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A Brillouin scattering investigation has been carried out on trehatesger solutions in a wide range of
concentrations (G ¢ < 0.74) in the ultraviolet regime. A complete set of data as a function of temperature
(=10°C = T =< 100°C) has been obtained for each concentration. The evolution of the system has

been analyzed in terms of energy position and line width of inelastic peaks. These results have been used to
derive the structural relaxation time, of the system. This was found to be in the tens of picoseconds time
scale, and it§ dependence can be described with an activation (Arrhenius) law. Most importantly, a significant
slowing down of the relaxation dynamics has been observed as trehalose concentration was increased. At
low ¢, the activation energy of the relaxation has been found to be consistent with literature data for pure
water and comparable with intermolecular hydrogen bond (HB) energy. This evidence strongly supports the
hypothesis that the main microscopic mechanism responsible for the relaxation process in trehalose solutions
lies in the continuous rearrangement of the HB network. Finally, the results are discussed in terms of the
evolution of the system upon increasing trehalose concentration, in order to provide a complete description
of the viscoelastic stiffening in real biological conditions.

1. Introduction Four major hypotheses have been proposed to explain the

Trehalose ¢-D-glucopyranosyb-D-glucopyranoside) is known stabilizing effect of trehalose on biostructures, but none of them
to be a nonreducing disaccharide made of two glucose unitsa'€ Per se sufficient. The water-replacement hypotheSis

and, like most sugars, is a good vitrifying agent when its Suggests that, upon drying, sugars can substitute water molecules
solutions are dried under appropriate conditions at biological Py forming a water-like hydrogen bond (HB) network, thus,
temperatures. From a structural point of view, trehalose has thepreserving the native structure of proteins in the absence of
same chemical formula (@H22011) and molecular mas$ = water. The vitrification hypothesisuggests that sugars found
342.3) as maltose and sucrose but a unique three-dimensionain anhydrobiotic systems protect biostructures through the
structure. The bioprotective properties of sugar trehalose haveformation of glasses, thereby reducing structural fluctuations
been known for almost two decades and are still a matter of and preventing protein denaturation or mechanical stresses.
extensive interest!! both from an academic point of view and ~ Furthermore, the higher glass transition temperatlge=(121
for the potential applicative fall-out. In fact, it has been observed °C in the pure anhydrous sugar) compared with similar
that several natural organisms, such as seeds, plants, fungidisaccharides (e.g., sucrosk; = 68.5°C) and other protectants
bacteria, insects, hemolynph, and invertebrate animals (i.e.,(xylitol, sorbitol, glucose) could explain its greater efficiency.
rotifers, nematodes, and tardigrades), produce trehalose at fairlyThe destructuring-effect on the water HB hypothesisygests
high concentrations in the presence of harsh environmentalhat trehalose, compared with other disaccharides, facilitates a
conditions such as, for instance, drought, freezing, and ionizing more extended hydration and binds water molecules more
radiations. Under a mechanism which is still controversial, they strongly, thus, preventing ice formation and the subsequent
are capable of surviving for a long time in a state of suspended je\ersible damage of biosystems. Finally the reversible-
animation, so that their metabolic activity becomes quiescent yopy gration hypothedist refers to the formation of trehalose
or even undetectable (anhydrobiosis). dihydrate nanocrystals and their subsequent reversible trans-
t Part of the “Giacinto Scoles Festschrift”. formation into an anhydrous state during water removal,
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of native conformations and morphologies of cellular biostruc- 150 F ' T T T ]
tures during the dehydratietrehydration cycles. [ 4400

LIQuUID

Even though the exact mechanism responsible for biopro- % 77
tective effectiveness is still unknown, it is clear that a complex » 7
array of interactions at structural, physiological, and molecular 50 |
levels may play an important role. Therefore, a paramount, [
multidisciplinary investigation is still required in order to
characterize structural and molecular interactions on binary
trehalose-water solutions and on ternary trehalegeotein—
water solutions. As far as interaction with water is concerned, [
and in accordance with the destructuring-effect hypothesis, -0 |
molecular dynamic (MD) simulations found a larger hydration i
number for trehalose than for sucrose in the entire concentration -1so - ]
range of 6-80 wt % and, moreover, the formation of long- oo oz s T T Tas T
range water structures has been obsétugal to the third trehalose weight fraction

i 0
solvatlo_n shell ) ) ] Figure 1. Phase diagram of watetrehalose solutions. The freezing
Considerable experimental effort has been dedicated in recentand solubility curves were taken from refs 16 and 17. The glass

years to the study of dynamical properties of treahalose transition line was calculated according to Goréddraylor equatiort?
solutions, both in bulk and in confined geomethfthese studies ~ Using the data reported by Chen et%lhe shaded region indicates
have involved depolarized light scattering, nuclear magnetic € ¢~T ranges investigated in the present work (see Table 1).
resonance, and Raman and neutron scattering.

