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Abstract

Cryopreservation of stem cells is important to meet their ever-increasing demand by the
burgeoning cell-based medicine. The conventional slow freezing for stem cell cryopreservation
suffers from inevitable cell injury associated with ice formation and the vitrification (i.e., no
visible ice formation) approach is emerging as a new strategy for cell cryopreservation. A major
challenge to cell vitrification is intracellular ice formation (I1F, a lethal event to cells) induced by
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devitrification (i.e., formation of visible ice in previously vitrified solution) during warming the
vitrified cells at cryogenic temperature back to super-zero temperatures. Consequently, high and
toxic concentrations of penetrating cryoprotectants (i.e., high CPAs, up to ~8 M) and/or limited
sample volumes (up to ~2.5 pl) have been used to minimize IIF during vitrification. We reveal that
alginate hydrogel microencapsulation can effectively inhibit devitrification during warming. Our
data show that if ice formation were minimized during cooling, IIF is negligible in alginate
hydrogel-microencapsulated cells during the entire cooling and warming procedure of
vitrification. This enables vitrification of pluripotent and multipotent stem cells with up to ~4
times lower concentration of penetrating CPAs (up to 2 M, low CPA) in up to ~100 times larger
sample volume (up to ~250 pl, large volume).
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Microcapsule; cryomicroscopy; inhibition; cryopreservation; stem cells

1. Introduction

With recent advances in cell-based medicine, the demand for living cells (particularly stem
cells) is ever increasing.[t] Because continuous expansion of cells in vitro by culturing at 37
°C is expensive and time-consuming and may result in uncontrolled spontaneous
differentiation of stem cells, banking living cells for future use by cryopreservation is an
enabling technology to the eventual success of the burgeoning cell-based medicine.[?] Cell
cryopreservation is achieved by first cooling cells to usually below —80 °C so that all the
biophysical and biochemical activities in cells are arrested (i.e., the cells enter a state of
suspended animation), followed by warming back for use at a desired future time.[3!

Intracellular ice formation (I1F) has been recognized as a lethal event to cells during cell
cryopreservation.[] Two conventional approaches have been commonly adopted to
minimize IIF: slow freezing and conventional high-CPA vitrification. For the former, cells
are gradually dehydrated due to exosmosis driven by the elevated osmolality of extracellular
solution when extracellular water transforms into ice during freezing at a slow cooling rate
(typically less than 5 °C min~1), which is referred as freeze concentration and can cause
significant damages to cells.[20:5] On the other hand, conventional high-CPA vitrification is
achieved by using penetrating cryoprotectants (CPAS) such as dimethylsulfoxide (DMSQ)
and 1,2-propanediol (PROH) at concentrations that are much higher than that used for slow
freezing (up to 8 M versus ~1-2 M), which is toxic to cells due to the high CPA-induced
metabolic and osmotic (including cell dehydration) injuries.[] As a result, multiple steps are
required to gradually load (before cooling) and unload (after warming) the CPAS to
potentially reduce the high-CPA cytotoxicity, which is time-consuming and stressful.[40.7]
To overcome these problems, low-CPA vitrification has been explored for cell
cryopreservation by using various methods and devices such as electron microscopy grid
and quartz microcapillary (QMC)[22.4b.7d.8] tg achieve ultra-rapid cooling rates that
minimize IIF by reducing the time available for ice nucleation and growth. Although the
cooling rates can be very high (up to ~106 °C min~1) to achieve vitrification (defined as no
visible ice formation in this study in accordance with the literaturel®]) by plunging the
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devices into liquid nitrogen due to the boiling of liquid nitrogen, the warming rate by
plunging the devices into an aqueous solution is usually much lower.[20] Consequently, I1F
induced by devitrification during warming has been a major challenge to achieve high cell
survival post vitrification.[*1] Furthermore, the sample volume is limited to several
microliters in these low-CPA vitrification devices for obtaining a high surface area to
volume ratio to enhance cooling and warming during vitrification.[4b.7d.8d.8€]

More recently, microencapsulation of living cells in hydrogel has been explored as a
potential strategy to enhance cell cryopreservation mainly by slow freezing. For example, it
was found that microencapsulation of human embryonic stem cells or spheres of mouse
neuroblastoma cells in alginate hydrogel improves their post-cryopreservation survival by
slow freezing.[*2] However, microencapsulation of porcine and ovine mesenchymal stromal
cells in polyethylene glycol (PEG) hydrogel microcapsules does not affect their survival
post cryopreservation also by slow freezing.[*3] Moreover, it has been reported that the
DMSO concentration could be reduced to 1.5 M for vitrification in QMC (~2.5 ul sample
volume) if mouse mesenchymal stem cells were microencapsulated in alginate hydrogel,
which is partially attributed to the preferential vitrification of water in alginate hydrogel
microcapsule compared to the water in the bulk solution outside the microcapsule during
cooling.[84] However, such vitrification study has not been performed for the more stress-
sensitive embryonic stem cells (ESCs) and adult human stem cells, particularly in a large
sample volume for the practical application to bank stem cells. Moreover, the mechanism by
which the alginate hydrogel microencapsulation protects cells from IIF during the warming
phase of vitrification has not been investigated.

Here we report low-CPA vitrification of mouse embryonic stem cells (MESCs) and human
adipose-derived stem cells (hADSCs) using conventional plastic straw (PS that was believed
and used for conventional high-CPA vitrification only) by microencapsulating the cells in
alginate hydrogel. Cell microencapsulation was performed using a non-planar microfluidic
device. IIF in the cells during both the cooling and warming stages of vitrification was
studied using cryomicroscopy. It was found that significant IIF could occur during the
warming phase of vitrification, which could be effectively inhibited by alginate hydrogel
microencapsulation. Ultimately, the microencapsulated cells could be vitrified in QMC and
PS with high post-cryopreservation viability and intact function using only 1.5 M (for QMC
with up to ~2.5 pl in sample volume) or 2 M (for PS with up to ~250 pl in sample volume)
penetrating CPA (PROH). The capability of achieving low-CPA (2 M) vitrification using PS
for a large sample volume (~250 pl) resolves all the challenges associated with existing
cryopreservation technologies including low-CPA vitrification using QMC that is limited to
asmall (< ~2.5 pl in each QMC) sample volume, conventional high-CPA vitrification
requiring a highly cytotoxic concentration (up to ~8 M) of penetrating CPA, and
conventional slow-freezing with inevitable freezing-induced cell injury. Therefore, alginate
hydrogel microencapsulation holds great promise to enhance vitrification for banking living
cells to meet their ever-increasing demands by the burgeoning cell-based medicine.
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2. Results

