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Abstract

Mucilage extracted from cladodes of Opuntia ficus-indica (L.) Mill. has attracted growing
interest as a natural food additive due to its gelling and nutritional properties. In this study;,
the chemical characteristics of Opuntia ficus-indica mucilage were comparatively evaluated
against commercial pectin, with particular emphasis on volatile compounds, mineral com-
position, and monosaccharide profiles by 1*C-NMR spectroscopic analysis. The volatile
components were analysed using gas chromatography-mass spectrometry (GC-MS), re-
vealing distinct aromatic profiles between the two matrices, with the mucilage showing a
significant presence of methoxypyrazines, but not detected in the powdered pectin studied.
These compounds could negatively affect the sensory perception of mucilage. Mineral
analysis demonstrated significantly higher levels of calcium, magnesium, and potassium,
supporting its potential contribution to nutritional enrichment. The spectroscopic analysis,
used to identify monosaccharide composition of polysaccharide chains, highlighted the
presence of arabinose, galactose, glucose, and rhamnose in the mucilage sample compared
to the predominantly glucose/galacturonic acid-based structure of pectin. Overall, the re-
sults indicate that Opuntia ficus-indica mucilage represents a promising alternative to pectin,
offering unique chemical properties that may expand its application as a multifunctional,
natural food additive.

Keywords: mineral; monosaccharide; mucilage; pectin; Opuntia ficus-indica (L.) Mill.; volatile

1. Introduction
1.1. Opuntia ficus-indica Mucilage: Source and Potential

Opuntia ficus-indica (L.) Mill. (OPI), known as the prickly pear, is cultivated in arid and
semi-arid regions due to its adaptability and high biomass productivity [1]. Cladodes are
abundant and a potential source of mucilage biopolymers, a complex heteropolysaccharide
that has attracted growing interest for food, pharmaceutical, and biotechnological applica-
tions. The functional potential of OPI mucilage has been associated with its water-binding

Gels 2026, 12, 130

https://doi.org/10.3390/gels12020130


https://crossmark.crossref.org/dialog?doi=10.3390/gels12020130&domain=pdf&date_stamp=2026-02-02
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/gels
https://www.mdpi.com
https://orcid.org/0009-0006-9069-9098
https://orcid.org/0000-0003-2243-630X
https://orcid.org/0000-0001-7961-3894
https://orcid.org/0000-0003-0583-0487
https://doi.org/10.3390/gels12020130

Gels 2026, 12,130

20f13

capacity, emulsifying properties and rheological behaviour, which are often compared to
those of commercial hydrocolloids such as pectin [2]. Moreover, the production potential
of OPI cladode gel is very high given the extent and widespread distribution of the culti-
vated and wild species [3]. Chemically, OPI mucilage is characterized by a high content of
polysaccharides composed of galacturonic acid, arabinose, galactose, rhamnose, and xylose,
arranged in branched structures [4] that differ significantly from the backbone structure of
pectin [5]. The technological behaviour of OPI cladode mucilage is strongly governed by
its heterogeneous polysaccharide composition, where the lower galacturonic acid content
and higher arabinogalactan branching, compared to commercial pectins, favour enhanced
water-holding capacity and emulsifying properties rather than strong gel formation [2,6,7].

1.2. Pectin as a Reference Gelling Polymer

Comparative studies with pectin, one of the most widely used polysaccharides in the
food industry, could be interesting to evaluate the potential technological advantages of
mucilage extracts. In fact, the pectin market is expected to grow from USD 1.07 billion in
2025 to USD 1.13 billion in 2026 and is forecast to reach USD 1.52 billion by 2031 at 6.05%
CAGR over 20262031, while demand surges for recognizable ingredients [8,9]. The uronic
acids concentration and degree of esterification in commercial pectins correlate positively
with elastic gel strength and pH- and ion-dependent network formation, highlighting how
subtle differences in polysaccharide structure dictate their functional performance as food
additives [5,10,11]. Beyond polysaccharide structure, the presence of minerals, proteins,
and minor lipid fractions plays a critical role in determining the functional performance of
OPI mucilage compared to commercial pectins. Divalent cations such as Ca>* and Mg?*
naturally associated with mucilage can promote weak ionic cross-linking within uronic acid
regions, influencing viscosity, thermal stability, and gel-like behaviour, albeit less efficiently
than purified low-methoxyl pectins [2,5]. These differences influence not only functional
properties, but also interactions with minerals, volatile compounds, and low molecular
weight sugars, which remain less explored than classic plant hydrocolloids.

