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Abstract

An investigation on the transformation paths of trehalose polymorphs and the interplay of water molecules is presented with the aim
of underlining the role of trehalose structural and dynamic functions in the ‘‘protection” of biosystems and living organisms. To this end,
physico-chemical studies have been carried out on water–trehalose interactions and on the structure and stability of the several forms,
from the solution to the solid state (either amorphous or crystalline). In this paper the relevant results are critically presented and dis-
cussed with particular reference to most recent findings. The dehydration process performed under different confined conditions and con-
trolled scan rates provides a dynamic phase diagram as a function of the time-scales of trehalose transformations and water effusion. A
careful analysis of these data and of the stability of the glassy state in the presence of water evidences the reversibility of some trehalose
transitions under the same conditions of natural processes of slow heating and controlled evaporation rate. This observation points at the
hypothesis of the occurrence of these reversible paths at the basis of the bioprotection process.

In this paper, the relevant results from our laboratory and literature are critically presented and discussed in reference to the most
recent findings.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

An overview of the most interesting aspects of trehalose
bioprotective action is given, with the intent to provide an
insight into the way water mobility and sugar structure can
be related to each other. The authors’ choice to focus the
attention on the dehydration process and mechanism of
the sugar trehalose is surely motivated by their own inter-
est, but also amply justified by the role of this sugar in nat-
ure and by the relevance of the dehydration mechanism in
the understanding of bioprotection. The dehydration pro-
cess and the possible underlying mechanism have been
recently studied and discussed in two articles in Nature
Materials by developing a molecular picture of the organi-
zation and mobility of water in the amorphous and crystal-
line hydrate polymorphs (Cesàro, 2006; Kilburn et al.,
2006). This inspired an artistic connection between the con-

tinuous dehydration and ensuing structural relaxation pro-
cess with an Escher illustration conveying the sense of
plasticity to such a relevant life process (see Fig. 1, in
Cesàro, 2006).

Although trehalose is not yet used as a food preserva-
tive, its natural activity and its approval in food and phar-
maceutical use make this molecule an extremely suitable
mean for controlling water mobility and dry food stability.
The historical perspective and the recent structural and
thermodynamic features are then combined to develop a
vision of a potentially general application of the preserva-
tion processes to all biosystems, from cells to foods, from
drug delivery to nanobiotechnologies.

1.1. A bit of history, terminology and biosynthesis

The name trehalose derives from a desert manna, tre-
hala, where the French chemist Berthelot found this sugar
(Nwaka & Holzer, 1998), even though Wiggers had already
discovered it in the rye ergot in 1832. It is widely present in
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simple organisms as bacteria, rotifers, tardigrades, nema-
todes, but also in lichens, mushrooms and higher plants,
reaching even 20% of their dry weight. Trehalose wide-
spread presence in nature is associated with an unique
important biological function.

In the biosphere many micro-organisms have devel-
oped a peculiar adaptation to environmental stresses by
suspending their metabolism and becoming deprived of
visible signs of life, and therefore isolated from harsh
changes. When the original conditions are restored they
are able to return to normal life and activity. There are
several terms used in the literature to describe this state
as viable lifelessness, suspended animation, viability and
latent life but the very widely used terms are anabiosis
and anhydrobiosis. The term anabiosis (or return to life)
was introduced by Preyer (Keilin, 1959) for the phenom-
enon of resurrection of complete lifeless, but viable,
organisms while the term anhydrobiosis was introduced
by Giard in 1895. Another term nowadays recognized is
cryptobiosis, latent life that was instead coined by Keilin,
to indicate a state in which the metabolic activity is very
hard to measure and the organism shows no signs of life.
The general term hypobiosis summaries different states:
anhydrobiosis due to dehydration, cryobiosis due to cool-
ing, anoxybiosis due to lack of oxygen, osmobiosis due to
high osmolytes concentration.

The discovery that very simple organisms can survive
dehydration is dated back to 1702 (Keilin, 1959) thanks
to Leeuwenhoek’s observations written in a letter ‘‘on cer-
tain animalcules found in the sediments in gutters of the
roof of houses”. His first surprisingly observation was
that the ‘‘animalcules”, kept out of the water, contracted
themselves into oval figures and that, after a short time of
having poured some rain water, they began extending
their body. He repeated the experiments several times,
and noticed that even after having kept the ‘‘animalcules”

in the dry state for several months, in few hours following
rehydration, many of them returned to life. Leeuwen-
hoek’s work was continued by other scientists on several
types of organisms, like Doyer’s extensive study on the
effect of the drying temperature, or the contribution of
some Italian scientists like Fontana, Roffredi and Spallan-
zani (Keilin, 1959) to reversible dehydration–rehydration
understanding.

Life of tardigrades can be suspended for as long as 100
years. Their metabolism can be lowered to less than 0.01%
and their water content can even fall to 1%. ‘‘Large” ani-
mals are not capable of withstanding a complete desicca-
tion as some micro-organisms, but earthworms and
leeches can loose very high proportions of their water, up
to 93%, corresponding to about the 70% of their total body
weight (Keilin, 1959). The time an organism can withstand
dehydration changes form type to type and depends on the
way desiccation is reached; the highest percentage of sur-
vival can be obtained if the evaporation is carried out very
slowly, in 12 h (Caprioli & Ricci, 2001). An example of lon-
gevity is that of a plant seed of water lily or sacred lotus,

Nelumbo nucifera: 85% of some seeds kept in the British
Museum for 150 years were able to germinate. Further-
more, seeds of Nelumbo nucifera found in the basin of a
dried lake in Southern Manchuria reached 100% of germi-
nation. The astonishment doesn’t come from the percent-
age of germination but by the fact that they were about
1040 (±200) years old, based on the determination of the
residual 14C isotope. For the chronicle, on the basis of
some geological consideration, the estimated age was
indeed some 50000 years, but the scientist underlined that
to estimate the maximum age, more experiments were
needed on the seed shells and on the peat containing them.
Besides this amazing case of longevity, there are several
other examples. Some bacteria have been kept in the dry
state for 30–45 years, and fungi were capable to produce
active spores even after being kept dry in sealed tubes in
vacuum for 35 years and in one case after 3 weeks having
been spent in liquid air (�190 �C). Indeed, the effect of
anhydrobiosis is different for different species: once
returned to active life the time spent in the dry state has
no effect on rotifers while life history of nematodes is
affected (Ricci & Caprioli, 1998).

As far as trehalose biosynthesis is concerned, at least
three pathways are known (Nwaka & Holzer, 1998; Singer
& Lindquist, 1998). The most important one was described
for Saccharomyces Cerevisiae and involves the enzymatic
trehalose-phosphate synthase (Tps) complex. First, a glu-
cose unit is transferred from uridine-diphopshate-glucose
(UDP-glucose) to glucose-6-phosphate forming trehalose-
6-phosphate and UDP, the reaction being catalyzed by
Tps1p. Then, Tps2p phosphatase acts on trehalose-6-phos-
phate, removing the phosphate and yielding trehalose. At
least two other enzymes are involved in this process: Tps3p
and Tsl1p. Although their function is not completely clear,
they have been proven to interact with Tps1p and Tps2p,
and seem to contribute to the regulation of trehalose
production.

2. Experimental section

Since in this paper several well-known methodological
approaches are used to characterize the trehalose polymor-
phs and their inter-transformations, only a short guided
reference to published work reporting the experimental
techniques is given here.

Differential scanning microcalorimetry DSC, with
emphasis of the confined condition control has been dealt
by Sussich, Bortoluzzi, and Cesàro (2002), and in the refer-
ences therein. The description of the time-resolved SWAXS
experiments is provided in Sussich (2003). Molecular
mechanics (MM) and molecular dynamics (MD) computer
simulations have been carried out, following the general
outline given by Liu, Schmidt, Teo, Karplus, and Brady
(1997) and further described by Lefort, Bordat, Cesàro,
and Descamps (2007a, 2007b); the latter reference describes
also the experiments and the results of the solid state
CPMAS NMR work on amorphous trehalose. Amorphous
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trehalose–water system has been studied by Brillouin
inelastic scattering in the UV range as described by Cesàro
et al. (2007). All other results here quoted are given a
proper reference to the original articles.

3. Trehalose physico-chemical properties

Trehalose (a-D-glucopyranosyl-(1 ? 1)-a-D-glucopyrano-
side), also called Mycose, is a non-reducing disaccharide,
dimer of glucose in which the two glucose units are linked
in a a, a-1,1-glycosidic linkage (Fig. 1).

Of the three possible isomers, a, a-, a, b- and b, b-treha-
lose, the only naturally occurring form is the a, a isomer.
From the chemical viewpoint both the presence of symmet-
rically linked glucosidic residues and the absence of reduc-
ing groups make this molecule very peculiar. Among
naturally abundant sugars, only sucrose presents the same
characteristic of chemical stability in solution because of
the absence of anomeric forms.

The physico-chemical properties of trehalose are often
described as ‘‘anomalous” in the attempt to justify the
important biological role of trehalose, and are especially
described as ‘‘peculiar” near the saturation or the glass
transition lines. In the following section, a critical summary
of trehalose properties is reported, with the main purpose
of rationalization of the relevant features and disclosure
of some incorrect literature data. The latter have at least
partially fed the trehalose myth, in terms of uniqueness
of its properties. The presentation moves from the crystal-
line states and the glassy form, including their phase trans-
formation to the solution state. Under several aspects,
trehalose properties may appear not very different from

all other similar sugars, like sucrose and maltose. Nonethe-
less, some small differences may contribute to an overall
more peculiar dynamic picture.

3.1. Crystal structures and transitions

Trehalose has been known for a long time to possess two
different crystalline states, one of them involving two water
molecules per disaccharidic unit (trehalose dihydrate,
TRE-h). The crystal structure (Brown et al., 1972; Taga,
Senma, & Osaki, 1972) contains four sugar units
C12H22O11 � 2H2O within an orthorhombic cell (P212121).
Water and trehalose molecules are held together in the
crystal (Fig. 2) by a complex system of 12 hydrogen bonds
where every hydroxyl group of the trehalose molecule is
both donor and acceptor in the hydrogen bond network.
However, in the crystal there are no intramolecular hydro-
gen bonds such as in sucrose or cellobiose. Furthermore,
the two water molecules are not equivalent, since they form
two different types of hydrogen bonding. One water mole-
cule is an acceptor of two bonds and its oxygen is tetrahe-
drally coordinated, while in the other water molecule the
oxygen is pyramidally coordinated and it is acceptor only
for one bond. This different type of bonding created by
the water molecules produce a helical arrangement.

Trehalose can also crystallize in an anhydrous form,
TRE-b, (Jeffrey & Nanni, 1985) with a monoclinic (P21)
crystal structure in which all the hydroxyl groups are
involved in the network of hydrogen bonds. In the anhy-
drous crystals both the ring-oxygen atoms are involved in
the hydrogen bond while the glycosidic oxygen atom is not.

Given the presence of (at least) two different crystalline
forms, transitions from one form to the other are therefore
possible (see Table 1 for the thermodynamic parameters).
The first report on trehalose transitions was that of Reis-
ener, Goldschmid, Ledingham, and Perlin (1962). A sinter-
ing and birefringence loss of TRE-h was observed at
100 ± 3 �C, while a melting occurred at 135 �C. Melting
of the anhydrous form TRE-b (prepared at T > 130 �C)
occurred at 216–218 �C. The same authors also reported
the preparation of another crystalline form, called here
TRE-a. Only after some time, the TRE-a form has

Fig. 1. The sketch of the chemical structure of a-D-glucopyranosyl-
(1 ? 1)-a-D-glucopyranoside showing the particular glycosidic linkage
connecting the two reducing units.

Fig. 2. Tridimensional view of dihydrate trehalose (TRE-h) along axis (left), (center) and (right); only the sugar ring (yellow color) with oxygen (red) and
the oxygen of the water molecules (green) are shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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attracted the interest of many researchers because of its low
melting point and its hidden crystalline structure, still
unknown (Sussich, Urbani, Princivalle, & Cesàro, 1998;
Sussich, Princivalle, & Cesàro, 1999; Sussich & Cesàro,
2000; Sussich, Skopec, Brady, & Cesàro, 2001; Willart
et al., 2002; Willart et al., 2006). These literature findings
have been re-proposed by Sussich et al. (1998, 1999) and
quoted in a survey mostly devoted to the supplemented
phase diagram (Chen, Fowler, & Toner, 2000).

Shafizadeh and Susott (1973) reported DSC thermo-
grams showing two sharp endotherms at 100 �C and
215 �C, for the melting of TRE-h and TRE-b, respectively.
However, their thermograms (at 5–15 K/min) showed
more endothermic peaks whose complexity was attributed
to the presence of amorphous glass that undergoes
liquefaction.

In his seminal review on melting and glass transitions of
low molecular weight carbohydrates, Roos (1993) reported
the known data on melting temperatures of trehalose. The
onset and peak temperatures of melting of the dihydrate
crystal are 91 �C and 97 �C, respectively, while the onset
temperature of 203 �C, given for the final melting of the
anhydrous TRE-b, was taken from Slade and Levine

(1991). A value of 100 �C was reported in a subsequent
paper (Ding et al., 1996) as a Tg value (indeed!), but with
the relevant information that, when rapidly cooled to
�100 �C, solutions containing from 70% to 90% of sugar
were unable to show glass transition upon re-heating.
Rapid crystallization of hydrate form was inferred. In a
previous paper, Green and Angell (1989) reported that
the melting transition of trehalose dihydrate occurred in
the range 90–100 �C (Fig. 1 of Green & Angell, 1989). Sub-
sequently (Ding et al., 1996), a small endothermic peak at
125 �C was observed for the first scan after dehydration
and attributed to an anomalous glass transition (the doubt
over a possible metastable state was also mentioned). In
our laboratory the different polymorphs have been pre-
pared and their transformations studied in detail (Sussich
et al., 1998). In addition to the dehydration of TRE-h
(100–110 �C) and melting of TRE-b (215 �C), the melting
of two forms, TRE-a (126 �C) and TRE-c (118–122 �C)
have also been reported (Fig. 3).

