1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Adv Healthc Mater. Author manuscript; available in PMC 2018 December 01.

-, HHS Public Access
«

Published in final edited form as:
Adv Healthc Mater. 2017 December ; 6(23): . doi:10.1002/adhm.201700988.

Hydrogel Encapsulation Facilitates Rapid-Cooling
Cryopreservation of Stem Cell-Laden Core-Shell Microcapsules
as Cell-Biomaterial Constructs

Prof. Gang Zhao,
Department of Electronic Science and Technology, University of Science and Technology of
China, Hefei, Anhui 230027, China

Xiaoli Liu,
Department of Electronic Science and Technology, University of Science and Technology of
China, Hefei, Anhui 230027, China

Kaixuan Zhu, and
Department of Electronic Science and Technology, University of Science and Technology of
China, Hefei, Anhui 230027, China

Xiaoming He
Department of Biomedical Engineering, The Ohio State University, Columbus, Ohio 43210, USA

Abstract

Core-shell structured stem cell microencapsulation in hydrogel has wide applications in tissue
engineering, regenerative medicine, and cell-based therapies because it offers an ideal
immunoisolative microenvironment for cell delivery and 3D culture and differentiation. Long-term
storage of such microcapsules as cell-biomaterial constructs by cryopreservation is an enabling
technology for their wide distribution and ready availability for clinical transplantation. However,
most of the existing studies focused on cryopreservation of separated cells or cells in
microcapsules without a core-shell structure (i.e., hydrogel beads). The goal of this study is to
achieve cryopreservation of stem cells encapsulated in core-shell microcapsules as cell-biomaterial
constructs or biocomposites. To this end, a capillary microfluidics-based core-shell alginate
hydrogel encapsulation technology is developed to facilitate cryopreservation of porcine adipose-
derived stem cells (pADSCs) laden microcapsules with very low concentration (2 mol L™1) of cell
membrane penetrating cryoprotective agents (CPAS) by suppressing ice formation. This may
provide a low-CPA and cost-effective approach for vitreous cryopreservation of “ready-to-use”
stem cell-biomaterial constructs, facilitating their off-the-shelf availability and widespread
applications.
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G. Zhao, X. Liu, and co-workers report alginate hydrogel encapsulation by capillary microfluidics
facilitates rapid-cooling cryopreservation of stem cell-laden large-volume core-shell microcapsules
as a cell-biomaterial construct. It enables cryopreservation of encapsulated stem cells with very
low concentrations of penetrating cryoprotective agents, providing a cost-effective and high-
throughput approach for vitreous cryopreservation of both separated stem cells and stem cell-
biomaterial constructs.
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1. Introduction

Cell encapsulation in hydrogels has been widely used in cytotherapy, tissue engineering,
regenerative medicine, reproductive medicine and 3D cell culture.l1~4] This is because the
microcapsules can protect the encapsulated cells from immune rejection while allowing
sufficient diffusion of oxygen, nutrients, secreted molecules, and metabolic wastes for the
cells to survive and perform their function.[> 61 It has shown great promise for treating
various diseases including diabetes, hemophilia, cancer, liver and renal failure, as well as
cardiovascular diseases.[>~7] Cryopreservation of microencapsulated cells make it possible
for their wide distribution to end users so that they are readily available when needed for
transplantation.[2: 3. 5. 8] |t also offers a powerful tool for the integration of cell expansion
and cryopreservation.[¥]

Besides, the demand for living cells (especially stem cells) is rapidly increasing for cell-
based research and medicine.[10] Although cell culture at 37 °C is a routine method for
addressing this demand, it is costly, time-consuming, and labor intensive. Moreover,
continuous long-term culture /n vitro may induce spontaneous differentiation and/or possible
genetic alterations of stem cells.[11] These issues may be resolved by cryopreservation of
cells at cryogenic temperature.[10. 12]

Conventional cryopreservation approaches can be divided into two categories: conventional
slow (programmable or controlled) freezing and vitrification (amorphous solidification
during cooling).[23-1%] In slow freezing, the samples are cryopreserved at controlled or
programmable slow cooling rates with low concentrations of cryoprotective agents (CPAs, ~
1.5 mol L™1), while in vitrification, they are transformed into glassy state at ultra-rapid
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cooling rates with high concentrations of CPAs (e.g., 6-8 mol L™1).[13-15] Both conventional
slow freezing and vitrification of microencapsulated cells have been investigated over the
past decades.[2 16-191 |t has been reported that a large amount of ice formation in slow/
controlled freezing may damage the integrity of microcapsules of ~250 um.[2 16. 171 This is
due to the fact that the large surface-to-volume ratios of the microcapsule makes it very
likely for them to have direct contact with the developing ice crystals during
cryopreservation.[2 18] Besides, the conventional slow freezing approach requires a
commercially available programmable freezer or a cryogenic refrigerator with a lengthy (up
to hours) cooling process,[16: 201 and after cooling, the samples must be transferred into
liquid nitrogen (LN,) for long-term storage.[?1] These factors make it uneconomic, time-
consuming, and complicated.[®] Vitreous cryopreservation as an emerging strategy, is
regarded to be safer and more reliable for cell preservation when compared with the
conventional slowing freezing method.[2 13 14, 22] This is because no extra- or intracellular
ice formation (which may cause injury mechanically) and the resultant imbalance in solute
concentrations between extra- and intracellular solutions (which may cause osmotic
injuries).[23] However, in conventional vitrification, high concentrations of CPAs (up to ~ 8
mol L1, which is toxic and may induce metabolic and osmotic injuries!19: 24. 251 and
uncontrolled differentiation of stem cells[26]) and/or ultra-rapid cooling/warming rates (even
higher than 108 °C/min,[10. 24. 251 which is technically difficult to reach especially for bulk
samples), are commonly used to suppress ice formation[2”] during cooling and dampen
devitrification (the changing of glass from the vitreous state to a crystalline state induced by
not-high-enough concentrations of CPAs or not-rapid-enough warming rates) during
warming.[28] These requirements may limit the application of vitreous cryopreservation in
maintaining stress-sensitive stem cells, immune cells, and oocytes, etc. Nanoliter droplets
have been used to confine cells for vitreous cryopreservation with reduced concentrations of
CPAs.[10. 291 However, the droplets are exposed to the environment (liquid nitrogen, air, or
pre-cooled surfaces) directly,[13. 14.29. 301 and the cells may suffer from potential
contamination.

