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Abstract: A characterization has been carried out on the dihydrate and anhydrous crystalline form of trehalose
(a-b-Glucopyranosyk.-p-glucopyranoside), which is considered anomalous in respect to other disaccharides

in conferring to organisms the ability to be dried at high temperatures and then to rehydrate without damaging
cellular functions. The thermal dehydration of the dihydrate trehalagehab been studied with the aim to
rationalize the stability and the kinetically controlled transformations ipino the anhydrous forms. This

has been reached by carrying out the dehydration process at different scan rates and by preparing the several
polymorphic species. A description is therefore presented of the wtdralose interaction which controls

the thermal stability (or metastability) of the several forms obtained under controlled water depletion. Enthalpy
changes and temperatures of transition are also reported and compared with literature data.

Introduction as a cryoprotectant for freeze-dryifhg.However, since desert-

Th | f h d ool hi . dwelling cryptobionts do not freeze-dry, it has been also

_The relevance of amorphous and polymorphic states in,,qerstood that freeze-drying may be unnecessary. In fact, these
biological, pharmaceutical, and fO(.)d science and in the f'eld. OT organisms desiccate in the desert in the hot dry air of summer;
polymers has Ior:g begnf_recognlzed.l Fohr thﬁse S?tes It IStherefore, it has been proposed that, if trehalose is responsible
Important not only to define accurately the thermodynamic ¢, e protection in cryptobiosis, simple air-drying and ambient
transitions (at equilibrium) but algo to stgdy the klnet!cally temperatures can be achieved without molecular damage.
controlled metastable transformations, which characterize the An enormous interest exists in the possibility of using
physical pro_p_erties of the substances under different experi'trehalose or other semi-synthetic sugars, as a means of preserv-
mental congltlons. lecul hat h h ing valuable delicate biologically active proteins or living cells

Among the many sugar molecules that have attracted the 5"y mpient temperature without the need of lyophilizafién.
attention of scientists an_d tEChnO.IOg'StS’ 'Frehalose seems to beHowever, understanding of the mechanism of action of trehalose
unique in Nature, being involved in the still cryptic process of o il incomplete
protecting cellular biomolecules during severe dehydra*tlon. Theoretical and experimental wofken the details of the
Trehalose ¢-p-Glucopyranosyl-(+-1)-a-D-glucopyranoside, o100 iar features of this anomalous sugar and of the interac-
"’.“S.O called ”.“ycose) IS anon reduqlng disaccharide that C.erta.'ntions between trehalose and protein macromolecules in solution
I|\_/|ng_organ|sms (plants, seeds, mvertebrates_) synthesize Nand during dehydration are ongoing in several laboratories
significant amounts as a natural protectant against water StresSt chalose solutions. like those of other sugars, are known t(;
Trehalqse can be prodyced underllow hum|d|ty conditions, andform easily glasses, when dried under suitablé conditions at
it permits these organism to be dried at high temperatures andbiological temperatures. Some authofé® suggest that treha-

gg?rfrzsetocglij?ttioannsd gplr(;ﬁ\;derl;igr]le Zb'g%ézsssur;:\s/g ucrﬁlz rd Iose,' yvhich has a high glass transition temperature, contro!s the
“cryptobiosis” or “anhydrobiosis”, to l’mderline that the organ- mobility of water in the course of th_e_ glassy state formation.
isms do not freeze-dry but dry at High temperatdrahe action Knpwledge about _the thermal stability of the several forms
seems to be due to a stabilizing effect on the membrane structureWh'Ch.trehalose. (dlhyqlrate and anhydrous) can adopt and of
in the dry staté, preventing the biclogical damage at low specific interactions with water molecules is therefore useful
e - . . for understanding its mechanism as a protectant agent.

