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Hydration shells of carbohydrate polymers studied by calorimetry
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We present a study of the hydration shells of some carbohydrate polymers of commercial
and biological importance, namely, agave fructans, inulin, and maltodextrin, employing
terahertz time-domain spectroscopy and differential scanning calorimetry. We observe that
the hydration numbers calculated using terahertz spectroscopy are marginally higher than
those of the calorimetric values. We attribute this discrepancy to the definition of hydration
number, which in a way correlates with the physical process used to quantify it. The aqueous
solutions show a non-proportional increase in the absorption coefficient and the hydration
number, with a decrease in the carbohydrate concentration. We demonstrate that this
behavior is consistent with the “chaotropic” or “structure breaking” model of the hydration
shell around the carbohydrates. In addition, the study reveals that agave fructans and
inulin have good hydration ability. Given the high glass transition temperature and good
hydration ability, these carbohydrates may behave as good bio-protectants and hydrating
additives for food and beverages.

Keywords: Terahertz spectroscopy, Calorimetry, Aqueous solutions, Hydration shell,
Agave fructans, Inulin

1. Introduction

The protective effect against freezing and dehydration of carbohydrates on biomolecules
has been a subject of great interest in the area of cryopreservation and biomedical research
Jain and Roy (2009). It is believed that water molecules are transiently linked to their
neighboring water molecules via a fluctuating local tetrahedral network of hydrogen bonds
at ambient conditions Cipcigan et al. (2018); Head-Gordon and Johnson (2006). However,
when macromolecules like carbohydrates, peptides, proteins, etc. are dissolved in water,
the structural tetrahedral network is perturbed in the vicinity of a solute macromolecule
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Sajadi et al. (2014); Ebbinghaus et al. (2007); Heugen et al. (2006); Shiraga et al. (2013,
2017). In literature, such H-bond water network perturbations are referred to as hydration
dynamics. The timescales for the dynamics of water molecules affected by the presence
of a macromolecule fall in the sub-picosecond region (i.e., terahertz timescales). Terahertz
spectroscopy has emerged as an innovative and sensitive tool in recent decades to shine light
onto the intermolecular water network around macromolecular solutes. Recently, a number
of such studies on the hydration dynamics of mono- and disaccharides employing terahertz
absorption and reflection spectroscopy have appeared Singh et al. (2018); Heugen et al.
(2006); Shiraga et al. (2013, 2017); Sajadi et al. (2010); Shiraga et al. (2015); Charkhesht
et al. (2018); Born et al. (2009); Lipps et al. (2012). However, terahertz absorption spec-
troscopy is relatively hard to implement because water shows strong absorption at terahertz
frequencies Beard et al. (2002), limiting its applicability at high water concentration. A
promising alternative is terahertz spectroscopy in an attenuated total reflection (ATR) con-
figuration which we employed in this work.

In this paper, we present a study of the hydration dynamics of aqueous solutions of car-
bohydrate polymers employing terahertz spectroscopy and differential scanning calorimetry.
The carbohydrates under study in the current investigation are agave fructans, inulin, and
maltodextrin. Currently, the major source of agave fructans is Agave tequilana, endemic
to the states of Aguascalientes, Jalisco, Colima, Nayarit and others, in Mexico, inulin can
be extracted from garlic, onions, bananas, wheat, asparagus, chicory among others, and
maltodextrin can be enzymatically derived from any starch. Nowadays, carbohydrates such
as agave fructans and inulin are believed to be more advantageous alternatives as hydrating
additives as compared to conventional carbohydrates used nowadays, given their health ben-
efits Contreras-Haro et al. (2017); Lopez-Romero et al. (2017); Garcia-Vieyra et al. (2014).
These carbohydrates are considered to be bioactive materials showing antifungal, antiox-
idant, antihypertensive, antiparasitic and anticancer activity Lopez-Romero et al. (2017).
The use of these carbohydrates as additives in food and drinks is supposed to help in pre-
venting osteoporosis by increasing calcium absorption Garcia-Vieyra et al. (2014), stimulate
the immune system Garcia-Vieyra et al. (2014), reduce constipation and risk of colon can-
cer Lopez-Romero et al. (2017); Garcia-Vieyra et al. (2014), and decrease diseases caused
by bacteria in the intestine Garcia-Vieyra et al. (2014). In addition, these carbohydrates
are effectively resistant to human digestive enzymes, and therefore, do not increase the
sugar level in blood, preventing obesity and other conditions Contreras-Haro et al. (2017);
Sayago-Ayerdi et al. (2014). Because of these health benefits, it is desirable to use these
carbohydrates as additives in food and beverages. Therefore, it is important to have a clear
picture of the hydration ability of these carbohydrates. For example, among all the disac-
charides, trehalose is believed to be the most effective bio-protectant and hydration agent.
This has been proved by studying the hydration dynamics Jain and Roy (2009); Magno and
Gallo (2011); Guo et al. (2000); Sajadi et al. (2014); Shiraga et al. (2017, 2015).