1.3. Rationale and Novelty of the Study

Although numerous studies have focused on the extraction yield, rheological be-
haviour, and centesimal composition of OPI mucilage [4,12], data on mineral composition
and detailed sugar compositions [13,14] are less available, while studies on volatile profiles
are completely absent, despite their relevance for aromatic interactions. In a previous
study [15] mucilage from OPI cladodes and pectins was compared, by considering their
gelling and rheological properties. The results highlighted the potential applications of OPI
cladode mucilage solutions as gelling agents in industrial food processes. Therefore, the
aim of this study is to characterize the chemical properties of OPI mucilage, emphasizing
its volatile composition, its sugar profiles by 1*C-NMR spectroscopy, and the mineral com-
position. A comparative analysis with commercial pectin is also conducted to highlight
similarities and differences in chemical composition, contributing to a deeper understand-
ing of the potential of OPI mucilage as an alternative or complementary hydrocolloid for
food applications.

2. Results and Discussion
2.1. Centesimal Composition

The water content of the mucilage after freeze-drying was 2.7%, while in commercial
pectin it was 10.6% (Table 1). The titratable acidity values (56 mg/g), measured in mucilage
extracted from one-year-old cladodes, were consistent with those found elsewhere [16], by
evaluating the variations in titratable acidity of 10 varieties of “nopalito” (edible cladodes
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of flat-stemmed prickly cacti). Generally, younger cladodes have lower acid levels then
older cladodes. The pectin with a high methoxyl (HM) content, (esterification degree > 50)
here used, had an acidity value of about 22 mg/g. In HM pectins the free acidity values
are typically 44.8-83.6 mg equivalents of citric acid/g, depending on source and extraction
conditions [17]. Mucilage’s protein fraction makes it a dual-function hydrocolloid, both
thickener and emulsifier, meaning it may reduce dependency on external surfactants in
products such as dressings or beverages [18]. The protein content in OPI mucilage was
found to be 0.61% on a dry basis, which is lower than that reported by other authors
(0.82 to 6.8%) in a similar sample [19,20]. Different chemical compositions of cladodes,
including mucilage proteins, can be explained by soil type, growing season, plant age,
cultivar used, cladode age, mucilage extraction and purification conditions. Moreover,
OPI mucilage contains protein—polysaccharide complexes that can be partially removed or
retained depending on extraction conditions [20]. The protein content of around 1.2% in
commercial pectin is consistent with its nature as a highly purified polysaccharide, since the
extraction and purification of pectin aims to isolate high molecular weight polysaccharides.
The fat content of the mucilage of freeze-dried cladodes was 12.5%, a value comparable
to that reported elsewhere [21] (<2% fat on fresh weight), with lipid content generally
decreasing as cladodes mature. Fat levels are usually higher in freeze-dried samples, which
is the technique used here [22]. Residual lipids and proteins in cactus mucilage enhance
interfacial activity, contributing to improved emulsifying capacity and emulsion stability
through protein—polysaccharide and lipid—polysaccharide interactions, a feature largely
absent in highly purified commercial pectins [6,10]. The lipid content of the commercial
pectin was about 0.4% (Table 1). These latter are highly purified polysaccharide products
with negligible lipid content because extraction and purification procedures (acid extraction
followed by alcohol precipitation) effectively remove non-polysaccharide components,
including lipids. The presence of lipid within mucilage can influence functional properties
such as emulsification and interfacial behaviour. The low lipid content in pectin means that
their emulsifying and interfacial properties derive exclusively from their polysaccharide
structure and not from effects associated with lipids.

