (In preparation.)

7.1 Introduction

Human induced pluripotent stem cells (hiPSCs) can be manufactured from a range of
somatic cell types and further differentiated into cells valuable for drug discovery'!, cell
therapy?, and tissue engineering?*’ applications. However, the generation of hiPSC-
derived cells involves complex, protracted and expensive manufacturing processes
employing differentiation protocols that progress through increasingly mature cell stages.
There is significant added value in derisking the manufacturing supply chain by being
able to efficiently cryopreserve cells at multiple stages along the differentiation
trajectory, from the originally isolated somatic tissue through the pluripotent stem cell
stage, intermediate progenitor and differentiated phenotypes, to the terminal mature

product. Effective cryopreservation of cells at different developmental stages may not
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only simplify the multi-stage production of hiPSC-based technologies, but also enable

off-the-shelf use of the end product.

The field of cryobiology has extensively studied the cell and tissue types at the front end
of stem cell-based manufacturing process, from starting materials such as peripheral
blood mononuclear cells (PBMCs)!'?-'* and fibroblasts'>!¢ to hiPSCs?*!?4? and
mesenchymal stromal cells (MSCs)*%3, While results of cryopreservation have been

2223 we lack understanding of

reported in some studies of hiPSC-derived cell types
scientific principles on formulating cryopreservation media, freezing, thawing, cryoinjury
mechanisms for many intermediate and mature cell product phenotypes, whether and how

they change from one cell type to another, especially in relation to the expanding variety

of cell types in this dynamic field of hiPSC-based manufacturing.

It has been commonly hypothesized among scientists that the more differentiated or the
more mature the cells are, the more difficult they are to freeze and produce a viable post-
thaw population. Cryopreservation practice in the stem cell biology field reflects a similar
trend and suggests an imbalance of cryopreservation feasibility along hiPSC

differentiation trajectories. Intermediate, progenitor-like cell types!®-244

predominate in
the literature describing the cryopreservation of hiPSC-derived cells. The vast majority of
academic and industrial use-case literature, in drug screening for example, completely
foregoes cryopreservation of assay-ready cells in favor of months-long continuous cell

245-253

production and maturation . The limited use of cryopreservation is indicative of a
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knowledge or capability gap that the cutting edge of cryobiological research can begin to

address.

How do the mechanisms of cell loss in cryopreservation vary between different cell
stages along a differentiation process? What will enable successful cryopreservation of
challenging cells? Can an existing method for cryopreserving one cell type be effective
for another cell type? These scientific questions will impact the future of hiPSC-based
clinical translations. With the lack of answers to date, it is important to establish a new
perspective by more thoroughly investigating cell cryobiology over the course of a

defined hiPSC differentiation continuum.

To build understanding and discover a path toward practical solutions to these problems,
we present the first systematic evaluation, to our knowledge, of discrete differentiation
and maturation stages along a cell developmental trajectory, from undifferentiated hiPSC
through neural crest cells, immature neurons to electrophysiologically active sensory
neurons, in the context of several key process, molecular, and cellular parameters
attributed to cryopreservation success. In this work, the process parameters are defined as
cooling rate and ice nucleation temperature by the means of controlled rate freezing.
Particularly, different ice nucleation temperatures represent different degrees of
undercooling, a major cause of cryoinjury in cells>*. In addition, the molecular factors
here are a comparison between a non-DMSO CPA formulation previously optimized for

hiPSC cryopreservation versus a DMSO-based formulation that is commercially
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available and widely utilized for a variety of clinical cell cryopreservation scenarios.
Low-temperature Raman spectroscopy is used during freezing to interrogate the response
of these cell stages to differences in these parameters. An array of standard (e.g.,
intracellular ice formation) and novel (e.g., membrane partitioning of CPA solutes)
Raman metrics are rendered from the label-free, high-resolution hyperspectral images of
live cells and their surrounding microenvironment in a frozen state under the
microspectroscopic lens, which would not be feasibly observed using conventional assays
before or after controlled rate freezing. Corresponding to Raman studies, a progression of
cell-based assays with increasing functional relevance are used after controlled rate
freezing and thawing to reveal the cryopreservation outcome of these cell stages given

the cooling rate and undercooling variations.

This investigation is intended to serve as an example of the novel perspective of
conducting cryobiological research, tracing the cryobiological challenges inherent in a
multi-stage progression of differentiation typical for hiPSC-derived cell manufacturing.
The hiPSC-to-sensory neuron differentiation protocol used here was selected for its well-
defined timeline and well-characterized cell stages. The investigational methodology may
be subsequently adapted towards the cryopreservation and cryobiological research of
alternative neural differentiations and tissue lineages. While the cryopreservation
methods and outcomes specified by this study may not be directly applicable to other use-
case scenarios, certain cryobiological trends can be translated to the broader

understanding of cryopreservation challenge and design of cryopreservation strategy in a
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manufacturing process of differentiating cells. As stem cell biology is translating from
bench to bedside with rapidly emerging hiPSC technologies, it is timely to scrutinize this

manufacturing science from the perspective of cryopreservation and cell cryobiology.

7.2 Methods

hiPSCs used in this chapter were of cell line UMN PCBC16iPS and maintained between
passages 80 and 85 on a 4-day subculture cycle as described in section 3.2.1. Main
subjects of the following investigation included three discrete cell stages of the hiPSC-
derived sensory neuron lineage (Figure 33A), where neural crest cells (D5 crest),
immature sensory neurons (D7 SN), and more mature sensory neurons (D14 mSN) were
cultivated respectively as described in section 3.2.3. Their phenotypes were characterized
as described in sections 3.3.3 through 3.3.5 and shown in Figure 33B-D. Suspended in a
basal media (i.e., phenol red-free DMEM/F12), the membrane fluidity and diameter of
D5 crest, D7 SN and D14 mSN were measured respectively as described in sections 3.18

and 3.19.
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Figure 33. Characterization of three different cell stages along a hiPSC-to-sensory neuron trajectory. (A) A
14-day timeline for cultivating the three stages of neuronal cells of interest for this investigation. (B)
Immunocytochemistry of day-5 neural crest cells (D35 crest) replated at 100,000 cells/cm?, 98.4% TUJ1-
SOX9+ SOX10+. Scale bar: 50 pm. (C) Phase contrast and immunocytochemistry of day-7 sensory
neurons (D7 SN) replated at 50,000 cells/cm?, 98.8% TUJ1+ PRPN+ excluding dead cells by morphology
(example indicated by white arrow in phase). Scale bar: 50 um. (D) Calcium imaging of day-14 sensory
neurons (D14 mSN), seeded at 50,000 cells/cm? on day 7, showing minimal response to DMSO, strong and
TTX-sensitive response to veratridine, and strong response to KCI. Lines color-coded red for responder
cells and black for non-responder cells. Proportion of responder cell population indicated per graph. (E)
Cell membrane fluidity at different stages of the sensory neuron differentiation and maturation process with
all pairwise differences statistically significant. Data represented as mean +/- 95% confidence interval. n =
9. *: p <0.05. (F) Diameter of D5 crest vs. D7 SN vs. D14 mSN dissociated from culture and suspended in
growth medium. Data represented as mean +/- 95% confidence interval. Range of n: 60 — 98. *: p < 0.05.

[Experiments for panels B and C were performed by Patrick Walsh.]

Cryobiology of these hiPSC-derived neuronal cells was examined as single cells
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suspended in two different CPA formulations. One of the formulations was the non-
DMSO solution optimized for hiPSCs in chapter 6 so as to assess the translation of a
cryopreservation method from one cell stage (i.e., pluripotent) to another (i.e., progenitor,
terminally differentiated, mature). The other formulation of interest was CS10, a
commercially available, DMSO-based CPA solution commonly used in cell
cryopreservation towards clinical applications, to serve as a benchmark in comparison
with the non-DMSO solution and a basis for understanding the current challenge of
cryopreserving hiPSC-derived neuronal cells. The solutions were prepared as described
in section 3.4. Suspension of D5 crest, D7 SN and D14 mSN was respectively prepared in

these solutions as described in section 3.5.3.

Prior to freezing, cell stability in the non-DMSO and DMSO-based solutions was
respectively quantified over the course of CPA exposure. Upon 0, 30, 60 minutes of
incubation at room temperature, viable cell count was measured based on membrane

integrity per cell stage and CPA condition as described in section 3.7.2.

During freezing, the cryobiological response of each neuronal cell stage to different
cooling profiles and CPA formulations was analyzed using low-temperature Raman
spectroscopy following previously published methods described in section 3.13.
Specifically, defined cooling rates of -1, -3 and -5 “C/min and ice nucleation temperatures
of -4 and -8 °C were used as variables of the cooling profile. Data acquisition was

performed at -50 °C when sample temperature had stabilized for a minimum of 5

171



minutes. Raman heat maps of different substances of interest were respectively rendered
pixel-wise by integrating the Raman spectra under the peak at their characteristic
wavenumbers (Table 15). Intracellular ice formation, membrane partitioning of CPA,
cytochrome C release, cellular integrity, and cell size reduction were respectively

quantified as described in section 3.14.

Table 15. Raman spectral peak assignments

Substance Wavenumber (cm™) Assignments?> 235234257
Cell 77 - 154 Hydrogen bond vibration
Protein 1622 - 1699 Amide |

Cytochrome C 1117-1137 Heme vibration

Ice 195 - 235 Hydrogen bond vibration
Ice 3087 -3162 OH stretching
Non-DMSO CPAs (i.e., sucrose, 815 - 865 CC stretching

glycerol, isoleucine, P188, HSA)*

DMSO 648 - 726 Symmetric CS stretching

*abbreviated and labeled in Raman images as “CPA”

After controlled rate freezing in vials as described in section 3.6.1 and thawing as
described in section 3.6.3, sensitivity of D5 crest, D7 SN and D14 mSN to variations in
cooling rate and undercooling was respectively quantified in terms of their post-thaw
survival and function. Similar to Raman experiments, a cooling rate, B, of -1, -3 or -5

°C/min and ice nucleation temperature, Tnuc, of -4 or -8 °C were used (see Figure 34 for
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the sample cooling profiles).

