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rvation of adherent cells on an
elastic nanofiber sheet featuring a low glass-
transition temperature

Onon Batnyam,a Shin-ichiro Suyeab and Satoshi Fujita *ab

Cryopreservation of ready-made cell-biomaterial composites is an essential aspect of modern regenerative

medicine and tissue engineering. However, in the freeze–thawing of adherent cells, a problem encountered

is the detachment of cells due to the intracellular tensile stress caused by dehydration. To reduce the cell

detachment, a scaffold that retains elasticity at freezing temperatures was investigated here for use in direct

cryopreservation of adherent cells. We focused on electrospun polyurethane (PU) nanofiber sheets, which

featured a lower glass-transition temperature than the freezing temperature used and presented a loose

mesh-like structure of nanofibers. Consequently, the recovery of cells cultured on the PU nanofiber

sheets and then freeze–thawed was higher than the recovery of cells cultured on polystyrene films and

fibers. Furthermore, higher cell recovery was obtained with randomly oriented PU nanofibers than with

highly aligned PU nanofibers. These results suggest that the elasticity of the polymer and the looseness

of the fiber mesh are key factors that enhance the recovery of adherent cells after freeze–thawing. This

is the first report demonstrating that the elastic nanofiber scaffold is an available material that enables

the cryopreservation of adherent cells; the use of this scaffold could substantially improve the

cryopreservation outcome of cell-biomaterial composites.
Introduction

Recent advances in the research and development of numerous
ready-made cell-biomaterial composites hold the potential to
provide not only standardized research tools for laboratories, but
also safe and convenient treatments for patients.1 For the prac-
tical application of these composites, reliable cryopreservation of
adherent cells is required to ensure long shelf-life and safe stocks.
One of the problems encountered in cryopreservation is the injury
caused by the ice crystals that are formed intracellularly and
extracellularly during the freeze–thawing process.2 For preventing
the formation of ice crystals, two widely recognized conventional
methods are vitrication and slow freezing.3 In vitrication, rapid
freezing is used to cryopreserve embryonic stem cells, induced
pluripotent stem cells, and oocytes while maintaining high
viability of the cells;4–6 however, this method cannot be readily
applied in the case of adherent cells because the presence of the
substrate triggers uneven cooling and ice-crystal formation.7

Conversely, slow freezing, which is the “gold standard” in the
cryopreservation of mammalian cells, dehydrates cells gradually
by enhancing the permeability of the cell membrane in the
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presence of dimethyl sulfoxide (DMSO) without the formation of
intracellular ice crystals.8 Some of DMSO-free cryoprotectant
solutions were also commercialized for slow freezing, such as
CryoSOfree™ (Sigma-Aldrich, USA), CryoScarless® (BioVerde,
Japan), and Stem-Cellbanker® (Zenoaq, Japan). However, even
with slow freezing, the cryopreservation of adherent cells is
considerably more challenging than that of single-cell suspen-
sions; this is because of the shrinkage and deformation of cells
caused by the exclusion of water,9 which results in the detach-
ment and breakage of cells. To overcome these hurdles and
successfully cryopreserve adherent cells, several approaches have
been reported, including enhancement of cell-substrate interac-
tion,10,11 supportive use of hydrogels,12–14 augmentation of cell–cell
interaction,15 and improvement of freezing conditions.16,17

Notably, the use of high concentrations of the cryoprotectant
DMSO, which enhances the dehydration effect and inhibits of ice-
crystal formation, was reported to allow direct cryopreservation of
adherent cells cultured on polydimethylsiloxane substrate.18

However, the development of a systematic approach for the
cryopreservation of adherent cells remains under investigation.

