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Moist olive pomace (MOP) is a high moisture content by-product of the olive oil industry.
Managing this recalcitrant residue (transport, storage, and drying) is a priority demanding
investment in finding alternative valorisation routes. In this context, the biosynthesis of
xanthan gum (XG) incorporating MOP in the substrate (0.0 %, 5.0 %, 10.0 %, 15.0 %, 20.0 %,
25.0 %, 30.0 % and 50.0 %) to induce bacterial stress was attempted. XG biosynthesis yield
was quantified, and the product was characterised by structural analysis (FTIR), thermal
behaviour (TG), rheology and antioxidant capacity. Relative to the control (sample with no
added MOP), a significant increase in XG biosynthesis was found for concentrations up to
30.0 % MOP. In particular, for XG produced with 15 % MOP, a 50.91 % (p < 0.0001) increase
was achieved, together with 395.78 % for viscosity. In general, XG produced with MOP
presence showed antioxidant activity, a value-added property, especially for applications
in the food, pharmaceutical and cosmetic areas. The results indicated that the stress
imposed by the MOP induced a microbial response leading to XG production increase,
structural and viscosity modifications, and antioxidant properties incorporation. Overall,
this work points out a new MOP application contributing to the sustainability of the olive
oil productive chain from a biobased circular economy perspective.
© 2023 The Author(s). Published by Elsevier Ltd on behalf of Institution of Chemical
Engineers. This is an open access article under the CC BY license (http://creative-

commons.org/licenses/by/4.0/).
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1. Introduction

The olive oil industry is a sector that generates large amounts
of by-products. Environmental and technological restructura-
tion of the olive oil extraction units led to the adoption of
centrifugation systems, particularly the so-called two-phase
extraction systems, which generate large amounts of moist
olive pomace (MOP). This by-product is characterised by a high
moisture content and low viscosity, challenging its transport,
storage and drying, resulting in low commercial value
(Medeiros et al., 2016; Muscolo et al., 2019).It contains phenolic
compounds such as oleuropein, hydroxytyrosol and tyrosol
with antioxidant capacity and consequent prevention or in-
hibition of oxidative reactions in biomolecules (Rueda et al.,
2023). In this scenario, MOP valorisation is fundamental, in-
troducing this residue in the production chain, and generating
sustainable value-added products.

Substrates of different compositions and various contents
have been tested to reduce costs and make the biosynthesis
of xanthan gum (XG) profitable. Given the growing market
and application versatility of XG as a thickener, emulsifier,
stabiliser and suspension agent, studies have been devel-
oped using alternative carbon sources, promoting the in-
troduction of agro-industrial residues in its production route
(Bhat et al., 2022; Demirci et al., 2019). Thus, to achieve an
economically green synthesis, several substrates have been
evaluated, such as sugarcane molasses, whey (Silva et al,,
2009), kitchen waste (Li et al., 2016), olive mill wastewaters
(Lopez et al., 2001), tapioca pulp (Gunasekar et al., 2014), and
orange peels (Mohsin et al., 2018), among others.

Excretion of exopolysaccharides by bacteria of the genus
Xanthomonas spp. is a protective response to adverse and
unfavourable conditions to increase its environmental
adaptability, often promoting its adherence through forming
biofilms and symbiotic relationships (Bianco et al., 2016). One
of the stress forms is exposure to toxic compounds capable of
developing a metabolic imbalance and consequent cellular
response, inducing the activation of metabolic pathways.
Examples include the Entner-Doudoroff pathway, which
catabolises available glucose by about 80 % into pyruvate,
directing it to the tricarboxylic acid cycle, with the remaining
glucose metabolised via the pentose-phosphate pathway
(Hahn et al., 2022; Hublik, 2012).

