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ABSTRACT: Current slow-freezing methods are too inefficient for cryopreservation of three-dimensional (3D) tissue constructs.
Additionally, conventional vitrification methods use liquid nitrogen, which is inconvenient and increases the chance of cross-
contamination. Herein, we have developed polyampholytes with various degrees of hydrophobicity and showed that they could
successfully vitrify cell constructs including spheroids and cell monolayers without using liquid nitrogen. The polyampholytes
prevented ice crystallization during both cooling and warming, demonstrating their potential to prevent freezing-induced damage.
Monolayers and spheroids vitrified in the presence of polyampholytes yielded high viabilities post-thawing with monolayers vitrified
with PLL-DMGA exhibiting more than 90% viability. Moreover, spheroids vitrified in the presence of polyampholytes retained their
fusibilities, thus revealing the propensity of these polyampholytes to stabilize 3D cell constructs. This study is expected to open new
avenues for the development of off-the-shelf tissue engineering constructs that can be prepared and preserved until needed.

■ INTRODUCTION

Tissue engineering has emerged as a popular technology in the
field of regenerative medicine with two- and three-dimensional
(2D and 3D) regenerative tissues for the replacement of skin,1

cartilage,2 corneas,3 blood vessels,4 and retinas5 having been
reported. For tissue engineering to be industrialized, these
tissue-cell constructs will require long-term storage before use.
However, it is difficult to preserve the 2D or 3D structures of
cell constructs during conventional slow freezing (at a cooling
rate of 1 °C/min) because the ice crystals damage the
junctions between the cells,6 as well as nonuniform
dehydration during freezing, and this causes lethal damage to
the highly dehydrated areas of cells.7 There are some studies
that report the cryopreservation of 2D or 3D cell constructs
through slow freezing;8,9 however, this process is believed to
have size limitations because the probable mechanism for
reducing freezing damage relies on the inhibition of physical
damage caused by the formation of intracellular and
extracellular ice crystals.10,11 For this reason, the cryopreserva-

tion of larger and more complicated cell constructs by the
vitrification method has been studied.12,13 Vitrification inhibits
ice crystallization with water being solidified in a glassy state.14

A recent study compared slow freezing and vitrification for the
cryopreservation of tissue or cell constructs and found that
vitrification was far superior for ovarian tissue preservation.15

Recently, the cryopreservation of 3D cell constructs by
vitrification has garnered widespread attention for long-term
storage and delivery.16 Generally, high concentrations of
solutes such as sucrose (Suc), ethylene glycol (EG), or
dimethyl sulfoxide (DMSO) are required to inhibit crystal-
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lization inside and outside of cells; however, this can be toxic
for cells due to high osmotic pressure. Therefore, the
development of novel methods of vitrification that have low
toxicity and high efficiency is of paramount importance.
Further, DMSO is expected to be replaced with other
cryoprotectants (CPAs), especially in the field of regenerative
medicine, because it has been reported to have an effect on the
differentiation of stem cells.17,18 However, little effort has been
made to develop novel CPAs or stabilizers of the glassy state.
Recently, we reported that polyampholytes have high

cryoprotective effects and low toxicities.19−23 Carboxylated
poly-L-lysine is an ampholytic polymer, having both positive
and negative charges in the polymer chain, and exhibited better
cryoprotective properties than DMSO. Furthermore, it had less
influence on differentiation because it cannot penetrate the cell
membranes.19 Amphoteric polymers have also shown ice
recrystallization inhibition.24 Gibson has reported several
macromolecular CPAs,25,26 including polyampholytes, and
suggested that the cryoprotective properties of polyampholytes
were due to their inhibition of ice recrystallization.27 In our
previous studies using carboxylated poly-L-lysine, we developed
a slow vitrification technique for 2D cell monolayers on liquid
nitrogen vapor.28−30 This technique requires no complicated
procedures such as rapid cooling and warming due to the
stabilization of the glassy state by the polyampholyte without
the use of toxic cryoprotectants. However, 3D systems were
not vitrified using this technique.
Vitrification in only 2D is insufficient for the large-scale