temperatures, by binding to proteins and lipid headgroups in . . .
the dry bilayers. The presence of trehalose in cryptobionts and With the above important statements on trehal_ose properties
also in certain other organisms which are freeze-tolerant has®Ut of the way, the ubiquitous presence of water in a variety of

originally induced many workers to concentrate on this molecule natural qnd artificial” (man-made) produpts, either as a
cocrystallizable component or as a low-moisture plasticizing

f Department of Biochemistry, Biophysics and Macromolecular Chem- additive, must also be underlined. These effects of water have
istry.
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often been the focus of experimental research and of scientific
discussion, as water enhances mobility and therefore kinetically
controls the transformation of metastable std&#<. There is
still no general mechanism to quantitatively describe and explain
the thermodynamic behavior of these complex systems, although
a great exploitation of their technological aspects is pursued.
From the scientific point of view, despite the large number of
articles with phenomenological descriptions of events occurring
under different conditions, quite often one is faced with
contradicting assignments of thermal transitions between dif-
ferent physical states or simply with a myriad differing transition
temperature data (for the glass transition temperature of sucrose,
see for example Table 1 in ref 10). The need for a critical
review of this literature data and for sound, comprehensive
experiments is extremely great to correctly define even the
simple state diagrams of small molecules (see for example ref
11).

Physicochemical data for solid trehalose in some tabulations
(see for example ref 12) shows two “melting points” at- @I
°C and at 203C, respectively. The first melting point actually  Figure 1. DSC thermograms of dihydrated trehalosg) (Fom 30 to
refers to the “dehydration transition” of dinydrate trehalose (T  230°C at different scan rates (in K mif as marked): 1; 2; 5; 10; 20;
with 2H,0), whereas the second refers to the melting of the 30; 40; 60.
common, “most-stablt_ai’ anhydrous form (in this paper referred Calorimetric Measurements. Calorimetric measurements were
to as ). Glass transitions have also been reported to occur atcarried out with a Perkin-Elmer DSC 7 (power compensation) dif-
79 °C'314and at 106-115°C.712 |t seems clear that there is  ferential scanning calorimeter, connected to a computer via a TAC7/
still considerable confusion about trehalose polymorphism. For DX Thermal Analysis instrument controller. The calorimeter was
example, all recent literature has completely overlooked infor- equipped also with the Dynamic DSC (DDSC) Accessory and the 7

mation contained in a note by A. S. Perlin etlalon the Series/UNIX DDSC software from Perkin-Elmer was used. The
preparation of two different anhydrous forms obtained by thermal unit was thermostated with an external thermocryostat in which
desiccation of the dihydrate at different temperatures. the coolant was kept at30 °C; a nitrogen flux was used as a purge

The present paper reports experimental data showin thed2s for the furnace. Calibrations were made using indium and zinc at
P pap P P 9 the same scan rates used in the experiments. DSC scans were run on

existence of the several polymorphs of anhydrous trehalose. Theg,mpies weighing between 5 and 15 mg and sealed in pierced aluminum
dynamic tran_sformatlon ofthe dihydrate into anhydrc_)us forms  perkin-Elmer DSC pans; an empty aluminum pan was used as a
of trehalose, either crystalline or amorphous, is also illustrated. reference. For the temperature modulated DSC experiments an
Some very preliminary data were reported in a previous Hote, underlying scan ratefol K min~! was used with a temperature
providing evidence for some new crystalline forms in addition amplitude of 0.8°C and a frequency of 42 mHz.

to the two already studied by X-ray diffractometry.In a Thermogravimetry. Thermogravimetric measurements were carried
subsequent paper (manuscript in preparation), a structuralout with a Perkin-Elmer TGA-7 apparatus with scan rates of 1 and 20
analysis of the crystalline polymorphs of trehalose will be made, K min™ on samples covered with pierced aluminum caps in order to
which may provide some insight into the structustability simulate the calorimetric experimental conditions; nitrogen at 3® cm

. ; min~! was the purge gas.
relations of the molecular architecture of the trehalose crystals. Microscope Observation. Microscope observation was done on

. . samples placed between cover glass and mounted on a Mettler FP 82
Experimental Section hot stage; the samples were scanned at 1 and 20 Klméing a Mettler
FP 80 central processor. The microscope used was a Leitz Dialux 22EB
with a magnification of 26&.