In this study, these carbohydrates reveal relatively high hydration numbers per solute
molecule as compared to mono- and disaccharides. The high hydration number reveals that
the carbohydrates under consideration influence the water structure and dynamics much
more effectively, and hence, are expected to be more appropriate for hindering crystalliza-
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tion. Previously, hydration dynamics in aqueous solutions of carbohydrates and proteins has
widely been studied using various experimental techniques such as compressibility measure-
ments Galema and Hoeiland (1991), viscometry Branca et al. (2001), calorimetriy Furuki
(2002), depolarized light scattering Rossi et al. (2011), NMR spectroscopy Engelsen et al.
(1995), THz spectroscopy Heugen et al. (2006); Shiraga et al. (2013, 2017); Born et al.
(2009); Lipps et al. (2012); Knab et al. (2006), as well as molecular dynamics simulation.
In particular, NMR, depolarised light scattering, and THz spectroscopy probe the real-time
hydration dynamics. However, there is wide disagreement between the hydration numbers
per solute carbohydrate molecule calculated using the different experimental approaches, be-
cause of their different definitions for hydration number. Here, we employ calorimetric and
terahertz spectroscopy to undertake the investigation of aqueous solutions of carbohydrates,
focusing on the differences in the hydration numbers calculated from the two techniques.

2. Materials and methods

Commercial agave fructans (FAC), with an average degree of polymerization around 18,
were purchased from “The iidea company” (Inufib, Jalisco, Mexico). Inulin (I), with an av-
erage degree of polymerization around 14, was purchased from Orafti (Inulin GR, Tienen,
Belgium). Maltodextrin-DE20 (M), with an average degree of polymerization around 6, was
purchased from Habacuq company (Jalisco, Mexico). The molecular structures of the car-
bohydrates are shown in Figure 1(a). The as-received samples of commercial agave fructans
(FAC) contained around 6% of fructose and less than 1% of sucrose and glucose as impurities,
and they were purified to get purified agave fructans (FAP) with less than 0.5% of mono-
and disaccharide impurities, as reported by Moreno-Vilet et al. (2017). The inulin samples
contained 5.1% of sucrose as major impurity, whereas, maltodextrin contained around 9%
of glucose. The inulin and maltodextrin samples were used as-received, without any further
purification. The average degree of polymerization of the purified agave fructans is around
22. The average degree of polymerization is significant since the carbohydrates studied are
a mixture of mono-, di-, oligo-, and carbohydrates with different degrees of polymerization.
In order to calculate the molar concentrations, the average degree of polymerization is re-
quired. The solubility of carbohydrates in water was determined as per method reported by
Cardoso et al. (2012). Initially, 5mL of the aqueous solutions of carbohydrates of different
concentrations were prepared with excess of the solutes, in order to obtain supersaturated so-
lutions (precipitate observation). The samples were prepared at constant stirring (400 rpm)
for 30 minutes followed by centrifugation at 2770 x g (4000rpm) (Centrifuge TDL-40B,
Luzeren). Thereafter, samples from the supernatant were measured using a refractometer
(digital refractometer, ABBE MARK II, Reichert-Jung, Massachusetts, USA) in order to
determine the carbohydrate concentration in the equilibrium phase. The average of three
such measurements was taken to determine the solubility. The measured solubility limit
of the carbohydrates FAC, FAP, I, and M are 40.27, 31.4, 34.6, and 13.8, respectively, in
Gsotute/ 100Guater at 25°C. The aqueous solutions were prepared at two concentrations well
below, and two concentrations close to the solubility limit. Typical powder samples were
dissolved in deionized water, without any further purification, using a vortex for 2 min and
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Figure 1: (a) Molecular structure of agave fructans, inulin, and maltodextrin; (b) Schematic repre-
sentation of the THz set-up in ATR configuration (top). The qualitative THz pulse in time domain
and the corresponding spectrum in frequency domain are also shown (bottom).

