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ARTICLE INFO ABSTRACT

Keywords: Human induced pluripotent stem cells (hiPSCs) possess tremendous potential for tissue regeneration and banking
Sand hiPSCs by cryopreservation for their ready availability is crucial to their widespread use. However, contemporary

Ice seeding methods for hiPSC cryopreservation are associated with both limited cell survival and high concentration of toxic

i(;rglgpreservatlon cryoprotectants and/or serum. The latter may cause spontaneous differentiation and/or introduce xenogeneic
Stem cell factors, which may compromise the quality of hiPSCs. Here, sand from nature is discovered to be capable of

seeding ice above —10 °C, which enables cryopreservation of hiPSCs with no serum, much-reduced cryopro-
tectant, and high cell survival. Furthermore, the cryopreserved hiPSCs retain high pluripotency and functions
judged by their pluripotency marker expression, cell cycle analysis, and capability of differentiation into the
three germ layers. This unique sand-mediated cryopreservation method may greatly facilitate the convenient and
ready availability of high-quality hiPSCs and probably many other types of cells/tissues for the emerging cell-
based translational medicine.

1. Introduction

Human induced pluripotent stem cells (hiPSCs), with their capacity
of differentiating into all the three germ layers [1], have tremendous
value for both research to understand human diseases and clinical
application to treat the diseases [2,3]. For example, they have been
explored for tissue engineering, disease modeling, and personalized
medicine, which requires the ready availability of a large number of cells
(up to billions) [2,4-6]. Therefore, effective long-term cryopreservation
or banking of hiPSCs to maintain high viability, function, and pluripo-
tency of the cells for their wide distribution and future use is necessary
for the eventual success of the emerging stem cell-based medicine
[7-10]. Conventional hiPSC cryopreservation uses a slow-freezing
method in the presence of 10% dimethyl sulfoxide (DMSO) as the
cryoprotectant (CPA) and 10% fetal bovine serum (FBS) or serum
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replacement. DMSO is effective at protecting the cells from injury during
cryopreservation but is highly toxic to cells and tissues at body tem-
perature [11-14]. Furthermore, DMSO has been found to induce dif-
ferentiation in more than 25 human stem cell lines [15] and cause
changes in the cellular processes and epigenetic landscape of cardiac
cells [16]. The use of fetal bovine serum (FBS) for cryopreservation
poses the risk of spontaneous differentiation and introduction of possible
xenogeneic pathogens into the hiPSC sample, which may cause adverse
effect to patients transplanted with the hiPSCs or their derivatives [17,
18]. These risks underscore the need for better hiPSC cryopreservation
protocols.

During slow-freezing of cells in aqueous samples, ice usually nucle-
ates and grows in the extracellular space first [19-21]. However, un-
controlled spontaneous ice nucleation is a stochastic event that often
occurs at temperatures below —10 °C [22], which may be detrimental
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and often lethal to cells [23-26]. This is because the lower the subzero
temperature when ice nucleation occurs, the more ice embryos can be
nucleated (and the finer ice crystals can be formed, due to the same
amount of water available for ice embryos to grow in a given space) [22,
26]. At a low subzero temperature like —10 °C or below, the fine ice
crystals formed outside cells may easily pierce through the cell mem-
brane to cause physical damage and induce the formation of fine ice
crystals of intracellular water that is also deeply supercooled with high
tendency of forming ice [23-26]. Intracellular ice formation (IIF) has
been well-recognized to be a lethal event to cells in general [23-26]. In
addition, the sudden/rapid ice formation at low subzero temperatures
can cause a rapid increase in the local osmolality of the extracellular
solution around the growing ice crystals, which might also induce os-
motic shock-associated damage to cells [26]. In contrast, controlled ice
nucleation at a high subzero temperature enables the nucleation of
reduced number of ice embryos that gradually grow into large ice
crystals outside cells with further cooling, which may allow enough time
for intracellular water to gradually diffuse out of cells in response to the
gradual freezing of extracellular water to minimize both IIF and osmotic
shock [23-26]. This is crucial for cryopreserving stress-sensitive cells
like embryos although the degree of its impact on the outcome of
cryopreservation may be cell-type dependent [26,27].

A number of methods have been used to control ice nucleation in
samples during cryopreservation to improve the outcome [27,28]. Early
studies manually “seed” ice by introducing ice crystal into a supercooled
sample [29]. Later, to reduce the risk for sample contamination, pre-
cooled probes, metal rods, or forceps have been used to create cold spots
from the outside wall of the cell container (e.g., cryovial), thereby
providing localized deep supercooling (usually below —20 °C) to induce
ice nucleation in a sample that is above —10 °C overall [26,30]. How-
ever, manual ice seeding is difficult to standardize and lengthy because
it often requires multiple trials to induce ice formation. To address these
issues, ice nucleators including the bacterium Pseudomonas syringae
[31-34], crystalline cholesterol [35], and silver iodide [36,37], have
been added to the samples for inducing ice formation or seeding ice
above —10 °C. However, these ice nucleators can be difficult to make in
compliance with the current good manufacturing practice (cGMP)
and/or are not biocompatible, and therefore may not be suitable for
cryopreserving clinical grade stem cells [27].

Inspired by the phenomenon in nature that ice is usually observed
next to the bank of rivers, lakes, and ponds at high subzero temperatures
in the winter, we discovered that sand particles immobilized on a plastic
surface can initiate ice nucleation consistently above —10 °C in this
study. Based on this discovery, we further developed a simple and cost-
effective method by utilizing sand to seed ice for cryopreservation. This
enables serum-free cryopreservation of hiPSCs with high viability
(90%), pluripotency, and function at a much-reduced cryoprotectant
concentration (5%). Sand particles can be easily immobilized on the
inner plastic surface of the cryovials for holding cells to prevent them
from entering the cell sample, and they can be conveniently separated
from cells because sand has much higher density than cells. These
together with the non-toxic nature of sand may make the sand-mediated
ice-seeding method very attractive for enhanced cryopreservation of
hiPSCs and possibly many other types of cells for widespread research
and clinical applications.