X-ray Diffraction. X-ray diffraction patterns were obtained on
powdered trehalose samples spread out on aluminum plates using a
STOE-D500 X-ray diffractometer at room temperature. Cua K
radiation was obtained through a flat graphite crystal monochromator.
Approximately 20 mg were loaded in the sample holder and scanned

(8) Angell, C. A. Sciencel995 267, 1924-1935. in the range of 530° of 26 at 5 degree @ min~* (for samples T and

(9) (a) Fito, P., Mulet, A., McKenna, B., Ed&¥ater in foodsElsevier Tp) and 1 degree@min* (for samples T and T,).

Applied Science: London, 1994. (b) Roos, Rhase transition in Foods

Materials. Dihydrate trehalose ) was obtained from Sigma
Chemical Co. and was used without further purification. The two
anhydrous forms, Jand T, were prepared according to the procedure
of Perlin and co-worket8 for their “a” and “b” anhydrous forms,
keeping the dihydrate sample under vacuum af@5or 4 h and at
130°C for 4 h, respectively.

Academic Press: San Diego, CA, 1995. Results
(10) Urbani, R.; Sussich, F.; Prejac, S.; Qesa\. Thermochim. Acta ) ) )

1997, 304/305 359-367. _ Dihydrate Trehalose. Dehydration of dihydrate trehalose

80&153)8(250'dbef9' R.N.; Tewari, Y. Bl. Phys. Chem. Ref. Dat8q 18, (Tr) was done in several ways, leading to different forms, either
(12) Roos, Y.Carbohydr. Res1993 238 39-48. crystalline or amqrphous, dependjng on the different conditiqns
(13) Green, J. L.; Angell, C. Al. Phys. Chem1989 93, 2880-2882. used. The physical transformations were followed with dif-
(14) Levine, H.; Slade, L. Food Eng.1994 22, 143-188. ferential scanning calorimetry, thermogravimetry, and direct hot-

s 852 Fge';?(;‘cegém' #Eﬁ?&fggg@g' 1H2' 4F§jl"2%(jl'”gham’ G. A Perlin, A gtage microscopy, using similar protocols, whenever possible.

(16) Sussich, F.; Urbani, R.; Casa A.; Princivalle, F.; Bruckner, S. Figure 1 shows thermograms of, Tobtained by heating the
Ca(rbO)h(yc;r. Lett1997 2, 40h}408. } d sample at scan rates ranging from 1 to 60 K mjnin the

17) (a) Brown, G. M.; Rohrer, D. C.; Berking, D.; Beevers, C. A.; Gould, ° ; i
R. 0.; Simpson, RActa Crystallogr 1972 B28 3145-3158. (b) Taga, .. cmperature range of 3®30°C. Besides some clear transi
Senma, M.: Osaki, KActa Crystallogr 1972 B28 3258-3263. (c) Jeffrey, tions, there are a few remarkable variations in the heating curves