Alginate hydrogel microencapsulation was recently reported to enable low-CPA cell
vitrification by inhibiting devitrification,[10] which marks a significant step towards practical
application of vitreous cell cryopreservation. However, most of the encapsulation
vitrification studies have been performed with microcapsules of 100 to 250 um in diameter
without a core-shell structure.[10. 31-35] However, core-shell structured microcapsules are
needed for various biomedical applications.[32 33 35. 361 For example, core-shell structured
encapsulation has been reported to better support 3D culture (providing minimized
spontaneous differentiation of stem cells encapsulated in the corel#: 32.34]1) and
transplantation.[33: 37] In addition, the use of the large microcapsules may allow for rapidly
processing a large volume (tens to hundreds of milliliters) of cell suspensions (which is
needed for cytotherapy or cell transplantation[38]). However, vitreous cryopreservation of
cells encapsulated in large-volume microcapsules (> 500 um in diameter) with a core-shell
structure has not been done. Although one major challenge associated with cryopreservation
of encapsulated cells by slow freezing is the loss of integrity of the relatively large
microcapsules (> 250 um) because of ice formation,[31: 391 it may not be an issue for
vitreous cryopreservation in the absence of apparent ice formation.
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Electrostatic spray and microfluidic channel devices are two commonly used methods for
cell encapsulation.[31: 34, 40. 411 However, the size distribution of microcapsules produced by
electrospray may be wide. Although microfluidic channel device may be used to produce
more homogeneous microcapsules,[4?] its fabrication requires specialized facilities including
clean room that may not be readily available to many researchers. In addition, plastic (e.g.,
the most commonly used polydimethylsiloxane or PDMS) microfluidic device may be
unsuitable for long-term or repeated use due to the thermal/mechanical aging of plastics.[43!
Furthermore, a specially designed nonplanar polydimethylsiloxane (PDMS) microfluidic
device may be necessary for fabrication of the core-shell structured

microcapsules.[4 10. 32,341 Moreover, although core-shell hydrogel microcapsules can be
generated with flow-focusing microfluidic devices, most of the approaches involved the use
of toxic acid and mineral oil, which may raise a question of biocompatibility.[35 441

In this paper, a large-volume (> 500 pm in diameter, at least two times in size of the reported
onesl10. 311y core-shell structured alginate hydrogel encapsulation approach without using
toxic acid or oil was developed for vitreous cryopreservation of encapsulated cells. Instead
of a nonplanar PDMS microfluidic channel device, we developed a cost-effective, easy-to-
make, double emulsion flow-focusing tube-in-tube capillary microfluidic device to
encapsulate stem cells in core-shell microcapsules. This device can be used repeatedly in
long term without the need of specialized facilities for its fabrication. We demonstrate the
feasibility of the approach using porcine adipose-derived stem cells (pADSCs), due to the
primary importance of their encapsulation, 3D culture, cryopreservation, and transplantation
in cellular therapy.[4°]

2.1. Tube-In-Tube Capillary Microfluidic Device

A schematic illustration of the experimental setup for fabricating the cell-laden core-shell
microcapsules for vitreous cryopreservation is given in Figure 1A. The device has three
inlets (11, 12 and 13) for injecting cell suspension, agqueous sodium alginate solution, and
corn oil, respectively. At the exit of the inner and the middle glass capillaries (inset (i) of
Figure 1A), the cell suspension (core fluid) and the aqueous sodium alginate solution (shell
fluid) were dispersed into droplets as a result of shear force and interfacial tension (step (a),
Movie S1). The droplets were immersed into aqueous CaCl, solution for gelling into
hydrogel (step (b), Movie S2), since sodium alginate can be cross-linked into hydrogel of
calcium alginate by Ca%* (step (b), Movie S2).

2.2. Controllable Generation of Core-Shell Microcapsules

Both the size (outer diameter) and the shell thickness of the microcapsules can be well
controlled by adjusting the flow rates of the core, shell, and continuous oil phase (Figure
1B). They increase with the decrease in the flow rate of oil phase (Figure 1B (a) and (b)) or
the increase in the flow rate of shell fluid (Figure 1B (c) — (€)). Decreasing the flow rate of
the oil phase while keeping the other flow rates constant (the flow rates of the core and shell
phases at 10 and 20 pL/min, respectively) results in an increase in microcapsule diameter
(Figure 1B (a) and (b), Table S1): the microcapsules are 525.3, 682.4 and 832.8 um in
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diameter for oil phase flow rates of 600, 300, and 150 pL/min, respectively. In addition,
increasing the flow rate of the shell phase while keeping the other flow rates constant (the
core and oil flow rates at 10 and 600 puL/min, respectively), results in an increase in shell
thickness of the microcapsules (Figure 1B (c) — (), Table S1). In particular, the flow rates of
the shell phase at 600, 300 and 150 pL/min lead to the formation of microcapsules with shell
thickness of 35.3, 53.5 and 75.0 um (480.3, 525.9 and 545.1 um in diameter), respectively.
Finally, the flow rate combination 10-20-600 pL/min (core-shell-oil) was used to produce
microcapsules with a diameter of 525.9+8.6 um (n=63) and thickness of 53.5+6.6 um (n=60)
for further vitreous cryopreservation studies.

