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Abstract 

The hydration properties of proline are studied by differential scanning calorimetry (DSC) in aqueous solutions during 
freezing to -60°C and subsequent heating to +20°C. The concentration of proline in the freeze concentrated solution was 
estimated to approximately 50 wt% (w/w) indicating a high water solubility of proline at subzero temperatures. No glass 
transition was observed within the concentration range 0.9--40.1 wt% (w/w), neither at a low scanning rate of 2.5°C/min nor 
at a higher scanning rate of 10°C/min. Eutectic crystallization of proline was not observed during freezing or melting which 
shows that proline has the ability to stay in solution at subzero temperatures. Samples containing proline-NaCl-water were 
also investigated by DSC and it was shown that the solubility of proline is maintained in aqueous salt solutions at temperatures 
as low as -60°C. From DSC measurements it was found that the eutectic crystallization of NaCI is prevented by the presence 
of proline, even when NaC1 (initially) is present in molar excess ([NaCl]/[proline] = 2.6). The possible association of these 
findings with the occurrence of proline accumulation in some plants and insects living under water stress conditions is 
discussed. © 1997 Elsevier Science B.V. 
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I .  Introduct ion 

The imino acid proline plays a crucial role in the 
protection against cell injuries caused by freezing and 
dehydration in various plants [ 1,2]. This also applies to 
overwintering poikilotherms, especially insects, 
which make up the most thoroughly investigated 
group [3,4]. It has been suggested that proline accu- 
mulation could provide a quick mechanism for main- 
taining osmoticum of cells and tissues in response to 

*Corresponding author. Tel.: 00-45-35-28-33-32; fax: 00-45-35- 
28-33-10. 

0040-6031/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved 
PII  S 0 0 4 0 - 6 0 3 1 ( 9 7 ) 0 0 2 4 1 - 4  

stress [5]. In addition, proline has been shown to 
stabilize several proteins during exposure to subzero 
temperatures as for example calcium ATPase [6] and 
lactate dehydrogenase [7]. The mechanism by which 
proline and other cryoprotectives prevent damage to 
proteins and different cellular structures during freez- 
ing or dehydration is not well understood [8,9]. How- 
ever, the hydration of  the solutes is believed to be of  
importance for the cryoprotective properties [10,11]. 
Many of  the known cryoprotectives are polyhydroxy 
compounds which do not crystallize from aqueous 
solutions during freezing. Instead they are character- 
ized by the development of  a glass state with extre- 
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mely high viscosity which strongly suppress the rate at 
which chemical reactions as well as ice re-crystal- 
lization can occur [ 12,13]. It has been shown that some 
glycerol-water [14] and trehalose-water glasses [15] 
formed at temperatures below 0°C have the ability to 
prevent the eutectic crystallization of NaCI. This 
behaviour has been proposed to be associated with 
the cryoprotective of these compounds in biological 
systems [15]. The available literature is almost exclu- 
sive about the hydration and glass forming properties 
of carbohydrate/water mixtures, and little attention 
has been given to the crystallization properties of the 
imino and amino acids. In the present study, the 
hydration properties of proline and the effects of 
proline on aqueous solutions of NaC1 are elucidated 
at subzero temperatures by the use of differential 
scanning calorimetry. 

2. Materials and methods 

2.1. Reagents 

L-Proline and NaC1 were of analytical grade and 
were purchased from Sigma and Merck, respectively. 
Gallium (99.9999%, Mp. 29.78°C, melting enthalpy: 
80.1 J/g) and decane (99.9%, Mp. -29.66°C) were 
purchased from Aldrich and Fluka Chemie, respec- 
tively. Double distilled water for preparation of solu- 
tions was passed through a millipore filtration system 
equipped with a 0.2 ~tm nylon filter (Belford, MA, 
USA) to remove any residual particles. The filtered 
water was then used immediately for preparation of 
the solutions. 

