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Abstract

To dynamically characterize the thermal properties of the fructose-rich exopolysaccharide (EPS1-T14), produced by the
marine thermophilic Bacillus licheniformis T14, the Attenuated Total Reflectance Fourier Transform Infra-Red
spectroscopy was coupled to variable temperature ranging from ambient to 80 °C.

The spectra were analyzed by the following innovative mathematical tools: i) non-ideal spectral deviation, ii) OH-
stretching band frequency center shift, iii) spectral distance, and iv) wavelet cross-correlation analysis.

The thermal restraint analysis revealed that the whole EPS1-T14 system possessed high stability until 80 °C, and
suggested that fucose was mainly involved in the EPS1-T14 thermal stability, whereas glucose was responsible for its
molecular flexibility.

Our results provide novel insights into the thermal stability properties of the whole EPS1-T14 and into the role of its
main monosaccharidic units. As a new biopolymer, the thermostable EPS1-T14 could be used in traditional

biotechnology fields and in new biomedical areas, as nanocarriers, requiring high temperature processes.
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Wavelet cross-correlation analysis
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1. Introduction

Biomolecules, such as complex polysaccharides and exopolysaccharides (EPSs), from extremophiles inhabiting hot
environments are expected to possess unique characteristics, mainly the thermostability, useful in responding to the
increasing demand of new attractive bio-products in medical and pharmaceutical applications. Thermophilic bacteria,
with optimal growth at temperature ranging from 45°C to 70°C, offer interesting features for biotechnological
applications, as they are able to produce their biomolecules faster than those from mesophilic and psychrophilic
counterparts [1]. New thermophilic and thermotolerant bacteria, isolated from the shallow hydrothermal vents of Eolian
Islands (Italy), were able to produce novel EPSs potentially useful in various applicative fields [1-4]. More recently, a
novel alkalophilic and thermophilic Bacillus licheniformis strain T14, isolated from a submarine vent off Panarea Island
(italy), has been reported as producer of a new exopolysaccharide (EPS1-T14), by using relatively simple purification
process [5]. In details, EPS1-T14, containing fructose, fucose and glucose as major monosaccharides, displayed
structural characteristics (high carbohydrate content, 99% and high molecular weight, 1,000 KDa), and interesting
rheological properties (i.e. viscoelasticity) (Tab. 1) for which it could be used as a convenient thickener in industrial
products [5]. Moreover, EPS1-T14 is soluble in water, non-cytotoxic up to 400ug ml?, and it was also able to inhibit
the cytotoxic effects of Avarol in an brine shrimp assay, and therefore, applications of the biopolymer in the
development of anti-cytotoxic drugs could be envisaged [5]. Furthermore, it represents a promising exopolymer in
pharmaceutical applications, as natural antiviral, immunostimulant and immunomodulator [6] and with anti-adhesive
properties able to prevent biofilm formation by pathogenic bacteria [7]. Many EPSs from thermophilic bacteria have
been reported to be thermostable, as determined using the thermo-gravimetrical analysis (TGA) technique, with the
highest thermostability registered for the exopolymer from Geobacillus tepidamans V246 (280 °C) [8], followed by
those from G. thermodenitrificans B3-72 (240 °C) [9] and by EPS1-T14 from B. licheniformis T14, that was very stable
up to 210 °C and started to decompose at 240 °C, yielding a weight loss of the half at 260 °C [5].

However, further information about the influence of the temperature on the molecular structure of EPS1-T14 are
needed to address its potential use in biotechnological areas requiring high-temperature processes, such as food and
cosmetic industries, and also for novel prospectives in medical and pharmaceutical applications, especially for drug
delivery [10].