Table 1. Chemical composition of the OPI mucilage and pectin samples.

Composition Mucilage Pectin
Water 2.7% 10.6%
Ash 20.9% 4.6%
Protein 0.61% 1.2%
Lipids 12.5% 0.4%
Nitrogen free extract + total fibre 63.19% 83.20%
Total polyphenol content (GAE) * 194mg/g 21mg/g
DPPH 27.8% 0.65%
Titratable acidity (citric acid) 56 mg/g 22mg/g

* Gallic Acid Equivalent.

2.2. Phenols and DPPH

The results for total polyphenol content confirm that mucilage extracted from OPI
cladodes can serve as a valuable source of antioxidant compounds with potential health
benefits [14,18]. In the present study, the total polyphenol content (TPC) was approximately
19.40 mg GAE (gallic acid equivalent)/g (Table 1). These values are consistent with those
reported elsewhere [21], where a TPC of about 2.6 mg GAE/g fresh weight in prickly
pear cladodes was found [23]. Several studies have reported significantly lower TPC
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values, such as 0.32 mg GAE/g dry matter in cladode flour [24], and TPC of 5.7 and
3.8 mg GAE/g dry matter in the OPI cultivars “Milpa” and “Atlixco”, respectively [25].
Thermal processing of OPI cladodes can markedly influence the chemical characteristics
of the resulting extracts. Freeze-dried extracts obtained using ethanol and methanol
exhibited the highest TPC values (11.6 mg GAE/¢g), likely due to the greater polarity of
these solvents, which enhances the release of hydrolysable phenols [26]. Moreover, freeze-
dried extracts retained superior antioxidant and antibacterial properties, making them
particularly suitable for applications in functional foods and nutraceutical formulations [26].
TPC content in pectin (2.1 mg/g) was slightly lower than reported elsewhere [27]. In
extracted apple pectin, a TPC content ranging from 0.59 to 2.41 mg GAE/g has been
reported, depending on the extraction conditions and source [28,29]. The results of the TPC
tests were supplemented by those of the DPPH test, used to evaluate the ability of plant
extracts and polysaccharides to neutralise free radicals (antioxidants). OPI mucilage shows
27.8% scavenging activity, which is substantially higher than 0.65% for the commercial
pectin. OPI mucilage samples reported in other studies have shown a DPPH antiradical
power of approximately 35.5% [30], similar to our findings. The higher antioxidant activity
found in OPI mucilage suggests it could contribute functional benefits, such as delaying
lipid oxidation or protecting sensitive components in food matrices.

2.3. Ash and Minerals

The total ash in OPI mucilage (20.9%) was comparable to that reported elsewhere [31].
As with any other plant, the mineral content of OPI cladodes reflects the characteristics
of the soil in which they are grown. The high ash values in the cladodes may result from
the high soil salinity and mineral availability. The ash content can be considered a useful
property for hydrocolloids, as it defines the degree of mineral interaction in the structure
and promotes the functional properties of polysaccharides [32]. The ash was investigated
in depth by analysing the main minerals present in it and comparing them with those
of pectin (Table 2). Data show that mucilage has a high mineral content, particularly Ca
(3130 mg/100 g), K (2940 mg/100 g) and Mg (2100 mg/100 g); these results are consistent
with previous studies [33]. The minerals present in mucilage are an integral part of the
structural and functional characteristics of the biopolymer. Divalent cations such as calcium,
for example, can interact with polysaccharide chains, forming ordered ionic cross-links that
influence the rheological behaviour of the mucilage. Moreover, calcium and magnesium,
when bound in mucilage, contribute to its dietary value, particularly in functional foods
and nutraceutical formulations [34]. Furthermore, the high ash and mineral contents in
mucilage, particularly calcium, magnesium, and potassium ions, reflect its physiological
role in the cladodes as a water-retention and ion-regulation matrix. The minerals present
in the mucilage in smaller quantities include, in descending order, Na, P, Fe, and Zn, with
values ranging from 11.4 to 2.1 mg/100 g (Table 2). The ash content in pectin is below 5%,
consistent with its higher degree of purification. In the pectin samples analysed, the main
minerals present are K and Ca, with approximately 200 mg/100 g, followed by Na and
P (Table 2).