2.1. Microfluidic production of cell-laden alginate hydrogel microcapsules

As shown in Figure 1 (inset i) and Movie S1, at the microfluidic flow-focusing junction, the
aqueous core (from inlet 11) and shell (from inlet 2) fluids (aqueous alginate solution) are
dispersed into microdroplets in the continuous flow of oil emulsion (aqueous solution of
calcium chloride emulsified in mineral oil from inlet 3) as a result of the Rayleigh-Plateau
instability.[14] The core fluid may contain mESCs or hADSCs. The shell fluid is arranged to
surround the core fluid in the microchannels entering the flow-focusing junction both
horizontally and vertically (Figure S1A). Under the flow conditions of this study, the
microdroplet formation process falls into dripping mode and the microdroplet size is highly
monodisperse (Move S1).11%] After flow focusing, the aqueous microdroplets are gelled into
hydrogel microcapsules in the downstream microchannel because the sodium alginate in the
microdroplets can be crosslinked into hydrogel of calcium alginate by Ca2* in the
continuous flow of oil emulsion.[18] Since the Reynolds Number (Re) is far less than 1
(~0.01), the movement of the dispersed/suspended alginate microcapsules is dominated by
viscous force.[168] As a result, the microdroplets or microcapsules travel along the central
streamline in the microchannel (inset ii in Figure 1).[17] The cell-laden microcapsules
produced by this method are spherical with a diameter of ~220 um (inset iii in Figure 1).
Due to the presence of the shell fluid, most of the cells are confined in the interior of the
resultant microcapsules to ensure high viability (>90%) by minimizing their contact with the
surrounding oil. The encapsulated cells were used for further cryomicroscopy and
vitrification studies to understand IIF during both cooling and warming and its correlation to
the cell survival and functions including stemness and guided differentiation after
vitrification.

2.2. Cryomicroscopy study of IIF in stem cells during low-CPA vitrification

The cumulative percentage of mESCs with IIF during both the cooling and warming stage of
vitrification under five different conditions are shown in Figure 2A. The corresponding
representative phase images are given in Figure 2B where IIF shows up as darkening in the
cells likely due to the precipitation of intracellular solutes when intracellular water forms
ice. For mESCs without (W/O) encapsulation (Encap) and W/O CPA, ice forms first in the
extracellular solution at approximately —21 °C, which triggers IIF in ~12.5% of the mESCs
instantaneously (within 0.4 s) (Figure 2A).162.18] However, I1F does not occur in more cells
during further cooling to —60 °C. More importantly, I1F starts to occur again at
approximately —13 °C and forms in all mESCs at approximately =7 °C during warming,
probably due to growth of extracellular ice.[82.110.11d.11e] |nterestingly, the presence of low
concentration of CPA (W/CPA that is the combination of 1.5 M PROH and 0.5 M trehalose
as the penetrating and non-penetrating CPAs, respectively) increases the occurrence of IIF in
mMESCs to ~30% during cooling although it delays the first occurrence of IIF to a slightly
lower temperature (—22 °C). During warming, the presence of low CPA advances the first
occurrence of IIF to an earlier time or lower temperature (approximately —22 °C) and IIF
forms in all MESCs at approximately —15 °C, again probably due to growth of extracellular
ice.
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If MESCs are microencapsulated in alginate hydrogel microcapsule, IIF starts at a slightly
higher subzero temperature (approximately —17 °C) W/O CPA and forms in all mESCs at
approximately —23 °C during cooling. The presence of low CPA shifts the starting and
ending temperatures of I1F during cooling to approximately —22 and —30 °C, respectively. In
addition, the alginate microcapsules become wrinkled post cooling and warming without
any CPA while they stay intact after the same procedure in the presence of low CPA (Figure
2B). This could be explained by the preferential vitrification of water in alginate hydrogel
microcapsules in the presence of low CPA.[8] |n other words, the hydrogel network in the
microcapsules can be mechanically deformed by the extensive ice formation during cooling
and warming without CPA, which causes irreversible damage to the microcapsules after
warming back to room temperature. Similar results of 1IF and change in the morphology of
microcapsules were observed from cryomicroscopy studies of hADSCs (Figure S2).

More importantly, if the medium outside the cell-laden microcapsule is replaced with
mineral oil, no ice formation is visible in the microcapsule and no IIF is observable in the
microencapsulated cells throughout the entire cooling and warming procedure (last row in
Figures 2B and S2 for mESCs and hADSCs, respectively). These observations suggest that
if the microencapsulated cells are cooled in agueous solutions (rows 3—4 of Figures 2B and
S2), ice crystals initiate in the aqueous solution outside the microcapsule and then propagate
into the microcapsule to trigger I1F in the microencapsulated cells. However, it is extremely
difficult (if not impossible) to achieve vitrification of the bulk aqueous solution outside the
microcapsules during cooling with this low concentration of CPA using the cryomicroscopy
system to test this hypothesis. This is because the highest cooling rate that can be achieved
with the cryomicroscopy system is no more than 100 °C min~L. Therefore, we conducted
vitrification study using QMC and PS to overcome this problem.

2.3. Low-CPA vitrification of microencapsulated cells using QMC

Due to its miniaturized diameter and wall thickness (Figure S1B), QMC can be used to
create an ultra-fast cooling rate by plunging it into liquid nitrogen to minimize ice formation
in the small volume (up to 2.5 pl) of sample contained in it.[7d As shown in Figure 3A and
Movie S2, the vitrification solution for QMC (VSQ: cell culture medium containing 1.5 M
PROH and 0.5 M trehalose as the penetrating and non-penetrating CPAs, respectively) stays
clear while the cell culture medium without any CPA appears opaque (or whitish) after
plunging into liquid nitrogen, suggesting that VVSQ was successfully vitrified with no visible
ice formation while extensive ice formed in the medium without any CPA. Therefore, we
performed further study to examine the viability of mESCs and hADSCs post vitrification in
the VSQ using QMC both with and without microencapsulation. As shown in Figures 3B-C
and S3, most of the microencapsulated mESCs and hADSCs can survive the vitrification
procedure. In stark contrast, nearly all mESCs and hADSCs without microencapsulation are
dead (cell viability of the non-encapsulated mESCs and hADSCs is ~0.4 and 3.5%,
respectively) after vitrification using the same procedure for vitrifying the
microencapsulated cells with QMC and VSQ.