2. Materials and methods
2.1. Cell culture

The DF19-9-11T.H and IMR90-1 hiPSC lines were purchased from
WiCell (Madison, WL, USA). The cells were cultured in StemFlex medium
(ThermoFisher, Gaithersburg, MD, USA) on Matrigel (Corning, NY,
USA)-coated plates in a 37 °C 5% CO; incubator. The cells were passaged
at a ratio between 1:4 and 1:5 twice a week. Versene (Gibco, Gaithers-
burg, MD, USA) which contains 0.48 nM ethylenediaminetetraacetic
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acid (EDTA) in phosphate buffered saline (PBS) was used to detach the
cells at 37 °C for 2 min for passaging or further uses.

2.2. Fabrication of sand-PDMS film for cryopreservation

Sands were purchased from Walmart (Landover Hills, MD, USA) and
were rinsed under running tap water overnight in a 100-mL beaker (with
agitation by a glass stir bar for 10 min at the beginning). The sand was
then washed twice with 50 mL of deionized water. Afterwards, the sand
samples were autoclaved at 121 °C for 30 min and baked in a 75 °C oven
for 6 h to dry. Polydimethylsiloxane (PDMS, Dow SYLGARD 184 Silicone
Encapsulant, Dow, Midland, MI, USA) prepolymer was mixed with its
curing agent at a weight ratio of 10: 0.5 (prepolymer: curing agent). The
mixture (1 mL) was poured onto a microscope glass slide (75 x 26 x 1
mm) and air bubbles were removed under vacuum for 20 min. After-
wards, the PDMS was cured by baking in a 75 °C oven for 2 h. Uncured
PDMS mixture (50 pL) was then evenly spread with the aid of a pipette
tip on top of the cured PDMS on the glass slide to form a sticky fluid
layer. Afterwards, the dry sands were sifted through a mesh strainer
(opening size: 200 pm) at ~5 cm above to drop and partially embed the
sands in the uncured PDMS sticky fluid layer. The slide with PDMS and
sand was further baked in the oven at 75 °C for 30 min. The cured sand-
PDMS film was gently peeled off from the slide with the help of a blade
and then cut into pieces of 3 mm x 5 mm (width x length). Finally, each
of the sand-PDMS pieces was attached to the inside wall of a cryovial and
the sand-PDMS piece containing cryovials were autoclaved at 121 °C for
30 min before their use to hold hiPSC sample for cryopreservation.

For making the plastic shard-PDMS film, plastic shards were
scratched off a polystyrene cell culture plate (ThermoFisher) using a
single edge razor blade onto the uncured PDMS sticky layer (with all
other steps being the same as that for making the sand-PDMS film). Glass
beads of 40-70 pm in size were purchased from Microspheres-
Nanopheres (C-PGL-07, Microspheres-Nanospheres, NY, USA). The
glass beads were partially embedded in the PDMS film following the
same procedure for making sand-PDMS film.

2.3. Surface characterization of the sand-PDMS film

For the scanning electron microscopy (SEM) imaging, the sand-
PDMS films were cut into small pieces of 1 cm? and attached on the
SEM sample holder. The samples were sputter-coated with gold using a
Cressington (Watford, UK) 108 sputter coater for 2 min at 15 mA. Af-
terwards, the samples were imaged with a Hitachi (Tokyo, Japan) SU-70
FEG scanning electron microscope at 5.0 kV. Energy dispersive x-ray
spectroscopy (EDXS, Hitachi SU-70 FEG SEM, Tokyo, Japan) was used
for elemental analysis of the surface of the plain PDMS and sand-PDMS
films. The plain PDMS film was prepared in the same way as that for
preparing the sand-PDMS films except that no sand was plated.

For quantifying the size of sand particles before and after sifting,
brightfield microscopy images of sand particles partially embedded in
the PDMS film without and with sifting through the mesh strainer were
analyzed using Image J (version 1.47) to measure the area of sand
particles on the film. Images from 10 random areas of the film con-
taining a total of 65 sand particles were analyzed for both conditions (i.
e., without and with sifting through the mesh strainer).

2.4. Measurement of ice-seeding temperature

To measure the ice-seeding temperature, a piece of sand-PDMS film
was attached to the inside wall of a 2-mL glass vial, followed by adding
500 pl of deionized water. The ice-seeding temperatures of water in the
same glass vials containing either a PDMS-film without sand or no film
at all were studied as controls. A K-type thermocouple (Omega, Nor-
walk, CT, USA, 0.05 inch in diameter) was then placed in water in the
glass vial. The vials were placed onto the shelf of a SP Virtis AdVantage
Pro benchtop lyophilizer (SP, Warminster, PA, USA) and cooled to 4 °C.
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Then the sample was cooled to —25 °C with a 25-min ramp time. The
thermocouple was connected to a Keysight Technologies (Santa Rosa,
CA, USA) 34970A Data Acquisition/Data Logger Switch Unit to record
the temperature over time. The temperature at the time when there was
a sudden increase in temperature due to the latent heat release associ-
ated with ice formation during the cooling process, was recorded as the
ice-seeding temperature. Ice-seeding temperatures of the plastic shard-
and glass bead-PDMS films were measured in the same way.

2.5. Cryomicroscopy study of sand-mediated ice formation

Cryomicroscopy was conducted using a Linkam FDCS196 (Tad-
worth, UK) freeze-drying stage mounted on a Zeiss (Oberkochen, Ger-
many) Al Axio Scope, for which a drop (200 pL) of the cryopreservation
solution made of the mTeSR medium (STEMCELL Technologies, Van-
couver, Canada) supplemented with 5% DMSO, and sands were added in
the sample holder at room temperature. The sample holder with the
sands immersed in the solution was then loaded into the freeze-drying
stage for controlled cooling at 1 °C min~! to —20 °C. Real-time images
were captured with a FLIR (Wilsonville, OR, USA) Grasshopper 3 color
camera every 0.5 s.

