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Cryopreservation is widely used to maintain backups of cells as it
enables the semipermanent storage of cells. During the freezing
process, ice crystals that are generated inside and outside the cells
can lethally damage the cells. All conventional cryopreservation
methods use at least one cryoprotective agent (CPA) to render
water inside and outside the cells vitreous or nanocrystallized (near-
vitrification) without forming damaging ice crystals. However, CPAs
should ideally be avoided due to their cytotoxicity and potential
side effects on the cellular state. Herein, we demonstrate the CPA-
free cryopreservation of mammalian cells by ultrarapid cooling
using inkjet cell printing, which we named superflash freezing (SFF).
The SFF cooling rate, which was estimated by a heat-transfer
stimulation, is sufficient to nearly vitrify the cells. The experimental
results of Raman spectroscopy measurements, and observations
with an ultrahigh-speed video camera support the near-vitrification
of the droplets under these conditions. Initially, the practical utility of
SFF was demonstrated on mouse fibroblast 3T3 cells, and the results
were comparable to conventional CPA-assisted methods. Then, the
general viability of this method was confirmed on mouse myoblast
C2C12 cells and rat primary mesenchymal stem cells. In their entirety,
the thus-obtained results unequivocally demonstrate that CPA-free
cell cryopreservation is possible by SFF. Such a CPA-free cryopreser-
vation method should be ideally suited for most cells and circumvent
the problems typically associated with the addition of CPAs.

cryopreservation | superflash freezing | cryoprotectant agent-free |
inkjet cell printing | vitrification

Cell cryopreservation is the only method that allows the semi-
permanent storage of cells without genetic drift by stopping
the biological activities in the freezing state (1). Therefore, it is
routinely used for the long-term storage of, e.g., conventional cell
lines, pluripotent stem cells, spermatozoa, and embryos, all of which
may subsequently be used for research and/or clinical purposes.
During the freezing process, ice crystals, which are generated inside
and outside the cells, can lethally damage the cells (2). Therefore,
all conventional cryopreservation methods use at least one cryo-
protective agent (CPA) to render water inside and outside the cells
vitreous or nanocrystallized (near-vitrification) without forming
damaging ice crystals (3). However, CPAs should ideally be avoided
due to their cytotoxicity and potential side effects on the cellular
state (4, 5). For instance, the acute cytotoxicity of DMSO some-
times induces serious adverse reactions in individual patients (6).
DMSO also influences the stemness of embryonic carcinoma cell
lines (7) and the differentiation of pluripotent stem-cell lines (8, 9).
Less harmful CPAs, e.g., small carbohydrate sugars such as treha-
lose, may also exhibit cryoprotective effects (10). As the cell
membrane is impermeable for these CPAs, a transgenic process is
necessary that introduces trehalose into the cytoplasm by
expressing trehalose transporters on the cell membrane (11).
Ideally, living cells should be cryopreserved in the same me-
dium as the culture medium. Chemical additives such as CPAs,
which might have potential side effects on the cells, should not
be contained in the medium. To the best of our knowledge, a
CPA-free cell cryopreservation method has not been established
yet. However, ideal cryopreservation should theoretically be
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possible by ultrarapid cooling that is fast enough to vitrify any
intra- and extracellular water (12). The minimum cooling rate for
the vitrification (critical cooling rates, CCR) for pure water was
theoretically estimated to be beyond 3 x 10° °C/s (13), 1 x 107 °C/s
(14), or even 1 x 10" °C/s (15). These CCRs are experimentally
unattainable values for droplets of a diameter >10 pm (as, e.g., in
cells). Fortunately, complete vitrification is not necessary for
cryopreservation, i.e., cells seem to tolerate well the presence of
small ice crystals (less than 1 um) (16). Since the tolerance depends
on the CPAs, the tolerance in CPA-free cryopreservation can be
expected to be very low. CPA-free cryopreservation should thus be
possible in the presence nanocrystallized ice. Taking this tolerance
into account, the CCR for cell cryopreservation (CCR.yj) should be
~10* °C/s. The cooling rate is generally used in cryofixation for
microscopy to keep the size of ice crystals <20 nm (17). Therefore,
CPA-free cryopreservation (near-vitrification of cells) should also
be realized by passing the thermodynamically unstable region be-
tween the homogeneous nucleation temperature (T, = —38 °C) and
the glass-transition temperature (T, = =137 °C) (18) at a rate faster
than the CCR .