These results indicate that the significant I1F (a lethal event to living cells) in the
microencapsulated mESCs and hADSCs observed during cooling at a slow cooling rate (60
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°C min~1) with the cryomicroscopy system (Figures 2 and S2) can be effectively eliminated
by using the VSQ and QMC for vitrification to create an ultra-fast cooling rate and minimize
ice formation in the bulk solution outside the microcapsules during cooling (Figure 3A and
Movie S2). This supports the aforementioned hypothesis that IIF in the microencapsulated
cells during cooling is triggered by ice formation in the bulk aqueous solution outside the
microcapsules. Moreover, the fact that nearly all of the non-encapsulated cells die post
vitrification using QMC and VSQ suggests that devitrification of the previously (i.e., during
cooling) vitrified bulk extracellular solution occurs and induces significant 1IF during
warming when using the QMC and VSQ for vitrification. Furthermore, this supports the
hypothesis that alginate hydrogel microencapsulation could effectively inhibit devitrification
to minimize I1F during warming in view of the high viability of the microencapsulated
mMESCs and hADSCs shown in Figures 3B—C and S3. However, devitrification of the bulk
VSQ in QMC during warming is difficult to visualize because of the high rate and short time
for warming. Therefore, we further performed vitrification studies using PS to test the
hypothesis on the exceptional capability of inhibiting devitrification to minimize I1F during
warming by alginate hydrogel microencapsulation.

2.4. Low-CPA vitrification of microencapsulated cells using PS

With a maximum sample volume of approximate 100 times more than QMC (Figure S1B),
the PS has been widely used for cell cryopreservation by both slow freezing with a low
concentration (1-2 M) of CPA and conventional high-CPA vitrification with a high and
toxic concentration (up to 8 M) of penetrating CPA. However, it has never been used for
low-CPA vitrification. Because of its large sample volume and large size compared to the
QMC (Figure S1B), the VSQ that is good for vitrification in QMC does not work for PS
(Figure 4A). Therefore, we developed the vitrification solution for PS (VSP: cell culture
medium containing 2 M PROH and 1.3 M trehalose as the penetrating and non-penetrating
CPAs, respectively) that can be vitrified without visible ice formation in the bulk solution by
plunging the PS into liquid nitrogen for cooling (Figure 4A). Moreover, extensive ice
formation in the bulk VSP is visible (whitish opaque) during warming (Figure 4A and
Movie S3), indicating devitrification does occur in the bulk VSP during warming.

The quantitative and qualitative data of cell viability of mESCs and hADSCs post
vitrification using the PS together with VSP are shown in Figures 4B and S4, respectively.
These data are similar to that obtained using QMC and VSQ for the two types of stem cells:
most of the microencapsulated cells could survive while almost all non-encapsulated cells
are killed during the vitrification procedure. They demonstrate that IIF induced by
devitrification during warming kills most non-encapsulated cells and alginate hydrogel
microencapsulation can effectively protects the encapsulated cells by inhibiting
devitrification to minimize 11F. We have performed this experiment for many times (>10)
and the results are consistent. However, the survived cells must be capable of functioning
normally in order to ascertain the effectiveness of our low-CPA (2 M penetrating CPA)
vitrification approach with the PS developed in this study. Therefore, further studies were
performed to examine the functional properties including stemness and capability of guided
(or directed or coaxed) differentiation of the mESCs and hADSCs before and after the low-
CPA vitrification with PS.
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2.5. Functional properties of mMESCs and hADSCs post low-CPA vitrification with PS

The functional properties for mESCs before and after the low-CPA vitrification with PS are
shown in Figure 5. At the level of gene expression determined by quantitative real-time
polymerase chain reaction (QRT-PCR), no significant difference is observed for the
expression of four typical stem cell genes (Nanog, Sox2, KIf2, and Oct4) between the
encapsulated mESCs post vitrification and the cells before vitrification either with or
without encapsulation (Figure 5A). At the level of protein expression, the undifferentiated
properties of the pluripotent mESCs after vitrification are not compromised as indicated by
the staining of transcription factor Oct4 and membrane surface glycoprotein SSEA-1 (Figure
5B). The expressions of these protein makers, determined by flow cytometry, among the
three different groups of mESCs are also not significantly different (Figure 5C). To
determine the capability of differentiation of mESCs post vitrification, they were guided
towards the cardiac lineage by using a combination of BMP-4 and bFGF.[2%] The results
demonstrate that mESCs in all the three groups could beat spontaneously after
differentiation and there is no significant difference among these groups in terms of the
percentage of beating foci (Figure 5D). Lastly, immunofluorescence and flow cytometry
studies were conducted to examine the protein expression of cTnT, a protein marker specific
for cardiomyocytes. As shown in Figure 5E, there is positive staining of cTnT for the cells
differentiated from the mESCs in all the three different groups. Furthermore, the difference
in mean intensity of cTnT staining is minimal between the three different groups (Figure
5F).

