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1. Introduction

Hydration enthalpies of amorphous sucrose,
trehalose and maltodextrins and their relationship
with heat capacitiest

*xab

Ekaterina Bogdanova, (2 ?° Anna Millgvist Fureby® and Vitaly Kocherbitov
The mechanisms of glass transitions and the behavior of small solute molecules in a glassy matrix are
some of the most important topics of modern thermodynamics. Water plays an important role in the
physical and chemical stability of lyophilized biologics formulations, in which glassy carbohydrates act
as cryoprotectants and stabilizers. In this study, sorption calorimetry was used for simultaneous
measurements of water activity and the enthalpy of water sorption by amorphous sucrose, trehalose
and maltodextrins. Moreover, the heat capacity of these carbohydrates in mixtures with water was
measured by DSC in a broad range of water contents. The hydration enthalpies of glassy sucrose,
trehalose and maltodextrins are exothermic, and the enthalpy change of water-induced isothermal glass
transitions is higher for small molecules. The partial molar enthalpy of mixing of water in slow
experiments is about —18 kJ mol™, but less exothermic in the case of small molecules at fast hydration
scan rates. By measuring the heat capacities of disaccharides and maltodextrins as a function of water
content, we separated the contributions of carbohydrates and water to the total heat capacities of the
mixtures. The combination of these data allowed testing of thermodynamic models describing the
hydration-induced glass transitions. The heat capacity changes calculated by the fitting of the hydration
enthalpy data for disaccharides are in good agreement with the heat capacity data obtained by DSC,
while for maltodextrins, the effect of sub-T4 transitions should be taken into account. Combining the
data obtained by different techniques, we found a distinct difference in the behavior of water in glassy
polymers compared to that in glassy disaccharides. By understanding the behavior of water in glassy
carbohydrates, these results can be used to improve the design of freeze—dried formulations of proteins
and probiotics.

(rubbery or liquid state). The glass transition parameters are used
for predicting the long-term stability of solid formulations*™* and

The study of glassy states is one of the key topics of current
thermodynamics. Amorphous disaccharides and polysaccharides
are of particular interest for pharmaceutical and food industries as
these can stabilize proteins, peptides, antibodies and bacteria
against degradation during the freeze-drying process and
storage." One of the important properties of amorphous materials
is the glass transition. Polymers and other amorphous materials
are fragile and hard at temperatures much lower than the glass
transition temperature (glassy state), and soft and flexible at
temperatures much higher than the glass transition temperature
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as a guidance for selecting storage conditions."” Protein degrada-
tion increases above the glass transition temperature,® since the
molecular mobility is much higher in the rubbery state. Water is
known to decrease the glass transition temperature and increase
the molecular mobility, thus acting as a plasticizer. This behavior
can be described by the empirical Gordon-Taylor equation®’
which includes the glass transition temperatures of single compo-
nents and a parameter individual for a particular binary system.
There are, however, opposite examples, indicating that in confine-
ment (and in certain cases in the bulk) water can act as an anti-
plasticizer.*™°

In the case of amorphous sugars, water sorption changes
their physico-chemical properties from rigid amorphous solids
to highly viscous liquids and then to solid crystals (if the
substance is prone to crystallization) that are dissolved upon
further addition of water. The most common technique to
study moisture sorption is gravimetric vapor sorption, which
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measures sorption isotherms, i.e., plots of water activity versus
water content at a constant temperature. The water sorption
isotherms of amorphous carbohydrates and polymers can be
analyzed using either surface adsorption or bulk mixing
models. To the first group belong the well-known Langmuir
adsorption model, Brunauer-Emmett-Teller (BET) model and
Guggenheim-Anderson-de Boer (GAB) model. In this case, the
hydration process considers a monolayer or multilayer physical
adsorption of adsorbate molecules on a plane surface where all
adsorption sites are equivalent, with or without interactions
between layers. This approach is successfully used in materials
science and catalysis, but biopolymers have important distin-
guishing features. In particular, water molecules are rather
absorbed by the bulk of amorphous sugars than being
adsorbed at the surface.'™'? As a result of the mismatch
between the assumptions of the adsorption models and the
physics of the absorption process, they are unable to account
for significant hysteresis between the sorption and desorption
isotherms in the case of biopolymers, as the models do
not consider the plasticizing effect of water, as well as the
swelling of the material. Alternatively, sorption of water can
be described using models that assume a mixing in the
bulk, rather than adsorption at a surface. In particular, the
Flory-Huggins solution theory of polymers shows good agree-
ment with the experimental data for the liquid or rubbery
state. However, it is not applicable for the description of
polymers in the glassy state. Vrentas and Vrentas'® combined
the Flory-Huggins theory with the free volume theory and
proposed a model that satisfactorily describes the charac-
teristic shape of water sorption isotherms for polyvinylpyrro-
lidone (PVP),"* starch,'® and small molecules: glucose and
trehalose'® and amorphous mixtures of sugars (trehalose,
sucrose) - PVP."

In addition to water sorption isotherms, fundamental
thermodynamic properties of matter such as heat capacity in
the glassy state and enthalpy of mixing are used for under-
standing water-amorphous carbohydrate interactions. Glass is
not a thermodynamically stable state, it is less ordered than
crystalline state; this has an impact on its thermodynamic
properties. It was shown'® that the heat capacity of the amor-
phous form of sucrose below Ty is significantly higher than that
of crystals. Similar data were obtained for other pharmaceuti-
cally important glass-forming substances such as sorbitol,
trehalose and indomethacin."® Moreover, the heat capacity of
an amorphous material is dependent on the thermal history of
the sample. In particular, a lyophilized material has a higher
heat capacity than a quench-cooled and then aged material.
It has also been shown that the heat capacity of sucrose melt
decreases with time.'® Since the amorphous system tends to
equilibrium, the heat capacity shifts towards values typical
for crystalline materials.'® In general, microscopic molecular
motions define the macroscopic thermodynamic properties
such as enthalpy and heat capacity. Although heat capacity
measurements are routine experiments in adiabatic or scan-
ning calorimetry, a molecular-level interpretation of the experi-
mental heat capacity data of amorphous polymers and their
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mixtures with water is not a trivial task, but may require
statistical thermodynamic calculations.>

One of the examples of a thermodynamic variable that
describes mixing process is the enthalpy of solution. The
enthalpy of solution is an integral property that describes
mixing with water in one step, from the solid state to the liquid
state. The experimental data of the heat of solution are avail-
able in the literature.>" Due to its integral nature, this para-
meter is however not suitable for describing the changes that
gradually occur in an amorphous material upon hydration.
Another thermodynamic property that describes the interac-
tions with water is the partial molar enthalpy of mixing of water
(Hw). 1t is defined as the change of enthalpy upon the addition
of infinitely small amounts of water (normalized per added
amount). This is a differential property and is suitable for the
characterization of changes that occur upon gradual hydration
of a substance. The heat of mixing is the total result of many
different interactions between components and gives useful
information about complex systems. Due to their technical
complexity, calorimetric measurements of water vapor sorption
using glassy carbohydrates are rarely found in the literature.
As an example, one can mention the work by Lechuga-Ballesteros
and coworkers who used a thermal activity monitor to study the
interactions between amorphous saccharides and water.** This
methodology allows the measurements of sorption or mixing
enthalpy as a function of relative humidity, but water contents
in the samples cannot be determined, which presents a substan-
tial limitation.

