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Natural zwitterionic betaine 
enables cells to survive ultrarapid 
cryopreservation
Jing Yang1,2,3, Nana Cai1,2,3, Hongwen Zhai1,2,3, Jiamin Zhang1,2,3, Yingnan Zhu1,2,3 & 
Lei Zhang1,2,3

Cryoprotectants (CPAs) play a critical role in cryopreservation because they can resist the cell damage 
caused by the freezing process. Current state-of-the-art CPAs are mainly based on an organic solvent 
dimethyl sulfoxide (DMSO), and several DMSO-cryopreserved cell products have been brought 
to market. However, the intrinsic toxicity and complex freezing protocol of DMSO still remain as 
the bottleneck of the wide use for clinical applications. Herein, we reported that betaine, a natural 
zwitterionic molecule, could serve as a nontoxic and high efficient CPA. At optimum concentration of 
betaine, different cell types exhibited exceptional post-thaw survival efficiency with ultrarapid freezing 
protocol, which was straightforward, cost efficient but difficult to succeed using DMSO. Moreover, 
betaine showed negligible cytotoxicity even after long-term exposure of cells. Mechanistically, we 
hypothesized that betaine could be ultra-rapidly taken up by cells for intracellular protection during the 
freezing process. This technology unlocks the possibility of alternating the traditional toxic CPAs and is 
applicable to a variety of clinical applications.

Cryopreservation is the most reliable method for the long-term storage of biological samples, such as cells, tissues 
and organs, etc.1–3. At cryogenic temperature, bio-samples enter a ‘suspended animation’ state, and their ‘life 
clock’ is halted in cryopreservation for a couple of days, several years, or even decades, until they are recovered 
after a proper thawing procedure to physiological temperature4,5. Currently, cryopreservation technology is an 
escalating need for increasing clinical demands of organ transplantation and regenerative medicine. For example, 
by the end of year 2008, it had exceeded 100 thousands candidates on the organ waiting list with only less than 
30 thousands donors in the United States, so preservation failure of organs is highly unfavorable6,7. Moreover, 
with more than 600 thousands cell therapeutic units manufactured and 30 thousands patients treated, the effi-
cient cryopreservation is responsible for the successful organ transplantation and improved utilization of cell 
therapies8,9. It is also expected that in the future, cryopreservation may also offer the possibility for long-term 
preservation of whole human bodies in order to realize ‘resurrection’ or ‘interstellar travels’, etc.10,11.

Besides pausing the biological activities, the freezing process to cryogenic temperature can inevitably induce 
ice formation, which can irreversibly cause mechanical damage (known as ice injury) and osmotic shock (known 
as solute injury) to the cells (Fig. 1A)12. To solve this problem, cryoprotectants (CPAs) have been developed to 
minimize or even eliminate ice formation, thus they are now essential for successful cryopreservation13. Dimethyl 
sulfoxide (DMSO) (Fig. 1B) is the most widely used CPA for the cryopreservation of various biosamples due 
to its high cryoprotect efficacy14. Moreover, several DMSO-cryopreserved therapeutic cell products are already 
commercially available (e.g. adult human mesenchymal stem cells, Osiris Therapeutics). However, DMSO has 
been found to present several fatal drawbacks greatly hampering its clinical applications. Firstly, DMSO is also 
a commonly used organic solvent with intrinsic toxicity. It can induce the cell apoptosis even at a very low con-
centration, and can also lead to uncontrolled differentiation of stem cells15. In recent clinical studies, DMSO is 
considered as the main culprit in a variety of adverse events on patients for stem cell transplantations, such as 
allergys, gastrointestinal complaints, neurological complaints, and renal dysfunctions, etc.16. Even more concern-
ing, after infusion of DMSO-cryopreserved hematopoietic stem cells, 97 out of 144 patients (67.36%) were found 
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to develop adverse events17. Secondly, traditional DMSO-cryopreserved protocol is time consuming and complex. 
Stepwise freezing protocols (normally take more than 12 hours) are essential for DMSO transmembrane diffusion 
into the cells to prevent intracellular ice formation and achieve optimized intracellular bioprotection18. Although 
ultrarapid freezing protocol (only take a few minutes or less) is a much more efficient and favorable option, this 
is still a big challenge for current CPAs including DMSO19–24. Thirdly, cells are highly vulnerable to the osmotic 
shock during the introduction and removal of large amount of DMSO (commonly 10–15%) in freezing and 
thawing processes25.