The functional properties for hAADSCs before and after the low-CPA vitrification with PS
are shown in Figure 6. The expressions of stem cell genes (Nanog, Oct4, Sox2, and Klf4) of
encapsulated hADSCs post vitrification are not significantly different from that of non-
vitrified cells either with or without microencapsulation (Figure 6A). Immunostaining study
was conducted to examine the expression of CD44 and CD31. The former is a common
surface glycoprotein/receptor highly expressed on hADSCs while the latter is a negative
marker for the hADSCs. As shown in Figure 6B, low-CPA vitrification in VVSP using PS and
alginate hydrogel microencapsulation does not appear to have significant impact on the
expression of the two receptors on the hADSCs. Moreover, the expression of the two surface
markers on the hADSCs was studied quantitatively by flow cytometry and the results show
that the expression of the positive marker CD44 on the vitrified hADSCs is similar to that on
the non-cooled control cells, while the expression of negative surface marker CD31 is low in
hADSCs for all the three different groups (Figure 6C). The stemness of the hADSCs was
further tested by their capability of guided adipogenic, osteogenic, and chondrogenic
differentiation and the results are shown in Figure 6D. For adipogenic differentiation, 3
weeks after initial induction, we observed oil red O (ORO) staining of lipid droplets in the
differentiated cells in all the three groups. For osteogenic differentiation, all the cells
maintain similar osteogenic potential based on alizarin red S (ARS) staining of calcific
deposition. For chondrogenic differentiation, alcian blue (AB) staining of sulfated
proteoglycan deposits indicative of the presence of functional chondrocytes is observable in
all the three groups. Moreover, quantitative analyses of the three different stains indicate
neither microencapsulation nor vitrification has significant impact on the capability of
adipogenic, osteogenic, and chondrogenic differentiation of the hADSCs (Figure 6D).
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Collectively, the data of stemness and guided differentiation at the levels of both gene and
protein expression shown in Figures 5-6 demonstrate that low-CPA vitrification using PS
does not compromise the specific functional properties of both mESCs and hADSCs, which
indicates that alginate hydrogel microencapsulation could effectively protect the
encapsulated cells from cryoinjury during warming by inhibiting devitrification.

2.6. Cryomicroscopy study of inhibiting devitrification by alginate hydrogel
microencapsulation

We further investigated the capacity of inhibiting devitrification by alginate hydrogel
microencapsulation using cryomicroscopy. Figure 7 shows the size and morphology of
visible ice crystals outside the alginate hydrogel microcapsule in the bulk solution, at =60 °C
(at the end of cooling) and at =7 or =15 °C (during warming) of mESC medium either
without (Figure 7A) or with (Figure 7B) CPA (1.5 M PROH and 0.5 M trehalose) under
phase (grayscale) and polarized (color) light microscopy. The blue and pink regions in the
polarized microscopy images indicate ice crystals of different crystallographic orientations.
For medium without CPA, fine ice crystals (FICs, single asterisk) suddenly form around —20
°C (Figure 2) during cooling and do not change much with further cooling to —60 °C.
During warming, however, the FICs outside the microcapsules grow and merge into large
ice crystals (LICs, double asterisks) at =7 °C (after 20 min annealing) with their boundaries
being clearly visible as whitish curves in the phase image (Figure 7A). For the solution of
medium with (penetrating and non-penetrating) CPAs, the FICs are formed at lower
temperature (Figure 2) during cooling and they are finer and darker (more solutes are
precipitated from ice crystals compared to the medium without CPA). When warming to
-15 °C with 20 min annealing, growth of the FICs into LICs is also evident outside the
microcapsule (Figure 7B). The ice growth outside the microcapsule during warming is due
to the general tendency of increasing the crystal size to reduce the boundary area and
minimize the overall free energy in the system.[110.20] |t is worth noting that the choice at -7
and —15 °C to illustrate ice growth in the bulk medium without and with CPA, respectively,
is based on the data shown in Figure 2 for IIF during warming. The temperature for the
solution with CPA is lower because the presence of CPA can lower the melting point of the
solution.

More importantly, the aforementioned growth of FICs into LICs during warming outside the
microcapsules does not occur inside the alginate hydrogel microcapsule at all according to
Figure 7: no visible ice formation is observable inside the microcapsule throughout the
entire cooling and warming procedure. This confirms the exceptional capability of alginate
hydrogel microcapsules in inhibiting devitrification during warming, which should
contribute to the high viability and intact functionality of the microencapsulated stem cells
post vitrification using QMC or PS as shown in Figures 3-6.

3. Discussion

Slow freezing typically has an ice-seeding step to induce ice formation in the extracellular
water at a high sub-zero temperature (usually higher than —10 °C) so that nearly equilibrium
freezing of the extracellular water and equilibrium dehydration of cells could be achieved.
Such an ice-seeding step is not used for vitrification and the thermodynamics of vitrification
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is typically non-equilibrium. As a result, for the cryomicroscopy study of I1F during low-
CPA vitrification, ice crystals typically form in the extracellular solution at much lower
temperatures (approximately —20 °C, Figures 2 and S2) than the thermodynamic equilibrium
melting point (usually higher than —10 °C[2]) of the solutions and they are usually very fine
as their growth is hampered by the slow diffusion of water molecules (i.e., diffusion-limited
growth) at such deep subzero temperatures.[62-¢.211 Moreover, water transport across the
plasma membrane is also stopped because of the low water permeability of the cell plasma
membrane at the subzero temperatures,[21-22] [eaving an unbalanced osmotic pressure
between the intra and extracellular space that tends to dehydrate the cells when possible.
However, the fine ice crystals outside the cells can resume their growth during warming to
approximately —20 °C (and above) as the mobility of water molecules increases. At the same
time, the water permeability of the plasma membrane also increases during warming,
allowing water transport across the plasma membrane to release the osmotic imbalance
between the intra and extracellular space established during cooling. These non-equilibrium
phenomena should also occur during low-CPA vitrification of the non-encapsulated living
cells in VSQ with QMC and in VSP with PS since devitrification of the bulk solutions does
happen during warming (Figure 4A). These non-equilibrium thermodynamic processes can
induce IIF via surface-catalyzed nucleation (SCN) of ice in the cells (Figure 8, top row) and
dismal cell viability post vitrification/warming ensues (Figures 3B and 4B). It is worth
noting that I1F via volume-catalyzed nucleation (VCN) should be minimal here since it
usually occurs at temperatures lower than approximately —40 °C.[21]

In the alginate hydrogel microcapsule, by contrast, devitrification during warming is
effectively inhibited. As a result, IIF in the microencapsulated cells is minimized during
warming (Figure 8, bottom row) and a high cell viability post vitrification ensues (Figures
3-6). Of note, although the capability of alginate hydrogel microencapsulation in inhibiting
devitrification may depend on the thermal profile of the device used for vitrification, it was
verified over a wide range of warming rate between 100,000 °C/min (for QMC[19]) and
2000 °C/min (for PS[78) in this study. This is probably because the hydrogel network of the
polymer can effectively dampen the movement of water molecules to prevent devitrification
from occurring, due to its immense viscosity at subzero temperature and/or the polymer can
bind to the surface of invisible nascent ice crystals to inhibit their growth. Further
investigations are certainly needed to identify the exact mechanisms that are responsible for
the exceptional capability of inhibiting devitrification by the alginate hydrogel
microencapsulation.

