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Abstract 

 

Chinese hamster ovary cells (CHO-K1 cells) in which the trehalose transporter (TRET1) is 

expressed can have greater cryoprotection than ordinary CHO-K1 cells. This study examines the 

uptake characteristics of trehalose into cells via TRET1 and determines the influence of 

intracellular trehalose on the freeze–thaw viabilities. In our experiments, the intracellular 

trehalose concentration is controlled by the extracellular trehalose concentration and the 

immersion time in a freezing solution. In this freezing solution, both kinds of CHO-K1 cells are 

independently dispersed with various amount of trehalose, and then put into the CO2 incubator for 

0 to 6 h. After a set immersion time, the cell-suspended sample is cooled to 193 K, stored for 1 week, 

then quickly thawed at 310 K and its viability measured. The uptake amount of intracellular 

trehalose is measured before freezing. We find an upper limit for the uptake amount of trehalose 

when the extracellular trehalose concentration is about 400 mM, at which the freeze–thaw viability 

is the highest. When the extracellular trehalose concentration exceeds 400 mM, shorter immersion 

times are needed to obtain the maximum freeze–thaw viability. Also, longer immersion weakens the 

cells. Our analyses indicate that when the extracellular trehalose-concentration is less than 400 

mM, the trehalose uptake occurs more slowly with less dehydration, resulting in less stress on the 

cell. When the extracellular trehalose concentration exceeds the saturation level, the cell is stressed 

by the excess dehydration due to the remaining osmotic pressure, with apoptosis occurring before 

freezing. (246 words) 

 

＜Key words＞  

trehalose transporter, freeze–thaw viability, immersion time, maximum uptake, apoptosis rate, 

optimum conditions (6 words) 

 

<Abbreviations> 

TRET1, trehalose transporter 1; Me2SO, dimethyl sulfoxide; SD, standard deviation; CPA, 

cryoprotective agent; PBS, phosphate-buffered salts; HPLC, high-performance liquid 
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chromatography; PI, propidium iodide; 7-AAD, 7-amino-adinomycin D; 

 

Introduction 1 

 2 

Cell cryopreservation is an essential part of several technologies including transplantation, 3 

the screening for new drugs, and breeding in the fishing and livestock industries. The key problem 4 

in cryopreservation is finding ways to avoid intracellular freezing during the freezing, storage, and 5 

thawing processes [27, 29]. In the slow-freezing cryopreservation method, freezing outside the cells 6 

occurs preferentially during a slow temperature drop, thus dehydrating the inside of the cells and 7 

hence raising the concentration in the cytosol. This higher concentration suppresses intracellular 8 

freezing. In the vitrification method, the aim is to prevent freezing by vitrifying both the inside and 9 

the outside of the cell [12]. Each method has advantages and disadvantages, but the slow-freezing 10 

method is more useful in industry because it can cryopreserve and store a larger number of cells 11 

than the rapid-freezing method.  12 

For both methods, a cryoprotective agent (CPA) is used as an additive to support the ice 13 

growth inhibition. An early CPA to be discovered was glycerin [35], after which cryopreservation 14 

progressed rapidly with other CPAs also being developed. Currently, dimethyl sulfoxide (Me2SO) is 15 

often used as an effective CPA, but it is cytotoxic [19, 26, 49]. As a less toxic replacement, 16 

disaccharides such as sucrose and trehalose have been studied. Such CPAs are promising 17 

candidates because they are naturally produced as the freezing tolerances of animals [24, 32, 37] 18 

and have a strong interaction with water [13, 20, 41]. However, disaccharides are not permeable to 19 

the cell membrane due to their large molecular size, which may explain why simply adding them to 20 

the extracellular solution immediately prior to freezing has not produce a sufficient cryoprotective 21 

effect [33]. 22 

Thus various methods have been explored to introduce non-native disaccharides, such as 23 

trehalose, into mammalian cells. These methods include the invasive transportation methods such 24 

as exogenous expression of the biosynthetic enzymes [16], pore-forming molecules [9, 11, 38], 25 

activation of native channels [8], microinjection [9, 11], and electropermeabilization [40]. These 26 
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methods can greatly stress the cells. Also, they cannot easily transport trehalose into a large 27 

number of cells simultaneously. The noninvasive methods include trehalose loading using 28 

thermotropic phase transition during chilling [1], or freezing [14, 56], as well as the passive process 29 

of fluid-phase endocytosis [17, 34, 52]. These methods are useful for various cell types, but the 30 

transportation direction is one-way and the uptake amounts are relatively small. 31 

Recently, a trehalose transporter from the anhydrobiotic larvae of the African chironomid, 32 

Plypedilum vanderplanki, hereafter TRET1, has been isolated and stably expressed in mammalian 33 

cells [18, 22, 30]. Those studies found that TRET1 was expressed on the cell membrane and 34 

selectively permeated trehalose. As a test of whether TRET1 plays an efficient role on CHO-K1 cells, 35 

we ran cryopreservation experiments with trehalose as a CPA, comparing CHO-K1 cells expressing 36 

TRET1 (CHO-TRET1) to cells not expressing them (CHO-vector) [47]. We found that the freeze–37 

thaw viability of CHO-TRET1 cells under appropriate conditions was nearly 10 times that of the 38 

CHO-vector. Thus, one can drastically increase the cryoprotective effect by introducing trehalose 39 

into cells. Moreover, as this method puts less stress on cells, the maximum viability obtained in 40 

CHO-TRET1 cells was as high as those with mechanical trehalose uptake methods [9, 10, 36, 38, 41 

40]. However, our previous study [47] also found that the cell viability decreases when the 42 

extracellular trehalose-concentration exceeds 500 mM. Chakraborty et al. [2] showed that the 43 

drying–condensation viability of the same CHO-TRET1 cells decreases for longer immersions in 44 

trehalose-containing media. Motivated by these previous findings, we investigate here the 45 

immersion-time dependence of the freeze–thaw viability, helping to reveal the role of 46 

intracellular-trehalose on the cryopreservation processes.  47 

We show here that the freeze–thaw viability improves as the immersion–time increases, as 48 

long as the extracellular trehalose-concentration remains below about 400 mM. At this optimal 49 

concentration, the viability improves until the immersion time reaches about 2 hours, and after 50 

that it maintains high viability. In contrast, in a medium containing over 500 mM trehalose, and 51 

also for all conditions involving CHO-vector cells, the longer the immersion time, the lower the 52 

viability. From these findings and the direct measurement of intracellular-trehalose concentration 53 

taken during the immersion period, we argue that there is a limit to the amount of trehalose taken 54 
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into CHO-TRET1 cells. When the extracellular trehalose-concentration exceeds this limit, the cells 55 

undergo excessive dehydration and their activities decrease due to apoptosis. 56 

 57 

Materials and methods 58 

 59 

Cell culture and freeze–thaw experiments 60 

 61 

In the experiments, we used the same cell cultures and a similar procedure as in our 62 

previous study [47]. As before, gene-modified Chinese hamster ovary (Flp-In™-CHO) cells were 63 

purchased from Invitrogen (Thermo Fisher Scientific, Waltham, MA, USA). TRET1 expression 64 

vector (pcDNA5/FRT-PvTret1-AcGFP1) for CHO-cell expression was prepared. To generate a stable 65 

cell line, first the TRET1 sequence was fused with a green fluorescent protein (GFP) tag at the 66 