0 - - --8°C seed, -1°C/min

o ——-4°C seed, -1°C/min
—-—- -4°C seed, -3°C/min
s 4°C seed, -5°C/min

Sample internal temperature (°C)

0O 10 20 30 40 50 60 70 80
Time (min)

Figure 34. Sample temperature profiles during controlled rate freezing varied by three different cooling
rates and two different ice nucleation temperatures. Step 1 represented gradual cooling to the intended ice
nucleation temperature. Step 2 represented a subtle increase in sample temperature as the result of latent
heat of fusion upon induced ice nucleation. Step 3 represented slow cooling at the intended cooling rate and
ice growth phase. Step 4 represented fast cooling to the final sample temperature of -100°C before samples

were transferred to cryogenic storage.

Cell recovery based on membrane integrity was measured immediately post-thaw as
described in section 3.7.3. Cell reattachment based on esterase activity and cell adhesion
was measured 24 hours post-thaw as described in section 3.8.2. Post-thaw function of D5
crest, D7 SN and D14 mSN was measured respectively as described in sections 3.11.2

and 3.11.3. Fresh cells of each cell stage were used as a positive control.

In this chapter, data was represented as the mean plus/minus 95% confidence interval.
Independent biological replicates were used with sample size specified in the Results per

dataset. Power analysis was performed to ensure sufficient sample size to achieve a
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power of 0.95. Two-tailed Student’s #-tests were performed for two-sample comparisons.
ANOVA with Bonferroni correction was performed for comparisons of multiple samples,
with the exception of Kruskal-Wallis ANOVA performed for sample populations with
non-normal distribution. The null hypothesis was defined as no statistical difference
between the parameters (e.g., means) for any pair of groups or between the experimental
group and control group. The null hypothesis was rejected, and differences were

considered statistically significant for a p-value less than 0.05.

7.3 Results

7.3.1 Non-DMSO solution superior in maintaining viability of all cell stages before
freezing

Cells are cryopreserved in specialized solutions containing cryoprotective agents (CPAs).
These solutions are not physiological and cell losses can result from exposure to these
solutions. Different cell types can have different responses to being exposed to the same
CPA formulation, and different CPA formulations can have different levels of
cytotoxicity for a given cell type. In order to quantify the toxicity of the cryoprotective
solutions, viable cell count was tracked, via membrane exclusion fluorescent assay, for 1
hour from the introduction of non-DMSO CPA and DMSO solutions before freezing for

D5 crest, D7 SN, and D14 mSN respectively (Figure 35).
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Figure 35. Cell survival rate before freezing monitored over time of exposure to non-DMSO CPA or
DMSO for (A) D5 crest, (B) D7 SN, and (C) D14 mSN, respectively. Data represented as mean +/- 95%

confidence interval. n = 4.

Compared to the non-DMSO CPA, the DMSO solution resulted in significant cell loss by

both loss of membrane integrity and lysis (high cell count with compromised membrane

and low total cell count, raw data not shown) for all cell stages within 30 minutes of

exposure. After 1 hour of pre-freeze incubation in DMSO, all cell stages experienced

close to (D5 crest, p> 0.05) or greater than (D7 SN and D14 mSN, p < 0.05) 50% cell

loss. Notably, the cell loss increased over time regardless of cell stage. At both the 30 and

60-minute timepoints, it was found with statistical significance (p < 0.05) that the farther

the cell stage in differentiation and maturation, the lower the cell stability in DMSO.

In contrast, no significant change in viable cell count (p > 0.05) was seen in either D5

crest or D7 SN throughout the 1-hour incubation in the non-DMSO solution. While the

cell survival rate of D14 mSN decreased from 100% to approximately 90% within the

first 30 minutes of non-DMSO CPA exposure, their viability remained statistically
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unchanged (p > 0.05) for the next 30 minutes until freezing. Notably, regardless of cell
stage, the non-DMSO CPA formulation was significantly superior (p < 0.05) to the
DMSO-based formulation in stabilizing these neuronal cells and maintaining their

viability in the time period prior to the start of freezing.

7.3.2 Membrane fluidity, cell size fluctuate as neuronal cells differentiate and mature

258,239 'membrane

As one possible intrinsic factor influencing cells’ sensitivity to freezing
fluidity was measured for each cell stage, upon dissociation and in suspension, along the
14-day differentiation trajectory (Figure 36A). This included hiPSCs in the forms of
single cells and multicellular aggregates, D5 crest, D7 SN, and D14 mSN in the form of
single cells. Based on PDA excimer-to-monomer ratios, membrane fluidity of the cells
underwent significant changes as they became more differentiated and mature.
Interestingly, within the 5 days of differentiation from hiPSCs to neural crest cells, the
relative membrane fluidity increased by more than 50%. In the next 48 hours from neural
crest cells to fully differentiated sensory neurons, the change in membrane fluidity
inverted direction by decreasing approximately 20%. This decrease continued, at an
overall slower rate than earlier, for another week as the neurons matured. PDA assay also
showed that hiPSC aggregates had significantly lower membrane fluidity than their single
cell counterparts, inversely correlated with the significantly greater undercooling
sensitivity that was found by previous studies!'?”-?*!. Notably, the fluctuation in membrane

fluidity along this differentiation trajectory was not unidirectional, increasing during the

initial pluripotent-to-progenitor step but decreasing from progenitor through maturation
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based on the selected discrete cell stages.
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Figure 36. Membrane fluidity and cell size fluctuation along hiPSC derivation to sensory neurons. (A) Cell
membrane fluidity at different stages of the sensory neuron differentiation and maturation process with all
pairwise differences statistically significant. Data represented as mean +/- 95% confidence interval. n = 9.
*: p<0.05. (B) Diameter of D5 crest vs. D7 SN vs. D14 mSN dissociated from culture and suspended in

growth medium. Data represented as mean +/- 95% confidence interval. Range of n: 60 — 98. *: p <0.05.

In addition to membrane fluidity, cell size was considered another potential intrinsic
factor influencing cell sensitivity to freezing®>’. Diameter of the cells in suspension was
observed to fluctuate significantly from one cell stage to the next along this
differentiation trajectory (Figure 36B). D7 SN was found with the smallest cell diameter
in suspension at 10.6 pm, followed by D5 crest at 13.3 pm, and D14 mSN with the
largest cell diameter at 19.8 um. Changes in soma size have been known in literature to
occur during neuronal development?$%-261, Notably, the fluctuation in cell size was not
unidirectional from neuronal differentiation to maturation. However, somata (or cell
body) enlargement over the course of neuronal maturation observed in this study was also
consistently observed in stem cell biology practices. In subsequent experiments, freezing
sensitivity of these different stages of neuronal cells were dissected using low-

temperature Raman spectroscopy and post-thaw cell-based assays, where correlation
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between freezing results and these membrane fluidity and cell size measurements was

examined.

7.3.3 Undercooling sensitivity and mechanisms of damage varied by cell stage

The three stages of neuronal cells were frozen in the non-DMSO or DMSO-based
solution under a confocal Raman microscope. The cells were subjected to different
degrees of undercooling, where the freezing process was initiated with ice nucleation
induced at different temperatures, -4 versus -8 “C, and subsequently cooled at a constant
rate of -1 °C/min. In each frozen cell, intracellular ice formation, membrane partitioning
of solutes, cellular protein distribution, and cytochrome C distribution were quantified
(see Figure 37 for definition and illustrative examples of different values of the
corresponding metrics). Cryobiological analysis of the frozen cells revealed mechanisms
of damage, or the absence thereof, at each cell stage in response to the varied CPA

solutions and varied undercooling conditions.
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Figure 37. Illustrative examples of quantitative Raman metrics used in this investigation. Scale bar: 3 pm.
(A) Contrast of two samples with high (left) versus low (right) intracellular ice formation. Overlay and
binary mask of Raman heat maps of cell and ice with area proportion of ice inside cell (AIC) values
displayed per sample. (B) Contrast of two samples with high (left) versus low (right) membrane
partitioning of non-DMSO CPA molecules versus DMSO. Raman heat maps and CPA (or DMSO)
concentration profile along the dotted segmented arrow with partitioning ratio values displayed per sample.
(C) Contrast of two samples with normal versus disintegrated cellular proteins. Raman heat map of protein
by amide I signal with spatial autocorrelation value displayed per sample. (D) Contrast of two samples with
cytochrome C (cyt C) contained in (left) versus released from (right) mitochondrial region. Overlay of
Raman heat maps of cyt C and cell, as well as a heat map of cyt C alone that was used for Moran’s I

analysis, with spatial autocorrelation value of cyt C displayed per sample.
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Figure 38. Effects of undercooling on freezing behaviors of D5 crest, D7 SN, and D14 mSN, respectively

as observed by low-temperature Raman spectroscopy, comparing different ice nucleation temperatures

between -4 and -8°C. Data represented as mean +/- 95% confidence interval. n = 10, except for striped

columns representing measurements of subset population » = 5 for D7 SN and n = 7 for D14 mSN due to

interference of intracellular ice. n-D: non-DMSO; D: DMSO. n.s.: p > 0.05; *: p <0.05. (See Figure 37 for

method illustration of each metric.) (A) Intracellular ice formation significantly increased with greater

undercooling only in the case of D7 SN in the DMSO solution and D14 mSN in both non-DMSO and

DMSO solutions, no significant change otherwise. (B) Membrane partitioning of non-DMSO CPA



significantly decreased in D14 mSN subject to greater undercooling, partitioning of DMSO lower than that
of non-DMSO CPA across all three cell stages. (C) Cellular integrity in terms of spatial autocorrelation of
protein’s amide I signal decreased significantly for D14 mSN with greater undercooling and decreased
further in the DMSO solution, no significant loss of integrity in D5 crest or D7 SN. (D) Significant
cytochrome C (cyt C) release was observed for D14 mSN in the DMSO solution but not for any cell stage
in the non-DMSO CPA. Kruskal-Wallis ANOVA performed for non-normal distribution of cyt C Moran’s I

values.