Table 2. Mineral composition of Opuntia ficus-indica mucilage and pectin (mg/100 g).

Sample Mg K Ca p Fe Zn Na Cu
Mucilage 2100 =100 2940 & 50 3130 £ 20 84+03 3.184+0.07 2124+£0.009 114+04 nd
Pectin 48.0+05 2034+£06 203.1+£04 209407 1.30+004 065440174 634+05 nd
*%% %% ] *%% *%% %% 3%k *%%

t test’s sign

Data are reported as mean (n = 6) plus and minus standard deviation. “nd” = not detected; the unit of measurement
ismg/100 g “***” = 0 < “Student’s t test p-value” < 0.001.
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2.4. Monosaccharide Compositions by 3C-NMR Analyses

Chemical characterization of mucilage involves the identification of its complex
polysaccharide structure, dominated by sugars such as arabinose, galactose, rhamnose,
xylose, fucose, and uronic acids (especially glucuronic acid) [35], as well as proteins, min-
erals, and other phytochemical compounds. By using techniques such as FT-IR, NMR,
chromatography, and elemental analysis it is possible to understand its function as a hydro-
colloid. Key aspects include monosaccharide composition, presence of specific functional
groups (hydroxyl, carboxyl), molecular weight, and thermal/rheological properties [36]. In
this work, the monosaccharide compositions of OPI mucilage and pectin were determined
after classical acid hydrolysis [37]. The two solid residues obtained after hydrolysis were
dissolved in deuterated water (D,0), and the monosaccharide units were identified and
quantified by studying specific signals present in the 13C-NMR spectra. In particular, the
peaks present between 90 and 100 ppm, the typical area of anomeric carbons; the C1 carbon
in aldose sugars (or C2 in ketoses) that becomes a new chiral centre upon cyclization; and
those of the carboxyl function of uronic acids, situated between 175 and 180 ppm, were
identified and studied.

By comparing these signals with the literature data [38] the anomeric signals char-
acteristic of the individual sugars can be identified, and subsequently the entire sugar
portion present in both analysed samples. As can be observed in the '*C-NMR pectin
spectrum (Figure 1) obtained after chemical hydrolysation, four well-separated anomeric
signals (93.58, 93.66, 97.40, and 97.50 ppm) were identified and assigned to the anomers
(« and B) of glucose and glucuronic acid. The presence of - and a-glucuronic acids is also
confirmed by the signals at 176.57 and 177.44 ppm relating to the carboxylic functional
groups. Another peak was present at 101.50 ppm and is related to the anomeric carbon of
unreduced and unhydrolyzed portion of maltose [39]. By integrating the peak areas of the
anomeric carbons and comparing them to each other, the relative percentage of monomeric
sugars present in the pectin sample was quantified (Table 3). The main sugar identified
was glucose (88.89%); glucuronic acids were present in small amounts (8.89%), followed by
smaller quantities (2.22%) of maltose non-reducing units.

Table 3. Sugar unit composing the pectin and values of the anomeric carbons.

Unit (mg/kg) Unit (mg/kg) Area (%) 2
B-glucuronic acid 97.50 a-glucuronic acid 93.66 8.89
B-glucose 97.40 x-glucose 93.58 88.89
maltose ° 101.52 222

b

2 total area of both anomers; ® non-reducing unit.

The same experiment was conducted for the OPI mucilage. From the analysis of
the carbon spectrum (Figure 2) it emerged that, also in this case, the amount of glucose
anomers contribute significantly (64.13%) to the total chemical composition of the sample
(Table 4). Unlike pectin, mucilage exhibited characteristic peaks of the two a- and B-isomers
of arabinose (15.50%), xylose (6.43%), and galactose (8.34%). Finally, a minor presence of
non-reduced maltose (5.60%) was detected in OPI mucilage.