In structural terms, XG is a heteropolysaccharide com-
posed of long polysaccharide chains. A main chain formed by
p-glucose molecules, and trisaccharide side chains with two
p-mannose molecules interspersed with one b-glucuronic
acid molecule. The internal mannose is acetylated (acetic
acid ester — acetyl-mannose), and approximately half of the
terminal mannoses contain pyruvic acid, remaining pyruvyl-
mannose (Garcia-Ochoa et al., 2000). Intra and inter-
molecular interactions of the molecule can be affected by the
proportion of the acetyl and pyruvate substituent groups,
resulting in chains of different sizes and molecular weight,
thus interfering in gum viscosity (Papagiannopoulos et al,,
2016; Pinheiro et al., 2020).

In addition to the unique rheological properties, XG can
change its molecular structure during production, influen-
cing its intrinsic properties. Acetate or pyruvate content
variations commonly depend on the production strain and
growing conditions; e.g., using cations during biosynthesis
strongly influences the properties of the obtained gum (e.g.,
synergism with galactomannans) (Ciesielski and Tomasik,
2008; Hublik, 2012). Moreover, studies carried out by Ramos

de Souza et al. (2022) demonstrated the production of XG in
the presence of waste residue substrates, namely water
containing Zn and Fe atoms, and crude glycerin, which re-
sulted in a polymer with thermoviscosifying behaviour
holding high oil recovery yield capacity.

Antioxidant additives play a key role in food and phar-
maceutical applications, preventing damage from oxidative
stress generated by free radicals related to diseases such as
cancer, cardiovascular disease, diabetes, and ageing (Li et al,,
2007; Sarangarajan et al., 2017). Modifications in the structure
of XG have been carried out to potentiate its antioxidant ac-
tivity, such as the partial hydrolysis of the exopolysaccharide,
increasing the number of hydroxyls or the transformation of
the polysaccharide into a sodium salt, where the oxidation
reaction ends up transforming the OH groups into NaOO™ ones
(Delattre et al., 2015; Xiong et al., 2014).

This work aimed to evaluate the biosynthesis of XG by
Xanthomonas campestris using substrates added with MOP.
Different MOP concentrations were evaluated to induce
bacterial stress capable of triggering a cellular response with
the potential to increase the production of value-added gum,
which were evaluated concerning structural analysis (FTIR),
thermal behaviour (TG), rheology and antioxidant capacity.
To the best of our knowledge, the synthesis of XG with an-
tioxidant properties using biosynthesis, particularly in the
presence of MOP, has yet to be reported so far.

2. Materials and methods
2.1. Moist olive pomace samples

The MOP was collected at the olive oil extraction unit
Olimontes (Macedo de Cavaleiros, Portugal), operating using
a continuous two-phase centrifugation system. The samples
were pasteurised at 60 °C for 30 min (Ecoline 012, Lauda,
Konigshofen, Germany) and cooled to 4 °C for storage (H8 A1E
W, Hotpoint-Ariston, Lisbon, Portugal) until use.

2.2. Moist olive pomace phenolic compounds profile
analysis

High-performance liquid chromatography (HPLC) with a
Diode Array Detector (DAD) was used to obtain the MOP
phenolic compounds profile. Before analysis, MOP was frozen
and freeze-dried (Coolsafe 1104, Scanvac, Olsztyn, Poland),
then subjected to extraction with methanol (MeOH). For that,
1.5 g of freeze-dried MOP were mixed with 50 mL, left under
stirring for 1 h in the dark and filtered, followed by MeOH
evaporation in a rotary evaporator at 35 °C (RE300DB, Stuart
Stone, UK). Then, 5 mL of MeOH were added to the dried
sample obtaining a concentration of 0.1 mg/mL, filtrated with
a Whatman Nylon (0.20 pm) filter and stored in dark flasks.
This procedure was repeated 3 times to achieve 3 in-
dependent trials. 20 pL were injected using an analytical
HPLC Knauer Smartline apparatus equipped with a Knauer
Smartline Autosampler 3800, a cooling system set to 4 °C, and
Knauer DAD. A reversed-phase Shperisorb ODS2 column was
used (250 x4 mm id, 5 pm particle diameter, end-capped
Nucleosil C18 (Macherey-Nagel) maintained at 30 °C.
Chromatographic separation was carried out using a gradient
of solvent A (water: formic acid (99.8:0.2 (v/v))) and B (MeOH),
applied at a flow rate of 0.9 mL/min, as follows: 5 % B at
0 min, 15 % B at 3 min, 25 % B at 13 min, 30 % B at 25 min, 35 %
B at 35 min, 40 % B at 39 min, 45 % B at 42 min, 45 % B at
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45 min, 47 % B at 50 min, 48 % B at 60 min, 50 % B at 64 min
and 100 % B at 66 min, 5 % B at 70 min and 5 % B at 75 min.
Spectral data from all peaks were accumulated in the
200-600 nm range, and chromatograms were recorded at 254,
280, 320, and 330 nm. The compounds in each extract were
identified by comparing their retention times and UV-Vis
spectra with standards analysed under the same conditions
and using the spectra library previously compiled by the
authors. All analyses were performed in triplicate.

