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The biological relevance of trehalose, glycerol, and their mixtures in several anhydrobiotic and cryobiotic organisms has recently
promoted both experimental and simulation studies. In addition, these systems are employed in different industrial fields, such
as pharmaceutical and cosmetic industries, as additives in mixtures for cryopreservation and in several formulations. This review
article shows an overview of Inelastic Neutron Scattering (INS) data, collected at different temperature values by the OSIRIS time-
of-flight spectrometer at the ISIS Facility (Rutherford Appleton Laboratory, Oxford, UK) and by the IN4 and IN6 spectrometers at
the Institut Laue Langevin (ILL, Grenoble, France), on trehalose/glycerol mixtures as a function of the glycerol content. The data
analysis allows determining the Boson peak behavior and discussing the findings in terms of fragility in relation to the bioprotective
action of trehalose and glycerol.

1. Introduction

In very high saline environments, halophile organisms toler-
ate extreme desiccation by passing into anhydrobiosis, a state
characterized by little intracellular water and no metabolic
activity. Just to cite some examples, in anhydrobiotic condi-
tions, tardigrades [1, 2] produce intracellular trehalose and
glycerol, while the nematode Aphelenchus [3] accumulates
trehalose during desiccation and glycerol after this phase,
and the arctic insect Megaphorura arctica uses trehalose
and glycerol to change the membrane composition during
dehydration [4, 5]. The trehalose and glycerol synthesis
by these organisms stimulated scientific studies on those
systems individually and more recently on their mixtures in
order to understand the molecular mechanisms responsible
for their bioprotective functions and to open the way for
industrial applications of these systems, in particular, for the
preservation of protein structure and the maintaining of the
biomolecular functions [6–17].

From the physical point of view, the carbohydrate treha-
lose (𝛼-Dglucopyranosyl 𝛼-D-glucopyranoside, C

12
H
22
O
11
,

𝑀
𝑤

= 345 a.u.) and the alcohol glycerol (1,2,3-propanetriol,
C
3
O
3
H
8
,𝑀
𝑤
= 92 a.u.) are glass-forming systems. Trehalose

possesses two crystalline stable phases, one dihydrated and
one anhydrous, and has a glass transition temperature 𝑇

𝑔

of 388K. On the other hand, glycerol shows an intrinsic
difficulty to crystallize and has a 𝑇

𝑔
of 190K. Furthermore,

trehalose and glycerol are classified as “intermediate” in the
Angell “strong-fragile” scheme [18–21], which ranks systems
on the basis of the structure sensitivity to temperature
changes in approaching the glass transition, and it has been
shown that the effect of trehalose on biomolecular struc-
tural and dynamical properties is mediated by water, whose
tetrahedral network is strongly deformed by the sugar [22–
25], while the sugar hydrogen-bonded network is affected by
the presence of glycerol, which by means of strong attractive
forces creates intense hydrogen-bonded interactions [15–17].

With the aim to investigate the different bioprotective
effectiveness of trehalose and trehalose/glycerol mixtures,
a systematic study on mixtures at different glycerol con-
centration values in trehalose (0.00%, 1.25%, 2.50%, 5.00%,
7.50%, and 10.00% by weight) has been performed [17–19].
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The present review article shows an overview of INS findings
on trehalose/glycerol mixtures as a function of 𝑄, tempera-
ture, and concentration. The data analysis is focused on the
Boson peak features at different temperatures and then on
the fragility behavior in order to relate these properties to the
biological role of trehalose and glycerol.

2. Materials and Methods

Ultrapure dihydrated trehalose and glycerol, purchased by
Aldrich-Chemie, were used for sample preparation. Homo-
geneous and dust-free samples were stabilized for an ample
time (30min) to reach the thermal equilibrium before each
temperature run. The investigated glycerol concentration
values in the trehalose/glycerol mixtures are 0.00%, 1.25%,
2.50%, 5.00%, 7.50%, and 10.00% by weight.

INS experiments were carried out by using the OSIRIS
spectrometer at the ISIS Facility (Rutherford Appleton
Laboratory, Oxford, UK) and by using the IN4 and IN6
spectrometers at the Institute Laue Langevin (ILL, Greno-
ble, France). OSIRIS is an inverted geometry time-of-flight
instrument such that neutrons scattered by the sample are
energy-analyzed by means of Bragg scattering from large-
area crystal-analyzer array.The configuration of OSIRIS used
for the INS measurements was scattering angle range of
11∘ < 2𝜃 < 55∘, PG004 graphite with a momentum transfer
range of 0.7 Å−1 < 𝑄 < 3.6 Å−1, and energy resolution of
99 𝜇eV (FWHM). The IN4 spectrometer is a time-of-flight
spectrometer used for the study of excitations in condensed
matter, and it was configured for the measurements with
an incident wavelength of 2.96 Å and an energy resolution
of 450𝜇eV. The IN6 spectrometer is a time-of-flight spec-
trometer designed for quasielastic and inelastic scattering for
incident wavelengths in the range of 4 to 6 Å. The incident
wavelength used for the measurements was 5.12 Å with an
energy resolution of 50𝜇eV.