development and industrialization of vitrification technology;
3D tissues and cell constructs should also be vitrified under the
conditions used. Recently, spheroids have been used as
building blocks for large scale tissue constructs such as blood
vessels and cartilage.31,32 If spheroids could be safely stored
before use, the time required to prepare such tissues could be
shortened considerably. Additionally, since the sizes of such
spheroids are similar to those of embryos, it is believed that the
vitrification technique could be extrapolated and successfully
employed in reproductive medicine.33,34 Furthermore, it is
expected that the preparation of cell tissue constructs will be
automated in the near future in order to standardize product
quality in the industrial process. In such automated systems,
the use of electric freezers would be far more productive than
the use of liquid nitrogen. To this end, we aim to design

polyampholytes capable of achieving the stable glassy state
without the use of liquid nitrogen.
It has been reported that the introduction of hydrophobic

moieties into molecules enhances ice recrystallization inhib-
ition.35,36 Therefore, in this study novel hydrophobic
amphoteric polyelectrolytes were prepared and evaluated as
vitrification stabilizing agents. Poly-L-lysine (PLL) was reacted
with various carboxylic anhydrides to yield several ampholyte
polymers that included hydrophobic moieties. The polymers
were evaluated based on their ice crystallization inhibition
abilities and mixed with EG, Suc, and ficoll to prepare
vitrification solutions without DMSO. The crystallization
behavior of each vitrification solution was monitored by
differential scanning calorimetry (DSC). Moreover, the
cytotoxicity of each amphoteric polymer was evaluated, and
mesenchymal stromal cell (MSC) monolayers and spheroids
were vitrified using these vitrification solutions at −150 °C in a
freezer and their viabilities were evaluated.

■ MATERIALS AND METHODS
Preparation of Human MSC Monolayers and Spheroids.

Human bone marrow mesenchymal stromal cells (MSCs; HMS0047)
established by Dr. Kato of Hiroshima University37 were purchased
from the RIKEN Cell Bank (RIKEN Bioresource Center, Ibaraki,
Japan) in accordance with the regulations of the Life Science
Committee of Japan Advanced Institute of Science and Technology.
The cell culture was conducted with Dulbecco’s modified Eagle’s
medium (DMEM; Sigma-Aldrich, St. Louis, MO, U.S.A.) containing
10% fetal bovine serum (FBS), 3 ng/mL of basic fibroblast growth
factor (Wako Pure Chemical Industries Ltd., Osaka, Japan), 100 U/
mL of penicillin, and 100 μg/mL of streptomycin at 37 °C under 5%
CO2 in a humidified atmosphere. The expanded cells were detached
using 0.25% (w/v) trypsin containing 0.02% (w/v) ethylenediamine-
tetraacetic acid in phosphate-buffered saline without calcium or
magnesium (PBS(−)) and were seeded on a new tissue culture plate
for subculturing. The MSCs used in this study were between passages
three and five. Two-dimensional cell monolayers were prepared by
culturing MSC (1.0 × 105/ mL) in a 3.5 cm dish for 7 days. Three-
dimensional spheroids were prepared by placing the cell suspension
(1.0 × 104/100 μL) in a noncell-adhesive 96-well plate (PrimeSur-
face; Sumitomo Bakelite, Tokyo, Japan) that inhibited cell adhesion
and culturing for 1 day.

Synthesis of Amphoteric Polyelectrolyte. Polyampholytes
were synthesized using acid anhydrides and amines. In brief, a 25%
(w/w) aqueous solution of ε-poly-L-lysine (PLL, JNC Corp., Tokyo,
Japan) was reacted with different carboxylic anhydrides (succinic

Figure 1. Chemical structures of various PLL-derived polyampholytes.
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anhydride (SA), butyl succinic anhydride (BSA), glutaric anhydride
(GA), and 3,3-dimethyl glutaric anhydride (DMGA); Wako Pure
Chem. Ind. Ltd., Osaka Japan) at 65% molar ratios (anhydride/PLL
amino groups) and 50 °C for 1−3 h to order to obtain the
corresponding polyampholytes. The solutions were then neutralized
by adding 5 M NaOH and lyophilized prior to use. The chemical
structures were analyzed by 1H-nuclear magnetic resonance (NMR)
spectroscopy (Bruker AVANCE III 400 MHz spectrometer, Bruker
Biospin Inc., Switzerland) using D2O as the solvent. The spectra were
analyzed using Topspin 3.6.1 software. Polyampholytes in this paper
are denoted according to the anhydride used, such as PLL-SA, PLL-
GA, PLL-BSA, and PLL-DMGA (Figure 1).
Preparation of Vitrification Solutions (VSs). We prepared VSs

