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Abstract
We have investigated the thermal properties of trehalose dihydrate by using differential scanning calorimetry and direct 
observation by optical microscope. A key result of our findings is the discovery of thermal anomalies around 350 K (LTA) 
and 430 K (HTA) for liquidous trehalose dihydrate and confirm the relation between those anomalies. By connection with 
microscopic observation and DSC curves, we have found that the emergence of small crystalline structures above the melting 
point of trehalose dihydrate plays an important role in understanding LTA and HTA. LTA corresponds to the growth process 
for this structure, while HTA is a gradual melting procedure.
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Introduction

Trehalose is a disaccharide formed by the glycosidic link‑
age of glucose and is found everywhere within many plants, 
animals, fungi, algae, etc. Its high ability to retain water 
helps trehalose to be utilized in many fields, such as skin 
toner and food [1–3]. Among them, we focus on its associa‑
tion with a survival strategy called cryptobiosis observed 
in certain microorganisms. For example, the larvae of the 
polypedilum vanderplanki are known to replace the water in 
their bodies with trehalose under extremely arid conditions 
[4–6]. Then, the larvae of the polypedilum vanderplanki can 

withstand temperatures up to 350 K for a short period in the 
cryptobiosis state [4]. Sakurai et al. proposed a hypothesis 
to explain this phenomenon based on the amorphous state 
of the trehalose. They claim that amorphized trehalose pre‑
serves the biological tissue at lower temperatures while at 
a temperature larger than 350 K, this mechanism does not 
work since the trehalose experiences the glass transition and 
then turns to be liquid state [5, 6].

The proposed mechanism to preserve biological tissues 
owing to the amorphized trehalose seems to be reasonable; 
however, its invalidation procedure needs to take much more 
attention concerning the water content of the system. Owing 
to the high ability of water retention of trehalose, even under 
arid conditions, the system contains water to some extent. 
From that standpoint, we would like to point out the tre‑
mendously large glass transition temperature reported which 
needs to be considered. According to the literature, the glass 
transition of dried larvae, which should have originated from 
contained trehalose, is about 338 K [5]. With consulting the 
relation between the glass transition temperature and water 
content of the trehalose hydrate [7–11], this corresponds to 
the trehalose hydrate with a hydration amount of 4 mass% 
while the reported hydration amount in the same literature 
is about 10 mass% [5].

It should be noted that this estimate does not exclude 
water hydrates other than trehalose. However, it is impor‑
tant to note that the hydration amount of 10 mass% roughly 
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corresponds to trehalose dihydrate. A comprehensive study 
on the amorphous state of trehalose hydrate has shown that 
trehalose dihydrate exists stably under a wide range of tem‑
perature and humidity conditions around room temperature 
[12]. The work done by Sakurai et al. is in the areas covered 
there.

Based on the above considerations, we comprehensively 
investigated the thermophysical properties of trehalose dihy‑
drate, which exists stably in its natural state, to understand 
that cryptobiosis is invalidated at high temperatures. As a 
result, we discovered two thermal anomalies in trehalose 
dihydrate. They exist at around 350 K (low-temperature 
anomaly, LTA) and around 430 K (high-temperature anom‑
aly, HTA), respectively. Here, LTA in particular is very 
close to the temperature at which cryptobiosis is invalidated. 
Here, we report the results of the investigation of LTA and 
HTA through thermal measurements by using differential 
scanning calorimetry (DSC) and direct observation using 
a microscope.

Materials

In this experiment, we used trehalose dihydrate with a purity 
of larger than 98% supplied from FUJIFILM Wako Pure 
Chemical Corp. as purchased. Its molecular weight, melting 
temperature, glass transition temperature, and mass fraction 
of water are 378.33 g mol−1, 370 K, 253 K, and 9.52 mass%, 
respectively. On the other hand, the melting temperature and 
glass transition temperature of anhydrous trehalose are 487 
K and 388 K, respectively. As shown in the literature [7], 

temperatures of melting point and glass transition of treha‑
lose hydrate are very sensitive to the amount of hydration.