2.1. Differential scanning calorimetry (DSC)

For calorimetric measurements, we used a DSC Q2000 TA-Instruments (DE, USA). The
measurements were performed using aluminum hermetic pans from TA Instruments. All the
measurements were performed at a cooling/heating rate of 10°/min. An empty aluminum
hermetic pan was used as a reference. The DSC was calibrated for temperature using indium
and distilled water as standard references. The sample chamber was purged with nitrogen
gas at a flow rate of 50mL/min. The data was analyzed using Universal Analysis 2000
software, version 4.7a (TA Instruments, New Castle, USA).

2.2. Terahertz time-domain spectroscopy (TDS)
An API TeraGauge terahertz time-domain spectrometer was used to produce and detect
THz pulses with a bandwidth of ~ 2 THz. The system was configured in an attenuated total
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reflection geometry by incorporating a Si prism Soltani et al. (2016). This technique has
recently attracted significant attention to study highly absorbing liquids such as water and
aqueous solutions in the terahertz frequency region. The schematic representation of the
TDS-THz setup in an ATR configuration is shown in Figure 1(b). We placed the Si prism
(n = 4.2) at the focal position of the THz waves emerging from the emitter. The incidence
angle of the THz pulse at the prism surface (prism-liquid interface) was 45 deg. We used
TE - polarization geometry to probe the hydration driven changes in the complex refractive
index of our solutions.

3. Results and discussion

3.1. DSC measurements
Water present in the aqueous solutions of carbohydrates may be classified into two
categories; freezable, namely, bulk water with a structural tetrahedral network, and non-
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Figure 2: (a) DSC scans for carbohydrate solutions. The samples were supercooled from room
temperature to 200 K followed by subsequent heating. The endotherms around 273 K correspond
to melting of the frozen water content. The inset shows the magnified view of the glass transition
events due to a fraction of the solution transformed into the amorphous phase during supercooling.
(b) Variation of enthalpy of melting of bulk (or freezable) water content with solute concentration
the solution. The abbreviations FAP, FAC, I and M are used for purified agave fructans, commercial
agave fructans, inulin and maltodextrin, respectively. The solid lines are guide to eye.
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freezable, with a distorted H-bond network owing to the influence of the carbohydrate
molecules. The water molecules bound to the carbohydrate exist in an amorphous state
and they do not crystallize while the solution is being supercooled. In our measurements,
we supercool the aqueous solutions up to around 200 K, a sufficiently low temperature for
bulk water to crystallize. The bulk water present in the solution crystallizes, and the water
in the hydration sphere gets supercooled. With subsequent heating, the crystallized bulk
water melts at around 273K, as shown in Figure 2(a). The freezable water content can be
measured by calculating enthalpy of the melting endotherm. With increasing carbohydrate
concentration in the solution, the melting enthalpy continuously decreases given reduction in
the fraction of freezable water content in the solution, as shown in Figure 2(b). The amount
of non-freezable water is related to the hydration water in the solution at that particular
concentration. The quantitative assessment of the hydration sphere around the solute carbo-
hydrate molecule can be estimated by calculating the hydration number. Here, we calculate
the hydration number as a ratio of mole fraction of non-freezable water (or hydration water)
to the mole fraction of sugar concentration in the aqueous solution, at each concentration
studied.