With the aim of gaining a deeper understanding of the TABLE 1: Measured Samples: Weight Fraction, ¢, Number

S : - S of Water Molecules Per Trehalosen*, Explored
collective interactions which may occur in binary trehatese Temperature Ranges, Glass Transition Temperature],,

water _solutions, in the present work, p!'opa_ga_ting cc_)llective Average Density,p, and Momentum Transfer Values, Q, Are
excitations have been determined by Brillouin inelastic ultra- Reported

violet scattering (IUVS) atl = 244 nm incident photon $ N Tun(C) Twa(°C) To(C) p(Kg/m3 O (nm
wavelength. Measurements have been carried out in a wide 15 20 EPpYS 99779 0.0712
range of trehalose concentrations {0¢ < 74 wt %) and 015 18’7 0.0 80.7 _1264 104650  0.0722
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temperatures{£10°C < T < +100°C). TheT—¢ evolution of 032 41 —4.2 89.8 ~114.7 1125.02 0.0738
the system has been analyzed in terms of energy positions ando.38 31 15.4 95.07 —108.6 1148.93  0.0744
linewidths of inelastic excitations in the dynamic structure factor, 0.42 26 —25 95.1 —103.4 1176.72 0.0750

SQ,w). These results have been further correlated with the 0-47 % —1;%2 gg-gg _gg-g igég-gg 8-8;2;
st.ruc'gural rellaxatlon timeg, 'of the system, a.nd its evolution . 074 7 1278 0485 —456 135742 0.0788
with increasing concentration and decreasing temperature is

discussed in detall's. o ) ~ relaxation phenomenon can be experimentally observed either
In general, density wave propagation in fluids perturbs their by varying the period of the probed density (sound) wave or
local structure. New equilibrium configurations are then locally by varying the relaxation time itself. The former task can be
restored by means of energy transfer from sound waves towardaccomplished, for example, by changing the momentum transfer,
some internal degrees of freedom. These dynamlcal processeg) [ 1/T,,, while the latter goal is usually achieved by varying
are usually called relaxation processes. Different relaxation ¢,q sample temperature. This paper will show that trehalose
processes can take place, according to the specific degree ofyater solutions in real biological conditions can be studied, at
freedom mvolvec_zl |n_the energy red|str|_but|on. Am_ong them, pest, with IUVS since, thanks to the uniq@erange probed by
structural relaxation is of major interest in the physics of glass thjs techniqueT,, ~ 7, and therefore, sensitivity to the structural
formers, since it involves the cooperative readjustments of local g|axation processes is maximized.
structures responsible, fqr example, for glass fqrmation. These Although a very preliminary experiment of this kind in highly
processes are characterized by a time salevith a sharp o centratedg ~ 80) trehalosewater solutions was previously
temperature _depe_ndence rqughly paralleling that of wscéﬁty. reported by some of U<, the present detailed study of
If the relaxation time scale is much shorter than the period of \jiscoelastic response in biological conditions as a function of
the acoustic wavely, the internal fluid rearrangements are so  poin T and ¢ outlines some features of the uniqueness of the

fa_st _that the system can r.each its local equi_librium _configuration present IUVS experiments in adding important new knowledge
within the period of density wave propagation, which therefore 515t these complex biophysical systems.

propagates adiabatically, that is, over successive local equilib-

rium states. This is_the so-called hydrodynamig or viscou_s 2. Experimental Description

regime that characterizes the low-frequency acoustic propagation

in simple fluids. If density waves witfl,, < 7 are probed, a. Sample Preparation. Trehalose dihydrate with purity
internal fluid rearrangements are indeed too slow, and conse-greater than 99% was purchased from Sigma. Particular attention
guently, the system cannot equilibrate within a propagation was paid in order to select a high purity sample with reduced
period. In this case, the energy carried by the density wave metal content so as to avoid fluorescence caused by UV-induced
cannot be efficiently dissipated, and therefore, it propagates electronic excitations in metals. After several tests, the product
elastically, that is, with substantially reduced energy losses. This Sigma-T9449, extracted from corn staféhyas identified as
limiting behavior is commonly referred to as the elastic regime. the best candidate and only in one case was another product
In the intermediate, viscoelastic, regindg,is comparable with used, resulting in low quality spectra.