Herein, we describe a method for the CPA-free cell cryo-
preservation by superflash freezing (SFF), in which cell suspen-
sions were frozen at rates faster than the CCR using inkjet
printing techniques. Inkjet printing and spraying of cell suspen-
sions (19-21) have already been applied to ultrarapid freezing in
the context of cryopreservation (22-24). However, those studies
have aimed at accomplishing high-throughput preservations and
lowering the CPA concentration. In the present study, we demonstrate
a CPA-free cell cryopreservation technique, in which cell-containing
droplets are frozen by reducing their volume to or below 200 pL.
Initially, the cooling rate was estimated by a heat-transfer simulation,
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and the state of droplets frozen by SFF was evaluated by Raman
spectrometry and observations with a high-speed camera. Then,
we examined whether the SFF method could cryopreserve
mouse fibroblast 3T3 cells. The warming rate was also estimated
by a simulation similar to that of the cooling rate and both were
compared. Finally, the SFF method was applied to other kinds of
mammalian cells including stem cells.

Results and Discussion

We developed an inkjet-based SFF system to print very small cell-
containing droplets on glass substrates that were cooled with liquid
nitrogen (LN) (Fig. 1 A-C). To obtain maximum cooling rates, we
adopted solid-surface vitrification (SSV) (25), i.e., the droplets were
not cooled directly by LN, but by the LN-cooled substrate. This
indirect cooling method was chosen due to the so-called Leiden-
frost effect (26), which describes the formation of a thermally in-
sulating layer of gaseous N, from LN upon injecting the droplets
directly into LN. Inkjet heads with nozzle diameters of 60 and
40 pm were used, which resulted in the ejection of droplets of ~200
and 40 pL, respectively (Fig. 1D). The volume was determined
geometrically based on microscopic images (SI Appendix, Fig. S1).

Initially, we confirmed that the cooling rate of the system was
sufficient for the near-vitrification of mammalian cells. Given
that the droplets are too small to measure the temperature di-
rectly with a sensor, the temperatures were estimated by a
transient simulation of the heat transfer. We simulated the heat
transfer between the droplets and the glass substrates using a 2D
axisymmetric model (SI Appendix, Fig. S2). The simulations were
performed under three conditions: (i) 200-pL droplets cooled on
thick substrates (thickness: 150 pm), (if) 40-pL droplets cooled
on thick substrates (thickness: 150 pm), and (iii) 40-pL droplets
cooled on thin substrates (thickness: 5 pm) (S Appendix, Fig. S3
and Movie S1). Average cooling rates were calculated from the
temperature on the whole droplet in the thermodynamically
unstable region. Thus, cooling rates of 7.2 x 10° °C/s (200 pL,
thick substrate), 2.2 x 10* °C/s (40 pL, thick substrate), and 3.7 x
10* °C/s (40 pL, thin substrate) were calculated (Fig. 24). The

A Inkjet head § bd B
Base \A bstrate
Frozen
- droplet
LN / )
reservoir s

Glass

Two axis automatic stage substrate

C

i e
Fig. 1. SFF system for the CPA-free cryopreservation of cells. (4) Schematic il-
lustration of the entire system. (B) Enlarged illustration of the inkjet head, which is
fixed and constantly ejects droplets. The droplets were printed on grid points at
intervals of 200 um by programming the automatic stage. (C) Fluorescence image
of 200-pL droplets printed on a glass substrate cooled with LN. To visualize the

droplets, the culture medium was supplemented with 0.1 mM fluorescein. (D)
Microscopic images of 200- and 40-pL droplets, observed at an angle of ~45°.
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Fig. 2. Estimation of the cooling rates using a heat-transfer simulation. (A)
Time courses of the average temperatures of the entire droplets. The dashed
red line shows cooling for the CCR.e; from 20 °C. In the thermodynamically
unstable region, the cooling of the 200-pL droplets was slower than the
CCRcell» While the cooling of both 40-pL droplets was faster than the CCRey.
(B) Contour plots of the average cooling rate of the droplets in the ther-
modynamically unstable region. The cooling rate anywhere on the 200-pL
droplet was less than the CCR... Regardless of the thickness of the substrate,
the cooling rate on the 40-pL droplets exceeded the CCRey.