Although alginate hydrogel microencapsulation is exceptional in inhibiting devitrification
during warming, it actually can induce more IIF during cooling at a slow cooling rate (—60
°C min~1, Figures 2 and S2). This is probably because the invisible ice crystals formed in
the microcapsules are much finer (albeit less to give the clearer appearance) than that
formed in the bulk solution so that they are easier to trigger IIF via SCN at a subzero
temperature higher than —30 °C.[21] Similarly, for non-encapsulated cells during slow
cooling, more 1IF would occur in the presence of low CPA (Figures 2 and S2), as the ice
crystals in the extracellular solution are finer (albeit extensive to give the darker appearance)
with CPA than that without CPA. However, if vitrification of the bulk solution outside
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(where ice crystals initiate) the microcapsule is achieved via QMC or PS, IIF in the
microencapsulated cells could be effectively eliminated (or at least minimized to a non-toxic
level) during cooling. This together with the capability of the alginate hydrogel
microcapsule in inhibiting devitrification during warming leads to the high survival and
intact functional properties of the microencapsulated mESCs and hADSCs post low-CPA
vitrification (Figures 3-6).

4. Conclusions

In this work, we reveal that during low-CPA vitrification, most of the cells are killed by 1IF
induced by devitrification in the bulk solution during warming, and alginate hydrogel
microencapsulation can effectively inhibit devitrification. As a result, if vitrification of the
bulk solution outside the microcapsules could be achieved, cells microencapsulated in the
alginate hydrogel microcapsules could survive well even though devitrification in the bulk
solution outside the microcapsule still occurs. Building upon these findings, we achieved
low-CPA (2 M PROH as the penetrating CPA) vitrification of mESCs and hADSCs using
PS that was thought to be for high-CPA vitrification only. This PS-based low-CPA
vitrification technology allows the use of a sample volume that is ~100 times of that for the
QMC-based low-CPA vitrification and eliminates all the disadvantages associated with
existing cryopreservation methods. We expect that the finding of the exceptional capability
of alginate hydrogel microencapsulation in inhibiting devitrification and the large-volume
low-CPA vitrification technology will have a significant impact on the field of cell
cryopreservation for banking important cells such as stem cells to meet their ever increasing
demand by the burgeoning cell-based medicine.

5. Experimental Section

Cell culture

The R1 mESCs (ATCC) were cultured in DMEM supplemented with 15% knockout serum
replacement (Invitrogen) containing 1000 U mI~1 leukemia inhibition factor (LIF,
Millipore). Feeder layer-free mESCs were cultured in 0.1% gelatin-coated 60 mm culture
dishes in humidified 5% CO, atmosphere at 37 °C. The primary hADSCs (Lonza) were
cultured in hADSC basal medium (Lonza) supplemented with 10% fetal bovine serum (FBS,
Invitrogen), 5 ml L-glutamine, and 0.5 ml gentamicin-amphotericin at 37 °C in humidified
5% CO-, atmosphere. Cells (< passage 5) at ~80% confluence were detached for passaging
and/or further experimental use. All materials for cell culture and other experiments in this
study were purchased from Sigma unless specifically mentioned otherwise.

Fabrication of microfluidic device

The non-planar microfluidic devices for cell microencapsulation were fabricated using a
multilayer SU-8 fabrication technique detailed elsewhere.[16] After the channel features
were molded on a silicon wafer, polydimethylsiloxane (PDMS, Dow Corning) pre-polymer
and its crosslinking agent (mass ratio: 10:1) were fully mixed and poured onto the wafer to
make PDMS slabs (baked at 72 °C for 3 hours). The PDMS slabs were peeled off from the
wafer, cut into two identical slabs, and aligned under microscope to obtain non-planar
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microfluidic device (Figures 1 and S1A). Finally, the devices were baked at 72 °C for 72
hours to make the channel surface hydrophobic for further experimental use.

Microencapsulation of stem cells using microfluidics

To produce alginate hydrogel microcapsules, the core fluid consisting of 2% (w/v)
purified(16¢.19] sodium alginate and 0.5 M trehalose either with or without stem cells (cell
density 2.5 x 10° cells mI~1) was introduced into the non-planar microfluidic device via inlet
11 (Figure 1). The presence of trehalose in the core fluid can pre-dehydrate the cells, which
may help to suppress intracellular ice formation during cryopreservation.[23] The shell fluid
(inlet 12) was prepared by dissolving purified sodium alginate (2%, w/v) in 0.25 M aqueous
D-mannitol solution to achieve an osmolality of 280 mOsm determined by a micro
osmometer (Advanced Instruments). The carrier oil emulsion (inlet 13) was made using a
method reported by us previously.[16a] All these solutions were introduced into the
microfluidic device using syringe pumps (Harvard Apparatus). The flow rates of inlet 11, 12,
and 13 were 75 pl, 75 pl, and 7 ml per hour, respectively. Under these experimental
conditions, the cell encapsulation rate was approximately 50 cells per second and all
microencapsulation experiments could be completed with 30 min in this study. If desired,
the cell concentration and/or microfluidic flow rates could be increased to improve the
throughput. Moreover, parallel/multiple microchannels could be fabricated to scale up the
microfluidic approach for cell microencapsulation. The microcapsules were collected in cell
culture medium and centrifuged at 300 rpm for 3 min to remove carrier oil. They were
further gelled in 100 mM CaCl, for 3 min. After the removal of CaCl, solution by
centrifugation at 300 rpm for 3 min, they were re-suspended in fresh culture medium and
stored at 4 °C for further experiments.