The latter was then characterized as a mixture of two
crystalline forms, and probably made up of TRE-h crystals
encapsulated in layers of TRE-b (Sussich et al., 1999). In
Fig. 3 are depicted the thermograms of the different

Table 1
Summary of transition temperatures and thermodynamic data for trehalose polymorphsa

Transition Ttr/K (/�C)b DH/kJ mol�1 DS/J K�1 mol�1

Glass transition: Tg ? Tam 393 (120) (0.48 J K�1 g�1)d

Dehydration of Th : Th ? anhydrous 373 (100) 113.5 (full)c 304c

Dehydration of Th : Th ? Tc 373 (100) 52c 139c

Dehydration of Th : Th ? Ta <373 (<100) 113c 300c

Melting of Ta : Ta ? Tam 399 (126) ca. 10a,d 14
Transition of Tc : Tc ? Tb 393 (120) 51.3 130
Melting of Tb : Tb ? TL 478 (205) 51.3 107

a Taken from Sussich and Cesàro (2000).
b Onset temperature.
c The value includes the two water molecules undergoing vaporization: TRE-h (crys) ? TRE-i(solid) + 2H2O(g).
d Taken from Willart et al. (2002).

Fig. 3. Thermal behavior of trehalose polymorphs at scan rate 20 K min�1. The thermograms in (a) show from bottom to top: (1) the glass transition, (2)
the melting of TRE-a, followed by cold crystallization to TRE-b and its melting, (3) the dehydration of TRE-c with solid-transition to TRE-b and its
melting, (a) the melting of pure TRE-b. The thermograms in (b) show the dependence of the dehydration process of TRE-h under different regime of water
effusion (from bottom to top: closed, pin-hole and open cells, respectively).
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polymorphs, recorded at a scan rate of 20 K min�1, to
show the different thermal behavior of the polymorphs that
have been extensively characterized by thermal analysis.
The latter was then characterized as a mixture of two crys-
talline forms, and probably made up of TRE-h crystals
encapsulated in layers of TRE-b (Sussich et al., 1999).

This type of studies has been deeply pursued in our lab-
oratory and further results on phase properties and trans-
formations are reported and discussed (Sussich, 2003). In
conclusion, transition temperatures, transition enthalpies
and non-equilibrium cold crystallization phenomena have
well-defined values and contribute to the fingerprinting of
trehalose polymorphs (Table 1).

It has been assessed (Sussich et al., 2002) that TRE-h
behavior strongly depends on the heating rate but also
on the time water remains in contact with trehalose crys-
tals. The residence time is modulated, among other param-
eters, by the hypothetical size of the cell pores. By means of
calorimetric investigations, the easiness of water molecules
to leave the crystal environment has been correlated to the
diameter of the hole on the calorimetric cell caps. Scan rate
determines the vapor effusion and indirectly, water resi-
dence time upon heating scans (water plasticization). Mod-
ulation of the two streaming variables (temperature
scanning and water flowing) is the key action for the pro-
duction of a given trehalose form. This new type of analysis
led to the construction of a dynamic diagram, reported in
Fig. 4. Although not at equilibrium, it is referred to as a
‘‘dynamic phase diagram”, because it identifies a particular
polymorph in a domain of temperature, scan rate and
water effusion. The diagram shows not only the ‘‘static”

temperature/transformation coexistence lines but also their
dependence on the time required for the transformations
and the changes occurring as a consequence of the rate
of vapor flowing out of the cell.

3.2. The glassy state

On the basis of the behavior of concentrated solutions of
sugars it has been suggested that most of these systems eas-
ily form glasses when dried under suitable conditions at
low temperatures. Therefore, the intuitive deduction is that
the glassy state of sugars is involved in anhydrobiosis
(Green & Angell, 1989; Crowe, Hoekstra, & Crowe,
1996a; Franks, 1990; Sun & Davidson, 1998). However,
earlier data on the glass transition temperatures of treha-
lose were not always accurate nor agree each other (Shafi-
zadeh & Susott, 1973; Green & Angell, 1989; Slade &
Levine, 1991; Crowe, Reid, & Crowe, 1996b; Ding et al.,
1996; Roos, 1993; Saleki-Gerhardt & Zografi, 1994; Suss-
ich et al., 1998). Even more important is the effect of water
plasticization on the glassy/amorphous carbohydrate prop-
erties that have been repeatedly reported and reviewed in
the literature.

Only recently, among all available data, has a reason-
able value of about 120 �C been accepted for the glass tran-
sition temperature (Chen et al., 2000; Sussich & Cesàro,
2000). This value of Tg is comparable with that of a tetra-
saccharide (e.g. maltotetraose) and it is the highest in the
disaccharide series, whose Tg’s range mostly between 65
and 100 �C. However, an aleatory glass-like transition
endotherm around 75 �C has been often observed in the
preparation of anhydrous trehalose, although it is not clear
whether this glassy state may contain a small amount of
stoichiometric water. In other words, it is assumed that
under some experimental conditions a segregated mixture
of plasticized trehalose is formed. The bulk of the pub-
lished data for trehalose/water system concerns the depen-
dence of the glass transition temperature on composition.
In the most recent review of such data (Chen et al.,
2000), a fit of all experimental data provided the value of
k = 5.2 for the parameter of the Gordon–Taylor equation
(Gordon & Taylor, 1952). However, the same authors,
although noting that ‘‘there was only poor agreement on
the glass transition temperature of trehalose (variously
reported between 73 and 115�C)” did not mentioned the
higher values of 120 �C and 133 �C, given for the onset
and mid-point transition temperature, respectively, by
Shafizadeh and Susott (1973) and Sussich et al. (1998).

Nowadays, ‘‘state diagrams” report not only the ther-
modynamic equilibrium lines between the different phases
(Lammert, Schmidt, & Day, 1998; Mehl, 1997; Miller, de
Pablo, & Corti, 1997; Nicolajsen & Hvidt, 1994; Wang &
Haymet, 1998), but also the ‘‘non-equilibrium” lines that
can be achieved in the thermodynamic experimental time-
scale (usually of the order of minutes). However, in view
of the different methodologies and the different time-scales
used, one should more correctly express these lines at a def-
inite value of the Deborah number (De). This parameter
gives the ratio between the relaxation time of the molecular
system undergoing the transformation and the observation
time of the phenomenon (Reiner, 1964). Relevant to this
transformation time is the observation that moistened
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glassy trehalose appears unstable and that the molecular
mobility in the plasticized glass may allow crystalline dihy-
drate trehalose to be formed (Aldous, Auffret, & Franks,
1995).

The greater molecular mobility of trehalose glass with
respect to other sugars, such as lactose and sucrose, has
been inferred in a recent study by Lefort et al. (2007a,
2007b), on the basis of solid state NMR and computational
investigation on sugar glasses. The larger internal mobility
of trehalose is however accompanied by the ability of treha-
lose to form larger clusters than sucrose (Lerbret, Bordat,
Affouard, Descamps, & Migliardo, 2005). Subsequently,
on the basis of the enthalpy relaxation studies of the three
sugars, lactose, sucrose and trehalose, during isothermal
aging, it has been shown that the size of the cooperative
regions in the temperature range between 298 and 365 K
is much larger for trehalose than for sucrose and lactose
(Haque, Kawai, & Suzuki, 2006). As a further, still preli-
minary, result of our laboratory, some evidence for the exis-
tence of two amorphous phases in trehalose glass has been
achieved by studying the structural relaxation of glasses
prepared with different protocols (Pastrello, 2006).

The molecular mobility of ‘‘amorphous” trehalose and
the properties of sugar–water systems at the freezing point
of water (ice formation) raise another concept of great
attention, in particular in food technology. In principle,
upon formation of ice, dilute solutions concentrate to reach
the critical lower T 0g temperature at the maximum concen-

tration of solute C0g (for trehalose/water T 0g ¼ �30 �C and

C0g ¼ 0:2% (w/w), respectively). The T 0g–C0g point is indeed
a sort of non-equilibrium triple point among solid ice,
liquid phase and plasticized glass at equilibrium. Large
interest and debate are found in the literature on the deter-
mination of this point and on its practical importance in
the aqueous sucrose system, just to quote the most relevant
technological sugar. However, the expectation that dilute
solution simply concentrates upon ice formation always
excludes the possibility of a liquid–liquid phase separation
or any other non-miscibility process (solubility limit). Con-
trary to sucrose – see the most recent data collection and
modelling in Starzak and Mathlouthi, 2006, trehalose
appears not only less soluble, but also offers a greater num-
ber of crystalline polymorphs, one of which, TRE-h, is
much less soluble and therefore the solubility region – that
is the liquid homogeneous phase – is strongly restricted.
The temperature–composition phase diagram, such as that
reported in Fig. 5, artificially enlarges the thermodynamic
stability of the solution simply because of the use of the
weight fraction scale, instead of the molar fraction scale.
Independently of this consideration, it is clear enough that
upon cooling (slowly) trehalose solutions, less concentrated
than say 30% of trehalose, the first event is the formation
and the separation of ice. Upon increasing concentration
of trehalose the solubility line of TRE-h is encountered
and, therefore, dihydrate trehalose TRE-h must be formed
and phase separated in the eutectic composition with ice.

The possibility that no crystalline phase separation occurs
must also be taken into account, whenever the cooling rate
and/or concentration rate is an effective damping to the
equilibrium processes.

3.3. Trehalose transformations as seen by structural methods

Inter-conversion between trehalose polymorphs has
been widely investigated by means of several thermody-
namic and structural methods. In particular, dehydration
of crystalline trehalose dihydrate TRE-h has been widely
studied with both experimental and theoretical means
(for a summary see refs Affouard et al., 2005; Kilburn
et al., 2006; Sussich et al., 2002). Among the first observa-
tions, thermogravimetric analysis and DSC have been the
most direct, albeit phenomenological, methods to detect
the dehydration (see for example data reported in para-
graph 3.1). Comparatively, little structural information
seems to have been achieved from the few studies based
on IR and XRD as far as the dehydration mechanism is
concerned.

Although the characterization of the crystal structure of
polymorph TRE-a has not been fulfilled, structural studies
based on X-ray diffraction and scattering (powder XRD,
SWAXS) and on spectroscopic methods (FTIR) give valu-
able information on the structural transitions. Moreover, if
the structures of the different polymorphs are known, it is
possible to assign unambiguously a pattern to any single
species and follow their evolutions as time, temperature
or humidity change.

Simultaneous DSC – SAXS/SWAXS experiments have
been performed on dihydrate trehalose in the range 30–
230 �C (Sussich, 2003). The solid–solid transition from
TRE-h to the b-form was observed with an abrupt change
in the diffraction pattern over a temperature around
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100 �C. This transition is seen both with scanning rates of
10 K/min and 1 K/min, meaning that TRE-b is formed
independently of the heating rates in sealed capillaries. In
another experiment, where trehalose dihydrate crystals
were placed in quartz capillaries under nitrogen flux, with
a scan rate of 10 k/min, the integrated intensities of the
main reflections of the polymorphs surprisingly revealed
the presence of TRE-a, in coexistence with the dihydrate,
already at 60 �C (Sussich, 2003). Parallel to the melting
of the dihydrate into TRE-a, another phase (amorphous)
appears in inferior quantities.

Simultaneous DSC – XRD and DSC – SAWXS experi-
ments (Nagase, Endo, Ueda, & Nagai, 2003; Sussich,
2003) show the appearance of two peaks at diffraction
angles of 16.1� and 17.9�, corresponding to the dehydration
of the dihydrate into TRE-a (the latter authors refer to it as
j-form). The peaks of the TRE-h are lost at about 100 �C, in
coincidence with the DSC endothermic peak, ascribed to the
melting of the TRE-h. The polymorph TRE-a disappears
above 130 �C as seen by DSC and a halo pattern in XRD
at T > 130 �C reveals its transformation into an amorphous
phase. Thereafter, the amorphous lately evolves in TRE-b
by cold crystallization at T < 190 �C. Eventually, the endo-
thermic melting peak of TRE-b at 210 �C is paralleled by a
halo pattern in XRD at T > 210 �C. All these results are in
general agreement with FTIR data of Akao, Okubo, Asak-
awa, Inoue, and Sakurai (2001), who studied the transitions
of TRE-h in the temperature range from 40 to 160 �C, by
monitoring the stretching bands of the glycosidic linkage
around 1000 and 950 cm�1. Furthermore, given the water
bending at 1600–1700 cm�1 and OH stretching at
3500 cm�1, the same authors have been able to recognize
that dehydration occurs at 80 �C and that the sample under-
goes some significant structural transition at 80 �C and
130 �C (respectively, formation and melting of TRE-a).

It is clear enough, however, that variations in the transi-
tion temperatures here reported must refer to the specific
experimental set-up chosen by the authors, in view of the
dynamic phase diagram reported in Fig. 4. Once more, this
diagram provides the rationale for the understanding of the
parameters controlling the several transitions between
polymorphs and will be the basis for a description of a pos-
sible mechanism in the next paragraph.

3.4. Solution properties

An overview of the solution properties of trehalose is
also needed in view of the well-known stabilizing activity
of sugars toward preserving native conformational struc-
ture of proteins. In the last decades, it has been popular
to interpret the variations of the solvent properties in terms
of ‘‘water-structuring” and ‘‘water-destructuring” effects.
The past meaning of these terms is now abandoned, as
dynamic pictures of the structure of water are being devel-
oped. Still, the ability of sugars to protect biological struc-
tures both in semi-dilute and concentrated solution cannot
be disregarded. Therefore, aqueous solution properties of

trehalose have been deeply studied experimentally and
modeled by computer simulation; for some references see
the original work of De Pablo and coworkers, Magazù
and coworkers, and the other references quoted by Sussich
et al. (2001).

The attention of many workers is addressed to accu-
rately determine the hydration number of trehalose in
order to disclose peculiarity in comparison with other sim-
ilar molecules, namely sucrose and maltose. A recent anal-
ysis of the hydration properties of small sugars has been
based on the non-ideality of the equilibrium hydrated spe-
cies (Ben Gaÿda, Dussap, & Gros, 2006). Ultimately, the
accurate determination of the number and the strength of
hydrogen bonds between solute and solvent will provide
the answer to the question if trehalose involvement in bio-
protection resides in its solution properties. The more gen-
eral problem is the correct definition of water molecular
clustering around a trehalose molecule, which ultimately
affects long-range mobility and local dynamics. Solvation
shells are characterized at molecular level by a large fluctu-
ation, which provides different statistical averages in the
dynamic (e.g., by dielectric relaxation) and static measure-
ments (e.g., by density).