The attachment of cells to any substrate requires the
recruitment of the transmembrane receptor integrin and the
formation of focal adhesions, where cells sense and adapt
themselves to their microenvironment,19 and the maintenance
of cell adhesion aer the freeze–thawing process is critical for
cell viability and function. However, during the freeze–thawing
process, cells adhered onto a stiff substrate detach and break
This journal is © The Royal Society of Chemistry 2017
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due to the differential thermal contraction of the cells and the
substrate.20 Therefore, we focused here on the elasticity of the
scaffold for maintaining tight adhesion with cells aer freeze–
thawing. We hypothesized that a substrate that retains its
elasticity at a freezing temperature would inhibit the exfoliation
of adherent cells from the surface that results from the
contraction caused by the dehydration occurring in a slow-
freezing procedure. To test this possibility, we designed
a substrate based on considering two viewpoints: rst, we
focused on an electrospun nanober sheet as an elastic scaf-
fold; this nanober sheet, which is one of the promising forms
of scaffolds suitable for cell-biomaterial composites, mimics the
natural structure of the extracellular matrix and thus controls
cell proliferation, migration, and differentiation.21–24 The loose
mesh-like structure of an electrospun nanober sheet would
mitigate the detachment and breakage of adherent cells even if
the cells deform and shrink. Second, we focused on a polymer
featuring a glass-transition temperature (Tg) that is lower than
the freezing temperature. Here, we selected polyurethane, the
Tg of which is �40 �C.25 Thus, for the cryopreservation of
adherent cells, we investigated the suitability of a scaffold that
retains its elasticity at freeze–thawing temperatures.

Experimental
Materials

The following materials were from commercial sources: ther-
moplastic polyether-polyurethane-elastomer (PU; Mw 146 000,
Elastollan® 1180A10), BASF (Ludwigshafen, Germany); poly-
styrene (PS; Mw 350 000), Sigma-Aldrich (St. Louis, MO, USA);
and tetrahydrofuran (THF), N,N-dimethylformamide (DMF),
and DMSO, Wako Pure Chemical Industries (Osaka, Japan). All
other chemicals and reagents were of analytical grade and were
used without further purication.

Fabrication of substrates

PU and PS lms. PU and PS lms featuring a smooth surface
were prepared from 2% and 4.8% (w/v) PU and PS solutions in
THF, respectively, by using a casting method. Briey, the polymer
solutions were poured on a smooth glass surface and ultra-
sonicated for 30 s to remove all air bubbles from the solutions,
and the solutions were then vacuum-dried using an aspirator
(ASP-13, Iwaki Glass, Tokyo, Japan) for 2 h and stored in a desic-
cator for 1 week; completely dried lms were xed on acrylic
Scheme 1 (A) Design of film and fibrous scaffolds on acrylic substrates. (B

This journal is © The Royal Society of Chemistry 2017
frames (Scheme 1A). The sterilization of obtained lms and the
enhancement of their surface hydrophilicity were performed
through oxygen-plasma treatment (40 kHz, 100 W, 30 s, 0.1 MPa)
using a plasma reactor (Femto, Diener Electronics, Ebhausen,
Germany; chamber size: diameter � depth, 95 � 270 mm).

Electrospun ber scaffolds. Electrospinning solutions were
prepared as follows: 11% (w/v) PU and 25% (w/v) PS were dis-
solved in THF and DMF : THF at 1 : 9 ratio, respectively, and
gently mixed overnight on a rotator (BC-710, BIO-CRAFT, Tokyo,
Japan) at room temperature. PU and PS ber scaffolds were
electrospun on acrylic frames (Scheme 1A) by using a commer-
cial electrospinning setup (NANON, MECC, Fukuoka, Japan),
which consisted of a 23 G-needle nozzle, a syringe pump, a high-
voltage power supply, and a rotating collector in a closed
chamber. The electrospinning conditions were the following:
applied electric eld: 1.67 kV cm�1; infusion ow rate:
0.6 mL h�1; collector rotation speed: 1500 rpm (linear velocity
15 m s�1) for aligned bers and 50 rpm (0.5 m s�1) for random
bers. Sterilization and surface-hydrophilicity enhancement of
nanobrous scaffolds were once again achieved through
oxygen-plasma treatment (as mentioned above).
Characterization of fabricated substrates

