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Abstract

Cell preservation is an enabling technology for widespread distribution and applications of
mammalian cells. Traditional cryopreservation via slow-freezing or vitrification provides long-
term storage but requires cytotoxic cryoprotectants (CPA) and tedious CPA loading, cooling, and
recovering procedures. Hypothermic storage around 0 — 4 °C is an alternative method but only
works for a short period due to its high storage temperature. Here, we report on the deep-
supercooling (DSC) preservation of human adipose-derived stem cells at deep subzero
temperatures without freezing for extended storage. Enabled by surface sealing with an immiscible
oil phase, cell suspension can be preserved in a liquid state at —13 °C and —16 °C for 7 days with
high cell viability; and retention of stemness, attachment, and multilineage differentiation
capacities. These results demonstrate that DSC is an improved short-term preservation approach to
provide off-the-shelf cell sources for booming cell-based medicine and bioengineering.

1. Introduction

Preservation of mammalian biospecimens, such as cells, tissues, and organs, is a practical
strategy to maintain and extend their life and functions outside their native conditions. It is
an essential technology for assisted reproduction [9], tissue/organ transplantation (including
blood transfusion) [10; 12], cell therapeutics [45; 46; 59], and tissue regeneration and
repairing [25; 48]. Conventional long-term preservation (cryopreservation) is achieved by
cooling biospecimens to deep subzero temperatures (e.g. =196 °C), storing them in a state of
suspended animation, and then warming them back to normothermic temperature (e.g. 37
°C) on demand as necessary. There are two methods for cryopreservation, slow-freezing and
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vitrification [18]. The former is to cool biospecimens at a low cooling rate (e.g. 1 °C/min) to
gradually dehydrate cells and minimize intracellular ice formation, but it can cause osmatic
shock and extensive dehydration and deformation [18; 27; 31]. The latter is to cool the
biospecimens at a high cooling rate without ice formation, but it requires a high
concentration of cryoprotectant (CPA) and/or limits the sample volume within the order of
100 pl [18; 19]. Both of these methods require cell membrane-permeable CPAs (e.g.
dimethyl sulfoxide) to minimize cryoinjuries. The presence of cytotoxic CPAs not only
requires rigorous removal before further applications via tedious washing and centrifugation
[8; 23], but also causes spontaneous differentiations [5], intravascular hemolysis[33], and
cell loss[43]. Thus, these traditional cryopreservation approaches, while critical for
theoretically infinite storage time, have shown a series of inadequacies and bottlenecks
which currently hinder some of their promises.

Mesenchymal stem cells (MSCs) recently have attracted great interest for scientific research
and clinical applications [51]. They are adult stem cells that can be found in many organs
and tissues, such as bone marrow, adipose tissue, and amniotic fluid [52]. Due to their self-
renewal capacity, multilineage differentiation ability, and extraordinary potential of
paracrine secretions, MSCs are widely used as cell therapeutic agents for immunoregulation,
antimicrobial medicine, tissue regeneration and repair [32; 44]. Adipose-derived stem cells
(ADSCs) are MSCs derived from adipose tissues, which are abundant, accessible, and
reliable sources of stem cells [4]. Their easy isolation procedure and high isolation yield
make them a perfect candidate for cell-based therapies [35]. Therefore, an effective and
efficient biopreservation method of ADSCs would have a significant impact on their
widespread dissemination for research and clinical applications [24].

