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GAS VACUOLES FORMATION DURING THE DEHYDRATION OF
TREHALOSE DIHYDRATE: A RAMAN MICROSPECTROSCOPY
APPROACH
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Dehydration of trehalose dihydrate implemented by slow heating (1 K min™'), has been monitored by Raman microspectroscopy
from 25 to 110°C directly on single crystals. Between 90 and 120°C, gas initially trapped in irregular macroscopic defects,
reorganizes to form spherical vacuoles. The Raman analysis of these vacuoles highlights that the areas in vicinity of the defects are
the first affected by the dehydration mechanisms. Indeed, the progressive amorphization of the crystal starts around these defects.
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Introduction

The a-a trehalose (a-D-glucopyranosyl, o-D-gluco-
pyranoside) is a non-reducing disaccharide, which
contains two D-glucose units 1,1 linked by a glyco-
sidic bond (C;;H»0;-Mw=342.3 g mol"). This
non-toxic sugar is currently used in industry as phar-
maceutical excipient [1], food additive [2], and espe-
cially as cryoprotectant, for example, for the storage
of organs before transplantation [3]. Indeed, the most
interesting property of trehalose is its ability to pre-
vent biomaterials from extreme conditions, such as
dehydration or freezing. Two hypotheses have been
proposed to explain the exceptional bioprotective
properties of trehalose: the ‘water replacement hy-
pothesis’ [4, 5] and the ‘vitrification hypothesis’ [6].
The first one states that during the drying process, the
water molecules are replaced by trehalose molecules
that bind to lipids of the biomembrane by hydrogen
bonds. “Vitrification hypothesis’ suggests that
trehalose can access to a glassy state that forms an
amorphous matrix around proteins and membranes.
The examination of these hypotheses requires a good
knowledge of the trehalose/H,0O binary system.

The dehydration mechanisms of trehalose
dihydrate have been the subject of intense research in
recent times [7-20]. These studies have reported
polymorphic transitions according to various drying
process of powders, using mainly differential
scanning calorimetry, thermogravimetry or X-ray
diffraction. So far, four phases have been clearly
identified: a dihydrate 7}, (also designated as
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form I [7]), two anhydrous forms 7 (or form III) and
T, (or form II), and an amorphous material 7;. The
dihydrate, Tj, is the stable phase at room temperature.
The crystallographic structure of this commercial
compound is orthorhombic, P2,2,2, [21]. The an-
hydrous 7 is a monoclinic, P2, and is stable at room
temperatures [7]. This form can be obtained for
example by heating 7}, at 130°C during 4 h [14]. The
T, form is an isomorph desolvate of trehalose 7j, [14].
It is produced from the dihydrate by a ‘smooth’
dehydration, for example by vacuum evaporation at
50°C during 48 h [7]. The amorphous 7; is obtained,
for example, by melting 7, at 135°C [12]. Various
studies have shown that the dehydration mechanism
depends on many parameters such as particle size
[8-10], heating rate [13, 14, 17, 20], hygrometry
[1, 15] or lattice defects [10]. It is important to note
that all these studies involved powdered samples that,
by nature, present a high degree of polycrystallinity
and heterogeneity.

Recently, in order to avoid the effects of this
heterogeneity, Mallet et al. [22] studied the dehydra-
tion mechanisms of trehalose on ‘large’ single
crystals (in the order of several millimetres). During
this study using optical thermomicroscopy, they
observed the nucleation and growth of vacuoles
inside the particles. However, the optical technique
used for their observations did not allow the
identification of the nature of these vacuoles. The aim
of this study is to characterize, by Raman micro-
spectroscopy, the species present in these vacuoles in
order to improve the knowledge on the dehydration
mechanisms of trehalose.
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Experimental
Trehalose single crystals

Trehalose dihydrate (7},) was purchased from ACROS
with a purity grade better than 99% and was used
without further purification. To obtain large single
crystals, a saturated solution (46.6 g T7,/100 g
solution) was prepared by dissolving 7}, powder in ul-
tra-pure water (resistivity: 18 MQ cm). The solution
has been left for recrystallization by slow evaporation
at ambient condition. Single crystals were obtained
after several days of evaporation, then stored at room
temperature in ambient air.