Morphological characterization by scanning electron
microscopy (SEM). Themorphology of PU and PS substrates was
examined by performing scanning electron microscopy (SEM; S-
2600H, Hitachi, Tokyo, Japan) at an accelerating voltage of
15 kV. The thickness of PU and PS lms was measured from the
cross-sections of the lms, which were prepared by cutting the
samples in liquid nitrogen. The lms and the electrospun ber
scaffolds were sputtered with Pt/Pd by using an ion sputter
(E-1030, Hitachi) for 120 s before observation. The diameter and
orientation of the bers composing the PU and PS scaffolds
were examined from 10 randomly selected areas of the scaffolds
by using Fiji soware (ji.sc; ImageJ, NIH, USA). Briey, a power
spectrum was obtained through Fourier transformation of the
SEM images of bers, and the second-order parameter, S, was
calculated from the distribution of the intensity of the power
spectrum as a function of angles:

S ¼ h3 cos2 q � 1i/2 (1)

where q is a difference from the entire orientation and h i
represents the averaged value.26,27
) Cryopreservation of cells cultured on a fibrous scaffold in a cryotube.
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Dynamic mechanical analysis (DMA). DMA was performed
on PU and PS lms (25� 5 mm), using a dynamic viscoelasticity
apparatus (Rheogel-E4000, UBM, Kyoto, Japan) at 1 Hz and
a heating rate of 2 �Cmin�1 from�120 �C to 200 �C, to measure
the dynamic mechanical spectra, storage modulus E0, loss
modulus E00, and mechanical damping tan d.
Cryopreservation of myoblast cells

Cell culture. Mouse C2C12 myoblasts were seeded onto
scaffolds xed on the bottom of f 35 mm culture dishes at the
density of 2.5 � 104 cells per cm2 and maintained in Minimum
Essential Medium (GIBCO, Thermo Fisher Scientic, Waltham,
MA, USA) supplemented with 10% fetal bovine serum
(BIOWEST, Nuaillé, France), 100 U mL�1 penicillin, and
100 mg mL�1 streptomycin (Invitrogen). Cells were incubated at
37 �C under 5% CO2 in a humidied atmosphere.

Slow freezing and rapid thawing of adherent cells. For
freezing the cultured adherent cells, a sample was rst trans-
ferred into a 1.8 mL cryotube (Thermo Fisher Scientic) holding
with 500 mL of complete culture medium containing 10%
DMSO. The cryotube was placed inside a freezing vessel (Bicell,
Nihon Freezer, Tokyo, Japan), which provided the required
cooling rate of 1 �C min�1,28 and then transferred to a �80 �C
freezer (Scheme 1B) and maintained at �80 �C overnight.
Frozen samples were thawed as rapidly as possible by trans-
ferring them directly from the �80 �C vessel to a 37 �C dry-bath
incubator (Ultimate, Major Science, Saratoga, CA, USA).

SEM observation of cultured cells. Cells cultured on scaffolds
were xed with 4% paraformaldehyde in PBS for 15min and then
dehydrated by sequentially immersing them in serially diluted
ethanol solutions (% (v/v): 30, 50, 60, 70, 80, 90, 95, and 99.5) and
t-butyl alcohol 4 times for 10 min each. The samples were freeze-
dried overnight using a freeze-dryer (FDU-830, EYELA, Tokyo,
Japan) and then sputter-coated with Pt/Pd. SEM observation was
performed using an S-2600H microscope (as mentioned above).
Fig. 1 Morphological observation of fabricated films. (A, B) PS film, (C, D

51266 | RSC Adv., 2017, 7, 51264–51271
Metabolic activity measurement. The metabolic activity of
cells was analyzed immediately aer thawing or at 24 h aer
thawing by using a colorimetric assay kit (Cell Count Reagent
SF, Nacalai Tesque, Kyoto, Japan). To measure the activity
immediately aer thawing, each sample was transferred into
a well of a 96-well plate holding with 200 mL of culture medium
and 20 mL of SF reagent were added. Aer incubation for 2 h at
37 �C, 100 mL of the medium from each well was collected and
the absorbance at 450 nm was measured using a microplate
spectrophotometer (Multiskan GO, Thermo Fisher Scientic).
The metabolic activity of cells at 24 h aer thawing was
measured by using the same method aer the thawed samples
had been incubated in a new culture dish with culture medium
at 37 �C under 5% CO2 in a humidied atmosphere.
Statistical analysis