Ideal CPAs should be more efficient while avoid the detrimental effects. Actually, nature does offer us sev-
eral important inspirations though no significant progress has been made. Antifreeze proteins (AFPs) found 
in Antarctic fishes are one most representative example, but it is reported that AFPs are immunogenic, difficult 
to prepare, and most importantly, for cryopreservation they offer limited benefit26–29. Synthetic polymers were 
tested as AFP mimics, but only ~40% post-freezing recovery rate can be achieved for erythrocyte cryopreserva-
tion30. Another example is trehalose (Fig. S1A), a natural nonreducing disaccharide of glucose (Fig. S1B) that has 
been applied to the bioprotection of a variety of biologicals, including proteins, vaccines, and bacteria, etc.31,32. 
However, trehalose alone cannot work well in cryopreservation due to its poor permeability into the cells. Several 
reports have shown that its cryoprotect efficacy is improved if it can be delivered into the cells with various strat-
egies, such as microinjection, pore formation using mutant bacterial toxins, or internal trehalose synthesis via 
genic engineering, etc.33–35.

Inspired by nature, we found a natural molecule—betaine can work as a highly promising CPA. Betaine is a 
zwitterionic and hydrophilic molecule (Fig. 1C); it is rich in abundant microorganisms, plants, and animals. In 
human serum, the resting concentration of betaine ranges from ~2.3 to 8.2 mg/L36. As a well-known osmopro-
tectant, betaine is able to protect cells against osmotically induced inactivation37. For example, during salmon 
juveniles migrate from freshwater hatcheries to the high salinity of seawater, large amount uptake of betaine can 
moderate the osmotic pressure change to significantly improve their viability38. Moreover, it has been reported 
that zwitterionic betaine could form a monolayer of water around the proteins to maintain their stability and 
functions36. Most interestingly, betaine is also associated with the freezing tolerance of various plants. Kishitani 
et al. found that the winter-type barley could accumulate betaine at high levels in their leaves during cold accli-
mation to protect them from freezing injury39. Motivated by these findings, we tested cell cryopreservation using 
betaine as a nontoxic alternative to DMSO in this work. We also adopted ultrarapid freezing, which was more 
straightforward than the conventional controlled-rate freezing protocol, to cryopreserve different types of cells, 
and compared the post-thaw survival efficiency and cytotoxicity to those of DMSO.

Figure 1. (A) Schematic drawing of two types of cryo-injuries in the freezing process. The molecular structure 
of (B) DMSO and (C) zwitterionic betaine.
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Results and Discussion
Effect of betaine on ice formation. Figure 1A showed the two types of cryo-injuries to cells caused by 
ice formation: at lower cooling rate, cells are mainly damaged by excessive shrinkage as solute injury, because the 
extracellular ice growth induce cell exposure to an increasingly hypertonic environment; at higher cooling rate, 
intracellular ice will quickly form and cells are mainly damaged mechanically by the intracellular ice injury12. 
Therefore, the two most crucial tasks of a CPA are to prevent the solute injury and ice injury during the freezing 
process.

The interaction of water molecules had shown a precise correlation with ice formation and growth40. So to 
minimize the ice formation and growth, CPAs are commonly hydrophilic molecules that can inhibit water crys-
tallization and decrease the water chemical potential. Zwitterionic betaine is well known for its highly hydrophilic 
property; it can strongly bind water molecules via ionic solvation effects due to its charged groups41. So firstly we 
studied its influence to ice formation using differential scanning calorimetry (DSC), and compared with DMSO 
and glucose samples (Fig. 2A–D). All the samples showed an endothermic peak due to the melting of solute-water 
system, and the peak value was inversely proportional to the concentrations (Fig. 2A–C). Among the three sam-
ples, betaine sample showed the smallest melting peak than those of DMSO and glucose at comparable concen-
trations, indicating its strongest inhibition to water crystallization. Figure 2D revealed the melting point of the 
three systems at different concentrations, and betaine possessed the strongest ability to depress the water freezing 
point, suggesting its excellent capability of decreasing the water chemical potential.

Betaine regulates osmotic stress. Aside from ice injury, solute injury induced by osmotic shock is also 
responsible for cell death during the freezing and thawing process. To study the osmotic regulation ability of 
betaine, GLC-82 cells were exposed in hypertonic medium containing betaine, glucose, NaCl, and NaCl/betaine 
mixtures at physiological temperature for 1 day and 3 days (Fig. 2E,F). When cells were exposed in hypertonic 
NaCl or glucose medium (both natural products), osmotic shock would induce massive loss of intracellular water 
(solute injury) and thus lead to cell death (Fig. 2E). Though the cell viability in hypertonic glucose medium was 
greater than 50% at 3 days, cells presented abnormal morphology as compared with normal cells, as shown in 
Fig. 2E. In comparison, after cells were exposed in hypertonic betaine medium for 3 days, they could still attach to 
cell culture substrates and assumed their spindle shape similar with the control cells. Interestingly, adding betaine 
into the hypertonic NaCl medium was able to significantly improve the viability of cells, without obviously col-
ligative properties of betaine concentrations (Fig. 2F). These phenomena indicated that by accumulating this 
natural osmoprotectant—betaine, cells would adapt to external osmotic stress. Therefore, betaine was highlighted 
the uniqueness for protecting cells from solute injury.