G. A.; Nanni, R.;Carbohydr. Res1985 135, 21—30. as the scan rate is increased.
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A slow heating scan (Figure 1, curve marked 1) gives abroad =« b
endotherm centered at about 100, clearly associated with F
the water loss of the crystalling,Tas confirmed by the parallel
thermogravimetric analysis. Apparently, after dehydration the
solid anhydrous trehalose is in an amorphous phase since a fla'#
background in the heat capacity is registered until an exothermic 5
“cold crystallization” occurs at around 18, immediately
followed by the melting of the newly formed crystals &t
200 °C. In all cases, the “cold crystallization” is not repro- §
ducibly observed in terms of temperature and associated heat;
as is common for nonequilibrium transitions. Microscope
observation, carried out on samples placed between cover glass
showed that the multiple shaped hydrated crystals undergo only
an internal modification. The crystals themselves tend toward
a higher transparency while approaching the transition temper-
ature of dehydration at 100C without losing their external
morphology. The regular shape of thg Grystals remains
macroscopically unchanged up to about T85 it is only at
about 140°C that the “solid” sample appears to change its
morphological shape (“edge roundness”) with an increasing
mobility of the phase, although still firm (sticky). The evidence
is that an amorphous phase is obtained above°CAthrough
the slow heating at ambient pressure of the Upon further
heating, a crystallization is seen to slowly occur in the liquidus
drops (an “undercooled liquid” kinetically unstable) in the form
of an agglomeration of unoriented small needles such as a
spherulite at the initial growing stage. This new crystallization
process, which forms the species already identified péde
below and ref 16), is not yet complete when, slightly above
200 °C, the small crystals melt forming a liquid phase. The
microscope observations are reported in Figure 2 and are to be
c0n5|_dered in parallel with the above-reporteql calqnmetnc_data. Figure 2. Microscope observation of;Bcanned &l K min-! at the
Consistent results can be seen from the calorimetric expenments[ernperaItUIre of (a) 36C, (b) 100°C, (c) 134°C, and (d) 16G°C.
where the crystallization process is followed by melting.

In other experiments at increasing scan rate (Figure 1 curvesapove this transition, the “amorphous form” is stable for a small
marked 5 and 10) the endotherm centered at about®@0  temperature range and then, while still heating, a slow crystal-
becomes sharper and shifts slightly to higher temperatures, asization process is observed. The microscope observation ends
expected. Less obvious is the fact that, right after the dehydra-with the melting, at about 219C, of the anhydrous crystalline
tion endotherm, alreadyté K min~* an exothermic peak  form. The optical inspection led us to scrutinize the DSC
appears followed by another (melting ?) endotherm in the thermograms more carefully thus attributing the downward shift
temperature range of 12A30°C. Going to higher scan rates  of the baseline after the second broad endothermic peak to the
(up to 40 K min?), the crystallization exotherm in the range slow crystallization.

110-120 °C becomes less evident, while the subsequent Thermogravimetric experiments were carried out in order to
endothermic peak moves to higher temperatures (up t0-130 complement the information on the dehydration process. A total
150 °C) and becomes broader. Regardless of the different of 9.5294 of the initial weight is lost in the range around 100
thermal behavior, all samples (whether undergoing the apparentC at 1 K mirr?, corresponding to loss of the two water
intermediate crystallizationmelting process or not) present a molecules caged in the hydrated strucftife’. At 20 K min2,
“final” melting to a liquid state at high temperature (above 200 eight loss is shifted to higher temperatures, with some small
°C) which is characterized at the intermediate scan rates by aput detectable amount of water lost only above 13D
double peak. However, it should also be mentioned that DSC and TGA cannot

The difference in the thermal events occurring above’I®0  reproduce exactly the same experimental conditions.
as a function of the scan rate seems to be a direct consequence Anhydrous Forms: Trehalosef (T4), Trehalosee (Ta),
of the rate of water loss, which influences the formation of Trehaloses (T,), and the Glassy State.Two anhydrous forms
several forms of anhydrous trehalose. The crystallization of the sugar, trehalose-(Tg) and trehalose: (T,), were
melting phenomenon at 131.30°C has already been observed, prepared according to the procedure described by Pedird
and a new crystalline form of trehalose,JTwas reported in subjected to the same thermal treatment as the dihydrate
the previous noté® This fact apparently suggests that the trehalose (with heating rates of 1 and 20 K min Weight
melting transition at 130C could indeed be a sotesolid analysis of the samples prepared indicated a stoichiometric loss
transition, to be consistent with the results at scan rates higherof 9.52% of the initial weight, which corresponds to the two
than 10 K minl. However, according to the microscope water molecules of I An aleatory crystalline form, trehalose-
observations at 20 K mirt, the T, crystals appear stable upto  (T,), was also identified in the DSC runs under appropriate
the dehydration above 9%, after which there is trace of some  conditions, in addition to the glassy and amorphous states. The
new crystallinity since these new crystals are not regular in shaperelevant transition temperatures and the enthalpy changes of
and disappear when the sample temperature approach€€140 these transitions are given in Table 1.
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Figure 3. DSC thermograms of the several polymorphs of trehalose:
(a) trehaloses (Tp) heated at 1 and 20 K mif (for comparison the
thermogram of T recorded &l K min~! is also reported); (b)
trehalosea (T,) heated at 1 and 20 K niif; (c) dihydrated trehalose
(Tn) scanned at 5 and 10 K mihshowing the crystallization process
after the water loss, leading to the formation of trehalp<@s).