The changing of molecular structure is quantitatively measurable by InfraRed (IR) spectroscopy, providing a unique
label-free tool for studying molecular composition and dynamics [11-14]. Among the IR techniques, the Fourier
transform IR (FTIR) in the Attenuated Total Reflectance-FTIR (ATR-FTIR) mode represents a fast analytical method
that-permits to determine changes in molecular structure, using simultaneous analyses of multiple components from the
same sample in a single instrumental measurement [15,16]. ATR-FTIR technique is widely employed to characterize
the elemental structures and the molecular interactions among components in polymers [17]. Furthermore, FTIR
technique is complementary to Raman scattering, inelastic neutron scattering and density function simulations, these
techniques furnishing valuable information with different probe-system coupling [18-21]. Although FTIR analysis if
used alone has been reported to be unable to ascertain the composition of polymorphic forms, the empowering of
vibrational spectroscopy, by association with mathematical tools for the extraction of valuable information from
complex evolving data, has demonstrated to be highly successful [22]. Only a few recent studies reported ATR-FTIR
technique as a useful tool for monitoring the thermal behavior of pharmaceutical products [23-25].

In this work, the thermal restrain of the whole biopolymer EPS1-T14 and of its main monosaccharidic components

(i.e. fructose, fucose and glucose) was investigated using a biophysical approach able to provide a measure of the
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system sensitivity to temperature changes [26]. The Attenuated Total Reflectance Fourier Transform Infra-Red (ATR-
FTIR) spectroscopy was applied over a temperature range from 20 °C to 80 °C, and each spectrum was analyzed by
using innovative mathematical tools: i) non-ideal spectral deviation; ii) OH-stretching band frequency center shift; iii)

spectral distance; and iv) wavelet cross-correlation analysis.

2. Material and Methods

2.1. The EPS-T14 production and characterization

The isolation of the halophilic and thermophilic Bacillus licheniformis T14 from a thermal fluid sample, emitted at a
shallow hydrothermal vent of Panarea Island (Eolian Islands, Italy), and the production of a new exopolysaccharide
(EPS1-T14) have been previously reported [5]. Briefly, characteristics of the emitted fluid were: temperature 50 °C, pH
5.42, and conductivity 42.90 mS m. Strain T14 grew aerobically from 25 to 60 °C and its optimal temperature
occurred at 50 °C. The pH range for growth was 4-10, with optimum at pH 8. Strain T14 grew in a range 2—-10 % NaCl
with optimal growth at 5 %.

The exopolysaccharide was produced (366 mg I yield) at the beginning of the stationary growth phase of strain T14
in the minimal medium SWY (yeast extract, 0.1 %, sucrose 5 %, in seawater) after 48 h of incubation in bioreactor,
under optimal growth condition (temperature 50 °C, pH 8, and NaCl 5 %) and air flow at 1 vvm. After purification,
EPS1-T14 fraction displayed the highest carbohydrates content (99%), with a molecular weight estimated about 1,000
kDa (Table 1). Monosaccharide analysis revealed the presence of fructose/fucose/glucose composing the saccharide
unit. NMR suggested a B-manno-pyranosidic configuration (Fig 1). Thermogravimetrical analysis (TGA) was
performed using a Mettler-Toledo Star System apparatus, and a sample (5 mg) was heated rpm 30 to 400 °C at a heating
rate of 20 °C min' under nitrogen. Measurements of viscosity (n) were performed with different EPS concentrations in

aqueous solution at 30 °C using a Cannon-Ubbelohde 75 suspended-level viscosimeter.
2.2. Experimental setup

ATR-FTIRVertex 70V spectrometer (Bruker Optics) using Platinum diamond ATR was employed to collect spectra
on EPS1-T14, fructose, fucose and glucose, in the temperatures range from 20° C to 80 °C. All the spectra were
obtained by collecting 48 scans with a resolution of 4 cm in the 4000 to 400 cm™' wavenumber range. The following
data pre-processing procedures were applied: i) a baseline correction, in order to diminish the dissimilarities between
spectra due to baseline shift; ii) a smoothing treatment, to reduce the instrumental noise; iii) a first derivative treatment,
to correct baseline shift together, and a second derivative treatment, to better discriminate features associated with
spectra; iv) a spectral normalization, to correct the path-length variation and to reduce the differences among single
measurements [27-29].

The intramolecular OH-stretching band frequency shift evaluation and the wavelet cross-correlation analysis were
performed by MATLAB 2016a software (Mathworks, Natick, USA). The spectral distance calculation was performed
by Origin 9 software package (OriginLab Co., Northampton, USA).