highest cooling rate for the 200-pL droplets (1.6 x 10* °C/s) was
obtained in the bottom-right region. Both average cooling rates
estimated for the 40-pL droplets were higher than the CCRy;, while
the one for 200 pL was almost equal to the CCR_. Moreover, the
cooling rate in the entire area of the 40-pL droplets exceeded the
CCRcan (Fig. 2B). These results show that CPA-free cryopreserva-
tion is theoretically possible for 40-pL droplets.

Subsequently, we confirmed the near-vitrification of the droplets
experimentally by microscopic Raman spectroscopy. For that pur-
pose, the Raman spectra of SFF-vitrified 200- and 40-pL droplets
were compared with that of a 10-uL droplet, which crystallized due
to its size. Ice crystals exhibit a strong peak at ~3,090 cm™" that
should be assigned to the OH stretching vibration. Vitrification
shifts the peak by ~20 cm™" toward low-frequency region, which is
due to the breakdown of the intermolecular coupling (27, 28). The
spectrum of the 10-uL droplet exhibited a peak at 3,091 cm™, while
both spectra of the 200- and 40-pL droplets exhibited a corre-
sponding peak at 3,109 cm™" (Fig. 34). The obtained data indicate
that both droplets were at least partially vitrified.

We also evaluated the freezing state using a high-speed cam-
era. Initially, we confirmed that nearly vitrified (vitreous or
nanocrystallized) saline is still transparent, whereas crystallized
saline is opaque (SI Appendix, Fig. S4) (24). Accordingly, the
brightness of the droplets should increase only with increasing
crystallization of the droplet. The freezing states of the droplets
were evaluated by comparing the time courses of the brightness
to two control experiments, i.e., a 40-pL droplet including 20 wt %
glycerol cooled by the system (vitrification control), and a 40-pL
droplet cooled by the system with dry ice instead of LN (crystal-
lization control) (Fig. 3B and SI Appendix, Fig. S5 and Movie S2).
The brightness of the SFF-cooled 200-pL droplet increased for
4 ms after deposition before becoming constant. This period is
almost identical to the simulated cooling time at Ty, (Fig. 24).
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This result suggests a homogeneous nucleation in the 200-pL
droplet. Conversely, the brightness of the SFF-cooled 40-pL
droplet remained constant, which suggests that the droplet was
nearly vitrified. Considering the results of the Raman spectros-
copy measurements and the observations of the high-speed cam-
era, we concluded that the SFF-cooled 40- and 200-pL droplets
were nearly vitrified entirely and partially, respectively.

Given the likely vitrification of these droplets, we subsequently
evaluated the potential viability of SFF on 3T3 cells, which were
frozen and thawed under various conditions (Fig. 44). Before
the freezing experiments of the cells, we confirmed that the in-
fluence of inkjet ejection on the 3T3 cells was negligible (SI Ap-
pendix, Fig. S6). Firstly, cells thawed immediately after freezing
were examined. As expected, cells slowly frozen in the absence of
a CPA were almost completely dead after thawing (29). Although
the cells ejected as 200-pL droplets on thick substrates (thickness:
150 pm) survived partially, the survival rate was <25% of that of
the conventional cryopreservation method. The survival rate in-
creased drastically upon reducing the droplet size from 200 to 40
pL. The survival rate for 40-pL droplets on thick substrates
(thickness: 150 um) was comparable to that of the conventional
method. The usage of thin substrates (thickness: 5 pm) increased
the cell viability by another 5%. These results show that the SFF
of 40-pL droplets should enable CPA-free cryopreservation with
survival rates that offer practical utility.

