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Cryopreservation of tissues 
by slow‑freezing using an emerging 
zwitterionic cryoprotectant
Takeru Ishizaki 1, Yasuto Takeuchi 2, Kojiro Ishibashi 2, Noriko Gotoh 2, Eishu Hirata 2,3* & 
Kosuke Kuroda 1,4*

Cryopreservation of tissues is a tough challenge. Cryopreservation is categorized into slow‑freezing 
and vitrification, and vitrification has recently been recognized as a suitable method for tissue 
cryopreservation. On the contrary, some researchers have reported that slow‑freezing also has 
potential for tissue cryopreservation. Although conventional cryoprotectants have been studied well, 
some novel ones may efficiently cryopreserve tissues via slow‑freezing. In this study, we used aqueous 
solutions of an emerging cryoprotectant, an artificial zwitterion supplemented with a conventional 
cryoprotectant, dimethyl sulfoxide (DMSO), for cell spheroids. The zwitterion/DMSO aqueous 
solutions produced a better cryoprotective effect on cell spheroids, which are the smallest units of 
tissues, compared to that of a commercial cryoprotectant. Cryopreservation with the zwitterion/
DMSO solutions not only exhibited better cell recovery but also maintained the functions of the 
spheroids effectively. The optimized composition of the solution was 10 wt% zwitterion, 15 wt% 
DMSO, and 75 wt% water. The zwitterion/DMSO solution gave a higher number of living cells for the 
cryopreservation of mouse tumor tissues than a commercial cryoprotectant. The zwitterion/DMSO 
solution was also able to cryopreserve human tumor tissue, a patient‑derived xenograft.

Efficient long-term preservation of tissues is a tough challenge and novel technologies for the long-term preserva-
tion of various tissues are in high demand. Cryopreservation is a key technology for long-term preservation and 
has already been well established for single dispersed cells. Cells are generally cryopreserved in a deep freezer at 
around − 80 °C or in liquid nitrogen at − 196 °C. Cryoprotective agents (CPAs) have been developed to prevent 
physical damage to cells induced by ice crystals formed under extremely low  temperature1. The most commonly 
used CPAs are  glycerol2 and dimethyl sulfoxide (DMSO)3. Although some papers have reported cryopreserva-
tion of multicellular spheroids and tissues using these CPAs with a certain degree of cell  viability4–8, generally, 
cryopreservation is inadequate for multicellular systems.

Cryopreservation is categorized into slow-freezing and  vitrification9. Slow-freezing has a low cooling rate 
and prevents intracellular ice formation (IIF) by dehydration of cells. Slow-freezing is widely used for dispersed 
single cells because it works even with low concentrations of toxic CPAs and the amateur skills of the operator. 
Vitrification has a high cooling rate and prevents IIF by the instantaneous formation of a glass-like  structure10. 
Although it requires high concentrations of toxic CPAs and expert skills, it has recently attracted attention 
because it completely avoids ice crystal formation. In addition, vitrification leads to low volume change at low 
temperatures, avoiding compression of the tissues. Based on these advantages, vitrification is recognized to be 
suitable for the cryopreservation of tissues; it is performed using  polyvinylpyrrolidone11–15, polyvinyl alcohol, 
 polyglycerol13–15,  polyampholytes16, and conventional CPAs. Though slow-freezing of tissues has not, therefore, 
been enthusiastically studied in recent years, Lee et al. recently reported that slow-freezing is superior for cryo-
preservation of ovarian  tissues17. We here considered that slow-freezing has untapped potential. In this study, the 
emerging CPAs were applied to harness this potential, because conventional CPAs have already been well studied.

We have proposed low-molecular-weight aprotic synthetic zwitterions as novel CPAs for slow-freezing 
(Fig. 1)18. Zwitterions have positive and negative charges in one molecule. The synthetic zwitterions applicable 
to cryopreservation possess various cations such as imidazolium, ammonium, and pyridinium and anions such 
as carboxylate and sulfonate. They have low cytotoxicity. For example, the median effective concentrations  (EC50) 
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of zwitterions to E. coli are higher than DMSO, ethanol, and typical ionic  liquids19,20. An imidazolium/carboxylate 
zwitterion gives higher viability of human normal fibroblasts than DMSO after 24 h of cultivation at 10% (v/v). 
The same tendency is obtained for zebrafish  embryos18. The zwitterion did not kill zebrafish embryos at 5% but 
the same concentration of DMSO killed most of them. Zwitterions we synthesize are aprotic, and therefore they 
basically always possess electric charges unlike protic zwitterions such as amino acids. The constant electric 
charges strongly interact with water, resulting in the inhibition of ice  crystallization21. Therefore, the zwitterions 
show a similar effect to that of commercial CPA for single cells. Although synthetic zwitterionic  polymers22,23 
and natural  zwitterions24–26 as CPAs have been studied in detail, low-molecular-weight synthetic zwitterions 
have not been well studied.