Methods

Differential scanning calorimetry (DSC)

A TA2920 differential scanning calorimeter with a Refriger‑
ated Cooling System was used to assess the thermal prop‑
erties of trehalose dihydrate. Samples were equilibrated 
around room temperature and scanned between 250 and 450 
K, with a scanning rate of 5 K min−1 and nitrogen flow rate 
of 30 mL min−1. All measurements introduced in this report 
involve corresponding temperature profiles with each figure. 
The temperature calibration with water, trehalose dihydrate, 
and anhydrous trehalose was achieved. At higher than the 
melting point of trehalose dihydrate, the part of water mole‑
cules is no longer constrained to trehalose and make increase 
the internal pressure of the sample cell. In this experiment, 
we used a pressure-resistant sample pan up to 5.0 MPa to 
make the system closed by preventing the destruction of the 
sample cell.

Microscopic observation

An optical microscope (Nikon, OPTIPHOT-2) was used 
to investigate morphological changes accompanied by 
melting, LTA, and HTA. The schematics of the experi‑
mental setup are shown in Fig. 1. As shown in Fig. 1b, the 
sample was thinly sandwiched between two cover glasses 

Digital cameras

Optical microscopes
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Trehalose
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Fig. 1   Schematics of a experimental setups for microscopic observations and b preparation of sample cell. The yellow arrow in Fig. (b) indicates 
the direction to observe by using a microscope. (Color figure online)
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with a thickness of about 1.12 mm, and the area around 
the sample was firmly solidified with adhesive to form a 
sample cell. This prevents the cell from being destroyed 
by high pressures above the melting point of trehalose 
dihydrate. As shown in Fig. 1b, the thermometer is placed 
at nearby the sample. The K-type thermocouple was used 
to measure the temperature of the sample. Finally, the 
thickness of the sample was approximately 60–70 μm.

The sample cell was installed into the temperature-
controlled stage. A digital camera (Panasonic, DMC-
GX7MK2) through the optical microscope was used to 
monitor the morphological changes during the tempera‑
ture scan. The range of temperatures to scan is from 320 
to 470 K. Then, the outcome of the scanning rate is about 
1 K s−1. The agreement between the temperature meas‑
ured by the thermometer and the sample temperature is 
confirmed by using the melting of trehalose dihydrate. 
Corresponding temperature profiles are shown in each 
figure.

Results

Findings of LTA and HTA

Figure 2 shows the summary of our findings of two thermal 
anomalies of trehalose dihydrate. The first heating run as 
shown in Fig. 2a, c indicates the melting of crystalline tre‑
halose dihydrate. While the curve shown in Fig. 2a stops the 
temperature scan at around 450 K, Fig. 2c goes around 410 

K. The consequent runs of them and indicates the thermal 
properties of liquid trehalose dihydrate. The inset of Fig. 2c 
represents the LTA of liquid trehalose dihydrate with an 
effect of repetition of measurements. As shown in this figure, 
with repetition of the temperature scan, LTA is shifted to the 
higher temperature. The inset of Fig. 2a demonstrates the 
disappearance of LTA with the completion of HTA. Another 
significant difference between Fig. 2a, c is the existence of 
the glass transition around 295 K. Figure 2a represents the 
existence of the glass transition around 295 K with comple‑
tion of HTA, while no glass transition has appeared above 
270 K without completion of HTA (Fig. 2c). With considera‑
tion of the relation between glass transition temperature and 
the degree of hydration for trehalose, the fraction of water of 
trehalose hydrate in Fig. 2a corresponds to 1.4 water mol‑
ecules against 1 trehalose. Here, different from glass transi‑
tion or phase transition phenomena, both LTA and HTA only 
appeared at a heating run. To be noted, this work is the first 
case to report LTA in trehalose dihydrate.