While extracellular ice crystal formation is an essential and inevitable element of slow
freezing, intracellular ice crystals of large quantity or size can cause lasting damage in the
cryopreserved cells impacting their survival and function. In terms of intracellular ice
formation (Figure 38A), D5 crest showed no statistically significant response between
different ice nucleation temperatures or different CPA formulations. When the non-
DMSO CPA was used, D7 SN also showed minimal intracellular ice that was consistent
between different ice nucleation temperatures. However, a significantly greater amount of
intracellular ice crystals was found in the D7 SN frozen in DMSO, where intracellular ice
took up nearly the entirety of cytoplasmic space for approximately 30% of the cell
population. Moving further along the cell developmental trajectory, D14 mSN had
significantly more though sparsely distributed small intracellular ice crystals upon greater
degree of undercooling when it was frozen in the non-DMSO solution. However, when
D14 mSN was frozen in the DMSO solution, intracellular ice took a different form,
where large chunks of ice crystals took up nearly entirety of the intracellular space
(abbreviated as chunky intracellular ice from here on). As intracellular ice formation has
been found to be indicative of cellular sensitivity to undercooling by our earlier

studies!?’24!, these new results from D5 crest, D7 SN and D14 mSN suggested not only
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that undercooling sensitivity varied between the different cell stages but also that the

sensitivity of a given cell stage was different in the two CPA formulations.

The following analyses (Figure 38B-D) represent cell populations without chunky
intracellular ice crystals and reveal mechanisms of damage in certain cells despite
relatively well-inhibited intracellular ice formation. Membrane partitioning of solutes
(i.e., non-DMSO CPA or DMSO) describes the steady state of mass transport across the
plasma membrane and is mathematically represented as the ratio of the extracellular
concentration to the intracellular concentration. While a non-penetrating CPA (e.g.,
sucrose) is expected to remain out of the cytoplasm, a healthy cell membrane should also
be able to partition a penetrating CPA (e.g., glycerol, DMSO), despite its name, into
forming an extracellular-to-intracellular concentration ratio greater than 1. In terms of
partitioning ratio of the non-DMSO CPA (Figure 38B), D5 crest and D7 SN both showed
no significant change upon greater undercooling, whereas D14 mSN exhibited
significantly weaker membrane partitioning when subjected to lower ice nucleation
temperature. One possible explanation for the decrease in partitioning is impaired barrier
function of the D14 mSN’s plasma membrane upon undercooling, corresponding to its
higher intracellular ice formation. Comparing non-DMSO CPA and DMSO, membrane
partitioning of DMSO was found to be significantly (up to 2.4-fold) weaker than that of
the non-DMSO CPA for the neuronal cell stages investigated. While it cannot indicate or
rule out the possibility of membrane impairment by DMSO, the consistent trend across

different cell stages clearly showed that cell membrane has a lower barrier effect to
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DMSO than glycerol and other non-DMSO CPA molecules. As extracellular ice forms
and grows with cooling, cells dehydrate, and intracellular solutes become more
concentrated. When DMSO was used, the neuronal cells were more likely subjected to

stresses of high intracellular CPA concentration than when non-DMSO CPA was used.

Moran’s I of amide I signal in cells measured cellular material integrity on a protein
level. As shown in Figure 38C, D14 mSN was the only cell stage among those tested to
be affected by the stresses of undercooling and DMSO exposure on a protein level. When
chunky intracellular ice was successfully inhibited, D5 crest and D7 SN exhibited
consistently high cellular material integrity during freezing regardless of ice nucleation
temperature or CPA formulation, whereas D14 mSN disintegrated upon greater
undercooling and further disintegrated with visually apparent dispersion of cellular
proteins when frozen in the DMSO-based solution. Moran’s I of cytochrome C signal in
cells measured the potential of post-thaw mitochondrial apoptosis. As shown in Figure
38D, D14 mSN was again the only cell stage to be affected by the use of DMSO,
although the cytochrome C distribution of D14 mSN did not respond significantly to

undercooling.

Summarizing these four cryobiological metrics, intracellular ice was the only observed
mechanism of freezing damage in the earlier cell stages (i.e., D5 crest, D7 SN), which
was only prominent in D7 SN frozen in the DMSO solution. Further downstream of this

differentiation trajectory, greater undercooling sensitivity manifested in the more mature
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cell stage (i.e., D14 mSN). For D14 mSN frozen in non-DMSO CPA and without chunky
intracellular ice crystals, significantly higher quantity of small intracellular ice was found
and likely resulted in impaired membrane barrier function, higher intracellular CPA
concentration, and consequently partially disintegrated cellular structure. For D14 mSN
frozen in DMSO, besides the damage of chunky intracellular ice, they suffered from
cellular disintegration and likely consequential cytochrome C release. Similar to
previously reported observations in hiPSCs!'%7?*!| the non-DMSO CPA formulation
utilized here was shown here to ease the level of cell damage upon lower ice nucleation
temperature in comparison with a DMSO-based formulation, extrinsically mitigating the
cells’ sensitivity to undercooling. The overall increase in cell sensitivity to undercooling
from a multitude of mechanisms along this sensory neuron differentiation trajectory
correlated with the decrease in cell membrane fluidity from D5 crest through D14 mSN
(Figure 36A), confirming membrane fluidity as a likely factor contributing to the cells’

intrinsic sensitivity to undercooling.

7.3.4 Sensitivity to cooling rate varied among cell stages and correlated with cell size
Parallel to the examination of the effect of undercooling on cell behavior during freezing,
potential mechanisms of damage, or the absence thereof, was also investigated using low-
temperature Raman spectroscopy, subjecting the three developmental stages of neuronal
cells to cooling rate varied between -1, -3 and -5 “C/min (Figure 39). The non-DMSO
CPA formulation previously optimized for hiPSCs was used throughout these

experiments, where the non-DMSO CPA solution previously optimized for hiPSCs was
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used. Interestingly, D5 crest and D14 mSN both experienced freezing damages that
varied by cooling rate, whereas D7 SN consistently exhibited no statistically significant
change across the selection of Raman-based cryobiological analyses regardless of the

cooling rate.
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Figure 39. Effects of cooling rate on freezing behaviors of D5 crest, D7 SN, and D14 mSN, respectively as

observed by low-temperature Raman spectroscopy, comparing different cooling rates between -1, -3, and -
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5°C/min. Data represented as mean +/- 95% confidence interval. n = 10. n.s.: p > 0.05; *: p <0.05. (See
Figure 37 for method illustration of each metric.) (A) Intracellular ice formation increased with the faster
cooling rates in D5 crest and D14 mSN, no significant difference across cooling rates in D7 SN. (B)
Membrane partitioning of non-DMSO CPA significantly decreased in D5 crest and D14 mSN with the
faster cooling rates, no significant difference across cooling rates in D7 SN. (C) Cell shrinkage as a result
of freezing intensified with the faster cooling rates for D5 crest and D14 mSN, no significant difference
across cooling rates in D7 SN. (D) Significant cytochrome C release was observed for D14 mSN with the

faster cooling rates but not for D5 crest or D7 SN at any of the cooling rates.

In terms of intracellular ice formation (Figure 39A), with ice nucleation temperature held
constant at -4 °C, only small rather than chunky intracellular ice was observed. D5 crest
maintained minimal levels of intracellular ice with the slower cooling rates (i.e., -1 and -3
°C/min) and contained a significantly greater quantity of ice with the fastest cooling rate
tested (i.e., -5 "C/min). D14 mSN maintained a minimal level of intracellular ice with the
slowest cooling rate (i.e., -1 *C/min) but had a significant increase in intracellular ice
with the faster cooling rates starting at -3 “C/min. In terms of membrane partitioning of
the non-DMSO CPA (Figure 39B), the faster cooling rates (i.e., -3 and -5 “C/min)
resulted in significantly weaker partitioning in both D5 crest and D14 mSN than the
slower cooling rate (i.e., -1 °C/min), subjecting the cells to higher concentrations of

intracellular CPA and likely indicating impairment of the membrane’s barrier function.

As extracellular ice grows during cooling, cells are expected to dehydrate and reduce in
size. While greater dehydration is commonly expected with slower cooling rates and
longer time for water to leave the cell via osmosis and balance the concentration gradient

of solutes across the plasma membrane, this trend was not observed with the change in
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cell size upon the varying cooling rates regardless of the neuronal cell stage. For D5 crest
and D14 mSN (Figure 39C), the faster cooling rates (i.e., -3 and -5 “C/min) resulted in
significantly greater cell size loss than the slower cooling rate (i.e., -1 “C/min).
Comparing the ratio in spectral intensity of the C-H stretching peak to that of the broad
O-H stretching band between the cells frozen at different cooling rates, no distinct
difference in the cells’ hydration level was observed (data not shown). Combined with
the intracellular ice and membrane partitioning data, the greater cell size reduction in D5
crest and D14 mSN likely indicated both faster exosmosis and more leakage of
subcellular content via more impaired plasma membrane, which potentially resulted from
osmotic stresses of the more rapid increase in extracellular solute concentration as the

samples cooled at a faster rate.

In addition, cytochrome C release was observed in D14 mSN at the faster cooling rates
but not in D5 crest (Figure 39D). Summarizing the number of mechanisms of freezing
damages observed per cell stage and the extent of its response to cooling rate variation,
D14 mSN was found to be the most susceptible to fast cooling rates, followed by D5
crest, followed by D7 SN. This trend was consistent with the original cell sizes measured
upon dissociation from fresh culture and suspension in the cell growth media (Figure
36B). The larger cells (i.e., D14 mSN at ~20 um in diameter > D5 crest at ~13 pm in
diameter) with lower surface to volume ratio required slower cooling rate (i.e., -1 “C/min)
to prevent damages from both intracellular ice formation and dynamic osmotic stresses,

whereas the smaller cell (i.e., D7 SN at ~11 um in diameter) minimized intracellular ice
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formation, maintained membrane integrity, and prevented disruption to subcellular
materials across the range of cooling rates investigated (i.e., from -1 to -5 "C/min). While
this correlation between cell size and cooling rate sensitivity in general was consistent
with what has been demonstrated in literature, the absence of chunky intracellular ice and
the analysis of membrane partitioning and cell volumetric loss in the present investigation
presented an alternative mechanism of damage in large cells during fast cooling, in
contrast with and supplementing to the commonly hypothesized, generalized mechanism
that has been based solely on the formation of optically visible (i.e., chunky) intracellular

ice crystals.

