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Freezing Responses in DMSO-Based
Cryopreservation of Human iPS Cells:
Aggregates Versus Single Cells

Rui Li, BS!"™ Guanglin Yu, PhD?" Samira M. Azarin, PhD? and Allison Hubel, PhD?

Inadequate preservation methods of human induced pluripotent stem cells (hiPSCs) have impeded efficient
reestablishment of cell culture after the freeze—thaw process. In this study, we examined roles of the cooling
rate, seeding temperature, and difference between cell 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, and 10°C/min, and between seeding temperatures of
—4°C and —8°C. Raman spectroscopy images of ice showed that a lower seeding temperature (—8°C) did not
affect IIF in single cells, but significantly increased IIF in aggregates, suggesting higher sensitivity of aggre-
gates to supercooling. In the absence of IIF, Raman images showed greater variation of dimethyl sulfoxide
concentration across aggregates than single cells, suggesting cryoprotectant transport limitations in aggregates.
The 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 and 3°C/min) combined with higher seeding temperature (—4°C)
were better at preventing IIF and preserving cell function than a higher cooling rate (10°C/min) or lower
seeding temperature (—8°C), proving the seeding temperature range of —7°C 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.
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Introduction tective agents combined with high cooling rates to avoid the

formation of ice during freezing. Conventional slow cooling

UMAN INDUCED PLURIPOTENT stem cells (hiPSCs) are
multicellular aggregates that can be reprogrammed from
a variety of somatic cells and have the potential to be differ-
entiated into all three germ layers, 1,2 attracting much interest in
tissue engineering,”™ 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. How-
ever, cryopreserved hiPSCs are vulnerable to loss of viability,
function, or pluripotency.'®'? hiPSCs can be frozen either as
aggregates or single cells depending upon the application.
Cryopreservation of hiPSCs typically involves two dif-
ferent methods: conventional slow cooling and vitrification.
Briefly, vitrification uses high concentrations of cryopro-

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 cells.'*'®

ROCK inhibitor (ROCKi) Y-27632 has been used to en-
hance the survival of dissociated hiPSCs (i.e., single cells). 19-21
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.**** However, the addition
of ROCKi can have contradictory effects in the case of hiPSC
aggregates. The downregulation of NMMIIA has been shown
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to impair cell adhesion, cell—cell junctions, self-renewal, and
pluripotency of hiPSC aggregates.>** To exclude the con-
founding effect of ROCKi and capture native cell response to
freezing, we hereby studied the cryopreservation of hiPSCs
without the use of ROCK:i.

Despite attempts to improve cryopreservation of multicel-
lular 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 ad-
dition or removal of cryoprotectants can result in osmotic
stress.'! However, freezing responses of cell aggregates are
more complex than single cells. For example, propagation of
IIF in cell aggregates through gap junctions has been observed
experimentally in a variety of cell types.?’ >’

Recently, Raman spectroscopy has become a powerful
tool for understanding cell responses to the freezing envi-
ronment.>*>* The magnitude and spatial distribution of
specific chemical signals (liquid water, ice, cryoprotectant,
hydrohalite) and biological signals (cytochrome c) have
been measured for single cells during freezing.***> How-
ever, to the best of our knowledge, there has been no Raman
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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 (Fig. 1A).

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 a 37°C water bath. This work will deepen our
understanding of behaviors of single cells and aggregates
frozen at various conditions and promote the development
of improved cryopreservation protocols for hiPSCs.