2.3. Microorganism and inoculum preparation

A cryogenic tube of Xanthomonas campestris pu. Campestris
strain, ATCC 33913 (DSMZ, Braunschweig, Germany), was
inoculated in 18 mL of yeast malt broth (YM) (w/v): 0.3 %
yeast extract; 0.3 % malt extract; 0.5 % peptone; 1.0 % glucose
(Sigma-Aldrich, Steinheim am Albuch, Germany), and the pH
was adjusted to 7.0, to be incubated for 14 h at 25 °C under
150 rpm in an orbital shaking (Shel Lab, Sheldon- SI4,
Cornelius, USA). Subsequently, 10 % (v/v) of the pre-inoculum
was added to the YM medium. After 12 h of incubation at
25 °C and 150 rpm, the bacterial culture was ready for in-
oculation in the XG production process.

2.4. Xanthan gum production and extraction

The XG production medium was prepared using an inorganic
constituents-based mineral salt medium (MSM) (Sampaio
et al.,, 2022) supplemented with 2.5 % sucrose and 0.05 %
yeast extract, diluted in distilled water. The pH was adjusted
to 7.0 with a 5 M NaOH solution, for a final volume of 1.0 L.
For the preparation of the medium containing the MOP by-
products, different concentrations (w/v) were added during
its preparation (5.0 %, 10.0 %, 15.0 %, 20.0 %, 25.0 %, 30 %, and
50 %).

The XG production experiments were carried out in tri-
plicate using 250 mL Erlenmeyer flasks containing 45 mL of
the production medium and 5 mL of the inoculum (10 % of
the final volume), subjected to 250 rpm orbital shaking at
28 °C (Shel Lab, Sheldon- SI4, Cornelius, EUA) for 76 h. This
time was defined after preliminary studies (48, 76 and 96 h)
pointed out the need to use 76 h to achieve the highest
productive levels. After the production, the samples were
centrifuged at 10,000 g for 30 min at 4 °C (centrifuge 5810 R,
Eppendorf, Hamburg, Germany) to remove the biomass and
MOP impurities. The supernatant was added to 99.5 % of
ethyl alcohol at 4 °C using a supernatant/alcohol ratio of 1:3
(v/v), followed by conditioning at 4 °C for 18 h for XG pre-
cipitation. The precipitated biopolymer was recovered by
centrifugation (10,000 g for 30 min at 4 °C) and dried in an
oven at 30 °C (ED115, Binder, Tuttlingen, Germany) until
constant weight. The production yield quantification was
performed by gravimetry in an analytical balance (AS 60/220.
R2 Plus, Radwag, Radom, Poland).

2.5. Xanthan gum characterisation

2.5.1. Fourier transform infrared spectroscopy (FTIR)

Structural analysis of the produced XG was carried out using
an MB300 FTIR from ABB (Zurich, Switzerland) operating in
transmittance mode. The spectra were obtained between
4000 and 500 cm™* by averaging 32 scans at a resolution of
4 cm™. Samples (1 %, w/w) were dispersed in KBr

(spectroscopic grade) and pelletised before analysis. The data
were acquired and treated using the Horizon MB v.3.4
software.