Apart from the cooling rate, the warming rate also represents
an important parameter Recent studies (16, 30, 31) have shown
that recrystallization of vitreous water and crystal growth during
the warming process can inflict lethal damage on the cells. The
transient simulation of the heat transfer for the warming process
was also performed (SI Appendix, Fig. S7). The medium flow

200 pL. LN
rd

|
40 pL, dry ice
(Crystallization control)

40 pL, L

Fig. 3. Experimental assessment of the freezing
states of the droplets. (A) Raman spectra for 10-pL,
200-pL, and 40-pL droplets. A peak at ~3,100 cm™’
was assigned to the OH stretching vibration, which
- shifts toward the low-frequency region in the vitre-
ous state. The peaks of both inkjet-printed droplets
shifted by ~20 cm™' relative to that of the 10-pL
droplet (vertical dotted line). (B) Time course of the
brightness of the droplets frozen under varying
] conditions. The moment when the droplet was de-
e posited on the substrate was defined as 0 ms. The
200-pL droplet brightened within 3 ms after the de-
position. The 40-pL droplet deposited on the sub-
strate that was cooled with dry ice exhibited slightly
increased brightness. The 40-pL droplets deposited on
the LN-cooled substrate exhibited constant brightness
regardless of the presence or absence of glycerol.
(Scale bars, 25 um.)

| AT |

N, glycerol

Vitrification control)
[

around the droplet and the substrate was ignored since the
warming process was also expected to thaw droplets instanta-
neously. The results are shown in Fig. 5 and Movie S4 and sum-
marized together with the cooling and survival rates in Table 1.
The estimated warming rates were approximately three to four
times higher than the corresponding cooling rates, whereas the
critical warming rates of several solutions were reported to be
one to three orders of magnitude higher than the CCR (32).
The critical warming rate for cells (CWR_.;) was estimated to be
10° °C/s, which is one order of magnitude higher than CCR_y.
This value is comparable to the highest obtained in this study
(40-pL droplet on a thin substrate) and higher than the other
conditions. A comparison between the cooling and warming
rates suggested that the SFF system achieves sufficiently high
cooling rates to nearly vitrify cells, while increasing the warming
rate should further improve the SFF method.

Furthermore, the warming rates for 200- and 40-pL droplets
with thick substrates drastically decreased in the region around
Ty, which might cause the droplet to recrystallize. These results
show that the warming rate is easily affected by the thermal
capacity of the carrier for the frozen samples (e.g., the glass
substrate). Accordingly, the reason why CPA-free cryopreserva-
tion has not been accomplished so far might be ascribed to the
warming rate rather than to the cooling rate.

Next, the influence of the storage period was evaluated.
Theoretically, even samples frozen without CPA must be kept
for safety in the vitreous state, i.e., below the T,. The SFF-frozen
cells were cryopreserved in the vapor phase of an LN dewar,
which is comparable to the long-term storage of conventional
vitrification methods that use high concentrations of CPAs. Even
samples that have been frozen by slow-rate-freezing method are

A B Fig. 4. Comparison of the cell viabilities after thaw-

100 401 ing under varying conditions. (A) Bar 1 was obtained

804 from a conventional freezing method, while bars 2-7

2 —_ were obtained from the SFF method in the absence of

= 601 %30' T CPAs. The highest viability was obtained from freezing

% 401 g T 40-pL droplets on a 5-um-thick substrate (bar 5). Bars 6

& =20 and 7 refer to a method wherein the frozen cells were

> 204 % once transferred to the vapor phase of LN and thawed

- 3 immediately or 5 d thereafter (n = 5). (B) Doubling

04 T T T T T » 107 times for the first and second divisions of 3T3 cells.

DMSO 10% - = = = = = Both first doubling times were longer than the general

Dropletsize - {0pL 0 : ,  doubling time for 3T3 cells (20-24 h). The doubling
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of substrate g general one. A significant difference was not detected
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for the first and second doubling times between the
SFF method and the conventional method (n = 5).
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Fig. 5. Estimation of the warming rates using a heat-transfer simulation.
(A) Time courses of the average temperatures of the entire droplets. The
dashed red line shows cooling for the CWR. The 40-pL droplet on thin
substrate was warmed over the crystalline point at once; on the other hand,
the warming rates for the droplets on thick substrates decreased around T},
due to cooling by the substrate. (B) Contour plots of the average warming
rate of the droplets in the thermodynamically unstable region. The warming
rate anywhere on the 40-pL droplet on thin substrates was more than the
CWRel. In the case of thick substrates, less than half of the area of the 40-pL
droplet and only part of the 200-pL droplet exhibit a cooling rate over the
CWRceII-