7, and therefore, relaxation and density wave propagation The solutions were prepared by weight, dissolving the sugar
mechanisms are strongly coupfdThe occurrence of a in double distilled and deionized water and by stirring and
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Figure 2. Left panels: set of representative IUVS spectra at three different weight concentragien$.74,¢ = 0.42, andp = 0.15. The solid

line shown together with the spectragat= 0.74 (black curve) is the overall instrumental resolution function. Right panels: three examples of
experimental spectra, correspondingte 55.2 or 55.4C, are compared with the respective best fit results (red solid line). The elastic (green line)
and inelastic (blue line) contributions are indicated as well. The spectra are normalized to the elastic peak intensity.

heating until the corresponding dihydrate solubility point was ranges (see also data of Table 1). The solubility curve of
reached. Table 1 summarizes the differgntalues probed in dihydrate trehalose freezing and glass transition lines are
our experiments and the corresponding number of water indicated as well.
molecules per trehalose?. The explored conditions include b. IUVS Measurements.lUVS measurements were carried
¢—T values outside the thermodynamic stability limits of the out at the beamline 10.2 of the Elettra synchrotron radiation
homogeneous liquid phase. In general, crystallization is ham- laboratory in Triest@® The UV source was a frequency-doubled,
pered by low temperatures (beloW©) and high concentrations, CW output argon ion laser delivering a single-mode beai at
because of the high viscosity and weak nucleation processes= 244 nm (typical power~ 5 mW). The solutions were
Nonetheless, occasional whitish opalescence was observedcontainedm a 2 mLcell placed in the beamline experimental
precluding the feasibility of the experiment. Therefore, only chamber. This cell had two optically polished sapphire windows
metastable clear solutions have been effectively investigated as(3 mm thickness, 20 mm diameter) sealed by Teflon O-rings.
only in that case, the scattering intensity could be properly The beam optical path-length in the cell was 10 mm. The sample
measured. spot size in the focal plane was 360200 um? (fwhm). The
Figure 1 reports the phase diagram of watieehalose signal, scattered in the nearly backward directi@n= 172),
solutions. The shaded region indicates the investigated was energy-analyzed by a normal incidence Czeffyrner
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the viscoelastic theory, the former case can be interpreted as a
transition, undergone by inelastic excitations, from the maximum
of the structural relaxation to the elastic limit. On the other hand,
the latter two cases can be interpreted as the transition of the
longitudinal mode away from the viscous (adiabatic) limit to
the maximum of the structural relaxation.

b. Spectral Analysis and Fitting Procedure.According to
the standard theory of Brillouin scattering in liquids and
glasse$? the scattered intensity is directly proportional to the
dynamic structure facto§Q,w). In order to extract quantitative
information on theT—¢ dependencies of the line shape
parametersyQ,w) has been modeled by the sum af &unction
and a DHO functio®# accounting for elastic and inelastic
contributions, respectively:

Intensity (a. u.)

0 QT
S0) = A3(w) + B UMD
o221 (GHz) (0 — 0, Q)"+ 0T, (Q)
Figure 3. Representative IUVS spectra (raw data normalized for the
elastic peak intensity) at four different weight concentratiprs 0.74, where w, and I'p correspond to the position and line width
0.59, 0.42, and 0.15 at the same indicated biological temperafure:  (fwhm) of inelastic excitations. The intensify of the central
=26.1°C. spectral line is mostly due to spurious scattering from the sample
environment. The model reported in eq 1 has been properly
analyzef! and finally detected by a Peltier cooled CCD detector convoluted with the instrumental resolution function and scaled
with 13.5x 13.5um? pixel size and 20% quantum efficiency. by an arbitrary intensity factor. A flat background contribution,
The momentum transfer was calculated using the equat®n:  mostly due to the electronic noise of the detection system, was
= (4n/2)n sin(0/2), wheren is the refractive index, which was  previously subtracted from the raw data. The fit procedure
directly measured with an accuracy of the order of5esing consists of g2 minimization based on a standard nonlinear
a new method based on a modification of the fixed angle of least-squares Levenbetiylarquardt algorithn?> The quality
incidence method for a hollow prisfAThe overall experimental  of our results can be appreciated in Figure 2 (right panels),
energy and momentum resolutions were typically around 1.4 where the measured spectra (open blue circles) are compared
GHz (AE/E ~ 10°° and 0.004 nm' (AQ/Q ~ 0.05),  with the best fit line shape (red solid line). THelependencies
respectively. Spectra were collected by varying the sample of w, and I, are reported in Figure 5 for some selecigd
temperature in the ranges indicated in Table 1. A liquid nitrogen values. Both of these hypersonic parameters show clear tem-
cryostat and a sample heater were used to scan the temperatur@erature dispersion, highlighting the presence of an active
which was controlled with a K-type thermocouple. Temperature relaxation process in the experimental window. Moreover, such
stability was greater than 0°C during each spectrum acquisi-  a dispersion shifts toward higher temperatures with increasing
tion (=30 min). A moderate vacuum (1@ mbar) was applied  ¢. In order to emphasize the effects of the relaxation, the
in the sample chamber during cooling in order to avoid air attenuation per wavelength spectrumi, = 7 T'y(Q)/wK(Q), is