A. Trehalosef (Tg). Several preparations were made of
the “b” form (here called trehalog&{Tp)), using the procedure

Sussich et al.
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Figure 4. Thermograms of amorphous trehalose showing the glass
transition both on cooling and on heating; in the figure are also reported
the dynamic componentsC{ storage andC, loss) obtained by
temperature modulation DSC with an underlying scan raiekomin=

(see text).

confirmed by microscope observation. This kind of behavior
is also observed at a scan rate of 20 K miand is consistent
with microscope observation, also at 20 K min Again in
this case, after the sample becomes amorphous there is a very
slow process of crystallization which does not involve the whole
of the specimen’s volume but only a small portion. The melting
of this small amount of the crystals (which again resembles
needles) occurs at a temperature higher than°Z15

C. Trehalosey (Ty). The occurrence of thisyTform was
initially shown by the shape of the calorimetric curve for the
hydrated crystals at-520 K min~1. The clear presence of an
exothermic peak right after water depletion (Figure 3) can only
be ascribed to a molecular rearrangement with the formation
of a new structural order. The fact that this new crystalline
species “melts” at temperatures slightly above its formation

reported by Perlin. The thermograms were recorded at scan(120-130 °C) also proves that the form is not a stable one.

rates of 1 and 20 K mint. The features of the thermograms at
20 K min~t are always identical, from the calorimetric point of
view nothing other than a melting occurs at 215 (Figure 3).
Thermograms recorded 2K min~! have a melting peak above
200 °C with a shoulder, the shape of which is not always
reproducible. The g form has also been produced from the
dihydrate T, under different conditions of scan rates, still in
the temperature range above 250 °C, and its formation is
evident from the final melting temperature at= 215 °C.
Comparing the several thermograms, the anhydrous fosm T
melts at the same temperature (215 independently of the
different crystallization mechanisms followed for its preparation.
The enthalpy change for melting is reported with the other
calorimetric data in Table 1. From all thermodynamic results,
Tp is the most stable form and its X-ray diffractogram
corresponds to the crystalline structure reported in the literéftire.
B. Trehalosee (T,). Preparations of the anhydrous “a”
form using the method of Perfihwere made by keeping the
dihydrate sample in a vacuum at 85 for 4 h. Here, we refer
to it as trehaloset, T,. Thermograms for this anhydrous, T
form (Figure 3) were recorded at 1 and 20 K miir(weight

The distinction between theyTand T, forms is demonstrated
not only by the method of preparation and the enthalpy of
melting but also by the X-ray diffraction patterns reported below.
D. Glassy and Amorphous State of Trehalose.The
identification of the glass transition has been made for the solid
amorphous form, prepared by rapid cooling of trehalose after
melting up to about 220C. The thermograms disclose a
reproducible step in the heat capacity curve of the amorphous
material prepared in this way, as is clearly shown in Figure 4,
where both the cooling curve and the heating curve reproduce
ajump at about 115125°C. This jump is attributed to a glass
transition withTy (midpoint)= 120°C. Slightly smaller values
have been reported by Rdésand by Ding et af. A correct
value for theTy can only be derived after the enthalpic relaxation
peak has been removed, either by analyzing the sample with
the temperature modulated mdédm by rapidly scanning the
freshly prepared amorphous solid, if possible avoiding relaxation
events in theTy region. Since relaxation peaks seem to be
present regardless of the cooling protocols, a temperature
modulated scan was carried out using a procedure previously
reported for sucrose. The deconvolution of the complex heat