based on 5 or 6 M EG, 0.5 M Suc, and 12.5% (w/v) ficoll (GE
Healthcare, Chicago, IL, U.S.A.) in PBS. PLL-SA, PLL-GA, PLL-BSA,
PLL-DMGA, and polyethylene glycol (PEG, Mn = 20 000 Da) as a
control were added to the solutions at 10% (w/v) to evaluate the
effects of the polymers. The components of the various VSs are shown
in Table 1, and their solution viscosities were determined using a
rotating viscometer (TVE-22L, Toki Sangyo, Co., Ltd., Tokyo Japan).
Equilibration solutions (ESs) consisting of 15% (v/v) EG in PBS and
rewarming solutions (RSs) and dilution solutions (DSs) containing 1
and 0.5 M sucrose, respectively, were also prepared.
Differential Scanning Calorimetry (DSC). It is well understood

that ice crystallization during cooling and heating should be inhibited
during the vitrification process.30 To analyze this, we thermally
analyzed each VS using a differential scanning calorimeter (Q2000;
TA Instruments, New Castle, DE, U.S.A.). Each solution (10 μL) was
transferred to an aluminum pan and set on the calorimeter sample
chamber. Measurements were collected by first cooling the pan to
−170 °C at 10 °C/min, followed by warming to 40 °C at a heating
rate of 10 °C/min.
Ice Recrystallization Inhibition (IRI)-Cooling Splat Assay. A

modified splat assay was used to investigate the abilities of the
polyampholytes to inhibit ice recrystallization during cooling.38 The
polymers were dissolved in PBS (pH 7.4), and the resulting solutions
(20 μL) were dropped from a height of 1.5 m onto a glass coverslip,
which was placed on a thin aluminum sheet on dry ice. This allowed
the droplet to immediately form a thin wafer composed of very fine-
grained ice with a diameter of 10−12 mm on the glass coverslip. After
transferring the glass coverslip to a cryostage (Linkam Scientific), it
was maintained at −6 °C. After 30 min of stabilization under a
nitrogen atmosphere, microphotographs were taken using a Nikon DS
Fi2 microscope fitted with crossed polarizers. ImageJ software
(National Institutes of Health, Bethesda, MD) was used to analyze
and process the images. The mean largest grain size (MLGS)
obtained from five individual wafers was used to quantify the degree
of recrystallization. The size was calculated relative to the size
obtained with PBS buffer, which was used as the control sample.
Vitrification of Cell Tissue Constructs without Liquid

Nitrogen. Schemes S1 and S2 show schematic illustrations of the
vitrification processes for cell monolayers and spheroids. The cooling

speed at −150 °C was determined by measuring the temperature of
the monolayer and in the cryovial using thermocouples in two corners
and the center of the freezer.

First, a 3.5 cm tissue culture dish covered with a confluent cell
monolayer or centrifuged spheroids was immersed in 15% EG (ES)
for a pre-equilibration period of 10 min, and then the ES was
discarded. In the case of the vitrification of MSC monolayers, 2 mL of
each VS was added on ice, and after 5 min the VS was removed by
aspiration and the dish was placed in a −150 °C freezer. For
spheroids, 200 μL of VS was added to the centrifuged spheroids, and
after 5 min the suspension was transferred to a cryovial and put in the
−150 °C freezer. After 1 week, the MSC monolayer was rapidly
warmed by gently adding 2 mL of prewarmed RS. One minute later,
RS was replaced with DS, and then after 3 min DMEM was used to
wash the monolayer twice for 5 min. After cultured for 1 day in the
incubator, staining of the recovered monolayers was performed with a
fluorescence-based Live/Dead Assay Kit (Life Technologies,
Carlsbad, CA, U.S.A.). This was followed by dispersing the cells
using trypsin solution, and then the viability of the monolayers was
evaluated using trypan blue staining. Viability was calculated using eq
1