Cryomicroscopy studies of IIF

Cryomicroscopy studies were performed on a Linkam (Waterfield, UK) FDCS196 freeze-
drying stage mounted on an Olympus BX 51 microscope. Real-time images were recorded
using a QIlmaging (Surrey, Canada) Retiga CCD color camera. In each experiment, samples
(4 pI) containing cells or microcapsules were loaded into the sample crucible and
sandwiched with a coverslip (9 mm in diameter) to obtain clear images during both cooling
and warming. The samples were first cooled to =60 °C at 60 °C min~1, held for 2 min, and
warmed back at 60 °C min~! to room temperature (24 °C).[21]1 CPAs were loaded in one step
by incubating the cells or cell-laden microcapsules in the cell culture medium with 1.5 M
PROH and 0.5 M trehalose for 30 min at 4 °C. For the IIF study of cell-laden microcapsules
in mineral oil, the extra-capsular solution was replaced with 4 pl of mineral oil.

Cryomicroscopy study of inhibiting devitrification by alginate hydrogel
microencapsulation

To investigate the inhibition of devitrification by alginate hydrogel microencapsulation
during warming, cryomicroscopy studies were performed to visualize the possible ice
formation/growth during both cooling and warming (with annealing) phases of
vitrification.[11€.20.24] Briefly, a total of 4 pl mESC medium (either with or without 1.5 M
PROH and 0.5 M trehalose) containing alginate hydrogel microcapsules was loaded into the
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sample crucible of the Linkam cryomicroscopy system and sandwiched with a coverslip (9
mm in diameter) to obtain a thin solution film for taking clear images during both cooling
and warming. The samples were first cooled to —60 °C rapidly at 60 °C min~2, held for 2
min, warmed back at 60 °C min~1 to either -7 °C (without CPA) or —15 °C (with CPA), and
held at the respective temperature for 20 min for annealing to observe ice formation/growth
inside and outside the microcapsule under both polarized and phase contrast light
microscopy.

Vitrification by QMC and PS

Typical images of the QMC and PS are given in Figure S1B. The vitrification solution for
QMC (VSQ) is the same solution as that used for cryomicroscopy study. The cells in VSQ
were loaded into QMC from its stem tip using an aspirator. The vitrification solution for PS
(VSP) includes 1.3 M trehalose and 2 M PROH in cell culture medium as the non-
penetrating and penetrating CPAS, respectively. To minimize the contact time to the
hypertonic VSP and enhance the diffusion of PROH into cells (\VSP is more viscous than
VSQ), the encapsulated or non-encapsulated cells were incubated in their medium with 2 M
PROH for 30 min at 4 °C, and then transferred into VSP within 1 minute before vitrification.
For vitrification, the sample-laden QMC or PS was plunged into liquid nitrogen and held for
3 min that is long enough to cool the sample to the temperature of liquid nitrogen.[74:25] The
samples were then warmed back to room temperature by taking the QMC or PS out of liquid
nitrogen and plunging them into 1x PBS with 0.2 M trehalose at room temperature. The cell
suspension post vitrification was one-step unloaded from the QMC or PS into cell culture
medium with 5 uM of calcein AM and 5 pM of ethidium homodimer (Invitrogen) to stain
live and dead cells, respectively. After incubation at 37 °C for 10 min, the live and dead
cells stained green and red, respectively, were checked and counted under fluorescence
microscopy to determine cell viability.

Functional tests of mMESCs

To further test the functional survival of mESCs, they were released from the alginate
microcapsules by liquefying the alginate hydrogel using 75 mM tri-sodium citrate post
vitrification by PS, washed twice using medium, and put on a mitomycin treated mouse
embryonic fibroblast (MEF) feeder layer to culture for 5 days. For gRT-PCR analysis,
RNAs were extracted from mESCs using RNeasy plus mini kit (Qiagen) following the
manufacturer’s instructions. Next, reverse transcription was carried out to generate
complementary DNA (cDNA) using the iScript™ cDNA synthesis kit (Bio-Rad) and
GeneAmp 9700 PCR system. The gRT-PCR was conducted with the superfast SYBR Green
mix (Bio-Rad) using a Bio-Rad CFX96 real time PCR system. Relative gene expression was
calculated using the AACT method[28] built in the Bio-Rad software. Pluripotency genes
including Oct-4, Sox2, Nanog, and KIf2 were studied with glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) being used as the housekeeping gene (see table S1 for information
of primers used).

For immunohistochemical staining of two pluripotency marker proteins (Oct4 and SSEA-1),
mESCs were fixed in 4% paraformaldehyde, washed 3 times with 1x PBS, and (for Oct4
staining only) permeabilized with 0.25% Triton X-100. They were then incubated in 3%
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bovine serum albumin (BSA) in 1x PBST (1x PBS and 0.05% Tween 20) at room
temperature for 1 hour to block possible non-specific binding, followed by overnight
incubation at 4 °C with primary antibodies (Abcam) targeting Oct-4 or SSEA1. Afterward,
they were washed 3 times and incubated in the dark at room temperature for 45 min with
secondary antibodies (Abcam) including DyLight 488 conjugated rabbit IgG and DyL.ight
550 conjugated mouse IgM for Oct4 and SSEA-1, respectively. All the antibodies were
diluted in 3% BSA in 1x PBST. Finally, the cells were washed and their nuclei stained by
Hoechst (5 uM). To conduct flow cytometry analysis with a BD LSR Il Flow Cytometer,
mESCs were treated with primary antibodies (Abcam) targeting Oct4 and SSEA-1 and
secondary antibodies were DyLight 488 conjugated rabbit IgG and DyLight 550 conjugated
mouse IgM for Oct4 and SSEA-1, respectively. Non-stained mESCs were stained in the
same way to serve as negative control. The flow cytometry data were further analyzed using
the FlowJo software.