2.2. Differential scanning calorimetry (DSC) 

Calorimetric measurements were made with a Per- 
kin-Elmer DSC-7 differential scanning calorimeter 
(DSC), equipped with intercooler II and Perkin-Elmer 
3600 Data Station. Sealed aluminum pans were used 
in all experiments according to the procedures recom- 
mended by the manufacturer. An empty aluminum pan 
was used as reference. Gallium was used for enthalpy 
calibration and temperature was performed with 
decane. The calibrations were performed by using a 
scanning rate of 5°C/min. The dry box of the DSC 
was flushed with dry nitrogen and the sample head was 

purged with a constant dry nitrogen flow (20 ml/min) 
to avoid condensation of moisture from the air. 

2.3. Sample preparation and running conditions 

The sample (5-20 mg) was placed in the sample 
holder of the calorimeter and held at 10°C for 4 min in 
order to stabilize the initial heat flow. Scans involved 
cooling from the isothermal hold temperature to 
-60°C, followed by an isothermal hold at -60°C 
for 10 min to allow sample state equilibration. The 
samples were then heated to 10°C using a linear 
scanning rate of 2.5°C/min. 

2.4. Transition temperature and enthalpy 

The water crystallization temperature (Tf) was 
determined as the onset temperature of the first freez- 
ing exotherm observed during cooling. The ice melt- 
ing temperature (Tin) was obtained as the onset 
temperature of the first warming endotherm observed 
during heating of the sample. The enthalpy of a 
transition was estimated from the integrated heat flow 
over the temperature range of the transition. The DSC- 
7 standard program is used for the calculation. The 
freezing enthalpy (AHfreeze) of water was obtained by 
integration from the onset temperature (Tf) to the end 
temperature of the exothermic peak from the crystal- 
lization. The melting enthalpy (AHmelt) of ice was 
determined by integration from the onset temperature 
(Tm) to the end temperature of the endothermic peak 
from ice melting according to the method described by 
O'Neil [16]. The enthalpy changes for AHfre~z~ and 
AHmelt are expressed as J per gram sample (J/g). 
Precautions to measure rapid exothermic process, 
such as the freezing of supercooled water, were not 
taken, since these would also decrease sensitivity and 
peak resolution [16]. All measurements were per- 
formed in duplicate. 

2.5. Freezable water 

The amount of freezable water in the sample was 
determined either from the heat liberated during freez- 
ing or from the heat absorbed during melting. The 
temperature dependence of the enthalpy of water 
crystallization was taken into consideration when 
determining the ice content. The following approx- 
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imation was used to calculate the freezing enthalpy of 
pure water at Tf [17]: 

AH(Tf) ---- A H 0 -  ACpd 

Tf 

[--334 -- 2.05(Tf - 273)] 

where Tf is the freezing temperature in K, AH0 
the freezing enthalpy at 273 K corresponding to 
-334  J/g, and ACp the difference in heat capacity 
between liquid water and ice at Tf. The ratio between 
the freezing enthalpy measured by DSC (AHfreeze) and 
the freezing enthalpy of pure water is a measure of the 
amount of ice separated per gram sample at Tf. For the 
determination of ice content from AHmelt the melting 
enthalpy of pure water at 273K was used 
(AH273 = 334 J/g). The amount of ice melted per 
gram sample was calculated as: AHmelt/An273. The 
coefficient of variation for determination of ice con- 
tent from the freezing and melting enthalpies esti- 
mated by repeated analyses of an aqueous solution 
containing 10.4 wt% (w/w) proline on different days 
was approximately 10% (n = 5). 

The amount of solute in the freeze concentrated 
solution was calculated by an extrapolation method 
described by Simatros et al. [18]. In brief, series of 
solutions covering a range of solute concentrations 
(0.9-40.1 wt% (w/w) proline) was analyzed, and the 
areas of the freezing exotherm and the ice melting 
peak were determined at each concentration. The 
individual areas which decreased (numerically) with 
increasing solute concentration were extrapolated to 
the solute concentration corresponding to zero peak 
area. 

2.6. Glass transition 

Solutions containing different amounts of proline 
varying between 0.9 and 40.1 wt% were cooled 
(5°C/min), and exposed to -60°C in the DSC cham- 
ber for 20 min at -60°C. The glass transition proper- 
ties were studied by analyzing the heat capacity 
changes during heating of the frozen aqueous solu- 
tions according to the PE-Delta software, version 6.10 
(Perkin-Elmer, Norwalk, USA). Scanning rates of 2.5 
and 10°C/min were used. The calorimeter sensitivity 

for measurement of heat capacity changes during the 
glass transition has been determined to approximately 
0.05 J/g°C when referred to a glass forming aqueous 
solution of protein hydrolysate with a glass transition 
temperature at -40°C [7]. 