usually stored in the same way to maintain their long-term via-
bility. As expected, cell viability by SFF did not decrease during a
week of storage (the two right bars in Fig. 44). The division
ability of 3T3 cells after a week of storage was assessed based on
a time-lapse observation (SI Appendix, Fig. S8 and Movie S3). As
far as the doubling time is concerned, a difference between the
SFF and the conventional method could not be detected (Fig.
4B). These results suggest that the SFF-frozen cells can be stored
semipermanently below the T,.

However, the viability can be compromised by transporting the
cells into the LN dewar, as evident from the viability of 40-pL
droplets on thick substrates (thickness: 150 pm) that were thawed
immediately and stored for 0 d (Fig. 44). During the transport of
the cells into the cryotube, and the immersion of the cryotube into
the LN dewar, devitrification and recrystallization induced by in-
creased temperatures can easily occur. This result indicates that
the temperature of SFF-frozen cells must be maintained rigorously,
particularly during the transfer process. Due to the extremely small
thermal volume, the CPA-free vitrified or nanocrystallized droplets
can recrystallize easily upon a brief exposure to atmospheric con-
ditions, i.e., beyond the T, of water. Therefore, the development of
automated SFF systems should keep cells consistently below the T,
of water.

The SFF method was also applied to other cell types [mouse
myoblast C2C12 cells and rat mesenchymal stem cells (MSCs)]
(33). The viability was evaluated without storage period after
freezing 40-pL droplets on thick glass substrate (Fig. 64). The
survival rates of both cells were almost identical. Furthermore,
MSC characterization after the SFF method was examined.

Akiyama et al.

MSCs are known to express a variety of surface epitopes in-
cluding cell adhesion molecules and enzymes. CD146 is a
transmembrane glycoprotein which mediates cell adhesion and
is used as a marker of multipotency of MSCs (34). CD73 is ecto-
5’-nucleotidase, which is specifically expressed in MSCs, and
CD73* MSCs have been reported to have self-renewal (35). It
was confirmed that MSCs frozen by the SFF method still kept
expressing the markers for MSCs (Fig. 6B). These results show
that the SFF method is able to keep not only high cell viability
but also cellular state like stemness.

The upper sample-size limit of this method is defined by the
diameter of the nozzle of the inkjet head. Empirically, the
specimen size should be at least less than one-half of the nozzle
diameter to ensure stability of the inkjet injection (e.g., 20 pm for
40-pL droplets). Specifically, samples over 40 pL such as mam-
malian oocytes (mouse: ~70 pm; human: ~120 pm) (36), orga-
noids, and spheroids are thus theoretically inapplicable at the
moment. On the other hand, inkjet heads that can eject smaller
droplets (<40 pL) can be applied for smaller cells such as sperms
and thrombocytes, which might improve the viability.

The SFF method should also find applications in the cryofixation
in cellular imaging such as soft X-ray tomography, high-aperture
cryolight microscopy, and their combination (37). Cryofixation
by plunge freezing is widely used for the sample preparation in
these imaging techniques, since it can halt all motion and met-
abolic activity (38). As far as the resolution is concerned, these
imaging methods are not affected by the presence of small ice
crystals that might be generated by the SFF method. On the
other hand, SFF should not be suitable for cryoelectron mi-
croscopy given its high resolution (less than 1 nm).

We have demonstrated a method for a CPA-free cryopreser-
vation that is based on cooling rates that are faster than the
CCRepi- The SFF method circumvents two major issues of conven-
tional methods, i.e., the cytotoxicity of the CPA and the dehydration
of cells. If the generation of ice crystals is inhibited completely by
further increasing the cooling rate, the resulting viability should
surpass that of conventional methods. However, the samples must
always remain below the T, of water, as the extremely small thermal
volume of the droplets suffers easily from recrystallization by de-
vitrification. Moreover, the mechanical stress exerted on the cells by
inkjet printing must be taken into consideration. Nevertheless, the
SFF method should be ideally suitable for a broad variety of cells and
is expected to be applied soon to pluripotent stem cells and hemo-
cytes for blood transfusion by constructing an automated system.

