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Abstract: We combined broad-band depolarized light scattering and infrared spectroscopies to study
the properties of hydration water in a lysozyme-trehalose aqueous solution, where trehalose is
present above the concentration threshold (30% in weight) relevant for biopreservation. The joint
use of the two different techniques, which were sensitive to inter-and intra-molecular degrees of
freedom, shed new light on the molecular mechanism underlying the interaction between the three
species in the mixture. Thanks to the comparison with the binary solution cases, we were able to
show that, under the investigated conditions, the protein, through preferential hydration, remains
strongly hydrated even in the ternary mixture. This supported the water entrapment scenario, for
which a certain amount of water between protein and sugar protects the biomolecule from damage
caused by external agents.

Keywords: hydration water; light scattering; lysozyme; trehalose

1. Introduction

Biopreservation is the answer for protecting at-risk biological material. Such a process
aims to maintain very low the biological activity of a biomolecule during possible long-
term stasis, without loss of viability once the temperature and humidity are restored at
physiological levels. This can be achieved either by dehydrating through, e.g. freeze-drying
procedures, or by reducing temperature (cryo-preservation). The addition of different
solutes (or cosolvents) helps to stabilize both proteins and membranes during freezing.
Sugars, polyalcohols, several salts, peptides, and even proteins are particularly well-suited
for this use. The non-specific effect key to the success of so many different stabilizers
may be ascribed to the preferential exclusion mechanism [1,2], i.e., to the evidence that
the solutes that stabilize biomolecules are those preferentially excluded from around the
protein. This exclusion has an entropy cost related to the extension of the solvent-exposed
surface area of the protein. Thus, the stabilization of the folded state is because its surface
area is lower than that of the unfolded one.

Among different sugars, trehalose has a special place [3–9]. It is known to be more
effective than other sugars to preserve the functionality of biomolecules under stress
conditions that would naturally promote their lability or denaturation [1,10,11]. Nature
has also taught us that some plant and animal cells spontaneously produce trehalose
to survive under extreme dehydration conditions, allowing dried microorganisms to
enter and exit dormancy [12]. Trehalose protects biomolecules in vivo and has the same
protective ability in vitro, which has opened new fields of application in food preservation
technologies and pharmaceutical manufacturing processes. This discovery has led to a
proliferation of studies on the subject. Several molecular mechanisms, often complementary,
have been proposed to explain the remarkable effectiveness of trehalose in preserving
biomolecules. The hypotheses vary from trehalose that is presumed to substitute water
in the protein hydration shell by forming direct hydrogen bonds with the hydrophilic
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sites of the biomolecule (water replacement [13]), to trehalose that is supposed to retain
the protein hydration and native structure by water molecules close to the biomolecular
surface (water entrapment [14–17]). In ternary solutions, these mechanisms, associated
with different preferential interactions among the species present in the mixtures [18], may
strongly depend on the environmental conditions, such as temperature, pressure, ionic
strength, and sugar concentration. Sugar molecules force their hydrogen-bonding imprint
on the water network above a specific concentration (30% in weight) [19].

Consequently, the protein will tend to interact preferentially with surrounding wa-
ter molecules rather than with sugar. This causes the slowing down of hydration water
dynamics and local protein motions, which is considered a relevant contributing factor to
biopreservation [20]. A recent molecular dynamics study on a water/trehalose/lysozyme
mixture (around 40 wt. % trehalose in the global system) also showed that the dynam-
ics of water proceeds on different time-scales and that cooling remarkably enhances the
slowdown of water molecules in close vicinity to the protein surface [16]. Such an effect
is supposed to inhibit ice formation and enable vitrification without biological damage,
thus indicating the cryoprotectant origin of trehalose [21]. Our group contributed to this
research by using the Extended frequency range Depolarized Light Scattering (EDLS)
technique, which has proved to be a powerful tool to probe the fast dynamics of water,
allowing one to separate the solute from solvent dynamics [22–24] and bulk from hydration
water contributions [22,25,26]. Our results for the same mixture as that investigated in
Reference [16] provided the experimental counterpart of the numerical findings, confirm-
ing the existence of three time-scales water dynamics, and the emergence of a layer of
exceptionally slow water molecules around the lysozyme, in the presence of trehalose [15].

Here we expand upon these works to grasp new aspects of the hydration proper-
ties of ternary solutions where the amount of trehalose is effective for bioprotection by
exploring: (i) the temperature dependence of spatial extension of the short-range pertur-
bation induced by the presence of trehalose on a water/lysozyme solution, and (ii) the
inter-molecular features in the THz region that are responsible for the collective vibrational
modes of the constituents of the mixture. EDLS data are further complemented by Fourier
Transform Infrared measurements in Attenuated Total Reflection configuration (ATR-FTIR
spectroscopy). The ATR-FTIR profile was analyzed to isolate the solute-correlated (SC)
spectrum [27], highlighting the effect of the sugar on the structure of the protein and the
H-bonding properties of its hydration shell.

2. Materials and Methods
2.1. Samples

Lysozyme from chicken egg white lyophilized powder (Mw = 14.3 kDa) and D-(+)-
trehalose dihydrate (Mw = 378.33) were purchased from Sigma-Aldrich and used without
further purification. Binary (water-trehalose, WT) and (water-lysozyme, WL) and ternary
(water-trehalose-lysozyme, WTL) solutions were prepared by weight, using doubly dis-
tilled and deionized water filtered in our laboratory. For the binary WT and WL solutions
mole fractions of trehalose (xT) and lysozyme (xL), corresponding to xT = 0.04 (40% in
weight of trehalose) and xL = 6.5 × 10−5 (4% in weight of lysozyme), respectively, were
considered. The ternary WTL solution was prepared at xL = 7 × 10−5 (3% in weight of
lysozyme and 40% trehalose). Each solution was kept at 40 ◦C for 90 min under moderate
stirring to ensure complete dissolving of the protein and/or sugar. The mixtures were then
thermalized at room temperature and filtered through 0.2 µm filters before use.

2.2. EDLS

The EDLS spectra were collected over a frequency range from fractions to several
thousands of GHz. The horizontally polarized scattered light is analyzed using two dif-
ferent spectrometers to explore such an extended spectral range. From 0.6 to 90 GHz,
the low-frequency region was acquired by using a Sandercock-type (3 + 3)-pass tandem
Fabry–Perot interferometer, characterized by a finesse of about 100 and a contrast higher
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than 1010. A 200 mW single mode solid-state laser at λ = 532 nm was used. Three different
mirror separations, corresponding to different free spectral ranges, were used to obtain the
depolarized spectra over the required frequency range [28]. The backscattering geometry
was adopted to avoid intense contributions to the spectra coming from transverse acoustic
modes [24,28]. The high-frequency region, from 60 to 36,000 GHz (2–1200 cm−1), was
measured using a Jobin–Yvon U1000 double monochromator with 1 m focal length and
equipped with holographic gratings. A 300 mW Ar+ laser operating on a single mode
of the λ = 514.5 nm line was employed as the source. The detection system was a ther-
moelectrically cooled Hamamatsu model 943XX photomultiplier. The scattered light was
analyzed by a 90◦ scattering geometry in two different frequency regions: from −10 to
40 cm−1 with a resolution of 0.5 cm−1 and from 3 to 1200 cm−1 with a resolution of 1 cm−1.
More details are given in References [24,25,29]. After subtraction of the background contri-
bution, low and high-frequency spectral signals were joined together, taking advantage
of overlap of about half a decade in frequency. EDLS spectra are generally displayed by
adopting susceptibility formalism. In order to do that, the imaginary part of the dynamic
susceptibility χ”(ω) was calculated from the intensity of the depolarized scattered light,
IHV(ω), through the relation χ”(ω) = IHV(ω)/[nB(ω) + 1], were nB(ω) is the Bose–Einstein
occupation factor [23].