3. Results 

3.1. DSC measurements on proline solutions 

The thermal behaviour of proline was studied in 
aqueous solutions by DSC. Fig. 1 shows the thermo- 
analytical curves (heat flow vs. temperature) measured 
during cooling and subsequent heating of an aqueous 
solution containing 0.104 g proline per gram solution. 
The exotherm observed during cooling (I) is asso- 
ciated with the freezing of solvent water. The crystal- 
lization temperature (Tf)  for transition I was 
determined to -22.5°C. The low value obtained for 
Tf is due to freezing of supercooled bulk water. As 
shown in Fig. 1, no further exothermic events 
occurred during cooling. Transition II in Fig. 1 was 
the melting endotherm associated with the melting of 
ice. This transition was broad. The melting process 
began at approximately -14°C which is the onset 
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Fig. 1. Analytical DSC curves (heatflow vs, temperature) obtained 
by cooling (upper curve) from 20 to -60°C and subsequent 
rewarming (lower curve) from -60 to 20°C of an aqueous solution 
containing 0.104g proline per gram solution. Scanning rate: 
2.5°C/min. I: exotherm obtained during cooling; II: endotherm 
obtained during heating. The area of the freezing exotherm is 
-196 J/g which corresponds to the freezing of 0.67 g water per 
gram sample. The area of the melting endotherm indicates that 
0.64 g water melts at approximately 0°C per gram of sample. 
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temperature for ice melting. The value for AHmelt 
reaches a maximum at approximately 0°C which is the 
equilibrium melting point for ice under normal stan- 
dard conditions. The melting of  pure ice dilutes the 
freeze concentrated solution surrounding it and pro- 
duces dilution heat, which also contributes to the 
experimentally determined value for AHm~t. As 
shown in Fig. 1, practically no change in enthalpy 
was observed before and after transition I. During the 
melting process, a small increase in the enthalpy 
before and after the transition was found indicating 
that the heat capacity of the sample is slightly 
temperature dependent. The areas of the freezing 
and melting enthalpies were - 1 9 6  and 213 J /g  
corresponding to the crystallization of  0.67 g water 
per gram sample and melting of  0.64 g ice. For 
DSC measurements of the ice content, these 
values are not considered as being significantly dif- 
ferent. 

It was noted that none of DSC curves within the 
investigated concentration range from 0.9 to 40.1 wt% 
(w/w) proline showed evidence of  a glass transition 
below Tm, neither at a low scanning rate of  2.5°C/min, 
nor at higher scanning rate of  10°C/min. Due to the 
high sensitivity of the calorimeter used for measuring 
heat capacity changes during glass transitions, it is 
unlikely that the absence of  a glass transition in 
aqueous solutions of proline could be caused by a 
detection problem. 

3.2. Hydration properties 

The values of  Tf, AHfreeze, and AHmelt were esti- 
mated from thermoanalytical curves. Fig. 2 shows the 
experimentally determined values of  Anfreeze and 
mnmelt measured as functions of the weight fraction 
of  proline. The intercepts with the abscissa corre- 
sponded to approximately 52% and 48 wt% (w/w) 
proline when referred to the values obtained from 
AHfreeze and AHm~lt, respectively. These compositions 
give the apparent concentration of  proline that would 
not allow ice formation on cooling, because all the 
water present in the solution would be unfrozen. The 
freezing and melting enthalpies for pure water are also 
shown, and it appears that low concentrations of  
proline had a strong effect on the measured enthalpies. 
In the presence of  0.9 wt% (w/w) proline the mea- 
sured values for -Aafreeze and AHmelt decreased from 
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Fig. 2. AHmelt (0-0) and -AHfreeze (e-e) plotted as functions of the 
wt% (w/w) of proline dissolved in water. [] and • denote the 
melting and freezing enthalpies measured in pure water. Scanning 
rate: +2.5°C/min. 