There have been also quite a few computational studies
on trehalose and its hydration (Bordat, Lerbret, Demaret,
Affouard, & Descamps, 2004; Donnamaria, Howard, &
Grigera, 1994; Engelsen & Perez, 2000; French, Johnson,
Kelterer, Dowd, & Cramer, 2002; Liu et al., 1997; Sakurai,
Murata, Inoue, Hino, & Kobayashi, 1997). These studies
primarily focused on questions relative to the conforma-
tion of trehalose in solution, its degree of hydration, and
the extent to which this solute perturbs solvent water. None
of these simulations found any solution behavior that was
strikingly different from that of other disaccharides, such as
an anomalously large hydrated radius. However, charac-
teristics were seen which might explain why trehalose is
the outliner in values of properties like glass transition tem-
perature (Engelsen & Perez, 2000). Based on the analysis of
the distribution of intermolecular distances (Voronoi vol-
umes), the most recent investigation (Bordat et al., 2004)
assigns to trehalose a slightly stronger solvation. This fact
has correspondence in other MD simulations (Engelsen &
Perez, 2000; Liu et al., 1997) that have concordantly found
one water molecule very often resident in a position that
corresponds to that of one of the two water molecules in
the crystalline TRE-h.

Therefore, the apparently strong interaction of water with
trehalose would easily justify the appearance of a crystalline
dihydrate TRE-h form at relatively moderate concentration.
Indeed, it is a thermodynamic rule that solubility of crystal-
line hydrates is smaller than that of anhydrous forms (see the
phase diagram in Fig. 5). However, the thermodynamic sig-
nificance of solubility lines has not been discussed in detail
for correlation with other properties that are also known,
and, in particular, the thermodynamic data of trehalose have
never been analyzed by taking into account the non-ideality
of the saturated solution of non-electrolyte mixtures. Thus,
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there is still some incongruence, for instance in the solubility
properties, and it has still to be ascertained if this is due only
to kinetic effects or to the presence of a metastable monohy-
drate form.

Recently, Brilloin inelastic scattering experiments have
been carried out by using synchrotron radiation in the
UV wavelength range (Cesàro et al., 2007). The most rele-
vant phenomenological point is that the trehalose–water
system investigated is an undercooled liquid from the ther-
modynamic time-scale, while the glassy character has
already been shown at the frequency of this study (cf. Deb-
orah number). The dependence of a-transition and sub-Tg

transition temperatures with the measurement frequency is
well known in the field of polymers, by studies with calori-
metric, dynamico-mechanical and dielectric methods. It
opens, however, a new scenario on the time-scale of the
dynamic transformations of trehalose.

4. An insight to trehalose dehydration mechanism and the

bioprotection hypothesis

Despite the enormous amount of work and experiments
carried out in the last three centuries, the mechanism by
which trehalose acts appears still unsolved. There are,
although, several hypotheses. The several explanations
proposed in the past are only briefly reported below, while
details and other related aspects are found in comprehen-
sive reviews.

The chemical stabilization, proposed in the 1970s, has
been revisited to explain the protection exhibited by com-
plex molecular structures formed by chemical reactions
between sugars and biomolecules at high temperatures.
The formation of protective films is due to chemical reac-
tions of the Maillard and Amadori type and, therefore,
cannot be relevant for the in vivo, reversible action of
trehalose and similar sugars since trehalose a is stable
non-reducing carbohydrate and is hydrolyzed only at high
temperatures, or in acidic conditions. The absence of free
reducing anomeric carbon in trehalose and its non-revers-
ible action are the main reason for ruling out a mechanism
which could involve these reactions under physiological
conditions (Shafizadeh, McGinnis, Susott, & Tatton,
1971).

In the water replacement hypothesis, the emphasis is put
on the dependence of the three-dimensional structure of
biological macromolecules on the stabilizing effect of a
water molecular layer which effectively interacts with sur-
face residues via hydrogen bonding and electrostatic–polar
interactions. It is accepted that the amount of water
involved in the stabilization of globular proteins is of the
order of 25–75% w/w (water/protein). On this basis, in
their initial proposal, Crowe, Hoekstra, and Crowe
(1992), and recently other authors suggested that sugar
molecules were able to form large three-dimensional net-
works of hydrogen bonds both within the sugar molecules
and with peptide groups, therefore protecting the confor-
mational stability of biomolecular structures. Such interac-

tions were found to stabilize the aqueous proteins with
sucrose. This proposal surely arose from the extensive
work on aqueous solutions of model biomolecules which
suggested the words ‘‘structuring” and ‘‘destructuring”

for the effects of some solutes on the so-called ‘‘water struc-
ture”. Water structure was depicted in the 1960s as an effect
of dynamically organized clusters of water molecules
(‘‘flickering clusters”), originated by the presence of a frac-
tion of hydrogen bonds in the liquid water. A two-state
model was widely used to explain the hydrophobic effects
as well as the perturbations that other non-ionic solutes
were able to induce in the properties of the solvent, toward
either an increase or a decrease in water structural organi-
zation. However, later studies of molecular thermodynam-
ics and of relaxation spectroscopies on these systems
showed that ‘‘water structure” must be viewed in a more
dynamic way and that sugars protect the native state of
protein by destabilizing their unfolded conformation. Fur-
thermore, recent investigations by means of molecular
dynamics on carbohydrates in solution have modified the
original picture of the static hydration pattern of sugar
molecules. Therefore, it is highly improbable that the
hydrogen bond fingerprint of sugars could be so specific
and in register, albeit dynamically, with such a large num-
ber of biomolecular structures.

Concerning the third hypothesis, it is well known that
sugars, once melted, can easily be cooled without undergo-
ing crystallization. The amorphous to glassy state transi-
tion for most sugars occurs about 100 K below their
melting point and many cryoprotectant sugars can be pre-
pared in a glassy state at ambient temperature. It was
therefore straightforward to suggest that this ability to
form a glassy state is relevant for the protective action of
sugars during severe dehydration. It is thus generally
accepted that, upon decreasing temperature or increasing
concentration, the viscosity of the aqueous solution
increases above the reasonable limit for crystallization
kinetics to be manifested. This means that diffusional pro-
cesses slow down to the point that the amorphous (crystal-
lizable) system can be further cooled or concentrated,
undergoing a glass transition. Among all hypotheses, the
formation of glassy layers of sugar molecules has received
the wide credits from the physical point of view. For this
aspect, the high efficiency of trehalose has been ascribed
to the high value of the glass transition temperature, an
explanation that has been rejected however by other
researchers in view of the minor effect of oligomers or dex-
trans with higher Tg values.

On the basis of results on fusion and aggregation of ves-
icles, Crowe et al. (1996a) arrived at the conclusion that vit-
rification is not the only mechanism by which trehalose and
other sugars impart their bioprotection, but that also direct
interaction has to be invoked. Therefore, it was suggested
that three combined factors (Tm depression, direct interac-
tion and glassy state formation) are involved in membrane
stabilization. In conclusion, although an enormous amount
of data has been collected over the years, there are still
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open questions about the protection mechanism. This point
is explicit in two recent papers where Tunnacliffe, de Cas-
tro, and Manzanera (2001) Crowe, Oliver, and Tablin
(2002) wonder if there is really a single protection mecha-
nism and whether this mechanism will ever be fully
understood.

We return now to the trehalose dehydration process and
to the speculation early made that reversible transformation
paths among trehalose polymorphs may be a clue for the
clarification of its bioprotective action (Sussich et al., 1998,
1999, 2001). In general, the transformations of hydrated
polymorphs of sugars are tuned by the rates of temperature
change and water removal. Trehalose, with its three crystal-
line polymorphs (one dihydrate form, TRE-h, and two crys-
talline anhydrous forms, TRE-a and TRE-b), and the fact
that its glassy state has the highest transition temperature
of all disaccharides, is unexpectedly different from the
homologous disaccharides maltose and sucrose, with lower
glass-transition temperatures and less polymorphs.

A further relevant property of trehalose is that the addi-
tion of water to an amorphous phase generally facilitates
an increase in mobility and therefore a drop in the glass-
transition temperature. However, it has been postulated
that the reason the ‘‘apparent” glass transition of amor-
phous trehalose is still high, even in the presence of residual
(or added) water, is that TRE-h dihydrate crystallites are
locally formed within the amorphous matrix. Thus, the
ability of amorphous trehalose to capture moisture into
the cages of TRE-h crystallites, coupled with the reversible
transition between the dihydrate form TRE-h and the
anhydrous form TRE-a achieved by extraction of water
from the TRE-h form, provides the perfect platform for
water immobilization during dehydration. Measurements
of the free volume of trehalose amorphous phase show that
water inclusion simply increases the average intermolecular
hole size. In the crystalline dihydrate, TRE-h, however, the
water is confined as a one-dimensional fluid in channels of
fixed diameter. These channels allow diffusion of water in
and out of the crystallites, and can therefore act as both
a sink and source of water in low-moisture systems. The
energetics of water escaping process has been modeled by
Molecular Dynamics simulation and experimentally deter-
mined by Differential Scanning Microcalorimetry (Sussich,
2003). These results show the different energetics of ther-
modynamic and kinetic nature given to the two different
types of water molecules in the crystalline TRE-h, as well
as the origin of the reversible paths in the dehydration pro-
cess. Thus, trehalose polymorphism and the formation of a
water-immobilizing crystalline-glassy nanocomposite phase
of TRE-h crystallites in the amorphous matrix seem to pro-
vide a reasonable basis for the survival of biological func-
tions by dehydration.

5. Conclusions

In this work a summary of trehalose physico-chemical
properties is given, with special emphasis on the amor-

phous and crystalline phases. The presentation is organized
as to provide the following conclusions:

(1) The several trehalose polymorphs are identified by
their structure and thermodynamic properties, but
the lack of knowledge of the anhydrous TRE-a crys-
talline structure is striking.

(2) The influence of temperature on the transformation
among different polymorphs is studied mainly by
microcalorimetry, but also by structural methods,
both in isothermal and scanning conditions.

(3) The effect of water on the stability of the several
phases and the role of the glassy state in the compo-
sitional phase diagram are discussed also in relation
with trehalose solution properties.

(4) Finally, the thermodynamics of the dehydration pro-
cess of dihydrate trehalose crystals and the new recent
findings on the structural changes at a nanoscale level
are merged. This analysis reinforces the original pro-
posal of reversibility as the basis for the bioprotection
process (Sussich et al., 1998; Kilburn et al., 2006;
Cesàro, 2006).

The physico-chemical properties and the related conclu-
sions on the versatile transformations of trehalose have,
therefore, a fundamental role in view of the in vivo func-
tion of bioprotectants. Further attention should be given
to the unexplored potential of trehalose as ‘‘specialty”

and ‘‘commodity”.
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Cesàro, A. (2006). Carbohydrates – All dried up. Nature Materials, 5(8),

593–594.
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Lefort, R., Bordat, P., Cesàro, A., & Descamps, M. (2007a). Exploring
conformational energy landscape of glassy disaccharides by cross
polarization magic angle spinning 13C NMR and numerical simula-
tions. I. Methodological aspects. Journal of Chemical Physics, 126,
0145101–0145109.
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A Brillouin scattering investigation has been carried out on trehalose-water solutions in a wide range of
concentrations (0< φ < 0.74) in the ultraviolet regime. A complete set of data as a function of temperature
(-10 °C e T e 100 °C) has been obtained for each concentration. TheT-φ 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,τ, of the system. This was found to be in the tens of picoseconds time
scale, and itsT 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 φ, 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

Trehalose (R-D-glucopyranosyl-R-D-glucopyranoside) is known
to be a nonreducing disaccharide made of two glucose units
and, like most sugars, is a good vitrifying agent when its
solutions are dried under appropriate conditions at biological
temperatures. From a structural point of view, trehalose has the
same chemical formula (C12H22O11) and molecular mass (M )
342.3) as maltose and sucrose but a unique three-dimensional
structure. The bioprotective properties of sugar trehalose have
been known for almost two decades and are still a matter of
extensive interest1-11 both from an academic point of view and
for the potential applicative fall-out. In fact, it has been observed
that several natural organisms, such as seeds, plants, fungi,
bacteria, insects, hemolynph, and invertebrate animals (i.e.,
rotifers, nematodes, and tardigrades), produce trehalose at fairly
high concentrations in the presence of harsh environmental
conditions such as, for instance, drought, freezing, and ionizing
radiations. Under a mechanism which is still controversial, they
are capable of surviving for a long time in a state of suspended
animation, so that their metabolic activity becomes quiescent
or even undetectable (anhydrobiosis).

Four major hypotheses have been proposed to explain the
stabilizing effect of trehalose on biostructures, but none of them
are per se sufficient. The water-replacement hypothesis1-3

suggests that, upon drying, sugars can substitute water molecules
by forming a water-like hydrogen bond (HB) network, thus,
preserving the native structure of proteins in the absence of
water. The vitrification hypothesis4 suggests that sugars found
in anhydrobiotic systems protect biostructures through the
formation of glasses, thereby reducing structural fluctuations
and preventing protein denaturation or mechanical stresses.
Furthermore, the higher glass transition temperature (Tg ) 121
°C in the pure anhydrous sugar) compared with similar
disaccharides (e.g., sucrose:Tg ) 68.5°C) and other protectants
(xylitol, sorbitol, glucose) could explain its greater efficiency.
The destructuring-effect on the water HB hypothesis5 suggests
that trehalose, compared with other disaccharides, facilitates a
more extended hydration and binds water molecules more
strongly, thus, preventing ice formation and the subsequent
irreversible damage of biosystems. Finally the reversible-
dehydration hypothesis6-8 refers to the formation of trehalose
dihydrate nanocrystals and their subsequent reversible trans-
formation into an anhydrous state during water removal,
enhancing the biosystem stability.