2.6. Cell cryopreservation

The cryopreservation of hiPSCs was performed using a slow-freezing
procedure with a Mr. Frosty™ Freezing Container filled with isopropyl
alcohol (Sigma Aldrich), which has a cooling rate of approximately
—1°C min! [26,38]. The hiPSCs at 80% confluence were detached
using Versene and suspended in pre-cooled cryopreservation solution.
For the conventional method, the cryopreservation solution was made
up of 10% FBS and 10% DMSO in the mTeSR medium. For the experi-
mental cryopreservation solution, it contained 0-5% DMSO in the
mTeSR medium with no FBS. All cryopreservation solutions and the Mr.
Frosty™ Freezing Container were pre-cooled at 4 °C for 30 min before
use. The concentration of hiPSCs for cryopreservation was 1 x 107 cells
mL ! and each cryovial was loaded with 250 pL of the cell suspension.
Experimental conditions with sand-mediated ice seeding had one
sand-PDMS film attached to the inside wall of the cryovial, with the sand
surface being exposed to the cell suspension. The cryovials were loaded
in the Mr. Frosty™ Freezing Container and stored in a —80 °C refrig-
erator overnight. Then, the cryovials with hiPSCs were transferred into
the liquid nitrogen for long-term storage (2-5 weeks).

To thaw the frozen samples with hiPSCs, 2 mL of mTeSR medium
with 10 pM ROCK inhibitor (RI, Y-27632, Sigma Aldrich) was added to
each well (Matrigel coated) of a 6-well plate and pre-warmed in the
incubator at 37 °C for at least 20 min. The cryovial was removed from
the liquid nitrogen tank and rapidly warmed in a 37 °C water bath for
~30 s. The cell suspension in the cryovial was then transferred into the
pre-warmed medium in the 6-well plate for further incubation and
studies. DMSO was not removed immediately after thawing to avoid
centrifuging and washing the hiPSCs. The cells were cultured in the 6-
well plate with medium containing a final DMSO concentration of
0.56% (250 pL cell suspension containing 5% DMSO diluted in 2 mL
medium). After 2 h, the DMSO-containing medium was replaced with
pre-warmed DMSO-free medium.

2.7. Live/dead assay and cell attachment efficiency

To quantify their viability, the hiPSCs after thawing were cultured
for 2 h and then stained with calcein AM and propidium iodide (PI) to
visualize live (green with no red stain) and dead (red stain) cells,
respectively, according to the instructions of the manufacturer (Ther-
moFisher). The two dyes were added into 1 mL of DMEM/F12 (1 pM for
calcein AM and 1 pg mL ™! for PI) for incubating with the cells for 5 min
at 37 °C. Afterwards, green and red fluorescence images of the samples
were taken using a Zeiss (Oberkochen, Germany) LSM710 microscope to
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count the live and dead cells. Cell viability is calculated as the per-
centage of live cells out of the total (i.e., live and dead) cells.

To quantify the cell attachment efficiency for studying the capability
of the hiPSCs in attaching on culture dish, the mTeSR medium con-
taining ROCK inhibitor was replaced with fresh mTeSR without ROCK
inhibitor after 2 h of post-thawing incubation. After 15 h of culture, the
hiPSCs were detached and the cell number was counted. The cell
attachment efficiency was calculated as the percentage of the cell
number post-cryopreservation and 15 h of culture out of the cell number
used for cryopreservation in the cryovial.

2.8. Teratoma assay

For the teratoma assay, hiPSCs at a confluence of 80% were detached
and suspended at 3 x 107 cells mL ™! in 1 mL of 1x PBS and then mixed
with 500 pL of Matrigel (Corning). The cell suspension was kept on ice
and then injected subcutaneously (s.c.) into the dorsal rear flank of non-
obese diabetic/severe combined immunodeficiency mice (NOD.CB17-
scid, Charles River, Frederick, MD, USA). Each mouse was injected with
250 pL of the cell suspension and 5 mice (age: 5 weeks) were used for
each experimental group. After 5 weeks, the mice were sacrificed and
teratomas (n = 5 for each group) were collected. The samples were fixed
in 4% paraformaldehyde (PFA) in 1 x PBS for 2 days. Afterwards, the
samples were trimmed and embedded in paraffin for sectioning into
slices of 5 pm in thickness. The slices were than stained with hematox-
ylin and eosin (H&E) and imaged with a Zeiss LSM710 microscope. All
animal studies were approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Maryland, College Park, MD.

2.9. Neural and cardiac differentiation

Neural differentiation was carried out by following previously re-
ported studies [39-41]. Briefly, the hiPSCs were detached and sus-
pended in mTeSR medium at 1 x 10° cells mL™}. The samples were
passed through a 70 pm cell strainer (Gibco). The resultant hiPSC
samples were cultured in mTeSR with 10 pM ROCK inhibitor (Y-27632)
for 2 days. Afterwards, the medium was replaced with a neural differ-
entiation medium and the cells were further cultured for 10 days with
medium being changed every other day. The neural differentiation
medium was a mixture of DMEM/F12 and neural basal medium (Gibco)
(1:1 in volume) supplemented with 1x N2 (Gibco), 1x B27 (Gibco), 1%
minimum essential medium non-essential amino acids (MEM NEAA,
Gibco), and 1% r-glutamine (Invitrogen, Carlsbad, CA, USA). Lastly, the
cells on day 10 post-initiation of neural differentiation were fixed with
4% PFA for further immunostaining and analysis.