Another calorimetric approach that does not have these
limitations is the method of sorption calorimetry developed
by Wadsé and coworkers.”” It is a unique technique for the
measurements of the partial molar enthalpy of mixing and the
water sorption isotherms in one experiment. It was successfully
used for the investigation of interactions of water with bio-
polymers such as cellulose,'* mucins,?® hyaluronic acid,>* acid-
hydrolysed starch®® and lysozymes.*® It was shown that the
initial hydration of amorphous biopolymers is exothermic.
Water-induced glass transitions can be observed as an endo-
thermic step in the partial molar enthalpy of the mixing
curve*#*>7 similar to the heat capacity step in DSC experiments.
Crystallization typically produces an exothermic peak in the
hydration enthalpy curve;>> however, an endothermic crystal-
lization peak was observed for hyaluronic acid.**

Although the hydration of carbohydrate polymers and sugar-
based surfactants®” was studied by sorption calorimetry before,
the corresponding studies of low-molecular-weight amorphous
carbohydrates have not been, to the best of our knowledge,
reported in the literature. Here we present a comparative study
of the hydration of amorphous carbohydrates (sucrose, treha-
lose and maltodextrins) using sorption calorimetry. Moreover,
we present the measurements of heat capacities of water—
carbohydrate mixtures as a function of water content.
Furthermore, using a recently developed theory that describes
the enthalpy of water sorption using glassy materials,”® we
analyze the relationship between the heat capacities and the
hydration enthalpies in the glassy state.

This journal is © the Owner Societies 2021
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2. Materials and methods
2.1.

Sucrose (CAS 57-50-1) and trehalose dihydrate (CAS 6138-23-4)
were purchased from Sigma Aldrich. Glucidex12 and Glucidex9
are corn maltodextrins, with dextrose equivalents (DE) of 12
and 9, respectively, which were kindly provided by Roquette
(France). Milli-Q purified water was used for all the experiments
(ELGA, Purelab Flex). Glucidex9 and Glucidex12 powders were
used as received or dried in a vacuum at room temperature.

Materials

2.2. Methods

2.2.1. Differential scanning calorimetry (DSC). DSC mea-
surements were performed using a DSC 1 (Mettler Toledo,
Switzerland). Temperature calibration and heat flow calibration
were done using indium. The glass transition temperature
and changes in heat capacities were determined using STARe
Software by ISO standard (ISO 11357-2:1999), where the mid-
point of the step is reported. An empty aluminum crucible was
used as a reference.

In the case of dry samples, they were placed in 40 pm
aluminum pans, hermetically sealed in a nitrogen atmosphere
with relative humidity of less than 5% RH. The pans were
scanned at different temperature ranges and a heating rate of
10 °C min~ ",

We used equilibration or interrupted equilibration of a dried
material at various relative humidities in saturated salt solu-
tions such as LiCl (ay, = 0.11), MgCl, (a,, = 0.33), Mg(NO3), (a,, =
0.53), NaCl (a,, = 0.75), KCI (a,, = 0.84), and K,SO, (a,, = 0.97)*°
to obtain different water contents in solid samples. The
samples with water contents of more than 30 wt% were prepared
in aluminum pans by weighing crystalline sucrose, trehalose
dehydrate or maltodextrin powder, adding the required amounts
of liquid MQ water (ELGA, Purelab Flex) and sealing the pans.

Heat capacity measurements were performed using the
following temperature program: ramp to 25 °C, isothermal
5 min, cooling 10 °C min~" to —50 °C, isothermal 5 min, and
heating 10 °C min™" to 60 °C (method 1) or to 100 °C (method 2).
The first test runs with freeze-dried sucrose were performed up to
100 °C. Since the samples crystallize about 90-100 °C, for further
experiments with sucrose, a lower maximum temperature was
applied. Method 1 was used for sucrose heat capacity measure-
ments, method 2 for trehalose and both for maltodextrins. The
run was performed 4 times for sucrose and trehalose, and once for
maltodextrins. The DSC was calibrated with sapphire. From the
obtained DSC data, the heat capacity was calculated using
MATLAB (MathWorks, Inc).

2.2.2. Preparation of amorphous sugars by freeze-drying.
Amorphous sugars were prepared by lyophilization from
aqueous solutions using a freeze-dryer (Epsilon 2-4 LSCplus,
Martin Christ GmbH, Germany). The samples with solid con-
tents of 10 wt% were freeze-dried in 6 mL clear glass vials with
a diameter of 22 mm (Schott, Germany) filled with 2 mL of
solutions. The vials were loaded at room temperature. During
freezing, the temperature was lowered to —45 °C in 3 hours and
held isothermally for 2 hours. Then, the shelf was heated to
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Table 1 Parameters of fast and slow scan rate sorption calorimetric
experiments

Oay,

Diameter W(aw =04), h™!

of the Proaxs Scan
tube, mm pW  Glucidex9 Glucidex12 Sucrose Trehalose rate
3.6 99.2 0.005 0.004 0.001 0.003 Slow
9.1 909.2 0.02 0.02 0.01 0.015 Fast

4 °C and the chamber pressure was lowered to 0.1 mbar. The
primary drying was done at a shelf temperature of 4 °C and a
chamber pressure of 0.1 mbar for 16 hours. For secondary
drying, the temperature was increased to 20 °C in 1 hour, and
the chamber pressure was lowered to 0.01 mbar. After the
ramp, the shelf was held isothermally for 3 h. At the end of
the freeze-drying cycle, the chamber was filled with dry nitrogen,
sealed under a vacuum and stored in a freezer at —20 °C until
further analysis. No collapse was observed in the vials.

2.2.3. Sorption calorimetry. Sorption calorimetric experi-
ments were conducted at 25 °C in a 28 mm two-chamber
sorption calorimetric cell inserted in a double-twin micro-
calorimeter. The samples under study were placed in the upper
chamber, and pure water was injected into the lower chamber.
The thermal powers released in the two chambers were moni-
tored simultaneously. The water activity in the sorption experi-
ments was calculated from the thermal power of vaporization of
water in the lower chamber as described in ref. 30. The partial
molar enthalpy of mixing of water was calculated according
to ref. 31.

Two different connecting tubes between the sorption and
desorption chambers were used in this work in separate
experiments. A narrow tube (diameter 3.6 mm) and a large
tube (diameter 9.1 mm) were assembled for slow and fast scan
experiments, respectively. The properties of the tube and the
corresponding thermal power in maltodextrin experiments are
listed in Table 1. The signal at the fast scan rate is ten times
higher than that at the slow scan rate, analogous to the
difference between the DSC experiments at 10 °C min~* and
1 °C min~'. Experiments were performed 3 times for sucrose
and trehalose with both narrow and large tubes, and once for
Glucidex9 and Glucidex12 at the desired scan rate.

3. Results and discussion

3.1. Isothermal sorption calorimetry of sucrose, trehalose and
maltodextrin

3.1.1. Sorption calorimetry of sucrose. The sorption iso-
therm and the corresponding hydration enthalpy for sucrose at
25 °C are shown in Fig. 1a and c. The data were obtained for
slow and fast scan rates and the influence of the scan rates will
be discussed later, but first, we follow the phase transforma-
tions occurring in amorphous sucrose during hydration using
the fast scan experiment (blue curves in Fig. 1) as an example.
The water activity has a positive slope followed by a straight
vertical line corresponding to sucrose crystallization. Above 8 wt%
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Fig. 1 Sorption isotherms of sucrose (a) and trehalose (c) and partial
molar enthalpies of mixing of water for sucrose (b) and trehalose (d).
The legend shows different water sorption rates, provided by different tube
diameters (see the “Methods"” section).
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of water, the water activity is constant, indicating a two-phase
region (dissolution of crystals). The enthalpy curve (Fig. 1c)
contains additional information related to the glass transition,
which is not directly seen in the activity curve. In particular, the
initial hydration of amorphous sucrose shows a highly exothermic
HY} (approximately —12 kJ mol ™' for the fast scan). Then, an
endothermic thermal event in the form of a step in the region
2-3 wt% corresponding to a water-induced isothermal glass
transition (Fig. 1c) is seen. This transition occurs at the water
activity of about 0.2-0.3 in agreement with previous studies.'**?
Next region is the mixing of metastable liquid with water and its
heat effect is relatively close to 0. Furthermore, an exothermic
peak is observed, which corresponds to the hydration-induced
crystallization of sucrose at about 8.0 wt% (a,, &~ 0.5) in the case of
the fast scan rate. The dissolution of crystals observed at higher water
contents is accompanied by a relatively low endothermic effect.