2.3. Non ideal spectral deviation

In order to characterize the interaction mechanisms among the three major components of EPS1-T14, the difference
between the experimental spectrum and the ideal spectrum of EPS1-T14, obtained as a weighed sum of the three

component spectra, according to Eq. (1), was calculated using Eq. (2):

Jideal (w) = o] ucose (w) + ﬂlfructose (w) + y[glucose (w) )

where a, B and y represent the weight factors of the three different components, i.e. fructose, fucose and glucose,

respectively.

AI(Q)) — Iexperimental (w) _ ]ideal (w) (2)
2.4. Hypsochromic frequency shift

A first and the second-order derivative spectra treatments were employed to calculate the band center frequency
[30,31]. The hypsochromic shift of the band maximum to higher frequencies was used to highlight the change of H-
bond crosslinks among the structural components of EPS1-T14 at increasing temperature. The thermal properties of

EPS1-T14 were evaluated by analyzing the OH stretching contribution shift.

2.5. Spectral Distance (SD)

To investigate the temperature-induced structural rearrangements of EPS1-T14 H-bond network, the Spectral
Distance (SD) of the intramolecular OH stretching band contribution was calculated in the temperature interval (from
20 °C to 80 °C) using Eq. (3):

SD = ($,[I(w,T) — I(w,T = 20°C)]?Aw} /2 3)

where I (w) is the absorbance at frequency w and Aw is the instrumental frequency resolution.
In order to extract further quantitative information on the whole EPS1-T14 thermal stability, for the SD versus
temperature data fit, the following Eq. (4) has been applied:

1
T 1+e-BAT-To)

SD(T) = A (1 ) +(C - DT) (4)

Where A represents the sigmoid amplitude, whose inverse A ! is connected to the thermal restraint. B is the sigmoid
steepness; To represents the temperature value of the sigmoid inflection point and, finally, C-DT takes into account the

low temperature vibrational contribution.

2.6. Wavelet Cross-Correlation Analysis

In order to quantitatively evaluate the correlation degree among the registered spectra at different scales, a Wavelet

Cross-Correlation (XWT) analysis between the different couples of spectra was performed [26,32-36].



3. Results and discussion

3.1. Attenuated Total Reflectance Fourier Transform Infra-Red (ATR-FTIR) spectroscopy

The spectra obtained by means of ATR-FTIR technique on EPS1-T14 and on its main components (i.e. fructose,
fucose and glucose) (Fig. 2), according to the peak wavenumber assignment (Table 2), showed the following main
features: i) an intense band in the region between 950 cm™ and 1200 cm™!, corresponding to the —-C-O, C-CH
stretching and to the —CO and C-O-C bending of the glycoside ring [37]; ii) bands related to the C-CH, O—-CH
stretching and —CO stretching in the 1300 cm™' - 1450 cm™! spectral region, [38]; iii) a broad and intense band in
the region between 2500 cm™' and 3600 cm™!, which is composed by several bands ascribed to the OH stretching of
the polymer glycoside ring, and to the OH stretching of free water and of water involved in hydrogen bonds
[39,40].

The only detectable change in the reported spectra (Fig 2) is relative to the temperature effects in the region around
3000-3500 cm of EPS1-T14 (Fig 2a), and in the region around 1700-2000 cm* of fructose, fucose, glucose (Fig 2 b-
d). In detail, the spectrum of EPS1-T14 (fig.2 a) in the region 1700-2000 cm™ shows a lower thermal variation in
respect with that of glucose (fig.2 d), but similar to that of fructose (fig.2 b) and fucose (fig. 2c). These observations

demonstrate that the thermal restrain of EPS1-T14 mainly depends from fructose than glucose.