Hypothermic storage below normothermic temperature (37 °C) is an alternative approach for
short-term biopreservation. In this method, biospecimens are usually stored above freezing
temperatures so that phase transition will not occur, cytotoxic CPA will not be required, and
thus, cryoinjuries (such as osmotic shock, intracellular and extracellular ice formation, and
freezing concentration) associated with cryopreservation can be avoided. It has been used to
preserve various mammalian cell (e.g. primary human hepatocytes [13; 37], cardiomyocytes
[47], multipotent stromal cells [41], and blood cells [26; 38; 54]) and cell-biomaterial
constructs (e.g. two-dimensional (2D) cell monolayers [7], three-dimensional (3D) cell
aggregates [7], and cell/tissue/organ-on-a-chip [14; 57]). Since there is no ice formation,
hypothermic storage is preferred for preserving large-volume tissues and organs with
complex and delicate structures (e.g. microcapillaries) that are highly susceptible to ice
crystal formation [12]. Therefore, it was utilized to preserve livers [1; 15], kidneys [1; 56],
and other organs [16] for /n vitro transportation and transplantation. However, due to
relatively high storage temperatures (usually above 0 °C), biospecimens in hypothermic
storage still undergo significant metabolic activities, and thus, they gradually decay and
deteriorate as storage proceeds. Depending on physicochemical properties and
characteristics of biospecimens, the storage time is usually short, varying from several hours
(e.g. 4-6 hours for hearts and lungs) to several days (e.g. 3 days for kidneys).

Extending the storage time for hypothermic preservation requires the decrease of storage
temperature to reduce metabolic and deteriorating rates. The gold standard of cold storage is
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to store biospecimens just above their equilibrium freezing points. Further decrease of the
storage temperature below 0 °C will subjugate biospecimens to spontaneous ice nucleation,
subsequent sample freezing, and resultant cryoinjuries. Although supercooling, a metastable
liquidus state below equilibrium freezing temperatures without freezing, was used to
temporarily preserve biospecimens before at high subzero temperatures (= - 6 °C) [2; 53],
the fate of biospecimens are constantly threatened by stochastic ice formation. To address
this challenge, we recently developed a novel method that can eliminate the primary
mechanisms of ice crystallization and thus, achieve stable storage of large-volume water and
red blood cell suspensions at deep subzero temperatures (< —10 °C) without freezing [22].

In this study, we applied the deep-supercooling (DSC) approach to preserve human adipose-
derived stem cells (hADSCs). We achieved stable DSC of hADSC suspensions at
temperatures as low as — 16 °C for 7 days with surface sealing by an immiscible oil phase.
With the optimization of storage solution, hADSCs were recovered with high viability,
surface attachment capability, stemness, and multilineage differentiation capacities. Overall,
our results demonstrate that DSC is an innovative and feasible approach for short-term
preservation of stem cells.

2. Materials and methods

2.1.

Materials.

Fetal bovine serum (FBS), penicillin, and streptomycin were purchased from Invitrogen
(Carlsbad, CA, USA). The hADSCs and their culture media were purchased from Lonza
(Allendale, NJ, USA), and their differentiation media and staining assay were purchased
from Stemcell Technologies (Cambridge, MA, USA). The antibodies of
immunofluorescence staining were purchase from ThermoFisher Scientific (Waltham, MA,
USA). The primary hypothermic storage solution, University of Wisconsin solution (UW),
was purchased from Bridge to Life (Columbia, SC, USA). All other chemicals were
purchased from Sigma (St. Louis, MO, USA) unless specifically noted otherwise.

2.2 Cell culture.

hADSCs were cultured in their basal media supplemented with 10% FBS, 1% L-glutamine,
0.1% gentamicin-amphotericin, and 1% penicillin and streptomycin at 37 °C in a humidified
atmosphere with 5% CO,. The media was changed every other day until ~ 80% confluence.
Cells (less than passage 5) were detached for passage and/or experiments by incubating with
1% trypsin for 5 mins. Before experiments, cell suspensions in culture media were
centrifuged at 300 g for 5 mins at 4 °C, and the resulting pellet was resuspended in
hypothermic storage solution.