1)

condensation. reported in Figure 4 (inset of right panel) for some representative
_ _ ¢ values.
3. Results and Discussion In the spectral region around Brillouin lines, the parameters

wp andI’y, are related to the reaM) and imaginary ¥'") parts

a. o—T Dependencies of Raw DataFigure 2 (left panels
¢ P J (left p ) of the longitudinal elastic modulus, respectivéty:

reports a set of representative IUVS spectra of samples
corresponding tap = 0.74, ¢ = 0.42, and¢ = 0.15. The , . 2,2 " . >
occurrence of a relaxation process that matches the reciprocaM (@) = p(@y/Q) — and  M"(wp) = pwy(T/Q7)  (2)
frequency of the longitudinal modes can be directly noticed by
looking at the raw data. In particular, a clear shift of inelastic
peak positions toward higher energies is observea fer0.42

and 0.74 as the temperature decreases, while almost constal
positions are observed @ = 0.15. Moreover, the energy
positions of inelastic peaks at constant temperature notably
increase with trehalose concentration.

To reinforce the construction of this concept, Figure 3 reports
IUVS spectra at four different weight concentratighs 0.74,
0.59, 0.42, and 0.15 and at the biological temperaturé of
26.1°C. At this temperature, the addition of trehalose shifts
the maximum of the inelastic peak toward higher energies and
shrinks its width, thus, indicating that the internal degrees of
freedom become too slow to efficiently dissipate the energy of I,=Ar 4)
the acoustic wave, as is expected for a solid-like, that is, frozen,
medium. Usually, in the presence of a thermally activated relaxation

A scrutiny of the T-dependence of inelastic peak widths process, the temperature dependence of the relaxation time can
shows, as the temperature decreases, a sharpenipg=Fer.74 be written as:7(T) = 7o expEdksT), whereE, andkg are the
and a broadening fap = 0.42 andgp = 0.15. In the frame of activation energy of the relaxation and the Boltzmann constant,

Both of these parameters are sensitive to the presence of an
active relaxation whose time scale is of the ordewgf. In
rHarticular, within the hypothesis that the leading relaxation
contribution in this frequency window can be modeled either
by a Debyé327-2930-32 gr g Cole-Davidsord®3* relaxation
function, the quantityl”’, in the low-frequency regimeupr <
1), can be expressed as follo#fs*’

M () = por,ATIQ? ©)

whereA is the structural relaxation strength3®-32 Therefore,
by simple substitution, one can write:



Concentratiorr Temperature Dependencies J. Phys. Chem. A, Vol. 111, No. 49, 20012581
120
o 074
4 059
B> 047
300 - e 042
-] v 0328
® ® 032
¢ 015
. & water &0
240 |- g —
+ H
) v
< 3 & T
a" B B L
180 | By + a
LI + 40
]
%, 00 -
LY ] - E
5. Y0 - B
120 - PEeTivy 3.8 4 i
Too0s000 ¢ O 000 oo
wewk TEN
1 1 1 1 1 1 1 1 1]
0 30 &0 ] (i} 20 60 80
T{°C) T{°C)

Figure 4. T dependence of, andI', for some selectee values. Solid lines in the right panel are guides for the eye. Insétvalues for some

representative concentrations.