In the past few years, a consensus has emerged in attributing
trehalose’s bioprotectant action to a synergic combination of
the above factors, which cumulatively contribute to (i) a drastic
slowing-down of molecular motions ensuring both structural
conservation as well as chemical integrity and (ii) a preservation
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of native conformations and morphologies of cellular biostruc-
tures during the dehydration-rehydration cycles.

Even though the exact mechanism responsible for biopro-
tective effectiveness is still unknown, it is clear that a complex
array of interactions at structural, physiological, and molecular
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 trehalose-protein-
water solutions. As far as interaction with water is concerned,
and in accordance with the destructuring-effect hypothesis,
molecular dynamic (MD) simulations found a larger hydration
number for trehalose than for sucrose in the entire concentration
range of 6-80 wt % and, moreover, the formation of long-
range water structures has been observed9 up to the third
solvation shell.10

Considerable experimental effort has been dedicated in recent
years to the study of dynamical properties of treahalose
solutions, both in bulk and in confined geometry.11 These studies
have involved depolarized light scattering, nuclear magnetic
resonance, and Raman and neutron scattering.

With the aim of gaining a deeper understanding of the
collective interactions which may occur in binary trehalose-
water solutions, in the present work, propagating collective
excitations have been determined by Brillouin inelastic ultra-
violet scattering (IUVS) atλ ) 244 nm incident photon
wavelength. Measurements have been carried out in a wide
range of trehalose concentrations (0< φ < 74 wt %) and
temperatures (-10 °C < T < +100°C). TheT-φ evolution of
the system has been analyzed in terms of energy positions and
linewidths of inelastic excitations in the dynamic structure factor,
S(Q,ω). These results have been further correlated with the
structural relaxation time,τ, of the system, and its evolution
with increasing concentration and decreasing temperature is
discussed in details.

In general, density wave propagation in fluids perturbs their
local structure. New equilibrium configurations are then locally
restored by means of energy transfer from sound waves toward
some internal degrees of freedom. These dynamical processes
are usually called relaxation processes. Different relaxation
processes can take place, according to the specific degree of
freedom involved in the energy redistribution. Among them,
structural relaxation is of major interest in the physics of glass
formers, since it involves the cooperative readjustments of local
structures responsible, for example, for glass formation. These
processes are characterized by a time scale,τ, with a sharp
temperature dependence roughly paralleling that of viscosity.12

If the relaxation time scale is much shorter than the period of
the acoustic wave,Tw, the internal fluid rearrangements are so
fast that the system can reach its local equilibrium configuration
within the period of density wave propagation, which therefore
propagates adiabatically, that is, over successive local equilib-
rium states. This is the so-called hydrodynamic or viscous
regime that characterizes the low-frequency acoustic propagation
in simple fluids. If density waves withTw , τ are probed,
internal fluid rearrangements are indeed too slow, and conse-
quently, the system cannot equilibrate within a propagation
period. In this case, the energy carried by the density wave
cannot be efficiently dissipated, and therefore, it propagates
elastically, that is, with substantially reduced energy losses. This
limiting behavior is commonly referred to as the elastic regime.
In the intermediate, viscoelastic, regime,Tw is comparable with
τ, and therefore, relaxation and density wave propagation
mechanisms are strongly coupled.13 The occurrence of a

relaxation phenomenon can be experimentally observed either
by varying the period of the probed density (sound) wave or
by varying the relaxation time itself. The former task can be
accomplished, for example, by changing the momentum transfer,
Q ∝ 1/Tw, while the latter goal is usually achieved by varying
the sample temperature. This paper will show that trehalose-
water solutions in real biological conditions can be studied, at
best, with IUVS since, thanks to the uniqueQ range probed by
this technique,Tw ≈ τ, and therefore, sensitivity to the structural
relaxation processes is maximized.

Although a very preliminary experiment of this kind in highly
concentrated (φ ≈ 80) trehalose-water solutions was previously
reported by some of us,14 the present detailed study of
viscoelastic response in biological conditions as a function of
both T andφ outlines some features of the uniqueness of the
present IUVS experiments in adding important new knowledge
about these complex biophysical systems.

2. Experimental Description

a. Sample Preparation. Trehalose dihydrate with purity
greater than 99% was purchased from Sigma. Particular attention
was paid in order to select a high purity sample with reduced
metal content so as to avoid fluorescence caused by UV-induced
electronic excitations in metals. After several tests, the product
Sigma-T9449, extracted from corn starch,15 was identified as
the best candidate and only in one case was another product
used, resulting in low quality spectra.

The solutions were prepared by weight, dissolving the sugar
in double distilled and deionized water and by stirring and

Figure 1. Phase diagram of water-trehalose solutions. The freezing
and solubility curves were taken from refs 16 and 17. The glass
transition line was calculated according to Gordon-Taylor equation,18

using the data reported by Chen et al.19 The shaded region indicates
the φ-T ranges investigated in the present work (see Table 1).

TABLE 1: Measured Samples: Weight Fraction,O, Number
of Water Molecules Per Trehalose,n*, Explored
Temperature Ranges, Glass Transition Temperature,Tg,
Average Density,Gj, and Momentum Transfer Values,Qh , Are
Reported

φ n* T min (°C) T max(°C) Tg (°C) Fj (Kg/m3) Qh (nm-1)

0 ∞ 1.5 30 -135 997.79 0.0712
0.15 107 0.0 89.7 -126.4 1046.50 0.0722
0.32 41 -4.2 89.8 -114.7 1125.02 0.0738
0.38 31 15.4 95.07 -108.6 1148.93 0.0744
0.42 26 -2.5 95.1 -103.4 1176.72 0.0750
0.47 21 -11.15 69.85 -96.9 1213.98 0.0757
0.59 13 -3.15 86.85 -79.6 1268.25 0.0769
0.74 7 -12.75 94.85 -45.6 1357.42 0.0788
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heating until the corresponding dihydrate solubility point was
reached. Table 1 summarizes the differentφ values probed in
our experiments and the corresponding number of water
molecules per trehalose,n*. The explored conditions include
φ-T values outside the thermodynamic stability limits of the
homogeneous liquid phase. In general, crystallization is ham-
pered by low temperatures (below 0°C) and high concentrations,
because of the high viscosity and weak nucleation processes.
Nonetheless, occasional whitish opalescence was observed,
precluding the feasibility of the experiment. Therefore, only
metastable clear solutions have been effectively investigated as,
only in that case, the scattering intensity could be properly
measured.

Figure 1 reports the phase diagram of water-trehalose
solutions. The shaded region indicates the investigatedφ-T

ranges (see also data of Table 1). The solubility curve of
dihydrate trehalose freezing and glass transition lines are
indicated as well.

b. IUVS Measurements.IUVS measurements were carried
out at the beamline 10.2 of the Elettra synchrotron radiation
laboratory in Trieste.20 The UV source was a frequency-doubled,
CW output argon ion laser delivering a single-mode beam atλ
) 244 nm (typical power≈ 5 mW). The solutions were
contained in a 2 mLcell placed in the beamline experimental
chamber. This cell had two optically polished sapphire windows
(3 mm thickness, 20 mm diameter) sealed by Teflon O-rings.
The beam optical path-length in the cell was 10 mm. The sample
spot size in the focal plane was 300× 200 µm2 (fwhm). The
signal, scattered in the nearly backward direction (θ ) 172°),
was energy-analyzed by a normal incidence Czerny-Turner

Figure 2. Left panels: set of representative IUVS spectra at three different weight concentrations:φ ) 0.74,φ ) 0.42, andφ ) 0.15. The solid
line shown together with the spectra atφ ) 0.74 (black curve) is the overall instrumental resolution function. Right panels: three examples of
experimental spectra, corresponding toT ) 55.2 or 55.4°C, 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.
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analyzer21 and finally detected by a Peltier cooled CCD detector
with 13.5× 13.5µm2 pixel size and 20% quantum efficiency.
The momentum transfer was calculated using the equation:Q
) (4π/λ)n sin(θ/2), wheren is the refractive index, which was
directly measured with an accuracy of the order of 5e-4 using
a new method based on a modification of the fixed angle of
incidence method for a hollow prism.22 The overall experimental
energy and momentum resolutions were typically around 1.4
GHz (∆E/E ≈ 10-6) and 0.004 nm-1 (∆Q/Q ≈ 0.05),
respectively. Spectra were collected by varying the sample
temperature in the ranges indicated in Table 1. A liquid nitrogen
cryostat and a sample heater were used to scan the temperature,
which was controlled with a K-type thermocouple. Temperature
stability was greater than 0.1°C during each spectrum acquisi-
tion (≈30 min). A moderate vacuum (10-6 mbar) was applied
in the sample chamber during cooling in order to avoid air
condensation.

3. Results and Discussion

a. φ-T Dependencies of Raw Data.Figure 2 (left panels)
reports a set of representative IUVS spectra of samples
corresponding toφ ) 0.74, φ ) 0.42, andφ ) 0.15. The
occurrence of a relaxation process that matches the reciprocal
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 observed forφ ) 0.42
and 0.74 as the temperature decreases, while almost constant
positions are observed atφ ) 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 concentrationsφ ) 0.74,
0.59, 0.42, and 0.15 and at the biological temperature ofT )
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
the acoustic wave, as is expected for a solid-like, that is, frozen,
medium.

A scrutiny of the T-dependence of inelastic peak widths
shows, as the temperature decreases, a sharpening forφ ) 0.74
and a broadening forφ ) 0.42 andφ ) 0.15. In the frame of

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
glasses,23 the scattered intensity is directly proportional to the
dynamic structure factor,S(Q,ω). In order to extract quantitative
information on the T-φ dependencies of the line shape
parameters,S(Q,ω) has been modeled by the sum of aδ function
and a DHO function,24 accounting for elastic and inelastic
contributions, respectively:

where ωb and Γb correspond to the position and line width
(fwhm) of inelastic excitations. The intensityA of the central
spectral line is mostly due to spurious scattering from the sample
environment. The model reported in eq 1 has been properly
convoluted with the instrumental resolution function and scaled
by an arbitrary intensity factor. A flat background contribution,
mostly due to the electronic noise of the detection system, was
previously subtracted from the raw data. The fit procedure
consists of aø2 minimization based on a standard nonlinear
least-squares Levenberg-Marquardt algorithm.25 The quality
of our results can be appreciated in Figure 2 (right panels),
where the measured spectra (open blue circles) are compared
with the best fit line shape (red solid line). TheT dependencies
of ωb and Γb are reported in Figure 5 for some selectedφ

values. Both of these hypersonic parameters show clear tem-
perature dispersion, highlighting the presence of an active
relaxation process in the experimental window. Moreover, such
a dispersion shifts toward higher temperatures with increasing
φ. In order to emphasize the effects of the relaxation, the
attenuation per wavelength spectrum,Rλ ) π Γb(Q)/ωb(Q), is
reported in Figure 4 (inset of right panel) for some representative
φ values.

In the spectral region around Brillouin lines, the parameters
ωb andΓb are related to the real (M′) and imaginary (M′′) parts
of the longitudinal elastic modulus, respectively:26

Both of these parameters are sensitive to the presence of an
active relaxation whose time scale is of the order ofωb

-1. In
particular, within the hypothesis that the leading relaxation
contribution in this frequency window can be modeled either
by a Debye13,27-29,30-32 or a Cole-Davidson33,34 relaxation
function, the quantityM′′, in the low-frequency regime (ωbτ ,
1), can be expressed as follows:26,27

where∆ is the structural relaxation strength.29,30-32 Therefore,
by simple substitution, one can write:

Usually, in the presence of a thermally activated relaxation
process, the temperature dependence of the relaxation time can
be written as:τ(T) ) τ0 exp(Ea/kBT), whereEa andkB are the
activation energy of the relaxation and the Boltzmann constant,

Figure 3. Representative IUVS spectra (raw data normalized for the
elastic peak intensity) at four different weight concentrationsφ ) 0.74,
0.59, 0.42, and 0.15 at the same indicated biological temperature:T
) 26.1 °C.

S(Q,ω) ) Aδ(ω) + B
ωb

2(Q)Γb(Q)

(ω2 - ωb
2(Q))2 + ω2Γb

2(Q)
(1)

M′(ωb) ) F(ωb
2/Q2) and M′′(ωb) ) Fωb(Γb/Q

2) (2)

M′′(ωb) ) Fωb∆τ/Q2 (3)

Γb ) ∆τ (4)
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respectively.27,29-31 On the other hand, it has been recently
shown that, as a first approximation, an explicitT dependence
of ∆ can be neglected in the case of pure liquid water,30 as
well as in other liquid systems.31 By using eqs 3 and 4 and
neglecting theT dependence of∆, it is then possible to retrieve
the value ofEa directly from theT dependencies ofωb andΓb.
Figure 5 shows the results of this analysis. It can be seen that
experimental values of ln(M′′(ωb)/ωb) versus 1/T follow the
expected linear dependence. Moreover, the calculated activation
energies in the inset of Figure 5 are in agreement with the value
of Ea ≈ 16 ( 3 kJ/mol, experimentally found for pure water.29

It is worth mentioning that since eq 3 is valid forωbτ , 1, in
Figure 5, only experimental data corresponding to dilute
solutions at highT were considered.

For lowT highφ solutions, a different strategy has been used
in order to deriveEa. According to the memory function

framework,13,32as a first approximation, the quantitiesM′(ωb)-
Q2/F andM′′(ωb)Q2/(Fωb) can be written as:

wherecs is the adiabatic sound velocity andê is the dimension-
less quantityωbτ. In order to derive eq 5, the following
assumption were made: (i) there is only an active relaxation
process in the considered frequency window, (ii) this relaxation
is described by an exponential time decay (Debye relaxation
function), and (iii) the specific heat ratio,γ, is equal to 1, thus,
leading to negligible contributions of thermal fluctuations. The
first two assumptions are consistent with those used in previous
experiments,28-31 while the latter is justified by thermodynamic
data for pure water.35 By equating eqs 2 and 5, the following
expression for the relaxation time can be derived:

Equation 6 is meaningful only ifωb * csQ, that is, forê *
0, where the departure from the adiabatic regime takes place.
Owing to the accuracy (<1%) of our experimental determination
of ωb, slight departures from the adiabatic regime can be
measured, and therefore, low values ofτ can be determined.
For this reason, the range where eq 6 can be meaningfully
employed extends at high-temperature (i.e., at lowτ), thus
partially overlapping the range where eq 4 can be safely used.
As a matter of fact, in theT range where both equations were
used in order to determineEa, the results obtained by using the
two different methods are fully consistent. However, despite
the accuracy of our experimental data, eq 6 is not applicable to
the pure water, since we found thatωb ≈ csQ in the probedT
range. Nonetheless, data ofτ for pure water are already available
in literature.29 These data were derived by the analysis ofS(Q,ω)
determined by inelastic X-ray scattering (IXS) experiments.