2.5.2.  Thermogravimetric analysis (TGA)

The thermal stability of XG was analysed in a NETZSCH
equipment (TG 209 F3 Tarsus, Selb, Germany). The exopoly-
saccharides were heated from 30° to 600°C, at 10 °C/min in
alumina crucibles (6-8 mg) under an oxidative atmosphere
(air) with a 50 mL/min flow rate.

2.5.3.  Rheological behaviour

Flow curves were obtained using a Haake MARS II rotational
rheometer equipped with a PP35s probe and a Peltier unit to
control the temperature. Previously to analysis, the lyophi-
lised XG samples were solubilised in water (1 mg/mL) at 37 °C
and placed between the plate/plate with a gap of 1 mm (any
sample excess was removed before testing). All the samples
were stabilised for 15 min before the measurement to relax
the stress and guarantee 20 + 0.1 °C. In a steady state, the
apparent viscosity of the XG solutions was obtained varying
the shear rate from 0.01 1/s to 300 1/s in 360 s. The obtained
data were adjusted to the Ostwald-de Waele model, Eq. 1 (da
Silva et al., 2018).

n= K}'/n*1 (1)

where 7 is the apparent viscosity, yis the shear rate, K (Pa.s")
is the consistency index, and n is the flow behaviour index
(dimensionless). Ostwald de Waele model parameters were
calculated from the obtained curves using the Haake
Rheowin Software.

2.6.  Antioxidant activity

ABTS™ (2,2"-azinobis-(-3-ethylbenzothiazoline-6-sulfonic
acid) radical scavenging capacity of the samples was calcu-
lated according to a modified method described by Yang et al.
(2020). An initial stock solution of ABTS (Sigma-Aldrich,
Steinheim am Albuch, Germany), composed of an aqueous
solution of 7mM ABTS™ and 2.45 mM potassium persulfate,
was prepared. This stock solution was kept in darkness at
room temperature for 16h before use, then diluted with
distilled water up to an absorbance of 0.70 + 0.04 at 734nm
read in a 1 cm cuvette. The samples were dissolved in water
at 1mg/mlL, and aliquots of 100 pL were mixed with 4900 puL
of the ABTS™ solution and incubated in darkness at room
temperature for 20 min. Finally, the absorbance of the sam-
ples was measured at 734 nm (V-730 UV-visible, Jasco, Ma-
drid, Spain), and the scavenging capacity percentage (SC) was
calculated using the following Eq. 2:

r — At

sc) = & x 100

A ¥
where A; is the absorbance of the sample and A, is the ab-
sorbance of the negative control (distilled water).

2.7. Statistical analysis

The results obtained in the different tests were analysed
using ANOVA statistical test with Tukey’s multiple compar-
ison post-test using the GraphPad Prism® 8.0 software (San
Diego-CA, USA).
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Fig. 1 - HPLC-DAD chromatogram of MOP acquired at
280 nm. Identified compounds: hydroxytyrosol, tyrosol,
oleuropein, luteolin, and apigenin.

3. Results and discussion
3.1.  Moist olive pomace phenolic compounds
characterisation

The MOP phenolic compound profile analysed using reversed
phase-HPLC is presented in Fig. 1 Phenolic compounds with a
total phenolic content (TPC) of 18315 mg/kg GAE (gallic acid
equivalent) were identified as belonging to three classes:
secoiridoids (oleuropein), comprising circa 78 % of TPC, fol-
lowed by phenolic alcohols (hydroxytyrosol, and tyrosol)
around 19 % of TPC, and flavonoids (luteolin and apigenin) at
lower concentration (~ 2 % of TPC).