The synthetic zwitterions are cell-impermeable CPAs and cannot inhibit IIF directly, unlike cell-permeable 
natural  zwitterions18,24–26, however, they increase the osmolarity of the freezing medium and indirectly inhibit 
IIF by dehydrating cells due to the high osmotic pressure. Moreover, their cryoprotective effect is improved by 
the supplementation of cell-permeable DMSO. In a preliminary study, we demonstrated that some aqueous mix-
tures of zwitterion/DMSO showed a higher cryoprotective effect than a commercial CPA on a variety of single 
dispersed cells vulnerable to  freezing21. In this study, the zwitterion/DMSO aqueous solutions were applied to 
the cryopreservation of tissues. Tumor tissues were used for this primitive study because of convenience. While 
there are many zwitterion species, we used the imidazolium/carboxylate zwitterion (called  OE2imC3C in our 
previous works) shown in Fig. 1 because it is a promising  species21.

Results and discussion
Cryopreservation of spheroids. Spheroids, the smallest units and building blocks of artificial tissues, 
were cryopreserved. Cryopreservation of even small tissues such as spheroids is known to be challenging com-
pared to that of single dispersed cells. Spheroids were created using mouse melanoma cells (5555). The relative 
cell recovery is normalized with values of a commercial CPA  (CultureSure® freezing medium, Fujifilm Wako 
Pure Chemical Corporation) containing DMSO and bovine serum albumin. When using zwitterion/DMSO/
water (10/0/90, w/w/w: ZD-10/0), relative cell recovery after cryopreservation was 0.15 (Fig. 2a, Fig. S1), indicat-
ing ZD-10/0 was not effective. Zwitterion/DMSO/water (10/10/80, w/w/w: ZD-10/10), which is expected to have 
a higher cryoprotective effect, gave a relative cell recovery of 1.14 and thus was comparable to the commercial 
CPA. Zwitterion/DMSO/water (0/10/90, w/w/w: ZD-0/10) gave a relative cell recovery of only 0.11, indicating 
the importance of mixing the zwitterion and DMSO.

Cryopreservation of dispersed single 5555 cells resulted in higher cell recoveries (Fig. S2), compared to 
those of the spheroids. The relative cell recoveries of dispersed single cells were 0.71 and 0.46 for ZD-10/0 and 

Figure 1.  Chemical structure of the imidazolium/carboxylate zwitterion used in this study. 

Figure 2.  Relative cell recoveries of cryopreserved mouse melanoma cell spheroids post-thaw using different 
mixtures of zwitterion and DMSO. (a) Initial tests on non-optimized mixtures with cell recoveries measured 
immediately post-thaw (n = 1, experimental triplicates). (b) Optimization of mixture concentrations with 
cell recoveries measured immediately post-thaw (n = 3, biological triplicates). (c) Optimization of mixture 
concentrations with cell recoveries measured after 24 h of incubation post-thaw (n = 3, biological triplicates). 
The bars show standard errors. The commercial CPA employed is CultureSure® freezing medium (Fujifilm Wako 
Pure Chemical Corporation).
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ZD-0/10, respectively. Those for spheroid were 0.15 and 0.11, respectively. Therefore, the cryopreservation of 
multicellular systems was confirmed to be more difficult than that of single cells although cell concentration was 
different (for dispersed cells and spheroids: 1 ×  107 vs 8 ×  105 cells/mL). The zwitterion indirectly inhibits IIF by 
dehydrating cells. The dehydration gives sufficient cell recovery for the cryopreservation of single cells. However, 
IIF in any single cell of the multicellular systems is critical because the intracellular ice inflows into adjacent 
cells through the gap  junctions27. Therefore, cryopreservation of multicellular systems only with the zwitterion 
is difficult, while the mixture with DMSO exhibits a synergistic cryoprotective effect. Combining cell-permeable 
and cell-impermeable CPAs for tissues is  typical28, and ZD-10/10 is one following the typical tactic. Because the 
combination of zwitterion and DMSO is comparable to the commercial CPA despite the unoptimized composi-
tion, the specifically optimized composition is assumed to be promising.