Figure 4. T dependence ofwb andΓb for some selectedφ values. Solid lines in the right panel are guides for the eye. Inset:Rλ values for some
representative concentrations.

Figure 5. Values ofM′′ as a function of 1/T for pure water and low-φ
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-T, low-φ samples (see text).

M′(ωb)Q
2/F ) (csQ)2+∆ê2/(1+ê2) and

M′′(ωb)Q
2/(Fωb) ) ∆τ/(1+ê2) (5)

τ ) 1
Γb (1 -

cs
2Q2

ωb
2 ) (6)
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Owing to the wider (Q,ω) range accessed by IXS with respect
to IUVS, a different data analysis strategy that does not rely
upon approximate equations as eqs 4 and 6 has been employed.29

The values ofτ obtained by using eq 6 are reported in Figure
6 together with IXS data for pure water. This figure shows that
by adding trehalose a progressive slowing-down ofτ occurs at
a given temperature. Furthermore, in the thermodynamic range
spanned in the present experiment, the data can be described
by an exponential (Arrhenius)T dependence,τ(Τ) ) τ0 exp-
(Ea/kBT), as previously supposed in deriving eq 4. The values
of Ea are close to 12 kJ/mol up to the higher concentration levels.
The slightly different values obtained by this procedure with
respect to those extimated by means of eq 4 can be reasonably
attributed to the different approximations involved in the two
approaches.

However, in both cases, the values obtained forEa are not
appreciably dependent on the concentrations of the solutions
and are in agreement with experimental determinations for pure
water.29 This result suggests that, at a given temperature, the
whole dynamic mechanism remains substantially unperturbed
in a quite large range of sugar concentration and is still governed
by molecular H bonds.37 However, while the energy of activation
seemingly remains constant, an inverse correlation between
temperature and concentration is evident in the structural
relaxation times.

Quite similar conclusions have been reached in a number of
recent investigations, mostly using neutron scattering experi-
ments and MD simulations. By working with trehalose or
glucose at concentrations of up to 50% (5 m), the claim has
been made that the first hydration shell, dominated by HB, is
not significantly perturbed even at fairly high concentrations38

(1:10, glucose:water) and that no perturbation is observed for
the trehalose solutions in confined space.11 Attention is also
addressed on the long-range structure of “bulk water” which
does not seem affected by the solute, even at fairly high
concentrations. An extensive slowing down of the water
molecules surronding the sugar has also been detected by
depolarized Rayleigh scattering experiments39,40 showing the
changes of structural dynamics between bulk and hydrating
water at low and moderately concentrated sugar solutions.

While these studies provide support to the “pseudo-ideal”
behavior of sugar-water systems, they also call for a better
rationalization of the properties of the sugar “family”, including
trehalose, at higher concentrations. In particular, the question

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”.41 As far as the dynamical results of the present study are
concerned, only a small increase ofEa of about 2 kJ/mol was
found at the highest concentration, although this point needs
further experimental verification. However, given the inverse
T,φ correlation, a dramatic change of properties at low moisture
content has to be expected.

Experiments in this direction are under way, as well as other
investigations focused on covering the higher concentrations,
up to pure undercooled trehalose. In particular, provided that a
robust theoretical formalism can be used in the whole compo-
sitional range, the present results demonstrate that IUVS can
give consistent information on the dynamics of water-trehalose
solutions.

Conclusion

The results of the present study concern the structural
relaxation time,τ, of the water-trehalose system and its
evolution with increasing concentration and decreasing tem-
perature. The study shows that aqueous trehalose solutions
exhibit a slowing of the HB rearrangments upon increasing sugar
concentration (or decreasing temperature). At molecular level,
the small changes in the activation threshold of the relaxation
have to be straightforwardly related to the continuous rear-
rangement of hydrogen bonds in the solution. Therefore, the
biological action of trehalose can be only partially explained
by the formation of a an extensive layer of structured water
which would affect the tetrahedral network of water. When
trehalose is present in biological or cellular material at high
concentrations, a “dramatic” rearrangment decrease of the HB
of residual water at lower temperatures without crystallization
might help to prevent embedded biomaterial from damage such
as denaturation. However, the question about whether this
development of mechanical properties is sufficient for the full
explication of the higher bioprotective functions of trehalose,
in comparison with other sugars, up to more concentrate systems
is still a matter of discussion.

By looking at the bioprotective action developed in the
biosystems, it seems necessary to resort to a certain amount of
additional experimental evidence that has now been accumu-
lated, at low moisture, for a parallel formation of nanocrystals
of dihydrate crystals during dehydration of trehalose and other
sugars.6-8,42 Therefore, as the potentially plasticizing water is
captured in the dihydrate crystalline cage, the remaining dry
amorphous trehalose enters the glassy state, and the whole
matrix becomes much firmer, even if an apparent amount of
water is still present. The relevance of the above data, within
the hypotheses made in the present work, relies on the observed
changes in the dynamics of the trehalose-water solutions upon
increasing trehalose concentration. Although a continuous
variation is observed, due to its modest magnitude, it can hardly
be responsible for the expected strengthening in natural condi-
tions. However, at ambient temperature, trehalose-water solu-
tions enter the glassy phase upon the removal of water molecules
because of both evaporation and crystallization or just one in
confined nanocrystals. It is straightforward to conclude that both
processes produce the desired results, but the extent of the
resulting firmness and the rate of evolution could be very
different.

Although our data cover a wide concentration range, experi-
ments still need to be extended up to anhydrous trehalose, as
well as in a wider wavelength range. In the future, our laboratory

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
activation energy (Ea) is reported as a function ofφ, as derived from
the interpolation of the experimental data (see text for further details).
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plans to enrich this type of information and to investigate the
subtle differences in homologous disaccharides.
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Figure 1. Phase diagram of the binary trehalose-water system. The freezing and the solubility lines have been drawn according to data
from refs [7, 8]. The glass transition line has been calculated by using the Gordon-Taylor equation [9] with k = 5.2 and the values of

387.2 K and 138 K for the temperatures of the glass transition of trehalose and water, respectively. These values are taken as the best
values for fitting the data reported by Chen et al [6], including the values of Tg’ and Cg’, the set of values for the maximal freeze
concentration. The dotted vertical line identifies the temperature range and the concentration investigated in the present work.

from 10−12 s in the normal liquid phase to a few hundreds seconds when the calorimetric Tg is approached.
Using a spectroscopic technique which probes the collective dynamics at a certain frequency ω/2π, different
responses are obtained, depending on ω being much higher or much lower than 1/τ : in the former case,
the probed time scale on the the system is so short that the molecular structure cannot rearrange itself
(unrelaxed limit); in the latter case, conversely, the investigated time scale is sufficiently long so that the
system structure can relax (relaxed limit). As a consequence, on increasing the temperature, at a given
momentum transfer Q, the speed of sound shows a characteristic S-shaped dispersion, i.e., increases from
a low value in the zero frequency wave vector limit c0(T) at high temperature to a higher value c∞(T)
in the opposite limit, marking the transition between the viscous liquid-like dynamics (ω << 1/τ) to the
elastic solid-like response of the system (ω >> 1/τ). In this framework the ”best sensitivity” condition for
the study of the dynamic of the density fluctuations is reached when ωτ ≈ 1. In the present study we have
performed an inelastic ultraviolet (Brillouin-like) scattering experiment (IUVS) [10] for the determination
of the dynamic structure factor S(Q,ω) of highly concentrated aqueous solutions of trehalose. Usually,
characterization of relaxation processes in liquids requires access to frequency domain data spanning many
orders of magnitude, whereas in Brillouin scattering this range is rather limited. However, one important
advantage of Brillouin light and UV scattering is that, since the frequencies involved (1-100 GHz) are
higher than the ultrasonic ones, the unrelaxed speed of sound c∞(T) and the structural relaxation can be
accurately determined also in the liquid phase and not only in the glass. Surprisingly enough, to the best
of our knowledge, Brillouin scattering measurements have never been applied to trehalose-water, even not
in the visible range. Furthermore, as far as concentrated solution are concerned, with the exception of the
work of de Pablo and collaborators [8] for the thermophysical data, there is a general lack of thermophysical
and dynamical data. The dynamics has been characterized by ultrasonic [11,12] and neutron scattering [13]
measurements, but they are in general limited to less than 50% w concentration. Only one single point
has been measured at 79.1% w trehalose concentration for the adiabatic speed of sound (c0= 1927.2 m/s
at T =358K), by means of ultrasonic techniques [14].
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Figure 2. IUVS spectra (Stokes side) of trehalose at concentration 79% w (open circles with ±1σ error bars) at a momentum transfer
Q≈ 0.1 nm−1 and at the selected T values, as indicated in the figure. The full line superimposed to the experimental data are the fits
with the Damped Harmonic Oscillator model [16] used to determine the peak positions and width. The dotted curves aligned with the

Brillouin peaks represent the inelastic contribution to the fits.

2 Experiment

The experiment was carried out at the Inelastic Ultraviolet Scattering (IUVS) beamline at the Elettra
Synchrotron Radiation Laboratory in Trieste. The incident photon energies was fixed at 6.1 eV (λ=204.8
nm). At this undulator beamline the radiation is monochromatised by an 8 m normal incidence Czerny-
Turner [15] monochromator. At the exit of the monochromator the beam is impinging on a spherical
mirror, which focuses the radiation on the sample on a spot size of about 200 x 200 µm2. The incident
photon flux onto the sample is ≈ 1012 photons/s. A spherical mirror collects the scattered radiation over
a solid angle of 40 X 40 mrad2 focusing it on the entrance slit of the analyzer, which is optically identical
to the monochromator. The analyzed photons are detected by a CCD cooled detector composed by a
2048 x 512 matrix of 13.5 micron pixels. This configuration allows a parallel detection of the inelastic
spectrum, which avoids time-consuming monochromator scan. In the present case the sample, a trehalose
aqueous solution with trehalose concentration 79% w, was directly prepared in a 10 mm path-length UV
trasparent Suprasil cell and the cell was put in the sample vacuum chamber. A conventional liquid nitrogen
temperature controlled cryostat was employed in order to scan the temperature in the desired range. The
temperature stability during each scan was better than 0.1 K. The dotted vertical line in Fig. 1 identifies
the temperature range and the concentration investigated in the present work. At 79% w concentration
of trehalose the calorimetric glass transition temperature should occur at T ≈ 242 K. The solution was
directly prepared by weight, with trehalose dihydrate Sigma T5251 and deionized double distilled water,
heated uniformly by means of a copper container placed on a hot plate at ≈ 383 K until an optically clear
liquid was obtained. The spectra were collected in the temperature range 235− 343 K, and acquired, for
each temperature, in the range ± 500 µeV by integrating over a strip 0.48 mm long, orthogonal to the
energy dispersion direction. The instrumental total energy resolution was about 2.2 ×10−5 eV FWHM,
measured by collecting the isotropic scattered intensity from a high roughness copper surface tilted with
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respect to the beam. At the lowest temperature, the total integration time for each spectrum was 15
minutes, giving rise to a total inelastic intensity of ≈ 2500 counts. The scattering angle was θ ≈ 175 ,
therefore at almost backscattering , and the corresponding momentum transfer Q at 6.1 eV photon energy
was Q = (4π/λ) n sin(θ/2) ≈ 0.1 nm−1. Fig. 2 shows the Stoke side of the measured dynamic structure
factor of a selection of temperatures (open circles). The solid and dotted lines represents the results of the
fitting procedure applied to the data which is described in the next section. These data show the typical
footprint of the presence of the structural relaxation in a glass former: a marked negative dispersion
of the sound velocity, i.e. the inelastic peak shifts toward higher energies as the temperature decreases,
accompanied with a maximum in the absorption (sharpening of the width of the inelastic peak).

3 Spectra analysis

Inelastic ultraviolet spectroscopy is a sensitive measure of the structural relaxation processes in liquids that
affect the spectrum of the density fluctuations. The techniques probes the frequency shift of light scattered
by the propagating longitudinal acoustic modes . The magnitude of the frequency shift is of the order of
a few tens of GHz. We will discuss the acoustic information that can be extracted through the frequency
position and linewidth of the inelastic peaks, i. e. the temperature evolution of the hypersonic velocity
and the acoustic attenuation for longitudinal sound waves. The spectral region around the Brillouin peak
can be described by fitting the data with the convolution of the experimental resolution function with the
dynamic structure factor S(Q,ω). As a first approximation, the dynamic structure factor can be described
as the sum of a δ-function and a damped harmonic oscillator [16] for the elastic and inelastic contributions
respectively:

S(Q,ω) = Aδ(ω) + B
Ω2(Q)Γ(Q)

(ω2 − Ω2(Q))2 + ω2Γ2(Q)
, (1)

where A and B are intensity parameters and Ω(Q) and Γ(Q) correspond to the position and linewidth
(FWHM) of the longitudinal acoustic excitation. The obtained values of (Ω/2π) and FWHM (Γ) are
reported in table 1. These parameters are related to the apparent sound velocity c(T ) and to the apparent
kinematic longitudinal viscosity ν through the relations Ω(T ) = ± (2 n c(T )/λ) sin(θ/2) and Γ(T ) = ν Q2.
In order to calculate the refractive index n at λ=204.8 nm, the assumption has been made that the
same temperature and wavelength dependence holds for both trehalose and sucrose aqueous solution. The
concentration dependence of refractive index and the temperature dependence of the density d reported in
the literature for sucrose [17] have been used in the Lorentz-Lorentz equation [18] to simulate the refractive
index of 79% w trehalose solution as a function of temperature. Then, the Sellmeier dispersion relation [19]
has been used to extrapolate the refractive index at λ=204.8 nm. The resulting momentum transfer Q is
varying by less than 2% and the values at the temperatures of interest are reported in the last column of
table 1.