Figure 2. Effects on ice formation and osmotic regulation of betaine. Differential scanning calorimetry 
(DSC) thermograms of pure water (red), 0.25 M (green), 0.5 M (purple), 0.75 M (light blue), 1 M (orange), 
1.25 M (gray), 1.5 M (dark blue) of (A) betaine, (B) DMSO and (C) glucose. (D) The depression of water 
freezing point of betaine (red), DMSO (green) and glucose (purple). (E) GLC-82 cell attachment after 
exposure in medium, 0.15 M betaine, 0.15 M glucose, 0.15 M NaCl, 0.15 M NaCl +  0.1 M betaine, and 0.15 M 
NaCl +  0.2 M betaine for 3 day. Scale bar =  50 μ m. (F) The cell viability after exposure in medium (dark 
blue), 0.15 M betaine (red), 0.15 M glucose (green), 0.15 M NaCl (purple), 0.15 M NaCl +  0.1 M betaine (light 
blue), 0.15 M NaCl +  0.15 M betaine (orange), and 0.15 M NaCl +  0.2 M betaine (gray) for 1 day and 3 day. 
Value =  mean ±  standard deviation, n ≥  3. p <   *0.05; **0.01; ***0.001.
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Cell cryopreservation with ultrarapid freezing protocol. In most cases, ultrarapid freezing means 
plunging samples directly into liquid nitrogen. This technique is simple, highly cost-effective and timesaving 
compared with conventional slow-freezing techniques42. However, current CPAs (e.g. DMSO) often do not work 
at such high cooling rates, because they require much longer time to enter the cells for intracellular bioprotection. 
Increasing the CPA concentrations may accelerate cellular permeation, but meanwhile it will inevitably increase 
the toxic effects43.

In this work, cryopreservation of three cell types (GLC-82 cells, Hela cells and MCF-10 cells) using betaine 
was tested with ultrarapid freezing protocol. Fig. 3 presented the post-thaw (37 °C thawing temperature) survival 
efficiency of the three cell types at different concentrations of betaine or DMSO. A bell-shaped relationship could 
be observed between betaine concentration and cell survival efficiency. As shown in Fig. 3B, the optimum effi-
ciency of GLC-82 cells was 90.4% found at 6% of betaine. While DMSO, the most commonly used CPA, showed a 
significantly lower efficiency of GLC-82 cells than betaine at the comparable concentrations. It could be deduced 
that in the rapid cooling process, there was not enough time allowing DMSO to permeate into cells for intracel-
lular protection. In addition, at higher DMSO concentration (50%), the increased cytotoxicity will damage the 
cells even quicker. Meanwhile, the blank control samples containing medium alone showed negligible efficiency. 
Similarly, the post-thaw survival efficiency of Hela cells and MCF-10 cells were 78.4% and 80.4% at the optimal 
concentrations of betaine (10% and 4%), respectively, while the efficiency using DMSO and medium alone was 
significantly lower or even negligible (Fig. 3C,D).

We also evaluated the influence of thawing temperatures. It was found that, as shown in Fig. S2, addition of 4%, 
6%, 8%, and 10% betaine with fast thawing temperatures (45 °C water bath) resulted in lower survival efficiency of 
Hela cells compared with the commonly used thawing temperatures (37 °C water bath), due to the limited toleration 
of cells in the elevated temperatures. Lowering the thawing rate by decreasing the thawing temperature to 4 °C signif-
icantly reduced the survival efficiency, possibly caused by the increased ice recrystallization or ice growth.

We further validated the cell cryopreservation efficiency using betaine at different cell densities. As presented 
in Fig. S3, addition of 6% betaine to samples with cell density of 1 ×  106, 5 ×  105, and 1 ×  105 cells per 1.5 mL 
achieved 85.8%, 88.8%, and 90.4% post-thaw cell survival efficiency, respectively. We also explored betaine for 
the long-term cell cryopreservation (3 months), and results showed that there was no observable difference of 
the efficiency from 1 day to 3 months (all above 80% at optimum betaine concentrations) (Fig. S4). These results 
indicated that betaine could work as a versatile CPA for different cell types, cell densities and periods.