Table 4. Sugars composition of the Opuntia ficus-indica mucilage and values of the anomeric carbons.

Unit (mg/kg) Unit (mg/kg) Area (%) 2
«-arabinose 98.25 B-arabinose 94.07 15.50
B-xylose 98.12 a-xylose 93.72 6.43
B-galactose 97.94 a-galactose 93.78 8.34
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Table 4. Cont.

Unit (mg/kg) Unit (mg/kg) Area (%) ?
B-glucose 97.40 «-glucose 93.58 64.13
Maltose ° 101.52 5.60

b

2 total area of both anomers; ® non-reducing unit.
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Figure 1. '*C-NMR spectrum in D,0O of the anomeric carbons and carboxylic functional groups of
the sugar units composing the pectin.

2.5. Volatile Compounds

The volatile compound profiles of freeze-dried mucilage and that of powdered pectin
are markedly different, as can be seen in Table 5. The most technologically relevant differ-
ences are those related to methoxypyrazines, which are highly abundant in freeze-dried mu-
cilage but were not detected in the studied powdered pectin. The three methoxypyrazines
identified (3-isopropyl-2-methoxypyrazine, 3-sec-butyl-2-methoxypyrazine, and 3-isobutyl-
2-methoxypyrazine) are potent volatile compounds with olfactory descriptors associated
with green bell pepper and unripe vegetable notes [40,41]. Their behaviour varies depend-
ing on the matrix and their consequent ionization, as they can form methoxypyrazinium
cations more abundantly at low pH. The protonated forms are less volatile in polar media
than the neutral forms; consequently, these compounds are more perceptible in polar matri-
ces with high pH [42]. The main ‘negative effect’ of these molecules is sensory discomfort,
which translates into aversion or rejection of products due to their unpleasant smell/taste.
Therefore, the use of mucilage from cladodes in food formulations would require their
total or partial removal. Most strategies aim to reduce their presence below the sensory
threshold or to mask their perception; however, since these compounds have extremely
low olfactory thresholds (ppt-ppb) and are chemically stable, their complete removal is
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difficult. Methoxypyrazines responsible for green/off-flavours in OPI cladode mucilage can
be effectively reduced through thermal treatments (blanching or mild heating) combined
with aqueous—alcoholic extraction, which promote volatilization and diffusion of these
low-molecular-weight aroma compounds without significantly degrading polysaccharide
functionality [43,44]. Alternatively, adsorptive approaches (e.g., activated carbon or food-
grade resins) have been reported to decrease methoxypyrazine perception by selective
binding while simultaneously improving sensory acceptance of plant-derived hydrocol-
loids [45]. Acids were significantly more concentrated in pectin than in mucilage (Table 5).
Aldehydes showed a variable situation: compounds such as (E)-2-hexenal were present at
significantly higher concentrations in mucilage, whereas hexanal and octanal were more
abundant in pectin. Nevertheless, the total aldehyde concentration was higher in mucilage
(Figure 3). Benzenoid compounds were significantly more concentrated in pectin, driven
by higher levels of p-cymene and benzaldehyde, while furans were detected exclusively in
pectin. Ketones did not differ significantly in total concentration between the two matrices,
although pronounced differences were observed at the level of individual compounds, with
several ketones occurring only in one of the two fractions. Alcohols represented the most
abundant class in both matrices and were significantly higher in mucilage, mainly due to
elevated concentrations of C6 alcohols such as (E)-2-hexen-1-ol and 1-hexanol. In contrast,
pectin showed higher concentrations of alcohols such as 3,5-octadien-2-o0l, 3,5-octadien-
2-ol, and 1-octanol. Monoterpenes were detected in both matrices but were overall more
concentrated in pectin, with significantly higher levels of a-terpineol and eucalyptol.

10152
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=~9740
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Figure 2. '3C-NMR spectrum in D,O of the anomeric carbons of the sugar units composing the
OPI mucilage.
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Table 5. Volatile compounds of mucilage and pectin samples.