To extract phenolic compounds from the olive pomace,
Bohmer-Maas et al. (2020) used different aqueous methanol
solutions at predetermined concentrations. TPC concentra-
tions ranged from 20886.2 to 23061.2 mg/kg GAE in different
olive pomace extracts, slightly higher than the results ob-
tained in this work. For all the studied olive pomace extracts,
Cioffi et al. (2010), observed that the secoiridoids (oleuropein
and ligstroside aglycone) corresponded to the highest frac-
tion of the TPC followed by the phenolic alcohols (hydro-
xytyrosol and tyrosol), in accordance with the MOP
characterised in this work. The authors also identified gallic,
caffeic, ferulic, and vanillic acid compounds. It is known that
the phenolic compounds profile of olive pomace is influenced
by the chemical composition of the olive oil, which depends
on several factors, including olive cultivar, geographic origin,
irrigation technique, and the extraction method (Dabbou
et al.,, 2011, Malheiro et al., 2015, Zhang et al., 2022).

3.2.  Xanthan gum production

The XG production yield was calculated, and the results are
summarised in Fig. 2 In general, it was observed that the
addition of MOP (up to 30 %) significantly increased the XG
production. The highest level of biosynthesis was obtained at
15.0 % of MOP (21.64 g/L), implying an increment of 50.91 %
(p < 0.0001) relative to the control (14.34 g/L). The results in-
dicated that the stress imposed by the phenolic compounds,
induced the protection mechanism of the bacteria against
adverse conditions, consequently increasing the XG produc-
tion. To evidence that even only a progressive decrease in the
production was observed from 15.0 % to 30.0 % MOP (21.64,

ns

*kkk

- “::“ mm Control
_ - e =1 5.0% MOP
", 204 T =1 10.0% MOP
9 —_—
=g =1 15.0% MOP
3 =3 20.0% MOP
§ 104 =3 25.0% MOP
E . B3 30.0% MOP
x = 50.0% MOP
0_

Fig. 2 — Xanthan gum production according to the studied
groups. ***p < 0.001; ***p < 0.0001; ns = not significant.

17.74, 16.41, and 15.84 g/L), it was still statistically significant
compared to the control.

This progressive reduction at concentrations higher than
15.0 % MOP is related to the antimicrobial activity of the li-
pophilic phenolic compounds (oleuropein, hydroxytyrosol
and tyrosol) and their ability to destabilise cell membranes,
as previously reported (Casadey et al., 2021; Khemakhem
et al., 2018; Pannucci et al., 2021). Additionally, the phenolic
compounds can unbalance the bacterial "quorum sensing"
system, reducing their ability to adapt to the bacterial pro-
duction stimulus, namely the MOP-modified medium
(Gutierrez et al., 2009; Adonizio et al., 2006).

Studies carried out by Trindade et al. (2018) evaluated the
impact of alkaline stress on X. campestris pv. mangiferaeindicae
IBSBF 1230 population during XG biosynthesis, using crude
glycerol as substrate, achieving a production increase of 73.69
%, while a decrease in the viscosity was observed (60 cP).

In this work, XG biosynthesis, using 50.0 % of MOP (14.22 g/
L), reduced the production relative to the control by circa 0.84
%. In fact, no significant difference was observed between
both groups, indicating that even under these conditions, MOP
can be used to potentiate a circular economy strategy to ob-
tain a value-added product, as later discussed concerning the
antioxidant potential of the obtained products.

Some published works that evaluated alternative sub-
strates to produce XG, corroborate that achieving efficient
production rates is a real challenge. Silva et al. (2015) re-
ported that coconut husk when applied as a substrate for X.
campestris pu. campestris 2149, reached a modest production
of 5.16 g/L, employing an orbital agitation of 250 rpm at 28 °C
for 120h. De M. Diniz et al. (2012) with cocoa husk as the
production medium substrate, using X. campestris pv. mani-
hotis 1182, X. campestris pu. campestris 472 and X. campestris pv.
malvacearum 1779 strains, achieved, respectively, yields of
7.34,0.65 and 3.45 g/L, in orbital shaking at 250 rpm, and 28 °C
for 120 h. To highlight is the production of 26.42 g/L using
cheese whey during 72 h, at 28°C and 180 rpm with X. cam-
pestris pu. manihotis 1182 strain (Silva et al., 2009), and the
production of 36 g/L (in a bench bioreactor) using the condi-
tions of 72h at 28°C and 390 rpm with the X. campestris pv.
mangiferae 1230 strain (Mesomo et al., 2009). In this work, the
yields achieved are among the highest, considering similar
biosynthesis times and recalcitrant alternative substrates.
Even though sucrose supplementation can have favoured XG
production, a clear positive effect of adding MOP to the base
sucrose-supplemented medium was observed, justifying that
important production levels were achieved following this
strategy.
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Fig. 3 - FTIR spectra of the produced biopolymers with
different concentrations of MOP.