2.3 Deep-supercooling for cell suspensions.

The DSC protocol for hADSC cell suspension was adapted from the protocol we developed
for water and red blood cells [22]. Briefly, 1 ml UW solutions, hADSC suspensions in UW
(UW+ cell), and hADSC suspensions in UW supplemented with 5% (w/v) 35 Kd
polyethylene glycol (PEG) and 0.2 M 3-O-methyl glucose (3-OMG) (UW + cell+ PO), were
aliquoted into 5-ml round-bottomed polystyrene tubes purchased from ThermoFisher
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Scientific (Waltham, MA, USA). Cell concentration in hADSC suspension is 1 million/ml.
Then, 0.5 ml surface sealing agent (paraffin oil) was gently added onto the surface of
solutions or suspensions using serological pipets, trickling down along the wall of tubes to
avoid splashing or trapping air bubbles at the interface. The sample-laden tubes were
transferred into portable temperature-controlled freezers (Engel MHD-13, Engel, Jupiter,
FL, USA) that were placed in 4 °C cold room to minimize temperature fluctuations. In
addition, temperatures inside these freezers were verified by Toluene-filled low-temperature
thermometer. The freezers were set at different temperatures (from 4 °C to —16 °C) to
preserve hADSC suspensions at different temperatures. We refer to all the samples stored in
this temperature range without freezing, as hypothermic or cold storage in general. Samples
sealed by immiscible oils so that they can be stored below —10 °C without freezing are
denoted as DSC storage. The freezing probability of supercooled samples was quantified by
cumulative freezing frequency (7= number of frozen samples/total number of initial
samples), which would increase with time as only more freezing events might occur during
supercooling.

2.4 Cell recovery.

After 7-day hypothermic storage, cell suspensions were taken out of the freezers and
warmed in 4 °C cold room for 10 mins. Then the oil for surface sealing in DSC tubes was
removed by careful aspiration, and 3 ml cell culture media at room temperature was added
into each tube. After gentle mixing with the newly added warm media, cell suspensions were
transferred to 15-ml centrifuge tubes for centrifugation at 300 g for 5 mins. Finally, hADSC
pellets were resuspended in warm culture media, transferred into cell culture flasks or plates,
and taken into 37 °C incubator for cell recovery and culture.

2.5 Cell viability and attachment tests.

After recovering and culturing the hADSCs for 1 hour, the cell viability post hypothermic
storage was evaluated using standard live/dead assay kit (Invitrogen, Carlsbad, CA, USA).
Calcein AM was used to identify cell metabolic activity and ethidium homodimer to check
cell membrane integrity via fluorescence imaging. 2 uM calcein AM and 4 uM ethidium
homodimer were added into cell suspensions and incubated for 10 min at 37 °C. Cell
viability was determined via fluorescence and phase contrast imaging by an EVOSFL
microscope (ThermoFisher Scientific, Waltham, MA, USA). The total cell number under
each field was determined using phase images. Cells that excluded ethidium homodimer
(red) and maintained calcein (green) were counted as viable while cells stained with
ethidium homodimer (red) were counted as dead. At least ten randomly selected fields were
used for each sample. The immediate cell viability was calculated as the ratio of the number
of viable cells to the total number of cells per field (10x). To quantify cell attachment
efficiency, 0.25 million fresh or preserved hADSCs in UW+PEG+3-OMG were seeded in 6-
well plate. After 1-day culturing at 37 °C, the media was removed and cells washed by PBS
twice. Then 1 ml culture media was added to each well, and at least 20 random phase
contrast images were taken for each scenario to quantify cell number per field (4X). The
attachment efficiency was calculated as the percentage of average cell number per field in
preserved samples, relative to that in the fresh control sample.
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2.6 Stemness tests for hADSCs.

To evaluate gene expression levels, quantitative reverse transcription polymerase chain
reaction (QRT-PCR) was performed for fresh control and preserved hADSCs. Four typical
stem cells genes of hADSC, OCT4, SOX2, KLF4, and NANOG, have been examined [43],
and their corresponding primers are listed in Table S1. For immunofluorescence staining of
positive (CD 44+) and negative (CD 31-) surface receptors, 0.1 million hADSCs were
seeded into 6-well plate and incubated overnight for attachment. Then, the samples were
washed with PBS, fixed with 4% paraformaldehyde, incubated in 3% BSA in PBST at room
temperature for 1 hour to block nonspecific bindings, and incubated overnight at 4 °C with
primary antibody of CD44 or CD31 according to the manufacturer’s instructions.
Afterwards, the samples were washed three times with PBS and incubated in dark at room
temperature for 1 hour with secondary antibodies diluted in 3% BSA in PBST (1:50
dilution). The nuclei of the cells were stained by 5 UM Hoechst 33342. The
immunofluorescence staining of these surface makers and nuclei were imaged by EVOS
fluorescence microscope.