For the guided (or directed or coaxed) differentiation of mESCs toward the cardiac lineage,
mESCs were first forced to form aggregates by culturing in hanging drop where 1500 cells
were suspended in 20 pl of mMESC medium as one drop (aggregate) for 2 days. After
aggregates were formed, they were plated on gelatin-coated dish with differentiation
medium containing DMEM supplemented with 25 ng mI~1 BMP-4, 5 ng mI~1 bFGF, 100 U
ml~1 penicillin, and 100 mg ml~1 streptomycin for 3 days, followed by DMEM with 20%
FBS for two weeks. The percentage of beating foci in each group was calculated by dividing
the maximum number of beating foci with the initial total number of cell aggregates plated.
After two weeks, the differentiated cells were harvested for confocal microscopy and flow
cytometry studies to examine immunostaining of cTnT (cardiac troponin T, a specific
marker of cardiomyocytes) and cTnT positive population, respectively. In brief, cells were
processed using the same methods described in the previous section for examining
pluripotency proteins Oct4 and SSEA-1. They were further incubated with cTnT antibody
(Abcam) for 45 min at room temperature, followed by corresponding secondary antibody in
the dark. All the samples were re-suspended in 0.2 ml ice-cold PBS and studied using a BD
LSR-I1 flow cytometer and the results were further analyzed using FlowJo. Immunostaining
of ¢cTnT in the cells was performed by following the instruction of manufacturer (Abcam).

Functional tests of hADSCs

To test the functional survival of hADSCs post low-CPA vitrification using PS, the cells
were released from alginate hydrogel microcapsules in the same way as that for mESCs and
further cultured for 3 days before use for functional studies. The expression of stem cell
genes was quantified first using gRT-PCR in the same way as that for mESCs. The genes
studied and the corresponding primers used are listed in table S2.

For immunostaining of CD44 (positive) and CD31 (negative) receptors, hADSCs at a
density of 1x10° cells mI~1 in 1 ml medium were seeded on type | collagen-coated glass
coverslips placed in 6-well plate and incubated overnight for attachment onto the coverslips.
The samples were then washed with 1x PBS and fixed with 4% paraformaldehyde. The
fixed samples were incubated in 3% BSA in 1x PBST at room temperature for 1 h to block
potential non-specific binding, followed by overnight incubation at 4 °C with primary
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antibody of CD44 or CD31 according to the manufacturer’s instructions. Afterward, the
samples were washed 3 times with 1x PBS and incubated in the dark at room temperature
for 1 h with secondary antibodies diluted in 3% BSA in 1x PBST (1:50 dilution). The
samples were then washed and stained for nuclei using Hoechst 33342 (5 uM) for further
microscopic examination.

To quantify the expressions of CD44 and CD31 receptors by flow cytometry, the detached
hADSCs were washed with 1x PBS and stained with CD44-FITC (Invitrogen) and CD31-
FITC (Abcam) antibodies separately according to the manufacturers’ instructions. The
stained samples were analyzed using a BD LSR-II Flow cytometer together with FlowJo
software.

To study the multi-lineage potential of hADSCs, experiments on guided adipogenic,
osteogenic, and chondrogenic differentiation were conducted. For adipogenic differentiation,
a total of 2 x 10° cells were seeded in 2 ml of the hADSC medium and the medium was
changed every 2 days until the cell became confluent. Afterward, 3 cycles of induction/
maintenance were performed to induce adipogenic differentiation. Each cycle consisted of
culturing the hADSCs in adipogenic induction medium (Lonza) for 3 days, followed by one-
day culture in adipogenic maintenance medium (Lonza). After 3 complete cycles of
induction/maintenance, the cells were cultured for 7 days in adipogenic maintenance
medium that was changed every 2 days. On the last day of differentiation, the adipogenic
maintenance medium was removed and the cells were rinsed with 1x PBS and fixed for 30
minutes with 2 ml of 4% paraformaldehyde solution. The fixed cells were rinsed twice with
1x PBS and stained with 1 ml of oil red O working solution (Cyagen, after 3:2 dilution using
distilled water and filtering with 20-25 um filter paper) for 30 minutes. The cells were then
rinsed 3 times with 1x PBS for further analysis using a Nikon 80i microscope equipped with
a QIlmaging Retiga CCD color camera.

For osteogenic differentiation, a total of 3 x 10% cells were seeded in 2 ml medium in 0.1%
collagen coated 6-well plate to prevent cells from peeling off during differentiation. After
culturing for 24 hours in the hADSC culture medium, the culture medium was replaced with
osteogenic induction medium (Lonza) that was changed every 2 days for 3 weeks. The
osteogenic differentiation medium was then removed and the cells were rinsed with 1x PBS
and fixed for 30 min in 2 ml 4% paraformaldehyde solution. The fixed cells were rinsed
with 1x PBS twice and stained in 1 ml alizarin red S working solution (Cyagen) for 3
minutes. The stained cells were rinsed 3 times with 1x PBS for further analysis using the
Nikon 80i microscope.

For chondrogenic differentiation, a total of 2.5 x 10° hADSCs were washed twice with 1 ml
incomplete chondrogenic induction medium (Lonza). The cells were then re-suspended in
0.5 ml of complete chondrogenic induction medium (Lonza) at 5 x 10° cells mI~1.
Afterward, the cell suspension was transferred into 15 ml polypropylene culture tubes and
centrifuged at 150ug for 5 min at room temperature. The caps of the tubes were then
loosened to allow gas exchange and the cell pellets in the tubes were incubated at 37 °C in a
humidified atmosphere with 5% CO, for 21 days. The medium was changed every 2-3 days.
Afterward, the pellets were harvested and fixed with 4% paraformaldehyde. The fixed
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pellets were then embedded with paraffin and stained with alcian blue assay (Cyagen). The
stained slides were then analyzed using the Nikon 80i microscope.

Videos of the generation and transportation of microcapsules in microchannels were
recorded using a fast-speed CCD camera (AxioCam HSm) equipped on a Zeiss Axio
Observer.Z1 microscope under bright field with 2.5X objective. To check cell viability and
pluripotency post vitrification, both phase contrast (or differential interference contrast/DIC)
and fluorescence images were taken using a Zeiss AxioCam MR3 CCD camera equipped on
the same microscope.