analysis of the samples showed a decrease of 9.52% due to watetapacity gives the two modulation dependent components, the

loss from the parenty). At 1 K min™%, T, displays a first and
symmetric endothermic peak at 126, where optical micros-
copy reveals that the contour of the crystal is no longer well
defined. At higher temperatures, cold crystallization is then
followed by melting, the latter two transformations also

storage heat capacity and the loss heat capacity. The storage
heat capacity is the specific heat correlate with several atomic
or molecular movements; without any structural changes it
proves to be almost identical to the to@}. The loss heat
capacity instead is linked with dissipation and entropy produc-
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Figure 5. X-ray diffraction intensities of the crystalline trehalose forms ~ (©) and of melting enthalpy of /(®). The data pointr{) of the melting
Th, T), Ts and T. enthalpy of T, formed in situ by cold crystallization are also reported.

100°C occurs when sugar molecules acquire a higher vibrational
thermal motion with the simultaneous increase of the apparent
molecular volume (the total volume of the dihydrate form

tion. Generally speaking the “dynamic curves” give information
on phenomena which occur during the time scale of the

mo_dulat|on frequency, the advantage is that therm_al effeCtSWithout the water molecules). The original molecular order is

which happen more or [ess continuously, not depending on thethen easily lost, and a compact disordered state is formed, with
temperature program, does not appear in all these types Ofa higher specific heat capacity with respect to that of the solid
curves. Figure 4 also shows the storage component of theat-l- < 100°C. It must be emphasized that at a slow scan rate
dynamicC, obtained by temperature modulation DSC with an (1 K min-1) the dehydration of Tat 100°C directly produces

underlying scan r:i\tefd K min~* and a modul_ation fr?q“‘?”cy an amorphous phase and not the glassy form which can be
of 42 mHz. The clean appearance qﬂ'@wnh a midpoint prepared only if the undercooled liquid is quenched at temper-
qentered at 120C confirms the attr'bijtlg? made by CONVEN- " atures below the glass transition. In other words, sintering is
_t|o_nal DSC. Th%_Cp step of 0‘4_8 JK g for7thelt3ran3|t|on accomplished by large thermal motions that allow the previously
IS 1N agreeme_nt W't.h the other I!teratgre resdh? . ordered molecular structure to undergo a “quasi-equilibrium”
E. X-ray Diffraction. X-ray diffraction patter_ns (Figure 5) amorphyzation. Therefore, thermal stresses (as well as me-
have been recorded for all forms analyzed (dihydraieTL, chanical stresses at high temperatures) produce the amorphyza-

and T; trehalose) and also for some sample preparations madego, of T, However, the particular reason that the process of
in the calorimeter. The latters were used to confirm the presencecrystalIizatior’rmelting in the range of 116130 °C does not

of amorphous or crystalline forms in specific temperature ranges. place at a very low scan rate (1 K mipis not yet

The rgsults of}l[gnd T, shown in Figure 5 hgve bee!‘ rgcorded understood and must clearly reside in the dynamics of the
with high resoluh%n and reproduce the previous preliminary data 5 nstormations which occur at the molecular level upon loss
of our laboratoryt® Work is being carried out to elucidate the of the water molecules. A delicate kinetic balance exists

crystal structure of the crystalline forms that are formed from between the water escaping from the crystalline structure and

the dlpydrate sampleﬁ d T show dif the structure’s collapse into the disordered state. Unless there
So far we can say thaind T, show different X-ray pattems g «engugh” time or “enough” amorphous water still encapsu-

]“rom e_acrl other and _fro_m th_a_t of di_hydrats'l‘ln adgition, th? lated to allow the trehalose molecules to become structurally
transient form, Ty, is |d.ent!f|ed with the qrystalllne SPECIES  eorganized, the water depletion may produce either an amor-
obtained by “cold crystallization” at 11 at intermediate scan 45 state or an unstable open cage of a water-free trehalose
rates from the hydrate (curves marked 5, 10, and 20 in Figure otwork. This “enoughrenough” window is not matched at a

1). very low scan rate, and an amorphous anhydrous trehalose is
obtained, which is effectively an “undercooled liquid”.