3.3. Xanthan gum characterisation

3.3.1. FTIR spectroscopy

The FTIR spectra of the produced biopolymers, presented in
Fig. 3, put in evidence the characteristic functional groups of
XG. It can be inferred that the isolated polysaccharides fol-
lowed a similar spectral behaviour, although their biosynth-
esis used substrates with different MOP concentrations.

The broad absorption band at 3200-3450 cm™ corresponds
to the stretching vibration of hydroxyl groups (-OH) with in-
tramolecular and intermolecular hydrogen bonds, arising from
the association of alcohols and phenols. In the 15 % MOP
sample, greater intensity and a small band narrowing were

(@)

DTG (%/min)

‘10 T T v T L T
0 200 400 600
Temperature (°C)

—— Control

observed, which may indicate more specific interactions and a
greater presence of hydroxyls arising from the MOP phenolic
groups. The vibration at 2850-2950cm™ identified the axial
deformation of C-H (absorption of symmetric and asymmetric
stretching of CH; and CH, groups) and CHO; The signal around
1735cm™, carbonyl (C=0) stretching was attributed to the
esterified residues with pyruvyl (CHz -CO-COO) and acetyl (CH;
-CO0) and the COOH groups of glucuronic acid. Previous stu-
dies have shown that the peak attributed to the C=0 vibration
of acetyl groups occurs in the range of 1700-1750 cm™ (jin et al.,
2015). In samples produced with MOP, there is a slight decrease
in the intensity and a broadening of the peak, especially at
concentrations of 15 %, 20 % and 25 %, which may indicate the
favouring of intermolecular association due to partial deace-
tylation; the signal at 1650cm™ indicated the angular de-
formation of the OH bond of sugars; 1420-1430 cm™?,
corresponded to the C-H deflection angle; and 1050-1150 cm™,
C-0O axial deformation, present in all sugars. This band shows a
greater intensity in the 15 % MOP group, demonstrating in-
creased polysaccharide content (Faria et al., 2011; Pawlicka
et al,, 2019; Sharma and Sharma, 2023).

3.3.2. Thermogravimetric analysis

The derivative (DTG) curves are shown in Fig. 4 and illustrate
the XG thermal decomposition steps. A first mass loss stage
(30-174 °C) was observed for all samples, which was asso-
ciated with disruption of the water hydrogen bonds of poly-
saccharide’s polar groups (-OH), causing moisture
desorption. According to Faria et al. (2011), XG absorbs water
due to the presence of polar groups in its chemical structure.
This first mass loss in the control group corresponds to a
mass loss of 8.47 % (Fig. 4b), but is slightly broader than the
one ascribed to XG produced in MOP-containing media.

The second thermal event observed in the control XG
(181-380 °C) can be associated with the degradation of the
xanthan polymer chain, which begins with the side chain
groups and, subsequently, with the backbone chain un-
folding (da Silva et al.,, 2018). A degradation stage was ob-
served for all polymers in the range between 180 and 420 °C,
associated with a loss mass of 30-40 %. This peak referred to
the maximum decomposition rate of the polysaccharide.