32k g
3.2 I 1 e 042
a6 18 m v 0.38
Tt b % e 032
1 =
40k g < 015
b w = * water
T 44
0“3 Foo o oz o5 oa o8
‘:_D 48 ¢
=
5 52t
£ 56
B0
6.4
L L 1 A 1 " ] N 1 . 1
0.0026 0.0028 0.0030 0.0032 0.0034 0.0036
UT [K)

Figure 5. Values ofM" as a function of I for pure water and lovg

framework!332as a first approximation, the quantiti®B(wp)-
Q?p andM" (wp)Q¥(pwp) can be written as:

M (0,)Qp = (cQ*+AEI(1+E)  and
M" () Q(pwy) = ATI(1+E7) (5)

wherecs is the adiabatic sound velocity agds the dimension-
less quantitywpr. In order to derive eq 5, the following
assumption were made: (i) there is only an active relaxation
process in the considered frequency window, (i) this relaxation
is described by an exponential time decay (Debye relaxation
function), and (iii) the specific heat ratig, is equal to 1, thus,
leading to negligible contributions of thermal fluctuations. The
first two assumptions are consistent with those used in previous
experimentg&-3t while the latter is justified by thermodynamic
data for pure watet? By equating eqgs 2 and 5, the following
expression for the relaxation time can be derived:

solutions. The solid lines through the experimental data are linear fits.
The corresponding activation energies are reported in the inset. This
analysis was restricted to high-low-¢ samples (see text).

(6)

respectively2’2%-31 On the other hand, it has been recently
shown that, as a first approximation, an expliEittependence
of A can be neglected in the case of pure liquid wéteas
well as in other liquid system®.By using eqs 3 and 4 and
neglecting thél dependence aA, it is then possible to retrieve
the value ofg, directly from theT dependencies ab, andT,.

Equation 6 is meaningful only i = cQ, that is, foré =
0, where the departure from the adiabatic regime takes place.
Owing to the accuracy<{1%) of our experimental determination
of wy, slight departures from the adiabatic regime can be
measured, and therefore, low valueszofan be determined.
. . . For this reason, the range where eq 6 can be meaningfully
Figure 5 shows the results of this analysis. It can be seen thatemployed extends at high-temperature (i.e., at wthus

experimental values of IM"(ws)/wp) versus II follow the  narially overlapping the range where eq 4 can be safely used.
expected linear dependence. Moreover, the calculated activationag 5 matter of fact, in thd range where both equations were
energies in the inset of Figur(_a 5 are in agreement with the value ,seq in order to determirt, the results obtained by using the
of B~ 16 + 3 kJ/mol, experimentally found for pure watr. o different methods are fully consistent. However, despite
It is worth mentioning that since eq 3 is valid fokr < 1, in the accuracy of our experimental data, eq 6 is not applicable to
Figure 5, only experimental data corresponding to dilute he pure water, since we found thag ~ cQ in the probedTl
solutions at highl" were considered. range. Nonetheless, datawdr pure water are already available
For low T high ¢ solutions, a different strategy has been used in literature?® These data were derived by the analysiS(@,w)
in order to deriveE, According to the memory function  determined by inelastic X-ray scattering (IXS) experiments.
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does not concern the obvious structural and dynamical changes
of water molecules when in the hydration layers but the
remaining water molecules distributed between these “clus-
ters”#1 As far as the dynamical results of the present study are
concerned, only a small increase &f of about 2 kJ/mol was
found at the highest concentration, although this point needs
further experimental verification. However, given the inverse
T, correlation, a dramatic change of properties at low moisture

>
1
o
o
O~
-
o
o
(low / (¥) "3

7 (ps)

o content has to be expected.

N Experiments in this direction are under way, as well as other

® o investigations focused on covering the higher concentrations,

.o up to pure undercooled trehalose. In particular, provided that a

$ S (x5, ret 29 robust theoretical formalism can be used in the whole compo-
ENN— si_tional range, '_[he present results demo_nstrate that IUVS can

0.0020 0.0022 0.0024 0.0026 0.0028 0.0030 0.0032 0.0034 0.0036 0.0038 give consistent information on the dynamics of watiehalose
1T (K_1) solutions.