2.3. Cryopreservation of Microencapsulated Cells

Cryovials and conventional plastic straw (PS) have been widely used for low-CPA (1-2 mol
L~1) slow freezing with controlled rate freezer (or cryogenic refrigerator) [2: 9. 461 and high-
CPA (~8 mol L™1) vitrification by plunging into LN, [8 22.47] respectively. Therefore, we
used PS for the large-volume-alginate hydrogel-encapsulation based cryopreservation of
stem cells by rapid cooling with low concentrations of CPAs in this study. For
cryopreservation, the cross-linked hydrogel microcapsules were collected, washed, and re-
suspended in CPA solution (step (c), Figure 1A), and then loaded into a plastic straw (PS)
(step (d), Figure 1A) that is immediately plunged into liquid nitrogen (LN,) for cooling (step
(e), Figure 1A). After 5 minutes when the sample reached thermal equilibrium with LN, at
-196 °C, the PS was shifted into 37 °C water bath for rewarming (step (f), Figure 1A),
unloading of the sample, removal of the CPAs and further evaluation.

We found that both CPA #1 and #3 can be vitrified (following previous studies,[10: 48]
vitrification is defined as no visible ice formation in the bulk solution) by plunging the PS
into LN,, while apparent ice formation can be observed in culture medium (DMEM/F12
with 10% (v/v) FBS) alone, CPA #2, and CPA #4 after plunging into LN, (Figure 2A, Movie
S3). Moreover, the amount of ice formation in CPA #2 is obviously less than that in CPA #4
or culture medium alone (Figure 2A, Movie S3). Therefore, we defined CPA #2 as the
partial vitrification group (P-vitri, water of the solution is partially transformed into ice). The
specific partial vitrification phenomenon is further confirmed by freezing an additional 10
straws filled with CPA #2 (Figure S1). Furthermore, severe devitrification (from transparent
to opaque) and/or recrystallization (increase in opacity) were observable in all the four CPA
solutions and the culture medium during warming (Figure 2A, Movie S4).

2.4. Cell Viability

Typical images of live/dead (acridine orange/ethidium bromide or AO/EB) staining showing
qualitatively the viability of encapsulated cells either without cryopreservation (but treated
with CPA #1) or cryopreserved with the four different CPAs are given in Figure 2B. Figure
2C shows the qualitative survival of cells after being released out of the microcapsules
together with the non-encapsulated cells treated with CPA #1 or cryopreserved with the four
different CPAs. The survival of the released cells under the five different conditions together
with fresh cells was further quantified and the results are shown in Figure 2D. Neither the
CPA treatment (CPA addition and removal without encapsulation and cryopreservation) nor
the combination of CPA treatment and cell encapsulation has significant impact on cell
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viability (Figure 2B-D and Table S2), while encapsulation does greatly enhance the cell
viability post cryopreservation (from 24% to 73%, 25% to 71%, 25% to 63%, and 21% to
56% for CPAs #1, #2, #3, and #4, respectively). Because the cell viability should be >70%
for a cell-based product to be clinically usable according to the FDA guidelines,[%] only
CPA #1 (vitrification) and #2 (P-vitri) are compliant with the requirement.

An interesting and new finding is that the encapsulated cells still have a high survival (>
70%) post cryopreservation even though apparent (albeit partial) ice formation is observable
(Figure 2A, CPA #2, P-vitri). This is probably because the ice formation occurs only outside
the microcapsules,[23: 25.50. 51] These results suggest that alginate hydrogel
microencapsulation can effectively protect the cells in the microcapsules by providing an
oocyte zona pellucida-like structure against the ice front during rapid cooling[27], in addition
to the effect of inhibiting devitrification/recrystallization reported previously.[0] In other
words, although the bulk solution outside the microcapsules is partially vitrified, the cell
suspension in the core of the microcapsules may still be successfully vitrified. This is also
similar to the function of cell membrane during cooling, to block ice propagation into
intracellular solution and promote intracellular vitrification.[5]

It is interesting that the partial vitrification group (treated with CPA#2) leads to a slightly
higher (but statistically insignificant) survival rate than that of the vitrification group (treated
with CPA#3), we attribute it to the cryoprotective effect of dextran T50 in CPA 2#. The main
difference between CPA #2 and #3 lies in that 0.5 mol L1 trehalose in CPA #3 was replaced
with 10% (w/v) dextran T50 in CPA #2. The capability of enhancing cell survival post
vitrification by dextran could further be demonstrated by comparing CPA #1 and #3 for
encapsulation cryopreservation. Where, the presence of 10% (w/v) dextran T50 significantly
improves (by > 10%) the cell survival post cryopreservation for the encapsulation group
(CPA #1 versus CPA #3, both experience vitrification and devitrification in the presence of 1
mol L1 trehalose). This may be applicable for explaining the different results between CPA
#2 and #3. Even though there is partial ice formation outside the microcapsule for CPA#2,
there may be no ice formation inside the microcapsules due to the capability of the hydrogel
microcapsule in blocking ice formation as reported by Zhang et al.3 It is worth noting that
the advantage of 10% dextran over 0.5 mol L1 trehalose for enhancing encapsulation
vitrification is marginal because the difference in post-vitrification cell viability between
CPA #2 and #3 is not significant. Moreover, the similar viability for CPA #1 (apparent
vitrification) and #2 (apparent partial vitrification) may be explained by the same reason. In
other words, although the solution outside the microcapsules was partially vitrified with
CPA #2, the cell suspension inside the microcapsules may be vitrified to a similar level to
CPA #1. Besides, it should be pointed out that only when combined with encapsulation,
dextran T50 could enhance the cell survival (Figure 2D). Without trehalose, the presence of
10% (w/v) dextran T50 alone cannot provide enough protection to the encapsulated cells
either (survival: 56%, CPA #4) (Figure 2D).

2.5. Cell Attachment and Proliferation

Since the highest cell survival following cryopreservation by full or partial vitrification was
achieved using CPAs #1 and #2, further assessment on the cells’ long-term viability and
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functional properties was focused on these two groups. The long-term viability was assessed
by both cell attachment and proliferation. The results indicate that the morphology of
pADSCs post encapsulation and vitreous cryopreservation (W/Encap and Cryop) with CPAs
#1 and #2 is similar to that of the fresh control group during culture for 3 days (Figure 3A).
Furthermore, no significant difference was observed between the proliferation of the fresh,
CPA treated, and cryopreserved groups for both CPA #1 (Figure 3B) and #2 (Figure 3C).
Consistent with the decrease of cell survival post cryopreservation judged by live/dead
staining (Figure 2B), a decrease in attachment efficiency was observed for the cells post
cryopreservation compared to fresh cells and cells treated with CPA without
cryopreservation (Figure 3D-E).