A more detailed interpretation can only be based on the

Dehydration of the Trehalose Hydrate and Formation of analysis of the molecular architecture in the different crystalline
Anhydrous Crystalline and/or Amorphous States. To at- forms (to be presented in the forthcoming paper). In addition,
tempt an interpretation of the several thermal events, one mustan elucidation of the intriguing and puzzling role of water
initially take into account the fact that the water molecules can interaction with trehalose comes from the recent molecular
be removed from the crystalline structure in different ways dynamics investigation by Brady et &f.with the findings that
depending on the scan rate (or other stresses). The scan ratthe most stable watettrehalose interactions in solutions
dependence of the enthalpy of dehydration and of the otherresemble those occurring in the hydrate crystalline form.
transitions is shown in Figure 6. At high scan rates, the = Whether a glassy state or a rubbery state is reached after a
dehydration process at 10C occurs very rapidly (less than  slow water loss apparently depends on whether the transition
0.5 min over a range of 1TC at 20 K mirr1), sometimes with occurs afT < Tgor atT > Ty Although the presence of the
evident cold crystallization between 100 and *25and a broad cold crystallization phenomena (Figure 1) is indirect proof of
peak is observed above 126. At a low scan rate (Figure 6), the existence of the glass transition, no conclusion can be drawn
during a time interval of 2630 min (corresponding to a width ~ from the DSC thermograms alone. It is, however, remarkable
of 20—30 °C at a rate b1 K min~1), the dehydration at about  that two different cold crystallization processes have been

Discussion
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detected: one found right after the dehydration peak at’@0

at an intermediate scan rate-(50 K min~1), while another cold
crystallization is observed at high scan rates in the region of
150-180°C before the final melting above 20C. Since the
first cold crystallization is below the measurégl(at 115°C),

it is conceivable that two different unstable states (both glassy?)

can be produced in trehalose depending on the method of <

preparation. To prove the above hypothesis based indirectly
on the presence of two different cold crystallizations, one must
be able to detect the two glass transitions. However, by taking
into account that the original species is a hydrated crystal, the
water depletion may be only partially completed and effectively
an amorphous “moistured” solid is formed with a much lower
Ty than theTy of the anhydrous form. The effect of moisture
on the Ty of carbohydrates can be as high as about 10 K per
1% of water (see for example the most recent data of Blond et
al. for sucros® and of Crowe et al. for trehalo¥® Cold
crystallization therefore occurs in a solid which is plasticized
by the presence of a small amount of water which has not yet
vaporized. When the temperature is raised aboveTghé¢he

amorphous state can transform from its metastable form to a

more stable form, undergoing a “cold crystallization”, and this
is seen afl = 120°C producing ¥ (which is also transformed
above 125°C into a “new ?” amorphous form), and at around
185°C, which produces the crystalline forng,Twith the final
melting (Figure 1, curves 2660).

The enthalpy of melting of the new crystalline metastable
form Ty has not been reproducibly measured, since thphiase
is formed by cold-crystallization and therefore cannot be
guantitative. A maximum value of about 100 Jlgcan be
assumed for this transformation. What is important is that the
total heat integral over the range from 90 to P@0(that is the
dehydration plus the crystallizatiermelting of Ty) consistently
gives an average value of about 300 J%,gequal to the
amorphyzation of . Whatever the forms produced after the
transitions at 100 and 12030 °C, they all undergo a very
characteristic melting at 218C. This melting corresponds to
the melting observed in Figure 3 and is ascribed to the crystalline
form Tg.