C-terminus by subcloning into the vector. Then, stable cell lines were generated using the Flip-in 67 

system (Thermo Fisher Scientific). Briefly, intact Flp-In™-CHO cells were transfected with 68 

pcDNA5/FRT-PvTret1-AcGFP1 and pOG44 Flp-recombinase expression vector (Thermo Fisher 69 

Scientific) using Fugene6 (Roche, Basel, Switzerland). We refer to this stable line as CHO-TRET1 70 

cells. As a negative control, the pcDNA5/FRT vector was transfected to Flp-In™-CHO cells, which is 71 

designated as CHO-vector cells. 72 

Their culture medium was nutrient mixture F-12 Ham medium (Sigma-Aldrich, St. Louis, 73 

MO, USA) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific), 1% penicillin–74 

streptomycin (100 U/mL penicillin G and 100 mg/mL streptomycin, Thermo Fisher Scientific), 1% 75 

glutamax (100, Thermo Fisher Scientific), and 0.8% hygromycin B solution (Nacalai Tesque, Kyoto, 76 

Japan). The cell cultures were multiplied in 75-cm2 tissue-culture flasks (AS ONE, Osaka, Japan), 77 

stored in the CO2 incubator (MCO-18AIC, Sanyo, Osaka, Japan) at 310 K under 100% humidity, 78 

then equilibrated with a mixture of 5% CO2 and 95% air. 79 

When the CHO-vector and CHO-TRET1 cells reached more than 80% confluence during 80 

their cultivation, they were dissociated from the flasks by trypsinization (0.05% trypsin–EDTA 81 

solution, Thermo Fisher Scientific) and collected using a centrifuge at 1000 rpm for 3 min. Then we 82 
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prepared the cell suspension by replacing the cell-culture medium with the freezing solution, that is 83 

the cell-culture medium plus a set amount of trehalose (purity 99.9%, endotoxin free, donated by 84 

Hayashibara). The extracellular trehalose concentration C0 in this freezing solution ranged within 85 

0 – 1000 mM (C0 and all other symbols are defined in Table 1). Then, one milliliter of the cell 86 

suspension (of the other 105 – 106 cells/mL) was put into a 1.8-mL cryotube vial (Thermo Fischer 87 

Scientific). To investigate the immersion-time dependence on the freeze–thaw viabilities, six 88 

cell-suspension samples for one experimental condition were prepared and stored in the CO2 89 

incubator for the time periods of 0, 0.5, 1, 2, and 4 h. For testing C0 dependence on the freeze–thaw 90 

viabilities, the freezing temperature was set at T = 198 K. At this condition, the cooling rate was 91 

about 10 K/min. To instead test the setting-temperature dependence, we fixed C0 at 500 mM.  92 

Since the cryopreserved cells at T = 198 K exhibit stable freeze-thaw viabilities at least for 93 

one year [48], we only investigated sample storage for a week, the same period we used before [47]. 94 

After being stored for a week, the individual vials were thawed in a water bath at 310-K until all 95 

extracellular ice melted (about 5 min). During this process, the temperature increased by about 50 96 

K/min. The freezing solution in the thawed-cell suspension was then rinsed with the culture 97 

medium twice. Since TRET1 transports trehalose in both directions [22], this rinsing removes most 98 

of the trehalose (both extra- and intracellular). 99 

The freeze–thaw viability of CHO-K1 cells (F) were obtained from their fluorescence 100 

images with a cell-stain kit (Dojindo, Kumamoto, Japan). This kit includes calcein-AM 101 

(acetoxymethylated calcein) and PI (propidium iodide) solutions, with the procedure using an 102 

epifluorescence microscope (IX71; Olympus) through an Olympus LCPLFL 20× objective lens 103 

attached to a charge-coupled device camera (DP70; Olympus). To obtain the average viability, we 104 

used the number ratio of living cells to the total number of cells in eight fluorescence images taken 105 

from one sample. To this data, we added viability data for 6-h immersion from our previous study 106 

[47]. 107 

To estimate the accuracy of the viability, we repeated the freeze–thaw tests at least three 108 

times for one experimental condition with the independent cell lines. The resulting viability here 109 

was the average for the indicated experimental conditions ± the standard deviation (SD) of all 110 
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measured data. The cells displaying no color with the stain kit were treated as measurement 111 

uncertainty. Here, this uncertainty was found to be much less than the SD value. For statistical 112 

analysis, data were analyzed using two-way ANOVA with a Tukey–Kramer post-hoc test (Microsoft 113 

Excel 2010 and BellCurve for Excel) for at least 99% confidence. 114 

After thawing, the growth efficiency of the surviving cells was also checked by plating the 115 

cells in a 24-well cell-culture plate (Nippon Genetics, Tokyo, Japan). The plated cells were incubated 116 

in a CO2 incubator for at most one week and their adhesion–proliferation processes were observed 117 

with a microscope (IX71; Olympus). Further details of the complete procedure are in reference [47]. 118 

 119 

Apoptosis assay of CHO-K1 cells during the immersion period  120 

 121 

Before freezing, CHO-K1 cells were immersed in the freezing solution with trehalose to 122 

take trehalose into cells. However, the trehalose may stress the cells via osmotic pressure, thus 123 

weakening the cells. To account for this effect on the freeze–thaw viability, we measured the 124 

apoptosis ratio of CHO-K1 cells via a flow cytometry (MuseTM cell analyzer; Merck) with a double 125 

stain (Annexin V & dead cell kit; Merck) consisting of annexin-V (a calcium-dependent 126 

phospholipid-binding protein with high affinity for phosphatidylserine) and 7-amino-adinomycin D 127 

(7-AAD) nuclear staining dye. The 1 mL of cell suspension was immersed in the freezing solution 128 

with trehalose at C0 = 0, 100, 250, 500, and 750 mM, and then stored in the CO2 incubator for up to 129 

6 h. Five samples prepared in the same C0 condition were incubated simultaneously, and then one of 130 

them was picked up for measuring the apoptosis ratio at a given immersion time (0.5, 1, 2, 4, and 6 131 

h). 132 

 133 

Trehalose uptake assay of TRET1 proteins in CHO-K1 cells 134 

 135 

The amount of trehalose taken into the CHO-K1 cells was directly measured on both 136 

CHO-TRET1 and CHO-vector cells. In both cases, the cell suspension had between 106 and 107 137 

cells/mL that were incubated at 310 K for different time periods (from 0.5 to 6 h) in the freezing 138 
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solution containing trehalose of C0 from 100 to 1000 mM. Then an extracted sample was rinsed with 139 

phosphate-buffered salts (PBS) three times and replaced with 0.5 mL ethanol including 0.1 mg of 140 

sorbitol as the reference. Then we ran high-performance liquid chromatography analysis (HPLC: 141 

LC-10A system, Shimadzu). Further details of this measurement are in Watanabe et al. [50]. 142 

 143 

Results 144 

 145 

Freeze–thaw viability: dependence on immersion time 146 

 147 

The freeze–thaw viabilities of CHO-vector cells FV and CHO-TRET1 cells FT incubated 148 

for immersion time t with extracellular trehalose concentration C0 are shown in Fig. 1. When C0 is 0 149 

or 100 mM (Fig. 1(a)), both FV and FT are relatively low for all t. In contrast, when C0 = 250 mM, 150 

both FV and FT are significantly higher, showing clear trends with t. In particular, FV gradually 151 

decreases with t, whereas FT increases, showing significantly larger values than FV (p < 0.01). 152 