Twelve solutions with different zwitterion/DMSO concentrations (ZD-5/5 to ZD-20/15) were prepared and 
optimized (Fig. S3a–c). ZD-5/5, ZD-5/10, ZD-5/15, and ZD-10/15 especially produced higher relative cell recov-
eries immediately post-thaw (1.32, 1.30, 1.37, and 1.51, respectively) (Fig. 2b, Fig. S4), compared to that of the 
commercial CPA. Although there is no statistical significance (p value ≥ 0.141), all the values were higher than 
those obtained with the commercial CPA. The cell viabilities and recoveries of spheroids, shown in Fig. S3, 
decreased when the concentration of the zwitterion was 15 wt% or more. This trend was also observed in the 
cryopreservation of single cells (Fig. S5). The zwitterion is cell-impermeable; therefore, cells may have been killed 
by the excessively high osmotic pressure.

The abovementioned results are based on the relative cell recoveries immediately after thawing, but, some-
times, “false-positive” recovery results are obtained where cells appear as viable immediately post-thaw, but 
apoptotic and necrotic activity may only translate into cell loss after some time of culture post-thaw29,30. To avoid 
false positives, we evaluated the relative cell recoveries of spheroids after 24 h of incubation from thawing, using 
our four optimized solutions (ZD-5/5, ZD-5/10, ZD-5/15, and ZD-10/15; Fig. 2c, Fig. S6). ZD-5/10, ZD-5/15, and 
ZD-10/15 produced high relative cell recoveries (1.65, 1.72, and 1.37, respectively). The absolute cell recoveries 
with ZD-5/10 and ZD-5/15 were almost 100% (Fig. S6). In the case of ZD-5/5, although the relative cell recovery 
immediately after thawing was 1.32, after 24 h, it decreased to 0.73. This is the case of “false positive”. The cell 
viability with ZD-5/5 after 24 h of incubation was still high (Fig. S6) despite the low cell recovery, indicating that 
the dead cells by apoptosis disintegrated into fragments during 24 h of incubation.

The ability for spheroids to naturally fuse when in close contact with each other is a feature that was investi-
gated post-thaw to see if any of the optimized solutions altered this behavior compared to the commercial CPA 
and fresh spheroids (Fig. S7). The spheroids cryopreserved with all solutions used in this study, including the 
commercial CPA, fused within 5 days. Their behavior was similar to that of the fresh spheroids.

Melanoma-associated fibroblast (MAF1) spheroids were also cryopreserved (Fig. S8). All four optimized 
solutions showed higher cell recoveries and viabilities immediately post-thaw than the commercial CPA. This 
trend is similar to that observed with 5555 spheroids.

Cryopreservation of 5555/MAF1 co‑cultured spheroids. Co-cultured spheroids of 5555 and MAF1 
were cryopreserved because natural tissues consist of multiple types of cells (Fig. 3a, Fig. S9). Again, the four 
optimized solutions were used. Relative cell recoveries immediately post-thaw with ZD-5/5, ZD-5/10, ZD-5/15, 
and ZD-10/15 were 0.92, 1.36, 1.22, and 1.37, respectively. ZD-10/15 exhibited the highest cryoprotective effect: 
all plots of ZD-10/15 were higher than those with the commercial CPA although the difference was not statisti-
cally significant (p values ≥ 0.225).

The fusion ability of 5555/MAF1 co-cultured spheroids after cryopreservation was also investigated (Fig. S10). 
Fresh spheroids fused after 2 days, and similar behavior was observed for all spheroids cryopreserved with the 
zwitterion/DMSO solutions and the commercial CPA.

5555 cancer cells in 5555/MAF1 co-cultured spheroids have the ability to invasion in collagen gels, similar to 
tumor tissues, with the aid of MAF1  cells31. We confirmed whether this distinctive ability was maintained post-
thaw (Fig. 3b,c, Fig. S11). Invasion radii of 5555 cells after cryopreserving with ZD-5/5, ZD-5/10, ZD-5/15, and 
ZD-10/15 were 136, 120, 88, and 130 µm, respectively. These invasion radii were longer than that obtained with 
the commercial CPA (83 µm). MAF1 cells also have invasion ability and invasion radii of MAF1 cells were also 
observed just for information. Invasion radii after cryopreserving with ZD-5/5, ZD-5/10, ZD-5/15, and ZD-10/15 
were 130, 126, 115, and 133 µm, respectively. These invasion radii were also longer than those obtained with the 
commercial CPA (95 µm). Although ZD-5/5 resulted in a similar cell recovery as the commercial CPA (Fig. 3a), 
it showed a higher invasion radius than that of the commercial CPA. Therefore, the zwitterion/DMSO aqueous 
solutions probably maintained the function of the co-cultured spheroids well.