The glassy system is not in a thermodynamically stable
equilibrium state, hence it is not surprising that the slow scan
rate profile for sucrose has substantial differences compared to
the fast one (Fig. 1a and c). First, in the glassy state, the partial
molar enthalpy of mixing of water is more exothermic for
the slow scan rate (—18 kJ mol ™). Second, the glass transition
is shifted to a somewhat lower hydration level, and third,
crystallization occurs at much lower water content (5.4 wt%
vs. 8 wt%).

This scan rate dependence of the sorption behavior can be
understood considering the kinetics of water sorption. For
obtaining equilibrium thermodynamic data in sorption calori-
metry, it is assumed that the resistance to water diffusion and
the gradient of water concentration are present only in the
vapor phase (between the vaporization chamber and the sorp-
tion chamber), while in the sample, there are no gradients of
water activity. In the case of fast experiments when the vapor
flow is high, and the water mobility in the glassy state is limited
(and dependent on concentration®?), this assumption is not
fulfilled, and the gradients may appear in the sample. This
leads to higher water activity on the surface of the sample in
fast experiments, which is one of the reasons for the difference
seen in Fig. 1a.

Crystallization of sucrose upon hydration is also dependent
on the scan rates. In the fast experiment, one can see some
signs of its beginning at a,, = 0.4, and at a,, = 0.5 it strongly
accelerates. In the slow experiment, it starts around a,, = 0.35
and in terms of concentration, the scan rate dependence is even
more obvious. The literature values for the threshold activity of
crystallization are also diverse. For example, Lechuga-Ballesteros
and coauthors detected sucrose crystallization using a thermal
activity monitor at a water activity of 0.45.'> In an earlier work, it
was shown that amorphous sucrose does not crystallize for 3 years
at a water activity below 0.17, but at 0.33 crystallization occurs
within 24 hours.** These results can be explained by the fact that
crystallization of supercooled (or supersaturated) liquid is a
spontaneous and stochastic process that can occur at a random
point in time. Since the slow scans take a longer time than the fast
ones, there is a higher probability that crystallization occurs at
lower water contents.

This journal is © the Owner Societies 2021
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3.1.2. Sorption calorimetry of trehalose. The sorption iso-
therm and the hydration enthalpy for freeze-dried trehalose are
presented in Fig. 1(b and d). The general shapes of the water
activity and enthalpy curves for trehalose are similar to those
observed for sucrose, but the transitions are shifted to higher
water contents, which can be explained with a higher glass
transition temperature of trehalose. Further discussion on the
comparison of the sorption isotherms of sucrose and trehalose
is presented in Section 3.4.

The initial hydration of amorphous trehalose shows a highly
exothermic effect of about —18 kJ mol™! in the slow scan rate
experiment and —12 k] mol™" in the fast scan rate experiment.
The water-induced glass transition takes place in the range of
6.5-7 wt%, with a,, = 0.35-0.4 in both experiments, followed by
the hydration of the metastable liquid with the heat effect close
to zero. Crystallization occurs below 10 wt% in the slow case
and slightly above in the fast case at a, = 0.45-0.5. This
crystallization event is consistent with the formation of treha-
lose dihydrate since the water content in this event is close to
that in the trehalose dihydrate (9.52 wt%). This is in good
agreement with literature data, for example, crystallization of
trehalose dihydrate was observed in ref. 14 in gravimetric water
sorption experiments at 30 °C and a,, = 0.4.

According to the sorption isotherms of trehalose, the system
contains more water at similar water activities in slow experi-
ments, which can be attributed to the slow diffusion of water.
As one can see from the comparison of the hydration plots for
sucrose and trehalose, the scan rate has a stronger influence on
the hydration profile of the former, which is especially clear in
the case of crystallization. In this comparison, one should keep
in mind that trehalose crystallizes in the form of a dihydrate,
while sucrose crystallizes in its anhydrous form, which might
influence the kinetics of crystallization.

3.1.3. Sorption calorimetry of maltodextrin. Sorption
calorimetry data of Glucidex12 and Glucidex9 are presented
in Fig. 2 which show similar behavior with previous experi-
ments on acid hydrolyzed potato starch.> The step at 20 wt% of
water on the sorption isotherms corresponds to crystallization.
The hydration enthalpy curves have positive slopes at a water
content of less than 10 wt%, for both maltodextrins. The water-
induced glass transition in Glucidex12 occurs at 13 wt% of
water (a, = 0.7), and in Glucidex9 at 14 wt% (a,, = 0.8). This
difference can be explained by the fact that Glucidex9 has an
average molecular weight of 2000 g mol~" while Glucidex has
12-1500 g mol ', The polymer with a higher average molecular
weight (Glucidex9) undergoes water-induced glass transitions
at higher water contents and higher water activities. This
corresponds to the increase of T, values in DSC experiments
(see Table 2). Sharp exothermic peaks at 20 wt% of water
indicate the crystallization of both Glucidex products, corres-
ponding to the small steps in sorption isotherms at 20 wt% of
water (ay = 0.9).

Neither the sorption isotherm of maltodextrin, nor its
hydration enthalpy, shows a clear dependence on the humidity
scan rate. This behavior is strikingly different compared to that
of the sucrose and trehalose cases. We suggest that the primary
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Fig. 2 Sorption isotherms of Glucidex9 (a) and Glucidex12 (c) and partial
molar enthalpies of Glucidex9 (b) and Glucidex12 (d) and mixing of water
as a function of water content. Different colors correspond to different
tubes used in the sorption experiments.
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Table 2 The hydration enthalpy step at the glass transition temperature calculated using the Vrentas and Vrentas model (egn (2)) in comparison with the

T,
experimental data. 4 = — 3 £% was calculated at the point of the water-induced glass transition
1
Ty ACp, AHY (k] mol ™), AHY (k] mol ™),
Substance Scan rate (K) gg 'k A (K) eqn (2) experiment®
Sucrose Fast 343 0.620 901 10 9.5
Sucrose Slow 343 0.620 901 10 11
Trehalose Fast 393 0.720 1034 13 10
Trehalose Slow 393 0.720 1034 13 11.5
Glucidex12 Fast/slow 473¢ 0.225” 1312 5.3 5
Glucidex9 Fast 498¢ 0.224° 1343 5.4 5

“ Data provided by the supplier. ° Data obtained by linear extrapolation. ¢ The experimental values are taken as a height of the glass transition step

on the plot of the partial enthalpy of mixing.

reason for this is the difference in water diffusion properties. In
particular, the water diffusion coefficient for the sucrose-water
mixture is 10~ m? s™%,** while the water diffusion coefficient
for the maltodextrin-water mixture was estimated to be
107" m? s7'.** In other words, water molecules in the poly-
mer-water matrix move faster by three orders of magnitude
compared to disaccharides and thus are distributed more
evenly in the material, hence the absence of the effect of the
scan rate for maltodextrins. In the case of sucrose and treha-
lose, in fast scans, the slow water diffusion can result in the
formation of concentration gradients in the solid particles and
variation in water uptake.