Table 1 
Percentage (%) of freezable water determined either during 
freezing exotherm or during melting endotherm in aqueous 
solutions of proline 

Concentration Te (°C) % of water frozen % of water melted 
(wt%) during freezing during melting 

exotherm endotherm 

0.9 -21.6 82.7 (0.82) 85.8 (0.85) 
4.6 -22.7 78.6 (0.75) 74.4 (0.71) 

10.4 -22.5 74.8 (0.67) 71.4 (0.64) 
13.1 -21.4 70.2 (0.61) 65.6 (0.57) 
17.7 -24.4 63.2 (0.52) 58.3 (0.48) 
23.1 -25.5 62.5 (0.48) 56.0 (0.43) 
28.4 -25.0 47.5 (0.34) 33.5 (0.24) 
40.1 -31.7 36.7 (0.22) 33.4 (0.20) 

The concentration of proline is expressed as the amount of dry 
matter per 100 g solution (wt%). The amount of freezable water is 
expressed as the weight percentage of the total water content in the 
sample determined from AHf~e,z, or AHm,lt. The values in brackets 
are gram freezable water per gram sample. 

approximately 294 to 2 3 6 J / g  and from 331 to 
284 J/g,  respectively. 

The freezable water fraction as determined from the 
freezing and melting enthalpies is shown in Table 1 
for various concentrations of  proline. By increasing 
the concentration of  proline from 0.9 to 40.1 wt% 
(w/w) the percentage of  water that freeze or melt 
decreased from 84.3% (average value of  85.8 and 
82.7%) to approximately 35.1% (average value of  
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Fig. 3. Analytical curves of 5 wt% NaCI in water measured during 
cooling to -60°C  (upper curve) followed by subsequent rewarming 
to +10°C (lower curve). The numbers I-IV are explained in the 
text. The scanning rate was 2.5°C/min. 

33.4 and 36.7%) of the total water content in the 
samples. The reduction in ice content with increasing 
concentration of proline is due to the accumulation of 
proline in the unfrozen water phase which will 
decrease the rate of ice crystal growth and reduce 
the fraction of water crystallized. As shown in Table 1, 
the values for the amount of freezable water deter- 
mined either from AHf~eze o r  Anmelt are similar 
although these appear to be slightly lower when the 
melting enthalpies are used for the calculations. 

3.3. DSC measurements on NaCl solutions 

Fig. 3 shows typical thermoanalytical curves mea- 
sured during cooling and subsequent wanning of an 
aqueous solution of NaC1 containing 5 wt% (w/w) 
NaC1. In the following, the peaks and the correspond- 
ing thermal transitions are identified by a number, 1- 
IV according to their successive appearance in a cool- 
ing-heating cycle. The numbering is illustrated in 
Fig. 3. The transition temperature T(I) at approxi- 
mately -25°C is the temperature at which ice crystals 
appear in the NaC1 solution. The enthalpy of the 
transition was -205  J/g. During cooling no transition 
was observed at the eutectic temperature of NaC1- 
H20 which is -21°C [19]. As shown in Fig. 3, an 
exotherm was observed at T(II), close to -42°C with 
an enthalpy of -26.6  J/g. This peak is considered to 
represent the eutectic crystallization of NaC1. The low 

value of T(II) is in accordance with previous investi- 
gations of the thermal behaviour of NaCI in aqueous 
solutions [20,21 ]. The low crystallization temperature 
of NaC1 is due to supersaturation which is often 
observed at cooling with precipitation of NaC1 occur- 
ring well below the eutectic temperature [20]. This 
means that during freeze concentration a liquid phase 
is established which is supersaturated with NaC1. 
The weight fraction of NaC1 in the remaining liquid 
phase can be estimated from 0 . 0 5 / ( 1 -  AH(I) ) /  
mnfreeze(Tf) which corresponds to 0.14 g NaC1 per 
gram aqueous supersaturated solution. During heating 
two melting endotherms were observed at T(III) and 
T(IV), respectively. The endotherm at approximately 
-22°C is close to the equilibrium eutectic melting 
temperature of NaC1 and this peak represents the 
eutectic melting temperature of NaC1. The enthalpy 
associated with the transition was 49 J/g. Transition 
IV has the same cause as previously described for 
proline and AH(IV) primarily comes from the melting 
of ice that is in equilibrium with the NaC1 solution. 