3. Results and Discussion

The Boson peak is still subject of controversy in the physics
of glasses [26–30], promoted largely by the recognition that
excitations of Boson peak energies are responsible for low
temperature anomalies in glasses (e.g., violations of the
Debye 𝑇

3 law for low-temperature heat capacity). While
clearly identified as an excess in the vibrational density of
states over that expected for a homogeneous elastic solid,
the Boson peak detailed character has been very difficult
to establish [26, 27]. In the opinion of some authors [28],
this vibrational bump marks the crossover from propagating
soundwaves to vibrations localized at thewavelength towards
the typical length scales for which the disorder of thematerial
becomes significant. On the other hand, other authors [29]
have attributed the Boson peak existence to lowest-order
intermolecular vibrations of clusters of atoms or to fractal
structures. Finally, the so-called soft potential model [30]
attributes this vibrational contribution to the coexistence of
soft vibrations of a collection of particles and sound waves
for frequencies up to the maximum of the peak.

In the one-phonon approximation [31], the incoherent
dynamic structure factor at a given temperature 𝑇 can be
written as

𝑆 (𝑄, 𝜔) = exp (−𝑄
2
⟨𝑢
2
⟩)

× {EISF (𝑄) 𝛿 (𝜔) + [1 − EISF (𝑄)] 𝑆QE (𝑄, 𝜔)}

+ 𝑆INEL (𝑄, 𝜔) ,

(1)

where exp(−𝑄2⟨𝑢2⟩), with 𝑄 the exchanged wavevector and
⟨𝑢
2
⟩ mean square vibration amplitude, is the Debye-Waller

factor, EISF(𝑄) is the elastic incoherent scattering function,
𝛿(𝜔) is the Dirac delta function, 𝑆QE(𝑄, 𝜔) is the quasielastic
incoherent dynamic structure factor, and 𝑆INEL(𝑄, 𝜔) is the
inelastic incoherent dynamic structure factor. The first term
is related to the elastic response of the system, the second
term is linked to the diffusive nonvibrational motions and
appears as a broadening of the elastic peak, and finally the last
term is connected with the vibrational behavior.The inelastic
contribution has been observed [32] to become less distinct
due to the overlapping with a broad quasielastic component
of increasing intensity, which is accompanied by a decrease
in the elastic intensity. By assuming that, only incoherent
scattering is visible, this latter contribution can be written
as

𝑆INEL (𝑄, 𝜔) = 𝑒
−2𝑊(𝑄,𝑇) 𝑄

2

8𝜋𝑀

𝑛 (𝜔, 𝑇)

𝜔

𝑔 (𝜔) , (2)

where 𝑀 is the mass of the scattering unit, 𝑛(𝜔, 𝑇) is the
Bose factor, and 𝑔(𝜔) is the density of vibrational states. In
a real experiment, (1) is understood to be convoluted with
the energy resolution function of the instrument. In our
case, the spectra obtained at T = 100K show no quasielastic
broadening of the elastic line.

Figure 1 shows the averaged dynamic structure factor
for trehalose/glycerol mixtures, obtained by adding up the
spectra at all the investigated 𝑄 values, as a function of the
energy shift at T = 2K, 100K, and 300K. From an inspection
of Figure 1, the Boson peak is observed for all the investigated
glycerol concentration values at∼7meV atT = 2K, at ∼5meV
at T = 100K, and at ∼4meV at T = 300K.

In order to get dynamical information about the investi-
gated systems, the INS spectra have been studied as a function
of 𝑄, as shown in Figure 2. The Boson peak intensity as a
function of 𝑄, as shown in Figure 3, suggests both a quasi-
harmonic behavior and a high cooperative degree in the fast
motions of trehalose/glycerol mixtures [33–35].

To quantitatively evaluate the relative importance of the
relaxational versus vibrational contributions, we also apply
the procedure introduced by Sokolov et al. for determining
the fragility of glass-forming systems [36, 37]. Sokolov and
coworkers correlate the ratio of the fast relaxation (anhar-
monic part) to the vibrational (harmonic part) contributions
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Figure 1: Averaged dynamic structure factor for trehalose/glycerol mixtures, obtained by adding up the spectra at different 𝑄, as a function
of the energy shift at (a) T = 2K by IN4, (b) T = 100K by OSIRIS, and (c) T = 300K by IN6.

to the fast dynamics at𝑇
𝑔
with the degree of fragility𝐹defined

as

𝐹 =

𝐸
𝜂

𝑇
𝑔

=

𝑅

𝑇
𝑔

(

𝜕 ln 𝜂

𝜕 (1/𝑇)

)

𝑇=𝑇𝑔

, (3)

where 𝐸
𝜂
is the apparent activation energy of viscous flow at

𝑇
𝑔
normalized by 𝑇

𝑔
, 𝑅 is the gas constant, and 𝜂 represents

the shear viscosity. Experimentally, the magnitude of the
Boson peak is found to be greater for strong glasses as silica
and to decline in strength as fragility increases. However,
when the density of silica is reduced, the intensity of the

Boson peak increases further, suggesting that the strength of
the glass may also be increasing [38].