Fig 3 shows a clear maximum at T ≈ 330 K for the FWHM (Γ) of the inelastic peak. Under these
conditions, the relaxation process strongly couple with the the acoustic waves, giving rise to a lifetime
decrease of the acoustic wave (linewidth broadening). The corresponding characteristic frequency of the
longitudinal acoustic wave is ≈ 20 GHz.

4 Discussion

The choice of the high trehalose concentration (79%w) has made possible to work safely in the regime
of supersaturated solution with low tendency to disclose crystallization of the dihydrate polymorph. The
system shows stability down to the calorimetric glass transition (≈ 242K) where the mechanical stresses
upon contraction of the rigid glass matrix crashed the quartz cell. Only in this concentration regime,
measurements have been possible within a single batch preparation.
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Table 1. Peak position (Ω/2π) and FWHM (Γ) of the inelastic peak at the investigated temperatures. These spectral parameters have been

determined by fitting the peak region with a DHO model, equation (1), and convoluted with the instrumental resolution. Last column report the

value of the exchanged momentum Q, obtained as explained in the text.

T(K) Ω/2π (GHz) Γ/2π (GHz) Q (nm−1) T(K) Ω/2π (GHz) Γ/2π (GHz) Q (nm−1)

343 45.47 6.14 0.0987 285 53.96 2.39 0.0998
333 46.77 6.94 0.0989 275 55.13 1.02 0.0999
323 48.23 6.81 0.0991 265 56.81 1.10 0.1000
313 49.99 5.60 0.0993 255 57.74 0.93 0.1002
305 51.02 4.91 0.0994 245 58.90 0.58 0.1004
295 52.87 3.52 0.0996 235 59.96 0.56 0.1007
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Figure 3. FWHM (Γ) as obtained from the DHO fit for trehalose 79% w aqueous solution as a function of temperature.

Moreover, an accurate description of the shape of the Brillouin spectrum in the presence of a structural
relaxation would require to adopt the memory function formalism [20] to fit the data. Unfortunately, due
to the lack of dynamical and thermophysical data for high trehalose concentration to be used as input
parameters in the different terms of the memory function, as the temperature behaviour of the adiabatic
speed of sound, the adiabatic constant and the thermal diffusivity, the full line-shape fitting analysis cannot
be applied. The obtained values are therefore rigorously valid only in a narrow frequency region around
the Brillouin peaks and describe the ”apparent” speed of sound and attenuation.

Furthermore, only for sucrose solutions there are data in the literature to be used as input parameters.
The density and the refractive index temperature coefficients have been supposedly considered equivalent
for trehalose and sucrose. This assumption is justified by the observation that, sucrose is an isomer of
trehalose, (both are non-reducing disaccharides, as opposite to maltose).

Turning on the glass transition temperature diagram, let us to underline that the Tg values refer to
transition times conventionally fixed at about 100 s. The dependence of α-transition and sub-Tg transition
temperature with the measurement frequency is well known in the field of polymers, by studies with
calorimetric, dynamico-mechanical and dielectric methods. The most relevant phenomenological point
is that the trehalose mixture here investigated is an undercooled liquid from the thermodynamic time-
scale, while the glassy character has already been shown at the frequency of the present study. As a final
speculative comment, the further enhancement of the relaxation times of low-moistened trehalose glass can
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occur if water removal (by evaporation) is accomplished with the formation of crystalline nuclei of dihydrate
trehalose. Under these circumstances, the relaxation times of the trehalose matrix will dramatically increase
with the shift of Tg, with relevance to the bioprotective action of trehalose, in opposite to other sugars, like
sucrose. Experiments along these line are in progress to disclose these differences at high concentrations
of trehalose and sucrose.

5 Conclusion

A sugar-water system has been successfully studied for the first time with inelastic ultraviolet scattering.
The preliminary but important issues of dynamical nature can be summarized in the following points:
First of all, the system trehalose-water (79% w) was shown suitable for inelastic experiments in a rather
large temperature interval. Second, our preliminary results call for directly measured physical parameters.
Finally, the knowledge of the full two-dimensional surface of relaxation times (as function of temperature
and concentration) is required to support or question the glassy-state hypothesis for bioprotection.
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Abstract The results of a FTIR microspectroscopy analy-
sis performed on the mixed gelling system of a protein
(gelatin) and a polysaccharide (maltodextrin) are presented.
A series of spectra were acquired consecutively by raster
scanning the surface over a region of interest. The analysis
has been carried out on three mixed-biopolymer samples
prepared following different temperature paths, to study the
effects of kinetics and thermodynamics on the texture of the
final product. The chemical mapping has revealed to be
very sensitive to composition, physical structure and
hydration of the biopolymers. The results are critically
discussed in reference to the band assignments and to
protocols of sample preparation on the microtexture of the
thin film.

Keywords Synchrotron . FTIR spectromicroscopy .

Phase separation . Biopolymers .Microtexture

Introduction

The physico-chemical behavior of bio-macromolecular
components in food has now been traced back to the so
called “food polymer science” concepts, although it has
only been fully explored in recent times.1–3 A food system
is, by definition, the “collection” of several entities, from
simple molecules to (macro-)molecular aggregates, orga-
nized in several structural levels (e.g. colloidal phases) and
bound together by forces such as, among others, van der
Waals and steric interactions.4 The great advantage of using
mixtures of biopolymers in food technology lies in their
intriguing textures, which are very distinct from those
created by the individual components. Several types of food
products, bread for instance, can be considered from the
macromolecular point of view as interpenetrating polymer
networks (IPN), in the same way that this combination of
polymers in a network form is defined in the synthetic
polymer field.1,5,6 Product microstructure in food, cosmet-
ics and pharmaceutical industries is a crucial issue for both
the functionality and the quality of the product in terms of
consumer acceptance, due to its influence on several
macroscopic aspects (texture, consistency, mouthfulness).

When specific charge interactions are absent, biopol-
ymers are by definition incompatible and show a tendency
to undergo phase separation, usually enhanced by a
decrease in temperature.7 Indeed, the first report on
incompatibility in biopolymer mixtures can be traced back
to 1896 by Beijerinck (quoted in Grinberg and Tolstogu-
zof).7 Low charge-density biopolymers of opposite charges
may offer more complex phase behavior, including soluble
complexes, as a function of the ionic strength.8 Other
biopolymers may also have further elements of topological
complexity in their ordering processes which make the
event of phase separation more complex. The ordering and
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gelation of many biopolymers were usually considered as
intrinsic and intriguing properties worth studying mainly
from an academic point of view.

In a ternary phase diagram (two different biopolymers
and a solvent), several features are relevant to the
morphology of the system for each composition and
temperature. In the three-dimensional diagram, the most
important ones are the binodal and spinodal surfaces that
separate the (stable) biphasic region from the stable mono-
phasic region.5,6 When crossing these surfaces, phase
separation may not occur immediately and the elapsed time
allows the morphology to be tailored by tuning the thermal
route. It turns out that the kinetics of isothermal relaxations
(curing) and non-isothermal re-arrangements (ordering/
gelation and phase separation) becomes a determinant
factor for the structure of the final product. However, many
physico-chemical features are still missing for a quantitative
understanding of the driving forces and dynamics which
ultimately govern all transformations.

As far as the morpho-structural characterization of these
biopolymer composites is concerned, the major obstacle
resides in the absence of any detectable contrast, which is
often bypassed by labeling specific groups with fluorescent
probes, as in confocal laser microscopy and staining.
However, in some approaches the original biocomponents
need to be modified by introducing new chemical function-
alities and therefore locally perturbing the original species.
Furthermore, sample preparation can often require awkward
chemical work, which is expensive and time consuming.
Finally, very few techniques simultaneously give informa-
tion about water distribution.

This work presents the results of a FTIR microspectro-
scopy analysis performed on the mixed gelling system of a
protein (gelatin) and a polysaccharide (maltodextrin).
Unlike most instrumental microscope techniques, FTIR
spectroscopy probes the very chemical nature of the
components, and samples need neither staining nor label-
ing, which makes it suitable and appealing for a vast range
of applications and materials.9 Although the present experi-
ments were carried out in low-moisture conditions, the
presence of residual water could, nevertheless, be detected.
The results are discussed with reference to the thermody-
namics and the kinetic processes of the same mixed-
biopolymer system.

Experimental

Materials

Maltodextrin (SA) is a potato starch enzymatic hydrolyzate
(Paselli SA2, produced by AVEBE), and it was kindly
provided by Unilever Research, UK. The polysaccharide is

characterized by a low rate of crystallization and by a DE
(dextrose equivalent) of about 2–3, which would give an
approximate Mn of 10.6 However, the molecular weight
distribution curve, determined by DAWN size-exclusion
chromatography coupled with LALLS (I. Norton, personal
communication), evidences a broad bimodal distribution
with peak values centered at about Mw of 8 105 and 7 103.
The sample is assumed to contain both linear and branched
polydisperse fractions of poly(-D-glucose) and about 14%
of residual moisture. Maltodextrin solutions were prepared
by dispersing the powder in water (concentration w/w). The
dispersion was then heated and kept at a high temperature
for half an hour.

Gelatin (LH) is the first extract of alkaline-processed lime
hide, and it was kindly provided by the former Systems Bio-
Industries (SBI, France). The powder is slightly yellowish and
contains 12% of residual moisture and about 2% of impurities;
all ionic species, however, are less than 10–7mol/g of dry
powder. The pI value of the biopolymer is about 4.5. A
gelatin solution (0.5l at 1%) was further purified by dialysis
at 38°C. The resulting biopolymer had a molecular weight of
1.2 105 as measured by intrinsic viscosity on the basis of
calibration and literature data.10

Both biopolymer samples have been repeatedly reported
in literature and amply characterized in the framework of an
EC project (FAIR CT 96-1015).

Solutions with 2 ± 0.08% w/w gelatin or maltodextrin
were prepared by swelling the biopolymers in deionized
water. Dispersions are kept under stirring at 60°C, until
they were clear and transparent. Equal volumes of gelatin
and maltodextrin solutions were mixed at 60°C to obtain a
2% final concentration solution. A small volume of this
mixed solution was poured to cover an area of 2 cm2 onto
the reflective surface of a CFR (corner frosted) 1 × 3 in.
MirrIR slide (Kevley Technologies, Chesterland, OH), as
IR measurements are performed in the reflection–absorp-
tion configuration. Several samples were prepared accord-
ing to different procedures in order to get a thin film of
uniform thickness on the support. Film spinning and simple
solution casting are the most reproducible of these
procedures. However, solution casting was preferred to
avoid sample structuring by spinning. A small solution drop
was left on the support at controlled temperatures of 10, 25
and 50°C for samples CT, RT and HT, respectively. Water
evaporation occurred naturally at ambient relative humidity
(60–65%) for samples RT and HT, at 90–95% for sample
CT. After partial water evaporation the thickness of the film
was of about 3–5 μm. Most of the physical transformations
of our concern occur at constant temperature and in the
initial stage of drying, when the high water content allows
for high mobility. Further drying of the films may have
occurred during the measurements in the IR Microscope
where a continuous flow of dry nitrogen is applied.
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Methods

Films were studied at the SISSI (Source for Imaging and
Spectroscopic Studies in the Infrared) beamline, Elettra
Synchrotron Radiation Facility in Trieste, Italy. Beamline
Instrumentation includes a Bruker VERTEX 70 digital FT-IR
spectrometer, connected to a Bruker Hyperion 3000 Micro-
scope. The interferometer-microscope pair was operated in the
mid-IR configuration, using a 36× objective, a KBr beams-
plitter and a single element MCT detector. Spectra were
recorded in transmission with 4 cm-1 resolution, in the 600–
4,000 cm-1 range. The number of scans per sample and the
aperture settings were changed, depending on the signal to
noise ratio. Data were analyzed using OPUS 5.5 software
(Bruker). Interferograms were apodized with a Blackman-
Harris 3 term function and extended using a 2 zero filling
factor before performing the Fourier transform. There was no
further mathematical treatment of the spectra. The baseline
was not corrected in the whole frequency range, but suitably
selected between two frequency limits of interest depending
on the sample, to account for the presence of scattering or
band overlapping, for example. Spectra were integrated by
taking the areas under the curve between these limits and the
areas were rated to compensate for the effects of thickness
variation, instead of normalizing them for the intensity of the
whole fingerprint region. This choice was made for two main
reasons: firstly, this data analysis is simpler and less time-
consuming and secondly, if there is a significant scattering
contribution, the baseline should be corrected using a
mathematical model or a random correction, such as the
rubber band baseline correction, which in our opinion would
introduce artifacts. The chosen region for gelatin identifica-
tion includes Amide I and II absorption bands at ∼1,650 and
1,550 cm-1 and for maltodextrin, the glycosidic linkage
absorption in the 1,200–980 cm-1 region. In addition, water
absorption bands in the 2,100–2,700 cm-1 interval were
integrated for RT samples.

Results and Discussion

FTIR Microscopy, Instrumental and Technical Aspects

In the following experiments, three mixed-biopolymer
samples were prepared following different temperature
paths, starting from a solution at 60°C and pouring a drop
on the glass surface at 50°C (hereafter sample HT), 25°C
(sample RT) and 10°C (sample CT), and to study the effects
of kinetics and thermodynamics on the texture of the final
product. A series of spectra were acquired consecutively by
raster scanning the surface over a region of interest,
determined by optical microscopy. After selecting the main
spectral features, i.e., the “chemical fingerprint”, of each

component, a chemical mapping was carried out. The
spectral collection was reassembled by the software to
represent the spatial (and topological) distribution of the
different chemical species in the original area. A schematic
representation of the experimental set-up is given in Fig. 1.