2.3. FTIR

Fourier transform infrared (FTIR) measurements in ATR configuration (ATR-FTIR)
were performed with an Alpha (Bruker Optics) spectrometer. It was equipped with a
GLOBAR source, a ROCKSOLIDTM interferometer, a KBr beam-splitter, an RT-DLATGS
detector, and a high refractive index crystal (diamond). The Opus 7.5 Bruker Optics soft-
ware was employed for spectral acquisition and analysis. The spectra were recorded in
the 300–5000 cm−1 region by averaging 30 scans acquisition, with a resolution of 2 cm−1.
The resulting spectra (ATR-absorbance) were corrected using the so-called extended ATR
correction routine of the Opus software that accounts for the refractive index and wave-
length dependences of the penetration depth [30], obtaining spectral distributions similar to
those derived by measurements in transmission mode. The transmission-like spectra were
baseline-corrected by simple subtraction of a constant offset. Based on the methods first de-
veloped by Ben-Amotz and coworkers [31], solute-correlated infrared (SC-IR) spectra were
extracted by a direct spectral subtraction procedure, computing the difference between the
spectrum of lysozyme solutions and the rescaled spectrum of the corresponding solvent.
The rescaling factor is determined to give a final spectral distribution without negative
components and with the minimum area [32].

3. Results
3.1. EDLS Data Treatment

EDLS measurements for both WTL and WT solutions were performed from 3.5 ◦C
to 35 ◦C (namely, T = 3.5, 10, 14.5, 25, 35 ◦C). The susceptibility spectra, obtained after
reconstruction of the entire profiles, are reported in Figure 1 as a function of frequency
(ν =ω/2π). The spectra were normalized to the high-frequency peaks (>10 THz) corre-
sponding to the Raman active modes of trehalose as visible in Figure S1.
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Figure 1. EDLS susceptibility spectra for WT binary (a) and WTL ternary (b) mixtures at the 
indicated temperatures. 

Since the EDLS profiles cover more than four decades in frequency, many dynamical 
processes probed through fluctuations in the anisotropic components of the total 
polarizability of the system were detected in a single experiment. These processes involve 
both solute and solvent particle motions: from low to high frequencies, diffusional 
rotation of solute molecules, relaxation processes due to the restructuring of the water H-
bond network, and intermolecular vibrational processes show up in the spectrum [26]. 

Over the last few years, a thoroughly worked out strategy has been developed to 
carefully analyze the data [15,26,33]. According to our experience, the susceptibility, 
χ″(ω), is modeled with a phenomenological function able to reproduce the whole spectral 
profile. For aqueous solutions, it is in general composed of three parts: 𝜒ᇳሺ𝜔ሻ ൌ 𝜒ௌோᇳ ሺ𝜔ሻ ൅𝜒ௐோᇳ ሺ𝜔ሻ ൅ 𝜒௏ூ஻ᇳ ሺ𝜔ሻ. The first term, 𝜒ௌோᇳ ሺ𝜔ሻ, frequently reproduced by a Debye (D) function, 
is related to the rotational diffusion of the solute [26,29,34], the second term, 𝜒ௐோᇳ ሺ𝜔ሻ, 
describes the water relaxations and is given by a sum of two Cole–Davidson (CD) 
functions [15,35], with a shape parameter fixed to 0.6 [15,33,35], the same value obtained 
in pure water (see Figure S2). Finally, in the third term, 𝜒௏ூ஻ᇳ ሺ𝜔ሻ,  arises from the 
vibrational part of the EDLS spectrum and must be adapted on a case-by-case basis 
[15,22,26,29,34,35]. 

In the case of sugar-water mixtures, this contribution is mainly due to the H-bond 
intermolecular bending (1.5 THz) and stretching (5.1 THz) Raman modes of water and is 
usually modeled with two damped harmonic oscillator (DHO) functions [36,37]. Other 
terms besides these two DHOs have instead been used for more complex systems to 
include vibrational modes of the backbone and side groups. For lysozyme solutions, three 
Brownian oscillators (BO) are found to be able to effectively model the low-frequency 
protein vibrational modes [15,35,38]. 

Therefore, the full-spectrum data analysis of the EDLS spectra of WT and WTL 
mixtures was carried out following these guidelines. The global best-fit curves with their 
individual components are shown in Figure 2, denoting the very good agreement between 
model function and experimental data. 

Figure 1. EDLS susceptibility spectra for WT binary (a) and WTL ternary (b) mixtures at the indicated
temperatures.

Since the EDLS profiles cover more than four decades in frequency, many dynamical
processes probed through fluctuations in the anisotropic components of the total polariz-
ability of the system were detected in a single experiment. These processes involve both
solute and solvent particle motions: from low to high frequencies, diffusional rotation
of solute molecules, relaxation processes due to the restructuring of the water H-bond
network, and intermolecular vibrational processes show up in the spectrum [26].

Over the last few years, a thoroughly worked out strategy has been developed to
carefully analyze the data [15,26,33]. According to our experience, the susceptibility,
χ′′(ω), is modeled with a phenomenological function able to reproduce the whole spec-
tral profile. For aqueous solutions, it is in general composed of three parts: χ′′ (ω) =
χ
′′
SR(ω) + χ

′′
WR(ω) + χ

′′
VIB(ω). The first term, χ

′′
SR(ω), frequently reproduced by a Debye

(D) function, is related to the rotational diffusion of the solute [26,29,34], the second term,
χ
′′
WR(ω), describes the water relaxations and is given by a sum of two Cole–Davidson (CD)

functions [15,35], with a shape parameter fixed to 0.6 [15,33,35], the same value obtained in
pure water (see Figure S2). Finally, in the third term, χ

′′
VIB(ω), arises from the vibrational

part of the EDLS spectrum and must be adapted on a case-by-case basis [15,22,26,29,34,35].
In the case of sugar-water mixtures, this contribution is mainly due to the H-bond

intermolecular bending (1.5 THz) and stretching (5.1 THz) Raman modes of water and is
usually modeled with two damped harmonic oscillator (DHO) functions [36,37]. Other
terms besides these two DHOs have instead been used for more complex systems to
include vibrational modes of the backbone and side groups. For lysozyme solutions, three
Brownian oscillators (BO) are found to be able to effectively model the low-frequency
protein vibrational modes [15,35,38].

Therefore, the full-spectrum data analysis of the EDLS spectra of WT and WTL
mixtures was carried out following these guidelines. The global best-fit curves with
their individual components are shown in Figure 2, denoting the very good agreement
between model function and experimental data.
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Figure 2. EDLS susceptibility spectra for WT binary (a) and WTL ternary (b) mixtures at 14.5 °C. 
Experimental and global best-fit curves with individual components are shown: rot T, the rotation 
diffusion of trehalose, PL the power-law describing the lysozyme relaxation, the sum of these two 
components giving the term 𝜒ௌோᇳ ሺ𝜔ሻ ; vib WT, the vibrational contributions of the WT mixture, 
given by the sum of inter-molecular B&S modes, referred to as 𝜒௏ூ஻ᇳ ሺ𝜔ሻௐ்; vib DS, the vibrational 
contribution (arising from lysozyme) of the difference spectrum, namely 𝜒௏ூ஻ᇳ ሺ𝜔ሻ஽ௌ , and finally 
superslow, hydration, and bulk water relaxations, the sum of which provides the term 𝜒ௐோᇳ ሺ𝜔ሻ . 