All experiments were conducted at least thrice, and all values
are reported as means � standard deviation (SD). For statistical
analysis, nonparametric Kruskal–Wallis tests were performed
using R (Version 2.1.7); p < 0.05 was considered statistically
signicant.
Results
Direct cryopreservation on lms

Characterization of PS and PU lms. To improve the recovery
of adherent cells by reducing mechanical damage during the
freeze–thawing process, we selected PU as a scaffold material,
because PU is soer and more exible than PS, the material
used in conventional culture dishes. PS lm and PU lm were
fabricated using a casting method and cut into the desired
shape and size for use in further analyses. SEM examination of
the obtained lms revealed a smooth surface with few defects
(Fig. 1). The fabricated PS and PU lms showed an average
thickness of 51.0 � 2.5 and 57.8 � 0.5 mm, respectively. To
) PU film; (A, C) cross-sectional views, (B, D) top views. Bars ¼ 50 mm.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 DMA analysis of fabricated films. (A) PS film, (B) PU film. Storage
modulus E0 (red, left axis), loss modulus E00 (blue, left axis), and
mechanical damping tan d (green, right axis) are represented. Inset,
magnified graph of tan d, showing the peak of Tg.
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investigate the stiffness of these materials at the freeze–thawing
temperatures, we performed DMA to measure the viscoelastic
properties of PS and PU lms presenting a smooth surface
Fig. 3 Cryopreservation on cast film. (A, B) SEM images before cryoprese
Post-thaw recovery of cells cultured on PS and PU films. (D) Fold-increase
significant difference (p > 0.05).

This journal is © The Royal Society of Chemistry 2017
(Fig. 2): whereas PS lms featured a peak at 106 �C in tan d,
which corresponds to its glass-transition temperature (Tg), PU
lms showed a peak at�30 �C in tan d, which reects themicro-
Brownian segmental motion of amorphous PU at a freezing
temperature.

Post-thaw recovery of cells seeded onto PU and PS lms. We
next examined the adhesion-dependent survival of cells aer
thawing. We have used C2C12 myoblasts for a model experi-
ment to investigate a potential clinical application of the scaf-
fold for cryopreservation of mesenchymal cells. Cells were
seeded onto fabricated lms cast on glass and then frozen
slowly to �80 �C, and the metabolic activity of the cells was
measured immediately aer thawing and aer 24 h incubation
in complete medium at 37 �C. Post-thaw recovery of cells was
then calculated as the ratio of the metabolic activity before and
immediately aer freeze–thawing, and the post-thaw fold-
increase in cells was calculated as the ratio of the metabolic
activity immediately aer freeze–thawing and aer the 24 h
incubation. Cells seeded on smooth PS and PU lms adhered on
the surface tightly and extended before freeze–thawing (Fig. 3A
and B). Immediately aer freeze–thawing, cell survival on PS
and PU was 38.7% and 40.0%, respectively (Fig. 3C), and the
fold-increase in cells aer the 24 h incubation was 2.17 and
1.80, respectively (Fig. 3D). No signicant difference in cell
survival or recovery aer freeze–thawing was measured with
either PS or PU lm.
Direct cryopreservation on nanober sheets