Water sorption isotherms of amorphous disaccharides, mal-
todextrins and starch materials have positive slopes. Upon
crystallization, water activity changes its behavior and typically,
a step on the activity curve is observed. Hence, it is easy to
determine the critical water activity of the crystallization from
the water sorption isotherm. However, the position of the
isothermal water-induced glass transition is not clearly seen
on the sorption isotherm. Simultaneous measurements of the
sorption isotherm of the sample and the corresponding differ-
ential enthalpies of hydration make glass transition and crystal-
lization phenomena clearly visible (Fig. 1 and 2).

3.2. Models describing the enthalpy of sorption

3.2.1. Earlier models (constant enthalpy models). A theory
of mixing proposed by Vrentas and Vrentas' predicts the
values for the molar heat of sorption of the penetrant (in our
case water) in the glassy polymer:

HS = — -t — RT*=2- — MiAC), 4 (1)

where M, is the water molecular weight, Ang is the heat
capacity change of the polymer (J g~* K™'), and 4 is a positive
coefficient characterizing the plasticizing effect of water and
defined as Ty = Ty, — Awy. In a more general sense, it is the
derivative of the glass transition temperature on the composi-

oT,
tion which is = ——&=
Jdwl

. Here and below, we use the following

notation: Ty; - glass transition temperature of pure water,
Ty, - glass transition temperature of the polymer, x -~ Gordon-
Taylor parameter, Tgy - glass transition temperature of the

14438 | Phys. Chem. Chem. Phys., 2021, 23,14433-14448

mixture, w, — mass fraction of water, and w, — mass fraction of
the polymer.

The exothermic contribution to the enthalpy of mixing due
to the glassy state is described by the third term of eqn (1):

AHT = —M,ACp,A (2)

where AC),?2 is taken from the DSC measurements, and Ty is
experimentally available. Besides, for the calculation of the
endothermic glass transition step in the mixing enthalpy curve,
Kocherbitov and Séderman®” proposed the following equation:

AHT'rg = ACpy(Typ — T) 3)

where r, is the water-to-carbohydrate mole ratio at the glass
transition temperature and ACj, is expressed in J mol ' K.
Eqn (2) and (3) assume a constant (not dependent on composi-
tion) contribution to HY' from the glassy state, i.e., the hydra-
tion enthalpy in the glassy state is expected to be constant. The
experimental data presented here show that this is not the case,
especially for maltodextrin. Still, this approach can be used for
an approximate estimation of the step of the hydration
enthalpy (AHT) at the glass transition temperature, which is
demonstrated in Table 2. For the calculations, the ACy, values
are taken from the DSC heating scans as steps on the heat
capacity curves. The concentrations of the water-induced glass
transitions are taken from the experimental plots of the
enthalpy of mixing. The dependence of the glass transition
Tem
(960] ’
calculated from the Gordon-Taylor equation (kappa para-
meters are listed in Table 3). Despite the assumptions men-
tioned above, the calculated values are in reasonable agreement
with the experimental data. Interestingly, despite the fact that
in the dry limit the exothermic heat effect for maltodextrins
(Fig. 2c and d) is similar or stronger than that for small sugars
(Fig. 1c and d), the step in the enthalpy of mixing at the glass
transition point is much smaller.

3.2.2. An extended model. The models mentioned above
assume that the Hj of the glassy polymer with water is
independent on water content. In other words, one can expect
a straight horizontal line on the plot of enthalpy of mixing
versus water content below the glass transition temperature.
On the molecular level, it implies that the interactions between
water and the glassy polymer matrix do not change upon

temperature on water content and its derivative,
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Table 3 The heat capacity changes calculated by the fitting of the sorption calorimetry data, according to egn (4). The heat capacity changes at 25 °C
obtained from the DSC data as described in Section 3.3 are shown for comparison

DSC Sorption calorimetry

Substance Ty, K fixed K fixed ACH Jg 'K AC, Jg 'K Scan rate AC, g Kk AC, Jg ' K

Sucrose 343.15 0.17¢ 3.02 + 1.0¢ 0.73 + 0.57 Fast 2.4 £2.0 0.69 + 0.02
Slow —0.9 £ 1.0 0.77 £ 0.02

Trehalose 393.15 0.19” 1.67 £ 0.5 0.81 + 0.1¢ Fast 2.73 + 0.06 0.762 + 0.002
Slow 2.24 + 0.42 0.868 + 0.008

Glucidex12 473.15° 0.15¢ —0.31 £ 0.02° 0.22 + 0.03° Fast —0.09 + 0.54 0.40 £ 0.02
Slow 0.04 + 0.93 0.39 +£ 0.002

Glucidex9 498.15°¢ 0.13¢ —0.35 + 0.02° 0.22 + 0.01° Fast —0.09 + 0.14 0.36 + 0.01
Slow 0.05 + 0.22 0.361 £ 0.004

“ Data from ref. 7. ® Data from ref. 36.  Data provided by the supplier, obtained from the Gordon-Taylor equation. ¢ Obtained from a linear
approximation of difference of heat capacities of liquid and glass at 25 °C. ¢ Correction on sub-T, according to eqn (8). f The mean values of heat

capacity changes obtained by fitting (with the standard deviations).

hydration. However, most often, the experimental data exhibit a
slope and a concave-like feature in the enthalpy curves (Fig. 1c,
d and 2c, d). The dependency of the partial molar enthalpy on
water content (eqn (4)) obtained in the sorption calorimetry
experiment can be described using a model recently proposed
by our group.*® The model is based on a careful examination of
the thermodynamic cycle of glass transition and uses certain
approximations such as the Gordon-Taylor equation for the
dependency of T, on water content.

—L = AC) (Tem — T)

(4)
wi(Te — Tgl)(wlACI?1 (Tgm) + szng(Tgm)

k(1 + (7t = 1)wy)?

where AHY' is the partial molar enthalpy of mixing, M, is the
water molecular weight, AC, is the heat capacity change of the
glassy water, AC, is the heat capacity change of the polymer,
Tem is the glass transition temperature of the mixture, w, is
the mass fraction of water, and 7T is the temperature of the
experiment. Eqn (4) has five parameters that can be either
determined from fitting or fixed as constants known from other
experiments: Ty, Ty, ACpi, ACp, and k. The glass transition
temperature of water (Ty; = —137 °C)** and the glass transition
temperature of the dry polymer (when known) should be kept
constant to obtain more stable fitting results. In this work, the
glass transition temperature of pure water is taken as —137 °C
(the widely accepted value), commonly used for the Gordon-
Taylor fits for water-amorphous sugar mixtures.*® We note,
however, that an alternative interpretation suggests that the
thermal event at —137 °C is due to the unfreezing of local
molecular motions and does not represent the glass-liquid
transition.?”

Earlier, the model was tested on starch and cellulose experi-
mental data and gave a satisfactory prediction of the heat capacity
change of the dry polymer and the kappa parameter.”® Here, the
hydration enthalpy data of the glassy region of sucrose, trehalose,
Glucidex12 and Glucidex9 were fitted with eqn (4) using MATLAB
(MathWorks, Inc). The fitting results are presented in Table 3.

To check the fitting reproducibility, it was performed 3 times
for different concentration ranges for every enthalpy curve.