Cryopreservation of mouse tumor tissues. We examined whether zwitterion/DMSO mixtures also 
support the cryopreservation of mouse tumor tissues as a different sample type having a more complex cellular 
composition than co-cultured spheroids. ZD-10/15, which showed the highest cryoprotective effect for 5555/
MAF1 co-cultured spheroid, was therefore tested, in comparison to the commercially available CPA Cell Reser-
voir One (Nacalai Tesque). The number of surviving tumor cells was quantitatively evaluated by bioluminescent 
imaging. We found that tumor cells cryopreserved with ZD-10/15 exhibited a higher survival rate than those 
cryopreserved with the commercial CPA (Fig. 4). These results suggest that ZD-10/15 possesses a notable poten-
tial as a CPA not only for spheroids but also for more complex tumor tissues.

Cryopreservation of human tumor tissues. Transplantation of patient-derived breast cancer tissue 
xenografts (PDXs) into immunodeficient mice is an important technique in anticancer drug development at 
a preclinical stage, as the behavior of these tumors in mice was found to be similar to that of the tumor in its 
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original  recipient32. Therefore, next we cryopreserved PDXs using ZD-10/15 or a commercial CPA (Cell Reser-
voir One, Nacalai Tesque), thawed them, and transplanted them into mice. Out of eight PDXs that were thawed 
and transplanted into mice for both cryoprotection conditions, seven of those cryopreserved with ZD-10/15 
engrafted and grew, versus eight in the commercial CPA group (Fig. 5a). The number of elapsed days from trans-
plantation to resection (tumor resection was done after growing by the long diameter of approximately 10 mm), 
from transplantation to tumor formation, and from tumor formation to resection were shown in Fig. 5b. There 
were no significant differences between these number of elapsed days with ZD-10/15 and the commercial CPA (p 
value ≥ 0.899). ZD-10/15 did not show higher values than the commercial CPA in this PDX experiment whereas 
it showed higher values in the case of the mouse tumor tissues. However, ZD-10/15 exhibited cryoprotective 
effects comparable to those of the commercial CPA, which is practically used in the cryopreservation of PDXs. 
This indicates that ZD-10/15 can be immediately applied to the cryopreservation of human tissues such as PDXs.

Conclusion
Mouse cell spheroids and mouse and human tumor tissues were cryopreserved by slow-freezing with the zwit-
terion aqueous solutions supplemented with DMSO. Following the cryopreservation of 5555, MAF1, and 5555/
MAF1 spheroids, ZD-5/10, ZD-5/15, and ZD-10/15 produce higher post-thaw cell recoveries and invasion 
radii than those seen with the commercial CPA. ZD-10/15 exhibited the highest cryoprotective effect in 5555/
MAF1 co-cultured spheroids. In mouse tumor tissues, using this cryoprotective solution also resulted in a higher 
number of living cells after thawing compared to a commercial CPA. With PDXs, ZD-10/15 was comparable 
to a commercial CPA. However, ZD-10/15 is a simple mixture of the zwitterion, DMSO, and water, and thus, 
there is significant room for further improvement in future works. For such improvement, the limited supply of 
non-commercial materials such as PDX would be a problematic issue.

Figure 3.  Relative cell recoveries and invasion ability of cryopreserved 5555/MAF1 co-cultured spheroids 
post-thaw using optimized mixtures of zwitterion and DMSO. (a) Relative cell recoveries of cryopreserved 5555/
MAF1 co-cultured spheroids measured immediately post-thaw (n = 3, biological triplicates). (b) Typical images 
for invasion of spheroids after 24 h of incubation post-thaw. All images are in Fig. S11. Scale bar represents 
500 µm. (c) Invasion radius of spheroids after 24 h of incubation post-thaw (n = 1, experimental quadruplicates). 
The bar shows standard errors. The commercial CPA employed was CultureSure® freezing medium (Fujifilm 
Wako Pure Chemical Corporation).
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Materials and methods
Materials. The zwitterion used in this study was synthesized as previously  reported29. The reagents used 
to synthesize  OE2imC3C (ethyl 4-bromobutyrate, imidazole, benzene sulfonyl chloride, and diethylene glycol 
monomethyl ether) were purchased from Tokyo Chemical Industry Co., Ltd., and used as received. The syn-
thesis was confirmed by 1H nuclear magnetic resonance (NMR). Dimethyl sulfoxide  (CultureSure® DMSO) and 
 CultureSure® freezing medium were purchased from Fujifilm Wako Pure Chemical Corp. and used as received. 
Cell Reservoir One was purchased from Nacalai Tesque Inc.