These results indicate that the trehalose acts as a CPA at C0 > 100 mM, and that the viability of 153 

CHO-K1 is improved by the uptake of trehalose into the cell. 154 

The higher concentrations in Figs. 1(b) and (c) show more distinct trends. For the 155 

intermediate concentrations of 300 and 400 mM, the CHO-TRET1 value FT at t = 0 h is larger than 156 

that at the lowest concentration conditions. Then they gradually increase with t, and level off at t > 157 

2 h with a value of about 0.8 for 400 mM (Fig. 1(b)). Conversely, for the CHO-vector cells at C0 = 300 158 

and 400 mM, FV decreases with t, similar to that observed at 250 mM. At the highest 159 

concentrations, C0 ≥ 500 mM (Fig. 1(c)), both FV and FT at t = 0 h are as high as those for C0 = 300 160 

and 400 mM. But for FT, the trends with t differ, showing maximum viabilities at t = 2 h and 0.5 h 161 

for 500 and 1000 mM, respectively. At longer immersion times, they decrease with t. Conversely, FV 162 

in 500 mM and 1 M decrease monotonically with t. Overall, the results show that the highest, and 163 

most steady, viabilities are obtained with CHO-TRET1 immersed in the extracellular medium of 164 

about 400 mM for a time t > 2 h. This optimum concentration of the extracellular trehalose 165 

coincides well with that obtained in our previous study [47]. 166 
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Concerning the cryopreservation of CHO-vector cells, these results show that FV at t = 0 h 167 

is higher for higher C0. This trend means that the extracellular trehalose acts as a CPA for 168 

CHO-vector cells. However, FV gradual decreased with t at all C0 values. Thus, a high extracellular 169 

concentration of trehalose is relatively toxic to the CHO-vector cells. We also found that FV was 170 

very small, which was similar to FT when C0 was less than 100 mM. This means that when C0 ≤ 171 

100 mM, extracellular trehalose does not work as a CPA for either CHO-K1 or CHO-TRET1 cells. 172 

 Observing the cryopreserved cells with a microscope after thawing, we found that the 173 

survived cells after thawing adhered and proliferated as also seen on the normally cultivated cells 174 

(data not shown). This observation agreed with our previous study [47]. Thus, the freeze-thaw 175 

viabilities obtained by the membrane integrity assay are also valid for their healthiness.  176 

 177 

Apoptosis of CHO-K1 cells during immersion in the freezing solution 178 

 179 

We now examine why both FV and FT varied with the immersion time t. A possible reason 180 

is apoptosis of CHO-K1 cells before freezing. To test this mechanism, we co-stained the cells with 181 

annexin-V and 7-AAD during their immersion for 0.5 to 6 h in the freezing solution. The 182 

extracellular trehalose concentration C0 in the medium varied from 0 to 750 mM. We distinguish 183 

the apoptotic ratio A as early apoptosis AE and late apoptosis AL. With AE, the annexin-V is positive 184 

and the 7-AAD negative, whereas for AL, both measures are positive. 185 

The results in Fig. 2 show that the apoptosis occurred during immersion under all 186 

conditions. Even at C0 = 0 mM (the normal culture medium), both AEV and AET exceed 0.1 at t = 6 h, 187 

which is significant compared to the measurement errors. The apoptosis of both CHO-K1 cells in a 188 

cryotube with the culture medium may arise from either anoxia or poor nutrition due to the 189 

suspended state having a high number density (105–106 cells/mL) over a long time. This result 190 

indicates that about 10% of the viabilities obtained in the previous section are caused by apoptosis 191 

of the cells before freezing, and thus the actual viabilities after the freeze–thaw process should be 192 

higher than those shown in Figs. 1(a)–(c). 193 

At C0 = 100 mM, apoptotic ratios of CHO-TRET1 and CHO-vector cells are almost the same 194 



10 
 

as those of C0 = 0 mM (Fig. 2). Thus, when C0 is small enough to show no significant CPA effect, 195 

both CHO-K1 cells also show no effect of apoptosis of during immersion. This lack of effect applies 196 

to both extracellular and intracellular trehalose. 197 

Referring to the results in Fig. 2, AE > AL for all cases except C0 = 500 mM and t > 0.5 hr. 198 

Also, for both CHO-K1 cells, both AEV and AET tend to increase with C0 and t. Also, AEV is usually 199 

larger than AET. When C0 > 500 mM and t > 2 h, the value of AL increases with increasing C0 and t. 200 

This increase is larger for CHO-vector cells than for CHO-TRET1 cells. Consequently, the effect of 201 

apoptosis during the immersion period should strongly affect their freeze–thaw viabilities for larger 202 

C0 and longer t conditions. 203 

Consider now the reason for this apoptosis. Given that 1) the apoptotic ratios increased 204 

with C0 and t when trehalose was added, but 2), the ratios were lower in CHO-TRET1 cells than in 205 

CHO-vector cells, then we suggest that the cell unhealthiness during immersion arises from 206 

excessive dehydration in the cells. Such an effect likely arises from osmosis driven by the trehalose 207 

concentration difference across the cell membrane. This is supported by optical microscopy of 208 

CHO-K1 cells during the immersion period (see Appendix). 209 

To estimate the effect of the extracellular trehalose-concentration on the apoptotic ratio, we 210 

examine the rate of increase of apoptosis. Consider a simple exponential fit of A with immersion 211 

time t: 212 

 213 

A = AE + AL = A0 exp (KAt),      (1) 214 

 215 

where A0 is a constant and KA is the time constant of the apoptotic rate. We estimated KA for both 216 

CHO-vector cells KAV and CHO-TRET1 cells KAT for different C0. Figure 3 shows that the apoptotic 217 

rates of both kinds of cells are larger at higher C0. Also, KAV is larger than KAT when C0 < 400 mM, 218 

but they are approximately equal at higher C0. Thus, similar to the case of CHO-vector cells, 219 

CHO-TRET1 cells are affected by trehalose osmotic pressure when C0 ≥ 500 mM. The result 220 

indicates that at long immersion times the cells may be weakened by either excessive dehydration 221 

or the osmotic shock of the extracellular trehalose. This extracellular-trehalose effect is larger in 222 
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CHO-vector cells than that in CHO-TRET1 cells. As AL increases with C0 and t, the apoptosis 223 

should severely affect the freeze–thaw viability under such conditions. 224 

 225 

Trehalose uptake measurements on CHO-K1 cells 226 

 227 

The freeze–thaw viability measurements here indicate an upper limit to the uptake of 228 

trehalose into CHO-TRET1 cells. As an additional test, we used HPLC to directly measure the 229 

amount of trehalose taken into the CHO-K1 cells. The results in Fig. 4(a) show that the amount of 230 

trehalose in CHO-vector cells MV is about 20 pg/cell or less with most conditions. Moreover, the 231 

uptake does not significantly increase with immersion time. This result suggests that the trehalose 232 

is mostly impermeable for these cells, which is consistent with the previous results [2, 22]. On the 233 

other hand, in Fig. 4(b) the uptake amount of trehalose in CHO-TRET1 cells MT increases with t for 234 

all C0 values except 100 mM. Moreover, the rate of increase is roughly independent of C0 when t ≤ 2 235 