For the WT binary mixture, three spectral features of different origins characterize 
the experimental EDLS signal (violet line in Figure 2a). The low-frequency region of the 
spectrum is dominated by a strong long tail, which is attributed to light scattered by the 
rotational diffusion of single trehalose molecules (green dotted line) [39,40]. The central 
region, i.e., 10–100 GHz range, mainly arises from a dipole-induced-dipole scattering 
mechanism [33,40,41]. Here, the dynamics were related to local translations (H-bond 
restructuring dynamics) of bulk and hydration water molecules [24,40] (blue and cyan, 
colored areas). The motions of hydration water were slower than those of bulk water, 
being characterized by a retardation factor ξ~6, weakly temperature-dependent. We recall 
similar relaxation features in water lysozyme (WL) solutions, with ξ ranging from 6 to 8 
depending on temperature and concentration [35,42]. For the sugar aqueous solutions, the 
two peaks at higher frequencies (lilac dashed line Figure 2a) were mainly assigned to H-
bond bending (B) and stretching (S) intermolecular vibrations of water molecules [43]. 

The analysis of the WTL ternary mixture was, on the other hand, very complex. Over 
the whole range investigated, up to 10 THz, the acquired spectrum (dark blue line in 
Figure 1b) is more intense than that corresponding to the binary system. This was due to 
the lysozyme contribution that must be carefully considered. A method to obtain a very 
good reproduction of all the spectral signatures (orange line in Figure 2b) was developed 
by some of us [15] by combining the fitting results of WT binary data with that of the so-
called difference spectrum (DS), as discussed in detail in Reference [15]. In particular, the 
residual component, obtained as a difference of WTL and WT spectra, after proper 
normalization, could bring out the protein contribution (see Figure S3), highlighting the 
presence of (i) the protein structural relaxation, well reproduced by a power law (PL, 
Figure 2b), ∝ ν−0.3 [35,44,45] and (ii) the solvent-free lysozyme vibrational modes 
(𝜒௏ூ஻ᇳ ሺ𝜔ሻ஽ௌ, Figure 2b), modeled with three BO functions, due to librational motions of 
solvent-exposed side chains and to backbone torsions [35,38,46], and also including the 
so-called “Boson peak,” arising from collective protein vibrations [38]. Beyond that, an 
additional component (see Figure S3) associated with a dynamics slowed down by a factor 
ξ~15–20 with respect to bulk water was detected, revealing the presence of a fraction of 
ultraslow water molecules in the trehalose-containing system [15]. It has to be stressed 

Figure 2. EDLS susceptibility spectra for WT binary (a) and WTL ternary (b) mixtures at 14.5 ◦C.
Experimental and global best-fit curves with individual components are shown: rot T, the rotation
diffusion of trehalose, PL the power-law describing the lysozyme relaxation, the sum of these two
components giving the term χ′′SR(ω); vib WT, the vibrational contributions of the WT mixture,
given by the sum of inter-molecular B&S modes, referred to as χ′′VIB(ω)WT ; vib DS, the vibrational
contribution (arising from lysozyme) of the difference spectrum, namely χ′′VIB(ω)DS, and finally
superslow, hydration, and bulk water relaxations, the sum of which provides the term χ′′WR(ω) .

For the WT binary mixture, three spectral features of different origins characterize
the experimental EDLS signal (violet line in Figure 2a). The low-frequency region of the
spectrum is dominated by a strong long tail, which is attributed to light scattered by the
rotational diffusion of single trehalose molecules (green dotted line) [39,40]. The central
region, i.e., 10–100 GHz range, mainly arises from a dipole-induced-dipole scattering
mechanism [33,40,41]. Here, the dynamics were related to local translations (H-bond
restructuring dynamics) of bulk and hydration water molecules [24,40] (blue and cyan,
colored areas). The motions of hydration water were slower than those of bulk water,
being characterized by a retardation factor ξ~6, weakly temperature-dependent. We recall
similar relaxation features in water lysozyme (WL) solutions, with ξ ranging from 6 to
8 depending on temperature and concentration [35,42]. For the sugar aqueous solutions,
the two peaks at higher frequencies (lilac dashed line Figure 2a) were mainly assigned to
H-bond bending (B) and stretching (S) intermolecular vibrations of water molecules [43].

The analysis of the WTL ternary mixture was, on the other hand, very complex. Over
the whole range investigated, up to 10 THz, the acquired spectrum (dark blue line in
Figure 1b) is more intense than that corresponding to the binary system. This was due
to the lysozyme contribution that must be carefully considered. A method to obtain
a very good reproduction of all the spectral signatures (orange line in Figure 2b) was
developed by some of us [15] by combining the fitting results of WT binary data with
that of the so-called difference spectrum (DS), as discussed in detail in Reference [15]. In
particular, the residual component, obtained as a difference of WTL and WT spectra, after
proper normalization, could bring out the protein contribution (see Figure S3), highlighting
the presence of (i) the protein structural relaxation, well reproduced by a power law
(PL, Figure 2b), ∝ ν−0.3 [35,44,45] and (ii) the solvent-free lysozyme vibrational modes
(χ′′VIB(ω)DS, Figure 2b), modeled with three BO functions, due to librational motions of
solvent-exposed side chains and to backbone torsions [35,38,46], and also including the
so-called “Boson peak,” arising from collective protein vibrations [38]. Beyond that, an
additional component (see Figure S3) associated with a dynamics slowed down by a factor
ξ~15–20 with respect to bulk water was detected, revealing the presence of a fraction of
ultraslow water molecules in the trehalose-containing system [15]. It has to be stressed
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that this ultraslow component was not present in the spectrum of the binary WL solution,
where only the protein hydration contribution with ξ~6–8 appears [35,42].

On the whole, the water relaxation dynamics in the WTL mixture was found to be
characterized by three time scales, as depicted in Figure 2a: the smallest one related to
the relaxation of bulk water (revealed in the WL and WT solutions and pure water), the
intermediate one referring to the hydration water detected in binary solutions (WT and
WL), and the longest scale associated to the ultraslow water in the ternary mixture. Despite
the complexity of the data analysis, this three water-timescales picture was found to be
supported by molecular dynamics (MD) simulations [16,21] that, through a selective calcu-
lation of density correlators, i.e., self-intermediate scattering function (SISF) of hydration
water oxygen atoms), was capable of singling out the contribution coming from hydration
water alone.

In addition to the retardation factors, we already analyzed the temperature depen-
dence of these relaxation processes [15], highlighting that the apparent activation energy
derived for each of them was about 8–10 kJ/mol. This suggested that in the temperature
range investigated, these processes mainly originated from the local H-bonding dynamics
of water. Activation energy values of a similar order of magnitude have also been obtained
for H-bonding water rearrangement by other techniques probing density fluctuations, such
as Brillouin light scattering (13 kJ/mol) and inelastic x-ray scattering (15 kJ/mol) [47,48].

New pieces of information regarding the perturbation induced by trehalose on the
water molecules around lysozyme can be further gained by observing the temperature
behavior of the hydration number Nultraslow, i.e., the number of water molecules per
molecule of lysozyme that are dynamically involved in the ultraslow process. Nultraslow
can be obtained by evaluating the ratio between the intensity of the ultraslow compo-
nent and that the three water components in the ternary mixture (considering the light
scattering cross-section of all water molecules being approximately the same). That is,
Nultraslow = r∆ultraslow/∆tot, where r is the ratio of water to lysozyme molecules, ∆ultraslow
is the amplitude of the relaxation of ultraslow water, and ∆tot = ∆ultraslow + ∆hydr + ∆bulk is
the total amplitude of water relaxation processes [15]. A simple reproduction of the water
relaxation profile is shown in Figure 3a in comparison with the experimental counterpart
χ
′′
WR(ω) at 25 ◦C, showing a good agreement. The χ

′′
WR(ω) profile is obtained by subtract-

ing from the total spectrum χ′′ (ω) the curves corresponding to the other trehalose and
lysozyme contributions, as obtained by the fitting procedure (see Figure 2b). Calculation
of Nultraslow for the WTL mixture (Figure 3b) provides an average value of 710 ± 60; such
an amount of water molecules closely matches the number of water molecules expected
within a single layer around lysozyme [22,35,42]. As shown in Figure 3b, our results agree
remarkably well with the values obtained from MD simulations for the same system [21].
These aspects of similarity between EDLS and MD results are impressive, considering the
high number of degrees of freedom of the system under study and the fact that the EDLS
technique probes the collective dynamics, while simulations (15,21) derive information
from SISF. To have a more in-depth quantitative comparison, it will be extremely interest-
ing to extract the collective dynamic structure factor from the time correlation function
originated by simulations, and to play with parallels studying different ternary mixtures.