3.4. The proline-NaCl-water system 

The interaction between proline and NaCI in aqu- 
eous solutions was also studied. As already mentioned 
the thermal events that occurred at T(II) and T(III) are 
suggested to be due to NaC1. By using the same 
notation for the peaks I-IV as in Fig. 3, the effect 
of increasing the concentration of proline from 0.99 to 
9.08 wt% (w/w) in the presence of 5.01 wt% (w/w) 
NaCI in water is shown in Table 2. The crystallization 
and melting temperature for NaC1 occurring at T(II) 
and T(III) decreased with increasing concentration of 
proline up to 2.14 and 3.83 wt% (w/w), respectively. 
At the same time the transition enthalpy of AH(II) and 
AH(III) decreased (numerically) with increasing con- 
centration of proline. In the presence of 3.83 wt% 
(w/w) proline, no transitions were observed at T(II) or 
T(III). An initial composition of 5.01 wt% (w/w) 
NaC1 and 3.83 wt% (w/w) proline corresponded to 
a molar concentration of 0.86 and 0.33 M for NaC1 
and proline, respectively. This shows that proline had 
the ability to prevent crystallization of NaC1 during 
freeze concentration even when NaCI was present in 
molar excess compared with proline. Moreover, the 
results show that the solubility of proline was main- 
tained in aqueous salt solutions since no crystalliza- 
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Table 2 

Data of the thermal transitions in aqueous solutions of NaC1 and proline as determined from analytical DSC curves 

NaC1 (wt%) Pro (wt%) AH(1) (J/g)  zXH(II) (J/g)  AH(III) (J /g)  AH(IV) (J /g)  T(1) (°C) T(II) (°C) T(III) (°C) 

0 0 - 2 9 4  - -  - -  331 - 1 1 . 4  

5.01 - -  - 2 1 3  - 2 9  49 198 19.8 

5.01 0.99 - 2 1 4  25 35 206 - 1 8 . 0  

5.01 2.14 - 2 0 5  16 26 206 - 2 0 . 5  

5.01 3.83 - 1 9 9  - -  - -  193 - 1 7 . 0  

5.01 7.40 - 1 9 0  - -  - -  194 - 1 9 . 2  

5.01 9.08 - 1 7 6  - -  - -  175 - 1 8 . 2  

m 

- 4 2 . 5  - 2 2 . 9  

- 4 5 . 7  - 2 4 . 4  

- 5 0 . 0  - 2 5 . 9  

The specifications of the transitions 1-IV are explained in the text. Cases where no transitions were observed are denoted by the symbol - .  The 
concentrations are expressed as g dry matter per 100 g of solution (wt%). 

tion peaks due to the presence of proline were 
observed during freezing or thawing. 

4. Discussion 

Calorimetric investigations of proline have been 
described by Rudolph and Crowe [22]. They found 
that aqueous solutions containing high concentrations 
of proline (> 0.5 M) did form an endotherm transition 
during cooling at approximately -53°C which was 
proposed to be a glass transition. But in their thermo- 
grams the characteristic change in heat capacity occur- 
ring at the glass transition point for glass forming 
compounds [12] was not seen during the heating 
scans, neither at low nor at high concentrations of 
proline. The same is true for our calorimetric results 
on aqueous solutions of proline where it is revealed 
that none of the DSC thermograms showed evidence 
of a glass transition at least not for temperatures higher 
than -60°C which is the lowest working temperature 
of the calorimeter used. This strongly suggests that 
aqueous solutions of proline did not form a glass at 
temperatures higher than -60°C. 