7.3.5 Successful cryopreservation relied on good cryoprotection and compatible process
Having understood the cryobiology of D5 crest, D7 SN and D14 mSN in the frozen state,
we proceeded to test the performance of these cryopreserved cells respectively upon vial-
based controlled rate freezing in the non-DMSO CPA formulation, with ice nucleation
varied between -4 and -8 °C and cooling rate varied between -1, -3 and -5 *C/min. Post-
thaw cell recovery was measured by membrane exclusion fluorescent assay to assess
membrane integrity. Post-thaw cell reattachment was measured by esterase activity of
adherent cells to assess the basic cell function to sustain a viable culture. Post-thaw
differentiation to sensory neurons was examined for cryopreserved D5 crest to assess
their differentiation potential; post-thaw maturation to electrophysiologically active
neurons was examined for cryopreserved D7 SN to assess its ability to reach a more

mature state; post-thaw electrophysiological response was intended for cryopreserved
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D14 mSN to assess its ability to retain the level of maturity. The different forms of post-
thaw assay progressed in the aforementioned order towards representing the ability of a

given cryopreservation method to fulfill the cells’ intended utility.
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Figure 40. Post-thaw survival and function of cryopreserved DS crest under varying nucleation

temperatures and cooling rates. *: p < 0.05; n.s.: p > 0.05. Red box: best-case parameters tested the best-
case scenario with the highest recovery and reattachment. (A) Post-thaw recovery of D5 crest showing no
significant change with greater undercooling but trending significantly lower with faster cooling rate. n = 4.
(B) Post-thaw reattachment of D5 crest showing similar trends as recovery but more distinct cell damage
with cooling rates of -3 and -5°C/min. n = 4. (C) Immunocytochemistry 48 h after re-culture of dissociated
(fresh) or cryopreserved (best-case) D5 crest showing <1% TUJ1+, PRPN+ (white arrowheads) neuron
differentiation and a vast majority of resulted cell population with crest-like morphology and low-level,
cytoplasmic TUJ1 and PRPN staining. Scale bar: 100 pm. [Experiment for panel C was performed by
Patrick Walsh.]

For D5 crest, both post-thaw recovery (Figure 40A) and post-thaw reattachment (Figure
40B) demonstrated a lack of cell sensitivity to undercooling and significant cell loss to
faster cooling rates. This trend was consistent with the Raman results described earlier,
indicating that a cooling rate of -1 “C/min or slower was required for D5 crest to prevent
loss in membrane integrity or cell adhesion due to substantial intracellular ice formation

and rapid intensification of a hypertonic environment. Despite the successful
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cryoprotection demonstrated in the combination of -1 “C/min cooling and -4 °C ice
nucleation by post-thaw recovery greater than 90% and post-thaw reattachment of 88%,
the cryopreserved D5 crest failed to produce sensory neurons after resuming the
subsequent days of neuronal induction (Figure 40C). However, notably, the fresh control
group of D5 crest that was dissociated and replated into culture also lost its ability to
differentiate into TUJ1-positive, PRPH-positive neurons. Such interruption to the
differentiation process with cell dissociation at day 5 was a deviation from the continuous
culture originally designed for this 7-day differentiation protocol, which proved to be

detrimental despite an otherwise optimal cryopreservation process.
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Figure 41. Post-thaw survival and function of cryopreserved D7 SN under varying nucleation temperatures
and cooling rates. Data represented as mean +/- 95% confidence interval. *: p <0.05; n.s.: p > 0.05. Red
box: best-case parameters tested with the highest recovery and reattachment. (A) Post-thaw recovery of D7
SN showing no significant change with greater undercooling and the best cooling rate at -3°C/min with
statistical significance. n = 4. (B) Post-thaw reattachment of D7 SN showing similar trends as recovery but
more distinct cell damage with lower nucleation temperature (-8°C). n = 4. (C) Calcein AM-stained culture
24 h after replating dissociated (fresh) or cryopreserved (best-case) D7 SN showing high confluence and
normal morphology of immature neurons. Scale bar: 100 um. (D) Calcium imaging of post-thaw culture
after 7-day maturation of D7 SN cryopreserved with -4°C nucleation and -3°C/min cooling rate, showing
little to no response to 0.1% DMSO (negative control), positive response to 1 M veratridine that was

inhibited by TTX, and positive response to 30 mM KCI that was unaffected by TTX. Red line: responder
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cell; black line: non-responder cell. Proportion of responder cell population indicated per graph. Range of n

=417-662.

For D7 SN, post-thaw recovery (Figure 41A) demonstrated a lack of cell sensitivity to
undercooling that was consistent with the Raman results described earlier. However,
post-thaw recovery showed a statistically significant difference between different cooling
rates that was not revealed by the Raman measurements of intracellular ice, membrane
partitioning, volumetric change or cytochrome C release. In addition, post-thaw
reattachment of D7 SN (Figure 41B) demonstrated not only cell sensitivity to cooling rate
but also to undercooling that was not reflected by the Raman measurements of
intracellular ice, membrane partitioning, cellular material integrity or cytochrome C
release. -4 °C ice nucleation and -3 “C/min cooling were shown as the best combination
of controlled rate freezing parameters for D7 SN. Post-thaw functional assay of
cryopreserved D7 SN demonstrated a high-confluence viable post-thaw culture upon
seeding (Figure 41C) that successfully produced more mature neurons with normal
electrophysiological responses to the panel of drug molecules (Figure 41D and Figure

42).
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Figure 42. Calcium imaging of post-thaw culture after 7-day maturation of D7 SN cryopreserved in DMSO

versus non-DMSO solutions, under varying nucleation temperatures and cooling rates, in addition to
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Figures 1D and 6D. All non-DMSO conditions showed little to no response to 0.1% DMSO (negative
control), positive response to 1 uM veratridine that was inhibited by TTX, and positive response to 30 mM
KCl that was largely unaffected by TTX, whereas the DMSO condition showed fractionally lower
proportion responding to KCl that was also fractionally reduced upon TTX treatment. Red line: responder
cell; black line: non-responder cell. Proportion of responder cell population indicated per graph. Range of n

=204 — 544.
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Figure 43. Post-thaw survival and function of cryopreserved D14 mSN under varying nucleation
temperatures and cooling rates. Data represented as mean +/- 95% confidence interval. *: p <0.05; n.s.: p >
0.05. (A) Post-thaw recovery of D14 mSN showing no significant change with greater undercooling but
trending significantly lower with faster cooling rate. n = 4. Red box: best-case parameters tested with the
highest recovery. (B) Post-thaw reattachment of D14 mSN, normalized to reattachment of dissociated fresh
cell control, showing no significant difference between any of the test conditions. n = 4. Crossed-out
columns denoting insensitive post-thaw assay due to poor outcome of control cells. (C) Calcein AM-
stained culture 24 and 48 h after replating dissociated (fresh) or cryopreserved (best-case) D14 mSN,
showing a vast majority of live (calcein AM-positive) cell population non-adherent or with rounded
morphology in the first 24 h that was more sparsely distributed in the post-thaw culture, as well as

subsequent nearly complete cell loss in both conditions at 48 h. Scale bar: 100 um.

For cryopreserved D14 mSN, measurement of immediate post-thaw recovery (Figure
43A) appeared to demonstrate a lack of sensitivity to undercooling that was otherwise

shown in the earlier Raman results, but it showed a trend of more cell death with faster
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cooling rate that was consistent with the trend in intracellular ice, membrane impairment,
volumetric loss, and cytochrome C release observed by Raman. 24-hour post-thaw
reattachment of D14 mSN (Figure 43B) also appeared to show a lack of sensitivity to
both undercooling and cooling rate variations. However, upon a closer examination D14
mSN post-thaw using the optimal freezing parameters (i.e., -1 °C/min cooling and -4 °C
ice nucleation) as well as post-passage (Figure 43C), we found that both fresh and
cryopreserved cells failed to produce viable culture upon prolonged enzymatic
dissociation, rendering the metric of post-thaw reattachment invalid in this specific case
to assess the cryopreservation performance and its variation by cooling rate or

undercooling.

7.4 Discussion

7.4.1 Cell loss before freezing and after thawing challenges in vitro neuronal cell
production

A commonly recognized process bottleneck in the developing supply chain of hiPSC-
derived cryopreserved cell therapies has been the temporal restriction on the fill-and-
finish step immediately preceding the freezing of cells to minimize cell loss due to
DMSO cytotoxicity*®1-3, As demonstrated in Figure 35, the non-DMSO CPA molecules
used in this study (i.e., sucrose, glycerol, isoleucine, P188, HSA) provided a superior
alternative to the widely used DMSO in preserving cell viability before freezing. This
result supports the transition from DMSO to non-DMSO in order to enable scale-up of

the fill-and-finish process in a manufacturing setting while adhering to a high batch
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consistency. Compared to DMSO whose cytotoxicity arises from molecular
disintegration, epigenetic and genomic alteration, these non-DMSO CPAs, typically with
larger molecular weight than DMSO, can cause pre-freeze cell loss predominantly due to
osmotic stress upon CPA introduction?¢>-264, Compared to D5 crest and D7 SN, whose
exhibited no significant cell loss over the course of pre-freeze exposure to the non-
DMSO CPA solution (p > 0.05), D14 mSN experienced minor (10%) yet significantly
decrease in viable cell count during the first 30 minutes of this process, suggesting that
sensitivity to the osmotic stress varied by cell stage with the most mature cells being most
sensitive. Pre-freeze CPA exposure testing in this study of the neuronal cells in the non-
DMSO solution may be expanded in a future study to include longer times of exposure

and determine the time limit for a given quality control (QC) range of cell viability.