2.6. Stemness and Multi-Lineage Differentiation

The effect of cryopreservation with CPAs #1 and #2 on the pADSC function represented by
their stemness and induced multi-lineage differentiation is shown in Figure 4.
Immunostaining was conducted to evaluate the expression of CD44, CD29, and CD31 on the
cells. For mesenchymal stem cells, both CD44 and CD29 are common surface
glycoproteins/receptors, while CD31 is a negative or endothelial differentiation marker. As
shown in Figure 4A, encapsulation cryopreservation with CPA #1 or #2 has no significant
impact on the expression of the three receptors on the pADSCs. Furthermore, quantitative
evaluation on the expressions of four receptors (CD44, CD29, CD31 and CD90 (another
positive marker for ADSCs[®2])) by flow cytometry indicates that the expressions of CD44,
CD29 and CD90 for the cryopreserved cells were similar to the control group, while the
expressions of CD31 were low for all groups (Figure 4B). In addition, the relative expression
of the four typical stem cell genes, Nanog, KIf4, Sox2, and Oct4, determined by quantitative
real-time polymerase chain reaction (qQRT-PCR), for the encapsulation cryopreserved cells
with CPAs #1 and #2 are not significantly different (p>0.05) from that of fresh cells (Figure
4C). The capability of multi-lineage differentiation, reflecting the functional stemness of the
pADSCs, was further tested. The data of induced adipogenic and osteogenic differentiation
indicate that there is no significant difference between the differentiation potentials of the
fresh and cryopreserved cells (Figure 4D). Both Oil Red O (ORO) staining of adipocyte-like
cells with lipid droplets (adipogenic differentiation) and Alizarin Red S (ARS) staining of
calcific deposition from osteoblast-like cells (osteogenic differentiation) for the three groups
of cells are similar (Figure 4D). Therefore, the pADSCs cryopreserved with CPAs #1 and #2
retain their stemness and capacity of multi-lineage differentiation.

3. Discussion

Vitrification of cell suspension of pADSCs in large-volume microcapsules, as a stem cell-
hydrogel construct, at a very low concentration of CPAs was achieved. Specifically, 2 mol
L1 cell membrane penetrating (1 mol L™2 PROH and 1 mol L™ EG) supplemented with 0.5
mol L1 non-penetrating (0.5 mol L1 trehalose and 0.002 mol L™1 Dextran T50) CPAs were
successfully used to partially vitrify the solution outside the hydrogel capsules with very
large volumes (2 times larger in diameter, and accordingly 8 times larger in volume
compared to the commonly reported[10. 32. 401 hydrogel capsules for cell encapsulation). It is
worth noting that large-volume vitrification with a low concentration of CPAs is the ultimate
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goal of cryopreservation[®3 341 although it has been challenging because low-CPA
vitrification requires an ultrarapid cooling/warming rate[25: 51. 551 that is difficult to achieve
with a large sample volume. Moreover, it offers an ideal method for vitrification of bulk
volume of cell suspensions with low toxicity because the conventional vitrification requires
a very high concentration (up to ~8 mol L1 of penetrating CPAs that may induce
significant metabolic and osmotic injury to cells(0]. We minimized the potential toxic
effects by using a low concentration of penetrating CPAs (2 mol L™1), and suppressed the
injuries caused by ice formation by using hydrogel encapsulation to facilitate cell
vitrification. It was found that the viability of the cells released from the microcapsules post-
cryopreservation (with CPA #1 and #2) is higher than 70%, which is comparable to that
previously reported for smaller (approximately half in size) microcapsules!1%l. Furthermore,
the released cells retain normal proliferation, expression of the cell membrane receptors
(CD44+, CD29+, CD31-, and CD90+), and expression of the four typical stem cell genes
(Nanog, KIf4, Sox2, and Oct4). The capability of multi-lineage differentiation is also well
maintained. However, an apparent decrease in attachment efficiency was observed for the
released cells post-cryopreservation, which may be due to cryoinjury induced cell
apotosis[®® and reduced gene expression of adhesion-related molecules®7], increased
degradation of adhesion proteinsi>’1, and loss of some plasma membrane proteins[®8]
associated with cryopreservation. Further investigation to improve the cell attachment
efficiency post cryopreservation is warranted.

The potential mechanism underling the effect of encapsulation on the formation and
propagation of ice crystals during both cooling (by LN, quenching) and rewarming is
schematically shown in Figure 5. Specifically, for CPAs (CPA #1 and #3) that are enough to
for achieving vitrification of the samples during cooling, the microcapsules could prevent ice
recrystallization and/or devitrification of the encapsulated cell suspension in the presence of
large amount of external ice crystals during warming (Figure 5A and C). For CPA #2 with
only partial vitrification in the sample during cooling, the microcapsules could still prevent
ice recrystallization and/or devitrification of the encapsulated cell suspension during
warming, although large amount of bigger ice crystals may form outside the microcapsules
(Figure 5B). Finally, for CPA #4 that is not sufficient to achieve either vitrification or partial
vitrification during cooling, a large amount of ice crystals will form both inside and outside
the microcapsules during cooling (Figure 5D). Besides, ice recrystallization may grow or
nucleate during warming, resulting in severe injuries to the cells inside the microcapsules
(Figure 5D).