Therefore, in line with the numerical study, it is reasonable to assume the presence of
a layer of very slow water entrapped between lysozyme and trehalose. Water molecules in
this layer are much slower than in the bulk and slower than those in proximity to lysozyme
in a binary WL solution when trehalose is not present in the mixture. Overall, even if it is
not excluded, within a dynamic solvation process, some trehalose molecules may approach
the lysozyme surface [21]. The existence of a subensemble of ultraslow water molecules
under the influence of protein and sugar can reasonably be inferred by these results.
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Figure 3. (a) 𝜒ௐோᇳ ሺ𝜔ሻ  difference profile (see text) and curves from the best-fit analysis that 
reproduce the water relaxation dynamics evidencing ultraslow, hydration, and bulk features. (b) 
The number of ultraslow water molecules hydrating lysozyme (circles) calculated as described in 
the text, and corresponding MD values (squares) estimated from Figure 2 of Reference [21]. 

Therefore, in line with the numerical study, it is reasonable to assume the presence of 
a layer of very slow water entrapped between lysozyme and trehalose. Water molecules in 
this layer are much slower than in the bulk and slower than those in proximity to lysozyme 
in a binary WL solution when trehalose is not present in the mixture. Overall, even if it is 
not excluded, within a dynamic solvation process, some trehalose molecules may approach 
the lysozyme surface [21]. The existence of a subensemble of ultraslow water molecules 
under the influence of protein and sugar can reasonably be inferred by these results. 

3.2. Terahertz Vibrations 
More information can be acquired, on this point, by analyzing to what extent the 

presence of trehalose influences the low-frequency vibrations of lysozyme. This 
frequency/time scale, related to both solvent-solute H-bond rearrangements and amino 
acid torsions and librations, is very peculiar since it has been found to be connected with 
the onset of biological activity of hydrated proteins [38,49]. 

To single out the spectral feature related only to vibrations, 𝜒௏ூ஻ᇳ ሺ𝜔ሻ, the results of 
the full spectral analysis (Figure 2b) can be exploited. For better viewing, Figure 4a shows 
in double linear scale the total  𝜒ᇳሺ𝜔ሻ  profile together with the tails of the curves 
reproducing the relaxation processes 𝜒ௌோᇳ ሺ𝜔ሻ ൅ 𝜒ௐோᇳ ሺ𝜔ሻ(colored areas). As a first step, the 
latter contributions were subtracted to the former, thereby isolating the vibrational 
contribution of the WTL spectrum (olive curve). The same operation was made on the WT 
and DS spectra (green and pink lines, respectively) to directly visualize, at each 
temperature, water-trehalose and lysozyme low-frequency vibrational modes. By 
construction, the total vibrational spectrum was given by the sum of these two 
contributions in the ternary system. We can notice that the whole temperature 
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S-band was strictly connected to modifications on the local arrangement of H-bonded 
water molecules. This signal selectively detects the intermolecular vibration of a 
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Figure 3. (a) χ′′WR(ω) difference profile (see text) and curves from the best-fit analysis that reproduce
the water relaxation dynamics evidencing ultraslow, hydration, and bulk features. (b) The number
of ultraslow water molecules hydrating lysozyme (circles) calculated as described in the text, and
corresponding MD values (squares) estimated from Figure 2 of Reference [21].

3.2. Terahertz Vibrations

More information can be acquired, on this point, by analyzing to what extent the pres-
ence of trehalose influences the low-frequency vibrations of lysozyme. This frequency/time
scale, related to both solvent-solute H-bond rearrangements and amino acid torsions and li-
brations, is very peculiar since it has been found to be connected with the onset of biological
activity of hydrated proteins [38,49].

To single out the spectral feature related only to vibrations, χ
′′
VIB(ω), the results of the

full spectral analysis (Figure 2b) can be exploited. For better viewing, Figure 4a shows in
double linear scale the total χ′′ (ω) profile together with the tails of the curves reproduc-
ing the relaxation processes χ

′′
SR(ω) + χ

′′
WR(ω) (colored areas). As a first step, the latter

contributions were subtracted to the former, thereby isolating the vibrational contribu-
tion of the WTL spectrum (olive curve). The same operation was made on the WT and
DS spectra (green and pink lines, respectively) to directly visualize, at each temperature,
water-trehalose and lysozyme low-frequency vibrational modes. By construction, the total
vibrational spectrum was given by the sum of these two contributions in the ternary system.
We can notice that the whole temperature dependence comes from the WT contribution. In
particular, Figure 4b shows that temperature keeps the B mode of water approximately un-
changed while mainly affecting the S mode in a manner that resembles pure water [43,50].
Specifically, the intensity of the S-band was strictly connected to modifications on the local
arrangement of H-bonded water molecules. This signal selectively detects the intermolecu-
lar vibration of a tetrahedral unit of five water molecules belonging to the H-bond network,
and the width of the mode is related to the inhomogeneous distribution of H-bond interac-
tions [43]. On this ground, the intensity reduction of the S-band could be attributed to the
decrease of tetrahedral water units with temperature, consistent with literature data on
water and water-sugar solutions [51]. As for the DS-vibrational contribution, we observed
that its shape remained the same as the temperature changed. Furthermore, by comparing
this vibrational band with the solvent-subtracted low-frequency Raman profile χ

′′
VIB(ω)LYS

of the WL mixture at xL = 6.5 × 10−5 and 25, 35, and 50 ◦C (cyan curves), we found that all
the spectra generated a single master-curve meaning that the vibrational band of lysozyme
in the ternary system was coincident with that in the binary mixture. Therefore, it was little
or not at all perturbed by trehalose. In brief: in the THz frequency region, the additivity of
χ
′′
VIB(ω)WT and χ

′′
VIB(ω)LYS was found to hold consistently with a preferential exclusion

mechanism of cosolute from the protein hydration shell. Nevertheless, no signatures of
structural changes of the ultraslow water subensemble were identified in this frequency
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range. In this respect, the fast intermolecular motion of the entrapped water molecules
appeared unperturbed with respect to the bulk.
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3.3. SC-IR Analysis

It was also interesting to analyze to what extent the structural properties of both
protein and water, as probed by intramolecular modes in the 1000–4000 cm−1 range, were
affected by the presence of trehalose. Ben-Amotz and coworkers introduced a methodology
combining multivariate curve resolution and Raman spectroscopy that allowed one to
extract the solute-correlated (SC) spectrum, which contains spectral features from the
solute and the water molecules perturbed by the solute itself [27,31,52]. The method has
been then extended to the analysis of FTIR spectra [53]. Here, solute-correlated infrared
(SC-IR) spectra were extracted by a direct spectral subtraction procedure [31]. This was
done by subtracting from the spectrum of lysozyme solutions the rescaled spectrum of the
corresponding solvent to obtain the minimum-area non-negative spectral distribution [32].
The procedure was applied to both binary and ternary solutions, obtaining information
on both the protein and its hydration water under trehalose’s influence in the solvation
medium.