The effect of repetition and annealing on LTA

To examine the repetition effect as shown in Fig. 2c, a 
further repetitive experiment from 250 to 390 K has been 
conducted. Figure 3b represents the summary of the curve 
done by those experiments. To quantify the temperature at 
which LTA occurs, we extrapolated the heat flow on the low-
temperature side and the high-temperature side, as shown 
in Fig. 3c, and defined the intersection with the median of 
both extrapolated curves and experimental results as T

X
 . As 

Fig. 2   Schematics of curve with 
completion of HTA (a) and 
without completion of HTA (c). 
b and d indicate the temperature 
profiles of (a) and (c), respec‑
tively. Results only for heating 
scans are shown. Black, red, 
green, and blue lines indicate 
first, second, third, and fourth 
heating scans, respectively. 
(Color figure online)
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shown in Fig. 3d, T
X

 shifts toward the higher temperature 
in proportion to the logarithm of the number of repetitions. 
For the elucidation processes for T

X
 , the curve of the low-

temperature side is fitted by a linear function and that of the 
high-temperature side is fitted by a quadratic function.

The results of repetitive measurements suggest that T
X
 is 

influenced by the time to experience higher temperatures. 
To verify how the LTA changes by annealing, the annealing 

effect with changing annealing temperature is examined. 
An overview of this procedure is shown in Fig. 4. Obtained 
curves with annealing treatment sandwiched between 
repeated measurements from 250 to 390 K are shown in 
Fig. 4b. The annealing time is fixed at 3 h, and the annealing 
temperature, T

a
 , is varied in the range of 313–403 K. The 

typical temperature profile of this measurement is shown in 
Fig. 4a. As a result, the higher the T

a
 , the higher the T

X
 and 

Fig. 3   The summary of repeti‑
tive experiments from 250 to 
390 K. a represents the temper‑
ature profile for this run. b rep‑
resents each curve around LTA. 
With increasing the number of 
repetitions, the position of LTA 
is shifted to a higher tempera‑
ture. c represents schematics 
to get temperatures for the 
occurrence of LTA ( T

X
 ). Black 

lines represent the extrapolation 
of curves for lower temperature, 
higher temperature, and the 
average of both, respectively. 
The red line represents the raw 
curve. d represents repetition 
number dependences for T

X
 . 

(Color figure online)
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the larger the strength of LTA. Figure 4c summarizes the 
dependence of T

X
 on T

a
 . The dashed line shows the T

X
 for 

no annealing sample, which almost matches the results with 
T
a
= 378 K . It should also be pointed out that T

a
 and T

X
 are 

reversed at 333 K. In particular, with consideration of the 
normal annealing effect to erase thermal anomalies lower 
than T

a
 , it is a little strange that the T

X
 is lower than the T

a
 

when the T
a
 is 333 K or higher. It suggests that LTA cannot 

be treated in the same way as a normal thermal anomaly 
shown in other systems.

Morphological changes with melting transition 
of trehalose dihydrate

Figure 5 shows the results of direct observation using a 
microscope to capture the morphological changes accom‑
panied by the occurrence of melting transition of trehalose 
dihydrate. Firstly, reflecting the existence of the crystalline 
structures of trehalose dihydrate, Fig. 5b looks dark due to 

diffuse reflection from powdered trehalose dihydrate. Then, 
bypassing the melting point, trehalose dihydrate was liq‑
uified and the system turned to be uniform, as shown in 
Fig. 5c. However, with a slight increase in the temperature, 
the spike-like microcrystalline structures appeared (Fig. 5d), 
and the number of those increases with increasing tempera‑
ture (Fig. 5e). Those relationships become significant by 
focusing on the difference in brightness between (i) the crys‑
talline structures of trehalose dihydrate, (ii) the microcrys‑
tals formed after melting, and (iii) the liquid state. Figure 5f 
is obtained by counting the number of pixels as a function of 
brightness, namely, pixel value. With meeting the expecta‑
tion, the obtained profiles show three local peaks reflecting 
the three different states.