The extension of the sampled area was established as a
compromise between the time of measurement and the
minimum representative area. The lateral resolution is
basically related to the size of the apertures. The higher
the signal to noise ratio, the smaller the apertures can be,
and therefore also the resolution. This is generally around
20–25 μm with a conventional globar source. When
working with a synchrotron source, because of its high
brightness, the signal to noise ratio is remarkably improved
and the apertures can be closed until the spatial resolution is
determined by the diffraction limit for the wavelength in
use. In our case, apertures were set to a few microns,
specifically at 4 × 4, 5 × 5 and 6 × 6 µm for samples HT,
RT and CT, respectively. It must be noted, however, that
although the diffraction phenomenon determines the phys-
ical limit where intensity starts to fall drastically, there are
several examples in the literature where spectra have been
recorded with apertures well over the diffraction limit.11

Spatial Mapping

The first important piece of information arises from the
spectrum of the mixture. Figure 2 shows the spectra of the
single biopolymers and the blend. Similar results have already
been reported by other authors.12 Note that the spectrum of
the blend shows no significative shifts in frequency compar-
ing to the single components, reflecting that there is no
chemical reaction nor extensive physical interaction between
the biopolymeric components. This condition was verified in
all samples, also in those prepared at low temperatures, where
the interface area started to be considerable in relation to the
volume. Thus, it can be deduced that the polymers in the
mixture are mostly incompatible in the experimental con-
ditions, as already demonstrated by other methods (see Loren
et al. references therein).27

The intensity distribution maps for gelatin, maltodextrin,
and water are shown for sample RT in Fig. 3. At first sight,
not only is phase separation evident in all samples, but there
is also a clear complementarity in the intensity distributions
of the two biopolymers. A closer look at the maps shows
several differences in the biopolymer textures, which are
coarse at high temperatures and fine at low temperatures, as
a consequence of the differing thermal histories.

For a better comparison, the maps of the gelatin/
maltodextrin intensity ratio for the three samples designated
HT, RT and CT are reported in Fig. 4a, b and c, respectively.
The analysis of the peak ratio gives a more realistic
interpretation of the distribution of the biopolymer(s)

Food Biophysics (2008) 3:77–86 7979



than the absolute intensity value alone. Several features
emerge from scrutinizing these maps, as a result of the
different processes occurring in the samples at the curing
temperature.

At a high temperature (sample HT) the phase separation
involves a massive biphasic system, given the absence of
any gel formation in either gelatin or maltodextrin (Fig. 4a).
If the blend had remained at this temperature for longer,

Fig. 1. Schematic representa-
tion of the experimental set-up,
showing the raster scan of the
film with the relative spectrum
of the pixel, the full 3D spectral
informal along the path and the
final chemical imaging based on
peak-integration procedure

Fig. 2. Conventional spectra of
the pure biopolymers, gelatin
and maltodextrin, and of the
biopolymer blend. The colored
bands identifying the regions
1,500–1,700 and 1,000–1,200
have been selected for the inte-
gration procedure
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then separation would have been macroscopic. However, as
water evaporates, two competing phenomena occur as a
consequence of higher biopolymer concentration driving
forces: phase separation should appear to a larger extent but
at the same time the molecular mobility decreases. The final
morphology is then affected mainly by the dehydration rate,
which, in a thin film, is obviously high, due to the large
surface area. For this reason, the final sample appears
structured in small segregated patches of about 10–20 μm.
Furthermore, in Fig. 4a, the point of the highest ratio is
three times that of the point of the lowest ratio.

Conversely, at low temperatures (sample CT) the
conformational (ordering) changes in gelatin give rise to
the gelation process which is fast enough to trap the
maltodextrin component (Fig. 4c). Under these circum-
stances, small droplets of a few microns are generated, a
condition known as “kinetically trapped gels”.13–15 There-
fore, although demixing is present, the spots are smaller in
size than in sample HT, and their dimension can even be
inferior to the resolution of the technique. This is indirectly
confirmed also by the fact that the extremes in the scale of
the ratio change only slightly, i.e., there is a difference of
about 20% from maximum to minimum, showing a more
uniform distribution on the scale of the resolution (4–
6 μm). According to Mousia et al.,12 structures of 6 μm
could be resolved with an aperture of 4 μm. Therefore,
even when the absorbance values are not normalized and an

accurate quantitative analysis is not possible, the analysis
gives a clear qualitative picture of the morphology.

Samples cured at room temperature (sample RT, Fig. 4b)
lie between these two structures. Water bubbles appear
clearly (see Fig. 3), where the top value of the intensity of
the water seems to be associated with a polysaccharide-rich
zone, surrounded by a protein ring. Besides the presence of
water (discussed in the next section), the two biopolymers
appear to be clearly separated in confined spaces. The two
phases show smaller dimensions for the protein phase than
for the maltodextrin one; however, the protein phase seems
more compact, a possible result of the gelation process,
which is discussed in the next section.

Water and Hydration; Biopolymer Conformation
Features

Water

As reported in the “Experimental”, the liquid film samples
were exposed to spontaneous dehydration from the initial
aqueous solution at 60°C (total biopolymer concentration
2%) to the “dried state” at the curing temperature of 50, 25
and 10°C. After film dehydration some residual water
remains and is always higher for samples cured at low
temperatures, although here not explicitly determined by

Fig. 3. Intensity distribution maps of sample RT for gelatin, maltodextrin, and water ( from left to right). The arbitrary color scale depends on the
area of integration peaks

Fig. 4. Maps of the gelatin/maltodextrin intensity ratio for the three samples: HT, RT and CT ( from left to right). The arbitrary color scale
depends on the ratio of integration peak area. See, for comparison, data of Fig. 3
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other methods. The specific range of water vibrations taken
into consideration is in the 2,000–2,700 cm-1 region.
Although the main absorption bands of water are at
different wave numbers (3,100–3,700 cm-1 for OH stretch-
ing and around 1,640 cm-1 for OH bending), these were
discarded because both biopolymers contribute to the
absorption in these regions. Therefore, it was not possible
to attribute a change in these bands univocally to water. The
analysis of the water molecule distribution over several
different hydration states is neither straightforward nor does
it enter the scope of this work. However, water molecules
of this type are generally bound to hydrophilic groups and
lack any ordering capacity, i.e. they do not freeze when the
sample is cooled below 0°C. On the other hand, the
occasional presence of water in the form of microbubbles is
also clear. This type of water cannot be assimilated to
hydration water which can be detected by its interaction
with the hydrophilic groups, but seems to be due to water
drops confined in the matrix which are prevented from
evaporating because they are encapsulated in a tight gelatin
layer. The presence of some polysaccharidic components in
these drops can be ascribed to the original phase-separated
maltodextrin in the water, which was preserved after gelatin
gelation and sample dehydration had occurred. The ques-
tion about whether dehydration of one aqueous phase may
occur faster than the other one in a phase separated system
is merely speculative, as it involves water mobility in films,
in addition to the other phenomena already mentioned.

Protein Phase

Besides chemically mapping the components, a more
detailed spectral analysis can also provide some insights
into the conformational features of the biomacromolecules.
As for the protein part, amide I and II bands change shape
and position according to their thermal history, chemical
interactions and physical environment. Amide I and, to a
lesser extent, amide II vibrations are known to be
straightforward with relation to the secondary structure of
(globular) proteins, making it possible to quantitatively
estimate the fraction of α-helix, β-sheets and random coils,
using deconvolution or least-square curve fitting techniques
to enhance resolution. This general conclusion is easily
grasped in many investigations on the spectral changes in
proteins due to aggregation, conformational changes,
denaturation, solvation and other phenomena. Among
others, a reference paper on the conformational changes
of adsorbed proteins through FTIR/ATR16 and a study of
the spatial distribution of the components and the effects of
extrusion on amide I and II bands in corn and oat based
extrudates have to be taken into account.17

However, as far as the present protein is concerned, gelatin
triple helix conformation has its own signature, which is
clearly different from the α-helix or β-sheet spectral features.
According to the pioneering work of Veis,18 the principal
components of the amide I and II bands in native collagen
are centered around 1,660 and 1,560 cm-1, respectively.
Since the amide I band represents the carbonyl vibrations of
the polypeptide backbone, the shift to a higher absorption
frequency can be attributed to hydrogen bonding in the triple
helix conformation. As collagen denatures and loses the
triple helix structure, the amide I band component at 1,660
decreases and a component at 1,633 increases, changing the
overall shape of the peak.18

The amide II band, which mainly represents the in-plane
bending of the CNH atoms in a peptide bond, is less frequently
used to assess the conformational changes. The amide II band
at 1,545cm-1, however, seems to be rather strongly related to
the conformational change of a globular protein like
bacteriorhodopsin.19 Furthermore, a strong amide II compo-
nent at 1,540–1,550 cm-1 for α-helices and at 1,510–
1,530 cm-1 for β-sheets has also been reported.20

To the best of our knowledge, changes occurring in the
amide II band at 1,545 cm-1 have not been studied in detail as
far as the gelatin order–disorder process is concerned. In the
case of gelatin, this component is shifted to higher
frequencies (1,560–1,550 cm-1) due to the presence of the
triple helix conformation. In sample C, the main component
is quite pronounced at about 1,556 cm-1, with a shoulder at
1,542 cm-1. This shoulder grows in the other samples and
becomes the main component; while the amide II peak
broadens, another shoulder at 1,524 cm-1 begins to show.
Within this frame of interpretation, we can deduce that
gelatin is highly ordered in all the samples, independently of
the thermal treatment.

Polysaccharide Phase

The principal contributions for carbohydrate monomers and
polymers are in the 860–1,300 cm-1 region. These vibrations
were attributed to C–C and C–O stretching, as well as to
COH bending originated by C(4)–O in the case of 1,022 cm-1

and C(1)–H at 1,047 cm-1. Some recent papers concern the
correlation of the IR peak positions and intensities with the
short range order and the crystallinity of maltodextrins (as
the one used in the present work) and starch. Although
interpretations of experimental data on this subject may
appear to be slightly confusing, or even contradictory, there
seems to be a general agreement on the fact that an
absorption band with the main mode at 1,022 cm-1 is typical
of the amorphous starch and decreases under conditions that
are associated with an increase in short-range ordering.
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According to van Soest,21 the components at higher
frequencies (1,040–1,055 cm-1) should show an opposite
behavior; a higher absorption at 1,022 cm-1 denotes
amorphous starch while at 1,047 cm-1 evidences a high
amount of order. Furthermore, the band at 1,047 cm-1 can
be split into two contributions, one at 1,040 cm-1 which
develops relatively fast and another at 1,053 cm-1 which
takes longer to develop. The latter is associated with the
phenomena involving starch crystallization (retrogradation).
However, in another work, this band has been shown to be
insensitive to hydrolysis,22 suggesting that it is not an
appropriate indicator of the degree of order.

Within this interpretation frame, our samples RT and HT
show a discrete polysaccharide ordering, as the component
at 1,022 cm-1 is small in comparison to those at 1,040–
1,055 cm-1. Moreover, sample HT appears to be heteroge-
neous with a higher crystallinity in water-rich bubbles.
Sample CT, however, has a single, broad peak centered at
1,024 cm-1, with two soft shoulders at around 1,000 and
1,050 cm-1.

On the other hand, in the complete and less recent analysis
performed by Kačuráková and Mathlouthi on some mono,23

di- and oligosaccharides, a change in the 1,026 cm-1 band
of maltose is attributed to hydrophobic intramolecular
interactions. In this work, the evolution of the spectra of
some monosaccharides as a function of concentration,
underlines the change in the contribution of the modes at
1,020–1,030 cm-1 to the band at 1,050 cm-1, which could be
ascribed to a different level of hydration of the C–OH
groups.

It is therefore clear that maltodextrin signals should
show quite a complex dependence on both hydration and
ordering (when present). A larger order seems to be
associated within the water bubble, thus corroborating the
suggestion of (hydrated) starch retrogradation. The poly-
dispersity of our sample may, however, prevent the
formation of long range order, which can be characterized
with X-ray diffractometric experiments.

Gelatin-Maltodextrin Blend: From the Bulk Solution
to a Thin Film

The aqueous mixtures of these biopolymers have been
characterized and their properties and behavior in a semi-
dilute concentration are known.13–15,24–27 The ternary
system is homogeneous only in the diluted regime and at
high temperatures, as critical temperatures and concentra-
tions are correlated with each other. The thermodynamics of
the mixture can be properly described in terms of the Flory-
Huggins interaction parameters χ, predicting phase separa-

Fig. 5. a Schematic three dimensional phase diagram of maltodextrin–
gelatin ternary system: region A is the fully miscible range; plane B
indicates the of maltodextrin gel (approximately 65°C); plane C
represents the stability temperature of gelatin gel (approximately 30°C).
The conic surface, delimiting the two-phase system, is schematically
represented by the line b–a. The two arrows identify the process of
cooling and of dehydrating the mixed system. b Schematic section of
the phase diagram of maltodextrin-gelatin (gelatin concentration 4%)
as a function of maltodextrin concentration. The thermogram shows
the cooling curve of a mixed system (gelatin 4 wt% and maltodextrin
12.5 wt%) at scan rate of 0.5 K min-1. The heating curve of the same
system after curing at 10°C for 24 h shows the melting of both gelatin
and maltodextrin gel phases
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tion within a range of concentration and temperature
values.24,25,28 Interaction parameters, phase transitions,
and kinetics of the order–disorder processes, clearly point
to chain incompatibility at a molecular level. A schematic
3D diagram showing the equilibrium phase separation and
gelation in a dilute regime is provided in Fig. 5a. Figure 5b
reports some details of a section, including the DSC heating
and cooling thermograms showing the characteristic hys-
teresis for the transitions of gelatin and the absence of
thermal events for the gelation of maltodextrin in the
experimental time with endotherms. At high temperatures
(t > 35°C) gelatin chains are in the random coil conforma-
tion and maltodextrin is a metastable conformationally
disordered system.

In the present work, the mixed system was prepared by
mixing equal volumes of 2% solutions of the two biopol-
ymers at 60°C. When the mixed system at a high temperature
was poured onto the glass at the curing temperature, two
phenomena happened at the same time: the temperature
dropped and the water molecules evaporated. As the system
cooled and concentrated, phase separation was reached at a
given pair of temperature–concentration values.