Methods

Inkjet-Based SFF System. The system is composed of a piezo-based inkjet
device (IJK-200H; Microjet), an LN cooling system, and a two-axis automatic
stage (SGSP20-85; Sigma Koki) (Fig. 1A). The base is made of aluminum and
was partially immersed into the LN of the LN reservoir (polystyrene foam).
Thick (thickness: 150 um; C1100; Matsunami Glass) or thin (thickness: 5 um;
C1100, OA-10G; Nippon Electric Glass) glass substrates were stacked on a
small piece of Si wafer, which was placed on top of the base (Fig. 1B). The LN
reservoir was covered with a polymethyl methacrylate lid. The corners of the
lid were cut off to let the evaporating nitrogen escape. LN was poured into
the LN reservoir a few minutes before starting the inkjet printing. T <
—190 °C at the top of the glass substrate was confirmed using a K-type

Table 1. Cooling, warming, and survival rates

Droplet 200 pL 40 pL 40 pL
Substrate Thick Thick Thin
CR, °C/s 7.2 x 10° 2.2 x 10* 3.7 x 10*
WR, °C/s 2.9 x 10* 6.5 x 10* 1.5 x 10°
SR, % 19.6 75.3 86.5
WR/CR 4.0 3.0 4.1

CR, cooling rate; WR, warming rate; SR, survival rate.
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Fig. 6. Cryopreservation of C2C12 cells and MSCs by the SFF method. (A)
Comparison of cell viability between the SFF method and the conventional
method. For the conventional method, cells were frozen by a slow freezing
rate with 10% DMSO. In all cases, the viability was over 70%. A significant
difference between the methods was not detected (n = 5). (B) Stemness
expression of MSCs frozen by the SFF method. The cells were immunostained
with CD73 or CD146 (green) and DAPI (blue). The cells were stained with the
stemness marker. (Scale bars, 10 pm.)

thermocouple (KFT-100-200-100; Anbe SMT). When the glass substrate was
cooled with dry ice, the temperature was approximately —60 °C on top of
the glass substrate. The droplets deposited on the substrate froze in-
stantaneously upon deposition. Detailed conditions for inkjet printing have
previously been described elsewhere (19).

A density-adjusted medium was used for inkjet printing to avoid sinking
and stacking in the inkjet head (20). The density-adjusted medium was
prepared by adjusting the density of the culture medium to 1.045 g/mL with
Percoll Plus (17-5445-02; GE Healthcare).

Droplets were printed at intervals of ~200 pm by synchronizing the inkjet
device and the automatic stage with the LabView (National Instruments)
software package. While the inkjet head was fixed and droplets were
ejected continuously at 50 Hz, the substrate with the LN reservoir moved at
10 mm/s to prevent overlapping of the droplets.

Determination of Droplet Size. The shape and size of the droplets were de-
termined by a zoom microscope (Z16-APO; Leica) and a camera (WAT-221S;
Watec). As the droplets were small enough, it was possible to treat the outline
of the droplets on the substrate as a circular arc. The actual height h can be
obtained from the following equation: h=r+cos#{h’ —r —r(cos(arcsin(h’/
r—1))tand}, where h’ is the apparent height, r the radius of the droplet, and
0 the observation angle of the camera (S/ Appendix, Fig. S1). For each inkjet
head, five droplets were measured. The inkjet head with a 60-um diameter
ejected droplets of 76.5 um in diameter and of 54.7-pm height, which affords
an approximate volume of 200 pL. The inkjet head with a 40-um diameter
ejected droplets of 48.9-um radius and 31.8-um height, which afford an
approximate volume of 40 pL. Droplets formed by dropping cell suspensions
from a micropipette on the LN cooled glass substrate was also measured
(radius: 1.35 mm; height: 1.99 mm), which revealed an approximate volume
of 10 pL.