3.2. THz - ATR measurements

The spectroscopic region, in which the present study is performed, lies between 0.3 THz
to 2 THz, which corresponds to the frequency region between the slow relaxation mode of
water at low frequencies and the fast vibrational and librational contributions at high fre-
quencies Shiraga et al. (2017). In Figure 3(a), 3(b), 3(c) and 3(d), we show the real (n) and
imaginary (k) parts of the complex refractive index, extracted from THz-TDS data for all
the carbohydrates studied here with varying concentrations, in the frequency range of 0.3
to 2 THz. As shown in the figure, for all the samples, both the real and imaginary parts of
the complex refractive show a monotonous decrease with increasing frequency. A marginal
decrease in magnitude with increasing solute concentrations was observed in all the aqueous
solutions. To compare the hydration effect in all the carbohydrates studied here, the varia-
tion of absorption coefficient (o) with the solute concentration at a particular test frequency
of 0.5 THz is presented in Figure 3(e). As shown in the figure, with increasing solute con-
centration absorption coefficient decreases, since the fraction of bulk water decreases while
hydration water increases.

It is well known that the THz spectrum of pure water has contributions from many
different modes. The slow relaxation modeShiraga et al. (2013, 2017, 2015) with peak
frequency around 20 GHz is very sensitive to hydration, because the water molecules forming
the hydration sphere are more restricted regarding their dynamics as compared to the bulk
water. On the other hand, fast relaxation is less dependent on the hydration dynamics. In
order to calculate the hydration number, we choose a characteristic frequency of 0.5 THz,
given that this region is significant to hydration driven changes according to various models
Shiraga et al. (2013, 2017, 2015). The complex dielectric constant can be calculated from the
refractive index. The hydration number of carbohydrate molecules in their aqueous solution
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where N is the total number of water molecules per carbohydrate molecule, €, ..
(0.5 THz) is the imaginary part of the dielectric function of deionized water at 0.5 THz,
! 0.5 THz) is the one corresponding to the carbohydrate solution at 0.5 THz, and
€packground (0-5 THz) corresponds to the fast relaxation of liquid water, which is known to
be 0.95 at 0.5 THz Shiraga et al. (2013). The dependence of the hydration number on

the molarity of solute in the aqueous solution is shown in Figure 4 for all the solutions
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Figure 3: (a), (b), (c) and (d) Variation of the complex refractive index with frequency at different
carbohydrate concentrations in the aqueous solutions. The carbohydrate concentration increases
from black to red as shown by arrows; (e) Variation of absorption coefficient (at 0.5 THz) with solute
concentration in aqueous solutions. The absorption coefficient shows a non-proportional increase
with decrease in the carbohydrate concentration. The dashed lines correspond a polynomial fit to
the data.

March 22, 2019



176

177

178

179

180

181

182

183

184

185

186

studied here employing both techniques. It is clear from Figure 4 that the hydration
numbers extracted from THz spectroscopy are marginally higher than those extracted
from calorimetric study. The purified agave fructans have the highest hydration number
followed by commercial agave fructans, inulin and maltodextrin, respectively. Commercial
agave fructans show lower hydration as compared to purified agave fructans, given that
commercial agave fructans contain a fraction of mono- and disaccharides as well. In addi-
tion, we estimated the hydration numbers for these carbohydrates employing ChemSketch
(ACD labs, Toronto, Canada) software. The 3D structures of carbohydrates were optimized
for Van der Waals forces in order to get the stable conformation. Based on the polarity
observed at the different sites of the carbohydrates, the number of water molecules that
a carbohydrate molecule may provide a site for were estimated thereafter, as shown in
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Figure 4: Variation of hydration number extracted from calorimetric and terahertz data with solute
concentration. The hydration number shows a non-proportional increase with decrease in the
carbohydrate concentration. This behavior is more pronounced in hydration numbers estimated
from terahertz spectroscopy as compared to those estimated from the calorimetric method, as
discussed in the text. The solid lines correspond the polynomial fit to the data.
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Table 1: Hydration numbers estimated from the differential scanning calorimetry, terahertz spectroscopy,

and computational method.