This journal is © the Owner Societies 2021

Each curve was split into two parts: low water content and high
water content (an example is presented in Fig. 3), where the
concentration ranges are 0.01-0.04 and 0.05-0.1, respectively.
The concentration ranges were different for each experiment,
since the position of the water-induced glass transition varies
from sample to sample. The fitting procedure was performed
on the two data sets and for the whole glassy region (more data
are shown in the ESI,T Tables S1-S7).

The parameters (AC,,) obtained in fitting (sorption calori-
metry columns in Table 3) for the fast and slow scan rates are

(@)

H'1“, kJ/mol

0 0.05 0.1
water content, w 1

HT, kJ/mol
3

-15 ¢

0 0.05 0.1
water content, w 1

0.15

Fig. 3 Fitting results of egn (3) for Glucidex12 for low (a) and high (b)
water content range. Black curve — experimental data, blue — data points
chosen for fitting, and red - resulted fitting.
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similar (about 10% difference), show only few percent standard
deviations, and are in good agreement with DSC data.
In contrast, the heat capacity increment for water (AC,)
obtained in fitting exhibits larger standard deviations reflecting
the differences in the thermodynamic parameters of water at
different water contents. Moreover, the AC,; shows rather
diverse values depending on the material and experimental
conditions, which can be a valuable source of information on
the properties of the glassy state. In particular, in the case of
trehalose, AC,; is positive and shows values comparable to
those observed for pure water.*® In the case of sucrose, this
parameter is positive for the fast scan rate but negative for the
slow experiment. One should, however, note that the fitting
quality in the case of sucrose can be lower than that of the other
three substances considered in this study due to a very narrow
glassy region (see Fig. 1c). The initial disturbance of the
calorimetric experiment in the case of fast scan rate might
affect the quality of the experimental data. Moreover, the
possible residual moisture that could not be fully removed
from the freeze-dried samples can have a stronger influence on
the results when the glassy region is narrow. The difference
between the slow and fast scan rates can also appear due to the
enthalpy relaxation. While in DSC experiments the enthalpy
relaxation might be seen as a small endothermic peak after the
glass transition step on the DSC heating curve,* in sorption
calorimetric experiments, it may influence the HY values in the
glassy state.

For both Glucidex9 and Glucidex12, the heat capacity
change of water is close to zero, which indicates a different
state of water in the glassy maltodextrin compared to that in the
sucrose and trehalose.

3.3. The heat capacity and the temperature-induced glass
transition

3.3.1. The heat capacity of dry sucrose and trehalose. The
heat capacity is the fundamental physical property, which
characterizes the molecular motion of a system. The glass
transition-induced heat capacity step (AC,) is a key property
of a two-component glassy system. Moreover, using it in
combination with the Gordon-Taylor equation, one can calcu-
late the enthalpy of mixing of water with glassy carbohydrates.
In this section, we discuss our experimental DSC data on the
heat capacity and the heat capacity step of sucrose, trehalose
and maltodextrins and compare them with literature data.

Sucrose is a crystalline substance that needs to undergo a
certain treatment in order to be obtained in an amorphous
form. Often it is made amorphous by melting and quench-
cooling. Below we compare the properties of amorphous
sucrose obtained by quench-cooling and freeze-drying. The
thermal behaviors of sucrose samples obtained by these two
methods are presented in Fig. 4. In the experiment with
melting, sucrose crystals were melted in a DSC pan using
a temperature ramp of 20 °C min ' to 186 °C and then
quench-cooled by 20 °C min~"' straight after. In the second
scan (blue curve), there is a glass transition with T, (midpoint) =
68.44 °C and AC, = 0.645 J g ' K '. The freeze-dried
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Fig. 4 DSC scans of amorphous sucrose with different thermal histories.
The blue curve is the second scan of crystalline sucrose, and the black
curve is the first scan of the freeze—dried amorphous material. The scan
rate is 10 °C min™%,

amorphous sucrose (black curve) undergoes a glass transition
at 70.60 °C with AC, = 0.762 J g~! K ' followed by a crystal-
lization exotherm at about 110 °C and a broad melting (this
part of the curve is not shown). It should be noted that all the
DSC curves of the freeze-dried sucrose show crystallization at
higher temperatures, while the quench-cooled samples do not.
We suggest that the reason for such a behavior is the carame-
lization of the material during heating. After the second scan,
the DSC pan with the melted sugar was opened; the obtained
sample was transparent and yellow in color. A similar observa-
tion was made previously.*° Since the freeze-dried material was
not treated at high temperatures, the pan contained only a
white colored material after the first scan and even after the
fourth DSC scan. Other factors, for example, higher surface area
in the freeze-dried material, which increase the probability of
surface-induced nucleation might affect the crystallization
kinetics. Still, based on the color-change observation, for
further experiments, only freeze-dried sucrose and trehalose
were used.

The DSC curves of the freeze-dried sucrose show notable
deviation from the baseline prior to the glass transition step,
which might be described as an endothermic sub-T, event.
Sub-T, endotherms (in the form of endothermic peaks) are well-
known for carbohydrate polymers, for example, starch-like
materials.”® Recently, Johari proposed that sucrose melt
has this feature in DSC scans as well.*' The heat capacity of
sucrose in the glassy state was reported to be between 1.31 and
1.38J g ' K ' (25 °C),"®'? whereas our measurements provided
the values of 1.29 + 0.15J g ' K.

The DSC scan of the freeze-dried trehalose shows a glass
transition step at 118 °C with AC, = 0.770 J g~' K™, and the
heat capacity of the dry amorphous trehalose was measured to
be 1.42J + 0.10 g ' K" at 25 °C, which is in perfect agreement
with the value from literature data (1.43 J g ' K ')."®

3.3.2. The heat capacity of dry maltodextrins. The heat
capacity of dry Glucidex9 at 25 °C measured in this work is 1.09 +
0.08] g ' K, and Glucidex12 at 25 °C is 1.11 £ 0.09]J g ' K,
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which are comparable with the literature values for glassy amylo-
pectin (1.16 J g K" from ref. 42 and 1.18 J g~ K" from ref. 19)
and for dry starch (1.2 J g ' K, value graphically taken from
ref. 20). The measurements of glass transition temperature and
heat capacity change of dry maltodextrins in a conventional DSC
instrument is a challenging task due to the chemical degradation
of the material. The DSC signal of a heating ramp of 20 °C min ™"
from 25 to 240 °C in hermetically sealed pans shows only one
endothermic peak associated with the opening of the sealed lid
due to the high pressure in the sample. The material turns brown
after the DSC run. Therefore, the glass transition temperature of
the dry amorphous maltodextrin was obtained by using the
Gordon-Taylor approximation and was taken from the supplier
of the material.

3.3.3. The heat capacities of mixtures with water. The heat
capacities of the sucrose-water mixtures are presented in Fig. 5.
The first scans of the freeze-dried materials differ from the
subsequent scans. A possible reason for this is the compression
of the fluffy freeze-dried powder after the first scan, which
exhibits better thermal contact with the DSC pan and also
enthalpy relaxation, which is more pronounced in the first scan
(see Fig. S1 in the ESIt). Each presented curve is the mean of
the second, third and fourth runs of the freeze-dried material.
The glass transition step with an enthalpy relaxation peak is
clearly seen in the scans of the samples with water contents
of 2.6-3.6 wt%. The glass transition temperature, as expected,
increases with the decreasing water content. Samples with
water contents of 0.3-0.8 wt% undergo glass transitions at
temperatures outside the temperature program range, and only
the beginning of the step can be seen on the plot. The sucrose-
water system has a notable feature of exothermic deviation from
the baseline prior to the glass transition step, which is also seen in
the dry substance (a sub-T, event as was noted above'). The heat
capacity curves of the samples, which are liquids at 25 °C, are
presented in Fig. S2 in the ESL} Samples with water contents of 19
and 25 wt% show glass transitions at low temperatures, and
crystallization is not observed (neither for ice nor sucrose).
The heat capacity scans of the samples with water contents of
40-90 wt% exhibit glass transitions of freeze-concentrated

solution (T g/> and ice melting events (Fig. S2 in the ESIt).