=
+

×Viability(%)
live cell

live cell dead cell
100

(1)

When warming the spheroids, 2 mL of DMEM was first warmed
and then directly introduced to the vial containing the vitrified
spheroids, followed by washing twice with PBS for 5 min. Subsequent
dissociation of the spheroids with collagenase (Wako, 125 Unit/mL)
was conducted for 10 min, and the cell viabilities and recovery rates
were evaluated with trypan blue staining. Additionally, cell viability
was evaluated via spheroid fusibility immediately after thawing by
placing spheroids in PrimeSurface96U multiwell plates and observing
fusion for 3 days. Recovery rates were calculated using eq 2

= ×Recovery rate(%)
live cell

frozen cell
100

(2)

To evaluate cell proliferation after vitrification of spheroids, live
cells were dissociated and then seeded onto 24-well culture plates at a
density of 2.5 × 103/cm2 with 2 mL of DMEM (n = 3); the number of
cells was counted over 1 week using Cell Counting Kit-8 (CCK-8,
Dojindo, Kumamoto, Japan) following the supplier’s instruction.
Hematoxylin-Eosin (HE) staining of the frozen spheroid specimens
was also evaluated just after warming.

Cytotoxicity Assays. The cytotoxicities of the various poly-
ampholytes were evaluated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) method. MSCs suspended in
0.1 mL of medium at a concentration of 1.0 × 104 cells/mL were
placed in a 96-well plate (Corning Inc., Corning, NY, USA). After
incubation for 72 h at 37 °C, 0.1 mL of media containing different
concentrations of polyampholyte solutions were added to the cells,
followed by incubation for 48 h. The medium was then discarded, and
the cells were rinsed three times with 0.2 mL of PBS. After this, 0.1

Table 1. Compositions of Various VSs and Their Abbreviations

VS polymers concentration of polyampholytes/w/v % EG/M Suc/M Ficoll/w/v %

EG5 0 5 0.5 12.5
EG6 0 6 0.5 12.5
SA-EG5 PLL-SA 10 5 0.5 12.5
SA-EG6 PLL-SA 10 6 0.5 12.5
GA-EG5 PLL-GA 10 5 0.5 12.5
GA-EG6 PLL-GA 10 6 0.5 12.5
BSA-EG5 PLL-BSA 10 5 0.5 12.5
BSA-EG6 PLL-BSA 10 6 0.5 12.5
DMGA-EG5 PLL-DMGA 10 5 0.5 12.5
DMGA-EG6 PLL-DMGA 10 6 0.5 12.5
PEG-EG5 PEG 10 5 0.5 12.5
PEG-EG6 PEG 10 6 0.5 12.5
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mL of MTT solution (90 mg of MTT dissolved in 100 mL of the
culture medium) was added, followed by incubation at 37 °C for 5 h.
The insoluble formazan crystals formed by the reduction of MTT
were dissolved in 0.1 mL of DMSO and their absorbances at 540 nm
were recorded by a microplate reader (Versa Max, Molecular Device
Japan K.K., Tokyo, Japan).
Statistical Analysis. All of the experiments were conducted in

triplicate, and all of the data are expressed as the means ± standard
deviations (SDs). When comparing data among more than three
groups, the Tukey-Kramer test was used. Differences with P values of
less than 0.05 were considered statistically significant.

■ RESULTS AND DISCUSSION
Synthesis of Polyampholytes. The NMR spectra of the

polyampholytes (Figures S1−S4) clearly show that the desired
polyampholytes were obtained with good purities. The results
in Table 2 show the calculated degrees of substitution.

Stabilization of the Glassy State as Evaluated by DSC.
Thermal analysis of the various VSs was performed using DSC
to evaluate the stabilization of the glassy state by the
polyampholytes. We have previously reported the vitrification
of human-induced pluripotent stem cells39 and monolayers30