Materials and Methods
Cell culture and phenotyping

The hiPSC line DF-19-9-11 was reprogrammed by Yu &
Thomson.> hiPSCs were cultured on Matrigel (hESC-
qualified, LDEV-free; Corning) in essential 8 medium
(Thermo Fisher) in a 37°C incubator at 5% CO,. Cells were
passaged as aggregates using the enzyme-free dissociation
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(A) A CREF cooling curve showing a cooling rate of 1°C/min and seeding temperature of —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 (in
arbitrary units, a.u.), 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 Raman signal of ice. CRF, controlled rate freezer;
DMSO, dimethyl sulfoxide; hiPSCs, human induced pluripotent stem cells; IIF, intracellular ice formation.
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reagent ReLeSR (STEMCELL Technologies). hiPSC cul-
tures were routinely tested for mycoplasma using the
MycoAlert PLUS detection kit (Lonza). Cells were >95%
positive (Fig. 1B, C) for hiPSC pluripotency surface marker
TRA-1-60 (BD Biosciences) and transcription factor OCT4
(BioLegend), determined using flow cytometry.

Cell dissociation

Freezing studies were performed using single cells or
small aggregates (3—50 cells). Aggregate size was controlled
by the amount of gentle pipetting. Aggregates were disso-
ciated into single cells using accutase (Innovative Cell
Technologies).

Controlled rate freezing

Aggregates and single cells resuspended in 10% DMSO
in 1 x phosphate-buffered saline containing Ca** and Mg**
were transferred into cryovials and incubated at room tem-
perature for 30 min before freezing. Cryovials were frozen
using a CRF (Planer Series III Kryo 10) following the steps
listed below with a cooling rate, B, of 1, 3, or 10°C/min and
a seeding temperature, Txyc, of —4°C or —8°C:

. Starting temperature 20°C

. —10°C/min to 0°C

. Hold at 0°C for 10 min

. B°C/min to TNUCOC

. Hold at Txyc®C for 15 min; induce ice nucleation by
manual seeding when sample temperature stabilizes at
Tnuc®C

6. B°C/min to —60°C

7. —10°C/min to —100°C

Manual seeding was achieved by spraying liquid nitrogen
briefly onto the outer surface of a cryovial using CRYOGUN
(Brymill). Frozen cryovials were thawed in a 37°C water bath.
Cryovials were submerged partially below the lid and agitated
for ~2min. Cells were assessed immediately post-thaw.

DNk W=

Post-thaw viability and function

Cells were singularized using Accumax (Innovative Cell
Technologies) and stained for viability by membrane integ-
rity using acridine orange and propidium iodide. Counts were
obtained both prefreeze and post-thaw for all samples. The
post-thaw recovery rate was calculated as the percentage of
post-thaw live cell count divided by prefreeze live cell count.

Post-thaw function was assessed by quantifying the at-
tachment rate of thawed cells. Passaged fresh cells served as
controls. Seeding density was kept constant based on the post-
thaw live cell count. Cells were cultured on Matrigel, undis-
turbed for 24 h, and stained for viability using calcein AM and
propidium iodide. The stained cells were read to obtain fluo-
rescence levels using a microplate reader (BioTek Synergy
HT) with ex/em 485/528 nm and 530/590 nm filter sets. The
post-thaw attachment rate was calculated as the ratio of the
calcein AM fluorescence level of each thawed sample to
the mean calcein AM fluorescence level of passaged controls.

Post-thaw apoptotic subpopulations

Early and late apoptosis subpopulations were determined
using flow cytometry post-thaw for cell aggregates. Cells were

291

singularized with Accumax and stained for polycaspase acti-
vation using FLICA FAM-VAD-FMK antibody (Immuno-
chemistry Technologies) and for loss of membrane integrity
using 7-AAD (BD Via-Probe; BD Biosciences). Apoptosis was
induced using camptothecin (Adipogen) and cell death was
induced by incubating cells at 60°C for 15min and 4°C for
S5Smin to serve as gating controls. 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.

Post-thaw time course assessments

Cells that successfully attached 24 h post-thaw were fixed
and stained to detect chromatin condensation using Hoechst
33342 (Thermo Fisher) and f-actin organization using rho-
damine phalloidin (Thermo Fisher) at 4, 8, 12, and 24h
post-thaw. Fresh cells were fixed and stained for nucleic
acid and f-actin at 4, 8, 12, and 24 h postpassage to be
compared with post-thaw samples. Fluorescence micros-
copy images were obtained using a Zeiss Axioskop 50 mi-
croscope with a 40 X air objective (Plan NeoFluor, NA 0.75;
Carl Zeiss) and processed using FIJI ImageJ 2.0.0.