It is worth noting that no visible ice formation (to the naked eyes) in the bulk solution is only
a gross assessment of vitrification.[28: 591 However, it is extremely difficult to achieve true or
complete vitrification of aqueous solutions and it is equally difficult to determine true
vitrification because contemporary instruments (e.g., x-ray crystallographyl®0) for studying
crystallization are usually designed for working at room rather than cryogenic temperatures.
Differential scanning calorimetry (DSC) has been used to investigate vitrification in aqueous
solutions without cells,[9: 811 for which less than 0.2% wi/w ice in the solutions is not
detectable.[33. 621 Therefore, cell vitrification in the field of cryobiology usually does not
refer to true vitrification of the extracellular solution and few studies on cell vitrification
claims true vitrification of the extracellular solution either. The absence of visible ice has
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been practically used as the first-cut judgment of vitrification.[10: 14. 48, 63] Besides, for
almost all the theoretical models used for the prediction of vitrification, a small ice
crystallization volume fraction (< ~ 0.1% v/v) was used to evaluate the realization of
vitrification.[>1: 4. 651 This also implies that the vitrification involved is essentially not true
or complete vitrification. In this study, we adopted the gross assessment of vitrification
based on visible ice formation similar to the previous studies:[19. 48] vitrification refers to no
visible ice formation (or more precisely, apparent vitrification), and partial vitrification
refers to the formation of a small amount of visible ice. It is also worth noting that the major
difference between cell cryopreservation by vitrification and slow freezing in the
cryobiology literatures is that ice formation is intentionally induced for the latter while it is
not for the formerl%6],

Scaling up of the microfluidic device is another important topic associated with the approach
developed in this study. In fact, a very important issue associated with a single microfluidic
unit or channel is the low production rate of emulsion droplets,[67] which is regarded as a
major hindrance to the wide application of microfluidic technology at commercial scale.[67]
Fortunately, this problem can be solved by parallelizing a large number of microfluidic cell
encapsulation units or channels onto a single chip or chipset.[68 691 Mulligan et al.
successfully developed a single microfluidic chip consisting of six microfluidic flow-
focusing units operating in parallel to achieve a production rate of hundreds of milliliters per
hour.[58] Considering the possibility of parallelizing a large number of microfluidic chips
with multiple flow-focusing units, the production rate could even be improved. Since the
capillary microfluidic devices are easier than microchannel-based devices for integrating
into an array for high-throughout,[79 scaling-up of the capillary microfluidic encapsulation
approach developed by this study is technically feasible. Moreover, automation of the
complex procedures (except for cooling and rewarming) for the encapsulation
cryopreservation approach developed in this study is possible, which may further increase
the production rate. Although direct ejection of the microcapsules into LN, or onto a
precooled surface could greatly enhance the cooling rates and it may be integrated into an
automatic systeml1®: €51 we preferred to load the cells into the conventional plastic straws
for the successive quench cooling in LN,. This is because a high contamination risk is
associated with direct contact of the microcapsules with non-sterile liquid nitrogen or a
surface in an open environment.[”2] Finally, bundles of conventional plastic straws could be
used to load the microcapsules containing tens to hundreds of milliliters of cell suspensions
for cooling and thawing at one time, to make this approach practically applicable.

Cryopreservation of encapsulated stem cells (cell-biomaterials systems) are of primary
importance for clinical applications, while such investigations are very few. Therefore,
pADSCs were used to demonstrate the feasibility of the approach developed in this study. It
is worth noting that we intend to cryopreserve “ready-to-use” cell-biomaterial constructs
instead of the separated cells in this study, because cryopreservation of microencapsulated
cell systems is an enabling technology for their clinical translation.[2: 8 In view of the fact
that i) most of the microcapsules used for cell encapsulation range from ~100 to 500 pm in
diameter,[33. 721 ji) cryopreservation of large-volume microcapsules is desired,[2: 8l ii) the
size of the microcapsules should not be too large to compromise sufficient diffusion of
oxygen, nutrients, secreted molecules, and metabolic wastes for the transplanted
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encapsulated cells to survive, and iv) the size should also be appropriate for smooth loading
and unloading from the plastic straws used for cryopreservation, we chose the microcapsules
with a diameter of ~500 pm In this study. Importantly, our data show that cell-laden large-
size (~500 pm in diameter) core-shell microcapsules can be successfully cryopreserved with
very low concentrations of cryoprotective agents (only 2 mol L™ penetrating CPAs
supplemented with 0.5 mol L1 non-penetrating CPAS).

4. Conclusion

A capillary microfluidics-based large-volume core-shell alginate hydrogel encapsulation
technology is developed to facilitate vitreous cryopreservation of encapsulated stem cells
with very low concentrations of cryoprotective agents (only 2 mol L™1 penetrating CPAs is
used), by suppressing ice formation to minimize cryoinjury to cells. This may provide a low-
CPA, cost-effective and high-throughput approach for cryopreservation of both cells and
cell-biomaterial constructs. Compared to previous approaches, the reported cryopreservation
approach is innovative in several aspects including a core-shell structure for better 3D
culture and better immunoisolation post-transplantation, a large construct volume allowing
for high throughput capacity for fast processing of mass production, and a very low
concentration of penetrating CPAs for minimized CPA toxicity. As an important supporting
and enabling technology, this approach may find its important applications in the fields of
clinical medicine and fundamental research, since generation and cryopreservation of
“ready-to-use” stem cell-biomaterial constructs is attracting ever-increasing attention for 3D
cell culture, 3D bio-printing, precise modulation of stem cell differentiation, cell delivery,
and cellular therapy. Meanwhile, the self-designed and fabricated tube-in-tube capillary
microfluidic device for generation of the microcapsules in this study is both durable and
reusable, which is one of its featured advantages compared with PDMS microfluidic
devices. It has the potential of scaling-up and can be easily incorporated into an automatic
system for high-throughput. Therefore, the encapsulation-based vitreous cryopreservation
approach with a low concentration of CPAs is valuable for fast processing of large volumes
of stem cell-hydrogel biocomposites for clinical and practical use. Collectively, this study
opens up an attractive avenue for banking stem cell-hydrogel constructs and offers the
potential for their “off-the-shelf” availability in clinical applications.