Cells. WM266.4 human melanoma cells, 5555 mouse melanoma cells, and MAF1 human melanoma-associ-
ated fibroblasts were kind gifts from Prof. Erik Sahai (Francis-Crick Institute) and were transduced with firefly 
luciferase and/or fluorescent proteins (mEGFP or mCherry) as described  previously31.

Figure 4.  The relative number of living cells in cryopreserved mouse tumor tissues post-thaw using commercial 
CPA and ZD-10/15. Each tumor explant was quantified with IVIS and plotted. The commercial CPA employed 
was Cell Reservoir One (Nacalai Tesque).

Figure 5.  Tumor growth and its speeds of cryopreserved patient-derived xenografts using commercial CPA 
and ZD-10/15. (a) Tumor formation and growth of PDXs after cryopreservation with the commercial CPA or 
ZD-10/15. PDXs were resected at the final marked days. (b) The number of elapsed days from transplantation 
to resection (resection was carried out after growing by the long diameter of approximately 10 mm), from 
transplantation to tumor formation, and from tumor formation to resection. The bars show standard errors. The 
commercial CPA employed was Cell Reservoir One (Nacalai Tesque).
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Cell culture. Cell culturing was conducted with Dulbecco’s modified Eagle’s medium (DMEM, high glu-
cose with l-glutamine and phenol red, Fujifilm Wako Pure Chemical Corporation) supplemented with 1 vol% 
penicillin–streptomycin-amphotericin B suspension solution (Fujifilm Wako Pure Chemical Corporation) and 
10 vol% FBS (Sigma-Aldrich Co., LLC) at 37 °C in 5%  CO2 humidified atmosphere. The expanded cells were 
detached using trypsin solution (0.5 w/v% trypsin-5.3 mmol/L EDTA 4Na solution without phenol red, Fujifilm 
Wako Pure Chemical Corporation) for sub-culturing.

Spheroid culture. Spheroids were prepared by the hanging-drop method. 2 ×  106 cells were collected and 
added into 2 mL medium supplemented with 0.6 w/v% methylcellulose (Sigma-Aldrich Co., LLC) in 2 mL sam-
pling tubes; 20 µL of the cell suspension was placed on the inside of the culture plate’s covers. The covers were 
set on the culture plates filled with PBS and cells were incubated for 1 day at 37 °C in 5%  CO2 humidified atmos-
phere.

Cryopreservation of spheroids. Four spheroids were collected in 1.5-mL sampling tubes and washed 
with 1 mL PBS. After removing the supernatant, 100 µL CPA solution was slowly added at room temperature. 
The samples were immediately stored in a box (Mr. Frosty, Thermo Fisher Scientific Inc.) to cool at − 1 °C/min in 
a − 85 °C freezer for 1 week. The frozen samples were thawed with 1 mL medium (37 °C) and washed with 1 mL 
PBS for 3 min. After removing the supernatant, 50 µL trypsin solution was added and incubated at 37 °C for 
30 min. Medium (50 µL) was added, and the cells were dispersed in the solution by pipetting. The cell suspension 
(10 µL) was mixed with 10 µL trypan blue (Fujifilm Wako Pure Chemical Corporation). The number of living 
cells and dead cells were counted using a hemocytometer (Fukaekasei Corporation and Watson Corporation). 
The cell recovery of spheroids was calculated with the following equation.

The relative cell recovery of spheroids was calculated with the following equation.

The relative cell recovery of 5555 spheroids after 24 h of incubation was calculated with the values after 24 h 
of incubation.