Following Sokolov et al. [36, 37], the ratio of anharmonic
to harmonic contribution can bemeasured as a ratio𝑅

1
of the

normalized intensity at the minimum 𝐼min to the normalized
intensity at the maximum 𝐼max as follows:

𝑅
1
=

𝐼min
𝐼max

. (4)

In this framework, since 𝑅
1
increases monotonically with

increasing degree of fragility, a higher value of 𝑅
1
can be

attributed to a more fragile character [36, 37].
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Figure 2: Dynamic structure factor for a trehalose/glycerol mixture at 2.5 wt% of glycerol as a function of the energy shift for different 𝑄
values at (a) T = 2K and (b) T = 100K.
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Figure 3: 𝑄 dependence of the Boson peak intensity for a trehalose/glycerol mixture at 2.5 wt% of glycerol as a function of the energy shift
for different 𝑄 values at (a) T = 2K and (b) T = 100K.

The 𝑅
1
parameter behavior as a function of glycerol

concentration at T = 2K, 100K, and 300K is shown in
Figure 4. It is highlighted that the addition of small amounts
of glycerol to trehalose significantly changes its fragility.
Beyond this point, fragility first decreases and then increases
with the further addition of glycerol. Clearly, glycerol affects
the fragility of sugar in a nonmonotonic manner, showing a
minimum at the glycerol concentration value of 2.5%.

It has been shown [12–17, 39, 40] that the addition of
small amounts of a low 𝑇

𝑔
diluent to pure trehalose leads to a

reduced𝑇
𝑔
and an increased stability for proteins sequestered

in the glass. Specifically, the stability of enzymes embedded in
mixtures of glycerol and trehalose with various compositions

has been probed by measuring the deactivation times of the
enzymes. In particular, Cicerone and coworkers showed that
the addition of 5%byweight of glycerol to pure trehalose gives
rise to the smallest mean square displacement. Furthermore,
these authors confirmed the correlation between the preser-
vation of enzymes and the suppression of short time local
dynamics [15].

The INS findings suggest, therefore, that on a short
wavelength and time scale, the local fast dynamics, which can
be linked to the protein stabilization effectiveness, is in amore
marked way suppressed for a glycerol concentration value of
2.5%. On the other hand, this stronger suppression of the fast
dynamics can be correlated with a less fragile character.
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Figure 4: 𝑅
1
parameter behaviour as a function of glycerol concen-

tration for trehalose/glycerol mixtures at T = 2K by IN4, T = 100K
by OSIRIS, and T = 300K by IN6.

4. Conclusions

In order to get information about the effect of the presence of
glycerol on trehalose, the Boson peak behavior as a function
of 𝑄 and concentration in trehalose/glycerol mixtures has
been analyzed. The obtained information allowed deter-
mining the fragility degree and its dependence on glycerol
content.

The whole body of data on trehalose/glycerol mixtures
at different glycerol content supports the hypothesis that, in
the small investigated glycerol concentration range, the tre-
halose/glycerol matrix forms a stronger hydrogen-bonding
network with respect to that of pure trehalose. The signature
of the strengthening of the hydrogen-bonded network cre-
ated by trehalose and glycerol is recognizable in the trends
followed by all the determined physical quantities. More
specifically, the increased rigidity revealed by the dynamic
features confirms that the hydrogen-bonded interactions are
rearranged in a stronger network as a consequence of the
addition of glycerol. The molecular origin of this anomalous
behavior can be linked to the registered minima in the 𝑅

1

parameter, which clearly signals the presence of a not-ideal
mixing process.

The present INS findings, which have been obtained from
very low to very high temperature, can also provide a physical
explanation for the trehalose-glycerol interplay found in
several organisms under stress conditions as well as they can
furnish some useful details about the biotechnological use of
trehalose and glycerol.
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[11] S. Magazù, F. Migliardo, A. Benedetto, and B. Vertessy, “Protein
dynamics by neutron scattering: the protein dynamical transi-
tion and the fragile-to-strong dynamical crossover in hydrated
lysozyme,” Chemical Physics, 2013.
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[17] S.Magazù, F.Migliardo, and S. F. Parker, “Vibrational properties
of bioprotectantmixtures of trehalose and glycerol,”The Journal
of Physical Chemistry B, vol. 115, no. 37, pp. 11004–11009, 2011.