Profiles in Fig. 6 provide the close-up of profiles as shown 
in Fig. 5f. Frequencies around the pixel value of 120 indicate 
the amount of the microcrystals after melting (Fig. 6a). An 
increase in the amount of microcrystals is observed with 
the temperature rise. Conversely, frequencies around the 

Fig. 5   The morphological 
change during the melting of 
trehalose dihydrate. a repre‑
sents the temperature profile. 
The red dot with the alphabet 
indicates the point to take a 
snapshot shown in (b–e). The 
blue dashed line indicates the 
melting temperature of trehalose 
dihydrate. b indicates the snap‑
shot of the crystalline structure 
of trehalose dihydrate. c repre‑
sents the snapshot just after the 
melting transition. d, e represent 
the emergence of the spike-like 
crystalline structures and the 
increase of those, respectively. 
f represents the result for figure 
analysis in each temperature. 
Red dashed squares with 
numbering (i), (ii), and (iii) cor‑
respond to the region to show 
the close-up shown in (f). Each 
region corresponds to the local 
peak in the profiles shown in (f). 
(Color figure online)
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pixel value of 190 represent the amount of the liquid state 
(Fig. 6b). There is a rapid increase after the melting point 
(370 K), followed immediately by a drop with the increase 
of microcrystals.

Morphological changes throughout whole process 
focusing with HTA

An overview of the morphological changes after melting is 
given in this section with paying attention to whether HTA 
has been completed. In the previous section, we introduced 
the formation of microcrystals after melting. As shown in 

Fig. 7, trehalose dihydrate was firstly heated to about 410 
K and lowered the temperature. Then, we investigated mor‑
phological changes caused by the repetition of temperature 
scans. Figure 7a–i shows snapshots taken at the lowest and 
highest temperatures for each temperature scan. Including 
the first heating for melting, maximum temperatures were 
around 410 K up to the third heating. Since 410 K is below 
the temperature at which HTA occurs, snapshots show the 
existence of many microcrystals (Fig. 7a–e). On the other 
hand, from the fourth scan, since the maximum tempera‑
tures rose to over 450 K, which is higher than 440 K, where 
HTA occurs, the microcrystals disappeared and the entire 

Fig. 6   The close-up of profiles 
for the figure analysis with 
changing temperature for Fig. 5f 
is shown. a and b represent pro‑
files around pixel values of 120 
(a) and 190 (b), respectively. 
(Color figure online)
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system changed to a uniform liquid (Fig. 7f–i). Therefore, it 
is concluded that HTA is a process for transition to the liquid 
state for microcrystals which emerged after the melting of 
trehalose dihydrate.

On the other hand, we need to draw attention to the mor‑
phological changes for the pairs of lowest and highest tem‑
peratures at each scan (Fig. 7a–d). Although the differences 
between those are slightly thinner at the highest temperature, 
this change is thought to be related to LTA. In the next sec‑
tion, we will conduct a more in-depth analysis of this point.

Morphological changes with LTA

In this section, we discuss the morphological changes 
accompanied by LTA. The main focus is on the second 
heating scan, corresponding to the area surrounded by the 
blue-dotted region in the upper panel of Fig. 7. The specific 
morphological changes are depicted in Fig. 8. The overall 

average brightness is slightly brighter immediately before 
(Fig. 8c) and after (Fig. 8d) LTA. Although this difference 
is minimal, the frequency distribution of brightness is taken 
as we have shown in Sect. 4.3 and is used to analyze the 
morphological changes associated with the melting of treha‑
lose dihydrate (See, Fig. 5e). Similar to previous results, the 
outcome for the LTA can also be divided into three regions. 
Each region represents (i) no material, (ii) the emergence 
of microcrystals, and (iii) microcrystals are concentrated at 
the boundary of the liquid state. The variance in (i) with the 
rise of the temperature is very small, while (ii) and (iii) show 
significant changes with increasing temperature. In (ii), the 
peak of the brightness gradually increases with increasing 
temperature, but its intensity initially increases below LTA 
and then decreases above LTA. On the other hand, for (iii), 
although there is very low intensity below LTA, it increased 
rapidly after LTA.