2.7 Multilineage differentiation capacities.

hADSCs possess distinctive differentiation abilities into multiple mesodermal lineages, and
the procedures of its adipogenic, osteogenic, and chondrogenic differentiations had been
documented in detail [21]. Briefly, for adipogenic differentiation, 0.2 million cells were
seeded in each well of 6-well plate, and after confluence, the cell culture media was replaced
by adipogenic differentiation media. The media was changed every 3 days until day-21. The
adipogenic differentiation would produce oil lipids, which were stained by oil red O. For
osteogenic differentiation, 0.2 million hADSCs were seeded in each well of 6-well plate.
After culturing for 24 hours, the culture media was replaced with osteogenic differentiation
media and was changed every 3 days until day-21. The calcium deposit of osteogenic
differentiation was stained by alizarin red S. For chondrogenic differentiation, 0.3 million
hADSCs were centrifuged into a pellet and cultured in chondrogenic differentiation media in
15 ml polypropylene culture tubes. Caps of the tubes were loosened for gas exchange. The
pellets were cultured in 37 °C incubator for 21 days with a media change every 3 days.
Afterwards, the pellets were harvested, fixed with 4% paraformaldehyde, embedded with
paraffin, and stained with Alcian blue to determine acidic polysaccharide (acidic
polysaccharide is abundant in cartilage after chondrogenic differentiation). All the stained
samples were imaged Nikon 80i microscope equipped with a Nikon D5100 digital camera.
The percentages of area stained by Oil red O, Alizarin red S, and Alcian blue for hADSCs’
adipogenic, osteogenic, and chondrogenic differentiations, respectively, were calculated
using the software, Matlab (Mathworks, Natick, MA, USA).

2.8. Statistical analysis.

All data were reported as the mean + standard deviation from at least three independent runs.
The statistical significance in mean values between two groups was determined using
Microsoft Excel based on Student’s two-tailed t-test, assuming equal variance. A p-value of
< 0.05 was taken as statistically significant.

Cryobiology. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Huang et al. Page 6
3. Results
3.1. Deep-supercooling of ADSC suspensions

Stable deep-supercooling, a liquidus state far below the equilibrium freezing temperature
(e.g.—10 °C) but without freezing, was achieved via surface sealing with paraffin oil (PO).
The choice of PO rather than other water-immiscible oils is based on its high efficacy of
nucleation inhibition, biocompatibility, and low cost [22]. The base solution for hADSCs
supercooling storage used was standard UW solution as it has proven effective for
supercooling of a wide spectrum of mammalian cells and tissues [30]. Figure 1 shows that
suspensions of hADSCs can be successfully supercooled at =13 °C for one week.
Specifically, all suspensions without PO sealing reached a frhigher than 50% in the first 3
days at —13 °Cand almost all samples froze by the 4™ day. In contrast, suspensions with PO
sealing did not present a single freezing event over 7-day storage at the same temperature.
When the temperature is further decreased to —16 °C, the freezing probability of PO-sealed
UW and cell suspensions increased, but were still relatively low (9% and 48.6%,
respectively), particularly for UW solution. These results indicate that with the aid of PO
sealing, we can obtain deep supercooled hADSCs at —13 °C and —16 °C for at least 7 days.
As a result, this method allows us to investigate cell responses post DSC treatment and
pursue extended preservation at previously unachievable temperatures, without considering
the interruption and complication of phase transition.