Characterization of PU and PS nanober sheets. To obtain
PU and PS substrates exhibiting high elasticity, which helps
rvation of cells cultured on PS film (A) and PU film (B). Bars¼ 50 mm. (C)
in cells after 24 h culture of post-thaw cells. Means� SD, n¼ 3; n.s., no
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Fig. 4 SEM images of PU electrospun fibers. (A) Highly aligned PS fibers, (B) less-aligned PS fibers, (C) aligned PU fibers, and (D) randomly
oriented PU fibers. Bars ¼ 50 mm.
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reduce cell damage caused by differential thermal contraction
between the substrate and the cells during the freeze–thawing
process, we fabricated electrospun PU and PS ber sheets. We
also expected cell attachment to be increased with these sheets.
The orientation of the nanobers was controlled by the rotation
speed of the electrospinning collector: a rotation speed of
1500 rpm resulted in aligned bers, whereas a low rotation
speed of 50 rpm resulted in less aligned or randomly oriented
bers. SEM examination of the bers (Fig. 4) revealed that
highly aligned and less-aligned PS bers featured a diameter of
3.52 � 1.62 and 3.47 � 0.46 mm and a second order parameter S
of 0.89 and 0.85, respectively, where S values close to 1 and
0 indicate perfectly aligned bers and randomly oriented bers,
respectively. Even with a reduction in the speed of the collector,
PS bers exhibiting a higher random alignment could not be
obtained due to the stiffness of the PS bers. In the case of the
aligned and random PU bers obtained, the diameter was 0.52
� 0.19 and 1.07 � 0.20 mm, and S was 0.91 and 0.43,
respectively.
Fig. 5 Direct cryopreservation of cells cultured on fiber scaffolds. (A) Po
post-thaw cells. HA: highly aligned PS fibers; LA: less-aligned PS fibers; A
a control. Means � SE, n ¼ 3; *p < 0.05, compared with PS film.

51268 | RSC Adv., 2017, 7, 51264–51271
Post-thaw recovery of cells seeded onto PU and PS nanober
sheets. We hypothesized that in the cryopreservation of cells,
the damage caused to adherent cells by shrinkage during
freeze–thawing would be reduced with the use of brous scaf-
folds exhibiting elasticity and looseness. To test this, cells were
seeded onto brous scaffolds and subject to freeze–thawing
(Fig. 5) as in previous experiments. The viability of cells seeded
onto highly aligned and less-aligned PS brous sheets was
39.8% � 2.1% and 43.4% � 3.0%, respectively, and aer 24 h
culture on these two sheets, the fold-increase in cells was 1.83�
0.15 and 1.60 � 0.15, respectively. By comparison, the viability
of cells seeded onto aligned and random PU brous substrates
was higher, 48.8% � 1.7% and 54.9% � 4.3%, respectively; the
fold-increase in cells aer 24 h incubation on these sheets was
1.84 � 0.21 and 1.57 � 0.10, respectively. The cells seeded onto
a random PU ber sheet adhered on the surface tightly and
extended before and aer freeze–thawing, and a loosened mesh
structure of bers was observed aer freeze–thawing (Fig. 6).
The rest of cells not recovering showed the detachment.
st-thaw recovery of cells. (B) Fold-increase in cells after 24 h culture of
: aligned PU fibers; R: randomly oriented PU fibers. PS film was used as

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 SEM images of cells cultured on randomPU fibers. (A) Cells before freezing. (B) Cells immediately after direct freeze–thawing on scaffolds.
Bars ¼ 20 mm.
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Discussion
Effect of polymer elasticity

In this study, we tested whether a polymer scaffold that exhibits
elasticity at the freezing temperature would enable cells to
maintain their adhesion even if the adherent cells contract
because of dehydration during the freezing process, and thus
Scheme 2 Schematic illustration of cell damage in cryopreservation.
During the freezing process, a cell experiences a contraction force
generated by the shrinkage caused by dehydration (blue arrows). If the
deformation of the cell is less than that of the scaffold, cell detachment
is induced (red arrows). (A) Effect of fiber elasticity. (a) Cells extending
along a nanofiber featuring a low Tg can shrink and still maintain their
adhesion to the fiber due to the elasticity of fiber. (b) Cells extending
on a stiff nanofiber featuring a high Tg would detach because of the
contraction force. (B) Effect of looseness of the fiber mesh structure.
(c) Cells cultured on a randomly oriented nanofiber sheet can shrink
and still retain their adhesion to the sheet due to the looseness of the
fiber mesh. (d) Cells cultured on aligned nanofibers can be readily
detached along the fiber direction.