Evident in the scarce utilization of cryopreservation, primary and stem cell-derived
neuronal cell production have been broadly challenged by cryopreservation. Mirroring
the example of neuronal cells for drug screening purposes mentioned previously, few
reports can be found to cryopreserve their neuronal cells of interest. One of the few
studies reported the cryopreservation of primary mouse cortical and dopaminergic
neurons in DMSO-containing formulations and subsequent phenotypic characterization
of the cryopreserved cells at 2 and 4 weeks post-thaw?®®, without survival data obtained
in shorter terms post-thaw, which was not directly comparable with results in the present
study. Another study reported the cryopreservation of primary mouse motor neurons in

DMSO and post-thaw cell recovery rate of 68.8%2%. There were two accounts of
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cryopreserved dopaminergic progenitors and neurons derived from hiPSCs and human
embryonic stem cells (hESCs), with highest reported post-thaw recovery approaching

50% upon 24-hour treatment in apoptosis inhibitors?67-268

. In comparison, this study
demonstrated DMSO-free cryopreservation of neuronal cells, with post-thaw survival of
D5 crest measured at 91.6% immediately post-thaw, 88.2% 24 hours post-thaw, and of
D7 SN measured at 93.6% immediately post-thaw, 84.1% 24 hours post-thaw, all of
which significantly higher than 50% even without the use of apoptosis inhibitor. As stem
cell technologies translate from scientific discovery to commercial and clinical
manufacturing, cell loss experienced in the process of cryopreservation can play a pivotal
role against cost efficiency and accessibility of the therapeutic product. Understanding

how to improve the efficiency of cryopreservation with better post-thaw cell survival and

function will be key to enabling the future of hiPSC-based regenerative medicine.

Besides the financial impact of poor cryopreservation in cell manufacturing, the presence
of dead cells in cryopreserved patient-ready cell products would likely negatively impact
therapeutic safety and efficacy. When a poorly cryopreserved neural cell therapy is
transplanted, the significant proportion of dead and dying cells are not expected to be
neutral or inert, as they release substances such as ATP that binds to purinergic receptors
and consequently activate surrounding cells such as endogenous neurons, astrocytes,
oligodendrocytes, or microglia that may express these receptors. Washing by
centrifugation and returning to culture after thawing and before administration of the

cryopreserved cells may be used to mitigate this risk as well as safety concerns’*"7
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related to the direct injection of DMSO as an ancillary material into the neural system.
However, post-thaw cell manipulation at clinical sites remains poorly standardized®®.
Minimizing cell loss from the cryopreservation process and toxicity of the CPA

formulation is important to advance the clinical translation of these sensitive cell

populations like neurons for transplantation in sensitive anatomic domains like the brain.

Cryobiological research is both founded upon and a critical element supporting the
engineering of novel cellular technologies. For cell cryobiology to broadly benefit the
vast and increasingly diverse space of hiPSC-derived cell phenotypes, beyond improving
cryopreservation on a case-by-case basis, it is valuable to create systematic knowledge
that not only identifies critical quality attributes advocating for best practices, but also
summarizes predictable trends of cryobiologically relevant characteristics between
different cell stages related by a given developmental timeline and correlations between
such observable characteristics and cryopreservation design criteria. In-depth analysis of
the cryobiological characteristics of neuronal cells does not exist in literature, regardless
of tissue-specific lineages. The following discussion may provide fundamental insights to
such technical advancement in future cryopreservation of hiPSC-derived neuronal and

other cell types.

7.4.2 Membrane fluidity informs undercooling sensitivity and cryopreservation design
Literature in the field of gamete cryobiology has explored and demonstrated the inverse

correlation between membrane fluidity and desirable cryopreservation outcome such as
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motility of recovered spermatozoa?*®2%°, In addition, Noutsi et al.?’® showed the varying
extent of fluctuation in membrane fluidity among a selection of cell lines over the course
of 4-day static cultures and spontaneous differentiation. These previous studies have
required highly specialized spectrofluorometer or two-photon fluorescent microscopy to
quantify membrane fluidity for their measurement, both of which are limited by low

throughput and adaptability.

In comparison, this study utilized the excimer-to-monomer ratio of a pyrene-decanoic
acid fluorescent probe measured by a fluorescent microplate reader to quantify membrane
fluidity of different cell stages along a defined 14-day sensory neuron differentiation and
maturation process. Fraction of the excimer depicts not only the rotational but also the
lateral motility of the lipophilic molecule in the plasma membrane. Its measurement is
not limited to one modality of fluorescence instrumentation. The low technical
requirement of this method enhances the relevance of our reported results to future
applications in cryobiological research and cryopreservation design of hiPSC-derived cell

manufacturing.

We found that membrane fluidity trended lower as differentiation and maturation
progressed. The decrease in membrane fluidity was consistent with the cells’ increase in
undercooling sensitivity. This result supports the correlation between membrane fluidity

258,259

and cell freezing damage previously postulated in literature and provides more in-

depth evidence specifying the nature of freezing damages as intracellular ice and cell
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disintegration consequent of extensive undercooling. On one hand, cells like D5 crest
with very high membrane fluidity may exhibit little to no sensitivity to changes in ice
nucleation temperature, relaxing the QC range of sample temperature profile in controlled
rate freezing and accommodating deviations in the CRF performance from batch to batch.
On the other hand, cells like D14 mSN with low membrane fluidity would require a tight
QC range of ice nucleation temperature (e.g., -3 to -7 °C) in order to ensure the same

level of consistency in their post-thaw cell survival and function.

One may note that despite having relatively higher membrane fluidity than hiPSC
aggregates and utilizing the same non-DMSO CPA formulation, D14 mSN responded
significantly more poorly to undercooling (Figures 38 and 43) than hiPSC aggregates®*!.
Membrane fluidity is likely not the only factors influencing cell response to
undercooling. Mechanistically, kinetic energy and molecular motion are lower in case of
undercooling, and upon ice nucleation in the extracellular space, a more rigid plasma
membrane may not allow water molecules to transport quickly enough from the
intracellular space following the sudden increase in the transmembrane concentration
differential and avoid intracellular ice formation. In addition, other factors such as
perfectly synergistic molecular interaction between CPA molecules inside the hiPSCs and
water may decrease the probability of water leaving the intermolecular hydrogen bond
network and forming intracellular ice crystals, therefore countering the effect of the cells’
low membrane fluidity. Optimization of a multicomponent non-DMSO CPA formulation

on a cell type-to-cell type basis may achieve such molecular balance and effectively
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mitigate the sensitivity to undercooling for cells like the mature sensory neurons. As the
same non-DMSO solution effectively mitigated the undercooling damages for the earlier
cell stages from hiPSC, D5 crest to D7 SN but to a lesser extent for the later cell stage of
D14 mSN, it may be more critical to re-optimize a CPA formulation for a new cell

phenotype of interest that is further removed from the original phenotype.

It is also important to note that the non-DMSO solution was found to eliminate lethal
intracellular ice formation regardless of the cell stage, whereas the DMSO-based solution
was observed to result in significant amounts of such ice crystals when subjected to the
same degree of undercooling. As membrane fluidity may drop as cells differentiate and
mature, it becomes increasingly important to transition from DMSO, or a single-CPA
non-DMSO alternative formulation, to a non-DMSO CPA cocktail like the one used in
this study, in order to counter the intrinsic cell vulnerability to undercooling with proper
cryoprotection and consequently improve the consistency of cryopreservation outcome

and flexibility of CRF in hiPSC-based cell manufacturing.

7.4.3 Cell size measurement informs cooling rate sensitivity and cooling rate selection
It has been hypothesized and demonstrated in cryobiological literature®*>7 that the
relationship between cooling rate and cryopreservation outcome for a given cell type
should resemble an inverted “U”, and that the optimal cooling rate of different cell types
correlate with their difference in cell size. Within the cooling rate range (-1 to -5 °C/min)

tested in this study, the optimal cooling rate for D5 crest lay near or below -1 “C/min, that
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for D7 SN around -3 °C/min, and that for D14 mSN also near or below -1 °C/min but
skewed to a likely slower optimal cooling rate than that of D5 crest. This relativity in
optimal cooling rate was consistent with their different cell sizes, where the larger cells
(i.e., D14 mSN > D5 crest) require a slower cooling rate (i.e., -1 *C/min and potentially

lower) to avoid lethal intracellular ice formation.

Interestingly, compared to the nearly 50% drop in post-thaw reattachment of larger cell
(D5 crest) along with the increase in cooling rate from -1 to -3 “C/min, the decrease in
cooling rate from -3 to -1 “C/min resulted in less cell loss (i.e., 5% drop in post-thaw
reattachment) in the smaller cell (D7 SN). Consistent with what was previously
proposed®’, cooling rate sensitivity is most critical towards large cells with higher than
optimal cooling rates. Insulative passive freezing devices and liquid nitrogen-free
controlled rate freezers are limited by the typical maximum momentary cooling rate of -2
°C/min, where freezing damage by fast cooling may not be a primary concern in their
applications. In liquid nitrogen-based controlled rate freezing applications, measuring cell
diameter in suspension by light microscopy may be useful to determine whether the cell
form of interest requires the slower cooling rate to decrease the probability of freezing
damages or relaxes the acceptable range to accommodate deviations towards faster

cooling rates or intentional use of accelerated programs.

7.4.5 Dissociation of adherent culture remains a challenge to cell cryopreservation

Selection of a fit-for-purpose post-thaw metric is critical to inform both development of a
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cryopreservation formulation or process and quality control of an established
cryopreservation-based manufacturing protocol. This investigation advances the panel of
post-thaw metrics utilized in cryobiological research to include not only post-thaw
recovery?’1:272 to account for cell lysis, post-thaw reattachment!®>-?7 to capture
cytoskeletal freezing damages in adherent cells, but also cell stage-specific functional
assays in line with the particular objective of driving the cell phenotypic changes along
the defined sensory neuron trajectory from each discrete cell stage. Such scrutinization of
the cryopreserved D7 SN presented a reliable database supporting the use of controlled-
rate freezing, our non-DMSO CPA formulation, and proper cryopreservation of sensory
neurons and other differentiated cells in general for cell production towards research and

clinical applications.