Cells were cultured for 4 days post-thaw to assess cell growth
over time. Cells were stained using calcein AM and propidium
iodide every 24 h and read using a microplate reader. Amount
of cells in the culture was calculated as the ratio of the calcein
AM fluorescence level measured at each time point for thawed
samples to the mean calcein AM fluorescence level measured at
24 h postpassage of fresh cell controls.

Confocal Raman system

Confocal Raman spectroscopy measurements were con-
ducted using the WITec Confocal Raman Microscope System
Alpha 300R with UHTS300 spectrometer and DV401 CCD
detector with 600/mm grating. The WITec spectrometer was
calibrated with a mercury—argon lamp. The Nd:YAG laser
with 532 nm wavelength was used as an excitation source. A
100 x air objective (NA 0.90; Nikon Instruments) was used to
focus the 532 nm excitation laser. Laser power at the objec-
tive was 10mW, as measured by an optical power meter
(THORLABS). Resolution of the microscope was ~0.3 um
based on Abbe’s diffraction formula for lateral resolution.

Raman images were assembled by integrating the spec-
trum at each pixel based on characteristic wavenumbers of
common intracellular and extracellular material (Fig. 1D).
Raman signals and the associated wavenumbers selected for
these studies are given in Table 1. Amide I and alkyl C=C

TABLE 1. WAVENUMBER AS§IGNMENTS
FOR RAMAN SPECTRA®!"?

Wavenumber
Substance cm™! Assignments
Protein and 1660 Amide I and alkyl
lipid (cell) C=C stretches
Ice 3125 OH stretch
DMSO 673 Symmetric CS stretching

DMSO, dimethyl sulfoxide.
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stretches were used to generate a distribution of protein and
lipid to delineate the area of frozen single cells or aggre-
gates. Images of ice were generated with background sub-
traction at both sides of the peak range to separate ice and
water signals. The image size for single-cell studies was
15x 15 um. Each image had 45x45 pixels with an inte-
gration of 0.2s for each pixel. Image size for aggregates
varied depending on the actual size of the aggregate. There
were two pixels per micrometer for images of aggregates with
an integration of 0.2's for each pixel. Raman signals for this
study did not overlap with each other; as a result, multivariate
data analysis was not required. IIF was determined by the
presence of an OH stretch peak at 3125 cm™'. Raman spectra
of cell sections with IIF showed the presence of an OH stretch
peak, while Raman spectra of cell sections without IIF
showed the absence of OH stretch peak (Fig. 1E).

Temperature-controlled stage

Sample temperature for Raman spectroscopy studies
was controlled using a four-stage Peltier (Thermonamic
Electronics Corp.) and a series 800 temperature controller
(Alpha Omega Instruments Corp.). About 1-3 pL of cell
suspension was placed on the stage, covered with a piece of
mica (TED PELLA), and sealed with Kapton tape (Dupont
Wilmington) to prevent evaporation/sublimation. All sam-
ples were seeded at —4°C or —8°C with a liquid nitrogen-
cooled needle and then cooled to a final temperature of
—50°C using the desired cooling rate.

Statistics

Mean plus/minus standard error was reported for all
measurements unless otherwise noted. 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 significance level set at 0.05. Null hypothesis was de-
fined as no statistical difference between any pair of sam-
ples; p-value less than 0.05 was used to make the decision of
rejecting the null hypothesis and determining the significant
difference between samples.

Results
IIF of cryopreserved hiPSCs

IIF can be influenced by many freezing parameters, in-
cluding cell type, cell-cell interaction, cooling rate, seeding
temperature, and solution composition.* To investigate the
effects of cooling rates and seeding temperatures on the IIF
of 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°C or —8°C.