[18] F. Affouard, P. Bordat,M. Descamps et al., “A combined neutron
scattering and simulation study on bioprotectant systems,”
Chemical Physics, vol. 317, no. 2-3, pp. 258–266, 2005.



6 Advances in Materials Science and Engineering
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[25] S. Magazù, G. Maisano, F. Migliardo, and C. Mondelli, “𝛼,𝛼-
trehalose/water solutions. VII: an elastic incoherent neutron
scattering study on fragility,” The Journal of Physical Chemistry
B, vol. 108, no. 36, pp. 13580–13585, 2004.

[26] M. Neumann, “The dielectric constant of water. Computer
simulations with the MCY potential ,” Journal of Chemical
Physics, vol. 82, no. 12, Article ID 5663, 10 pages, 1985.

[27] H. J. C. Berendsen, J. P. M. Postma, W. F. Van Gunsteren, A.
Dinola, and J. R. Haak, “Molecular dynamics with coupling to
an external bath,”The Journal of Chemical Physics, vol. 81, no. 8,
pp. 3684–3690, 1984.

[28] S. A. Elliott, “A unified model for the low-energy vibrational
behaviour of amorphous solids,” Europhysics Letters, vol. 19, no.
3, article 201, 1992.

[29] R. L. Orbach, T. Nakayama, and K. Yakubo, “Dynamical
properties of fractal networks: scaling, numerical simulations,
and physical realizations,” Reviews of Modern Physics, vol. 66,
no. 2, pp. 381–443, 1994.

[30] V. G. Karpov, Y. M. Galperin, and V. I. Kozub, “Localized states
in glasses,” Advances in Physics, vol. 38, no. 6, pp. 669–737, 1989.

[31] M. Bée, Quasielastic Neutron Scattering: Principles and Appli-
cations in Solid-State Chemistry, Biology and Material Science,
Hilger, Bristol, 1988.

[32] A.M. Gaspar,W. Doster, R. Gebhardt, and T. Unruh, “Pressure-
induced dissociation of casein micelles: size distribution and
effect of temperature,” Brazilian Journal of Medical and Biologi-
cal Research, vol. 38, no. 8, pp. 1209–1214, 2005.

[33] H. Shintani and H. Tanaka, “Universal link between the boson
peak and transverse phonons in glass,” Nature Materials, vol. 7,
no. 11, pp. 870–877, 2008.

[34] D. Fioretto, U. Buchenau, L. Comez et al., “High-frequency
dynamics of glass-forming polybutadiene,” Physical Review E,
vol. 59, no. 4, pp. 4470–4475, 1999.

[35] H. Nakagawa, M. Kataoka, Y. Joti et al., “Hydration-coupled
protein boson peak measured by incoherent neutron scatter-
ing,” Physica B, vol. 385-386, pp. 871–873, 2006.

[36] A. P. Sokolov, A. Kisliuk, D. Quitmann, and E. Duval, “Eval-
uation of density of vibrational states of glasses from low-
frequency Raman spectra,” Physical Review B, vol. 48, no. 10,
pp. 7692–7695, 1993.

[37] A. P. Sokolov, E. Rossler, A. Kisliuk, and D. Quitmann,
“Dynamics of strong and fragile glass formers: differences and
correlation with low-temperature properties,” Physical Review
Letters, vol. 71, no. 13, pp. 2062–2065, 1993.

[38] C. N. Greaves, F. Meneau, O. Majérus, D. G. Jones, and J. Taylor,
“Chemistry: identifying vibrations that destabilize crystals and
characterize the glassy state,” Science, vol. 308, no. 5726, pp.
1299–1302, 2005.

[39] P. Bordat, A. Lerbret, J.-P. Demaret, F. Affouard, and M.
Descamps, “Comparative study of trehalose, sucrose and mal-
tose in water solutions by molecular modelling,” Europhysics
Letters, vol. 65, no. 1, pp. 41–47, 2004.

[40] T. E. Dirama, G. A. Carri, and A. P. Sokolov, “Role of hydrogen
bonds in the fast dynamics of binary glasses of trehalose and
glycerol: a molecular dynamics simulation study,” The Journal
of Chemical Physics, vol. 122, no. 11, Article ID 114505, 2005.



Submit your manuscripts at
http://www.hindawi.com

Scientifica
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Corrosion
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Polymer Science
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Ceramics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Composites
Journal of

Nanoparticles
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Biomaterials

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Nanoscience
Journal of

Textiles
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Journal of

Nanotechnology
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Crystallography
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Coatings
Journal of

Advances in 

Materials Science and Engineering
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Smart Materials 
Research

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Metallurgy
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Materials
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

N
a
no

m
a
te
ri
a
ls

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal ofNanomaterials