In addition to providing an adoptable method of cryopreserving post-mitotic sensory
neurons, the extensive post-thaw examination revealed a critical challenge to realizing
successful cryopreservation of hiPSC-derived cells. For D5 crest and D14 mSN, the
observed failure to produce functionally viable cells after cryopreservation did not
originate from the CPA formulation or the freeze-thaw process, but from harvesting these
cells from adherent culture by dissociation. The method of dissociating fresh D14 mSN
was preliminary and has been under development. It is only with cultivation processes
established successfully on fresh cells that one may achieve successful cryopreservation
and derive a feasible post-thaw metric to evaluate the cryopreserved cells. The

dissociation of D5 crest was not intended in the middle of the continuous 7-day
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differentiation culture and created a barrier to neuronal induction that could not be
resolved by effective cryobiological protection of the dissociated cells. For intermediate
cell stages of a differentiation process designed to require continuous culture, the
feasibility of cryopreservation strongly will be determined by the outcome of the
disruption of culture regardless of the cellular response to CPA molecules, freezing and
thawing. It is therefore important to test the effect of necessary dissociation and
resumption at the intended time point of cryopreservation in either the original design of
a differentiation protocol or its adaptation into a cryopreserved supply chain. Process and
formulation parameters may need to be further optimized to allow the particular cell stage

to be cryopreserved.

A recent study demonstrated vitrification of adherent hiPSC-derived neural progenitor
cells using the TWIST method with 80% post-thaw recovery. While the methodology of
vitrification is limited in scalability, advances as such in improving its sterility and future
studies in validating the method for more differentiated, mature cell stages may present
practical value towards in situ cryopreservation of hiPSC-derived 2D adherent culture at
laboratory scale. Furthermore, while slow freezing has been predominantly used for
cryopreserving single cell suspensions, its feasibility for in situ cryopreservation of
adherent culture was recently demonstrated for readily implantable hiPSC-derived retinal
pigment epithelium?’#, Suspension culture of hiPSCs and differentiated cells in the form
of 3D spheroids has recently gained popularity due to its scalability demanded by

preclinical and clinical cell production!=33, Cryopreservation of hiPSC-derived cell
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spheroids may be studied in the future to examine how the effect of cryopreservation on

continuity of differentiation varies between different modalities.

7.4.6 Limitation of study

While the generalized correlation between different variables informed our investigation
of cell sensitivity to undercooling and cooling rate, testing more than two ice nucleation
temperatures and three cooling rates would support a stronger argument and establish a
statistical correlation. As much as the present study contributed to a novel cryobiological
perspective of different cell stages along a hiPSC differentiation trajectory, there are
many alternative perspectives valuable to the advance of cryopreservation in hiPSC-
based cell manufacturing. Future studies may explore the perspective of how biologically
similar cells may have different cryobiological characteristics and require different
cryopreservation strategies, as well as how the interactive effects of a defined mixture of
different cells may play a role in the bankability of the entire population, especially in the
advent of hiPSC or hESC-derived cell therapies that rely upon the production of highly

dynamic and potentially heterogeneous populations.

7.5 Conclusion

During differentiation from human induced pluripotent stem cells (hiPSCs), cells undergo
phenotypic changes presenting a diversity of functional values towards cell therapy and
personalized medicine. Successful translation of these hiPSC-derived therapeutic

products will rely upon effective cryopreservation at multiple stages of the manufacturing
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cycle. From the perspective of cryobiology, we attempted to understand how the
challenge of cryopreservation evolves between cell phenotypes along a hiPSC-to-sensory
neuron differentiation trajectory. Cells were cultivated at three different stages along a
14-day process to represent the intermediate, differentiated, and matured cell products.
All cell stages remained >90% viable in a non-DMSO formulation but suffered >50%
loss in DMSO before freezing. Raman spectroscopy revealed higher sensitivity to
undercooling in cells with lower membrane fluidity and higher sensitivity to suboptimal
cooling rates in stages with larger cell bodies. Highly viable and functional sensory
neurons were produced following DMSO-free cryopreservation. Our study also signified
a critical influence of interrupting dissociating cultures on the feasibility of

cryopreserving adherent cells.
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Chapter 8
Conclusions and Future Directions

8.1 Conclusions

In line with the clinical translation of hiPSCs and hiPSC-derived cell manufacturing,
understanding the challenges of banking these cells builds a necessary foundation for
designing effective formulation and protocol for their cryopreservation. This research
proposed to dissect the mechanisms of damages in hiPSC aggregates and differentiated
cells during cryopreservation as well as the mechanisms of action of different CPAs. To

fulfill this goal, we hypothesized that:

(1) cell sensitivity to cooling rate and undercooling will differ by cell form and cell
developmental stage;
(2) a synergistic combination of multiple non-DMSO CPAs will provide superior

cryoprotection against freezing damages in cells compared to DMSO.
We confirmed these hypotheses by fulfilling the following aims in Chapters 4-7.

Aim 1 — Mechanisms of freezing damage in hiPSCs and hiPSC-derived neuronal
cells as elucidated by Raman spectroscopy and supported by cell-based fluorescence

assays.

Aim 1.1 — Characterize damage in hiPSC single cells versus multicellular aggregates

given different cooling rates.
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In Chapter 4, three different forms of hiPSCs (i.e., large aggregate, small aggregate, and single
cell) were frozen in DMSO under varied cooling rate (i.e., -1, -3 or -10 °C/min) to determine the
relative sensitivity of each cell form to the cooling rate variation in terms of intracellular ice
formation and post-thaw cell survival. This sub-aim directly tested a part of the first hypothesis
that cooling rate sensitivity varies between different forms of the same cell type. Findings
included that in the context of intracellular ice formation, response of small aggregates to the
cooling rates resembled that of single cells. The post-thaw survival of hiPSC aggregates and that
of single cells, whether in terms of post-thaw recovery or reattachment, were not a comparable
pair due to the masking effect of cell-cell dissociation-induced apoptosis in single hiPSCs.
However, the post-thaw survival of large hiPSC aggregates favored the medium cooling rate of -3
°C/min significantly over -1 or -10 °C/min, whereas that of small aggregates favored the slowest

cooling rate of -1 “C/min and suffered drastic loss upon faster cooling.

Aim 1.2 — Characterize damage in hiPSC single cells versus multicellular aggregates

given different ice nucleation temperatures (undercooling).

Also in Chapter 4, two different forms of hiPSCs (i.e., small aggregate and single cell) were
frozen in DMSO upon varied temperatures of ice nucleation (i.e., -4 or -8 °C) to determine the
relative sensitivity of each form of hiPSCs to the undercooling variation in terms of intracellular
ice formation and post-thaw cell survival. This sub-aim directly tested another part of the first
hypothesis that undercooling sensitivity varies between different forms of hiPSCs. Findings
included that small aggregates experienced significantly greater intracellular ice formation in
response to undercooling than single cells. Additionally, compared to single cells, aggregates had
more rigid plasma membrane and thus lower permeability to water and other solutes at low

temperatures, which likely resulted from their complex membrane-cytoskeletal network and
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contributed to their greater sensitivity to undercooling.

Aim 1.3 — Compare damage by suboptimal cooling rate in hiPSC-derived neuronal cells

of different development stages.

In Chapter 7, three different developmental stages of hiPSC-derived neuronal cells (i.e., D5 crest,
D7 SN, and D14 mSN) were frozen in the optimized solution from Aim 3.1 under varied cooling
rates (i.e., -1, -3 or -5 “C/min) to determine the relative sensitivity of each cell stage to the cooling
rate variation in terms of intracellular ice formation, membrane partitioning, cell shrinkage, and
cytochrome C release. This sub-aim directly tested another part of the first hypothesis that
cooling rate sensitivity varies between different cel/ stages. Findings included that D7 SN was
not sensitive to cooling rate variations, where its freezing behavior as elucidated by Raman did
not vary significantly with different cooling rates, and that only subtle difference in post-thaw
reattachment was observed favoring -3 °C/min. In comparison, D5 crest and D14 mSN strongly
favored the slowest cooling rate of -1 “C/min and suffered significantly greater intracellular ice,
impaired membrane partitioning, and volumetric loss upon faster cooling at -5 “C/min, with D14
mSN manifesting all of these freezing damages at a lower cooling rate threshold at -3 “C/min than
D5 crest. This relativity in cooling rate sensitivity (i.e., D14 mSN > D5 crest > D7 SN) correlated

with their differences in cell size.

Aim 1.4 — Compare damage by undercooling in hiPSC-derived neuronal cells of different

development stages.

Also in Chapter 7, three different developmental stages of hiPSC-derived neuronal cells (i.e., D5
crest, D7 SN, and D14 mSN) were frozen in the optimized solution from Aim 3.1 upon varied

temperatures of ice nucleation (i.e., -4 or -8 °C) to determine the relative sensitivity of each cell
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stage to undercooling in terms of intracellular ice formation, membrane partitioning, cellular
protein integrity, and cytochrome C release. This sub-aim directly tested the last part of the first
hypothesis that undercooling sensitivity varies between different cell stages. Findings included
that D5 crest was not sensitive to undercooling within the nucleation temperature range between -
4 and -8 °C. In comparison, D7 SN did not exhibit any of the freezing damage observable by
Raman and subtle impairment in cell adhesion that manifested post-thaw upon greater
undercooling, whereas D14 mSN suffered significantly greater intracellular ice damage, impaired
membrane partitioning, and cellular protein disintegration during freezing. This relativity in
undercooling sensitivity (i.e., D5 crest < D7 SN < D14 mSN) inversely correlated with their

differences in membrane fluidity (i.e., D5 crest > D7 SN > D14 mSN).

Summarizing the experiments above, cooling rate sensitivity varies by aggregate size of
multicellular aggregates and by cell size of single cells, and undercooling sensitivity varies
between aggregates and single cells as well between cell development stages with different

membrane fluidity. Aim 1 fulfills Hypothesis 1.

Aim 2 — Mechanisms of cryoprotection by CPA-CPA, CPA-water and CPA-cell
interactions as unveiled by Raman and assisted by other analytical chemistry

techniques.

Aim 2.1 — Analyze interfacial interactions of sucrose during freezing.