Figure 6. Structural relaxation time as a function of the inverse .
temperature. Data for pure water are taken from ref 29. In the inset the Conclusion
activation energyH,) is reported as a function @f, as derived from

the interpolation of the experimental data (see text for further details). The results of the present study concern the structural

relaxation time,z, of the water-trehalose system and its

Owing to the wider Q,w) range accessed by IXS with respect €volution with increasing concentration and decreasing tem-
to IUVS, a different data analysis strategy that does not rely perature. The study shows that aqueous trehalose solutions
upon approximate equations as eqs 4 and 6 has been employed. exhibit a slowing of the HB rearrangments upon increasing sugar
The values ofr obtained by using eq 6 are reported in Figure concentration (or decreasing temperature). At molecular level,
6 together with IXS data for pure water. This figure shows that the small changes in the activation threshold of the relaxation
by adding trehalose a progressive slowing-down ofcurs at have to be straightforwardly related to the continuous rear-
a given temperature. Furthermore, in the thermodynamic rangerangement of hydrogen bonds in the solution. Therefore, the
spanned in the present experiment, the data can be describe®iological action of trehalose can be only partially explained
by an exponential (Arrhenius) dependence;(T) = 7o exp- by the formation of a an extensive layer of structured water
(EJksT), as previously supposed in deriving eq 4. The values Which would affect the tetrahedral network of water. When
of Eaare close to 12 kJ/mol up to the higher concentration levels. trehalose is present in biological or cellular material at high
The slightly different values obtained by this procedure with concentrations, a “dramatic” rearrangment decrease of the HB
respect to those extimated by means of eq 4 can be reasonabl@f residual water at lower temperatures without crystallization
attributed to the different approximations involved in the two Mmight help to prevent embedded biomaterial from damage such
approaches. as denaturation. However, the question about whether this

However, in both cases, the values obtainedHgare not development of mechanical properties is sufficient for the full
appreciably dependent on the concentrations of the solutions€xplication of the higher bioprotective functions of trehalose,
and are in agreement with experimental determinations for pure in comparison with other sugars, up to more concentrate systems
water2® This result suggests that, at a given temperature, theis still a matter of discussion.
whole dynamic mechanism remains substantially unperturbed By looking at the bioprotective action developed in the
in a quite large range of sugar concentration and is still governedbiosystems, it seems necessary to resort to a certain amount of
by molecular H bond¥’ However, while the energy of activation ~ additional experimental evidence that has now been accumu-
seemingly remains constant, an inverse correlation betweenlated, at low moisture, for a parallel formation of nanocrystals
temperature and concentration is evident in the structural of dihydrate crystals during dehydration of trehalose and other
relaxation times. sugars$-842 Therefore, as the potentially plasticizing water is

Quite similar conclusions have been reached in a number of captured in the dihydrate crystalline cage, the remaining dry
recent investigations, mostly using neutron scattering experi- amorphous trehalose enters the glassy state, and the whole
ments and MD simulations. By working with trehalose or matrix becomes much firmer, even if an apparent amount of
glucose at concentrations of up to 50% (5 m), the claim has water is still present. The relevance of the above data, within
been made that the first hydration shell, dominated by HB, is the hypotheses made in the present work, relies on the observed
not significantly perturbed even at fairly high concentrati§ns  changes in the dynamics of the trehaleseater solutions upon
(1:10, glucose:water) and that no perturbation is observed forincreasing trehalose concentration. Although a continuous
the trehalose solutions in confined spatdttention is also variation is observed, due to its modest magnitude, it can hardly
addressed on the long-range structure of “bulk water” which be responsible for the expected strengthening in natural condi-
does not seem affected by the solute, even at fairly high tions. However, at ambient temperature, trehatosater solu-
concentrations. An extensive slowing down of the water tions enter the glassy phase upon the removal of water molecules
molecules surronding the sugar has also been detected bybecause of both evaporation and crystallization or just one in
depolarized Rayleigh scattering experiméht8 showing the confined nanocrystals. It is straightforward to conclude that both
changes of structural dynamics between bulk and hydrating processes produce the desired results, but the extent of the
water at low and moderately concentrated sugar solutions.  resulting firmness and the rate of evolution could be very

While these studies provide support to the “pseudo-ideal” different.
behavior of sugarwater systems, they also call for a better Although our data cover a wide concentration range, experi-
rationalization of the properties of the sugar “family”, including ments still need to be extended up to anhydrous trehalose, as
trehalose, at higher concentrations. In particular, the questionwell as in a wider wavelength range. In the future, our laboratory
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plans to enrich this type of information and to investigate the The values for the maximal freeze concentration have been taken from ref
19

subtle differences in homologous disaccharides.
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