Cytotoxicity evaluation. The toxicity of current CPA stands in the way of various biomedical applications. 
Major cell damages caused by CPA toxicity are lists as follows: (i) cell membranes are breached or damaged; (ii) 

Figure 3. Cell cryopreservation using betaine with ultrarapid freezing. (A) Fluorescence images of 
the live/dead assay of GLC-82 cells (upper row), Hela cells (middle row), and MCF-10 cells (lower row) 
cryopreservation with different concentrations of CPAs (betaine and DMSO), and cryopreservation in culture 
medium as control. Post-thaw survival efficiency of (B) GLC-82 cells, (C) Hela cells, and (D) MCF-10 cells 
evaluated at different concentrations of CPAs and control, with an identical cell amount (1.0 ×  106). Green: live 
cells. Red: dead cells. ND: not detected. Scale bar =  50 μ m. Value =  mean ±  standard deviation, n ≥  3. p < *0.05; 
**0.01.
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enzyme function is impaired; (iii) cell development or proliferation is diminished; (iv) mitochondrial function 
is reduced; (v) DNA, proteins, or other macromolecules are damaged44. These damages will directly induce the 
dysfunction of cell behaviors, such as attachment or proliferation. Therefore, we respectively exposed GLC-82 
cells in medium containing 2% betaine or DMSO at 37 °C from 1 day to 3 days, and then their cell-attachment 
efficiency was tested. Similar with the control sample in the medium alone, the cells in betaine solutions could 
attach to cell culture substrates with their normal morphology, indicating the integrity of cell membranes and 
adhesion proteins (Fig. 4). In comparison, at day 1, only a few cells in 2% DMSO could attach to the substrates 
while exhibited abnormal morphology; after two days, all the cells were floating with shrinkage appearance, 
suggesting they were completely dead. This was because DMSO molecules could directly block the actions of 
membrane channel proteins, and caused plasma membrane blebs that indicated dissociation between the plasma 
membrane and the cytoskeleton.

It is well known that traditional CPAs must be washed away and replaced with the fresh medium right after 
recovery to minimize their toxic effects. This step is also essential in current cell therapy, but it notably compli-
cates the therapeutic procedure, hampering the standardization and wide applications of cell therapy. In this 
work, we were excited to find that the washing step could be skipped when using betaine as the CPA. After cry-
opreservation, the post-thaw cells with CPA (betaine or DMSO) solution added four-fold amount of medium 
were directly infused into the culture flask for cell recovery (Fig. S5). Interestingly, without the washing step, the 

Figure 4. Cytotoxicity tests of betaine and DMSO. The attachment of GLC-82 cells after exposure in medium 
containing 2% of betaine and DMSO for 1 day (upper row), 2 days (middle row) and 3 days (lower row), and in 
culture medium as a control. Scale bar =  50 μ m.
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recovery of three cell types with CPA solution (initially containing 6% or 10% of betaine) were all successful, and 
the recovered cells were found to attach to the substrate with normal cell morphology. Moreover, the recovered 
cells resumed the proliferation as well as a normal degree of cell division (Fig. S6), also suggesting that basic cell 
functionalities such as enzymatic or mitochondrial function were not affected. In comparison, the cell suspension 
with DMSO showed few or even no cell attachment. These results highlighted the unique property of betaine as a 
nontoxic CPA to achieve standardized therapeutic cell products, which could be infused into patients after thaw-
ing without complex washing procedure and potential contaminations.

Rapid intracellular bioprotection. As mentioned above, the extracellular ice formation will induce the 
solute injury, while the intracellular ice formation will cause the ice injury. Therefore, the viable cryopreservation 
is the requirement of optimum CPA concentrations not only outside but also inside the cells. To further explore 
the exceptional efficiency of betaine as a CPA, we studied the intracellular protection of betaine. Before cryopres-
ervation, Hela cells were incubated in medium containing 0.5%, 1%, and 2% of betaine for different time periods 
(0.5, 1, 2, and 24 hours). It can be observed in Fig. 5A that the post-thaw survival efficiency of Hela cells could 
increase with the incubation time, until the optimum efficiency was achieved at 1 or 2 hours. This phenomenon 
proved that the efficiency of cell cryopreservation could be improved only after betaine entered the cells to pre-
vent intracellular ice formation. Next, in order to confirm that betaine could afford rapid intracellular protec-
tion, we compared the post-thaw survival efficiency of betaine and trehalose with ultrarapid freezing protocol 
(Fig. 5B–D). Trehalose was selected as the control because without pretreatment it was impermeable to cell mem-
brane and could not achieve intracellular bioprotection. As expected, trehalose samples at most concentrations 
exhibited much lower survival efficiency as compared with betaine samples. It was further proved that betaine 
could enter the cells in a remarkable rapid manner, because in ultrarapid freezing protocol, the time window 
allowing cellular entrance of CPA is very limited (few minutes). Although DMSO was reported to increase cell 
membrane permeability of trehalose in controlled-rate freezing protocol, but Fig. 5B–D showed that it could not 
work for ultrarapid freezing. These results suggested the unique properties of betaine that could enter the cells 
instantly to offer intracellular bioprotection and enable cells to survive ultrarapid cryopreservation.