Fig. 8   The morphological 
change during LTA. a repre‑
sents the temperature profile. 
The red dot with the alphabet 
indicates the point to take a 
snapshot shown in b–d. The 
blue-dashed line indicates 
the temperature for LTA. b 
indicates the snapshot just after 
finishing first scan. c represents 
the snapshot just before LTA. 
d represents the snapshot just 
after LTA. e represents the 
result for figure analysis in each 
temperature. White-dashed 
squares with numbering (i), 
(ii), and (iii) correspond to the 
region to show the close-up 
shown in (e). Each region cor‑
responds to the local peak in 
the profiles shown in (e). (Color 
figure online)
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The close-up profile of Fig. 8e should be investigated con‑
cerning the variation of temperature. Figure 9a, b indicates 
close-up profiles of frequencies for second heating scan 
around the pixel value of 20 and 110, respectively. Where 
the former is supposed to correspond to the concentrated 
microcrystals on the boundaries of the liquid surface and the 
latter to the microcrystals. Then, we assume that the charac‑
teristics of the system are elucidated by taking the intensities 
at the pixel value of 21 for the former case and those at the 
maximum intensities around the pixel value of 110 for the 
latter one, respectively, then drawn as Fig. 9c for the former 
one and Fig. 9d for the latter one, respectively. Here, in the 
case of Fig. 9c, the results for the thirrd and fourth heating 
scan are also plotted.

With the interpretation of the kink in Fig. 9c, the number 
of microcrystals remains constant below LTA, while that 
grows rapidly above LTA. On the other hand, in case of the 
Fig. 9d, one possible idea to understand obtained behaviors 
is gradual increase in brightness that is interpreted as the 
growth of the size of microcrystals. We would like to say 
the origin of the change of the intensity that is still an open 
problem; however, as a whole, above LTA, the amount of 
microcrystals seems to be increasing.

Comparison with DSC results and microscopic 
observations

It is worthwhile to compare morphological change and 
DSC results for LTA. Figure 9c indicates the existence of 
the hysteresis according to the morphological change. With 
increase of the number of repetition, the position of the 
kink is moving to the higher temperature, where it is similar 
to DSC curve as is indicated in Sect. 4.2 (Fig. 9e). This 

correspondence indicates LTA, and morphological change 
has same origin.

Again, important features to consider in microscopic obser‑
vation are: 1) the formation of microcrystals immediately after 
melting of trehalose dihydrate, 2) the disappearance of micro‑
crystals at temperatures higher than the completion of HTA, 
and 3) the existence of hysteresis for microcrystal growth on 
temperature variation.

With consideration of 1), since the microcrystals occur 
above the melting point of trehalose dihydrate, the entity of the 
microcrystals cannot be a crystal of trehalose dihydrate. Then, 
this microcrystal should be in a crystalline state of an anhy‑
drous or hydrate with less water fraction than the dihydrate.

Regarding 2), together with a gradual endotherm in between 
the melting point of trehalose dihydrate and around 430 K in 
the DSC curve for HTA, the existence of HTA and micro‑
crystals go hand in hand. It means that HTA appears as some 
kind of melting for the microcrystal structure. This process in 
microscopic observation is depicted in Fig. 7e, f.

The hysteresis inferred in 3) is particularly important. The 
increase in microcrystals around T

X
 shown by microscopic 

observation (Fig. 9c, d) corresponds to the emergence of 
LTA shown in the DSC curve.

Discussion and conclusions

Thermal anomalies around 350 K (LTA) and 430 K (HTA) 
in trehalose dihydrate were comprehensively investigated 
through thermal measurements using DSC and direct 
observation using a microscope. Both LTA and HTA 
were observed only in the direction of the increase in 

Fig. 9   The close-up of profiles 
for the figure analysis with 
changing temperature for 
Fig. 8e is shown. a, b represent 
profiles around pixel values of 
20 (a) and 110 (b), respectively. 
c, d represent the temperature 
dependence of the intensity for 
the grayed region in (a) and the 
intensity for the maximum in 
(b), respectively. e represents 
the same figure with Fig. 3b to 
compare microscopic observa‑
tion and DSC results. (Color 
figure online)
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temperature. We would like to emphasize that this study 
is the first one to report LTA.