by PLL-SA; however, we incorporated ficoll into VSs along
with PLL-SA as ficoll has been extensively studied for
vitrification owing to its stabilizing effect on the glassy
state.40,41 EG5 showed crystallization during cooling at −10
°C/min (Figure 2A), suggesting that 5 M of EG was not
enough to inhibit ice crystallization, even in the presence of
ficoll and Suc. However, using a 6 M solution of EG resulted in
no crystallization during cooling, although devitrification
through nucleation was observed during warming at around
−90 °C (Figure 2B). Addition of polyampholytes or PEG
containing 5 M EG resulted in inhibition of ice crystallization
during freezing (Figure 2C,E,G,I,K); however, devitrification
could still be observed during warming, indicating an inability
to inhibit crystallization during warming. The nucleation
temperature was lowest in PEG-EG5 (approximately −90 °C),
then SA-EG5 (approximately −80 °C), and highest in DMGA-
EG5 (approximately −50 °C), indicating that the glassy state
stabilization abilities increased as follows: PEG < PLL-SA <
PLL-GA < PLL-BSA < PLL-DMGA. A similar trend was
observed in the DSC curves obtained when using 6 M EG.
With PLL-SA, a devitrification peak was detected at −45 °C,
and GA-EG6 showed a very small crystallization peak at −40
°C. Notably, BSA-EG6 and DMGA-EG6 did not show any
crystallization peaks during either cooling or warming. On the
basis of these results, BSA-EG6 and DMGA-EG6 can be used
for slow vitrification at cooling and warming speed of 10 °C/
min. This could be due to the enhancement of viscosity (Table
S1) caused by molecular interactions when the hydrophobicity
is increased,42 which inhibits the molecular alignment required
to form crystallites below the melting point. However, the
devitrification temperature of SA-EG6 was much higher than
that of PEG-EG6 even though they had similar viscosities,

meaning that there could also be other mechanisms that inhibit
nucleation that will require further study, such as the
interactions of polyampholytes with water molecules.
Another interesting observation is that the glass transition

temperature was found to be similar in all the VSs at
temperatures in the range from −120 to −130 °C,43 although a
higher glass transition temperature was detected in DMGA-
EG6. For storage or transportation of these vitrified tissue-cell
constructs, the storage temperature should ideally be lower
than the glass transition temperature to inhibit devitrification.
Therefore, in this research a −150 °C electric freezer was
tested for long-term storage without the use of liquid nitrogen.

IRI Experiments. Ice crystals are transformed into larger
crystals during freezing and warming in a process known as
recrystallization. To obtain better viability after vitrification,
recrystallization should be avoided to reduce damage from
intracellular and extracellular ice formation. To evaluate the ice
recrystallization inhibition properties of each polyampholyte,
we conducted IRI splat assays, and the results are shown in
Figure 3. Compared with PBS, all polymer solutions had IRI
activities at high concentrations of 10% (w/v). The IRI
properties of PLL-BSA were the highest with an MLGS of
around 32% with this increasing to 41%, 45%, 53%, and 58%
for PLL-DMGA, PEG, PLL-GA, and PLL-SA, respectively.
However, these values are not large compared to those seen for
high IRI polymers such as poly(vinyl alcohol), which has a
similar MLGS at a concentration of only 0.1%.44 PEG is also
included as a representative polymer that has lower IRI
activity. These results combined with those obtained via DSC
clearly suggest that the introduction of hydrophobic moieties
to polyampholytes reduces the risk of devitrification of
solutions by enhancing the stabilization of the glassy state
rather than by inhibition of ice recrystallization.

Slow Vitrification of MSC Monolayers at −150 °C. The
slow vitrification of MSC monolayers in a −150 °C freezer was
examined. First, the cooling speed of cell suspensions in the
freezer was investigated using thermocouple measurements at
three points in the freezer (the center and two corners). The
average cooling speed was 14.4 ± 0.40 °C/min (Figure S5);
thus, the cooling speed in the freezer was higher than that used
in the DSC measurements and slightly higher than that used in
our previous study of slow vitrification using liquid nitrogen
vapor (around 10 °C/min).30 Successful vitrification of MSC
monolayers should be achievable using polyampholytes under
these conditions.
Figure 4A−F shows the results of live/dead assays after 1

day of warming with various VSs and 6 M EG. Figure 4A
shows that when using an EG6 VS solution without a polymer,
almost all of the cells were stained red, suggesting that they
were dead and that devitrification during warming (Figure 2B)
damaged the cell monolayer. Live/dead assays were conducted
after thawing and then culturing for 1 day to reduce the
overestimation of viability, as damaged cells can be mistakenly
judged as alive immediately after thawing. The black spaces in
Figure 4A,C,D indicate that damaged cells were detached from
the dish. However, when PLL-SA was added into the VS (SA-
EG6), almost all of the cells were alive after warming, and they
were not detached from the dish (Figure 4B). This
corresponds well with our previous results, which show the
crystallization inhibition properties of PLL-SA.24 In the case of
warming by the addition of a prewarmed medium, it was also
reported that the warming rate was much higher than 10 °C/
min, so the risk of devitrification was low. PLL-DMGA was