Cardiac differentiation was conducted also by following previous
studies [42,43]. The basal medium used for cardiac differentiation was a
mixture of DMEM/F12 and o-MEM (ThermoFisher) (1:1 in volume)
supplemented with 2% Knockout Serum Replacement (KOSR, Gibco), 1
mM 1-glutamine, 1% MEM NEAA, and 0.1 mM p-mercaptoethanol
(Sigma Aldrich). For cardiac differentiation, hiPSCs were grown in
6-well plate coated with Matrigel. At 80% confluency, the hiPSCs were
cultured with the mesoderm induction medium for 2 days. Then, the
medium was replaced with the cardiac induction medium for the
following 8 days. Medium change was performed every other day. The
mesoderm induction medium was made by supplementing 5 pM
CHIR99021 (ThermoFisher) and 2 pM GSK inhibitor 6-bromoindir-
ubin-3’-oxime (BIO, ThermoFisher) in the basal medium. The cardiac
induction medium was made by supplementing 10 pM KY02111
(ThermoFisher) and 10 pM XAV939 (ThermoFisher in the basal me-
dium. Spontaneous beating areas in the sample were recorded using a
Zeiss LSM710 microscope. The cells on day 10 post cardiac differenti-
ation were fixed with 4% PFA for further immunostaining and analysis.
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2.10. Immunofluorescence staining

For immunofluorescence staining, cells fixed with 4% PFA were
gently rinsed twice with 1x PBS to remove the PFA, permeabilized with
0.1% TritonX-100 (Sigma Aldrich) in saline for 10 min, incubated with
0.1% Tween-20 (Sigma Aldrich) and 5% normal goat serum (Invitrogen)
in saline for 2 h at room temperature (RT) to block non-specific binding.
Afterwards, the samples were incubated with primary antibodies at 4 °C
overnight. The primary antibodies and their respective dilutions were as
follows: for pluripotency, OCT-4 (1:500 dilution, Cell Signaling Tech-
nologies, Danvers, MA, USA) and SSEA-4 (1:500 dilution, Cell Signaling
Technologies); for cardiac differentiation, ¢TnT (1:500 dilution, Cell
Signaling Technologies); for neural differentiation, TUJ-1 (1:500; R&D
Systems, Minneapolis, MN, USA). The secondary antibodies (goat anti-
rabbit IgG FITC and goat-anti-mouse IgG PE, Invitrogen) at 1:1000
dilution was incubated with the samples for 1.5 h at RT. Finally, the
samples were rinsed with 1x PBS thrice and the nuclei were stained with
DAPI (1 pg mL~! in 1x PBS, Sigma Aldrich) for 5 min at RT before im-
aging with a Zeiss LSM710 microscope.

2.11. Flow cytometry analysis of protein marker expression

For flow cytometry studies of protein marker expression, cells were
dissociated into single cells by incubating them with 0.25% trypsin
(Gibco) for 5 min at 37 °C and washed with 1x PBS twice. The dissoci-
ated cells were fixed with 75% ethanol at 4 °C overnight. Then, the cells
were permeabilized with 0.05% Triton X-100 for 3 min and rinsed with
1x PBS twice. The cell number was adjusted to 1 x 10° cells per tube in
700 pL of 1x PBS for each protein marker. The cells were incubated with
primary antibodies including: OCT-4 (1:500 dilution, Cell Signaling
Technologies), SSEA-4 (1:500 dilution, Cell Signaling Technologies),
TUJ-1 (1:500; R&D Systems, Minneapolis, MN, USA), or c¢TnT (1:500
dilution, Cell Signaling Technologies) at 4 °C overnight. Afterwards, the
samples were rinsed with 1x PBS thrice before incubation with sec-
ondary antibodies (goat anti-mouse IgG FITC and goat anti-rabbit IgG
PE, Invitrogen) at 1:1000 dilution for 1 h at RT. The samples were then
washed with 1x PBS twice before analysis using a BD FACSCelesta
(Franklin Lakes, NJ, USA) flow cytometer. The cells incubated with
secondary antibody but no primary antibodies were processed and
washed in the same way for analysis to serve as the negative/isotype
control. The resultant data was analyzed with the BD Flowjo software
(v10).

2.12. Cell cycle analysis

For cell cycle analysis, the cells fixed as aforementioned for protein
marker expression studies were treated with RNase from bovine
pancreas (1 pg mL~!, ThermoFisher) for 5 min at RT. Then, the cells
were stained with PI (1 pg mL’l, ThermoFisher) for 5 min at RT and
rinsed with 1x PBS twice. Afterwards, the cell concentration was
adjusted to 1 x 10° cells per tube in 700 pL of 1x PBS for analysis using a
BD FACSCelesta flow cytometer. The resultant data was analyzed with
the built-in cell cycle analysis function of the BD Flowjo software (v10).

2.13. Statistical data analysis

At least three independent runs on different days were conducted for
each experiment. All quantitative data were analyzed with Graphpad
Prism (version 8, San Diego, CA, USA) and presented as mean =+ stan-
dard deviation. Student’s t-test (two-tailed, unpaired, and assuming
equal variance) was performed to assess the statistical significance of
difference between two groups, and a difference with a p value less than
0.05 was considered to be statistically significant.
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3. Results
3.1. Fabrication and characterization of sand-PDMS film

As illustrated in Fig. 1a and Fig. S1, sand-PDMS films were prepared
for sticking on the inside wall in cryovials to seed ice and enhance the
outcome of cryopreservation. The raw sands after cleaning (with water)
and drying were gently sifted onto and partially embedded in a thin
layer of uncured PDMS on top of a fully cured PDMS film using a mesh
strainer with openings of 200 pm. After baking at 75 °C for 30 min to
crosslink the uncured PDMS, the resultant sand-PDMS films are cut into
small pieces (3 mm x 5 mm) and each piece is stuck via its smooth
surface onto the inner wall of a cryovial for cryopreservation. The sand-
PDMS film is soft and can be easily deformed onto the shape of the inner
wall of cryovial for attaching to the wall via its smooth surface without
any sand. No sands are observed to detach from the film when using the
cryovial attached with the sand-PDMS film for cryopreservation studies,
probably because the sands are partially embedded in the top PDMS
layer to prevent them from detaching.