3.2. Short-term cell viability and attachment post DSC

To identify suitable storage solution for hADSCs, we tested three solutions, cell culture
media, UW, and UW supplemented with 35 kD polyethylene glycol (PEG, 5%(w/v)) and 3-
O-methyl glucose (3-OMG, 0.2 M). The inclusion of 35 kD PEG, which cannot penetrate
the cell membrane, is due to its protective effects as an extracellular cell membrane stabilizer
[36], and cell membrane penetrating but non-cytotoxic non-metabolizable 3-OMG as an
intracellular cytoprotectant [50]. In addition, we screened five different storage temperatures,
4°C, -7 °C, -10 °C, -13 °C, and —16 °C. The results show that both the formulation of the
storage solution and the temperature have a significant impact on immediate cell viability
post 7-day cold storage (Figure 2). When cell culture media or UW is used as a storage
solution, very few cells can survive storage at any of the tested temperatures, except for UW
at —16 °C that can render a viability of 5.3%. However, when UW+PEG+3-OMG s used as
the storage solution, the immediate cell viability reaches 90% or higher, which fully
demonstrates the significant impact of storage solutions on preservation. In addition, if we
carefully examine the cell morphology of the preserved cells post 1-hour of culturing at 37
°C, we will find that the lower the storage temperature, the more cells would attach and
spread (as shown bythe insets in Figure 2(A)).

This suggests that the storage temperature can affect the surface attachment ability of the
cells. Because cell attachment largely depends on the activation of transmembrane proteins
called integrins and/or adhesion molecules [29], the difference in cell attachment found
indicate different levels of energy remaining and cellular activity post storage at different
temperatures. Overall, both the inclusion of proper extracellular and intracellular protectants,
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and the decrease of storage temperature are beneficial to the maintenance of cell viability
and activity for hypothermic preservation.

Next, we examined cell attachment post hypothermic preservation, rewarming, and 1-day
cell culture in tissue culture plates. As indicated by Figure 2, only when UW+PEG+3-OMG
is used as a storage solution, a significant portion of cells can survive. In addition, as the
storage temperature decreases, the retention of cell attachment ability increases (Figure
3(A)). Therefore, the relative percentage of attached cells (compared to fresh control cells)
post hypothermic storage increases as storage temperature decreases (Figure 3(B)).

Maintenance of cell stemness post DSC

To evaluate the stemness of hADSCs, we performed gene expression analysis via reverse
transcription polymerase chain reaction (RT-PCR) for four typical genes OCT4, SOX2,
KLF4, and NANOG that indicate stemness. The results show there is no statistically
significant difference (p> 0.1) between fresh control cells and DSC cells (stored at =13 °C
or —16 °C) in the expression of these four genes (Figure 4(A)).

To further understand the retention of hAADSC phenotype post preservation, we examined
two typical markers of hADSCs. The first one is a positive surface marker (CD 44+) and the
other one is a negative surface marker (CD 31-) [34]. Through immunofluorescence
staining, we observed that the DSC-preserved hADSCs maintain the expression of these
surface markers at similar levels with fresh control cells (Figure 4(B)). The seemingly lower
positive staining area (CD 44+) for DSC preserved cells is due to relatively lower cell
attachment and spreading compared to fresh cells, as shown in Figure 3. For negative surface
marker CD 31—, neither control nor DSC cells show any signals of immunofluorescence
staining as expected. Therefore, we conclude that phenotype of hADSCs, through stemness
and surface marker expression, is adequately preserved during extended DSC storage over 7
days at —16°C.

Long-term stem cell differentiation ability

ADSCs have the capacity to differentiate into multiple mesenchymal lineages through
adipogenesis, osteogenesis, and chondrogenesis [49]. Accordingly, we performed these three
differentiation assays for fresh control and DSC preserved hADSCs for 21 days to assess the
retention of differentiation capacity post preservation. The results show that before
differentiations (negative control), the staining markers for lipids in adipogenic
differentiation, calcium deposit for osteogenic differentiation, and acidic polysaccharide in
cartilage for chondrogenic differentiation are minimally visible (first row in Figure 5(A)).
For fresh cells differentiated into the three different lineages (positive control), these markers
demonstrate abundant lipids, calcium deposition, or acidic polysaccharide (second row in
Figure 5(A)). The DSC preserved cells at —16°C for 7 days (experimental group), also
demonstrate multilineage differentiation ability, but the degrees of differentiations have been
compromised as shown by their lower areas of staining compared to positive control groups
(third row in Figure 5(A)). The quantitative results of staining areas are presented in Figure
5(B), which also indicates a statistically significant decrease of hADSC differentiation post
DSC preservation. However, given the lower cell attachment number, smaller cell spreading
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area, and reduced cell metabolism level after extended DSC storage, this quantitative
decrease in differentiation markers and staining area is expected. It’s important to note that
even though expression levels of stem cell genes are increased as shown in Figure 4(A), it
does not directly enhance differentiation capability [6; 40]. This is because the processes and
degree of stem cell differentiation are also regulated by other factors such as oxygen tension
level [6] and culture microenvironment [17].