The results of the heat capacity measurements of the treha-
lose-water mixtures are presented in Fig. 5b. The glassy treha-
lose-water samples with water contents of 3.4-5.1 wt% undergo
glass transitions with a small but clear enthalpy relaxation
event directly after the glass transition step. The glass transi-
tion temperature decreases with the increase of water content.
The sample with 1 wt% water content undergoes glass transi-
tion at a higher temperature than the presented range. There
are some deviations from the baseline (for the sample with
5.1 wt%) prior to the glass transition step that might be a sign
of a small sub-T; event. The heat capacity curves of the samples
with water contents higher than 60 wt% exhibit Té and ice
melting events and are presented in Fig. S3 in the ESL}

The heat capacity measurements of the Glucidex9-water
mixtures are presented in Fig. 5c. The heat capacity of the dry
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Fig. 5 Heat capacities of sucrose—water (a), trehalose—water (b) and
Glucidex9—-water (c) systems. Different colors correspond to different
water contents (in wt%).

sample of Glucidex9 shows no deviation from the baseline in
the range of 240-380 K. The glassy Glucidex9-water samples
with water contents of 1.8-10.13 wt% show notable deviations
from the baseline at about 320-340 K, which corresponds to the
sub-T, transitions in starch-like materials followed by T, at
higher temperatures. The heat capacity dependencies of
the samples with water contents higher than 10.13 wt% are
presented in the ESIt (Fig. S4 and S5). They exhibit Tg', ice
melting and gelatinization thermal events.

For comparison with the sorption calorimetric experiments
performed at 25 °C, it is instructive to present the DSC heat
capacity data as a function of water content at 25 °C (Fig. 6).
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Fig. 6 The heat capacity and heat capacity changes in binary mixtures at
25 °C (unless stated otherwise in the legend). For sucrose, heat capacities
in the liquid and glassy states are shown; the data for the glassy state
marked as “extr” are obtained by extrapolation of the linear regime of the
heat capacity curve before the glass transition; the literature data from the
work of Lyle et al.*® are obtained by averaging the data at 20 and 30 °C;

14442 | Phys. Chem. Chem. Phys., 2021, 23, 14433-14448

View Article Online

PCCP

the heat capacity change is for the glass transition temperature (a). For
trehalose, the heat capacities in the liquid and glassy states are shown; the
heat capacity change is for the glass transition temperature (b). For
Glucidex9, the heat capacities in the glassy and liquid states, as well as
the two-phase regions (B + water, A + B), are shown according to its phase
diagram25 (c). For Glucidex9, the heat capacity step is the direct
measurements at Tgm; data marked as “corr” are corrected for the
sub-T4 endotherm (d).

The height of the heat capacity step at the glass transition
temperature, AC,(Tym), in the amorphous sucrose is presented
as a function of water content in Fig. 6a (blue triangles). The
baselines are taken before the sub-T, event. The results indicate
an increase of the heat capacity step with the increase of water
content. All other data points in this figure are obtained at
25 °C. The heat capacities of liquid sucrose solutions (red
circles) cover a broad range of concentrations and are in good
agreement with literature data (green circles).** The heat capa-
cities of the glassy mixtures are presented as black squares.
Despite the rather narrow range of concentrations, an ascend-
ing trend is clearly seen (extrapolated with a black dashed line).
A thorough examination of Fig. 5a suggests that this trend can
be caused by the endothermic sub-T, event rather than by the
change of the main step size. In order to separate these two
events, we calculated the extrapolated values of heat capacities
in the glassy state that the system would show in case of the
absence of sub-T, (magenta squares). The extrapolated values
were obtained by the linear extrapolation of the baseline
measured in the range of 235-265 K to 298.15 K. The results
show that the main contribution to the increase in heat
capacity in the glassy sucrose-water mixture was due to the
sub-T, event.

The heat capacities at 25 °C and the heat capacity change in the
trehalose-water binary mixture are presented in Fig. 6b. All three
presented parameters show a clear increase in water content.

The heat capacity of the Glucidex9-water mixture at 25 °C is
presented in Fig. 6¢. Four different regimes corresponding to
different phase compositions of the system are clearly seen.
The heat capacity of the glassy mixture (black squares) is in
agreement with literature data.*> The second regime in the
range of 13-18 wt% corresponds to the liquid state (blue
circles). Several points at the beginning of this regime (at
13.8-14 wt%) probably correspond to the transition region
between the glass and liquid states. It follows from the fact
that the DSC heat capacity curves for these concentrations
departed from the glassy baseline below 25 °C but the liquid
state was not reached at this temperature. Therefore, the points
at 13.8-14 wt% were not taken into account for the calculation
of the linear dependence of the liquid. To broaden the concen-
tration range for linear fitting, the heat capacity of the pure
liquid water was included in the calculations. Still, due to a very
narrow concentration range of the liquid state in the Glucidex-
water system, its heat capacity dependence on water content
may be less accurate than that of other phases considered here.

Other concentration ranges (red and magenta circles) refer
to two-phase regions: water + B and A + B, where A and B are the
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crystalline phases of maltodextrin according to its phase
diagram.>® The heat capacity change in the Glucidex9-water
system directly measured at Ty, is presented in Fig. 6d (blue
triangles). The heat capacity change corrected for sub-T, transi-
tions (black triangles) will be discussed at the end of this
section.

The presented data of heat capacity and heat capacity
change in the two-component systems are approximated by
linear fits. To highlight the contributions from the two compo-
nents, linear equations can be represented in the following
form. The heat capacity of the liquid binary mixture at 25 °C is:

- wy) (5)

where Cb is the heat capacity of the liquid water, Cpj is the heat
capacity of the liquid polymer, and w; is the mass fraction
of water. The heat capacity of the glassy binary mixture at
25 °C is:

1 _ 0, 0,1
Ch = Col-wy + Co-(1

C8=CR%w, + Cyf-(1 — wy) (6)

where Cp%’ % is the apparent heat capacity of the glassy water,
and Cp¥ is the heat capacity of the glassy carbohydrate.
Subtracting eqn (4) and (5) gives an expression for AC,:

—wi) (7)

where AC}% is the apparent heat capacity change of water, and
ACSZ is the heat capacity change of the carbohydrate.

The ACy; values for sucrose obtained in two different ways
(ACy; measured at Ty, and Cp — Cof extr measured at 25 °C)
are in reasonable agreement (see Table 4) and the second data
set is chosen for comparison with the sorption calorimetry
results in Table 3. In the case of trehalose, Cg;l - Cg;g values of
the heat capacity step were chosen for comparison with the
sorption calorimetry results in Table 3.