Aside from the reproducible findings reported here, it should

be also mentioned that, under several circumstances and withou
any apparent correlation, some of the thermograms recorded a

high scan rates present a slightly different behavior. We have
ascribed this random behavior to diverse sampling of the crystal
grains and to differences in the water loss through the crystal
surface leading to a strong kinetic damping of the thermody-
namic transitions, in addition to possible energetic effects due

b
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Figure 7. Diagrammatic sketch of the temperature/energy transforma-
tion of the several trehalose polymorphs.
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which the different data were obtained and of the numerical
values of the thermal data itself.

Phase Diagram of the Trehalose PolymorphsThe relevant
information for the various phase transformations of trehalose
can be collected in a plot of the enthalpy changes for the several
polymorphs identified. Figure 7 shows the temperature stabili-
ties understood so far for the crystalline specigs Ts, Ty,
and T, although the slopes of the lines in Figure 7 (that is, the
C, values) are not quantitative. The above discussion has
pointed out the interrelated mechanisms of transformation for
the several species. Unlike all of the other forms, the anhydrous
T« can only be obtained by gently removing the water molecules
under vacuum below the threshold of 1T0. It is reasonable
that this rate of water loss does not allow the trehalose structure
to relax into a more compact form and that the original sugar
architecture is then quenched in a open structure, in which the
crystalline motifs can be traced back to the organization of the
trehalose molecules in the dihydrate form.

As far as the thermodynamics is concerned, the numerical
values of the enthalpy changes of the transitions and of the
eltings have been collected in Table 1, together with the
mperatures of transition (here conventionally defined as the
eak temperatures, given the modification of the shapes of the
peaks under the different experimental conditions).

e

Conclusions

The results presented here give new insight into the structural

to segregated phases during the transformation. Interpretationpolymorphism of trehalose and the complicated kinetics of the
of these discrepancies can be done safely only after the dynamidransformations. This extended capacity for polymorphism
diagram (i.e., with the kinetics of transformation) has been suggests that the molecular explanations for the peculiar
investigated with an appropriate analysis of the crystal sizes. properties of trehalose in preserving dry biomatetfataust
Before concluding the discussion of the present results on reside in the variability of the energetics of the trehalose
the dehydration of Tand the formation of several amorphous interactions, either between sugar molecules or with other
and crystalline forms, it is necessary to refer to a paper by Ding molecules, including water. Therefore, the dynamic and vis-
et al’b on the vitrification of trehalose by water loss, which coelastic properties of the amorphous materials and the glass
appeared while our experiments were in progress. Some of theirtransition should theoretically be related to the ability of the
findings can be interpreted as confirming our results. Unfor- molecules to establish a high rank of flickering intermolecular
tunately, despite some relevant qualitative information, this paper interactions. Determining this molecular explanation is simpli-
contains several internal contradictions in the numerical data fied by recent experimental results, which using ultrasonic
(perhaps due to typographical errors) which make it difficult to technique® and new NMR techniquéshave evidenced that
extract a meaningful understanding of the conditions under trehalose conformation is remarkably stable at different tem-
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Table 1. Transition Temperatures and Enthalpy Changes

process T/°C (midpoint) AH/kJ mol? notes
dehydration: F— amorphous from 100 to 110 from 108 to 54 scan rate dependence (see Figure 6)
melting: Tz — liquid 215 52.6
melting: T, — amorphous 126 5.8
melting: T, — amorphous 118122 23.2 highest value during the scan by cold crystallization
glass transition 125 AC,=0.48JK!gt

peratures in dilute and concentrated aqueous solutions, confirm-fied and to pursue suitable theoretical molecular dynamics
ing the molecular dynamics studi&s’ New calorimetric studies to follow the intermolecular structural fluctuations.
experiments in the timefrequency domain can also be useful
to clarify the thermodynamics and the crystallization of amor-  Acknowledgmentis made for financial support to the Italian
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