Transient Simulation of the Heat Transfer. A transient simulation was con-
ducted using a finite-element-method-based software (COMSOL). The
model consisted of the droplet and the glass (S/ Appendix, Fig. S3). The
aluminum base and the silicon wafer were not taken into account due to
their vastly higher thermal conductivity relative to that of the borosilicate
glass. Since SFF is an instantaneous phenomenon, convection inside the
droplets as well as heat transfer between the droplets and the atmosphere
around the droplet were ignored. Specifically, heat could transfer only
through the boundary between the bottom line of the droplets and the top
line of the glass substrates. The bottom line of the glass substrate was always
set to —190 °C, which was the experimentally determined cooling temper-
ature using LN. The other boundaries, except for the axisymmetric ones,
were insulated thermally. Furthermore, it was assumed that the droplet at
20 °C was initially deposited on the glass substrate at —190 °C. Phase tran-
sitions were not taken into account, as we aimed at stimulating the vitrifi-
cation. The thermal properties of supercooled and vitrified water are largely
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unknown. Thus, the thermal properties of supercooled water at —23 °C were
used (thermal conductivity: 0.5 W/m-K; density: 983 kg/m?; heat capacity at
constant pressure: 4218 J/kg-K) (39). The thermal properties of the glass
substrate were obtained from the literature (40-42). The time-step size was
set to 0.02 ms for 0-1 ms, 0.1 ms for 1-20 ms, and 0.5 ms for 20-100 ms. The
cooling rate at each point was calculated by differentiating the temperature
with respect to time. To draw the contour plot, the cooling rates were av-
eraged during the period in the thermodynamically unstable region. The
warming rate was also calculated using a model similar to the one for the
cooling rate (S/ Appendix, Fig. S7). The properties of water given in COMSOL
were used for the surrounding medium.

Raman Spectroscopy. Three sizes of droplets (10 pL, 200 pL, and 40 pL) cooled
on thick substrates (thickness: 150 um) were measured. All droplets consisted
of the density-adjusted culture medium without phenol red, which increases
the background of the Raman spectrum. The first droplets were prepared by
dropping the solution with a micropipette on the glass substrate of the SFF
system, while the others were prepared by the SFF system using the inkjet
head. The droplets on the glass substrate cooled with the LN reservoir were
transported with the LN reservoir and set with the LN reservoir on the stage
of the Raman spectrometer to inhibit recrystallization of the vitrified water
during the measurements. Raman spectra were measured with a Raman
microscope (Hololab 5000; Kaiser Optical Systems) using the following
measurement conditions: objective lens: 50%, wavelength 531.785 nm, irra-
diation time 1 s, integration time 1. All recorded spectra were normalized
based on the peak intensity at ~3,100~" cm.

Observations Using a High-Speed Camera. The freezing process of the droplets
was observed using a zoom microscope and an ultrahigh-speed camera at
10,000 frames per second (SA-Z or AX200; Photron), which were fixed at 45°
relative to the horizontal line. The area around the glass substrate was ir-
radiated with a metal halide illuminator (HIBIKI, HC-M210). The illuminator
was turned on only during the observation to prevent the sample from
heating. The time course of brightness was evaluated in an area of ~10 x 10
pixels close to the center of the droplet. The averaged percentages of each
initial brightness for three measurements are plotted in Fig. 3B.

The freezing state was determined based on a comparison with crystal-
lization and vitrification controls. For the former, a 40-pL droplet of the
culture medium was frozen by the SFF system, but the LN chamber was filled
with dry ice. Since the temperature of dry ice is higher than the T, of water,
the droplet was absolutely crystallized. In this case, the brightness slightly
increased in the first few milliseconds. For the latter, a 40-pL droplet of
DMEM including 20 wt % glycerol was frozen by the SFF system. The CCR for
a 20 wt % glycerol solution is ~2.0 x 10° K/min (32), i.e., much slower than
the cooling rate by the SFF system. The brightness of the droplet was almost
constant. These two experiments show that the brightness does not change
for the vitrified droplets.

Cell Culture. Mouse NIH 3T3 fibroblast cells and rat myoblast cell line C2C12
were obtained from Riken Cell Bank and American Type Culture Collection,
respectively. Rat bone marrow-derived mesenchymal stem cells were obtained
as previously reported (33). Dulbecco’s modified Eagle medium (DMEM)
with high glucose levels (044-29765; Wako Pure Chemical), supplemented with
10 volivol % FBS and 1 volivol % penicillin-streptomycin solution (168-23191;
Wako Pure Chemical) was used as the culture medium for all cells.