h. But at longer times, the uptake decreases. For C0 = 400 mM, MT continues to increase for a longer 236 

time, reaching a maximum at 80 pg/cell when t = 4 h before decreasing. This trend is consistent 237 

with the t dependence of FT. Therefore, the FT is higher when the uptake amount of trehalose is 238 

larger. 239 

In the previous section, we found that C0 > 100 mM was required for trehalose to function 240 

as a CPA. Using the results here, we estimate that 20 pg/cell is about the minimum trehalose 241 

uptake into CHO-K1 cells to work as a CPA. This value is equivalent to 62 fmol/cell, which is within 242 

the same order of magnitude of the 14 fmol/cell estimated by extrapolating the Michaelis–Menten 243 

coefficients [47]. 244 

Consider now the upper limit of the amount of trehalose taken into CHO-TRET1 cells. If 245 

we assume that the effective volume of a CHO-K1 cell as 488 m3 [2], then this maximum uptake of 246 

about 70–80 pg/cell is equivalent to about 400–500 mM, assuming an. Considering the 247 

uncertainties in the estimate, this value agrees well with the extracellular trehalose concentration. 248 

Therefore, given our earlier finding that FT saturates near C0 = 400 mM, the trehalose 249 

concentration appears to be nearly in balance inside and outside the cell at the upper limit of 250 
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trehalose uptake. 251 

However, we also found that MT decreased at all concentrations as the immersion time 252 

increased past 2 h. Considering that the apoptotic ratio AL increased with the immersion time, MT 253 

might be underestimated at longer immersion times due to a decrease in cell healthiness. This 254 

effect may work as follows. As the immersion period becomes longer, the late apoptotic ratio 255 

increases, and the healthiness of the cell membrane decreases. Under such conditions, trehalose 256 

taken into the CHO-TRET1 cell may also leak out of the cell. Then, as the amount of trehalose that 257 

leaked before the HPLC measurement is removed during the rinsing process, MT may be 258 

underestimated when normalized by the initial number of cells. 259 

 260 

Discussion 261 

 262 

We examined the freeze–thaw viabilities of both CHO-TRET1 and CHO-vector cells, 263 

varying the immersion time up to 6 h and trehalose concentrations up to 1000 mM. The CHO-vector 264 

cell had a higher viability in a high extracellular concentration at an immersion time of 0 h, with 265 

the value monotonously decreasing at longer immersion times. As trehalose uptake was low (MV < 266 

20 pg/cell for most conditions), the freeze–thaw viability FV appears to be controlled by the CPA 267 

effect of extracellular trehalose.   268 

For CHO-TRET1 cells, the trehalose uptake reached a maximum (MT; about 80 pg/cell) 269 

with C0 ≈ 400 mM for an immersion time near 4 h, with maximum viability FT ≈ 0.8. Thereafter, 270 

the viability was independent of the immersion time, indicating the uptake had reached 271 

equilibrium. When the extracellular concentration of trehalose was lower than this optimum 272 

condition, the equilibrium state was not reached even at the immersion time of 6 h, with FT 273 

increasing with immersion time. In the opposite case, when the extracellular 274 

trehalose-concentration was higher than the optimum condition, the highest FT value occurred for 275 

an immersion time shorter than 2 h, and thereafter FT decreased with the immersion time. The 276 

uptake amount of trehalose did not exceed 80 pg/cell even whenC0 > 400 mM. These findings and 277 

the apoptotic measurements during immersion indicate that the main reason for smaller viabilities 278 
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at higher C0 and longer immersion times is apoptosis of the cells before freezing. 279 

In addition, we found that C0 > 100 mM was necessary for extracellular trehalose to behave 280 

as a CPA. When the extracellular concentration was too small to express CPA behavior, the amount 281 

of trehalose taken into a CHO-TRET1 cell was nearly that of a CHO-vector cell, and the apoptosis 282 

during immersion was as small as the background value. Thus, at such low concentrations, the 283 

uptake of trehalose into CHO-TRET1 cells is too small to act as a CPA, and the extracellular 284 

trehalose cannot exhibit sufficient cryopreservation effect on both types of CHO-K1 cells. 285 

When comparing the freeze–thaw viabilities of these cells with the amount of intracellular 286 

trehalose, we confirmed that the optimum condition occurred at the upper limit to the uptake 287 

amount of trehalose. If the extracellular trehalose concentration is below or above this value, the 288 

freeze–thaw viability became lower. Based on these results, we next discuss the cryoprotection 289 

mechanism of both extra- and intra-cellular trehalose. 290 

 291 

Freeze–thaw viabilities of CHO-vector cells and their apoptotic conditions during immersion 292 

 293 

At the shortest immersion times, the osmotic effect of the extracellular trehalose on the 294 

healthiness of CHO-K1 cells was very small. Even for CHO-TRET1 cells under short immersion 295 

times, the extracellular trehalose was hardly taken into cells. Thus, the freeze–thaw viabilities of 296 

both kinds of cells at short immersion times should be controlled by the CPA effect of the 297 

extracellular trehalose. When we plot the C0 dependence of FV and FT at t ≈ 0, as in Fig. 5, we see 298 

that FV and FT are close and have the same trend, that is, a higher freeze–thaw viability at higher 299 

C0 conditions independent on the trehalose uptake. This trend indicates that the CPA effect by 300 

extracellular trehalose is expected to be higher at higher trehalose concentrations. Such an effect 301 

appears consistent with several proposed cryoprotective mechanisms from extracellular trehalose: 302 

(i) The trehalose induces vitrification of the extracellular solution [3, 53-55]. (ii) The trehalose 303 

inhibits growth of extracellular ice crystals as well as reducing the amount of intracellular water, 304 

both of which inhibits intracellular freezing [15, 44-46]. And (iii), trehalose interacts directly with 305 

cell membranes and proteins and protecting them [5-6, 25, 31, 40, 42-43]. We now examine the first 306 
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two of these mechanisms in a little more detail.  307 

Consider the vitrification mechanism (i). The temperature of 193 K is below 243 K, the 308 

glass transition temperature of the maximum freeze concentrated solution [3], but the cooling rate 309 

was too small to induce vitrification, at least of nearly pure water. As the maximum freeze 310 

concentration of trehalose is about 20 wt% [3], which is equivalent to about 600 mM, the lower 311 

concentration conditions in this study probably did not vitrify to a sufficient extent to preserve the 312 

cells. In addition, our previous study indicated that small ice crystals form in the same 313 

concentration range of the present study [44, 48]. Thus, this cryopreserving mechanism seems 314 

unlikely to have operated here. 315 

Concerning the inhibiting extracellular ice growth mechanism (ii), an intermolecular 316 

network of trehalose in the solution should occur when the concentration exceeds 10 wt%, or about 317 