In Chapter 5, based on Jurkat cells as a simplified cell model, under constant cooling rate and
nucleation temperature (CRF parameters), the molecular concentration of sucrose in the
nonfrozen solution, the spatial distribution of sucrose at its interface with extracellular ice and

with cell, and the correlation between intracellular ice formation and extracellular sucrose
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distribution were analyzed during freezing using low-temperature Raman spectroscopy. This sub-
aim elucidates the mechanism of action of sucrose, an essential non-DMSO CPA used by this
dissertation work for hiPSC cryopreservation and by previous work for T cells and MSCs.
Findings included that upon freezing to -50 °C, sucrose had concentrated in the nonfrozen region
between ice crystals far beyond its ambient solubility limit and strengthened its hydrogen bond
with water inhibiting dynamic motions of water molecules towards crystallization as well as that
of sucrose molecules towards precipitation. It separated each cell from surrounding extracellular
ice phase, reducing the likelihood of intracellular ice, and directly interacted with the plasma
membrane, replacing water and stabilizing the cell upon dehydration. Additionally, cells in the
nonfrozen region were subjected to a spatially heterogeneous microenvironment of sucrose

concentration (i.e., higher in wider regions of cell-extracellular ice interface).

Aim 2.2 — Examine interactions of NADES with water and NADES with cells.

Also in Chapter 5, based on Jurkat cells, under constant CRF parameters, the mechanism of
action of a sugar-sugar alcohol NADES was analyzed. Dilute trehalose-glycerol NADES was
found to have a neutral effect on producing ice crystals with cryoprotective morphology,
compared to trehalose or glycerol alone, but strengthen the intermolecular hydrogen bond
network with water. As a result, it both suppressed the overall amount of ice formation and the
dehydration of nonfrozen regions protecting cells from both mechanisms of damage. While
higher concentration of NADES exhibited superior thermophysical properties, it also resulted in
more post-thaw apoptosis, lower recovery and proliferation in the cryopreserved cell population
likely by subjecting the cells to greater osmotic stress. Thermophysical properties of CPA
solutions alone could not predict optimal cell survival, suggesting that biological interaction

between CPA and cells may play a role in successful cryopreservation. Additionally, the
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optimized non-DMSO solution from Aim 3.1 displayed a Raman spectral waveform in its
intermolecular hydrogen bond and intramolecular OH bond vibrations upon freezing that was
distinctly different from that of a dilute NADES, despite strengthening the overall hydrogen bond

network with water as well.

Aim 2.3 — Investigate the nature of cryoprotection by isoleucine and albumin.

In Chapters 5 and 6, based on Jurkat cells representing simpler cell forms and hiPSC aggregates
representing multicellular systems, under constant CRF parameters, mechanisms of action of
isoleucine and albumin were analyzed based on a combination of low-temperature Raman
spectroscopy, DSC, membrane exclusion and reattachment assays. Findings included that
supplementing isoleucine to dilute NADES from Aim 2.2 or the non-NADES solution from Aim
3.1 did not suppress or depress ice formation but significantly improved post-thaw cell survival,
suggesting a mechanism of cryoprotection founded upon its biological interaction with cells
rather than its thermophysical properties. Similarly, removal of albumin from the optimized non-
DMSO solution from Aim 3.1 did not suppress or depress ice formation but helped to stabilize
hiPSCs during prolonged CPA exposure before freezing, suggesting a rather biological than
thermophysical protection of cells from non-cryopreservation stresses. The “sweet spot” of
isoleucine concentration was never found at the higher end of the parametric range in either the
T-cell or the hiPSC optimization experiment, likely requiring a balance of the stabilizing and

destabilizing effect of a hydrophobic amino acid on cellular proteins.

Aim 2.4 — Explore the effect of poloxamer 188 on water crystallization and cell adhesion.

Also in Chapters 5 and 6, based on hiPSC aggregates representing multicellular systems, the

mechanism of action of P188 was analyzed via low-temperature Raman spectroscopy and post-
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thaw reattachment assay. Findings included that the addition of P188 not only both suppressed
and depressed ice formation overall but also strengthened the hydrogen bond network in
extracellular water lattice inhibiting ice inside and outside the cells. Moreover, in concert with
sucrose, glycerol, isoleucine and albumin, P188 softened the solid-liquid interface of ice and
nonfrozen regions and increased the distance between adjacent ice crystals, a unique, synergistic
effect on water crystallization that did not allow minor deviation of the multicomponent CPA
composition. Additionally, P188 was found to enhance cell-cell, cell-ECM adhesion enabling

wash-free thawing of cryopreserved hiPSCs.

In summary, Aim 2 builds a fundamental understanding of the mechanisms of action of the non-

DMSO CPAs that support the efficacy observed in Aim 3 of their synergistic formulation.

Aim 3 — Translational development of a new DMSO-free method to cryopreserve

hiPSC aggregates.

Aim 3.1 — Optimize a multicomponent non-DMSO CPA solution using the DE algorithm.

In Chapter 6, a CPA formulation composed of sucrose, glycerol, L-isoleucine, human serum
albumin and P188 was optimized for the highest post-thaw reattachment of hiPSC aggregates
using DE algorithm in a 1296-point parameter space under 8 experiments. Despite a parameter
space 6 times as populated than previous studies, much smaller population size per generation,
the convergence speed of this study was well-maintained at 7 iterations. Post-thaw survival,
growth, phenotype and karyotype of the optimally cryopreserved hiPSCs were found to be
comparable to fresh cells and stable upon three freeze-thaw stress amplification cycles. The
resulting post-thaw cell reattachment was 40% higher than that in DMSO given the same freezing
conditions. Additionally, upon suboptimal, passive freezing, the optimized non-DMSO CPA
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formulation also allowed significantly higher post-thaw cell survival. This sub-aim directly tested

the second hypothesis of this dissertation by producing the superior non-DMSO CPA solution.

Aim 3.2 — Benchmark against standard DMSO solutions on undercooling sensitivity.

In Chapter 6, under a constant cooling rate but varied degrees of undercooling by ice nucleation
induced at -4 or -12 °C, hiPSC aggregates cryopreserved in the optimized non-DMSO
formulation were benchmarked against a basic 7.5% DMSO solution as well as DMSO-based
commercial solutions, CS10, mFreSR, and BAMBanker hRM. This sub-aim directly tested the
second hypothesis by validating the superior performance of the non-DMSO CPAs in the context
of undercooling sensitivity — a key challenge of hiPSC cryopreservation. Post-thaw cell
reattachment showed that the non-DMSO solution reduced the hiPSC aggregates’ sensitivity to
undercooling below detectable level, whereas all of the DMSO-based solutions suffered

significantly more cell loss upon the 8 °C greater undercooling.

Aim 3.3 — Establish requirements for basal buffer components.

In Chapter 6, under ambient environment, hiPSC aggregates were collected in a basal buffer upon
the presence, exclusion or replacement of Ca*, Mg*', NEAA, HCOs", and P188. After
introducing the optimized non-DMSO CPAs from Aim 3.1 and incubating for 1 hour, cell
reattachment was measured with or without freeze-thaw and compared between the basal buffer
variants. Findings included that Ca*" and Mg**are essential to preventing cell dissociation-
induced apoptosis throughout the cryopreservation process and ensuring successful
reestablishment of hiPSC culture post-thaw. NEAA is essential to preserving cell energy and
maintaining cell viability over time during cell preparation before freezing. HCOs™ is essential to

stabilizing intracellular pH. P188 is essential not only in the 2x CPA solution but in the basal
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buffer to stabilize cell-cell adhesion upon dissociation from adherent culture and mitigate
potential osmotic stress upon introduction of sucrose, glycerol and isoleucine. Replacing HBSS
with E8 in the basal buffer is detrimental to the stability of hiPSCs upon initial exposure to CPA
molecules, likely due to enhanced nutrient supply and cell stresses in response to the non-

physiological temperature and hypertonic environment.

Aim 3.4 — Test the cryopreservation method optimized for hiPSCs on hiPSC-derived

neuronal cells.

In Chapter 7, D5 crest, D7 SN and D14 mSN were frozen in the optimized non-DMSO CPA
solution from Aim 3.1 using the best-case cooling rate and nucleation temperature from Aim 1.4.
The main difference between the non-DMSO solution and the DMSO-based gold standard
solution (i.e., CS10) existed before freezing upon prolonged cell exposure to the CPAs. The non-
DMSO CPAs maintained cell viability of over 90% of the population for each stage of the
neuronal cells for 1 hour, whereas DMSO resulted in 30% to 60% cell loss in 30 minutes. The
non-DMSO formulation optimized for hiPSC cryopreservation was found effective in inhibiting a
variety of freezing damages and mitigating undercooling sensitivity for all three stages from
hiPSC-derived progenitors through mature cells. Passaging of fresh D5 crest revealed that
cryopreservation of dissociated cells at this intermediate stage was incompatible with the
differentiation protocol, where interrupting the otherwise continuous adherent culture on day 5
disabled the downstream differentiation into sensory neurons. Passaging of fresh D14 mSN
revealed that the dissociation method required further optimization to enable successful re-culture

of cryopreserved, likely stressed cells at this advanced developmental stage.

Summarizing the experiments above, the synergistic formulation of non-DMSO CPAs was

superior to DMSO-based solutions in terms of pre-freeze cell stability upon CPA exposure,
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intracellular ice inhibition during freezing, and post-thaw cell reattachment withstanding the

stresses of undercooling. Aims 2 and 3 fulfill Hypothesis 2.

In addressing these specific aims, we have found that undercooling sensitivity is a main
reason why hiPSC aggregates are more difficult to freeze than single cells, that
membrane fluidity and cell size influence the bankability of differentiating cells, that
non-DMSO CPAs like sucrose, glycerol, L-isoleucine and poloxamer 188 act in concert
to protect cells against cryopreservation stresses by their interaction with water, with each
other, and with the cell membrane, and that our DMSO-free method does improve post-
thaw cell survival and function from DMSO-based standards. The outcome of this
dissertation has brought empirical perspectives into subsequent designs of the cells’
cryopreservation strategy and presented a potentially imitable approach for future

cryobiological studies of other hiPSC-derived cellular technologies.