One of the conditions for the occurrence of LTA is to 
maintain liquid trehalose dihydrate at a temperature lower 
than the temperature at which HTA is completed (about 
430 K). With increasing the temperature to complete HTA, 
LTA disappeared. The direct microscopic observation 
demonstrated that HTA is equivalent to a type of melt‑
ing of spike-like microcrystals above the melting point of 
trehalose dihydrate. Therefore, the presence of the LTA 
requires the presence of spike-like microcrystals.

On the other hand, the position of LTA, T
X

 , was shifted 
to the higher temperature by the repetition of measure‑
ments and by annealing at a higher temperature. Therefore, 
the growth of the microcrystals is described based on the 
experienced time of higher temperatures or the duration 
to anneal. Those treatments push the structure that causes 
LTA more stabilized and push T

X
 up to a higher tempera‑

ture. It should be noted that the liquid state after HTA 
completion cannot be the same as the liquid state before 
completion. In fact, after completion of HTA, a clear glass 
transition was observed around 290 K, which corresponds 
to a hydrated mixture of trehalose and water at a ratio of 
1.4:1.

The phase behavior of trehalose dihydrate inferred from 
the above is explained using the conceptual diagram as 
shown in Fig. 10. 

1.	 Melting of trehalose dihydrate; trehalose, which was ini‑
tially in the crystalline state, Crystal I, melts and transi‑
tions to the liquid state, Liquid I (Fig. 10a �→ Fig. 10b).

2.	 Coexistence of Liquid I and Crystal II; immediately after 
the transition, spike-like microcrystals, called Crystal 
II, appear from everywhere, forming a coexistence state 
where Liquid I and Crystals II (Fig. 10b �→ Fig. 10c).

3.	 Melting of Crystal II; Crystal II gradually melts with 
increasing temperature (Fig. 10c �→ Fig. 10d).

4.	 Back to a lower temperature; cooling the system with 
remaining Crystal II increases the amount of Crystal II 
(Fig. 10d �→ Fig. 10e).

5.	 LTA; increasing the temperature larger than the comple‑
tion of LTA makes the amount of Crystal II increase 
(Fig. 10e �→ Fig. 10f).

6.	 Melting of Crystal II; Crystal II gradually melts with 
increasing temperature as same with process 3 (Fig. 10f 
�→ Fig. 10g).

7.	 Completion of HTA; increasing the temperature larger 
than completion of HTA, Crystal II completely disap‑
peared and turned to Liquid II and thereafter the sys‑
tem does not change even if the temperature is lowered 
(Fig. 10g �→ Fig. 10h).

Considering the effect of the hysteresis of repetition of 
measurements and annealing for LTA, subsequent structural 
changes in liquid state at high temperature might play an 
important role, but the detail is not yet clear and remains a 
further problem in the future.

At last, we would like to discuss the relation between 
our findings and the origin of the invalidation procedure 
of cryptobiosis in the polypedilum vanderplanki found by 
Sakurai et al. [5]. As is discussed in the literature, the tem‑
perature to invalidate cryptobiosis is around 350 K and is 
the same with the temperature where LTA has occurred. 
Although, the origin of LTA is still not clear, in the pro‑
cess of LTA, the growth of Crystal II has emerged as we 
have seen. If this process has occurred in the biological tis‑
sues, it is easily imagined the growth of crystalline struc‑
ture might hurt their tissues in that process. Our proposed 
scenario is one way to explain the process of the emergence 

Fig. 10   Schematics of direct 
microscopical observation 
throughout experiments. The 
grayed, light blue, and light 
green regions represent the 
crystalline, liquid I, and liquid II 
states, respectively. The crystal‑
line state appears in (a, c-g), the 
liquid I state appears in (b-g), 
and the liquid II state only 
appears in (h). The detailed 
explanations are shown in the 
main text. (Color figure online)
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and disappearance of cryptobiosis and in good consistency 
with current findings.
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