The concentration of proline in freeze-concentrated 
aqueous solutions is approximately 50 wt% (w/w) 
when determined by the extrapolation method 
(Fig. 2). No exothermic or endothermic transitions 
due to crystallization of proline were observed within 
the investigated concentration range neither during 
cooling to -60°C nor during subsequent heating. In 
one experiment (results not shown) an aqueous solu- 
tion containing 40.1 wt% (w/w) of proline was 
cooled, and exposed to -60°C in the DSC chamber 
for 3 h. During subsequent rewarming to room tem- 

perature no eutectic melting endotherm was observed. 
This shows that rather concentrated aqueous solutions 
of proline are stabilized at low subzero temperatures 
which will allow proline to stay in solution even when 
most of the solvent water is converted to ice. These 
findings are in accordance with the high solubility of 
proline in water, 86% by weight at 25°C [23]. The 
concentration determined by the use of extrapolation 
method represents the composition of the freeze con- 
centrate but not necessarily the composition of the 
maximally freeze concentrate solution because no 
glass transition was observed for aqueous solutions 
of proline. The concentration of proline in the maxi- 
mally freeze concentrated solution may therefore be 
even higher than the value measured above. A reduc- 
tion of the temperature below -60°C could probably 
improve the thermal characterization of the freeze 
concentrated solution. 

The unfrozen water (UFW) content can be calcu- 
lated by the difference between the total water content 
of the sample and the amount of freezable water as 
determined by DSC. The weight percentage of proline 
in the freeze concentrated solution thus corresponds to 
approximately 0.8 and 1.0 g UFW per gram solid 
when referred to the values obtained by extrapolating 
the measured freezing and melting enthalpies to zero 
peak area. These values are considerably higher than 
the corresponding values for many other naturally 
occurring cryoprotectives, e.g. sucrose (0.205g 
UFW/g [24]), trehalose (0.33 g UFW/g [15]) and 
glucose (0.41 g UFW/g, [13]) which indicates a 
stronger interaction of solvent water with proline than 
with the different polyhydroxy compounds. Moreover, 
low amounts of proline has a strong effect on the 
measured freezing and melting enthalpies (Fig. 2), 



P.H. Rasmussen et al./Thermochimica Acta 303 (1997) 23-30 29 

which further suggest that the water structure is highly 
influenced in the presence of proline. Further inves- 
tigations on the solvent interactions with different 
cryoprotectives studied under the same experimental 
conditions would be useful. 

As shown in Table 1, the presence of proline 
strongly influenced the ice formation process by alter- 
ing the freezable water function in such a way that ice 
formation was minimized at elevated concentrations 
of proline. A similar relationship between accumula- 
tion of low molecular weight polyhydroxy compounds 
(e.g., glycerol and trehalose) and resistance to frost 
injury have been described for several freezing toler- 
ant insects [4]. As already mentioned, the cryopro- 
tective mechanism for the polyhydroxy compounds is 
believed to involve the development of a glassy state 
during freezing concentration. The present study 
shows that other reaction mechanisms are involved 
for proline regarding the hydration properties at tem- 
peratures higher than -60°C. Schobert and Tschesche 
[25] found that the viscosity in aqueous solutions of 
proline increased steeply with increasing concentra- 
tions up to 6 M at 25°C which was proposed to be due 
to strong hydrogen bonding interactions between sol- 
vent water and proline. From this point of view it can 
be suggested that the presence of high concentration of 
proline in the unfrozen fraction will impede the mobi- 
lity of solvent water and hence the rate of ice crystal 
growth. This may thus indicate some similarities with 
the glass forming compounds. 

It is proposed that freezing injuries of biological 
materials (e.g., membranes) is associated with eutectic 
crystallization of NaC1 [ 15,26]. As shown in Table 2 
eutectic crystallization of NaC1 did not occur in the 
presence of sufficient amounts of proline even when 
NaC1 was present in molar excess. A similar behaviour 
has been described for aqueous solutions of NaC1 
containing glycerol [ 14] and other polyhydroxy com- 
pounds such as sucrose and trehalose [15]. The 
mechanism by which the polyhydroxy compounds 
exert their cryoprotective effect is still under investi- 
gation. But it possibly involves the ability of such 
agents to reduce or to prevent the eutectic freezing of 
NaC1 by trapping the salt within a highly viscous, or 
even glass-like phase [12,15]. Although the ability of 
proline to prevent eutectic crystallization of NaCI 
cannot be explained by the development of a glass 
it can be concluded that the presence of proline alters 

the interaction between solvent water and NaCI in 
such a way that the solubility of NaCI is increased. 
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