3.3.1. Binary Mixture

Figure 5a shows the ATR-FTIR spectrum of the WL solution compared with the
rescaled spectrum of neat water and the resulting SC-IR spectrum. This latter evidences
the protein’s amide I and amide II bands at 1650 and 1550 cm−1, respectively, which are
sensitive to its secondary structure [54–56]. In parallel, Figure 5b displays a comparison
in the high-frequency region (2800–3800 cm−1)—sensitive to H-bonding interactions—
between the spectrum of pure water due to the OH stretching modes SC-IR spectrum
of the lysozyme solution, after normalization to the maximum intensity. Most of the
SC-IR spectrum intensity accounts for the OH stretching vibrations of water molecules
whose H-bonding features are affected by the solute. Contributions from the perturbed
water are expected to be dominant in this OH stretching region compared to the direct
contributions arising from the protein, mostly related to NH stretching vibrations [57]. This
is qualitatively supported by comparing the SC-IR spectrum with the IR spectrum of solid
lysozyme, normalized to the feature at around 2900 cm−1, due to the protein CH stretching
modes. The comparison also underlines that the lysozyme signals would mainly affect
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the SC-IR spectrum at around 3200 cm−1. As a result, the intensity redistribution towards
lower frequencies observed going from the spectrum of pure water to the SC-IR one could
be explained considering the formation of relatively stronger H-bonds within the protein
hydration shell than pure water. In other words, the protein seemed to induce an average
strengthening of the H-bonds of hydrating water, as reflected by the reduction of the OH
population involved in weaker H-bonds, present in neat water and resonating at higher
frequencies (>3400 cm−1).
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Figure 5. (a) ATR-FTIR spectrum of the WL solution (dark green line), the rescaled ATR-FTIR
spectrum of neat water (blue line), and the resulting SC-IR spectrum (green line) (see the experimental
section for details). (b) Comparison, in the OH stretching region, between the SC-IR spectrum and the
maximum-normalized spectrum of neat water (blue line). The ATR-FTIR spectrum of solid lysozyme,
normalized at around 2900 cm−1 (CH stretching signal), is also reported.

3.3.2. Ternary Mixture

Figure 6a shows the spectrum of the ternary WTL solution, the rescaled spectrum of the
binary WT solution, which represents the protein solvation medium in the ternary solution,
and the resulting SC spectrum. In this case, this latter highlights the lysozyme amide bands
at 1650 and 1550 cm−1, while a good compensation is achieved for the signals of trehalose,
which are visible in the 1000–1500 cm−1 region of the solution spectra. The OH stretching
region of the SC-IR spectrum is better visualized in Figure 6b; for the sake of comparison,
the maximum-normalized spectrum of the neat water and the binary WT solution are also
reported. The SC-IR spectrum of lysozyme in the ternary mixture is distributed to lower
frequencies with respect to that of the solvent, represented by the binary WT solution.
Thus, as before, the presence of lysozyme induces an average strengthening of H-bonding
interaction, which would mainly relate to the formation of new OH···L links within the
protein solvation shell. The presence of direct lysozyme contributions at around 3200 cm−1

is not expected to invalidate this qualitative conclusion.
Interestingly, the SC spectrum of lysozyme in the ternary WTL mixture compares

reasonably well with the SC-IR spectrum of lysozyme in the binary WL system (Figure 7a),
indicating the presence of trehalose does not cause any evident modification of the protein
hydration features. Thus, the distribution of H-bonding interactions felt by lysozyme was
not significantly altered by the presence of trehalose. This was also confirmed by looking
at the amide signals (Figure 7b), which showed similar features in both SC-IR spectra.
The absence of any clear signatures of specific trehalose/lysozyme interactions agrees
with THz Raman data and with the idea that the protein remains strongly hydrated even
in the ternary mixture (preferential hydration), in agreement with the water entrapment
scenario [14]. Notice that, once normalized to the amide signals, the overall intensity of the
band in the 3100–3600 cm−1 region (inset of Figure 7b) decreases significantly, going from
the WL to the WTL solution. This suggested that the amount of water affected by lysozyme
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decreased from the binary WL to the ternary WTL solution, in qualitative agreement with
EDLS results.
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4. Conclusions

The joint use of depolarized light scattering and infrared techniques allowed us to
add new information on the mechanisms by which water and trehalose molecules are
accommodated around lysozyme in a WTL ternary mixture, at a trehalose concentration
particularly effective in preserving biomolecules. A very broad frequency range was inves-
tigated to monitor several solute/cosolute and solvent processes at different time scales.
To obtain a comprehensive view, WT and WL binary mixtures were analyzed compared
to the ternary solution. The results presented here perfectly supplement our previous
work [15]. By analyzing EDLS data over the relaxation dynamics time-scale (2–200 GHz
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in frequency), peculiar differences between binary and ternary solutions were revealed.
Contrary to the WL solution, where an extended hydration shell of water molecules slowed
down by a factor of 6–8 compared to bulk water is present around lysozyme, in the WTL
mixture, EDLS revealed the presence of an extra water shell surrounding the protein of
very slow molecules (15–20 times slower than that in the bulk water). Such a shell contains
about 700 water molecules. Here, we show that this number, in agreement with molec-
ular dynamics results [21], remains approximately constant upon temperature variation
(from 35 ◦C down to 3.5 ◦C), thereby creating a sort of stable stress-protection coverage.
This would support the preferential hydration of lysozyme with a negligible number of
trehalose molecules close to the protein surface, which possibly favors the conditions for
trehalose-mediated bio-preservation.

The analysis of the THz Raman region showed that the vibrational features of lysozyme
are scarcely dependent on temperature and practically coincident in both ternary and bi-
nary mixtures. That is, the presence of trehalose does not influence the THz intramolecular
modes of the protein.

To complement the depolarized light scattering data, we examined solute-correlated
infrared (SC-IR) spectra of the binary (WL) and ternary (WTL) solutions to probe trehalose-
induced perturbations on both water and lysozyme structures. In particular, the OH
stretching and amide spectral regions sensitive to the H-bond organization of water and
protein structure, respectively, were analyzed. SC-IR spectra proved that the protein causes
an average strengthening of H-bonds of the hydration water, which maintains the same
features also in the ternary mixture. Furthermore, the presence of trehalose does not affect
the amide signals. Overall, our experimental findings did not evidence any clear signature
of specific trehalose/lysozyme interactions. Such a result agrees with the view that the
protein remains strongly hydrated even in the ternary mixture (preferential hydration) [58],
providing support to the water entrapment scenario.

Noticeably, while the H-bonding rearrangement of this entrapped water is signifi-
cantly slowed down at the picosecond time scale, its H-bonding structuring, probed by
intermolecular modes (at THz frequencies) and intramolecular vibrations, is not influenced.
As future prospects, the broad-band approach presented here can interestingly be extended
to other protein/cosolute systems to investigate biopreservation and protein stability issues
further. To this end, EDLS investigations could be effectively coupled with dielectric mea-
surements (DS). DS, probing the reorientation of permanent molecular dipoles, can detect
the rotational dynamics of both solute and solvent [59,60]. It will represent a powerful
complementary tool to EDLS for studying hydration properties in extremely viscous media.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/life11100995/s1, Figure S1: Normalization procedure of the EDLS spectra. Figure S2: EDLS
spectral components of the water lysozyme solution at 50 mg/mL and 25 ◦C. Figure S3: EDLS
difference spectra.