4. Discussion and conclusion

Although deep-supercooling of water and simple red blood cells (without nuclei and other
organelles) has been reported before [22], there is still a significant curiosity about its
applicability to other biological samples. Our results, here, demonstrate stable DSC of
hADSC suspensions without freezing at =13 °C and even -16 °C. These results indicate that
DSC is also applicable to nucleated mammalian cells, and the intracellular components such
as the lipid membrane and mitochondrion, and the macromolecules such as nucleotides,
proteins, and carbohydrates, are not catalyzers for ice crystallization. Their presences in
deep supercooled aqueous solutions do not necessarily cause successful ice nucleation and
freezing. Therefore, DSC is a viable approach to preserve various biospecimens including
both non-nucleated (red blood cells as in our previous work) [22] and nucleated cells (as in
the hADSCs in this work).

In our experiments, we generally observed that post hypothermic preservation, cells have
higher abilities of attachment and proliferation under lower storage temperatures. Although
exact molecular and cellular mechanisms are still unknown, this is probably due to slower
metabolic activity and ATP depletion rate at lower temperatures, which results in higher ATP
remaining level, higher degree of metabolic recovery, and more integrin/adhesion molecule
activation post storage [29; 53]. Therefore, more cells can attach to the culture plate for
consequent proliferation. In addition, it is not uncommon to observe averagely higher gene
expression post DSC storage in our experiments. Multiple previous studies have also
demonstrated increased levels of gene expression post stem cell preservation [55; 58], which
is consistent with our results. Nevertheless, the mechanisms for this gene overexpression are
yet to be explored.

It is generally believed that the critical event that initiates water freezing is ice nucleation.
Once there is a successful ice nucleation event, crystallization will rapidly propagate
throughout the whole aqueous system freezing it. Therefore, to study ice formation in
supercooling or deep-supercooling, it will be a great approach if the ice embryos or tiny
crystals could be observed and monitored by high resolution imaging. Although the process
of ice growth has been recorded by high-speed microscopy in cells or supercooled
microdroplets [11; 20; 28], it has not been reported in bulk aqueous solutions as there are too
many uncertain ice nucleation sites. Moreover, to the best of our knowledge, the ice embryo
required for successful ice nucleation only includes hundreds of water molecules with
critical nucleus size in the magnitude of 1072 meter [39; 42]. As a result, it would be very
difficult, if not impossible, to detect those ice crystals by using optical microscopes due to
their resolution limit (~ 10~ meter). Electron microscopy might have this resolution, but it
does not work properly for these aqueous samples until now [3]. Therefore, breakthroughs in
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spatiotemporally high-resolution microscopy or in other alternative methods are urgently
demanded to enable non-invasive observation, recording, and characterization of nanoscopic
ice crystals in supercooled samples. In addition, these advances will provide powerful tools
to investigate the mechanisms and dynamics of ice nucleation, vapor nucleation, and solute
precipitation.

The DSC preservation approach does not require cytotoxic CPAs such as dimethyl-
sulphoxide (DMSO) or 1,2-propanediol (PROH). As a result, the tedious multistep processes
of CPA loading before cryopreservation and unloading post cryopreservation by washing
and centrifugation can be avoided [18], preventing cell loss and culture media waste.
Furthermore, in conventional cryopreservation methods (either slow-freezing or
vitrification), there is a dramatic phase transition (warming and melting) and long recovery
time before further use of the cells. On the contrary, the transition from suboptimal DSC
conditions to the physiological state is very gentle and mild, which can significantly shorten
cell recovery time (including warming and culturing). This is particularly important for
clinical applications with shortened post-processing and overall procedure time. Therefore,
DSC preservation for cell suspension can provide a convenient off-the-shelf cell source for
experimental research and clinical transfusion.