3.2. Non ideal spectral deviation

The EPS1-T14 ideal spectrum, reconstructed starting from the spectra of its main constituents, is shown in Fig. 3.
The spectral deviation, i.e. the difference between the experimental spectrum and the ideal spectrum is reported in Fig.
4, where marked deviations from the ideal behavior are registered in the whole investigated spectral range. Such a
circumstance suggests that remarkable interactions take place among the constituents. In particular, although in the
1800cm™ to 2800cm™ spectral range the evaluated ideal spectrum is almost coincident to the experimental one,
remarkable differences occur in the OH-stretching region, which is connected with the system H-bond network.

The non-ideal spectral deviation revealed that the real spectrum of EPS1-T14 is not the simple sum of its
components, but it seems to acquire new properties and different responses at increasing temperature. This different
thermal behavior could be ascribed to the interaction of its three main monosaccharidic components (i.e. fructose,

fucose and glucose), that contribute differently to create the complex unique matrix of EPS1-T14.

3.3. Hypsochromic frequency shift

The 3D-FTIR spectra of EPS1-T14 in the 3000 < Aw < 3600 cm™ range, as a function of temperature are reported in
Fig. 5a. The EPS1-T14 OH stretching band frequency shift, in the temperature range, changes from 3271 cm to 3313
cm*. Furthermore, this registered hypsochromic frequency shift changes linearly (5) with the increasing of the

temperature, as shown in Fig. 5b. In order to fit the data the following Eq. (5) was employed:

w(T) = A+ BT ()

The thermal restraint determined by hypsochromic frequency center shift was equal to 1.49.
The spectral analyses (hypsochromic frequency center shift and spectral distance) convey coherent information on
the thermal evolution of EPS1-T14, both showing that the whole biopolymer was stable at the maximum value of the

tested temperature (80 °C). The high resistance of the biopolymer at the increasing temperature could be explained by



the increasing H-bounded connectivity. Since the frequency center linearly shifted with the increasing temperature, we
may suppose that all the rheological properties (i.e. viscosity, density, etc) of EPS1-T14 could be maintained at 80 °C.
3.4. Spectral Distance (SD)

Spectral distance analysis of the spectra of EPS1-T14 at increasing temperatures showed a sigmoid trend, with an
inflection point at T=50 °C (Fig. 6). The SD versus temperature behavior followed a logistic function trend allowing to

extract quantitative information on the relaxation amplitude, as well as on its temperature localization.

3.5. Wavelet Cross-Correlation

The analysis by wavelet tools revealed different pathways of EPS1-T14 and its components (Fig. 7), where the
shaded region indicates the Cone Of Influence (COI). This advanced investigation indicated that the spectrum of fucose
is more closely correlated to that of the whole EPS1-T14, whereas glucose is the less correlated. This finding suggests
that fucose plays a key role in the EPS1-T14 structure, and it may be also involved in the biological properties of the
exopolysaccharide. The fucose-containing polysaccharides have an increased market value, because fucose is one of the
rare sugars difficult to be obtained, and it is also involved in numerous biological activities, such as antioxidant,
immune-stimulator and anti-aging agent [41,42]. Fucoidan is the most well-known fucose-rich polysaccharide produced
by brown seaweeds, and used in many human activities [43]. Based on results previously obtained using TGA analysis,
the decomposition temperature of EPS1-T14 (240 °C) appears higher than that of fucoidan (210 °C) [44]. For its
thermal stability and thermal restraint, EPS1-T 14 could be more cooking stable than other fucose polysaccharides, such
as fucoidan, actually commercially available as nutritional supplements [45]. However, to our knowledge, no data on
the thermal behavior of fucoidan have been until now reported for further comparison.

The thermal characterization is also required in the drug deliveries system, a novel pharmaceutical field that allows
to use lower doses of drugs and to develop drug or food carriers. Indeed, polymeric nanoparticles can be fabricated from
polysaccharides, due to their low bio-toxicity and high adaptability [20]. Sodium carboxymethyl cellulose [46], pectin
[47], chitosan [48] and xanthan gum [10] are among polysaccharides until now studied for delivering drugs, nutrients
and bioactive substances. Nowadays, chitosan is the most characterized polysaccharide in the field of drug and food
deliveries, however its uses are still limited, due to its relatively lower thermal stability (below 40 °C), as
spectroscopically determined [49]. For its physicochemical properties and thermo-stability EPS1-T14 could be also

considered as useful biopolymer for nanoparticle composites.