5. Experimental Section

Materials and reagents

All chemicals were purchased from Sigma, USA, unless otherwise stated. We developed
four different CPA solutions: CPA #1: 1 mol L™ 1,2-Propanediol (PROH), 1 mol L1
ethylene glycol (EG), 10% (w/v) dextran T50 (= 0.002 mol L™1) and 1 mol L™ trehalose;
CPA #2: 1 mol L™1 PROH, 1 mol L™ EG, 10% (w/v) dextran T50 and 0.5 mol L1
trehalose; CPA #3: 1 mol L™1 PROH, 1 mol L™2 EG and 1 mol L1 trehalose; CPA #4: 1 mol
L~ PROH, 1 mol L™1 EG and 10% (w/v) dextran T50. They were made by dissolving the
different combinations of CPAs in Dulbecco’s Modified Eagle’s Medium/Ham’s Nutrient
Mixture F-12 (DMEM/F12) with 80% (v/v) fetal bovine serum (FBS).
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Porcine adipose derived stem cells (pADSCs) obtained as a gift from Prof. Zhang’s labl73!
were cultured with DMEM/F12 containing 10% FBS, 50 pg/ml vitamin C (Sigma, USA), 10
ng/ml basic fibroblast growth factor (bFGF, Pepro Tech, USA), and 0.002 mol L1
GlutaMAXTM-100x (Life Technologies, USA) at 37°C in a 5% CO, humidified incubator.
Culture medium was changed every three days till cells reached 80%—-90% confluency, and
the cells were washed with phosphate-buffered saline (PBS), digested with 0.25% w/v
trypsin-EDTA (Sigma, USA) for 3 min, and centrifuged at 94 g for 5 min. Then, they were
re-suspended and kept at 4 °C until further use.

Fabrication of tube-in-tube capillary microfluidic device

The microfluidic device for cell microencapsulation was fabricated by using three tube-in-
tube patterned glass capillaries with different diameters (150, 300, and 500 um in outer
diameter) (Figure 1A). The relative and concentric position of the three glass capillaries was
fixed by using hot melt glue, and the outermost capillary was further adhered to a
rectangular glass (9x5x0.29 cm) for convenient observation under a microscope.

Microencapsulation of pADSCs

Syringes, holders, capillaries, and all other accessories were washed with 75% (v/v) alcohol,
and further sterilized using UV light in a laminar flow hood (SW-CJ-1FD, Suzhou
Purification Equipment Co., Itd, China) for 30 min before use. All solutions were filtered
with 0.22 pm of sterilizing-grade filters before use. The core fluid consisted of 1% (w/v)
sodium alginate, 1% (w/v) sodium carboxymethylcellulose, and 0.5 mol L1 trehalose with
pADSCs (inlet 11, Figure 1A), while the shell fluid consisted of 2% (w/v) sodium alginate
(inlet 12, Figure 1A). Both the core and the shell fluids were prepared by dissolving the
solutes in 0.25 mol L1 aqueous D-mannitol solution to make the shell fluid isotonic, while
the core fluid hypertonic (for partial dehydration of the cells to suppress intracellular ice
formation during cryopreservation[10: 741). Food grade corn oil was used as the outer carrier
oil emulsion (inlet 13). The flow rates of inlets 11, 12, and 13 were precisely controlled using
programmable syringe pumps (Legato 110P, KD Scientific, USA). Under appropriate
combinations of the flow rates, microcapsules could be stably and continuously fabricated
(Figure 1A, step (2)). Sodium alginate in the shell layer of the droplets was further gelled to
form calcium alginate hydrogel when immersed into 0.15 mol L=1 aqueous CaCl, solution
(buffered at pH=7.2 using 0.01 mol L1 HEPES) for 20 min (Figure 1A, step (b)). The
excess oil on top was aspirated off after the crosslinked microcapsules settled down, and
then 0.9% NaCl aqueous solution was added to stir up the remaining oil that was aspirated
off for collecting the microcapsules from the bottom of the solution (Figure 1A, step (c)).
The collected microcapsules were kept at 4 °C for further use.

Size and shell thickness controllable microcapsules can be fabricated (Figure 1B) by
adjusting the flow rates of inlets 11, 12 and 13. Both the production rate of the microcapsules
and the number of the cells encapsulated per microcapsule are controllable by adjusting the
combination of the flow rates and the cell concentration. The microcapsules with an outer
diameter and a shell thickness of 525.9+8.6 um and 53.5+6.6 um at the flow rate
combination 10-20-600 uL min~1 (core-shell-oil) were used for all cell encapsulation and
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vitrification experiments. The cell encapsulation rate was around 500 cells s™1 at the cell
density of 2.47x107 cells mL™1.

Cryopreservation of encapsulated pADSCs

The above mentioned four CPAs (#1 - #4) were tested in this study, and in which Dulbecco’s
modified Eagle medium/Ham’s Nutrient Mixture F-12 (DMEM/F12) with 80% fetal bovine
serum (FBS) was used as the base solution. To minimize the toxicity while loading enough
CPAs into the cells, the nonencapsulated cells were incubated in CPAs #1 - #4 for 10 min,
while the encapsulated cells were incubated in 2 mol L~1 penetrating CPAs (1 mol L1
PROH + 1 mol L™1 EG) for 30 min first and then incubated in CPAs #1 - #4 for another 10
min at 4°C (to obtain a rebalance for nonpenetrating CPAs, trehalose and/or dextran T10).
After CPA addition, the cells (either nonencapsulated or encapsulated) were loaded into 0.25
ml conventional plastic straws (PS) (FHK, Japan) (step (d), Figure 1A), and the cell-laden
PS was plunged into liquid nitrogen and held there for 5 min to achieve thermal equilibrium
between the sample and liquid nitrogen (LN) (step (e), Figure 1A). After that, the sample
was rapidly immersed into 37 °C water bath for fast warming (step (f), Figure 1A). Once
warmed, CPA removal was conducted in a two-step procedure: the cells (nonencapsulated
group) or the microcapsules (encapsulated group) were incubated with 0.5 mol L=1 PROH
and 0.5 mol L™1 EG at room temperature for 5 min, and then equal volume of DMEM/F12
was added for another 5 min of incubation. After that, the cells (for the encapsulated group,
the cells were released from the microcapsules by liquefying the alginate hydrogel using
0.075 mol L1 trisodium citrate) were centrifuged at 1100 RPM (~104 g) for 5 min at 4 °C
using an Eppendorf 5424R centrifuge (Eppendorf, Hamburg, Germany), and resuspended in
phosphate buffer solution (PBS) for viability assays after removal of the supernatant.