The heat capacity changes of Glucidex9 and Glucidex12
calculated as a difference between the linear approximations
for the liquid and glassy states (Cp; — Cp# at 25 °C in Table 5)
show too small values for the dry polymers. The reason for this

AC, = ACH -wy + ACh,-(1

Table 4 The heat capacity and heat capacity step in the binary mixtures of
sucrose—water and trehalose—water systems in J g~* K™% at 25 °C mea-
sured by DSC. The underlined values are used in Table 3 for comparison
with sorption calorimetry

Sucrose Trehalose
Water (1)  Sucrose (2) Water (1)  Trehalose (2)
co! liquid 413 1.93 4.10 2.22
Cp¥ glass 2.909 1.29 2.42%9 1.41
Co¥ glass extr®  1.117 1.20 — —
Col-CoE 1.239 0.64 1679 0.81
CO!-COF extr®  3.029 0.73 — —
ACp; at Ty 2.749 0.62 2.42%9 0.57

Z _ apparent values (extrapolated to pure water).  Extrapolated values -
the values obtained by linear extrapolation of the baseline in the range of
235-265 K to 298.15 K. ? Direct measurement - values evaluated using
METTLER TOLEDO software according to ISO standard, baselines were
tangent lines before the sub-T, deviation. These values are measured at the
glass transition temperature of the mixture.
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Table 5 The heat capacity and heat capacity step of the Glucidex9—-water
and Gluciedex12-water systems in J g~* K™! at 25 °C measured by DSC.
The underlined values are used in Table 3 for comparison with sorption
calorimetry

Glucidex9 Glucidex12
Water Glucidex9  Water Glucidex12
(1) (2) 1) (2

co! liquid 4.06 1.16° 4.00 1.12¢

Cp¥ glass 23792 1.08 2339 1.02

Col — C5% at 25 °C 1.709  0.08° 1679  0.10°

ACY; at Tym® 0.229  0.20 0.249  0.23

ACY; sub-Ty corrected”  -0.359  0.22 0319 022

%)

- apparent values. “ Direct measurement - values evaluated using
METTLER TOLEDO software according to ISO standard, baselines are
taken above the sub-Tj. b Correction on sub-T, according to eqn (8).
¢ Accuracy of these values can be affected by the narrow concentration
range in the liquid state.

is the low accuracy for the linear approximation in the liquid
state due to a very narrow concentration range. Therefore, the
AC, data obtained directly at Ty, in a broader concentration
range can be considered more appropriate for monitoring
the concentration dependence. The apparent values of heat
capacity change for water (Acﬁ ) obtained from these data are
much lower compared to AG,?l for pure water. Still, they are not
negative (as one could expect from the comparison with the
sorption calorimetry data). To explain this discrepancy, we
recall that the glass transition in eqn (4) is approximated as a
single step, not dependent on temperature. A rigorous equation
for the calculation of hydration enthalpy®® includes the
integration of heat capacity with respect to temperature rather
than the multiplication of heat capacity changes by the tem-
perature differences. In such integration, not only the heat
capacity step but also the sub-T, peak should be taken into
account (Fig. 7). Effectively, the presence of the sub-T, peak
corresponds to the increase of the heat capacity in the glassy
state (red dashed line in Fig. 7) and therefore the decrease of
the heat capacity step.

300 320 340 360 380
TK
Fig. 7 The heat capacity of the maltodextrin—water mixture (8.62 wt%
water) after subtracting the baseline (blue curve). The black dashed line
shows the approximation of the glass transition as a step. The red dashed
line shows the position of the baseline corresponding to the glassy state
that takes into account the area of the sub-T4 endotherm.
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In order to take this into account, we implemented a
correction of the heat capacity change:
AH:ub - Wy

ACY, —
Tom — T

Pcorr

= AC) -~ (8)

where AH_, is the slope of the enthalpy of the sub-T, peak with
respect to w(S6, S7).

The corrected data are shown in Table 5 (last row) and are
chosen for comparison with the sorption calorimetry results
(Table 3).

3.4. Differences in water sorption behavior between
disaccharides and maltodextrins

3.4.1. Sucrose vs. trehalose. In literature, one can find
discussion about the superior properties of trehalose in com-
parison with sucrose** for the preservation of proteins and
bacteria. When discussing the preservation and stabilization
mechanisms, the cases of liquid and solid formulations should
be considered separately. In liquid solutions, it is relevant to
understand if the protein surface is preferentially in contact
with water or the carbohydrate. To describe this, two models
were proposed: the water replacement model*® and the prefer-
ential hydration model.*® Recently, it has been shown that in
concentrated liquid solutions, the stabilization is due to the
effect of trehalose on the dynamics of hydration, rather than
the direct protein-sugar interactions.*” In solid formulations,
where almost all water is removed and the protein-sugar
interactions are inevitable, the stabilization mechanisms
are different. For solid-state amorphous formulations, the
glass transition temperature of the carbohydrate matrix is
important*®*° since for best protection, the storage tempera-
ture should be at least 20 °C below the Tg.1 Moreover, the
hydrophilicity of the carbohydrate and its propensity to
crystallize®®° influence the stability. Furthermore, the struc-
tural features and energies of protein-sugar interactions play a
role.”® Finally, the molecular motions in the vitrified carbo-
hydrate matrix (B-relaxations of water and carbohydrates) are
important for protein stability.”*>*

Based on the results presented in this work, the differences
in properties of the two carbohydrates can be illustrated in
terms of the thermodynamics of hydration. For a better com-
parison, we combine the experimental data for sucrose and
trehalose, as shown in Fig. 8. In the sorption calorimetry
experiments, we observe the water-induced crystallization of
sucrose anhydrous crystals as well as trehalose dihydrate. In the
case of slow scan rate, the crystallization in the sucrose-water
system occurs at the water content of 5.5 wt% and a,, = 0.3,
whereas in the trehalose-water system, the dihydrate crystal-
lizes at 9.5-10 wt% and a, = 0.45-0.5. Accordingly, the
trehalose-water system undergoes water-induced crystal-
lization at higher water content and the glassy state accumu-
lates a higher amount of water prior to crystallization. In this
way, the trehalose-water system has higher water sorption
capacity or “water stability’” with respect to crystallization.
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Fig. 8 Water sorption isotherms of sucrose and trehalose (a) and partial
molar enthalpies of mixing of water (b). Slow scan rates, 25 °C.

A contrast between the two disaccharides is also seen in the
coordinates of the water-induced glass transition at 25 °C.
The sucrose-water system undergoes a water-induced glass
transition at 2.5-3 wt% (a, = 0.2-0.25), while trehalose at
7 wt% (a, = 0.35). This is due to the fact that the glass transition
temperature of the dry sucrose (70 °C) is lower than that of
trehalose (120 °C) as mentioned above.

The better water sorption capacity of trehalose can be
explained based on the hydration enthalpy data (Fig. 8b). The
water activity in the glassy state is dependent on the hydration
enthalpy as follows:

dlna; H;ng
dT ~ RT? %)

In order to get the value of water activity at temperature 7, one
needs to integrate the right-hand side of eqn (9) from Ty, down
to T. Lower (more exothermic) values of enthalpy will result in
lower activity values. In the case of trehalose, the enthalpy
values are not only more exothermic, but also the integration is
done at a broader range of temperatures (since trehalose has a
higher T, value), which further decreases the water activity.
A quantitative description of the calculation of water activity in
glassy materials will be presented elsewhere.>

3.4.2. Disaccharides vs. carbohydrate polymers. As it was
shown in the previous sections, disaccharides and carbohydrate
polymers have different thermodynamic properties related to
water sorption. Below, we will summarize the experimentally
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observed differences and try to propose a molecular-level
explanation.

The heat capacity step (AC,,) in the case of small sugars is
several times higher than that in maltodextrins according to
both DSC and sorption calorimetry data (Table 3). Interestingly,
the main difference arises from the heat capacity in the liquid
state (C%), where the heat capacities of liquid sucrose and
trehalose are higher than those of maltodextrins (see Tables 4
and 5). The difference in heat capacities in the glassy state is
less pronounced. In terms of molecular motions, this can be
explained by the fact that there are more degrees of freedom in
disaccharides than in polymers, and their contributions to heat
capacities are more pronounced in the liquid state, while being
“frozen” in the glassy state.