Method FAP FAC I M
DSC 318 - 224 239-190 174-143 158 -76
THz 405 - 202 322-181 190-163 133 - 50
Computational 321 224 162 77

Figure 5. The relative order of the hydration numbers of the carbohydrate estimated from
the three methods are consistent. The estimated values of hydration number are shown in
Table 1. The slight discrepancy between the calculated hydration numbers from the two
experimental techniques may be attributed to their definition, which in a way correlated
with the physical properties required for the hydration number calculation. For instance,
the calorimetric method exploits the melting enthalpy measurement scheme and this static
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Figure 5: The computational estimation of the hydration number for purified agave fructans (FAP),
commercial agave fructans (FAC), inulin (I), and maltodextrin (M), employing the ChemSketch
software. The estimated water molecules in the first two hydration layers are 321, 224, 162, and 77,
for FAP, FAC, I, and M, respectively. ADP is abbreviation for the average degree of polymerization.
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approach considers the water molecules strongly associated to the hydrophilic group of
the macromolecule Furuki (2002), whereas, terahertz spectroscopy considers a dynamic
approach and accounts for all the water molecules whose dynamics are slowed down by the
presence of the macromolecule. In a very recent study by Charkhesht et al. (2018), the
hydration shells of BSA proteins were classified as tightly bounded water molecular layers
and loosely bounded water molecular layers, characterized by their relaxation times. Our
computational estimation of the hydration number accounts for the first two hydration
layers, which is in good agreement with that of the calorimetric values, as shown in Table
1. Comparing the calorimetric and computational estimation of hydration numbers, we
conclude that the first two hydration layers encompass the tightly bound water molecules.
The excess of hydration water molecules estimated by terahertz spectroscopy fall within the
hydration shell but beyond the second layer, in the form of loosely bounded water molecules.

3.3. Characteristics of the hydration shells

In Figures 3(e) and 4, we can see that with decreasing concentration of solute, the
absorption coefficient and hydration number increase. However, it is to be noted that the
absorption coefficient and hydration number per solute molecule are not proportional to the
concentration of solute, as reported previously for mono- and disaccharides Shiraga et al.
(2013). The hydration number increases more rapidly with a decrease in solute concentration
in the carbohydrate solutions. In this view, the recent work by Shiraga et al. (2017), on
monosaccharides and disaccharides is noteworthy. In the first study of Shiraga et al. (2013),
on disaccharides sucrose and maltose, the hydration number was reported to be increasing
linearly with decreasing molar concentration up to 0.3M in aqueous solution. However,
in their latest research on sucrose and trehalose Shiraga et al. (2017), they probe lower
concentrations of the disaccharides in aqueous solutions, and it is clear from their study that
the hydration number increases in a more rapid way below 0.3 M concentration as compared
to the proportionality behavior observed up to 0.3M concentration. The decrease in the
hydration numbers with increasing solute concentration is consistent with overlapping of the
hydration spheres around the solute molecules, which is expected for the concentrations we
used. This is also consistent with recent publications Charkhesht et al. (2018); Ebbinghaus
et al. (2007) where Molecular Dynamics simulations demonstrate the overlapping of the
hydration shells.

Furthermore, the influence of carbohydrates on water molecules in their vicinity can be
classified as kosmotropic Walrafen (1966) (structure making) or chaotropic Shiraga et al.
(2015); Batchelor et al. (2004) (structure breaking). The kosmotropic behavior favors a
hydrogen bond network identical to ice. As shown in Figures 3(e) and 4, the rapid increase
in absorption coefficient and hydration number as the carbohydrate concentration decreases
reveals that with decreasing carbohydrate concentration, more water molecules are part of
the hydration layers to form complex arrangements in the vicinity of the macromolecule. In
this regard, Merzel and Smith (2002) predict, via molecular dynamics simulation on aqueous
lysozyme solutions, that the density of water molecules in the first hydration layer is around
15 % higher as compared to that of the bulk water. They further propose a parallel alignment
of water molecular dipoles induced by the electrostatic field of the macromolecule causing
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the higher density in the first hydration layer. Also, the potential of the macromolecule,
to distort the H-bond network from bulk water, is expected to decrease with increasing
distance from the macromolecule. Therefore, it appears less reasonable for all the hydration
layers within the hydration shell to have an equal H-bond network. Such a behavior may
not be explained considering an ice like H-bond network of water molecules in the vicinity
of carbohydrate molecules, extending all the way from the first hydration layer to the end of
the hydration sphere. Thus, in the context of our results, the chaotropic behavior appears
to be more acceptable, where the presence of the macromolecule distorts the dynamical
tetrahedral H-bond network and functions as a structure breaking agent. Similar arguments
were put forth by Shiraga et al. (2013, 2017) in their study on aqueous disaccharides in a
significantly broad spectral range from 0.5 GHz to 12 THz by analyzing the damping constant
and resonance frequency of -OH stretching vibrational motion occurring at around 5 THz,
by fitting them to a model.