Trehalose polymorphic forms

In order to determine the composition of the vacuoles,
reference Raman spectra of various trehalose phases
have been carried out. The various solids were
prepared in the following way:

+ The B anhydrous form, 7 was obtained according
to the procedure of Sussich ef al. [14] by heating
trehalose dihydrate at 130°C for 4 h.

e The o anhydrous form, 7, was obtained by
‘smooth’ dehydration [14] (i.e. after heating
trehalose dihydrate at 50°C in a closed container
with desiccant P,Os during 15 h and quenched to
room temperature in the container to avoid
rehydration).

« The amorphous state, 7, was obtained by melting
T, at 135°C [12].

+ Trehalose solution 10% is a solution of trehalose
(10 g T1/100 g solution) prepared by dissolving T,
powder in ultrapure water.

Thermomicroscopy

Samples were heated at 1 K min ' until the appearance
of vacuoles with a heating stage LINKAM THMS 600.
Samples were placed in a quartz crucible. The
dehydration process was then monitored by optical
microscopy.

Raman microspectroscopy

Raman measurements were carried out at ambient
temperature by using a confocal Raman microscope
similar to the system described by Schuster et al. [23].
It is composed of a Raman spectrometer (LabRam HR
by Jobin-Yvon Horiba with a 600 lines/mm grating)
coupled to a microscope (Model BX41, Olympus)
with xyz mapping stage via optical fibers. The
excitation of Raman scattering is operated with a
helium—neon laser at a wavelength of 632.8 nm. The
laser beam is focused on the crystal by the microscope
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objective xS0LWF. A confocal pinhole of 100 um
diameter in front of the entrance slit rejects Raman
signal from out of focus planes. This enables a spatial
resolution within the range 1-2 pm that also
minimizes the background of the quartz carrier slides.
The spectral resolution used is 4 cm™' . Calibration
was performed by referring to the 520 cm™ line of
silicon. Raman spectra with good signal-to-noise
ratios were obtained by using integration times from
30 to 90 s. The investigations of the Raman spectra
were carried out at room temperature in the range of
2600-3600 cm™.

Results and discussion

Reference Raman spectra of the different trehalose
forms

Figure 1 shows the expansion of the 28003600 cm '
region for the different trehalose forms. Our spectra
are in good agreement with those reported in the
literature [7, 8]. The region between 2880 and
3100 cm' has already been correlated to the
vibrations arising from the symmetrical and asymmet-
rical stretching of the ring CH modes [24-27].
However a precise assignment is difficult because the
bands are mainly related to coupled modes.

The comparison with the other spectra highlights
the existence of specific bands corresponding to each
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Fig. 1 Raman spectra of different polymorphous forms of
trehalose in the 28003600 cm ' region
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polymorphic form. The following bands can be
considered more particularly: 2994 and 3500 cm™" for
T}, 3013 and 3442 cm™! for T and 2984 cm’! for 7,
The Raman spectrum of 7; is typical of amorphous
materials with a very small number of broad bands.
This spectrum is almost similar to the one obtained
for a solution of trehalose. The main difference is due
to the broad band between 3100 and 3500 cm
(vibration modes of liquid water) on the solution
spectrum. This band is often very small in amorphous
trehalose even if it might contain residual water.

Thermomicroscopy and Raman study of dehydration
of T, single crystals

At ambient temperature, single crystals have an
isometric habitus. About half of the crystals contain
macroscopic defects

internal similar to those

Fig. 2 Optical thermomicroscopy photographs presenting
inner macroscopic defects in 7, single crystals at
various temperatures (scan rate: 1 K min ).
a—25,b-93,¢-96,d-98,¢—102°C
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observed by Mallet et al. [22] (Fig. 2a). The Raman
spectroscopy study shows that this initial crystal is
made of 7j, except for the macroscopic irregular
defects. Indeed, in these areas, the Raman signal is
very weak (20 times lower than the signal measured
in the rest of the crystal). One can suppose that these
defects contain gas. Some gas initially dissolved in
the solution has been trapped inside the particle
during the crystal growth.