Typical Raman images rendered on the signal associated
with ice and amide I are shown for both single cells and
aggregates cryopreserved at three different cooling rates
grouped by seeding temperatures (Fig. 2A, B, D, and E). To
characterize the proportion of IIF, the ratio of cross-sectional
area of IIF to the cross-sectional area of single cells or ag-
gregates area ratio of intracellular ice to cell (AIC) was cal-
culated. 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
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and 3°C/min; however, cells cryopreserved at 10°C/min
showed statistically greater AIC for both seeding tempera-
tures (Fig. 2C). Similar conclusions on the effect of cooling
rates on AIC can be drawn for aggregates (Fig. 2F).

The effects of seeding temperature on AIC were also in-
vestigated. There was no statistical difference in AIC between
single cells seeded at —4°C and —8°C for all three cooling
rates (see Supplementary Fig. S1; Supplementary Data
available online at www libertpub.com/tec). 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. Aggregates
cryopreserved at 10°C/min showed no difference in AIC
between the two seeding temperatures (Fig. 2G).

DMSO distribution of cryopreserved hiPSCs

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 and seeded at —4°C are shown as
examples (Fig. 3A 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
(Fig. 3A). Standard deviation (SD) of normalized DMSO
concentration was calculated to represent the variation of
DMSO concentration across the cell. It was noteworthy that
1 um 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 was quantified. It was found that
SD was significantly greater in aggregates than single cells
frozen at 1 or 3°C/min (Fig. 3C).

Post-thaw membrane integrity and attachment
of cryopreserved hiPSCs

Post-thaw recovery and attachment rates were examined for
both hiPSCs as single cells and aggregates cryopreserved using
CRF with the same set of cooling rates, 1, 3, and 10°C/min,
and seeding temperatures, —4°C and —8°C. Post-thaw recov-
ery was measured in terms of membrane integrity. Post-thaw
attachment was normalized to the postpassage attachment of
fresh nonfrozen aggregates, so a post-thaw attachment rate
close to one indicates attachment ability of cryopreserved
cells comparable with what was observed for 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 was significantly higher than 10°C/min
regardless of the seeding temperature (Fig. 4A). All the single-
cell conditions tested had few to no cells attached to the culture
substrate post-thaw (Fig. 4C), consistent with previous stud-
ies.>*® For aggregates, little difference in membrane integrity
was observed for the range of cooling rates studied (Fig. 4B).
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 (Fig. 4D). The effect of different
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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, Fig. 4E, F) and cell attachment (of
aggregates, Fig. 4H) 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 (Fig. 4E-H).

Apoptosis and proliferation in post-thaw culture
of cryopreserved hiPSC aggregates

In many different cell tgyfes, post-thaw apoptosis can result
in significant cell losses.>**" As a result, we investigated both
post-thaw apoptosis and proliferation. The proportions of
apoptotic and necrotic subpopulations were measured

C Time post-thaw
or post-passage
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(Fig. 5A) for all cryopreserved cell aggregate samples im-
mediately post-thaw, as well as a fresh cell aggregate control
immediately after dissociation from culture, by detecting
caspase activation and membrane integrity. All samples, in-
cluding the postpassage control, had large proportions of cells
expressing apoptosis markers (64% to 78% of total cell
population, Fig. 5B). The ratio of early to late apoptotic
subpopulations was also calculated. Freezing at higher cool-
ing rates resulted in two- to threefold less predominantly
early apoptosis and more late apoptosis (Fig. 5B). No obvious
difference in apoptotic subpopulations was observed between
the different seeding temperatures at each cooling rate.
Post-thaw apoptosis was further monitored through
chromatin condensation in attached colonies for up to 24 h
post-thaw. Condensed chromatin was not visible at 4h