The sands are heterogeneous in size in nature (Fig. 1B, before
sifting). After sifting with a 200 pm mesh strainer, the size of the
resultant sand particles partially embedded in the PDMS film is signifi-
cantly more homogenous than that before sifting and their sharp
morphology is appreciable in the high-magnification image (Fig. 1B).
Scanning electron microscopy (SEM) imaging of the sand-PDMS film
shows that the sand protrudes out of the surface of the film, which is not
seen on the plain PDMS surface (Fig. 1C). This is further confirmed by
the energy dispersive X-ray spectroscopy (EDXS) data showing the
higher occurrence of Silicon (Si) in the sand-PDMS film than the pure
PDMS film (Fig. 1D-E), because the natural sand is made of silicon di-
oxide. This exposed sand may serve to nucleate/seed ice in the cryo-
preservation solution outside cells during cooling, similarly to that
observed near river/lake/pond bank in nature.

3.2. Ice seeding with sand-PDMS film

The effect of sand on the ice-seeding temperature of water is inves-
tigated by measuring the change in temperature over time during
cooling. Ice seeding in the sample can be detected by a sudden tem-
perature rise (Fig. 2A), due to the release of latent heat of fusion as a
result of ice nucleation and growth. Therefore, the temperature at which
the sudden increase occurs is taken as the ice-seeding temperature. As
shown in Fig. 2B, the ice-seeding temperature of water without any film
(control) is —15.9 + 1.6 °C. The addition of a pure PDMS film containing
no sand in the cryovial causes no significant change in the ice-seeding
temperature (—14.9 £ 2.0 °C). Importantly, when the sand-PDMS film
is added into the cryovial, the ice-seeding temperature increases
significantly to —7.8 + 1.6 °C.

This capability of sands in seeding ice at the high subzero tempera-
ture is confirmed by cryomicroscopy studies to cool cryopreservation
solution (mTeSR medium containing 5% DMSO) at —1 °C min_l, as
shown in Fig. 2C and Movie S1. Initially, there is no evident ice for-
mation at —9.2 °C in the cryopreservation solution (Fig. 2C and 0 s) since
the solution around or away from the sand is transparent (the slightly
darker appearance near the sand is probably due to the light-shadowing
effect of the sand). After 0.5 s, the solution next to the sand becomes
darkened (indicated by the white arrow) compared to the solution away
from the sand, indicating the sand induces ice formation in the solution.
Growth of ice into the solution away from the sand can be seen at 1.5 and
10 s (one of the ice growth fronts is indicated by a white arrow in the
image for each of the two times), during which the temperature de-
creases from —9.2 to —9.4 °C. This capability of sands in seeding ice in
cryopreservation solution at a high subzero temperature may be useful
for improving the outcome of cell cryopreservation, which is tested
using hiPSCs.
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Fig. 1. Preparation and characterization of sand-PDMS film. (A) A schematic illustration of the procedure for preparing the sand-PDMS film: The sand was first rinsed
overnight with water, autoclaved, dried, and then sifted onto a thin and uncured PDMS layer over a fully cured PDMS film through a mesh strainer with 200 pm
openings. The PDMS film embedded with sand was baked at 75 °C for 30 min to form the sand-PDMS film. The sand-PDMS film was cut into small pieces and each
piece was stuck/attached onto the inner wall of a cryovial via its smooth face. (B) Morphology and size distribution of sands before and after sifting them through the
mesh strainer. Also shown is a high-magnification view of the sifted sands where the sharp morphology of the sands is more appreciable. The size distribution was
quantified based on the area of sand particles on the films. (C) Scanning electron microscopy (SEM) image, showing the presence and morphology of sands partially
embedded in the PDMS film. (D) Energy dispersive X-ray spectroscopy (EDXS) quantification of the elemental composition of the sand-PDMS and pure PDMS films.
The surface of the sand-PDMS film contains an increased amount of silicon (Si) and oxygen (O) than the pure PDMS surface. (E) Quantification of Si counts for the
sand-PDMS and pure PDMS films using EDXS. Scale bars: 200 ym **, p < 0.01 (n = 3 independent runs).
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Fig. 2. Sand enables ice seeding at high subzero temperature. (A) Representative thermal histories in water containing no film (Control), pure PDMS film (PDMS),
and sand-PDMS film (Sand-PDMS) during cooling. A sudden increase in temperature indicates ice seeding (which releases latent heat) in the sample. (B) Quantitative
data of the ice-seeding temperature in water under the aforementioned three conditions. **, p < 0.01 (n = 10 (for sand-PDMS film and pure PDMS film) or 20 (for
Control), independent runs). (C) Cryomicroscopy images at different times showing ice nucleation and growth around the sand particle during cooling the cell

cryopreservation solution at subzero temperatures. Scale bar: 100 pm.

3.3. Enhanced cryopreservation of hiPSCs with sand-mediated ice seeding

To demonstrate the benefit of sand-mediated ice seeding for cryo-
preservation, hiPSCs are cryopreserved by slow-freezing under various
conditions with or without the sand-mediated (by default) ice seeding:
conventional method (10% DMSO and 10% FBS with no ice seeding), ice
seeding alone, no cryoprotectant and no ice seeding, 5% DMSO and no
ice seeding, 2% DMSO and ice seeding, and 5% DMSO and ice seeding.
Fig. 3A shows typical live/dead (green/red) images of the hiPSCs cry-
opreserved under the various conditions and cultured for 2 h at 37 °C
after thawing, and the corresponding quantitative data of cell viability
are shown in Fig. 3B. Without the use of any cryoprotectant, the sand-
mediated ice seeding alone is insufficient to protect the cells from
injury during the cryopreservation procedure, as indicated by the low
cell viability under this condition (5.6 + 2.1%) that is only slightly
higher than that for the condition with no cryoprotectant and no ice-
seeding (1.3 + 0.6%). The use of 2% DMSO together with the sand-
mediated ice seeding could improve the hiPSC viability to 37.3 +
3.1%, showing the importance of using cryoprotectant to reduce cry-
oinjury to the cells. The cell viability is further improved albeit still
modest for both the condition of 5% DMSO with no ice seeding (52.6 +
3.5%) and the conventional method using 10% DMSO and 10% FBS
(51.7 + 4.0%). This demonstrates 5-10% DMSO could only protect up to
~50% hiPSCs from cryoinjury during cryopreservation and increasing
DMSO from 5% to 10% does not significantly enhance the hiPSC
viability in the absence of ice seeding. Importantly, high viability (90.3
+ 2.5%) of the hiPSCs after cryopreservation can be achieved by
combining the sand-mediated ice seeding with 5% DMSO. This viability
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is significantly higher than that of all the other control groups.