Author Contributions: Conceptualization, L.C. and M.P.; methodology, L.C., S.C., M.P. and P.S.;
validation, L.C., S.C., M.P. and P.S.; formal analysis, B.B., L.C., S.C., P.S. and M.P.; investigation, L.C.,
S.C., M.P. and P.S.; writing—original draft preparation, B.B., L.C., S.C., P.S. and M.P.; writing—review
and editing, B.B., L.C., S.C., M.P. and P.S.; supervision, L.C. and M.P. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: M.P. and P.S. acknowledge the Centro Nazionale Trapianti for financial support by
the project “Indagini spettroscopiche di sistemi liposomiali modello di membrana biologica, di soluzioni
di proteine e di crioconservanti, per uno studio molecolare dei processi di crioconservazione”.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/life11100995/s1
https://www.mdpi.com/article/10.3390/life11100995/s1


Life 2021, 11, 995 12 of 14

References
1. Xie, G.; Timasheff, S.N. The Thermodynamic Mechanism of Protein Stabilization by Trehalose. Biophys. Chem. 1997, 64, 25–43.

[CrossRef]
2. Timasheff, S.N. Protein Hydration, Thermodynamic Binding, and Preferential Hydration. Biochemistry 2002, 41, 13473–13482.

[CrossRef]
3. Shukla, N.; Pomarico, E.; Chen, L.; Chergui, M.; Othon, C.M. Retardation of Bulk Water Dynamics by Disaccharide Osmolytes. J.

Phys. Chem. B 2016, 120, 9477–9483. [CrossRef] [PubMed]
4. Mari, E.; Ricci, C.; Pieraccini, S.; Spinozzi, F.; Mariani, P.; Ortore, M.G. Trehalose Effect on the Aggregation of Model Proteins into

Amyloid Fibrils. Life 2020, 10, 60. [CrossRef] [PubMed]
5. Graziano, G. How Does Sucrose Stabilize the Native State of Globular Proteins? Int. J. Biol. Macromol. 2012, 50, 230–235. [CrossRef]

[PubMed]
6. Di Gioacchino, M.; Bruni, F.; Ricci, M.A. Protection against Dehydration: A Neutron Diffraction Study on Aqueous Solutions of a

Model Peptide and Trehalose. J. Phys. Chem. B 2018, 122, 10291–10295. [CrossRef] [PubMed]
7. Cordone, L.; Cottone, G.; Giuffrida, S. Role of Residual Water Hydrogen Bonding in Sugar/water/biomolecule Systems: A

Possible Explanation Fortrehalose Peculiarity. J. Phys. Condens. Matter 2007, 19, 205110. [CrossRef]
8. Magazù, S.; Calabrò, E.; Campo, S. FTIR Spectroscopy Studies on the Bioprotective Effectiveness of Trehalose on Human

Hemoglobin Aqueous Solutions under 50 Hz Electromagnetic Field Exposure. J. Phys. Chem. B 2010, 114, 12144–12149. [CrossRef]
9. Giuffrida, S.; Cupane, A.; Cottone, G. “Water Association” Band in Saccharide Amorphous Matrices: Role of Residual Water on

Bioprotection. Int. J. Mol. Sci. 2021, 22, 2496. [CrossRef]
10. Semeraro, E.F.; Giuffrida, S.; Cottone, G.; Cupane, A. Biopreservation of Myoglobin in Crowded Environment: A Comparison

between Gelatin and Trehalose Matrixes. J. Phys. Chem. B 2017, 121, 8731–8741. [CrossRef]
11. Carpenter, J.F.; Crowe, J.H. Modes of Stabilization of a Protein by Organic Solutes during Desiccation. Cryobiology 1988, 25, 459–470.

[CrossRef]
12. Cesàro, A.; De Giacomo, O.; Sussich, F. Water Interplay in Trehalose Polymorphism. Food Chem. 2008, 106, 1318–1328. [CrossRef]
13. Crowe, J.H.; Crowe, L.M.; Chapman, D. Preservation of Membranes in Anhydrobiotic Organisms: The Role of Trehalose. Science

1984, 223, 701–703. [CrossRef]
14. Belton, P.S.; Gil, A.M. IR and Raman Spectroscopic Studies of the Interaction of Trehalose with Hen Egg White Lysozyme.

Biopolymers 1994, 34, 957–961. [CrossRef]
15. Corezzi, S.; Paolantoni, M.; Sassi, P.; Morresi, A.; Fioretto, D.; Comez, L. Trehalose-Induced Slowdown of Lysozyme Hydration

Dynamics Probed by EDLS Spectroscopy. J. Chem. Phys. 2019, 151, 015101. [CrossRef]
16. Corradini, D.; Strekalova, E.G.; Eugene Stanley, H.; Gallo, P. Microscopic Mechanism of Protein Cryopreservation in an Aqueous

Solution with Trehalose. Sci. Rep. 2013, 3, 1218. [CrossRef] [PubMed]
17. Olsson, C.; Genheden, S.; Sakai, V.G.; Swenson, J. Mechanism of Trehalose-Induced Protein Stabilization from Neutron Scattering

and Modeling. J. Phys. Chem. B 2019, 123, 3679–3687. [CrossRef]
18. Timasheff, S.N. The Control of Protein Stability and Association by Weak Interactions with Water: How Do Solvents Affect These

Processes? Annu. Rev. Biophys. Biomol. Struct. 1993, 22, 67–97. [CrossRef]
19. Jain, N.K.; Roy, I. Effect of Trehalose on Protein Structure. Protein Sci. 2009, 18, 24–36. [CrossRef]
20. Cornicchi, E.; Onori, G.; Paciaroni, A. Picosecond-Time-Scale Fluctuations of Proteins in Glassy Matrices: The Role of Viscosity.

Phys. Rev. Lett. 2005, 95, 158104. [CrossRef]
21. Camisasca, G.; De Marzio, M.; Gallo, P. Effect of Trehalose on Protein Cryoprotection: Insights into the Mechanism of Slowing

down of Hydration Water. J. Chem. Phys. 2020, 153, 224503. [CrossRef]
22. Comez, L.; Lupi, L.; Morresi, A.; Paolantoni, M.; Sassi, P.; Fioretto, D. More Is Different: Experimental Results on the Effect of

Biomolecules on the Dynamics of Hydration Water. J. Phys. Chem. Lett. 2013, 4, 1188–1192. [CrossRef]
23. Fioretto, D.; Comez, L.; Gallina, M.E.; Morresi, A.; Palmieri, L.; Paolantoni, M.; Sassi, P.; Scarponi, F. Separate Dynamics of Solute

and Solvent in Water–glucose Solutions by Depolarized Light Scattering. Chem. Phys. Lett. 2007, 441, 232–236. [CrossRef]
24. Paolantoni, M.; Comez, L.; Gallina, M.E.; Sassi, P.; Scarponi, F.; Fioretto, D.; Morresi, A. Light Scattering Spectra of Water in

Trehalose Aqueous Solutions: Evidence for Two Different Solvent Relaxation Processes. J. Phys. Chem. B 2009, 113, 7874–7878.
[CrossRef] [PubMed]

25. Perticaroli, S.; Comez, L.; Paolantoni, M.; Sassi, P.; Morresi, A.; Fioretto, D. Extended Frequency Range Depolarized Light
Scattering Study of N-Acetyl-Leucine-Methylamide-Water Solutions. J. Am. Chem. Soc. 2011, 133, 12063–12068. [CrossRef]
[PubMed]

26. Comez, L.; Paolantoni, M.; Sassi, P.; Corezzi, S.; Morresi, A.; Fioretto, D. Molecular Properties of Aqueous Solutions: A Focus on
the Collective Dynamics of Hydration Water. Soft Matter 2016, 12, 5501–5514. [CrossRef] [PubMed]

27. Ben-Amotz, D. Hydration-Shell Vibrational Spectroscopy. J. Am. Chem. Soc. 2019, 141, 10569–10580. [CrossRef] [PubMed]
28. Scarponi, F.; Mattana, S.; Corezzi, S.; Caponi, S.; Comez, L.; Sassi, P.; Morresi, A.; Paolantoni, M.; Urbanelli, L.; Emiliani, C.; et al.