The thermomicroscopy study of crystal
dehydration confirms the formation of vacuoles
(Fig. 2b to e). This phenomenon appears systematic-
ally in the immediate vicinity of the macroscopic
defects, for temperatures ranging from 90 to 102°C.
At these temperatures, one can simultaneously
observe the progressive disappearance of the defects
and the growth of the vacuoles. These vacuoles are
stable up to the melting point at 200°C. In case of
cooling prior melting these vacuoles remain un-
changed for months. The diameter of the vacuoles
varies, from one crystal to another, between 10 and
200 pm.

Figure 3a presents the Raman spectroscopy X—Y
mapping of a crystal heated up to the formation of the
vacuoles (102°C) and then cooled down to ambient
temperature. This mapping shows the presence of T},
for the major part of the crystal (Fig. 3c). The
presence of the peak at 3500 cm ' indicates that there
is still some water trapped in the crystal. Two areas
present spectra different from those of the remainder
of the crystal. A fine layer around the vacuoles (the
thickness does not exceeds few micrometers) presents
the signal of amorphous trehalose (Fig. 3d). Finally,
inside the vacuoles a very weak Raman signal can be
observed (Fig. 3b). This result gives evidence of the
absence of condensed matter (trehalose or solution)
inside this spherical room.

This study shows that most of the single crystals
contain gas trapped inside the bulk, forming
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Fig. 3 Two-dimensional Raman investigation of a T}, single crystal heated until formation of the vacuoles (102°C) and then
cooled at ambient temperature. a — Raman map of the main peak (2901 cm ™) intensity, the brighter is a point in the maps,
the higher is the corresponding Raman intensity, b — Raman signal inside the vacuole, ¢ — Raman signal of the major part

of the crystal, d — Raman signal around the vacuole
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macroscopic irregular defects. During the heating, the
gas reorganizes in the crystals to form spherical
bubbles namely the vacuoles. The Raman analysis
show that at 102°C the nature of the major part of the
crystal did not change, only the trehalose present in
the vicinity of the defects changed structure: 7;,— 7.
Moreover the first stage of dehydration can be
characterized by an amorphisation of the trehalose
[8, 12, 17, 18], then the dehydration process begins on
the level of the defects. These results illustrate the
high impact of physical parameters on the
dehydration pathways. In this study: crystal size,
heating rate and macro-crystallinity of the initial
particles were fixed, however we observed noticeable
heterogeneity in terms of behaviors even inside single
crystals. This could, at least partly, explain the
numerous dehydration mechanisms of polycrystalline
trehalose powders published in the literature.

Conclusions

This study gives evidence of formation of gaseous
vacuoles inside trehalose single crystals submitted to
a slow heating rate (1 K min™"). Our data show the for-
mation of gas bubbles at the beginning of the dehy-
dration process, between 90 and 102°C. This gas, ini-
tially trapped in ill-defined macroscopic defects
gathers to form vacuoles. At least locally, this gas in-
fluences the dehydration mechanism of trehalose. In-
deed, the first transformations (7,—7}) during the de-
hydration occur near to these defects. Thus any
prediction of the dehydration mechanism should take
into account more physical parameters than previ-
ously thought such as the structural purity [28], and
the nature, the concentration and the location of mac-
roscopic defects. Thus, a strict control of both the nu-
cleation and the crystal growth of the trehalose
dihydrate 7, are of primary importance to control the
dehydration.

Therefore, in order to interpret the exact role of
these defects under various conditions of dehydration,
supplementary studies are needed on single crystals
with various internal qualities, (containing a variable
number of macroscopic defects). For example, crystal-
lization processes starting from more or less saturated
solutions with various gases can be envisaged.
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