Because the aforementioned immediate (2 h) cell viability judged by
the live/dead (green/red) staining assay is mainly a reflection of the cell
membrane integrity, we further evaluate the cell viability (i.e., attach-
ment efficiency) by determining the percentage of cells that can attach
after culturing for 15 h post-thawing. Fig. S2 shows typical images of the
cells after culturing for 15 h post-thawing, and the corresponding
quantitative data are shown in Fig. 3B. Overall, the hiPSC attachment
efficiency is slightly lower than the cell viability assessed based on
membrane integrity for all the conditions, suggesting some cells with
good membrane integrity judged by the live/dead assay may not be able
to attach and survive in long term. Furthermore, the hiPSC attachment
efficiency follows the same trend as the immediate cell viability for the
various conditions, and it is significantly and greatly higher for the
condition of 5% DMSO and ice seeding than all the other control
conditions.

Taken together, both the immediate (2 h) cell viability and long-term
(15 h) cell viability (i.e., attachment efficiency) data show that 5%
DMSO is critical but further increasing DMSO may not be sufficient to
protect hiPSCs from cryoinjury during cryopreservation, which can be
resolved by combining 5% DMSO with the sand-mediated ice seeding to
significantly and greatly enhance the outcome of hiPSC cryopreserva-
tion. Therefore, the hiPSCs cryopreserved by 5% DMSO and the sand-
mediated ice seeding are further analyzed in terms of their pluripo-
tency, cell cycle, and capability of differentiation to ascertain their long-
term functional survival.
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Fig. 3. The immediate and long-term
viability of hiPSCs after cryopreservation
under various conditions. (A) Immediate
(after 2 h incubation at 37 °C) viability of
hiPSCs assessed by live/dead (green/red)
staining  after  cryopreservation  with
different methods: conventional method
(10% DMSO+10% serum with no ice seed-
ing), sand-mediated ice seeding alone, no
cryoprotectant and no ice seeding, 5%
DMSO with no ice seeding, 2% DMSO with
ice seeding, and 5% DMSO with ice seeding.
Scale bar: 500 pm. (B) Quantitative data of
the hiPSC immediate viability and attach-
ment efficiency (i.e., long-term viability)
after the various cryopreservation condi-
tions. For quantifying the attachment effi-
ciency, the cryopreserved cells were thawed
and cultured for 15 h, and the number of
attached cells was counted by hemacytome-
ter. The attachment efficiency is calculated
as the percentage of cells counted after
cryopreservation out of the number of cells
initially cryopreserved. **, p < 0.01 (n = 3
independent runs) for the comparison of
both immediate viability and attachment
efficiency.
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3.4. High pluripotency and normal cell cycle of cryopreserved hiPSCs

The hiPSCs cryopreserved (cryo) using 5% DMSO and the sand-
mediated ice seeding show typical colony morphology similar to that
of fresh (control) hiPSCs under 2D monolayer culture (Fig. 4A).
Furthermore, the cryopreserved hiPSCs are highly positive for pluripo-
tency protein markers OCT-4 and SSEA-4, similar to that of the control
group of fresh hiPSCs (Fig. 4A). Flow cytometry analyses are used to
quantitatively evaluate the expression of pluripotency markers OCT-4
and SSEA-4. As shown in Fig. 4B-C, the cryopreserved hiPSCs highly
express the two protein markers OCT-4 (96.7 + 2.3%) and SSEA-4 (96.1
+ 1.6%), similar to the control fresh hiPSCs (97.2 + 1.4% positive for
OCT-4 and 98.0 + 1.0% positive for SSEA-4) with no statistically sig-
nificant difference. Moreover, the distribution of cryopreserved hiPSCs
in the G1, S, and G2/M phases of cell cycle is similar to that of the control
fresh cells (Fig. 4D-E) with no statistically significant difference. Hence,
the cryopreserved hiPSCs have similar proliferation capacity as the
control fresh cells. In other words, these data show that the

4383

cryopreservation procedure with sand-mediated ice seeding and 5%
DMSO has no evident impact on the pluripotency/stemness/self-
renewal and the proliferation capacity of the hiPSCs.

3.5. Intact capacity of differentiation of the cryopreserved hiPSCs

To ascertain their functional survival, the cryopreserved hiPSCs are
further assessed for their capacity of guided neural and cardiac differ-
entiation in vitro and spontaneous teratoma formation in vivo. After 10
days of neural differentiation, the cryopreserved hiPSCs lose their
typical colony morphology and neurites are observable to extend out of
the differentiated cells (Fig. 5A), similar to the fresh control cells
(Fig. S3A). Furthermore, the resultant cells are positive for neural spe-
cific marker TUJ-1: 95.9 + 1.5% of the cryopreserved hiPSCs post neural
differentiation are positive for TUJ-1, similar to that (94.7 + 2.5%) of
the fresh control hiPSCs (Fig. S3B). These data demonstrate the cry-
opreserved hiPSCs maintain their capacity of neural differentiation. The
capability of cardiac differentiation of the cryopreserved hiPSCs is also



B. Jiang et al.

A

OCT-4 SSEA-4

Control

Cryo

Cryo
100~ SSEA-4
80-

60-
40-
20-
Sy
100-

80~
60~
40~
20-

vy

OCT-4

Count

10 10" 102 10% 104 10° 107

Fluorescent intensity

96 - ,
72
48 |

Cryo

4.0k

Frequency (%)