Although both gelatin and maltodextrin may form gels,
and maltodextrin may even crystallize, maltodextrin pro-
cesses are kinetically slow. All these events add to (and are
a function of) phase separation and eventually contribute to
the final structure. For example, at temperatures below
30°C, gelatin orders, thus generating new driving forces for
phase separation. This phenomenon has a characteristic

time of ≈50min at 20°C and 2% polymer concentration.26

Indeed, both the kinetics and the thermodynamics of
gelation depend on concentration and therefore on phase
separation. On the other hand, the kinetics of gelation and
crystallization of maltodextrin are very slow (characteristic
times of the order of days).

The change in the thermal properties of gelatin gels at
low moisture has been studied by Tseretely and Smirnova
by differential scanning calorimetry.29 These authors have
shown that the melting temperature of gelatin gels increases
from about 30°C at a low gelatin concentration to about
100°C at 80% concentration, while the glass transition
temperature of an 80% gelatin sample occurs at about room
temperature. Therefore, the rate of water evaporation and
the temperature of the process are relevant if they can
ensure enough mobility and recrystallization phenomena,
before isothermally entering into the glassy state.

The processes of cooling and dehydration are coupled and
microscopic phase separation always precedes gelation of
gelatin. Previous kinetic studies by step-scan microcalorim-
etry have shown that the characteristic time of gelatin
gelation depends on the actual protein concentration in a
phase separated system.26 Under the present circumstances,
therefore, gelation can more easily occur not only because
concentration increases due to the water evaporation, but
also due to the phase separation. As the maltodextrin phase
has more difficulty in ordering, an amorphous starch phase
would be expected in the present experiments, at least for
the long range order.

Fig. 6. IR spectrum of a sample
showing undulation associated
to scattering phenomena. The
underlined baseline (dotted line)
has been simulated by using the
equations of Mohlenhoff et al.,33

with a particle radius of 6.1 μm

84 Food Biophysics (2008) 3:77–86



In general, low crystallinity in starch fractions is
expected and found in blended films containing mixed
biopolymers. There is, indeed, a fundamental difference in
the evolution of morphologies of blends processed by
demixing bulk mixed systems and by solution casting the
same original blend. In particular, starting from semi dilute
concentration ranges of mixed gelatin-maltodextrin, phase
separation, gelatin gelation and much slower maltodextrin
crystallization take place inasmuch as biopolymer mobility
can be ensured by large amounts of water solvent. The
rapid evaporation occurring in thin film casting provides a
previously unexperienced rapid increase in concentration
which practically quenches the whole system in the low-
moisture film. However, as the solvent evaporation takes
place at different temperatures of 10, 25 and 50°C, some
complexity is introduced in the interplay of polymer
mobility, solvent evaporation and initial temperature. The
complexity of the effect of the solvent evaporation rate on
the pattern formation during polymer phase separation has
also been explored from many viewpoints. It turns out that
both orientation and flow induced deformation could be
observed, as has been reported in literature.30–32

As far as the polysaccharide phase is concerned, even in
the apparently simple mixture of amylose and amylopectin,
amylose crystallization was unexpectedly found to be much
higher than predicted in non-phase-separated films, possi-
bly because cocrystallization induces amylopectin crystal-
lization.32 Phase-separated films, consequently, were
characterized by a lower extent of crystallinity. Analogous-
ly, it is straightforward to extrapolate this concept to the
gelatin-maltodextrin film, ascribing low ordering to phase-
separated biopolymers with low water content and low
nucleation processes.

In conclusion, quite a few variables may induce
modifications in the observed pattern. By mentioning this
variability, it is not the authors’ intention to be exhaustive
but only to mention that the most simple procedure has
been used here and that different methods of sample curing
may produce different morphologies. This is well known
for all polymeric materials undergoing processes of
decreasing mobility and entering into metastable phases.

Another phenomenon is worth mentioning here. Some
spectra present a clear bias in the baseline, when the sample is
characterized by the presence of very small droplets. An
example of such spectra is reported in Fig. 6, where
undulation of the underlined baseline (simulated by the
dotted line) is a clear indication of the scattering phenomenon
associated to homogeneous droplets in a matrix with a
different refractive index. Such a phenomenon has been
described and theoretically treated since the earlier years of
the last century. The Mie equation is the fundamental tool for
correlating the several physical parameters with the size and
properties of the particles responsible for the scattered

radiation.33 Increments of the refractive index are reported
to be of the order of 0.15 and 0.19 cm3 g-1, for
polysaccharides and for proteins, respectively. For the present
work, the most relevant point is that the dotted line in Fig. 6
is calculated with an average particle diameter of 6.1 μm, a
value that is in agreement with the figures calculated on the
basis of the turbidity evolution on the same system.14

Conclusion

Some recent works have already shown the feasibility of
molecular chemistry imaging of both confectioned mixed
systems and natural vegetal tissues (see for example Yu et al.).34

The euristic result of this present work on gelatin-maltodex-
trin filmsmainly relies on the amount of chemical and structural
information available in contrast with the two-bits commonly
grasped in other imaging techniques. The present system is
taken as a model for more complex and naturally occurring
samples where the major concern is the possibility to follow the
microstructure formation of a solid phase composite without
any chemical perturbation and to get information about the
interaction between biopolymers with one single, simple
technique. Furthermore, provided that a suitable microtomic
procedure can be used with the blends investigated, the
quantification of the peak intensity may also provide an
appropriate in situ analysis of system compositional fractions.

Future plans in this direction include exploration of other
mixed biopolymer systems such as the bread matrix,
including the single components gluten and starch, by
taking advantage also of the most recent experimental
findings on frozen gluten.35
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IR MICROSCOPY OF BIOPOLYMERS UNDERGOING
PHASE SEPARATION AT THE SISSI BEAMLINE

INTRODUCTION 
Natural polymers are widely used in many
applications ranging from medicine to food
engineering, being their main advantages
abundance, biocompatibility and biodegrad-
ability. Growing interest in several technol-
ogy areas has promoted many investigations
for the understanding, characterisation and
design of biopolymer matrices, based on
mixtures of polysaccharides and proteins,
with a suitable texture for every specific
function required. Most of the examples of
biopolymer matrices and films are in the
food field, whereas high-value non-food
applications come from the biomedical field,
such as drug-delivery, tissue engineering, cell
scaffold and enhancement of transplants
performance and biocompatibility.

The fundamental idea in texture tailoring
lies on the possibility of modulating the
thermodynamics of biopolymer phase sepa-
ration with the kinetics of biopolymer aggre-
gation and gelation. While the thermody-
namics of phase-separated aqueous mixtures
of biopolymers has already been studied in
some detail, there is little or no information
at all for the low-moisture state, like films or
blends. As a consequence, also the kinetics
governing mixed gelation is almost unex-
plored. The importance of filling this gap is
that physical and chemo-biological proper-
ties are functionally dependent on the
microscopic structure of materials.

The major obstacle for the morpho-struc-
tural characterisation of biopolymer com-
posites resides in the absence of detectable
contrast, often by-passed by labelling specif-
ic groups with fluorescent probes, as in con-
focal laser microscopy, staining, etc, intro-
ducing however other substances to the sys-

tem or altering the original components by
chemical reactions. Unlike most instrumen-
tal techniques, FTIR spectroscopy probes
the very chemical nature of the components
and samples needs neither staining nor
labelling, which makes it suitable and attrac-
tive for a vast range of applications and
materials. 

In this work, the results of a FTIR micro-
spectroscopy analysis performed on a mixed
gelling system of a protein (gelatine) and a
polysaccharide (maltodextrin) are presented.

MATERIALS AND METHODS
Gelatine sample is the first extract of alka-
line-processed lime hide, kindly provided by
Systems Bio-Industries (SBI), purified by
dialysis at 38 °C, with molecular weight 1.2
104. Maltodextrin (Paselli SA-2) is a com-
mercial product obtained by enzymatic
hydrolysis of potato starch and was kindly
provided by Unilever Research, UK. The
polysaccharide is characterised by a bimodal
distribution of molecular weight, namely 8
105 and 7 103, and by its low rate of crys-
tallisation. Both biopolymer samples have
been amply characterised in the framework
of a EC project (FAIR CT 96-1015).

Solutions with 2% w/w gelatine or mal-
todextrin were prepared by swelling the
biopolymers in deionised water. Dispersions
were kept under stirring at 60°C, until clear
and transparent. Equal volumes of gelatine
and maltodextrin solutions were mixed to
obtain a 2% final concentration solution. A
small volume of this mixed solution was
poured on the golden surface of a CFR (cor-
ner frosted) 1 x 3 inch MirrIR slide (Kevley
Technologies, Chesterland, OH), as meas-
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apodized with a Blackman-Harris 3 term
function and extended using a 2 zero filling
factor before performing the Fourier trans-
form. 

Spectra were integrated taking the area
under the curve between two frequency lim-
its and a baseline properly selected. The
region chosen for gelatine includes Amide I
and II absorption bands at 1630 cm-1 and
1540 cm-1 while for maltodextrin, the glyco-
sidic linkage absorption in the 1170-980 cm-

1 region. (see Figure 1) In addition, for RT
sample, water absorption bands at the 2100-
2700 cm-1 interval have been integrated.

RESULTS AND DISCUSSION
A series of spectra were acquired consecu-
tively by raster scanning of a surface over a
region of interest, and reassembled by the
software to represent the spatial (and topo-
logical) distribution of the different chemi-
cal species in the original area. Having
known the main spectral features of each
component, the “chemical fingerprint”, it
was possible to create a map representing the
intensity of the absorption of IR radiation
due to the selected chemical groups. In oth-
er words, this integration procedure provid-
ed the chemical mapping of the sample. The
extension of the map is established as a com-
promise between the time of measurement
and the minimum representative surface,
and the lateral resolution is determined by
the size of the apertures, which is generally
around 10-15 m with a conventional globar
source. The higher the signal to noise ratio,
the smaller the apertures –and so the resolu-
tion- can be. While working with a syn-
chrotron source, because of its high bright-
ness (photons flux per source area and solid
angle) and coherence, the signal to noise
ratio is remarkably improved and spatial res-
olution is determined by radiation’s diffrac-
tion limit. Although this phenomenon
determines the physical limit where intensi-
ty starts to fall drastically, there are plenty of
examples in literature where apertures are set
well beyond the diffraction limit [1] as in
our case, where apertures are 4x4 μm (RT-
samples) 5x5 μm (C-samples) and 6x6 μm
(H-samples). 

In the following results, three samples
prepared in different ways, at low (C), room
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Gelatin
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Maltodextrin

a b

c d

Figure 1. Spectral
features of Gelatine,
Maltodextrin and their
mixture. The spectrum 
of the blend maintains
the characteristic
frequencies of the 
single biopolymers.

urements were performed in reflexion con-
figuration (transmission). Samples were pre-
pared according to different procedures and
water evaporated at low (C), room (RT) and
high (H) temperatures (at 10°C, 25°C and
50°C respectively).

Films were studied at the SISSI (Source
for Imaging and Spectroscopic Studies in the
Infrared) beamline, Elettra Synchrotron
Radiation Facility in Trieste, Italy. Beamline
Instrumentation includes a Bruker VER-
TEX 70 digital FT-IR spectrometer, con-
nected to a Bruker Hyperion 3000 Micro-
scope. The interferometer-microscope pair
was operated in the mid-IR configuration,
using a KBr beamsplitter and a single ele-
ment MCT detector. Spectra were recorded
in transmission with 4 cm-1 resolution, in
the 600 – 4000 cm-1 range. The number of
scans per sample and the aperture settings
were changed depending on the signal to
noise ratio. Data were analysed using OPUS
software (Bruker). Interferograms were

Figure 2. Sample RT
(Room Temperature).
Chemical mapping of:
(a) Gelatine, (b)
Maltodextrin, (c)
Gelatine over
Maltodextrin Ratio, and
(d) water. The ratio
corrects the effects of
topography, giving a
more realistic view of the
distribution of polymers.



(RT) and high (H) temperatures (at 10°C,
25°C and 50°C respectively) are shown to
discriminate the effect of kinetics and ther-
modynamics on the texture of the final
product. 

The first important information arises
from the spectrum of the mixture. It can be
seen in Figure 1 that the spectrum of the
blend can be obtained by adding the spectra
of the single polymers. This is possible only
if there is no chemical reaction or strong
physical interaction between components,
otherwise peaks would shift in frequency or
change shape. Another important feature is
water vibrations, which are present in the
2000-2400 cm-1 region. They are quite
unexpected, since water should evaporate
almost completely, but still occur in the
sample RT, shown in Figure 2. The maps in
the Figure correspond to the intensity dis-
tributions for gelatine (a), maltodextrin (b),
gelatine/maltodextrin ratio (c), and water
(d). Phase separation is evident, and there
are some complementarities in the intensity
distributions. The water bubbles are clear in
d, where the top of the intensity of water
seems to be associated to a polysaccharide
rich zone, surrounded by a protein ring.

Figure 3 shows the maps reporting the
intensity of gelatine/maltodextrin ratio for
the three samples. This kind of representa-
tion compensates the thickness variation in
the sample and therefore gives an interpre-
tation of the biopolymer(s) distribution
more realistic than the absolute value of
intensity. Thus, the different curing temper-
ature in sample preparation clearly show
that at high temperature (HT) the phase
separation involve a massive biphasic system,
given the absence of gel formation of both
gelatine and maltodextrin. The point of
higher ratio (in pink) has three times more

gelatine than a point of low ratio (blue).
Conversely, at low temperatures (C) the
gelation process arising for gelatine is almost
completed before the phase separation can
be extended over droplets of a few microns;
therefore, although separation is present, the
spots are of a minor size than in sample HT.
This is confirmed also by the fact that the
extremes in the scale of the ratio changes
slightly, so from a maximum to a minimum
there is a difference of about 20%. Samples
stored at room temperature (RT) lie
between these two structures.

The relevant result on the gelatine-mal-
todextrin system taken as a model for more
complex and naturally occurring samples
concern the possibility to follow the
microstructure formation of a solid phase
composite without any chemical perturba-
tion and to get information about the inter-
action between biopolymers with a single
and simple technique. 
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Figure 3.
Gelatine/Maltodextrin
ratio for samples: C
(left), RT (center), 
and H (right). 
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