Table 2. Degrees of COOH Substitution in Each
Polyampholyte

polyampholytes degree of substitution of COOH/%

PLL-SA 64.8 ± 0.74
PLL-GA 63.8 ± 3.04
PLL-BSA 62.0 ± 3.30
PLL-DMGA 63.1 ± 0.21
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found to enhance cell viability to the greatest extent (Figure

2E), which might be attributable to the inhibition of ice

crystallization during both cooling and warming. A comparison

of the viabilities when using the different VSs is shown in

Figure 4G. DMGA-EG6 showed better viability than the PEG-

EG6 control. Interestingly, GA-EG6 and BSA-EG6 resulted in

significantly lower viabilities than SA-EG6 and DMGA-EG6

even though they showed the same lack of crystallization

Figure 2. DSC thermograms of various VSs at cooling and heating rates of 10 °C/min. Peaks indicated by arrows represent crystallizations, while
the shoulders at around −130 °C represent glass transitions.
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during cooling as DMGA-EG6. To clarify the reason for this
discrepancy, cytotoxicity assays were conducted for various
polyampholytes.
Cytotoxicity. Figure 5 shows a plot of cell viability against

polyampholyte concentration. It should be noted that the
viability was measured after culturing for 48 h with polymers at
37 °C and therefore does not represent the actual cytotoxicity
of the polymers for vitrification because of the different
conditions used (temperature and time). However, the risk of
cell damage with polymers due to toxicity could be assessed
using this method. From Figure 5, it can be seen that PLL-SA
showed the lowest cytotoxicity, yielding around 80% viability
at a polymer concentration of 8%. In contrast, PLL-BSA
showed the highest cytotoxicity with viability decreasing to less
than 20% at a concentration of 4%. Although PLL-DMGA
showed slightly higher cytotoxicity than PLL-SA, its viability

was highest among all the polymers when tested at a
concentration of 10%. PLL-GA showed intermediate viability
between those of PLL-SA and PLL-DMGA; however, a sudden
decrease in viability was observed when the concentration was
increased from 6%, and almost all the cells were dead at a
concentration of 10%. Combining the results obtained from
the cytotoxicity assays and Figure 4, it is clear that at a
concentration of 10% PLL-BSA and PLL-GA caused more
damage to cells than PLL-SA and PLL-DMGA. Moreover, ice
crystallization damage was also inhibited when using SA and
DMGA. Therefore, we used these polymers in the VSs used for
the vitrification of spheroids in our further studies.

Slow Vitrification of MSC Spheroids in a −150 °C
Freezer. Figure 6A,B shows the viabilities and recovery rates
of 10 dissociated spheroids after vitrification with various VSs
in a −150 °C freezer. A control sample without any
vitrification solution showed a viability of almost 0%, and a
positive control sample of spheroids without vitrification had a
cell viability of 94.8%. Although very small differences were
observed in the viabilities of polymer-containing VSs, their
recovery rates showed significant differences (Figure 6B).
Polyampholyte-containing VSs showed significantly higher
recovery rates than those using EG6 and PEG-EG6 after
warming. It was recently reported that measuring post-thaw
viability can result in false positives, whereas the recovery rate
represents the ratio of live cells versus the total cell number,
making it a useful index for practical applications.45 However,
in our case there is the risk of underestimating the cell recovery
number because of the possibility of the loss of spheroids
during centrifugation and washing. Therefore, we also
evaluated one of the functions of the spheroids, their
fusibility.46 The fusibilities of two spheroids were investigated
for 3 days after warming; more active spheroids tend to fuse
more quickly.47 Figure 6C shows that without vitrification the
spheroids fused after only 1 day, and the same fusibility was
maintained in all of the spheroids vitrified with polyampholyte-
containing VSs; however, in the case of spheroids vitrified with
EG6 and PEG-EG6, 3 days were required for fusion.
Proliferation curves of the vitrified MSC spheroids in a −150
°C freezer are shown in Figure S6. MSCs vitrified with SA-EG6
and DMGA-EG6 maintained more of their proliferation
activity than those vitrified with PEG-EG6, although unfrozen
cells still showed the highest growth. Furthermore, histological
evaluation by HE staining was conducted to investigate the
structural integrity of each cell in the spheroids. Figure S7
shows dense cell−cell adhesion in the nonvitrified spheroids. A
similar integrity of cells were observed in the spheroids vitrified
with polymer-containing VSs with the porous structures