Data analysis

The data for cumulative percentage of I1F are presented by pooling together the data from at
least three independent experiments because IIF generally does not occur at the same
temperatures in different experiments. The percentage of area stained by Oil red O (ORO),
Alizarin red S (ARS), and Alcian blue (AB) in hADSC differentiation studies was calculated
using Matlab R2012a (MathWorks). All data are reported as mean * standard deviation (SD)
from at least three independent runs. The p value for comparing two groups was determined
by Student’s two-tailed t-test in Microsoft Excel to assess statistical significance and a p
value less than 0.05 is taken as statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A schematic illustration of the experimental setup and procedure. The procedure includes

three major steps: microencapsulation of murine embryonic stem cells (mMESCs) or human
adipose-derived stem cells (hADSCs) using a nonplanar microfluidic flow-focusing device,
cryomicroscopy study of inhibiting devitrification and intracellular ice formation (I1F) using
a Linkam cryostage, and vitrification study of cell survival and function with quartz
microcapillary (QMC) and conventional plastic straw (PS). The insets (i), (ii), and (iii) are
typical images of microdroplets at the proximal of the flow-focusing junction, alginate
hydrogel microcapsules in the serpentine channel, and collected stem cell-laden
microcapsules, respectively. The microcapsules are highly monodisperse (~220 um) as the
droplet pinching-off falls into the dripping mode of flow instability. LN>: liquid nitrogen.
PBS: phosphate buffered saline (isotonic by default). Scale bars: 200 pm.
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Figure2.
Intracellular ice formation (11F) in mESCs from cryomicroscopy studies. (A) The

cumulative percentage of cells with I1F under five different conditions: (1), without (W/O)
encapsulation (Encap) and W/O cryoprotectant (CPA), (2), W/O Encap and with (W/) CPA,
(3), W/Encap and W/O CPA, (4), W/Encap and W/CPA in culture medium, and (5), W/
Encap and W/CPA in mineral oil. The CPA is a combination of 1.5 M 1,2-propanediol
(PROH, penetrating) and 0.5 M trehalose (non-penetrating). Both the cooling and warming
rates are 60 °C min~L. (B) Typical images of mESCs during cooling and warming under the
same five conditions in (A). The cells with and without I1F can be identified by the dark and
bright spots, respectively. Scale bar: 100 um.
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Figure 3.

Low-CPA vitrification of stem cells using quartz microcapillary (QMC). (A) A typical
picture showing vitrification (clear appearance or visible ice formation) of VSQ but not
medium in QMC by plunging the QMC into liquid nitrogen (LN,) for cooling. VSQ:
Vitrification solution for QMC which is mESC or hADSC medium with 1.5 M 1,2-
propanediol (PROH, penetrating) and 0.5 M trehalose (non-penetrating). The QMC with an
opaque appearance on the left is filled with cell culture medium without any CPA. (B)
Viability of mESCs and hADSCs either with (W/) or without (W/O) alginate hydrogel
encapsulation (Encap) before and after vitrification in VSQ. **: p < 0.01. (C) Typical phase
and fluorescence images showing the viability of mESCs before and after vitrification in
VSQ. Scale bar: 200 pm.
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Figure4.
Low-CPA vitrification of stem cells with conventional plastic straw (PS). (A) Typical

images showing the vitrification of VSP but not VSQ during cooling with PS and
devitrification of the vitrified VSP during warming with the PS. VSP: Vitrification solution
for PS which is the culture medium of mESCs or hADSCs with 2 M PROH (penetrating)
and 1.3 M trehalose (non-penetrating). (B) Viability of mESCs and hADSCs either with (w/)
or without (W/O) alginate hydrogel encapsulation (Encap) before and after vitrification in
VSP. **: p<0.01.
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Figure5.
Intact stemness and function of mESCs after low-CPA vitrification in VSP with PS. (A)

Relative expressions of four stem cell genes determined by quantitative RT-PCR. (B)
Immunostaining of stem cell protein markers including stage specific embryonic antigen 1
(SSEA-1) and Oct4. (C) Quantitative data of Oct4 and SSEA-1 staining from flow
cytometry. (D) The percentage of beating foci after mESCs are guided towards cardiac
lineage. (E) Immunostaining of cardiac tropinin T (cTnT) as the specific marker of
cardiomyocytes along with nuclei staining and images of the cell morphology. (F) Flow
cytometry data of cTnT staining. Scale bars: 50 um in (B) and 20 pm in (E). No significant
difference was observed between the mESCs before and after vitrification either with (\W/)
or without (W/O) encapsulation (Encap).
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Figure6.
Intact stemness and function of hADSCs after low-CPA vitrification in VSP with PS. (A)

Relative expression of four stem cell genes determined by quantitative RT-PCR. (B)
Immunostaining of CD44(+) and CD31(-) showing the expression of the two markers on
the cells. (C) Quantification of CD44(+) and CD31(-) expression on the cells by flow
cytometry. (D) Qualitative and quantitative data on adipogenic, osteogenic, and
chondrogenic differentiations of hADSCs. Scale bars: 25 pm in (B), 10 mm (left) and 40 um
(right) for adipogenic differentiation in (D), 10 mm (left) and 200 um (right) for ostegenic
differentiation in (D), and 200 pm (left) and 100 um (right) for chondrogenic differentiation
in (D). No significant difference was observed between the hADSCs before and after
vitrification either with (W/) or without (W/O) encapsulation (Encap).
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Figure7.
Alginate hydrogel microencapsulation inhibits devitrification during warming. Polarized

(color) and phase contrast (grayscale) images at —60 °C at the end of cooling and at =7 and

-15 °C during warming with annealing for 20 min for an alginate hydrogel microcapsule in

mMESC medium without (A) and with (B) CPA (1.5 M PROH and 0.5 M trehalose),
respectively. No visible ice formation inside the microcapsule is observable during both
cooling and warming while the fine ice crystals (FIC, *) outside the microcapsules in the
bulk solution merge into large ice crystals (LIC, **) during warming. Scale bar: 100 um.
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Figure8.
A schematic illustration of the mechanism of augmenting cell vitrification by alginate

hydrogel microencapsulation. Although vitrification (i.e., no visible ice formation) could
often be achieved during cooling, devitrification of the previously (i.e., during cooling)
vitrified solution often occurs during warming. This devitrification could induce signficant
intracellular ice formation (I1F) in the non-encapsulated cells by surface catalyzed
nucleation of ice and cell death ensues (top row). In contrast, devitrification could be
effectively inhibited by alginate hydrogel microencapsulation and no significant 11F could
occur in the cells encapsulated in the alginate hydrogel microcapsule (bottom row). As a
result, the microencapsulated cells could maintain high viability post the entire cooling and
warming procedure of vitrification.
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