Control

Count

20k 4.0k

»
Ll

Fluorescent intensity

P

40

20

Nuclei

Control
SSEA-4

OCT+4

50

30

10

Bioactive Materials 6 (2021) 4377-4388

Morphology

Merge

100

90

80

Positive cells (%)

70

Control Control

Cryo
SSEA-4

Cryo
OCT-4

Control | Cryo | Control | Cryo | Control | Cryo

G1 S G2/M

Fig. 4. Cryopreservation with sand-mediated ice seeding and 5% DMSO does not significantly affect the hiPSC pluripotency and cell cycle. (A) Images of cry-
opreserved (Cryo) hiPSCs showing typical colony morphology and high expression of pluripotency protein markers OCT-4 and SSEA-4, similar to fresh (Control)
hiPSCs with no cryopreservation. Scale bar: 100 pm. (B-C) Representative peaks (B) and quantitative data (C, n = 3 independent runs) form flow cytometry analyses,
showing the cryopreserved hiPSCs highly express pluripotency protein markers SSEA-4 and OCT-4 similar to the fresh control hiPSCs with no statistically significant
difference. The light blue peaks are isotype controls. (D-E) Representative peaks (D) and quantitative data (E, n = 3 independent runs) from flow cytometry analyses,
showing no statistically significant difference in the cell cycle distribution between the cryopreserved and fresh control hiPSCs.

evidenced by the spontaneously beating areas observable in 10 days
after initiation of the differentiation (Movie S2), similar to the areas seen
in the fresh control cells (Movie S3). The percentage of cells on day 10
positive for the cardiac specific marker ¢TnT is not significantly different
between the cryo (87.9 + 2.6%) and fresh control (85.6 + 4.8%) groups
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(Fig. 5B). The cardiac muscle-like striated pattern can be seen on both
the cTnT-stained fluorescence images and the non-fluorescence images
showing the cell morphology of both cryopreserved (Fig. 5B) and fresh
control (Figs. S3A and C) hiPSCs-derived cardiomyocytes. Lastly, the
cryopreserved hiPSCs maintain the capability of teratoma formation in
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vivo. The teratomas (Fig. 5C) grown from the cryopreserved hiPSCs show
typical tissue structure of the three germ layers [44,45]: the neural
epithelium of ectoderm with hypernucelated neuroectodermal struc-
tures, cartilage of mesoderm showing the nidus of cartilage with sur-
rounding condensed mesenchymal cells, and gut epithelium of
endoderm with subnuclear vacuoles and tube-like structure. Similar
tissue structures are observable in the teratomas of the fresh control
group (Fig. S3D). All these data on neural and cardiac differentiation in
vitro and teratoma formation in vivo for the cryopreserved hiPSCs are
similar to that for the fresh hiPSCs with no cryopreservation, showing
cryopreservation with 5% DMSO and the sand-mediated ice seeding
have no evident impact on the differentiation capacity of the hiPSCs.

4. Discussion

Human iPSCs can be derived from somatic cells like skin fibroblasts
and blood cells of a specific person (patient or healthy donor) and have
the capability of self-renewal and differentiation into somatic cells of all
three germ-layers [46]. This eliminates the ethical concern of using
embryonic stem cells. However, culturing hiPSCs at 37 °C is costly and
their pluripotency and differentiation capability may decrease gradually
over time during culture. Therefore, the quality of hiPSCs may be greatly
compromised over long-term culture at 37 °C. As a result, efficient and
convenient cryopreservation of hiPSCs to bank them in a state of “sus-
pended animation” for their use at a desired future time is an enabling

B Cryo-iPSC-derived cardiomyocytes

Cryo Control
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Fig. 5. Cryopreservation with sand-
mediated ice seeding and 5% DMSO does
not significantly affect the differentiation
capacity of the hiPSCs. (A) The cry-
opreserved hiPSCs can efficiently differen-
tiate into cells with typical neural cell
morphology (neurites extending out of the
cell body) and high expression of the neural
specific marker TUJ-1. Cell nuclei are made
visible by DAPI staining. (B) The cry-
opreserved hiPSCs can efficiently differen-
tiate into cells that highly express the
cardiac specific markers cTnT. Cell nuclei
are made visible by DAPI staining. (C) The
teratomas grown from the cryopreserved
hiPSCs contain tissues from all the three
germ layers including ectoderm (neural
epithelium with hypernucelated neuro-
ectodermal structures), mesoderm (the nidus
of cartilage with surrounding condensed
mesenchymal cells), and endoderm (gut
epithelium with subnuclear vacuoles and
tube-like structure). Scale bars: 100 pm.

Nuclei

Endoderm

technology of the burgeoning hiPSC-based personalized medicine.
However, the use of high concentrations of DMSO and serum in
contemporary hiPSC cryopreservation protocols poses risks for the
clinical use of the cryopreserved hiPSCs.

Current cryopreservation of hiPSCs utilizes two methods: vitrifica-
tion and slow-freezing [47]. Although there is a higher survival for
hiPSCs using vitrification than slow-freezing [48], vitrification requires
high cooling rates achieved by specialized protocols/devices and/or
high concentration of toxic CPA, making it difficult to scale-up for
high-volume cell banking [49]. Slow-freezing is more convenient and
widely used for cryopreservation of hiPSCs, with survival/recovery rates
of ~50% [49-51]. This is similar to our control group (conventional
method) shown in Fig. 3. Cryopreservation of hiPSCs is notably more
difficult than cryopreservation of human adult stem cells (e.g.,
tissue-derived stem cells). Adult stem cells can be cryopreserved as
single cells by traditional slow-freezing protocols with post-thaw
viability up to 90% [52,53]. However, hiPSCs are more sensitive to
stresses during cell cryopreservation, as hiPSCs grow in colonies with
cell-cell and cell-matrix interactions and may undergo anoikis-induced
apoptosis when dissociated into single cells. Therefore, hiPSCs are
usually cryopreserved as small clumps supplemented with RI and serum
to enhance their survival [54]. Neither RI nor serum is needed by our
method for cryopreserving hiPSCs with sand-mediated ice seeding to
achieve ~90% cell viability.