250 mM [45-46]. Figure 5 shows that the freeze–thaw viability is high at this and higher 318 

concentrations. At concentrations below 200 mM (≈ 6 wt%), the viability is low, and the viscosity of 319 

the trehalose solution is close to that of pure water [45-46]. Thus, it is considered that the trehalose 320 

cannot sufficiently inhibit the water-network construction during freezing below 200 mM. Thus, the 321 

concentration dependence is consistent with a cryoprotective mechanism involving suppression of 322 

ice crystal growth due to formation of a trehalose network in the solution. 323 

We now examine the influence of dehydration on the CHO-vector cells caused by the 324 

extracellular trehalose. When C0 ≥ 250 mM, FV decreases monotonically with t (Fig. 1). This result 325 

may be due to excessive dehydration of the cells arising from osmotic pressure before freezing. This 326 

mechanism is consistent with the apoptosis ratio increasing as the viability decreases (Fig. 2), and 327 

also with the size of the cells shrinking with t (Fig. S2). To examine this mechanism, we estimate 328 

how much the intracellular water can leave via the osmotic pressure of extracellular trehalose. We 329 

now assume that the inside and outside of the cell are isotonic before adding trehalose, and the 330 

osmotic pressure 0 is equal to about 300 m osmol/kg [21, 39]. Then, 0 can be written 331 

 332 

0 = Cout RT = ௡೔೙ୖ்
௏బ

,       (2) 333 

 334 
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where Cout = 154 mM is the assumed initial concentration of the extracellular matrix (equivalent to 335 

that of 0.9% NaCl solution, or of saline water), nin is the initial solute concentration in the cell, V0 = 336 

487.59 m3 is the effective volume of a CHO-K1 cell [2], R = 8.31 J/mol K is the gas constant, and 337 

temperature T is set at 310 K. If we add trehalose at the concentration of C0 into the extracellular 338 

matrix, the extracellular osmotic pressure out becomes 339 

 340 

out = (Cout + C0) RT.       (3) 341 

 342 

To become isotonic, the cell volume will shrink by V, making the intracellular osmotic pressure in 343 

 344 

in = ௡೔೙ୖ்
௏బିఋ௏

.       (4) 345 

 346 

Then, by setting in = out, 347 

 348 

ఋ௏

௏బ
 = ஼బ

஼బା஼೚ೠ೟
.       (5) 349 

 350 

This indicates that the dehydration rate V/V0 should be larger for larger C0. We find that this 351 

V/V0 correlates well with the cell viability before freezing, which is defined as A = 1 − A(t=6), the 352 

latter variable being the apoptosis ratio A at t = 6 h (from Fig. S3, R2～0.84). Here we assume that 353 

the isotonic condition was reached by 6 h, the longest immersion time. That FV monotonously 354 

decreases with t indicates that the cell was damaged by a combination of stresses, specifically, 355 

freezing, thawing, and osmotic stress by extracellular trehalose during the immersion period. 356 

To help examine these stresses further, we model the time dependence of the viability. Here, 357 

FV is fit by the following exponential function with time constant KFV: 358 

 359 

FV = FV0 exp (− KFV t),       (6) 360 

 361 
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where FV0 is a constant. After fitting the data to obtain KFV at various C0, we compare them to the 362 

KAV values obtained earlier (from Fig. 3). The results are shown in Fig. 6. The trend shows KFV 363 

roughly increasing linearly for C0 below 400 mM, then leveling off. This trend agrees qualitatively 364 

with that of KAV. The comparison indicates that at the lower concentrations, the stresses affecting 365 

FV are dominated by the freeze–thaw process (that is, a low expression of CPA function of 366 

extracellular trehalose) rather than the influence of apoptosis. At higher concentrations, the 367 

osmotic stress dominates before freezing. 368 

 369 

Trehalose uptake and dehydration in CHO-TRET1 cells 370 

 371 

We now use a model to estimate the relation between the trehalose uptake into 372 

CHO-TRET1 cells and their dehydration. Extracellular trehalose is transported into CHO-TRET1 373 

cells, driven by the concentration gradient of trehalose across TRET1 [22]. This uptake continues 374 

until the intracellular trehalose concentration equals the extracellular concentration C0. To help us 375 

examine the inflow of trehalose and the outflow of water from the cells, the volume of cells is fixed 376 

at V0. We also assume that the extracellular trehalose concentration C0 remains unchanged even if 377 

trehalose flows into the cell, a reasonable assumption given that the intracellular volume is much 378 

less than that of the extracellular solution volume. Then, assuming no limit for the uptake amount, 379 

the virtual equilibrium intracellular-trehalose min is obtained from 380 

 381 

𝐶଴ሾ𝑚𝑜𝑙/𝐿ሿ ൌ
௠೔೙ሾ௚/௖௘௟௟ሿ

ଷଶସ.ଷሾ௚/௠௢௟ሿൈ௏బሾ௅/௖௘௟௟ሿ
 .      (7) 382 

 383 

Using the model assumed in the previous section, the dehydration amount V due to the osmotic 384 

pressure difference is 385 

 386 

𝛿𝑉 ൌ
஼೚ೠ೟

ሺ஼బି஼೔೙ሻା஼೚ೠ೟
𝑉଴ .       (8) 387 

 388 

In this equation, the concentration difference is C0 − Cin, where Cin is the intracellular trehalose 389 
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concentration, because trehalose is also taken into CHO-TRET1 cells. The measured maximum 390 

amount of trehalose taken into the cell at each concentration is Cin. 391 

For C0 ≤ 400 mM, we find that Cin ≈ min and V ≈ 0 (Fig. 7). These results suggest that the 392 

cells are hardly dehydrated under these C0 conditions, and also that the isotonic condition is kept 393 

mainly by the trehalose uptake. Results from optical microscopy (Figs. S1, S2) also show that, 394 

within this immersion time range, the size of CHO-TRET1 cells within this immersion time range 395 

tended to increase with time. This trend is the same as that found with 0 mM. As the same V ≈ 0 396 

result occurs with the 0 mM case, the CHO-TRET1 cells under C0 ≤ 400 mM must also be keeping 397 

their healthiness during immersion. In addition, as the time constant KAT for apoptosis of the 398 

CHO-TRET1 cells is smaller than that of the CHO-vector cells in this concentration range (Fig. 3), 399 

these conditions put less stress on CHO-TRET1 cells throughout the cryopreservation process. 400 

On the other hand, when C0 ≥ 500 mM, Cin is significantly smaller than min. This deviation 401 

from min correlates well with an increase in V (Fig. 7). This finding suggests that trehalose is taken 402 

into CHO-TRET1 cells at the same time that the cells dehydrate. Although the optical microscopy 403 

(Figs. S1 and S2) did not show significant shrinkage observed in the CHO-vector cells affected by 404 

dehydration, the apoptosis ratio of CHO-TRET1 cells AT (or ALT) increased with t. This trend is 405 

similar to those observed for CHO-vector cells (Fig. 2). Therefore, under these high C0 conditions, 406 

the CHO-TRET1 cells appear to have been highly stressed as they took in extracellular trehalose. 407 

As TRET1 is a high-capacity transporter of trehalose [22], larger C0 should have faster saturation. 408 

This behavior is consistent with our findings in Fig. 1(c). After saturation, further immersion would 409 

lead to cell apoptosis due to excess dehydration from the remaining concentration gradient, which 410 

then causes an inability to withstand the following freezing and thawing stresses. 411 