Cell viability assays

The viability of the cells post cryopreservation was evaluated using an acridine orange/
ethidium bromide (AO/EB) staining kit (KeyGen BioTECH Co., Ltd., China). Equal
volumes of AO (0.5 g mL™1) and EB (0.5 g mL 1) were mixed to make the fluorescence
staining solution. Green fluorescence (AO) is an indicator of live cells (excitation: 420-485
nm, emission: ~515 nm), while red fluorescence is an indicator of dead cells (excitation:
460-550 nm, emission: ~590 nm). The fluorescence staining solution (1 pL) was added into
the cell suspension (25 L), incubated for 3 min at room temperature, and then the live and
dead cells (stained green and red, respectively) were checked under an inverted fluorescence
microscope (Ti-U, Nikon, Japan) with a 10x objective lens. Fluorescence images of the cells
were taken using a CCD camera (DS-Ri1, Nikon, Japan), and then the live and dead cells
were counted using the software Image J (NIH, Bethesda, USA).

Assessment of attachment efficiency and proliferation

To evaluate cell attachment efficiency, the pADSCs were incubated with fresh DMEM/F12
supplemented with 10% FBS in 12-well plates for 1 d, and then both the attached and
unattached cells were counted using the Muse™ cell Analyzer (Merck Millipore, Germany)
to calculate the attachment efficiency.
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To quantify cell proliferation, the cells were seeded in 96-well plates for culturing. After 1,
2, and 3 d, the medium was removed and the cells were washed using PBS twice, and then
the cell number in each well was determined using the CCK-8 kit according to the
instruction of the manufacturer (Dojindo, Kumamoto, Japan). Proliferation was calculated as
the relative cell number on day 2 and day 3 to that on day 1.

Immunostaining

For immunofluorescent staining of three surface markers CD44(+), CD29(+) and CD31(-),
the pADSCs were seeded on glass coverslips placed in a 6-well plate and incubated
overnight. Cells attached onto the coverslips were washed with PBS for three times before
being fixed with Immunol Staining Fix Solution (Beyotime, Haimen, China) at room
temperature for 15 min. The fixed cells were washed with PBS for three times, and
incubated in Immunol Staining Blocking Buffer (Beyotime, Haimen, China) for 1 h to block
potential nonspecific binding, followed by overnight incubation at 4 °C with the primary
antibody (1:10 dilution, according to the instruction of the manufacturer) of mouse anti-
human CD44 monoclonal antibody (Proteintech, Wuhan, China), purified mouse anti-pig
CD29 (BD Pharmingen, USA) or purified mouse anti-human CD31 (BD Pharmingen, USA).
After that, the samples were incubated at 37 °C for 30 min, washed with PBS for three
times, and incubated in dark at room temperature for 1 h with the secondary antibody Goat
anti-mouse secondary coupled to Antibody Alexa Fluor 488 (Thermo Fisher Scientific,
USA) (1:50 dilution). The samples were then washed with PBS for three times and stained
for nuclei using DAPI (Beyotime, Haimen, China) at room temperature for 10 min. Then,
Antifade Mounting Medium (Beyotime, Haimen, China) was added for further analysis
under an inverted fluorescent microscope (Nikon Eclipse Ti-U, Tokyo, Japan).

Assessment of cell surface marker expression

To quantify the expression of CD44(+), CD29(+), CD90(+), and CD31(-) surface markers
with flow cytometry, pADSCs at 90% confluence were digested with trypsin/EDTA and
washed three times with PBS, followed by incubation at 4 °C with primary antibody (1:1000
dilution, according to the instruction of the manufacturer) of CD44-FITC (Invitrogen, USA),
CD31-FITC (Abcam, USA), CD29-FITC (BD Pharmingen, USA), and CD90-FITC (BD
Pharmingen, USA) for 1 h. The cells were then washed with PBS for three times for further
analysis using a flow cytometer (BD FACSVerse, NJ, USA) together with the FACS suite
software.

Assessment of gene marker expression

Quantitative real-time polymerase chain reaction (QRT-PCR) analysis was used to quantify
the expressions of the four stem cell pluripotency gene markers: Oct4, Sox2, KlIf4, and
Nanog. After 4-5 days of culture in 60 mm petri dish, the cells were digested with trypsin/
EDTA and washed three times with PBS. Total RNA was isolated using Trizol (Invitrogen,
Carlsbad, CA) followed by DNase (Ambion, Houston, TX, USA) treatment and reverse
transcription with iScript cDNA Synthesis Kit (Bio-rad, Hercules, CA). The gRT-PCR was
performed using SYBR Green master mix (Vazyme, Nanjing, China) on a Bio-Rad iCycler.
Primer sequences used were given in Table S3. All samples were normalized to the 18S
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rRNA. The fold change of target mMRNA expression was calculated based on threshold cycle
(Ct), where ACt = Ctyarget — Ct1gs and A(ACt) =ACtcontrol — ACtndicated condition-

Assessment of induced multi-lineage differentiation

The multi-lineage differentiation potential of pADSCs was tested by induced adipogenic and
osteogenic differentiation. The cells were seeded in 12-well plates for culture and the
medium was changed every other day till the cell confluency reached 80-90%. The
adipogenic (or osteogenic) differentiation medium (ThermoScientific, USA) was added for
further culture for 14 d (or 21 d) with the medium being changed every 3 d. The
differentiated cells were harvested, washed with PBS, and fixed for 30 min with 4%
paraformaldehyde. The fixed cells were washed with PBS and stained with Qil red O
(Sigma, USA) for 60 min or Alizarin red S stain (Sigma, USA) for 10 min. The stained cells
were washed three times with PBS for further examination under an inverted fluorescence
microscope (Nikon Eclipse Ti-U, Nikon, Japan).