High-Performance Versatile Setup for Simultaneous Brillouin-Raman Microspectroscopy. Phys. Rev. X 2017, 7, 031015. [CrossRef]
29. Perticaroli, S.; Comez, L.; Sassi, P.; Morresi, A.; Fioretto, D.; Paolantoni, M. Water-like Behavior of Formamide: Jump Reorientation

Probed by Extended Depolarized Light Scattering. J. Phys. Chem. Lett. 2018, 9, 120–125. [CrossRef]
30. Nishikida, K.; Nishio, E.; Hannah, R.W. Selected Applications of Modern FT-IR Techniques; CRC Press: Boca Raton, FL, USA, 2019.

http://doi.org/10.1016/S0301-4622(96)02222-3
http://doi.org/10.1021/bi020316e
http://doi.org/10.1021/acs.jpcb.6b07751
http://www.ncbi.nlm.nih.gov/pubmed/27526055
http://doi.org/10.3390/life10050060
http://www.ncbi.nlm.nih.gov/pubmed/32414105
http://doi.org/10.1016/j.ijbiomac.2011.10.025
http://www.ncbi.nlm.nih.gov/pubmed/22085755
http://doi.org/10.1021/acs.jpcb.8b08046
http://www.ncbi.nlm.nih.gov/pubmed/30339006
http://doi.org/10.1088/0953-8984/19/20/205110
http://doi.org/10.1021/jp104226p
http://doi.org/10.3390/ijms22052496
http://doi.org/10.1021/acs.jpcb.7b07266
http://doi.org/10.1016/0011-2240(88)90054-5
http://doi.org/10.1016/j.foodchem.2007.01.082
http://doi.org/10.1126/science.223.4637.701
http://doi.org/10.1002/bip.360340713
http://doi.org/10.1063/1.5099588
http://doi.org/10.1038/srep01218
http://www.ncbi.nlm.nih.gov/pubmed/23390573
http://doi.org/10.1021/acs.jpcb.9b01856
http://doi.org/10.1146/annurev.bb.22.060193.000435
http://doi.org/10.1002/pro.3
http://doi.org/10.1103/PhysRevLett.95.158104
http://doi.org/10.1063/5.0033526
http://doi.org/10.1021/jz400360v
http://doi.org/10.1016/j.cplett.2007.05.025
http://doi.org/10.1021/jp9004983
http://www.ncbi.nlm.nih.gov/pubmed/19422249
http://doi.org/10.1021/ja202272k
http://www.ncbi.nlm.nih.gov/pubmed/21699224
http://doi.org/10.1039/C5SM03119B
http://www.ncbi.nlm.nih.gov/pubmed/27280176
http://doi.org/10.1021/jacs.9b02742
http://www.ncbi.nlm.nih.gov/pubmed/31117647
http://doi.org/10.1103/PhysRevX.7.031015
http://doi.org/10.1021/acs.jpclett.7b02943


Life 2021, 11, 995 13 of 14

31. Perera, P.; Wyche, M.; Loethen, Y.; Ben-Amotz, D. Solute-Induced Perturbations of Solvent-Shell Molecules Observed Using
Multivariate Raman Curve Resolution. J. Am. Chem. Soc. 2008, 130, 4576–4577. [CrossRef]

32. Wilcox, D.S.; Rankin, B.M.; Ben-Amotz, D. Distinguishing Aggregation from Random Mixing in Aqueous T-Butyl Alcohol
Solutions. Faraday Discuss. 2013, 167, 177–190. [CrossRef] [PubMed]

33. Lupi, L.; Comez, L.; Paolantoni, M.; Perticaroli, S.; Sassi, P.; Morresi, A.; Ladanyi, B.M.; Fioretto, D. Hydration and Aggregation in
Mono- and Disaccharide Aqueous Solutions by Gigahertz-to-Terahertz Light Scattering and Molecular Dynamics Simulations. J.
Phys. Chem. B 2012, 116, 14760–14767. [CrossRef] [PubMed]

34. Comez, L.; Paolantoni, M.; Corezzi, S.; Lupi, L.; Sassi, P.; Morresi, A.; Fioretto, D. Aqueous Solvation of Amphiphilic Molecules
by Extended Depolarized Light Scattering: The Case of Trimethylamine-N-Oxide. Phys. Chem. Chem. Phys. 2016, 18, 8881–8889.
[CrossRef] [PubMed]

35. Perticaroli, S.; Comez, L.; Paolantoni, M.; Sassi, P.; Lupi, L.; Fioretto, D.; Paciaroni, A.; Morresi, A. Broadband Depolarized Light
Scattering Study of Diluted Protein Aqueous Solutions. J. Phys. Chem. B 2010, 114, 8262–8269. [CrossRef]

36. Walrafen, G.E.; Fisher, M.R.; Hokmabadi, M.S.; Yang, W.-H. Temperature Dependence of the Low- and High-frequency Raman
Scattering from Liquid Water. J. Chem. Phys. 1986, 85, 6970–6982. [CrossRef]

37. Walrafen, G.E.; Chu, Y.C.; Piermarini, G.J. Low-Frequency Raman Scattering from Water at High Pressures and High Temperatures.
J. Phys. Chem. 1996, 100, 10363–10372. [CrossRef]

38. Perticaroli, S.; Russo, D.; Paolantoni, M.; Gonzalez, M.A.; Sassi, P.; Nickels, J.D.; Ehlers, G.; Comez, L.; Pellegrini, E.;
Fioretto, D.; et al. Painting Biological Low-Frequency Vibrational Modes from Small Peptides to Proteins. Phys. Chem. Chem.
Phys. 2015, 17, 11423–11431. [CrossRef]

39. Gallina, M.E.; Comez, L.; Morresi, A.; Paolantoni, M.; Perticaroli, S.; Sassi, P.; Fioretto, D. Rotational Dynamics of Trehalose in
Aqueous Solutions Studied by Depolarized Light Scattering. J. Chem. Phys. 2010, 132, 214508. [CrossRef]

40. Lupi, L.; Comez, L.; Paolantoni, M.; Fioretto, D.; Ladanyi, B.M. Dynamics of Biological Water: Insights from Molecular Modeling
of Light Scattering in Aqueous Trehalose Solutions. J. Phys. Chem. B 2012, 116, 7499–7508. [CrossRef]

41. Berne, B.J.; Pecora, R. Dynamic Light Scattering; John Wiley and Sons Ltd.: New York, NY, USA, 1976.
42. Perticaroli, S.; Comez, L.; Sassi, P.; Paolantoni, M.; Corezzi, S.; Caponi, S.; Morresi, A.; Fioretto, D. Hydration and Aggregation of

Lysozyme by Extended Frequency Range Depolarized Light Scattering. J. Non-Cryst. Solids 2015, 407, 472–477. [CrossRef]
43. Paolantoni, M.; Comez, L.; Fioretto, D.; Gallina, M.E.; Morresi, A.; Sassi, P.; Scarponi, F. Structural and Dynamical Properties of

Glucose Aqueous Solutions by Depolarized Rayleigh Scattering. J. Raman Spectrosc. 2008, 39, 238–243. [CrossRef]
44. Khodadadi, S.; Pawlus, S.; Sokolov, A.P. Influence of Hydration on Protein Dynamics: Combining Dielectric and Neutron