(b) Sample Temperature range (°C) Mass loss (%)
5.0% MOP Control 30-174 8.47
——10.0% MOP e o
— 150% MOP 5.0% MOP  30-127 6.46
——200% MOP e e
250% MOP 10.0% MOP  30-148 9.32
— 300% MOP 148-241 18.95
i 241-403 34.36
—50.0% MOP 15.0%MOP  30-150 11.40
150-240 20.31
241-417 34.90
20.0% MOP  30-141 11.40
141-235 18.95
235-402 34.89
25.0% MOP  30-163 11.00
163-235 15.64
242-413 32.56
30.0% MOP  30-154 11.06
154-240 15.45
240-393 35.54
50.0% MOP  30-155 7.94
155-246 20.92
246-420 30.05

Fig. 4 - Analysis of the thermal degradation of xanthan gums produced at different concentrations of MOP. (A) DTG curves of

the gums (B) temperature ranges and mass loss percentage.
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solution 1 mg/mL) produced by X. campestris by
introducing 5-50 % (w/v) MOP into the culture medium.

In the XG produced in the presence of MOP, an additional
mass loss with a magnitude of 14.0-21.0 % (Fig. 4b), was
found at lower temperatures (127-246°C). According to
Seslija et al. (2018), the difference in the weight loss between
native XG and its derivatives may be due to the presence of
hydrophobic fractions in the modified samples, which de-
creases the retention capacity of the functional groups pre-
sent MOP, under the same conditions, when compared to the
unmodified polymer. On the other hand, the decomposition
of modified polymers that started at relatively low tem-
peratures may be related to the breakdown or degradation of
substituent groups or weaker bonds (Sara et al., 2020). In
general, the gums produced in the presence of MOP pre-
sented lower thermal stability, attributed to structural
changes caused by using MOP as substrate (i.e., the second
degradation stage was not observed in control). In fact,
Trindade et al., (2015) found that the total or partial re-
placement of the sucrose carbon source by glycerol affected
the structure of XG and, consequently, the thermal profile. In
the control case, an additional degradation stage was ob-
served (467-550 °C), accompanied by a mass loss of 1.21 %.

3.3.3.  Rheological behaviour

The rheological behaviour of the produced xanthan gums,
shown in Fig. 5, evidenced a typical pseudoplastic behaviour
since the apparent viscosity decreased as the shear rate in-
creased. Other authors described similar shear-thinning prop-
erties for XG (Abu Elella et al., 2021). Aiming to detect the effect
of MOP use, the obtained shear stress-shear rate data were fitted
to the Ostwald-de Waele model. The consistency index (K) and
the flow behaviour index (n) were obtained by regression ana-
lysis, as shown in Table 1. According to this model, all the
samples showed a n value lower than 1, confirming the

culture medium on ABTS"" free radicals. ****p < 0.0001;
*p < 0.05; ns =not significant.

pseudoplastic behaviour of the aqueous solution of these XG
samples. The lowest K value was obtained for the control
sample (878 Pa.s"), observing a remarkable increase even when
adding 50 % (w/v) of MOP into the production medium
(3804 Pa.s™). In fact, a progressive increase in the K parameter
was observed with the MOP incorporation, up to 15.0 % and 20.0
% (w/v), namely the solutions with the highest consistency va-
lues. For example, the XG produced with a medium containing
15.0 % of MOP showed an increase of 395.78 % compared to the
control (in addition to an increase in the production yield of
50.91 %, as discussed earlier). However, MOP concentrations
above 20.0 % decreased the K parameter noticeably.

Other authors also described variations in the viscosity of
XG produced under different conditions (Berninger et al,,
2021). The addition of MOP impacted the molecular structure
of the XG since higher K values are related to higher mole-
cular weights. Larger and more ramified XG macromolecules
led to more viscous solutions. Hence, higher K values can
indicate improved polymer quality; higher molecular weights
are usually desired in these types of systems (Nejadmansouri
et al., 2020). The presence of acetyl groups in xanthan gum
can significantly influence the conformation and properties
of the macromolecule. Rheological studies carried out by
Wang et al. (2022) illustrated that the gel strength and visc-
osity of deacetylated xanthan were higher than those of
native xanthan gum. In general, acetyl groups sustain the
ordered conformation of xanthan gum by maintaining the
interactions between the backbone and side chains of the
macromolecules. The pyruvyl concentration also influences
the solutions’ viscosity; in fact, xanthan gums with a higher
pyruvate content usually present higher viscosity than those
holding lower concentrations (Bhat et al., 2022).