8.2 Future Directions

Beyond the potential follow-up experiments suggested throughout Chapters 4 — 7 that
may provide additional information complementary to the mechanism of cryoinjury and
cryoprotection discussed thus far, there are two major directions of future work that may
build upon this dissertation and advance the utilization of cryopreservation to support the
translational needs of hiPSC-derived and other cell-based technologies as described
below.

8.2.1 Scale up mechanistic investigation and cryopreservation design from 2D to 3D
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multicellular aggregates and from dissociated cells to adherent 2D monolayers

The work in Chapters 4 — 6 surrounded the cryopreservation of hiPSC multicellular
aggregates dissociated from 2D adherent cultures. As introduced in Chapter 2, the clinical
translation of hiPSC-based cell manufacturing often requires scale-up of the hiPSC
cultivation modality from 2D adherent culture to 3D suspension (or bioreactor) culture.
Our understanding of the cells’ cryobiology and our design of the cryopreservation
strategy should follow this transition as well. In addition to hiPSCs, there are numerous
differentiated cell types cultivated as either 2D adherent monolayers or 3D spheroids,
such as hiPSC-derived cardiomyocytes and cerebral organoids that may also benefit from
this transition in our cryobiological research. As discussed in Chapters 4 and 7,
dissociation of cell-cell, cell-ECM adhesion and interruption of continuous adherent
culture are prone to apoptosis and cell functional loss, therefore challenging the utility of
suspended single cells or 2D aggregates as a cryopreservation modality. To avoid such
cell culture disruption, future studies may choose to cryopreserve adherent 2D

monolayers in situ or suspended 3D aggregates dependent on the use-case scenario.

As mentioned in Chapter 2, Heiko Zimmermann group has reported a vitrification
method to cryopreserve adherent 2D hiPSC culture in a specialized TWIST culture
vessel'”. Additionally, Ido Braslavsky’s group has developed a motion-controlled
directional freezing device proposed for in situ cryopreservation of adherent 2D
cultures?”. Published by Dennis Clegg group in March 2021 and showing high post-thaw

survival of phenotypically stable cells in vitro and their efficacy in vivo, slow freezing of
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hiPSC-derived retinal pigment epithelium (RPE) on its implantable substrate was one of
the most recent and advanced examples of successful cryopreservation of adherent 2D
monolayer, demonstrating optimization of harvest time, CPA formulation, cooling rate,
and post-thaw wash buffer?’4. This literature shows an existing interest in the
development and translational utilization of adherent 2D culture as a cryopreservation
modality. However, there is a lack of systematic, scientific understanding in regard to the
mechanisms of cryoinjury and cryoprotection. In order to support and enable the design
and improvement of future cryopreservation strategies, confocal Raman
microspectroscopy may be capitalized. Distribution and uptake of CPA molecules by the
cell sheet in a liquid or frozen state, intracellular ice formation in relation to position
within the cell sheet, and structural, molecular integrity of the cell-cell, cell-ECM

junctions are a few examples of such Raman metrics.

Methods and results of 3D spheroid cryopreservation can be found in literature since
2020, showing newly gained interest in this area. One study demonstrated the vitrification
of large MSC spheroids (10,000- to 30,000-cell) using 2.8 M DMSO among other highly
concentrated CPAs, which showed high post-thaw organoid structural integrity, little cell
membrane impairment but low metabolic activity except for the thin peripheral layer in
50,000-cell or larger spheroids®’S. Another study demonstrated the passive slow freezing
of small MSC spheroids (<100 pm in diameter) using 5% DMSO in FBS, which showed
low post-thaw apoptosis, normal proliferation and osteogenic potential?’’. A third study

demonstrated the passive slow freezing of large fibroblast spheroids (25,000-cell) using

217



StemSure, which showed high post-thaw structural integrity but significant apoptosis and

impaired collagen deposition®’®

. With over 1000 federally funded projects in organoid
research and numerous hiPSC-derived organoid technologies entering IND application,
translational research of 3D spheroid cryopreservation will be timely. Similar to 2D
monolayers, Raman spectroscopy may be capitalized to investigate the diffusion and
partitioning of different CPA molecules within spheroids of varying sizes in a liquid or
frozen state, the intracellular ice formation under different cooling rates and nucleation
temperatures, and the integrity of subcellular materials such as cytochrome C, in order to

shine light on the challenges and potential solutions for the cryopreservation of 3D

spheroids.

8.2.2 Investigate molecular interventions to mitigate cell undercooling sensitivity

The work in Chapters 4 — 7 focused on developing a synergistic multi-component
osmolyte formulation to mitigate cells’ undercooling sensitivity by altering the
crystallization pattern of water and improving the cells’ tolerability for lower nucleation
temperatures. However, there are alternative strategies that may be explored in place of
or complementary with the present method. Molecular interventions like nucleating
agents may be used to control ice nucleation temperature and minimize undercooling, and
cholesterol may be used to enrich the plasma membrane, increase its membrane fluidity
and, therefore, reduce cell sensitivity to undercooling. Nucleating agents including silver
iodide, gold nanoparticles, Snowmax, IceStart, and crystalline cholesterol of varying

concentrations may be tested as variables of optimization and rapidly screened using
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dual-objective DE algorithm®! for highest mean spontaneous ice nucleation temperature
measured by DSC and lowest cytotoxicity based on post-treatment cell viability. Methyl-

B-cyclodextrin/cholesterol complex?”®

of different concentrations and varying incubation
time may be tested for incorporation of cholesterol into the plasma membrane, resulted
membrane fluidity may be measured using Laurdan and two-photon microscopy, and cell
undercooling sensitivity may be re-evaluated upon induced ice nucleation at -12 °C and
freezing to -50 °C in terms of intracellular ice formation using low-temperature Raman
spectroscopy. Both methods of molecular intervention should also be assessed for their
impact on the cells’ intended use-case function, where inert molecules causing no
significant change in cell function would be desirable. In addition, their removal or
clearance from the treated cells should be assessed to determine whether washing by

centrifugation and resuspension would be sufficient to eliminate trace materials or in vivo

toxicity of the molecule should be considered and evaluated.

The experiments performed in the dissertation work and in the future will ultimately
improve the cryoprotective effectiveness, workflow efficiency, reproducibility and
flexibility of cryopreserved cell-based products in the translational research and clinical

supply chain of therapeutic applications.
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Appendix 1

F1JI macro for calcium imaging data processing

nn

run("Set Measurements...", "mean redirect=None decimal=3");

rename("'raw stack");

run("Duplicate...", "title=pre-ROI duplicate range=1-1");

//change duplicate range to your desired frame number best for ROI extraction

run("Duplicate...", "title=pre-ROI threshold");

selectWindow("pre-ROI _threshold");

setAutoThreshold("Default dark");

//run("Threshold...");

setAutoThreshold("Default dark");

setOption("BlackBackground", false);

run("Convert to Mask");

run("Calculator Plus", "il=pre-ROI i2=pre-ROI _threshold operation=[Multiply: i2
= (i1*12) x k1 + k2] k1=0.004 k2=0 create");

run("Green");

run("Find Maxima...", "prominence=20 output=[Segmented Particles]");

run("Invert");

selectWindow("pre-ROI _threshold");

run("Invert");

run("Calculator Plus", "il=pre-ROI threshold i2=[Result Segmented]
operation=[Add: 12 = (i1+i2) x k1 + k2] k1=1 k2=0 create");

run("Invert");

run("Watershed");

run("Analyze Particles...", "size=100-2500 show=Masks add");

selectWindow("raw stack");

roiManager("Multi Measure");
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APPENDIX 2

MATLAB script for calcium imaging data analysis

% DEFINE BASELINE
fOraw=table2array(readtable('.csv"));
fOraw(:,1)=[];

f0=mean(fOraw,2);

Trim=1:20; % Trim off first 20 frames ~ 5 seconds
fO(Trim,:)=[];

space=100;
baseraw=table2array(readtable('.csv"));
tO=baseraw(:,1);

base=mean(baseraw,2);

color1=[1,0,0,0.1]; % last value is transparency
color2=[0,0,0,0.1]; % last value is transparency
ytitle={'dF/F0'};

ylim=[-0.5 25];

fontsize=10;

derO=ones(size(baseraw, 1)-space,size(baseraw,2));
for i = 1:size(der0,2)
for j = 1:size(der0,1)
dy=baseraw(j+space,i)-baseraw(j,1);
dx=t0(j+space)-t0(j);
der0(j,i)=dy/dx;
end
end

threshold=prctile(der0,97,'all');

% GRAPH PANEL PER DRUG MOLECULE
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Tlraw=table2array(readtable('.csv")); % Filename
Tlraw(Trim,:)=[];
x1=Tlraw(:,1);
t1=x1.*0.245-size(Trim,2)*0.245;
ylraw=TIraw(1l:end,2:size(T1raw,2));
yl=ylraw;
for i = l:size(ylraw,2)
y1(:,1)=(ylraw(:,1)-10)./f0;
end
derl=ones(size(y1,1)-space,size(y1,2)); % 1* derivative of graph
hits1=0;
nexttile
for i = l:size(derl,2)
for j = l:size(derl,1)
dy=yl(j+space,i)-y1(j,1);
dx=t1(j+space)-t1(j);
derl(j,i)=dy/dx;
end
if max(derl1(:,i))>threshold % Set threshold to a responder
hits1=hits1+1; % Count responders
plot(tl,y1(:,1),-','LineWidth',1,'color',color1)% Responders
hold on
else
plot(tl,y1(:,1),"",'LineWidth',1,'color',color2)% Not responders
hold on
grid off
end
end
pctresp. DMSO=hits1/size(T1raw,2); % Calculate percent responders
propl=prop_ci(hits1,size(y1,2),0.05);
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CIl=(prop1(3)-prop1(2))/2;
title('drug name','FontSize',fontsize)
xlabel('Time (s)','FontSize',fontsize)
ylabel(ytitle,'FontSize',fontsize)
set(gca, 'xlim', [0 180],'ylim', ylim)
xticks(linspace(0,180,7))
text(10,22.5,string([sprintf('%. [ f',pctresp DMSO*100) '%"]),...
'FontWeight','bold','FontSize',fontsize,'Color','r")
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