Figure 3. IRI activities of various polymers.

Figure 4. Viabilities of vitrified MSC monolayers in a −150 °C freezer
using the following VSs: (A) EG6, (B) SA-EG6, (C) GA-EG6, (D)
BSA-EG6, (E) DMGA-EG6, and (F) PEG-EG6. Scale bars: 100 μm.
(G) Quantitative analysis of viability. *: p < 0.05, **: p < 0.001.

Figure 5. Cytotoxicities of various polyampholytes.

Biomacromolecules pubs.acs.org/Biomac Article

https://dx.doi.org/10.1021/acs.biomac.0c00293
Biomacromolecules 2020, 21, 3017−3025

3022

http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.0c00293/suppl_file/bm0c00293_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.0c00293/suppl_file/bm0c00293_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00293?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00293?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00293?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00293?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00293?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00293?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00293?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00293?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00293?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00293?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00293?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00293?fig=fig5&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://dx.doi.org/10.1021/acs.biomac.0c00293?ref=pdf


observed being due to the formation of ice crystals and their
removal after warming. This type of porous structure was also
observed in EG6 samples. These results showed higher
spheroid viabilities for our samples compared with the those
reported for various spheroids cryopreserved with DMSO by
slow freezing.48

It can be clearly seen from Figure 2 that the polymers
inhibited ice crystallization with this inhibition increasing with
the introduction of hydrophobic moieties to the molecules.
Additionally, devitrification during warming could be avoided
by the addition of polymers, especially those with hydrophobic
side chains. However, the cytotoxicity of the polymers
increased with hydrophobicity. A perfect balance was obtained
in the case of DMGA-EG6, which showed the best viability for
the slow vitrification of monolayers and spheroids in a −150
°C freezer. Although development of a material that can
stabilize vitrification at −80 °C is ideal because −80 °C
freezers are more usable, this is not easy due to the difficulty of
enhancing the glass transition temperature of water. In any
case, the present results indicate that spheroids, which are
building blocks for tissue constructs in regenerative medicine,
can be stored with high efficiency without using liquid

nitrogen. This strongly suggests that a consistent automated
system from culture to storage could be made.

■ CONCLUSION
In this study, we developed a novel slow vitrification technique
without using liquid nitrogen by using polyampholytes
containing hydrophobic groups as glassy state stabilizers. The
addition of PLL-DMGA into ethylene glycol-based vitrification
solutions inhibited crystallization during cooling and warming
at −10 °C/min, which was slower than cooling in a −150 °C
freezer. PLL-DMGA possessed a lower cytotoxicity than PLL-
BSA with this resulting in better monolayer vitrification
properties when using PLL-DMGA in the VS. Additionally,
VSs containing PLL-DMGA were able to vitrify spheroids with
the highest viability and recovery while maintaining fusibility.
Spheroids are building blocks for tissue-engineered constructs,
and success in the cryopreservation of spheroids could open
new pathways to the industrialization of tissue engineering. To
build on this study, we will try to vitrify larger tissue constructs
such as vessels and cartilage-like tissue without liquid nitrogen
for off-the-shelf usage for clinical tissue engineering applica-
tions.

Figure 6. Viabilities and recovery rates of spheroids vitrified with various VSs. (A) Viabilities, (B) recovery rates, and (C) fusibilities of the vitrified
spheroids. For fusibilities, two spheroids were immediately thawed and put together on a nonadhesive dish, and then their fusion was observed for 3
days. Scale bars: 200 μm.
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