Overall, stable DSC preservation of hADSCs has been achieved for unprecedented 7 days at
record —13 °C and -16 °C. Through surface sealing by paraffin oil, primary sites of
heterogeneous nucleation in cell suspensions can be effectively eliminated to obtain stable
supercooling. DSC at deep subzero temperatures can significantly decrease cell metabolic
and deterioration rates, and thus significantly extend /n vitro storage time. With the
optimization of the storage solution, we demonstrated that this approach can enable
preservation of hADSCs for 7 days with high viability, uncompromised stemness, and
retaining capacities of attachment and multilineage differentiations. Further optimization of
storage solution and conditions are warranted to improve cell activity and functionality post
DSC storage. We thus conclude that, by providing convenient, high-quality, feasible, and
reliable off-the-shelf cell sources, DSC preservation can significantly improve cell
availability for a wide variety of uses in cell and tissue engineering, cell-based therapies, and
tissue regeneration.
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Figure 1.
Deep-supercooling (DSC) of solutions and cell suspensions via surface sealing by paraffin

oil (PO). (A) Representative image of cell suspensions without (Suspension) or with
(Suspension + PO) surface sealing at —13 °C. 1 ml cell suspension of 1 million human
adipose-derived stem cells (hRADSCs) was stored in each polystyrene tube for 7 days. The
storage solution is the basic University of Wisconsin solution (UW solution). (B)
Cumulative freezing frequency (fr= number of frozen samples/total number of initial
samples) for 1 ml UW solution or cell suspensions with or without surface sealing over 7
days. Number of independent experiments n = 5, number of tested samples for each case N
= 50. Error bars represent standard deviations.
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Figure 2.
DSC preservation of hADSCs enabled by oil sealing. (A) Phase and fluorescence

micrographs of cell viability staining post 7 - day storage at various temperatures. Three
typical storage solutions, ADSC media, UW, and UW supplemented with 5% (w/v) 35 Kd
polyethylene glycol (PEG) and 0.2 M 3-O-methyl glucose (3-OMG) (UW + PEG + 3-
OMG), were tested. Live cells were stained green by calcein AM while dead cells were red
by ethidium homodimer. (B) Quantitative cell viabilities post 7 - day storage under various
scenarios. Number of independent experiments n = 3.
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Figure 3.

Attachment of hADSCs post 7-day storage in UW + PEG + 3-OMG solution at different
temperatures. (A) Representative phase micrographs of hADSCs attachment after 1-day
culture at 37 °C incubator. Control is the fresh cells of the same seeding density. (B) Cell
attachment ratio of preserved hADSCs. Attachment ratio was calculated as the percentage of
the number of attached live cells after one day culture of post-storage cells out of the number
of fresh cells seeded and cultured in the same way. All storage groups were sealed with PO
to prevent potential ice formation. Number of independent experiments n = 3.
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Figure 4.
Stem cell genes expressions and immunofluorescence staining of surface protein markers.

(A) Gene expression levels examined by RT-PCR. Four stem cell genes OCT 4, SOX2,
KLF4 and NANOG for ADSCs were examined. Number of independent experiments n = 3,
#: p>0.1. (B) Immunofluorescence staining for stem cell surface markers. Both positive
(CD 44+) and negative (CD 31 -) surface markers were examined for fresh control and DSC
preserved cells at =16 °C for 7 days.
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Figure 5.

Multilineage differentiations of hADSCs post DSC storage. (A) Qualitative staining images
for three differentiations, lipid staining by Oil red O (ORO) for adipogenic differentiation,
calcium deposit staining by Alizarin red S(ARS) for osteogenic differentiation, and acidic
polysaccharide (abundant in cartilage) staining by Alcian blue (AB) for chondrogenic
differentiation. (B) Quantitative analysis for the relative staining areas in whole imaging
regions. Number of independent experiments n = 3, *: p< 0.05
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