Procedures for Freezing and Thawing Cells. During the SFF, the cells were
suspended in the density-adjusted culture medium at 1.0 x 10® to 107 cells per
milliliter. The cell suspensions were introduced into the inkjet head thought
the nozzle by aspiration from the opposite side of the nozzle. Then, the cells
were frozen by the SFF system, and ~3,000 droplets were ejected onto a
glass substrate.

The SFF-frozen cells were thawed rapidly by directly dropping them with
the glass substrate into the culture medium (3 mL), which was preheated to
37 °C. Before the experiment, we confirmed that the temperature decrease
upon immersing the glass substrate was negligible. When the glass substrate
(10 x 10 x 0.15 mm?>) that was cooled to —190 °C was immersed in the culture
medium (3 mL, 37 °C), the temperature drop was calculated to be >0.5 °C. To
prevent the frozen cells from warming before thawing, we carried the glass
substrate on top of the Si substrate by gripping the Si substrate with plastic
tweezers that were also precooled by dipping into LN. The thawed cells,
which were obtained from several glass substrates, were gathered in a
well of 96-well plates (3860-096; AGC Techno Glass) by centrifugation, and
cultured therein.
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In the conventional cryopreservation method, the cells were suspended
(1.0 x 106 cells per millimeter) in the culture medium including 10 vol/vol %
DMSO. The cell suspension was deposited in a cryovial and slowly frozen.
During the slow freezing, the sample was contained in the freezing vessel
(Nihon Freezer), which was placed in a deep freezer (VT-78HC; Nihon
Freezer) set to —80 °C. According to the manufacturer’s data, the cooling
rate is <1 °C/min. After the sample was left for 1 d in the deep freezer, the
sample with the cryovial was thawed by immersing in water (37 °C). The cells
were washed once with the culture medium to remove any DMSO, and
subsequently incubated in the culture medium in a CO, incubator.

Evaluation of the Cell Viability. The cell viability was evaluated by live-dead
staining, as the cell membrane should be damaged by inkjet printing but
recover in a few hours (21). The cells were stained 3 h after thawing. The
cells were incubated in the live-dead staining solution (Double Staining Kit
CS01; Dojindo) at 37 °C for 30 min. Fluorescence images of the cells were
recorded using a fluorescent microscope (DMI IL LED; Leica). The respective
numbers of live and dead cells were counted manually and the cell viability
was calculated as the ratio between the live cells and all of the cells. When
the cells were frozen as 10-pL droplets, the dead cells were uncountable,
almost all cells were ruptured. The viability was calculated by dividing the
number of live cells by the calculated total cells number included in 10 pL
(1.0 x 10°).

Time-Lapse Observation of Cells After Thawing. Thawed cells were plated in a
well of a 96-well plate and placed in the incubator. The cells were observed
with an inverted-phase-contrast microscope (Daiko Science; DSM). Images
were taken in intervals of 5 min. Five cells were selected randomly and the
doubling times for the first and second divisions were measured. The first and
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second doubling times are defined as the periods between thawing and the
first division, and between the first and second division, respectively.

Immunostaining for MSC Markers. The thawed MSCs were immunostained
using the markers CD73 and CD146. Briefly, cells were fixed with 4% para-
formaldehyde and permeabilized with 0.2% Triton X-100. The cells were
blocked with 5% FBS and incubated overnight at 4 °C with primary anti-
bodies that recognized CD73 (1:200; Abcam) and CD146 (1:500; GeneTex).
After rinsing with PBS, the cells were incubated for 1 h at room temperature
with Alexa488-conjugated secondary antibody (Thermo Fisher Scientific).
Nuclei were counterstained with DAPI (Nacalai Tesque). Fluorescence images
were obtained using a Nikon A1 confocal microscope.

Statistical Analysis. Results are represented as mean values + SD. A com-
parison for all data was conducted with a Student t test, whereby P < 0.05
was considered as statistically significant.
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