Spheroid invasion. Cryopreserved 5555/MAF1 co-cultured spheroids were washed with 1  mL PBS for 
3 min and transferred to glass bottom plates (Iwaki AGC Techno Glass Co., Ltd.) coated with 50 µL collagen gel. 
Collagen gel was made from Cellmatrix Type I-A (Nitta Gelatin Inc.), 1.72 × DMEM (made from DMEM pow-
der, Thermo Fisher Scientific Inc.), and 1 M HEPES, and the mixing ratio was 4/5.8/0.2 in volume. After covering 
with 100 µL collagen, spheroids were incubated for 30 min, and 1 mL medium was added. After incubation for 
24 h, images of the spheroids were captured with a microscope (ECLIPSE Ts2, Nikon Corporation). The radii of 
spheroids were calculated as true circles from the section area using the software “ImageJ” (ImageJ 1.52, Wayne 
Rasband, National Institutes of Health, USA). The invasion radii were calculated with the following equation.

Cryopreservation of mouse tumors. WM266.4-Luc-mEGFP cells (2 ×  106 cells in 200 µL PBS (−)) were 
subcutaneously inoculated in both flanks of BALB/c slc nu/nu mice (purchased from SANKYO laboratory 
(Tokyo, Japan) and we used two mice for the experiment). After 25 days, the mice were euthanized and the 
subcutaneous tumors (< 1 cm in diameter) were excised, chopped into small pieces (approximately 1  mm3) and 
cryopreserved for 2 months (10–12 pieces in 500 µL CPA at − 80 °C). The tumor pieces were thawed and embed-
ded into type I collagen gels (1.2 mg/mL) in a 96-well culture plate, covered with complete media and cultured 
for 24 h. Luciferin (300 µg/mL) was added into the wells and the number of viable WM266.4 cells in each tumor 
explant was quantified with a bioluminescent imaging system (IVIS Spectrum, PerkinElmer).

Animal experiments were done in accordance with the Institute for Experimental Animals of Kanazawa 
University (AP-184026).

Cryopreservation of patient‑derived xenografts. Breast cancer tissues obtained from breast cancer 
patients were cut into 1 mm squares, and three pieces were suspended in  Matrigel® (Corning) to make 50 µl of 
the mixture. Three pieces per site were inoculated into the mammary fat pads of immunodeficient non-obese 
diabetic (NOD)-scid IL2rγnull (NSG) mice which were purchased from The Jackson Laboratory Japan, Inc. NSG 
mice were used in the animal experiments in this study to orthotopically implant patient-derived breast cancer 
tissue. This PDX mouse model is capable of reproducing human tumor tissues in mice. The purpose of the ani-
mal studies was to confirm the effectiveness of the PDX cryopreservation. Two mice were used for both control 
and experimental group. The quantification of functional cryopreserved PDX post-thaw was based on the num-
ber of abnormal mammary glands relative to the total number of inoculated mammary glands with a thawed 
PDX, that is, eight per experimental condition. No abnormalities were observed in all mice prior to animal 
experiments. Two hundred µL of three types of mixed anesthetic agents (0.3 mg/kg of medetomidine, 4 mg/kg of 
midazolam, and 5 mg/kg of butorphanol, medetomidine/midazolam/butorphanol = 0.3/4/5) was administered 

Cell recovery (%) =
Counted living cell number (post-freeze)

Counted living cell number (pre-freeze)
× 100

Relative cell recovery =
Cell recovery (sample freezing medium)

Cell recovery (commercial CPA)

Invasion radius (µm) = Spheroid radius (24 hours)− Spheroid radius (0 hours)
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intraperitoneally per mouse, and the 3 pieces of patient-derived tumor tissue were implanted into the mammary 
gland using a trocar for mice. All the above procedures were performed in the animal room in the institute for 
experimental animals, Kanazawa University, Research Center for Experimental Modeling of Human Disease. 
Two hundred µL atipamezole (0.3 mg/kg) was administered immediately after the procedure. When tumors 
reached < 500  mm3, the tumors were resected. Tumor volume was measured using the following formula: V = L 
× L × S/2, where L and S are the lengths of the major axis and minor axis, respectively.

Human breast carcinoma specimens were obtained from the Kanazawa University Hospital. This study was 
approved by the institutional review boards of the Cancer Research Institute of Kanazawa University. Written 
informed consent was obtained from all participants before inclusion in the study. All experiments were con-
ducted in accordance with the relevant guidelines and regulations. Animal experiments followed the recom-
mendation of the ARRIVE guidelines, as described below. Mice were handled according to the guidelines of the 
Cancer Research Institute of Kanazawa University. The experiments were approved by committees for animal 
research at the Cancer Research Institute of Kanazawa University.