Scattering Spectroscopy Data. J. Phys. Chem. B 2008, 112, 14273–14280. [CrossRef] [PubMed]
45. Roh, J.H.; Curtis, J.E.; Azzam, S.; Novikov, V.N.; Peral, I.; Chowdhuri, Z.; Gregory, R.B.; Sokolov, A.P. Influence of Hydration on

the Dynamics of Lysozyme. Biophys. J. 2006, 91, 2573–2588. [CrossRef]
46. Giraud, G.; Karolin, J.; Wynne, K. Low-Frequency Modes of Peptides and Globular Proteins in Solution Observed by Ultrafast

OHD-RIKES Spectroscopy. Biophys. J. 2003, 85, 1903–1913. [CrossRef]
47. Lupi, L.; Comez, L.; Masciovecchio, C.; Morresi, A.; Paolantoni, M.; Sassi, P.; Scarponi, F.; Fioretto, D. Hydrophobic hydration of

tert-butyl alcohol studied by Brillouin light and inelastic ultraviolet scattering. J. Chem. Phys. 2011, 134, 055104–055109. [CrossRef]
48. Monaco, G.; Cunsolo, A.; Ruocco, G.; Sette, F. Viscoelastic behavior of water in the terahertz-frequency range: An inelastic x-ray

scattering study. Phys. Rev. E 1999, 60, 5505–5521. [CrossRef]
49. Conti Nibali, V.; D’Angelo, G.; Paciaroni, A.; Tobias, D.J.; Tarek, M. On the Coupling between the Collective Dynamics of Proteins

and Their Hydration Water. J. Phys. Chem. Lett. 2014, 5, 1181–1186. [CrossRef] [PubMed]
50. Rossi, B.; Comez, L.; Lupi, L.; Caponi, S.; Rossi, F. Vibrational Properties of Cyclodextrin–water Solutions Investigated by

Low-Frequency Raman Scattering: Temperature and Concentration Effects. Food Biophys. 2011, 6, 227–232. [CrossRef]
51. Perticaroli, S.; Sassi, P.; Morresi, A.; Paolantoni, M. Low-Wavenumber Raman Scattering from Aqueous Solutions of Carbohydrates.

J. Raman Spectrosc. 2008, 39, 227–232. [CrossRef]
52. Davis, J.G.; Gierszal, K.P.; Wang, P.; Ben-Amotz, D. Water Structural Transformation at Molecular Hydrophobic Interfaces. Nature

2012, 491, 582–585. [CrossRef] [PubMed]
53. Daly, C.A., Jr.; Streacker, L.M.; Sun, Y.; Pattenaude, S.R.; Hassanali, A.A.; Petersen, P.B.; Corcelli, S.A.; Ben-Amotz, D. Decomposi-

tion of the Experimental Raman and Infrared Spectra of Acidic Water into Proton, Special Pair, and Counterion Contributions. J.
Phys. Chem. Lett. 2017, 8, 5246–5252. [CrossRef]

54. Sassi, P.; Onori, G.; Giugliarelli, A.; Paolantoni, M.; Cinelli, S.; Morresi, A. Conformational Changes in the Unfolding Process of
Lysozyme in Water and Ethanol/water Solutions. J. Mol. Liq. 2011, 159, 112–116. [CrossRef]

55. Catalini, S.; Perinelli, D.R.; Sassi, P.; Comez, L.; Palmieri, G.F.; Morresi, A.; Bonacucina, G.; Foggi, P.; Pucciarelli, S.; Paolan-
toni, M. Amyloid Self-Assembly of Lysozyme in Self-Crowded Conditions: The Formation of a Protein Oligomer Hydrogel.
Biomacromolecules 2021, 22, 1147–1158. [CrossRef]

56. Comez, L.; Gentili, P.G.; Paolantoni, M.; Paciaroni, A.; Sassi, P. Heat-Induced self-assembling of BSA at isoelectric point. Int. J.
Biol. Macromol. 2021, 177, 40–47. [CrossRef] [PubMed]

57. Sun, Y.; Petersen, P.B. Solvation Shell Structure of Small Molecules and Proteins by IR-MCR Spectroscopy. J. Phys. Chem. Lett.
2017, 8, 611–614. [CrossRef] [PubMed]

http://doi.org/10.1021/ja077333h
http://doi.org/10.1039/c3fd00086a
http://www.ncbi.nlm.nih.gov/pubmed/24640491
http://doi.org/10.1021/jp3079869
http://www.ncbi.nlm.nih.gov/pubmed/23205713
http://doi.org/10.1039/C5CP04357C
http://www.ncbi.nlm.nih.gov/pubmed/26958663
http://doi.org/10.1021/jp101896f
http://doi.org/10.1063/1.451384
http://doi.org/10.1021/jp960140o
http://doi.org/10.1039/C4CP05388E
http://doi.org/10.1063/1.3430555
http://doi.org/10.1021/jp301988f
http://doi.org/10.1016/j.jnoncrysol.2014.07.017
http://doi.org/10.1002/jrs.1909
http://doi.org/10.1021/jp8059807
http://www.ncbi.nlm.nih.gov/pubmed/18942780
http://doi.org/10.1529/biophysj.106.082214
http://doi.org/10.1016/S0006-3495(03)74618-9
http://doi.org/10.1063/1.3529014
http://doi.org/10.1103/PhysRevE.60.5505
http://doi.org/10.1021/jz500023e
http://www.ncbi.nlm.nih.gov/pubmed/26274468
http://doi.org/10.1007/s11483-010-9196-6
http://doi.org/10.1002/jrs.1910
http://doi.org/10.1038/nature11570
http://www.ncbi.nlm.nih.gov/pubmed/23172216
http://doi.org/10.1021/acs.jpclett.7b02435
http://doi.org/10.1016/j.molliq.2010.12.008
http://doi.org/10.1021/acs.biomac.0c01652
http://doi.org/10.1016/j.ijbiomac.2021.02.112
http://www.ncbi.nlm.nih.gov/pubmed/33607130
http://doi.org/10.1021/acs.jpclett.6b02925
http://www.ncbi.nlm.nih.gov/pubmed/28085291


Life 2021, 11, 995 14 of 14

58. Rosi, B.P.; Tavagnacco, L.; Comez, L.; Sassi, P.; Ricci, M.; Buratti, E.; Bertoldo, E.; Petrillo, C.; Zaccarelli, E.; Chiessi, E.; et al.
Thermoresponsivity of poly(N-isopropylacrylamide) microgels in water-trehalose solution and its relation to protein behavior. J.
Colloid Interface Sci. 2021, 604, 705–718. [CrossRef] [PubMed]

59. Gabriel, J.P.; Pabst, F.; Helbling, A.; Böhmer, T.; Blochowicz, T. Depolarized Dynamic Light Scattering and Dielectric Spectroscopy:
Two Perspectives on Molecular Reorientation in Supercooled Liquids. In The Scaling of Relaxation Processes; Advances in Dielectrics;
Springer: Cham, Switzerland, 2018. [CrossRef]

60. Melillo, J.H.; Gabriel, J.P.; Pabst, F.; Blochowicz, T.; Cerveny, S. Dynamics of aqueous peptide solutions in folded and disordered
states examined by dynamic light scattering and dielectric spectroscopy. Phys. Chem. Chem. Phys. 2021, 23, 15020–15029.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.jcis.2021.07.006
http://www.ncbi.nlm.nih.gov/pubmed/34280768
http://doi.org/10.1007/978-3-319-72706-6_7
http://doi.org/10.1039/D1CP01893K
http://www.ncbi.nlm.nih.gov/pubmed/34190269

	Introduction 
	Materials and Methods 
	Samples 
	EDLS 
	FTIR 

	Results 
	EDLS Data Treatment 
	Terahertz Vibrations 
	SC-IR Analysis 
	Binary Mixture 
	Ternary Mixture 


	Conclusions 
	References