This journal is © The Royal Society of Chemistry 2017
increase the viability of freeze–thawed adherent cells. The
elasticity of a polymer at the freezing temperature depends on
its Tg. If the polymer Tg is lower than the melting temperature of
a medium containing 10% DMSO, approximately �20 �C,29 the
polymer can deform by creeping during the freezing process
(Scheme 2A). To investigate whether a polymer featuring a low
Tg can be used for developing an effective cryopreservation
scaffold, we compared the recovery of cells cultured on PS and
PU scaffolds, fabricated in the form of lms and bers, aer
direct freeze–thawing of the cells on the scaffolds. We found
that whereas 60% of the cells cultured on both lms and on the
PS ber exfoliated aer freeze–thawing, cell recovery was high
with the PU ber. We can attribute these results to the stiffness
of the scaffold: at the melting temperature of the medium, PS
was in a stiff glassy state, but PU was in a rubbery state. The
elasticity of the PU used in this study was approximately 8 MPa
at�10 �C, as determined through DMAmeasurement, and SEM
analysis revealed that the diameter of each PU ber was roughly
1 mm. Therefore, a force of 6 � 106 pN would be required to
bend a single PU ber. Dembo and Wang reported that the
contraction force of cells in tight adhesions is 2000 pN mm�2.30

When cells extend to 5000 mm2, the force required to detach the
cells from the substrate is 10 � 106 pN, which is larger than the
force necessary to bend the ber.
Effect of geometry of ber mesh

We also investigated the effect of the ber mesh structure on
cell recovery: the recovery was low with highly oriented bers,
which indicated that the tight and tensioned mesh structure
caused cell detachment, particularly in the direction of ber
alignment; by contrast, random PU bers exhibited a looseness
in their mesh structure in the ber sheets, which resulted in the
maintenance of cell adhesions (Scheme 2B). Here, the loosenes
RSC Adv., 2017, 7, 51264–51271 | 51269

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra10604a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 1

1/
11

/2
02

5 
7:

45
:4

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
was indexed by the randomness of ber geometry, S. Moreover,
the diameter and the pore sizes of the bers were very small
relative to the dimension of cells, and thus the cells attached to
the substrate at multiple focal-adhesion sites. SEM analysis
revealed that these multiple adhesions were retained aer the
freeze–thawing process, and this resulted in the high cell
recovery observed with random PU bers.

Intriguingly, cell proliferation aer culture for 24 h on aligned
PU bers was higher than that aer culture on random PU
nanobers. Cells have been previously reported to be sensitive to
the topographical arrangement of the substrate. Cell stretching
can induce the accumulation of vinculin at talin-containing focal
adhesions by exposing vinculin-binding sites in the talin rod
domain, and can thereby allow the reinforcement of the focal
adhesions with vinculin.31 The extension of cells triggers the
development of strong adhesion and pronounced stress
bers.32–35 Furthermore, several studies have provided evidence
that cells prefer random arrangements, which can regulate
cellular functions such as attachment, proliferation, and survival,
over perfect grooves, pits, and pillars.36–38 Thus, randomgeometry
is favorable for mitigating the tension that arises during freeze–
thawing, whereas high orientation is preferable for cell prolifer-
ation aer thawing. Overall, these ndings suggest the require-
ment of an optimal geometry of the ber mesh structure, which
should be further investigated to maximize the yield of cells aer
freeze–thawing and culturing the cells.

Conclusions

To meet the increasing demand for tissue allogras, the
development of articial tissue-engineering constructs has been
widely investigated; however, the maintenance of the shelf-life
and post-thaw biofunctionality of the constructs is a challenge
that remains poorly addressed. Here, we rst found that
nanober materials, which present a loose mesh structure and
exhibit elasticity at freezing temperatures due to the use of
polymers featuring a low Tg, can be used for direct cryopreser-
vation of adherent cells. Our study can potentially contribute to
the commercial application and transportation of therapeutic
cells for regenerative medicine by providing a standard proce-
dure for the cryopreservation of adherent cells, and the study
should also facilitate the further development of this research
eld. We expect that our strategy is also applicable to other
emerging cryoprotectants for slow freezing from the proposed
mechanism of cryoprotection. Moreover, the results of cell-
culture assays indicated that highly efficient cryoprotectant
materials can be developed by modifying the surface cell
adhesion.
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