Statistical analysis. Data were subjected to repeated measures of one-way ANOVA analysis, followed by 
Dunnett’s multiple comparison test. When two groups were compared, a two-tailed unpaired t-test was applied.

The software used for the tests is GraphPad Prism9. Experimental triplicates and quadruplicates in this study 
mean that the data were derived from independent experiments, but the cells collected from the same dishes 
were utilized.

Data availability
All data are available in the main text or the supplementary materials.

Received: 16 May 2022; Accepted: 7 November 2022

References
 1. Saragusty, J., Gacitua, H., Rozenboim, I. & Arav, A. Do physical forces contribute to cryodamage?. Biotechnol. Bioeng. 104, 719–728 

(2009).
 2. Polge, C., Smith, A. U. & Parkes, A. S. Revival of spermatozoa after vitrification and dehydration at low temperatures. Nature 164, 

666–666 (1949).
 3. Lovelock, J. E. & Bishop, M. W. H. Prevention of freezing damage to living cells by dimethyl sulphoxide. Nature 183, 1394–1395 

(1959).
 4. Jeong, Y.-H. et al. Vitrification for cryopreservation of 2d and 3d stem cells culture using high concentration of cryoprotective 

agents. BMC Biotechnol. 20, 45 (2020).
 5. Sundlisaeter, E. et al. Primary glioma spheroids maintain tumourogenicity and essential phenotypic traits after cryopreservation. 

Neuropathol. Appl. Neurobiol. 32, 419–427 (2006).
 6. Kaaijk, P., van den Berg, F., van Amstel, P. & Troost, D. Cryopreservation of organotypic multicellular spheroids from human 

gliomas. Neuropathol. Appl. Neurobiol. 22, 548–552 (1996).
 7. Okoli, U. A. et al. Methodology for processing mastectomy and cryopreservation of breast cancer tissue in a resource- poor setting: 

A pilot study. Cryobiology 97, 179–184 (2020).
 8. Newton, H., Aubard, Y., Rutherford, A., Sharma, V. & Gosden, R. Low temperature storage and grafting of human ovarian tissue. 

Hum. Reprod. 11, 1487–1491 (1996).
 9. Bojic, S. et al. Winter is coming: The future of cryopreservation. BMC Biol. 19, 56 (2021).
 10. Rall, W. F. & Fahy, G. M. Ice-free cryopreservation of mouse embryos at −196 °c by vitrification. Nature 313, 573–575 (1985).
 11. Keros, V. et al. Vitrification versus controlled-rate freezing in cryopreservation of human ovarian tissue. Hum. Reprod. 24, 1670–

1683 (2009).
 12. Fujihara, M., Kaneko, T. & Inoue-Murayama, M. Vitrification of canine ovarian tissues with polyvinylpyrrolidone preserves the 

survival and developmental capacity of primordial follicles. Sci. Rep. 9, 3970 (2019).
 13. Ting, A. Y., Yeoman, R. R., Lawson, M. S. & Zelinski, M. B. Synthetic polymers improve vitrification outcomes of macaque ovarian 

tissue as assessed by histological integrity and the in vitro development of secondary follicles. Cryobiology 65, 1–11 (2012).
 14. Shahsavari, M. H. et al. Impacts of different synthetic polymers on vitrification of ovarian tissue. Cryobiology 94, 66–72 (2020).
 15. Vizcarra, D. A. M. et al. Use of synthetic polymers improves the quality of vitrified caprine preantral follicles in the ovarian tissue. 

Acta Histochem. 122, 151484 (2020).
 16. Matsumura, K. et al. Molecular design of polyampholytes for vitrification-induced preservation of three-dimensional cell constructs 

without using liquid nitrogen. Biomacromol 21, 3017–3025 (2020).
 17. Lee, S. et al. Comparison between slow freezing and vitrification for human ovarian tissue cryopreservation and xenotransplanta-

tion. Int. J. Mol. Sci. 20, 3346 (2019).
 18. Kuroda, K. et al. Non-aqueous, zwitterionic solvent as an alternative for dimethyl sulfoxide in the life sciences. Commun. Chem. 