Proposed mechanism. From the above results, a potential mechanism can be proposed (Fig. 6). Firstly, 
betaine was added to form a hypertonic environment for the cells. As an osmoprotectant, betaine could be rapidly 
taken up by the cells via the transport proteins under hypertonic stress, thus insured the intracellular protection 
from ice injury45. Secondly, ultrarapid freezing was performed to prevent extensive ice growth in contrast to the 
conventional slow-freezing protocol. In the freezing process, intracellular and extracellular betaine could protect 

Figure 5. Rapid intracellular bioprotection of betaine. (A) Post-thaw efficiency of Hela cells after 
incubation for different periods in medium containing 0.5% (blue), 1% (red), 2%, (green) of betaine. Post-
thaw survival efficiency of (B) GLC-82 cells, (C) Hela cells and (D) MCF-10 cells after cryopreservation 
using betaine (red), trehalose (blue), and trehalose +  10% DMSO (purple) with ultrarapid freezing protocol. 
Value =  mean ±  standard deviation, n ≥  3.
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the cells from ice and solute injury, until a glassy state–vitrification–of solution occured (the vitrification tempera-
ture of pure water is about − 130 °C). Actually, in cryopreservation, cells can only be damaged during the freezing 
and thawing process; when the aqueous solution vitrifies, further movement of water and ice crystal growth will 
be halted, and thus the cryo-injuries will also stop13. Finally, the undamaged cells will remain intact for long-term 
storage at − 196 °C.

Conclusions
In summary, we demonstrated that betaine could work as a nontoxic CPA and enable cells to survive ultrarapid 
cryopreservation to achieve superior cell survival efficiency. It was found that cellular uptake of betaine was 
ultra-rapid for intracellular protection during the freezing process. With its excellent ability to cryopreserve cells, 
this natural zwitterionic molecule make it possible to alternate the conventional toxic CPAs for a variety of clinical 
applications.

Methods
Materials. Betaine, trehalose, glucose and NaCl were all purchased from Alfa Aesar. Roswell Park Memorial 
Institute-1640 (RPMI-1640) and fetal bovine serum (FBS) were all obtained from Gibco. Penicillin-streptomycin 
(PS), trypsin-EDTA (0.025–0.01%), DMSO, and phosphate buffered saline (PBS) were all purchased from Beijing 
Solarbio Science and Technology Co. Ltd. The culture medium for GLC-82, Hela, MCF-10 cells contained RPMI-
1640 with 10% FBS and 1% PS. Milli-Q water (18.2 MΩ·cm−1) was used in all experiments.

Cell preparation. Hela, GLC-82, MCF-10 cells were all incubated at 37 °C under an atmosphere of 95% air 
and 5% CO2 in RPMI-1640 containing 100 U/mL PS and supplemented with 10% v/v FBS. At confluence, cells 
were trypsinized with trypsin-EDTA for 5 min to detach the cells from the culture substrates. Cells were then 
pelleted by centrifugation at 800 rpm for 4 min, resuspended in medium, and finally diluted to the desired con-
centrations for experiments.

DSC tests. DSC assessment of ice formation was performed with betaine/water, DMSO/water, and glucose/
water mixtures. 40 μ L aluminium pans and samples were accurately weighed to ± 0.01 mg and transferred to a 
DSC-1 STARe System (Mettler-Toledo, DSC 1/500). Heat flow (W/g) was measured and recorded against an 
empty pre-weighed 40 μ L aluminium reference pan starting from − 40 °C to 10 °C at 2 °C min−1, with the presence 
of a large endothermic peak demonstrating ice melting. The freezing point depression of water was detected at the 
beginning of the frozen mixture solutions melt.

The cell survival efficiency assays. The cell survival efficiency was evaluated using live/dead assays 
(Live/Dead viability/cytotoxicity kit, Molecular Probes). In the live/dead staining, after calcein-AM/ethidium 
homodimer-1 reagent mixture solution (100 μ L) was introduced to a 96-well TCPS plate containing cells (10 μ L), 
the plates were incubated at room temperature for 30 min away from light, and then observed and analyzed using 
an inverted microscope (Nikon Eclipse Ti-S). The survival efficiency was calculated by counting the number of 
live and dead cells in more than 3 different samples.