In this context, adding 25.0-50.0 % of MOP had a detri-
mental effect on the XG macromolecule structure com-
plexity, compared to lower dosages (i.e., lower viscosity and
K values). This fact may be related to the effect of MOP an-
timicrobial (e.g., oleuropein, hydroxytyrosol and tyrosol)
compounds in the metabolism of X. campestris.

Table 1 - Consistency index (K) and flow behaviour index (n) values obtained by fitting the experimental data shown in

to the Ostwald-de Waele model.

MOP (w/v)
Control 5.0 % 10.0 % 15.0 % 20.0 % 25.0 % 30.0 % 50.0 %
K (Pa.s") 878 3804 4100 4353 4216 3009 3493 3512
n 0.6517 0.4057 0.3500 0.2939 0.2534 0.3031 0.2778 0.2445

R? 0.97 0.98 0.98 0.99 0.98 0.98 0.99 0.99
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3.4.  Antioxidant activity

ABTS tests were performed to estimate the antioxidant po-
tential of the produced XG samples. As shown in Fig. 6, the
ABTS"" free radicals scavenging activity of the XG increased as
the MOP concentration in the medium increased (10.89; 13.96;
22.82; 30.47; 32.74; 33.85; 44.05; 50.52 % scavenging ABTS).
Particularly, the identified phenolic compounds in MOP, in-
cluding oleuropein, hydroxytyrosol and tyrosol, are recognised
as natural antioxidants (Benavente-Garcia et al., 2000).

XG is an anionic polysaccharide prone to establish mole-
cular interactions to stabilise its structure, which can adopt
single or double-helix conformations (Borges and Vendruscolo,
2008). Moreover, the ability of XG to interact with phenolic
compounds was previously reported (Troszyrska et al., 2010).
In this scenario, MOP phenolic compounds can interact by
electrostatic forces with the anionic carbonyl groups of the XG,
implying a molecular physical retention, thus providing anti-
oxidant potential to the gums. This fact was particularly evi-
denced in the XG sample produced with 15.0 % MOP for which
an increase of 179.80 % relative to the control was observed.
Covalent bonds can also arise between the phenolic acids and
the anionic carbonyl groups of pyruvates, enabling the biopo-
lymer to have antioxidant properties. These effects could be
responsible for the positive relationship observed between the
used MOP amount and the antioxidant properties of the pro-
duced XG samples.

XG can be highlighted for its free radical reduction po-
tential, namely the ability to inhibit lipid peroxidation and
reveal a protective effect on p-glucan degradation through
OH radical-induced depolymerisation (Paquet et al., 2010;
Trommer and Neubert, 2005). Recent studies describe that
some XG modifications can potentiate its antioxidant ac-
tivity, as observed by Xiong et al. (2013), who subjected XG to
hydrolysis in acid and alkaline medium, and Delattre et al.
(2015) that formed a sodium salt called “xanthouronan” or
xantouronan, by oxidation of xanthan with NaOCl/NaBr. In
this work, producing XG in a MOP-added medium also pro-
moted the achievement of antioxidant XG.

4, Conclusions

In this work, the biosynthesis of XG in the presence of MOP, a
recalcitrant residue, was studied, showing advantages at
quantitative and qualitative level. Compared to the control,
the produced XG revealed a significant increase up to 30.0%
MOP concentration, reaching a production increment of
50.91% (p < 0.0001) and a viscosity increase of 395.78% when
15.0% MOP was used. The produced biopolymers presented
the XG characteristic functional groups, held a typical pseu-
doplastic behaviour, and improved antioxidant activity,
making them interesting alternatives for high value-added
applications, e.g., food, pharmaceutical and cosmetics.
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