3, 163 (2020).
 19. Kuroda, K. et al. Design of wall-destructive but membrane-compatible solvents. J. Am. Chem. Soc. 139, 16052–16055 (2017).
 20. Komori, T. et al. Essential requirements of biocompatible cellulose solvents. ACS Sustain. Chem. Eng. 9, 11825–11836 (2021).
 21. Kato, Y. et al. Synthetic zwitterions as efficient non-permeable cryoprotectants. Commun. Chem. 4, 151 (2021).
 22. Matsumura, K., Hayashi, F., Nagashima, T., Rajan, R. & Hyon, S.-H. Molecular mechanisms of cell cryopreservation with polyam-

pholytes studied by solid-state nmr. Commun. Mater. 2, 15 (2021).
 23. Nagao, M. et al. Synthesis of highly biocompatible and temperature-responsive physical gels for cryopreservation and 3d cell 

culture. ACS Appl. Bio Mater. 1, 356–366 (2018).
 24. Liu, M. et al. Dimethyl sulfoxide-free cryopreservation of chondrocytes based on zwitterionic molecule and polymers. Biomacromol 

20, 3980–3988 (2019).
 25. Yang, J. et al. In situ encapsulation of postcryopreserved cells using alginate polymer and zwitterionic betaine. ACS Biomater. Sci. 

Eng. 5, 2621–2630 (2019).
 26. Rajan, R., Hayashi, F., Nagashima, T. & Matsumura, K. Toward a molecular understanding of the mechanism of cryopreservation 

by polyampholytes: Cell membrane interactions and hydrophobicity. Biomacromol 17, 1882–1893 (2016).
 27. Irimia, D. & Karlsson, J. O. M. Kinetics and mechanism of intercellular ice propagation in a micropatterned tissue construct. 

Biophys. J. 82, 1858–1868 (2002).



8

Vol:.(1234567890)

Scientific Reports |           (2023) 13:37  | https://doi.org/10.1038/s41598-022-23913-3

www.nature.com/scientificreports/

 28. Leonel, E. C. R., Lucci, C. M. & Amorim, C. A. Cryopreservation of human ovarian tissue: A review. Transfus. Med. Hemother. 46, 
173–181 (2019).

 29. Murray, K. A. & Gibson, M. I. Post-thaw culture and measurement of total cell recovery is crucial in the evaluation of new mac-
romolecular cryoprotectants. Biomacromol 21, 2864–2873 (2020).

 30. Bissoyi, A., Nayak, B., Pramanik, K. & Sarangi, S. K. Targeting cryopreservation-induced cell death: A review. Biopreserv. Biobank. 
12, 23–34 (2014).

 31. Hirata, E. et al. Intravital imaging reveals how braf inhibition generates drug-tolerant microenvironments with high integrin β1/
fak signaling. Cancer Cell 27, 574–588 (2015).

 32. Tentler, J. J. et al. Patient-derived tumour xenografts as models for oncology drug development. Nat. Rev. Clin. Oncol. 9, 338–350 
(2012).

Acknowledgements
We thank Ms. S. Yamagishi (Hirata Laboratory) for her technical assistance. This study was also partly supported 
by KAKENHI (18K14281 from the Japan Society for the Promotion of Science), Leading Initiative for Excellent 
Young Researchers (for K.K., from Ministry of Education, Culture, Sports, Science and Technology-Japan), 
ACT-X (for K.K., JPMJAX1915 from Japan Science and Technology Agency), A-STEP (from Japan Science 
and Technology Agency), Kanazawa University SAKIGAKE project 2020, and NIBB Collaborative Research 
Program (21-608).

Author contributions
T.I. and K.K. performed and analysed the experiments related to spheroids; Y.T. and N.G. performed and ana-
lysed the experiments related to PDX; E.H. and K.I. performed and analysed the experiments related to mouse 
tumor; K.K., T.I. and E.H. co-wrote the manuscript with input from all authors. All authors commented on the 
final manuscript and contributed to the interpretation of the results.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 23913-3.

Correspondence and requests for materials should be addressed to E.H. or K.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-022-23913-3
https://doi.org/10.1038/s41598-022-23913-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Cryopreservation of tissues by slow-freezing using an emerging zwitterionic cryoprotectant
	Results and discussion
	Cryopreservation of spheroids. 
	Cryopreservation of 5555MAF1 co-cultured spheroids. 
	Cryopreservation of mouse tumor tissues. 
	Cryopreservation of human tumor tissues. 

	Conclusion
	Materials and methods
	Materials. 
	Cells. 
	Cell culture. 
	Spheroid culture. 
	Cryopreservation of spheroids. 
	Spheroid invasion. 
	Cryopreservation of mouse tumors. 
	Cryopreservation of patient-derived xenografts. 
	Statistical analysis. 

	References
	Acknowledgements