These analyses lead us to conclude that the uptake amount of trehalose to CHO-TRET1 412 

cells has an upper limit value of Cin = 70–80 pg/cell, a value corresponding to an extracellular 413 

concentration C0 = 400–500 mM. The value indicates that TRET1 enables a higher intracellular 414 

trehalose concentration than those obtained by other trehalose-introducing methods, including both 415 

invasive and noninvasive techniques, as well as higher freeze–thaw viabilities with less stress on 416 

the cells. Such a result may arise from the unique properties of TRET1 as a high-capacity, 417 
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bi-directional transporter of trehalose [22]. As shown in Fig. 7, CHO-TRET1 cells were nealy 418 

isotonic by the uptake of trehalose into the cell without dehydration stress at C0 ≤ 400 mM, and 419 

approached isotonic conditions via dehydration at C0 ≥ 500 mM. The transport and dehydration 420 

processes should reduce the osmotic stresses on the cells, leading to relatively high viabilities. 421 

 422 

Uptake rate of trehalose into CHO-TRET1 cells 423 

 424 

As argued in the previous section, the trehalose influx gradually approaches the saturation 425 

value at C0 ≤ 400 mM. However, the intracellular trehalose saturates in a short time at C0 ≥ 500 426 

mM, followed by excess dehydration. Here, we estimate the trehalose uptake rate using a model of 427 

trehalose diffusion through TRET1. 428 

We approximate a CHO-TRET1 cell as a sphere of radius a, with a = 5.5 m [2]. The 429 

extracellular trehalose concentration C0 is assumed constant as argued above. Assuming that the 430 

initial intracellular trehalose concentration Cin0 is 0 mM, the trehalose inflow MT(t) at time t is 431 

expressed by [4] 432 

 433 

ெ೅ሺ௧ሻ

ெ೅ሺஶሻ
ൌ 1 െ

଺

గమ
∑ ଵ

௡మ
ஶ
௡ୀଵ 𝑒𝑥𝑝 ቀെ

஽௡మగమ

௔మ
𝑡ቁ ,     (9) 434 

 435 

where MT(∞) = 80 pg/cell is the intracellular trehalose content at equilibrium and D is the diffusion 436 

constant. For simplicity, we just use the first term n = 1, obtaining the following solution: 437 

 438 

𝑙𝑛 ቀ1 െ
ெ೅ሺ௧ሻ

ெ೅ሺஶሻ
ቁ ൌ 𝑙𝑛

଺

గమ
െ

ஃగమ

௔మ
𝑡 ,      (10) 439 

 440 

where D has been replaced with the apparent transport efficiency  [m2/s]. (The reason for this 441 

replacement is that trehalose transport in TRET1 may depend on the concentration gradient, which 442 

is not a standard property of D.) Then, we apply Eq. (10) to the trehalose uptake data after reaching 443 

the maximum (Fig. 4(b), t ≥ 2 h) to obtain  for each C0 condition. Within the concentration ranges 444 
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here, the resulting transport efficiency is of order 10−12 m2/s. This is two orders of magnitude 445 

smaller than the self-diffusion coefficient of water in an aqueous solution of trehalose (5.08 × 10−10 446 

m2/s at 298 K [23]). But it is close to the diffusion coefficient of trehalose in a high-concentration 447 

aqueous trehalose solution (e.g., about 1 × 10−12 m2/s at C0 = 71 wt% ≈ 7.5 M [7]). Therefore, this 448 

model indicates that trehalose diffuses through TRET1 at a rate comparable to that in a 449 

high-concentration aqueous solution. 450 

The specific dependence of  on C0 is a nearly linear increase with C0 (Fig. 8, R2 = 0.97). 451 

That is, the trehalose uptake rate into CHO-TRET1 cells increases with the trehalose gradient 452 

across TRET1, shortening the time to reach the upper limit of intracellular trehalose content. This 453 

is consistent with the fact that the peak of freeze–thaw viability shifts to smaller t at C0 ≥ 500 mM 454 

(Fig. 1). As the uptake rate of trehalose is large when C0 ≥ 500 mM, the intracellular concentration 455 

reaches its upper limit within 2 h of immersion. Thus, the intracellular trehalose concentration is 456 

always lower than the extracellular concentration after that time, and the cell continues to receive 457 

osmotic stress. Therefore, as results in Fig. 7 indicate, even CHO-TRET1 cells would be weakened 458 

by the excess dehydration during an overly long immersion period under these high C0 conditions. 459 

To test the validity of the above hypothesis, we now estimate the effect of dehydration on 460 

the freeze–thaw viability. As shown in Fig. 1c, FT reaches a maximum value at t = 2 h at C0 = 500 461 

mM and at t = 0.5 h at C0 = 1000 mM, so we consider that the CHO-TRET1 cells experience a 462 

similar dehydration situation as that of the CHO-vector cells when t ≥ 2 h at C0 = 500 mM and t ≥ 463 

0.5 h at C0 = 1000 mM. When we examine the t dependence of FT in these regions, we find that FT 464 

decreases exponentially with t (Fig. 1c). We estimated the time constant KFT for each condition by 465 

fitting to Eq. (6) for the CHO-vector cells as follows, finding 466 

 467 

FT (C0=500) = 0.89 exp (−0.054 t)  t ≥ 2 h (R2 = 0.98) 468 

 469 

FT (C0=1000) = 0.73 exp (−0.445 t)  t ≥ 0.5 h (R2 = 0.99). 470 

 471 

These results show that KFT = 0.054 for C0 = 500 mM (where C0 – Cin = 100 mM), which is close to 472 
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the result KFV = 0.023 for C0 = 100 mM of CHO-vector cell. Also, the value KFT = 0.445 for C0 = 1000 473 

mM (where C0 – Cin = 600 mM) is close to the value KFV ≈ 0.58 for C0 ≥ 400 mM (Fig. 6). Therefore, 474 

the results can be explained with the hypothesis that the viabilities are lowered due to the extra 475 

concentration of the experimental extracellular concentration over the saturated intracellular 476 

concentration. If true, then the decrease in FT at C0 ≥ 500 mM was caused mainly by cell apoptosis 477 

in the immersion period. If trehalose is added to the medium in excess, trehalose above the upper 478 

limit is not taken into the cell, but rather weakens the cell due to excess dehydration. 479 

 To reduce the risk from osmotic stress at the large trehalose-concentration differences, one 480 

might try adding the trehalose to the extracellular solution in multi-steps instead of the single-step 481 

method we used. In follow-up studies, we will try this and other changes to the method to help find 482 

a better cryopreservation protocol. 483 

 484 

Re-examining of viabilities with optimal immersion time 485 

 486 

We have found here that the optimum immersion time for CHO-TRET1 cells is about 2 h. 487 

Our previous study [47] instead used a 6-h immersion time. We now compare the older results to 488 

those in the present study. 489 

Consider the CHO-vector cells first. When C0 ≥ 250 mM, the viabilities are improved by 490 

using the shorter (2 h) immersion time (Fig. 9(a)). This improvement confirms that the extracellular 491 

trehalose acts as a CPA when C0 ≥ 250 mM. Above 400 mM, the viabilities in the 2 h case hardly 492 

change (values of 0.2–0.3). This constancy is consistent with our finding that the apoptosis ratio is 493 

roughly independent of C0 when t = 2 h (Fig. 2(a)). Therefore, the comparison of immersion times 494 

supports our proposed mechanism for the C0 dependence of FV. 495 

For the CHO-TRET1 cells, the same trends occur, but are more distinct (Fig. 9(b)). In 496 

addition, the concentration at which the two immersion-time cases diverge is near 400–500 mM. 497 