Figure 6. A proposed mechanism of cell cryopreservation using betaine with ultrarapid freezing. During 
the freezing process, the uptake of betaine by cells via transport proteins is induced by osmotic stress (middle) 
and prevents the intracellular and extracellular ice injuries as well as solute injury.



www.nature.com/scientificreports/

8Scientific RepoRts | 6:37458 | DOI: 10.1038/srep37458

Cell-attachment tests. Cells were washed with PBS and suspended in the medium containing 10% FBS. 
Then, the cell suspension was added into a 24-well TCPS plate. After 12 h, the cell-attachment efficiency and cell 
morphology were observed using the inverted microscope.

Osmotic regulation tests. GLC-82 cells were exposed in the medium containing 0.15 M betaine, 0.15 M 
glucose, 0.15 M NaCl, 0.15 M NaCl +  0.1 M betaine, 0.15 M NaCl +  0.15 M betaine, and 0.15 M NaCl +  0.2 M 
betaine, respectively. After 1 or 3 days, cell viability was evaluated with live/dead staining. And then, 
cell-attachment tests were performed as described above.

Cell cryopreservation with ultrarapid freezing protocol. Different formulations of CPAs (betaine, 
DMSO, trehalose, or trehalose +  DMSO) in medium containing 10% FBS were prepared, and 1.0 ×  106 GLC-82, 
Hela, MCF-10 cells were added to the CPA solutions in cryovials (Corning, 1.8 mL), and the final solution volume 
was 1.5 mL. Each sample was then directly immersed into liquid nitrogen, and the cooling rate in the cell suspen-
sion was about 430 °C/min. After different periods of cryopreservation, cells were immediately thawed at 37 °C 
(water bath) for evaluating the cell survival efficiency measured as previously described.

Cytotoxicity test. The cytotoxicity of DMSO and betaine to GLC-82 cells were tested as follows: GLC-82 
cells were exposed in the medium containing 2% of DMSO or betaine at 37 °C for 1 to 3 days. After 1, 2 or 3 days, 
cell attachment efficiency was tested.

Cell incubation in betaine. 1.0 ×  106 cells were added to 2 mL medium containing varied concentra-
tions of betaine (0.5%, 1%, and 2%). Then they were added in the culture flask and incubated at 37 °C under an 
atmosphere of 95% air and 5% CO2 for different periods (0.5 h, 1 h, 2 h, 24 h). After that, cells were treated with 
trypsin-EDTA to detach cells from the culture substrate, and resuspended in the betaine solutions (0.5%, 1%, and 
2%), respectively. Then the cells were cryopreserved with ultrarapid freezing protocol. After cryopreservation, 
cells were immediately thawed at 37 °C (water bath) to evaluate the cell survival efficiency measured as previously 
described.

References
1. Rall, W. F. & Fahy, G. M. Ice-free cryopreservation of mouse embryos at − 196 degrees C by vitrification. Nature 313, 573–575 

(1985).
2. Trounson, A. & Mohr, L. Human pregnancy following cryopreservation, thawing and transfer of an eight-cell embryo. Nature 305, 

707–709 (1983).
3. Hovatta, O. et al. Cryopreservation of human ovarian tissue using dimethylsulphoxide and propanediol-sucrose as cryoprotectants. 

Hum. Reprod. 11, 1268–1272 (1996).
4. Chen, C. Pregnancy after human oocyte cryopreservation. Lancet 1, 884–886 (1986).
5. Fahy, G. M., Macfarlane, D. R., Angell, C. A. & Meryman, H. T. Vitrification as an approach to cryopreservation. Cryobiology 21, 

407–426 (1984).
6. Mulligan, M. S. et al. Trends in organ donation and transplantation in the United States, 1999–2008. Am. J. Transplant. 10, 961–972 

(2008).
7. Klein, A. S. et al. Organ Donation and Utilization in the United States, 1999–2008. Am. J. Transplant. 10, 973–986 (2010).
8. Mason, C. & Manzotti, E. Regenerative medicine cell therapies: numbers of units manufactured and patients treated between 1988 

and 2010. Regen. Med. 5, 307–313 (2016).
9. Kovacic, J. C. & Graham, R. M. Stem-cell therapy for myocardial diseases. Lancet 363, 1735–1736 (2004).

10. Ogonuki, N. et al. Spermatozoa and spermatids retrieved from frozen reproductive organs or frozen whole bodies of male mice can 
produce normal offspring. PNAS 103, 13098–13103 (2006).