4. Conclusion

The fructose-rich exopolysaccharide EPS1-T14, produced by the marine thermophilic Bacillus licheniformis T14,
has been previously reported to possess interesting physicochemical properties and biological activities, as anti-
cytotoxic, antiviral, immunostimulant, and antibiofilm agent, that make it potentially useful in different
biotechnological applications.

Since thermostability represents a prerequisite in applicative areas that require high temperature processes, in this
study the structural changes of EPS1-T14 at increasing temperatures have been monitored by using the ATR-FTIR
spectroscopic technique, coupled with innovative tools (non-ideal spectral deviation, hypsocromic frequency center
shift, spectral distance and wavelet cross correlation analysis). The thermal restraint analysis revealed that the whole
EPS1-T14 system possessed high stability until 80 °C, and suggested that fucose was mainly involved in the EPS1-T14

thermal stability, whereas glucose was responsible for its molecular flexibility.



Our findings provide new insights on the thermal stability of EPS1-T14, enabling us to consider it as a promising
biopolymer useful for traditional biotechnological areas, including food, cosmetic and pharmaceutical applications, and
novel biomedicine areas that require high-temperature processes, such as drug delivery system and nanoparticle

composites.
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Table 1 Characteristics of EPS1-T14 from B. licheniformis strain T14 [5].

EPS1-T14
Carbohydrate (%/v) 99
Protein (%/v) 1.2
Uronic acid (%/v) 0.5
Molecular weight 1000 kDa

Monosaccharide composition
(ratio of relative proportion)

Saccharide repeating unit
Anomeric configuration
Specific viscosity
Thermogravimetrical analysis

Brine shrimp assay

Fructose/fucose /glucose/galactosamine/mannose
(1.0:0.75:0.28:tr:tr)

Trisaccharide
-manno pyranoside
0.587

240 °C

Positive
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Table 2 Peak wavenumbers (cm™) assigned

11

Wavenumber (cm™)

3264
2923
1320
1245
1106

1060

Assignment

-OH
-C-C-C-H stretch
C-CH and O-CH stretch
-CO stretch
C-C C-O stretch

C-0O-C bend




Figure Legends

Fig. 1. *H-NMR (a) and *C-NMR (b) spectra of EPS1-T14 from Bacillus licheniformis strain T14 [5].

Fig. 2. ATR-FTIR spectra of whole EPS1-T14 a) and its main monosaccharidic components: b) fructose, c) fucose and

d) glucose in the 400<A®<4000 cm*spectral range for positive thermal scans from 20 to 80 °C.

Fig. 3. Ideal spectrum of EPS1-T14 reconstructed from the spectra of its main constituents, obtained using ATR-FTIR
in the 400<A®<4000 cmispectral range at 25 °C.

Fig. 4. Difference spectrum obtained by subtracting ideal spectrum to experimental spectrum of EPS1-T14.

Fig. 5. Hypsochromic frequency shift: a) 3D FTIR spectra of EPS1-T14 in the 3000 < Ao < 3600 cm™ range, as a
function of temperature and intensity, and b) the center frequency of OH stretching band of EPS1-T14, as a function of

temperature. Black dots: experimental data.
Fig. 6. Spectral Distance of the intramolecular OH stretching bands of the EPS1-T14 at the increasing temperature.

Fig. 7. Wavelet Cross Correlation between the whole EPS1-T14 and a) fructose, b) fucose and ¢) glucose at 25 °C.
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Fig. 2.
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Spectral Difference

Fig. 4.
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Fig. 6.
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Highlights
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The thermal properties of exopolysaccharide (EPS1-T14) were analyzed by ATR-FTIR
The spectra were evaluated by innovative mathematical tools

The OH-stretching frequency shift revealed that the EPS1-T14 was stable at 80 °C.

The wavelet cross-correlation showed that fucose is involved in the EPS1-T14 stability.
The EPS1-T14 could be considered as a promising biopolymer for biotechnology.