This diversion point is a higher C0 than that for CHO-vector. That is, the viabilities are roughly 498 

consistent when C0 < 500 mM, and the maximum viabilities of both immersion times are FT ≈ 0.8 499 

at C0 = 400 mM. The improvement for the shorter immersion time (2 h) occurs when C0 ≥ 500 mM, 500 



21 
 

which is consistent with the results in Fig. 1(c). 501 

The C0 dependence on FT can be explained using a two-part hypothesis. First, the 502 

cryoprotection from intracellular trehalose of CHO-TRET1 cells increases when the intracellular 503 

trehalose starts to saturate. As the intracellular trehalose concentration is undersaturated at C0 < 504 

400 mM, the maximum CPA effect from intracellular trehalose occurs at t = 2 h. However, as the 505 

intracellular trehalose concentration saturates at t ≤ 2 h when C0 ≥ 500 mM, the CPA effect should 506 

also saturate at this maximum value. Second, when the intracellular trehalose concentration is 507 

undersaturated, the cell mainly takes up trehalose, showing little dehydration. However, after the 508 

intracellular trehalose saturates, cell apoptosis progresses before freezing due to excess 509 

dehydration. As the uptake rate of trehalose increases with C0, the intracellular trehalose 510 

concentration should reach a maximum at t ≤ 2 h for C0 ≥ 500 mM. Then, the apoptosis due to the 511 

excess dehydration would significantly decrease the viability in these conditions. 512 

Finally, we consider how the freeze–thaw viabilities of CHO-K1 cells depend on the cooling 513 

rate H. For CHO-vector cells (Fig. 10(a)), there is little difference between the two immersion times, 514 

except when H = 10–30 K/min (corresponding to a freezing temperature of 150–200 K). In this 515 

range, the shorter immersion time shows the high viability of 0.4–0.5. According to the results at C0 516 

= 500 mM in Fig. 1(c), the viability of the t = 2 h case should be significantly higher than that of 6 h 517 

because of the pre-freezing excess dehydration. Therefore, although FV was almost 0 in the 518 

previous study [47] at t = 6 h, we found here that the viability becomes high when H = 10–30 K/min 519 

at t = 2 h. This result also shows that the high cryoprotective effect occurs in a remarkably narrow 520 

range of H. This result is consistent with the two-factor hypothesis proposed by Mazur et al. [28]. If 521 

so, this means that the CPA effect of extracellular trehalose for CHO-vector cells is similar to that of 522 

other cells. 523 

In contrast, for CHO-TRET1 cells, the freezing rate affects the viability roughly equally for 524 

both immersion times (Fig. 10(b)). Nevertheless, the cooling rate affects FT. At the lowest cooling 525 

rates H ≤ 10 K/min, FT hovers about 0.5, staying relatively low. Then, at middling cooling rates 10 ≤ 526 

H ≤ 30 K/min, the viability FT reaches a maximum of about 0.75. Then, at the rapid cooling rates of 527 

H ≥ 30 K/min, the viability FT drops to near 0, even though the apoptosis rate before freezing is 528 
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small. 529 

At these higher cooling rates (H > 30 K/min), the H dependence on FT is nearly the same 530 

as that on FV. According to the two-factor hypothesis of Mazur et al. [28], suppression of 531 

intracellular freezing determines the viability under rapid freezing conditions. Thus, our results 532 

indicate that the intracellular trehalose cannot inhibit intracellular freezing at H ~ 102 K/min 533 

conditions. On the other hand, high viabilities are maintained regardless of the cooling rate as long 534 

as H ≤ 30 K/min. This result shows that intracellular trehalose effectively improves the viability of 535 

CHO-TRET1 cells for the slow-cooling protocol. Although the two-factor hypothesis of Mazur et al. 536 

[28] shows that the long-term exposure to a high-concentration solution could reduce the viability in 537 

slow cooling, the present study suggests that this effect may be canceled by the uptake of trehalose 538 

through TRET1. 539 

 540 

Conclusion 541 

 542 

To clarify the cryoprotective mechanism of intracellular trehalose on CHO-K1 cells [47], we 543 

examined the trehalose uptake characteristics of the CHO-TRET1 cell and its viability. Both 544 

CHO-TRET1 cells and CHO-vector cells were simultaneously immersed in a freezing solution 545 

containing trehalose at a concentration of 0–1 M for 0–6 hours to prepare each cell sample. The 546 

amount of intracellular trehalose was directly measured by HPLC separately from the viability 547 

measurements, and both the uptake rate and the total amount of trehalose transported through 548 

TRET1 were estimated. The apoptosis rate was also measured to check the cell healthiness during 549 

the pre-freezing immersion period. Then, the freeze–thaw viabilities of these cells were measured 550 

using the same experimental protocols as in the previous study [47]. 551 

As a result, we found that trehalose uptake rate into CHO-TRET1 cells was larger with a 552 

higher extracellular concentration C0, but the intracellular trehalose concentration saturated at C0 553 

= 400 mM. The upper limit to the amount of intracellular trehalose was about 70–80 pg/cell. Under 554 

this saturation condition, the freeze–thaw viability of CHO-TRET1 cells reached about 0.8, their 555 

highest value. When C0 < 400 mM, the longer the immersion time, the greater the uptake of 556 
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trehalose (but less than the maximum value), and the greater the viability. On the other hand, 557 

when C0 > 400 mM, the immersion time for maximum viability became shorter than 2 h. Further 558 

immersion would lead to greater apoptosis before freezing, which lowered the freeze–thaw viability. 559 

Therefore, our findings suggest that both CHO-vector and CHO-TRET1 cells get stressed by 560 

dehydration arising from the osmotic pressure of extracellular trehalose. In the CHO-TRET1 case, 561 

this was found to occur after the amount of trehalose in the cell reached saturation.  562 

We conclude that the optimum conditions for the cryopreservation of CHO-TRET1 cells 563 

with trehalose involve immersion for 2 h in a freezing solution containing C0 = 400 mM trehalose. 564 

We also found that the intracellular trehalose exhibits a CPA effect when the cooling rate is below 565 

30 K/min, whereas the extracellular trehalose is only effective as a CPA when the rate lies between 566 

10 and 30 K/min. 567 
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Figure captions 710 

 711 

Fig. 1. Freeze–thaw viability F vs immersion time t of CHO-vector cells (open symbols) and 712 

CHO-TRET1 cells (solid symbols). (a) At the lowest extracellular trehalose-concentration C0 713 

conditions: 0, 100, and 250 mM. (b) At the intermediate C0 conditions: 300 and 400 mM. (c) At the 714 

highest C0 conditions: 500 and 1000 mM. Asterisk marks above the symbols of FT mean that there 715 

is a significant difference between FT and FV at the same trehalose concentration (p < 0.01 by the 716 

Tukey–Kramer test). The viability data for 6-h immersion is reproduced from our previous study 717 

[47]. 718 

 719 

Fig. 2. Apoptotic ratios of CHO-vector and CHO-TRET1 cells under various C0 conditions and 720 

immersion times. Bottom of each bar shows the ratio of early apoptosis (AE). Added white bar on top 721 

shows the corresponding ratio of late apoptosis (AL). 722 

 723 

Fig. 3. Time constant KA of apoptotic ratio at various C0. KAV is for CHO-vector cells and KAT is for 724 