12 hours 24 hours
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(A) An example of 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 postpassage control or freezing condition in abbreviated forms: 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, and 24 h postpassage 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 pm). (D) Modified Bezier curves of cell
growth up to 4 days post-thaw. Sample conditions are shown in abbreviated forms: single cells (or aggregates)-cooling rate
(°C/min)-seeding temperature (°C).
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postpassage, but was visible until 8 h post-thaw for aggre-
gates frozen at 1°C/min and seeded at —4°C and up to 24 h
post-thaw for aggregates frozen at 3°C/min and seeded at
—4°C (Fig. 5C). In addition, sister chromatids were also
clearly visible starting at 8 h postpassage; 8 h post-thaw for
aggregates frozen at 1°C/min and seeded at —4°C, but not
observed for aggregates frozen at 3°C/min and seeded at
—4°C. As shown by growth curves in Figure 5D, the ag-
gregates frozen at 3°C/min and seeded at —4°C proliferated
greatly between 24 and 48 h post-thaw, surpassing the cul-
ture of aggregates frozen at 1°C/min and seeded at —4°C; the
culture of aggregates frozen at 3°C/min and seeded at —8°C
proliferated and became detectable starting at 48h post-
thaw; all the rest of the sample conditions, single cells and
aggregates, did not show detectable amounts of attached
cells throughout the 4-day period.

Discussion
IIF mechanism and ice crystal propagation

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 ITF*' and a 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 (Fig. 6A).

FIG. 6. (A) Sketches of frozen

cell aggregates showing two types

of ice crystals. Type 1 crystals are
small crystals mixed with cyto-

plasm (figure on left) and Type 2
crystals are large chunks of ice

(figure on right). (B) Attached B
colonies in culture 4, 8, 12, Time post-thaw
and 24 h postpassage or post- or post passage

B Pureice
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Type-1 ice cr%/stals were intracellular, as observed in a
previous study®; type-2 ice crystals could be either intra-
cellular or intercellular, where future study is needed to de-
termine its 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 the high cooling rate (10°C/min) resulted
in type-2 ice crystals in cryopreserved single cells. The rel-
ative insensitivity of hiPSC single cells to supercooling is
similar to that observed with peripheral lymphocytes,** but
differs from hepatocytes,* erythrocytes,** and hiPSC aggre-
gates. In contrast, a high cooling rate (10°C/min) and low
seeding temperature (—8°C) resulted in type-2 ice crystals in
aggregates. This suggests that aggregates are more sensitive
to seeding temperature 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 supercooling, the lower the cooling rate
at which IIF is observed.*

A lower seeding temperature results in a greater differ-
ence in chemical potential across 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
the cell membrane. Compared with single cells, aggregates

Cell(CH) ESS Mixture ofice and CH

12 hours

thaw, stained for f-actin. The
honeycomb-like pattern became

clearly visible around 8 h post- Passaged

passage and around 12 h post-thaw fresh hiPSC

for aggregates cryopreserved aggregates

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 Cryopreserved

were not assessed here due to aggregates

failed post-thaw cell attachment cooling @ 1°C/min

(scale bar: 50 um). seeding @ -4'C
Cryopreserved

aggregates

cooling @ 3'C/min
seeding@ -4°C
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have a more complex cytoskeletal structure (Fig. 6B), which
can interact with the plasma membrane, compacting the
aggregates,*® therefore decreasing membrane water perme-
ability.*” The higher sensitivity to supercooling of aggre-
gates than single cells may be a result of this decreased
membrane water permeability.

Propagation of ice crystals from cell to cell has been
observed in non-hiPSC aggregates.’™® In this study, small
ice crystals mixed with cytoplasm were confined within the
cell where ice was initially formed, and there was no evi-
dence that these small ice crystals propagated from one cell
to the next.