Statistical analysis

For the studies on the size controllability of the microcapsules, 60—89 microcapsules were
measured for each combination of the core, shell, and oil flow rates. The diameter of the
microcapsules was measured from their projected areas on the micrographs using ImageJ
(Version 1.51q, NIH) with manually circled boundaries. The shell thickness of the
microcapsules was calculated by subtracting the diameter of the core from that of the
microcapsules, and then dividing by 2. The assessments on cell viability were repeated 4-5
times independently, while the evaluations on proliferation and relative gene expression
were repeated 3 times independently. All the data were presented as mean + standard
deviation (SD). The statistical analysis was performed using the Student’s two-tailed #test in
Microsoft Excel with the p-value less than 0.05 being considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Capillary microfluidic encapsulation of stem cells in core-shell microcapsules for vitreous
cryopreservation. (A) A schematic illustration of the major steps: (a) cells are encapsulated
in droplets using a double emulsion flow-focusing tube-in-tube capillary microfluidic
device, (b) the droplets are immersed into aqueous CaCl, solution for crosslinking into
microcapsules with a calcium alginate hydrogel shell, (c) the microcapsules are collected,
washed, and resuspended in 0.9% NaCl solution, (d) after incubated in a cryoprotective
agent (CPA) solution, the microcapsules are loaded into a plastic straw (PS), () after sealed
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at the distal end using wax, the PS is plunged into liquid nitrogen (LN,) for cooling, and (f)
the PS is plunged into 37 °C waterbath for warming the sample. 11: ice-cold cell suspension
with 1% (wt) sodium carboxymethylcellulose, 1% (wt) sodium alginate, and 0.5 mol L1
trehalose in 0.25 mmol L~1 D-Mannitol. 12: 2% (wt) sodium alginate solution. I3: corn oil.
(B) Fabrication of core-shell microcapsules with controllable outer diameter and shell
thickness. (a) and (b) show the dependence of the diameter of the microcapsules on the flow
rate of the continuous oil phase (7= 70-84, * p< 0.05). (c) - (e) show the dependence of
both the shell thickness and diameter of the microcapsules on the flow rate of the aqueous
shell fluid (7= 60-89, * p< 0.05).
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Figure 2.
Large-volume-hydrogel-encapsulation vitreous cryopreservation of stem cells using plastic

straw (PS). (A) Typical images showing freezing, vitrification, and partial vitrification (p-
vitri) of cell culture medium and four cryoprotective agent (CPA) solutions during cooling
(top) and devitrification/recrystallization (devitri) during warming (bottom). The red
material at the distal end of the straw is sealing wax. (B) Typical phase and live/dead
(stained with acridine orange/ethidium bromide or AO/EB as green/red) fluorescence images
of pADSCs encapsulated in the microcapsules after treated with CPA #1 (i.e., CPA addition
and removal) or cryopreserved with the four different CPAs. (C) Typical fluorescence
images of pADSCs with and without encapsulation subjected to CPA #1 treatment and
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cryopreservation with the four different CPAs. (D) Quantitative cell viability of pADSCs
that are fresh, treated with CPA #1 without cryopreservation, or cryopreserved with four
different CPAs (n=4-5.* p<0.05, ** p< 0.01). Culture medium: Dulbecco’s Modified
Eagle’s Medium/Ham’s Nutrient Mixture F-12 (DMEM/F12) with 10% (v/v) fetal bovine
serum (FBS). CPA #1: 1 mol L™ 1,2-Propanediol (PROH), 1 mol L1 ethylene glycol (EG),
10% dextran T50 and 1 mol L™ trehalose; CPA #2: 1 mol L1 PROH, 1 mol L1 EG, 10%
dextran T50 and 0.5 mol L1 Trehalose; CPA #3: 1 mol L1 PROH, 1 mol L™} EG and 1 mol
L~! Trehalose; CPA #4: 1 mol L™1 PROH, 1 mol L™ EG and 10% dextran T50. CPAs #1-#4
were prepared using DMEM/F12 with 80% (v/v) FBS. Fresh: cells kept in culture medium;
CPA Treatment: cells subjected to addition and removal of CPA #1; Cryop: cells subjected to
cryopreservation. W/O Encap: cells without encapsulation; W/Encap: cells with
encapsulation.
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Figure3.
Cell attachment and proliferation. (A) Morphology, (B-C) proliferation, and (D-E)

attachment efficiency of fresh pADSCs and the cells post Large-volume-hydrogel-
encapsulation vitreous cryopreservation (n= 3, * p<0.05). (B) and (D) share the same
legend in (B) and (C) and (E) share the legend in (C). W/Encap: with encapsulation; Cryop:
cryopreservation; CPA Treatment: CPA addition and removal, with encapsulation.
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Figure 4.
Stemness and function of pADCSs before and after large-volume-hydrogel-encapsulation

vitreous cryopreservation. (A) Immunostaining of CD44(+), CD29(+) and CD31(-)
expression on the cells. (B) Flow cytometry quantification of the expression of CD44(+),
CD29(+), CD90(+) and CD31(-) on the cells. (C) Quantitative RT-PCR analysis of the
expression of four stem cell genes in the cells (7= 3). (D) Qualitative evaluation on
adipogenic and osteogenic (Alizarin Red S stain of calcific deposition) differentiations of the
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cells with Oil Red O (ORO) stain of lipid droplets and Alizarin Red S (ARS) stain of calcific
deposition, respectively.
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Figureb.
A schematic illustration of the possible mechanisms for enhanced cryopreservation of stem

cells by encapsulation of the cells in core-shell microcapsules. (A)—(D) correspond to CPA
#1-#4. PS: plastic straw. The appreance of the sample in the PS is shown alongside the
sketch for the possible mechanisms.
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