CHO-TRET1 cells. 725 

 726 

Fig. 4. Amount of trehalose taken into CHO-vector cells (MV) and CHO-TRET1 cells (MT) vs 727 

immersion time t. Extracellular trehalose concentration conditions: 100, 250, 300, 400, 500, 750, 728 

and 1000 mM. 729 

 730 

Fig. 5. Freeze–thaw viabilities of CHO-vector cells FV and CHO-TRET1 cells FT at immersion time 731 

t ≈ 0 h. 732 

 733 

Fig. 6. Time constants KFV and KAV of CHO-vector cells. KFV is from the immersion time dependence 734 

on the freeze–thaw viability. KAV is from the immersion time dependence on the apoptotic rate. 735 

 736 
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Fig. 7. Comparison to model of trehalose uptake. Cin is the maximum amount of intracellular 737 

trehalose measured in the CHO-TRET1 cell. min is the maximum amount of trehalose expected to 738 

inflow into the cell when equilibrated to C0, assuming no limit for uptake. (V0-V)/V0 is the volume 739 

change ratio of the cells, owing to dehydration. FT is the freeze–thaw viability of CHO-TRET1 cells 740 

at various C0 conditions for a 2-h immersion time. 741 

 742 

Fig. 8. Apparent transport efficiency  into CHO-TRET1 cells. Data based on peak Mt from Fig. 4(b) 743 

and Eq. (10). Solid line is the least-square fitting. 744 

 745 

Fig. 9. Freeze–thaw viabilities for two immersion times of CHO-vector cells and CHO-TRET1 cells. 746 

Asterisk at top marks cases with a significant difference in viabilities between the two times (p < 747 

0.01 by the Tukey–Kramer test). The viability data for 6-h immersion is reproduced from our 748 

previous study [47]. 749 

 750 

Fig. 10. Freeze–thaw viabilities for C0 = 500 mM and various cooling rates H. Two immersion times 751 

shown: 2 and 6 h for (a) CHO-vector cells and (b) CHO-TRET1 cells. Asterisk at top marks cases 752 

with a significant difference in viability between the two times (p < 0.01 by the Tukey–Kramer test). 753 

The viability data for 6-h immersion is reproduced from our previous study [47]. The cooling rate is 754 

determined from the final temperature target according to the method in [47]. 755 
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Table 1: Symbol definitions and units. 
 
Symbol  Definition Units 
a average cell diameter m 
A apoptosis rate of CHO-vector cell (AV) and of CHO-TRET1 cell (AT), 

further distinguished between early (AE) and late (AL) apoptosis 
 

C0 extracellular trehalose concentration mM 
Cin intracellular trehalose concentration mM 
Cout initial concentration of the extracellular matrix mM 
D diffusion coefficient m2/s 
H cooling rate K/min 
F freeze–thaw viability of CHO-vector cell (FV) and of CHO-TRET1 cell 

(FT) 
 

A apoptotic viability of CHO-vector cell (AV) and of CHO-TRET1 cell (AT)  
K time constant for the apoptosis rate (KA) and for the freeze–thaw 

viability (KF) 
1/h 

 apparent transport efficiency m2/s 
min virtual equilibrium intracellular trehalose amount without limit pg/cell 
M uptake amount of trehalose in CHO-vector cell (MV) and in CHO-TRET1 

cell (MT) 
pg/cell 

nin initial concentration of the extracellular matrix mol/cell 
 osmotic pressure under the isotonic condition 0, for intracellular in, 

and for extracellular out 
osmol/kg 

R gas constant J/mol K 
t immersion time h 
T temperature K 
V0 effective volume of average cell m3 
V amount of dehydration m3 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Freeze–thaw viability F vs immersion time t of CHO-vector cells (open symbols) and 
CHO-TRET1 cells (solid symbols). (a) At the lowest extracellular trehalose-concentration C0 
conditions: 0, 100, and 250 mM. (b) At the intermediate C0 conditions: 300 and 400 mM. (c) At the 
highest C0 conditions: 500 and 1000 mM. Asterisk marks above the symbols of FT mean that there 
is a significant difference between FT and FV at the same trehalose concentration (p < 0.01 by the 
Tukey–Kramer test). The viability data for 6-h immersion is reproduced from our previous study 
[47]. 
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Fig. 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: Apoptotic ratios of CHO-vector and CHO-TRET1 cells under various C0 conditions and 
immersion times. Bottom of each bar shows the ratio of early apoptosis (AE). Added white bar on top 
shows the corresponding ratio of late apoptosis (AL). 
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Fig. 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3: Time constant KA of apoptotic ratio at various C0. KAV is for CHO-vector cells for CHO-vector 
cells and KAT is for CHO-TRET1 cells. 
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Fig. 4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: Amount of trehalose taken into CHO-vector cells (MV) and CHO-TRET1 cells (MT) vs 
immersion time t. Extracellular trehalose concentration conditions: 100, 250, 300, 400, 500, 750, 
and 1000 mM. 
 
  

  

0

10

20

30

40

50

60

70

80

90

100

0 1 2 3 4 5 6

Tr
e
h
al
o
se
 u
p
ta
ke
 M

T
(p
g/
ce
ll)

immersion time t (h)

(b) CHO‐TRET1
◆ 100 mM
■ 250 mM
▲ 300 mM
● 400 mM
● 500 mM
◆ 750 mM
▲ 1000 mM

0

10

20

30

40

50

60

70

80

90

100

0 1 2 3 4 5 6

Tr
e
h
al
o
se
 u
p
ta
ke
 M

V
(p
g
/c
e
ll
)

immersion time t (h)

(a) CHO‐vector

□ 250 mM
○ 400 mM
○ 500 mM
△ 1000 mM



Fig. 5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5: Freeze–thaw viabilities of CHO-vector cells FV and CHO-TRET1 cells FT at immersion time 
t ≈ 0 h. 
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Fig. 6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6: Time constants KFV and KAV of CHO-vector cells. KFV is from the immersion time dependence 
on the freeze–thaw viability. KAV is from the immersion time dependence on the apoptotic rate. 
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Fig. 7 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Comparison to model of trehalose uptake. Cin is the maximum amount of intracellular 
trehalose measured in the CHO-TRET1 cell. min is the maximum amount of trehalose expected to 
inflow into the cell when equilibrated to C0, assuming no limit for uptake. (V0-V)/V0 is the volume 
change ratio of the cells, owing to dehydration. FT is the freeze–thaw viability of CHO-TRET1 cells 
at various C0 conditions for a 2-h immersion time. 
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Fig. 8 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8: Apparent transport efficiency  into CHO-TRET1 cells. Data based on peak Mt from Fig. 4(b) 
and Eq. (10). Solid line is the least-square fitting. 
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Fig. 9 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Freeze–thaw viabilities for two immersion times of CHO-vector cells and CHO-TRET1 cells. 
Asterisk at top marks cases with a significant difference in viabilities between the two times (p < 
0.01 by the Tukey–Kramer test). The viability data for 6-h immersion is reproduced from our 
previous study [47]. 
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Fig. 10 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Freeze–thaw viabilities for C0 = 500 mM and various cooling rates H. Two immersion times 
shown: 2 and 6 h for (a) CHO-vector cells and (b) CHO-TRET1 cells. Asterisk at top marks cases 
with a significant difference in viability between the two times (p < 0.01 by the Tukey–Kramer test). 
The viability data for 6-h immersion is reproduced from our previous study [47]. The cooling rate is 
determined from the final temperature target according to the method in [47]. 
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