In the enthalpy of mixing plot, the glass transition step
(AHT) in the case of sugars is higher than that in maltodextrins.
This is in good correlation with the heat capacity step of dry
substances and matches the predictions of the ‘“‘constant
enthalpy” models.

The glass transition-related heat capacity changes for water
(AC) are positive for the disaccharides (Table 3) both in DSC
and sorption calorimetry measurements.’® Moreover, the
values of heat capacity of glassy water (Cpgl #) estimated from
the long linear extrapolation of the sucrose-water and treha-
lose-water systems (Table 4) are in reasonable agreement with
the heat capacity of glassy water of 2.26 J g~ K™ ' at 300 K
calculated by Pyda.>®

In the case of maltodextrins, the situation is different. The
apparent change of heat capacity of water is negative or close to
0. This can be interpreted as water molecules undergo a glass
transition together with the sucrose and trehalose matrices,
while in maltodextrins, they remain mobile.

For the calculations of ACI?1 for polymers, an additional
factor plays a role. The maltodextrins have a sub-T, endotherm
in the form of a peak that has a substantial area (additional
enthalpy) that affects the calculation of the enthalpy using
eqn (4). The presence of a peak is equivalent to the increase
of the baseline and the decrease of the heat capacity step as
illustrated in Fig. 7.

The difference in the thermodynamic properties of water in
the glassy matrix of small sugars and polymers also correlated
with its dynamical properties. The water diffusion coefficient of
the sucrose-water mixtures at a water activity of 0.2 (slightly
below glass transition) was measured by the Raman isotope
tracer method (10~ '® m? s ). The water diffusion coefficient
of the maltodextrin-water mixtures was estimated to be
10~ m* s~ *.>* Water molecules move orders of magnitude faster
in the polymer-water system than in the sucrose-water system,
which supports the idea that in the polymer matrix, water
molecules do not exhibit properties typical for the glassy state.

3.4.3. Implication of the results for pharmaceutical formu-
lations. Amorphous disaccharides and maltodextrins are used
in pharmaceutical and food industries as excipients and for
cryopreservation of proteins and microorganisms. Glassy states
are essential for the stabilization of biologics in dry formula-
tions, obtained by freeze-drying or spray-drying. However, the
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exact mechanisms are still not fully understood. There are two
main hypotheses for protein stabilization by amorphous
sugars: the water replacement theory and the dynamic theory.

The concept of the water replacement theory is as
follows.>”>” Upon dehydration, water molecules are replaced
by sugar molecules, which form hydrogen bonds with the
protein.’” The hydrogen bonds are essential to maintain the
three-dimensional structure of the protein, and hence the sugar
molecules can support the protein structure by replacing water
in these interactions. The basis for the dynamic theory is the
restriction of the molecular movements of the protein, as well
as the dilution effect of the sugar matrix,”® which reduces the
direct protein-protein interactions. Within the frame of this
theory, the molecular movements of the protein are ‘“frozen” by
incorporation into the glassy matrix.

The physical stability of amorphous formulations is deter-
mined by the glass transition temperature. The glass transition
temperature is related to the overall molecular motions of the
amorphous matrix. In particular, the higher the glass transition
temperature, the lower the molecular mobility of the polymer
or carbohydrate. The glass transition temperature does,
however, not tell the whole story. The heat capacity is almost
equally important for understanding the dynamics of the
complex binary mixture. The fact that the heat capacity change
is twice as high as that in disaccharides compared to polymers
shows that the mobility change in smaller molecules is more
pronounced at the glass transition temperature. The most
interesting observation comes from the fact that the heat capacity
change of water in polymers is much lower than that in
disaccharides. This indicates that the mobility of water is
uncoupled from the mobility of polymers, while in disaccharides,
water changes its mobility together with the whole system.

This behavior can be rationalized in terms of free volume
approaches. When water molecules penetrate through the
glassy matrix during the hydration process, the density of the
matrix shows a strong influence on this process. The true
density is the mass of a particle divided by its volume, excluding
any macroscopic cavities. Based on molecular considerations, the
density of a polysaccharide is expected to be higher than the
density of a disaccharide. Nevertheless, experimental data for
densities in the glassy state do not show a significant difference
between the two classes of substances. For example, the true
density of the amorphous sucrose was found to be 1.518 g cm ™,
trehalose 1.505 g cm >,*° and maltodextrin with a DE-12
1.5091 g cm >.°° The evolution of the density of the glassy
carbohydrates upon addition of water is, however, different. The
density of the maltose-water mixtures decreases upon
hydration.®® This correlation is expected since the density of the
amorphous disaccharides is higher than that of water. The opposite
trend (density increases) was shown for the maltodextrin-water
mixture® at low water content. Even though the density of liquid
water is lower than the density of maltodextrin, the addition of small
amounts of water increases the density of the system. This suggests
that the polymer matrix has a higher free volume, which is filled with
water molecules. This also leads to a higher exothermic effect of
the enthalpy of mixing with water (Fig. 1 and 2). The free volume in
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the glassy matrix allows more space for the diffusion of small
molecules. As a result, in maltodextrins, water moves three orders
of magnitude faster than in disaccharides since there is more
available space in the former.

The properties of the glassy matrix affect the penetrant
behavior. For best preservation of proteins and probiotics, the
selection of carbohydrate excipients should be optimized to provide
good interactions with the protein while at the same time providing
a physically stable matrix, ie., has a sufficiently high glass transi-
tion temperature. One of the most important parameters to con-
sider here is the behavior of residual water in the glassy matrix. The
results presented in this work can help in designing solid-state
pharmaceutical formulations with increased stability.

4. Conclusions

Here we present the sorption calorimetry and DSC studies of
interactions between water and amorphous sucrose, trehalose
and maltodextrins. We conclude that:

e The hydration enthalpies of glassy sucrose, trehalose and
maltodextrins are exothermic.

e The water-induced glass transition is seen as a step on the
enthalpy plot, and the step is higher for small molecules.

e The partial molar enthalpy of mixing of water in slow
experiments is about —18 kJ mol~* for all the studied carbo-
hydrates, but less exothermic in the case for small molecules at
fast hydration scan rates.

e For disaccharides, the water-induced glass transition and
crystallization at 25 °C shift to lower hydration levels at slow
scan rates, while for maltodextrins, this is not observed.

e By measuring the heat capacities of disaccharides and
maltodextrins as a function of water content, we separated the
contributions of carbohydrates and water to the total heat
capacities of the mixtures.

e The heat capacity changes calculated by the fitting of
the hydration enthalpy data for disaccharides are in good
agreement with the heat capacity data obtained by DSC.

e The heat capacity changes of water in glassy maltodextrins
evaluated from the sorption calorimetry data are negative,
which can be explained by the effect of sub-T, transitions in
maltodextrins.

e The DSC heat capacity curves of maltodextrin show a sub-
T, transition in the form of a clear peak, amorphous sucrose
has a sub-T, endotherm as a shift of the baseline before the glass
transition, and for trehalose no sub-T, events were observed.

oThe relaxation phenomena such as enthalpy relaxation and
sub-T, of the amorphous polymers affect the enthalpy of mixing
with water.

e The data described above suggest that in disaccharides,
the glass transition of water is more pronounced, while in
maltodextrin it is less coupled to the carbohydrate matrix.
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