11. Wakayama, S. et al. Production of healthy cloned mice from bodies frozen at − 20 degrees C for 16 years. PNAS 105, 17318–17322 
(2008).

12. Mazur, P. Freezing of living cells: mechanisms and implications. Am. J. Physiol. 247, C125–C142 (1984).
13. Meryman, H. T. Cryopreservation of living cells: principles and practice. Transfusion 47, 935–945 (2007).
14. Lovelock, J. E. & Bishop, M. W. H. Prevention of Freezing Damage to Living Cells by Dimethyl Sulphoxide. Nature 183, 1394–1395 

(1959).
15. Iwatani, M. et al. Dimethyl Sulfoxide Has an Impact on Epigenetic Profile in Mouse Embryoid Body. Stem Cells 24, 2549–2556 

(2006).
16. Rowley, S. D. et al. A randomized phase III clinical trial of autologous blood stem cell transplantation comparing cryopreservation 

using dimethylsulfoxide vs dimethylsulfoxide with hydroxyethylstarch. Bone Marrow Transplant 31, 1043–1051 (2003).
17. Shu, Z., Heimfeld, S. & Gao, D. Hematopoietic SCT with cryopreserved grafts: adverse reactions after transplantation and 

cryoprotectant removal before infusion. Bone Marrow Transplant 49, 469–476 (2014).
18. Katkov, I. I. et al. Cryopreservation by slow cooling with DMSO diminished production of Oct-4 pluripotency marker in human 

embryonic stem cells. Cryobiology 53, 194–205 (2006).
19. Hsieh, Y. Y. et al. Ultrarapid cryopreservation of human embryos: experience with 1,582 embryos. Fertility & Sterility 72, 253–256 

(1999).
20. Mauri, A. L., Petersen, C. G., Baruffi, R. L., Ferreira, R. C. & Jr, F. J. Clinical experience with ultrarapid cryopreservation of human 

embryos resulting from intracytoplasmic sperm injection: brief communication. Hum. Reprod. 14, 2362–2366 (1999).
21. Huang, H. et al. Alginate Hydrogel Microencapsulation Inhibits Devitrification and Enables Large-Volume Low-CPA Cell 

Vitrification. Adv. Funct. Mater. 25, 6939–6850 (2015).
22. He, X. et al. Vitrification of mammalian cells by Ultra-fast cooling using a low concentration of cryoprotectants with quartz 

capillaries. Cryobiology 55, 359–359 (2007).
23. Zhang, W., Yang, G., Zhang, A., Xu, L. X. & He, X. Preferential vitrification of water in small alginate microcapsules significantly 

augments cell cryopreservation by vitrification. Biomed. Microdevices 12, 89–96 (2010).
24. Lee, H. J. et al. Ultra-rapid vitrification of mouse oocytes in low cryoprotectant concentrations. Reproduct. Biomed. Online 20, 

201–208 (2010).
25. Meryman, H. T. Cryoprotective agents. Cryobiology 8, 173–183 (1971).
26. Olijve, L. L. et al. Blocking rapid ice crystal growth through nonbasal plane adsorption of antifreeze proteins. PNAS 113 (2016).
27. Devries, A. L. & Wohlschlag, D. E. Freezing resistance in some Antarctic fishes. Science 163, 1073–1075 (1969).
28. Wilkinson, B. L. et al. Total Synthesis of Homogeneous Antifreeze Glycopeptides and Glycoproteins. Angew. Chemie. 124, 

3666–3670 (2012).



www.nature.com/scientificreports/

9Scientific RepoRts | 6:37458 | DOI: 10.1038/srep37458

29. Wang, T., Zhu, Q., Yang, X., Layne, J. R. & Devries, A. L. Antifreeze Glycoproteins from Antarctic Notothenioid Fishes Fail to Protect 
the Rat Cardiac Explant during Hypothermic and Freezing Preservation. Cryobiology 31, 185–192 (1994).

30. Deller, R. C., Vatish, M., Mitchell, D. A. & Gibson, M. I. Synthetic polymers enable non-vitreous cellular cryopreservation by 
reducing ice crystal growth during thawing. Nature Commu. 5, 163–180 (2014).

31. Jain, N. K. & Roy, I. Effect of trehalose on protein structure. Protein Sci. 18, 24–36 (2009).
32. Nakamura, T. et al. The use of trehalose-treated freeze-dried amniotic membrane for ocular surface reconstruction. Biomaterials 29, 

3729–3737 (2008).
33. Lynch, A. L. et al. Biopolymer mediated trehalose uptake for enhanced erythrocyte cryosurvival. Biomaterials 31, 6096–6103 (2010).
34. Eroglu, A. et al. Intracellular trehalose improves the survival of cryopreserved mammalian cells. Nature Biotechnol. 18, 163–167 

(2000).
35. Guo, N., Puhlev, I., Brown, D. R., Mansbridge, J. & Levine, F. Trehalose expression confers desiccation tolerance on human cells. 