DMSO distribution between single cells
and aggregates

Variation of DMSO concentration across aggregates was
significantly greater than that across single cells frozen at
cooling rates 1 and 3°C/min with seeding temperature of
—4°C. These differences could result from greater distur-
bance to transport by more complex membrane—cytoskeletal
structure®® 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 reso-
Iution to look at the distribution of cryoprotectants in a
multicellular system on a cell-by-cell basis. Raman spec-
troscopy served as an ideal tool to investigate the distribu-
tion of cryoprotectant cell by cell for both single cells and
multicellular aggregates in this study.

Membrane integrity, cell attachment, and IIF

For single cells, similar to what was reported in litera-
ture,"*"!” slow cooling rates (1 and 3°C/min) allowed sig-
nificantly better preservation of membrane integrity than a
higher cooling rate (10°C/min) regardless of the seeding
temperature. This outcome was consistent with the obser-
vation that AIC increased with increasing cooling rate.

For aggregates, however, slow cooling rates (1 and 3°C/
min) combined with high seeding temperature (—4°C) had
little effect on membrane integrity, but resulted in signifi-
cantly better cell attachment than a higher cooling rate (10°C/
min) or low seeding temperature (—8°C). The clear advantage
of seeding temperature of —4°C compared with —8°C suggests
that the range of seeding temperatures of —7°C to —12°C
being used in literature'” is suboptimal and that seeding
temperature should be considered as a critical parameter
when designing a cryopreservation protocol for hiPSCs. Cell
attachment of aggregates correlated with AIC. The two
freezing conditions that successfully attached post-thaw had
little intracellular ice, while those freezing conditions that
formed large pure ice crystals failed to attach post-thaw. Si-
milar to the results observed with human mesenchymal stem
cells (h(MSCs),*® 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 (Fig. 4). The specific
mechanism for impaired attachment observed in this study
is not clear. Previous studies have found that freezing can
result in damage to cytoskeleton™ or exposure to DMSO can
result in damage to DNA and protein’'~? that does not alter
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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 such as post-
thaw attachment should be incorporated into screening of
cryoprotectants and tuning of freezing protocols.

Post-thaw behavior of hiPSC aggregates

Post-thaw apoptosis can influence the persistence of cells
with time post-thaw. Significant cell losses can be experi-
enced with time post-thaw, resulting from apoptosis.*’ High
levels of post-thaw apoptosis were observed in this inves-
tigation and apoptosis dominated necrosis. This result is
similar to that observed in renal cells and hESCs.**~?
However, unlike hematopoietic stem cells>*> and lym-
phocytes,’® no association between 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. A
similar level of caspase activation was also observed in
passaged fresh hiPSC aggregates, suggesting that the high
caspase activation was primarily induced by cell dissocia-
tion rather than cryopreservation.® The presence of con-
densed chromatin (late apoptosis) and absence of mitotic
chromosomes (proliferation) up to 24 h post-thaw correlated
with low cell attachment measured at 24 h 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 (Fig. 6B). The
colonies underwent remodeling and reestablishing of f-actin
organization, both post-thaw, in the cryopreserved samples
and postpassage in the fresh sample where f-actin fibers
progressed to localize near cell—cell interfaces and the edge
of the colony, forming a honeycomb-like pattern. Impaired
f-actin organization was seen in cryopreserved cells up to
8h post-thaw compared with fresh cells, which could be
explained by actin depolymerization due to osmotic stress
during the freeze—thaw process.’® Dense f-actin at the edge
of the colony was identified in a recent study as a contractile
actin fence that reinforces colony structure and pluri-
potency,*® supporting the observation that the f-actin orga-
nization plays an important role in post-thaw survival and
growth of these multicellular aggregates.

Another recent study found that survival of cryopreserved
aggregates depended on the size of aggregates, preferring
those around 109 pm in diameter to larger sizes.” Com-
bined with our findings, it is clear that hiPSCs as a multi-
cellular system respond to freezing in a very complex
manner, and 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 also investigate bio-
logical pathways connecting the factors and the observed
cryopreservation outcomes to provide targets for future de-
velopment of cryoprotectants.
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