It is worth noting that we did not remove DMSO from the sample
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immediately after thawing. This avoids centrifuging and rinsing the
hiPSCs that just suffer the stresses during thawing and may be suscep-
tible to the stresses associated with centrifugation and washing for
removing DMSO immediately after thawing. However, the 250 pL of
cryopreserved sample with hiPSCs was transferred into 2 mL of medium
immediately thawing and the 5% DMSO was diluted to 0.56%. More-
over, the DMSO-containing medium was replaced with DMSO-free me-
dium after only 2 h of incubation at 37 °C for the cells to recover. This
low DMSO concentration and short incubation time should be safe for
cells, as shown by the high viability of the cells cryopreserved using 5%
DMSO with sand-mediated ice seeding (Fig. 3). This is not surprising
because most of chemicals used for hiPSC maintenance are dissolved in
DMSO with a final concentration up to 0.6% in the maintenance medium
for the hiPSCs [55,56].

In this study, we used a natural and cost-effective material, sand, to
seed/nucleate ice at high subzero temperature during cooling hiPSCs for
cryopreservation with good outcome and reproducibility. The sands
used in this study did not require any material or surface modification in
order to achieve ice nucleation, making them convenient and cost-
effective to use. This allows serum-free cryopreservation of hiPSCs
with high viability and quality at a much reduced (half) DMSO con-
centration. The ice-seeding temperature of water containing the sand-
PDMS film is significantly higher than that of water containing a pure
PDMS film with no sand, which indicates that the sand plays an
important role in seeding ice in water. This is consistent with the liter-
ature that quartz along with a few other minerals can seed ice in the
atmosphere [57-59], because sands consist mainly of crystalline silica
(silicon dioxide) that is also the material in quartz.

To further understand the role that the characteristics of sand played
in inducing ice nucleation, specifically surface roughness/sharpness and
surface composition (silicon dioxide) that determines the surface prop-
erties including hydrophobicity, the effects on ice-seeding temperature
of plastic shard-PDMS film and glass bead-PDMS film were investigated.
The glass beads are made of silicon dioxide (as with sands) with a
smooth surface (Fig. S4A), which is studied to understand the effect of
surface roughness/sharpness on ice seeding. The plastic shards have
sharp edge as with sands (Fig. S4A) but a different composition from
sands, which is examined to understand the effect of composition that
determines the surface property including hydrophobicity (sand is more
hydrophilic than the plastic shards) on ice seeding. The glass bead-PDMS
film can improve the ice seeding-temperature significantly to —12.3 +
1.8 °C from —15.9 + 1.6 °C for water without anything for ice seeding
(Figs. S4B-C). However, it is significantly lower than the ice-seeding
temperature (—7.8 + 1.6 °C) for the sand-PDMS film. This indicates
both the silicon dioxide material and surface roughness/sharpness are
important for ice seeding. The ice-seeding temperature for the plastic
shard-PDMS film is —14.2 + 1.1 °C (Figs. S4B-C), which is also signif-
icantly higher than that for control (i.e., water without anything for ice
seeding) and significantly lower than that (—7.8 + 1.6 °C) for sand-
PDMS film. This further confirms the surface composition (that de-
termines the surface property including hydrophobicity) is important for
ice seeding. Collectively, these data indicate that both the surface
composition (silicon dioxide) and roughness/sharpness render sands the
excellent ice-seeding capability. In addition, the ice-seeding tempera-
ture for plastic shard-PDMS film is not significantly different from that
(—14.9 £ 2.0 °C) of pure PDMS film while the ice-seeding temperature
for glass bead-PDMS film is significantly higher than that of pure PDMS
film, suggesting that the surface roughness/sharpness may be secondary
to the surface composition (although both are important and might work
synergistically) in determining the ice-seeding temperature.

Our studies show that controlled ice nucleation catalyzed by the
sands greatly improves hiPSC survival post cryopreservation, from 52.6
+ 3.5% (5% DMSO, no ice seeding) to 90.3 + 2.5% (5% DMSO, with ice
seeding). This increase in survival is similar to other studies regarding
the impact of controlled ice nucleation on cell survival using a slow-
freezing protocol [27]. Other types of cells susceptible to
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freezing-induced stresses show a 15-40% increase in survival
post-cryopreservation with ice nucleation versus without [27].

Of note, various methods have been explored to improve cryopres-
ervation outcome including microencapsulation of cells in alginate
hydrogel [23,60], nano-warming with magnetic nanoparticles [61-64],
supplement of nontoxic CPAs like sugars into the cryopreservation me-
dium [65-68], and intracellular delivery of the sugars using
cold-responsive nanoparticles [53]. All these methods may be combined
with our sand-mediated ice seeding, which has the potential to further
reduce or even eliminate the DMSO needed for cryopreservation of the
hiPSCs with high functional survival. Lastly, the method developed in
this study may be applied to cryopreserve the iPSCs of non-human en-
dangered species with high functional survival, which is valuable for
animal species conservation [69].

5. Conclusion

We developed a novel method which uses sand as the ice-seeding
material for cryopreservation of hiPSCs, resulting in ~90% hiPSC
viability post-cryopreservation. The cryopreserved hiPSCs can attach
well and maintain high pluripotency and differentiation capacity in vitro
and in vivo. This method is simple to use, cost effective, and eliminates or
reduces potentially clinically concerning elements in the cryopreserva-
tion solution. The sand mediated ice-seeding method has the potential to
be widely used for cryopreservation of hiPSCs and potentially many
other types of human cells for their ready availability to facilitate the
widespread application of the burgeoning cell-based medicine and for
cryopreservation of iPSCs of endangered species to promote animal
species conservation.
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