3.4. Comparison with trehalose as a hydrating agent and a bio-protectant

Another factor which plays a critical role for carbohydrates to behave as bio-protectants
is their glass transition temperature. The glassy state is a dynamically frozen state with
unusually high viscosity, as a result of which biomolecules become practically immobile and
insulated from external stress Jain and Roy (2009). Among the disaccharides studied so
far, trehalose is widely accepted as the very effective bio-protectant, and it has the high-
est glass transition temperature, around 390.15K Chen et al. (2000); Green and Angell
(1989). The carbohydrates studied here also fall on the high glass transition temperature
side; for instance, agave fructans do at 391 K Espinosa-Andrews and Rodriguez-Rodriguez
(2018); Espinosa-Andrews and Urias-Silvas (2012), and inulin at 403 K Espinosa-Andrews
and Rodriguez-Rodriguez (2018), which makes them good candidates to be used as bio-
protectants. These carbohydrates are significantly larger than disaccharides such as tre-
halose and sucrose, and a rough comparison may be put forth regarding the hydration
numbers of agave fructans, inulin and trehalose. The average molecular weights of agave
fructans and inulin are 3539 g/mol and 2348 g/mol, respectively, whereas trehalose dihydrate
is 378.3 g/mol. The molecular weight ratios of agave fructans and inulin to that of trehalose
are around 9.4 and 8.5, respectively. The corresponding ratios of hydration number (ex-
trapolated values at 0.10 M) are 8.75 (purified agave fructans) and 8.33 (commercial agave
fructans) from THz measurements, and 11.25 (purified agave fructans) and 8.75 (commercial
agave fructans) from calorimetric measurements. The comparison reveals that the hydration
capacity of these fructans is closer to that of trehalose.

4. Conclusions

In summary, we present a study of the hydration shells of carbohydrates, namely, agave
fructans, inulin, and maltodextrin, employing terahertz time-domain spectroscopy and differ-
ential scanning calorimetry. We extract the hydration number of the carbohydrates employ-
ing both the techniques. The hydration numbers calculated from the terahertz spectroscopy
are marginally higher than those of the calorimetric values. We attribute this discrepancy
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to the different analytical approaches adopted by the techniques. In our study, we conclude
that the calorimetric estimation of the hydration shells corresponds the tightly bounded
hydration molecules only, i.e., the first two hydration layers. The excess of hydration wa-
ter molecules estimated by terahertz spectroscopy as compared to the calorimetric values
designates the water molecules farther away in the hydration sphere, beyond the second
hydration layer. In addition, the aqueous solutions show a non-linear increase in the absorp-
tion coefficient and the hydration number with decrease in the carbohydrates concentration.
This behavior is attributed to the congregation of water molecules in the hydration layers to
form complex arrangements. We demonstrate the non-proportional increase of the absorp-
tion coefficient and the hydration number as a characteristic of “chaotropic” or “structure
breaking” model of the hydration shell around the carbohydrates.

We further compare the hydration ability of the agave fructans and inulin with that
of trehalose via the ratio of their hydration number to the average molecular weight. We
find that agave fructans and inulin may behave equivalently well regarding their hydration
ability. With the high glass transition temperature and effective hydration ability, agave
fructans and inulin maintain the characteristics of good bio-protectants and additives in
food and beverages.
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