Nature Biotechnol. 18, 168–171 (2000).
36. Craig, S. A. Betaine in human nutrition. Am. J. Clin. Nutri. 80, 539–549 (2004).
37. Courtenay, E. S., Capp, M. W., Anderson, C. F. & Jr, R. M. Vapor pressure osmometry studies of osmolyte-protein interactions: 

implications for the action of osmoprotectants in vivo and for the interpretation of “osmotic stress” experiments in vitro. Biochemistry 
39, 4455–4471 (2000).

38. Clarke, W. C., Virtanen, E., Blackburn, J. & Higgs, D. A. Effect of a dietary betaine/amino acid additive on growth and seawater 
adaptation in yearling chinook salmon. Aquaculture 121, 137–145 (1994).

39. Nomura, M., Muramoto, Y., Yasuda, S., Takabe, T. & Kishitani, S. The accumulation of glycinebetaine during cold acclimation in 
early and late cultivars of barley. Euphytica 83, 247–250 (1995).

40. Roser, J. E., Vidali, G., Manicò, G. & Pirronello, V. In SFChem: Chemistry as a Diagnostic of Star Formation (2002).
41. Shao, Q. & Jiang, S. Molecular Understanding and Design of Zwitterionic Materials. Adv. Mater. 27, 15–26 (2015).
42. Gilkey, J. C. & Staehelin, L. A. Advances in ultrarapid freezing for the preservation of cellular ultrastructure. J. Electron Microsc. Tech. 

3, 177–210 (1986).
43. Farrant, J., Walter, C. A., Lee, H., Morris, G. J. & Clarke, K. J. Structural and functional aspects of biological freezing techniques. J. 

Micros 111, 17–34 (1977).
44. Best, B. P. Cryoprotectant Toxicity: Facts, Issues, and Questions. Rejuv. Res. 18, 422–436 (2015).
45. Petronini, P. G., De, A. E., Borghetti, A. F. & Wheeler, K. P. Osmotically inducible uptake of betaine via amino acid transport system 

A in SV-3T3 cells. Biochem. J. 300, 45–50 (1994).

Acknowledgements
The authors acknowledge the financial support from the National Natural Science Funds for Excellent Young 
Scholars 21422605, National Natural Science Funds for Innovation Research Groups 21621004, Tianjin Natural 
Science Foundation, 14JCYB- JC41600, Research Fund for the Doctoral Program of Higher Education of China 
20130032120089, Program for New Century Excellent Talents in University NCET-13-0417.

Author Contributions
J.Y. and L.Z. conducted the experiments. L.Z. conceived the project. J.Y., N.C., H.Z., J.Z. and Y.Z. designed the 
experiments and interpreted the data. J.Y. prepared all figures and drew Figures 1a and 6. J.Y. and L.Z. wrote the 
paper.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Yang, J. et al. Natural zwitterionic betaine enables cells to survive ultrarapid 
cryopreservation. Sci. Rep. 6, 37458; doi: 10.1038/srep37458 (2016).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2016

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Natural zwitterionic betaine enables cells to survive ultrarapid cryopreservation
	Introduction
	Results and Discussion
	Effect of betaine on ice formation
	Betaine regulates osmotic stress
	Cell cryopreservation with ultrarapid freezing protocol
	Cytotoxicity evaluation
	Rapid intracellular bioprotection
	Proposed mechanism

	Conclusions
	Methods
	Materials
	Cell preparation
	DSC tests
	The cell survival efficiency assays
	Cell-attachment tests
	Osmotic regulation tests
	Cell cryopreservation with ultrarapid freezing protocol
	Cytotoxicity test
	Cell incubation in betaine

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Natural zwitterionic betaine enables cells to survive ultrarapid cryopreservation
            
         
          
             
                srep ,  (2016). doi:10.1038/srep37458
            
         
          
             
                Jing Yang
                Nana Cai
                Hongwen Zhai
                Jiamin Zhang
                Yingnan Zhu
                Lei Zhang
            
         
          doi:10.1038/srep37458
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep37458
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep37458
            
         
      
       
          
          
          
             
                doi:10.1038/srep37458
            
         
          
             
                srep ,  (2016). doi:10.1038/srep37458
            
         
          
          
      
       
       
          True
      
   