Mucilage Pectin , as
Compound [ug/kgl [ug/kg] t Test’s Sign
Hexanoic acid 111 £ 25 4193 £ 789 o
Octanoic acid 27 +£3 220 £ 12 o
Acids 138 + 28 4413 £ 787 o
Hexanal 276 + 62 904 £ 166 i
Heptanal 16 £5 13.6 £0.1 ns
(E)-2-Hexenal 837 £ 61 58 +£02 wEx
Octanal 49 +2 126 + 17 **
(Z)-2-Heptenal 212 +7 nd o
Nonanal 127 £ 25 nd o
(E)-2-Octenal 113 £ 17 nd e
Aldehydes 1629 £+ 137 1049 + 181 *
p-Cymene 19+4 544 £ 11 ok
3,4-Dimethylstyrene nd 153 £ 37 o
Benzaldehyde 81 £ 11 480 =79 ok
Benzenoids 100 £+ 14 1177 £ 112 ek
2-Pentylfuran nd 32£5 i
Furanes nd 3245 e
2-Heptanone nd 47 + 15 **
5-Methyl-2-heptanone 31+3 nd ok
1-Octen-3-one 196 £ 37 nd ok
6-Methyl-5-hepten-2-one 38+4 136 £ 6 b
3,4,5-Trimethyl-2- nd 102 + 10 o
cyclopentenone
Ketones 265 £ 31 285£15 ns
1-Pentanol 132 + 11 186 + 25 *
1-Hexanol 980 + 77 35+10 ok
(E)-3-Hexenol 85+ 20 nd **
3,5-Octadien-2-ol 15+2 1364 + 128 ok
(E)-2-Hexen-1-o0l 2898 + 242 nd o
1-Octen-3-ol 429 £+ 49 534 £7 *
1-Octanol 46 + 7 124 £ 11 ok
(E)-2-Octen-1-ol 138 £2 24+7 ok
Nonanol 31+4 nd e
Alcohols 4754 + 405 2268 £ 101 E
3-Isopropyl—%- 37 42 nd -
methoxypyrazine
3-sec-Butyl-2- 733 + 67 nd
methoxypyrazine
3-Isobutyl-2- 795 -+ 104 nd
methoxypyrazine
Pyrazines 1565 £ 168 nd B
Limonene 40£7 65+t5 **
Eucalyptol 17+ 3 11.39 4+ 0.04 *
a-Terpineol 9+2 130 £+ 36 **
trans-Linalool oxide furanoid 28+ 8 nd *
Monoterpenes 94 + 19 206 + 33 *

Data are reported as mean plus and minus standard deviation. “nd” = not detected; “ns” = Student’s ¢ test p-value
> 0.05. Regarding the asterisks, as follows are reported the intervals of Student’s ¢ test p-value: 0.01 < “*” < 0.05;

0.001 < “**” <0.01; 0 < “***” <0.001.
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Figure 3. Main classes of volatile compounds in mucilage and pectin samples.

3. Conclusions

The comparative evaluation of mucilage extracted from OPI cladodes and commercial
pectin highlighted marked differences in their chemical profiles, with relevant implications
for their potential use as food additives. Volatile compound analysis revealed the pres-
ence of methoxypyrazines in mucilage, which negatively affected its sensory acceptance
due to characteristic green and earthy notes, representing a potential limitation for direct
application in aroma-sensitive food systems. In contrast, pectin exhibited a more neu-
tral volatile profile. Mineral analysis demonstrated that mucilage contained significantly
higher levels of nutritionally relevant elements, particularly calcium, magnesium, and
potassium, supporting its potential role as a functional ingredient with added nutritional
value. Monosaccharide characterization by NMR spectroscopy evidenced substantial struc-
tural differences between the two matrices: the main sugar present in pectin was glucose
(88.89%), while in OPI mucilage the glucose anomers contribute to about (64.13%) of the
total chemical composition of the sample. Unlike pectin, OPI mucilage exhibited character-
istic peaks of the two a- and B-isomers of arabinose (15.50%), xylose (6.43%), and galactose
(8.34%). These compositional features are likely responsible for the distinct functional
and textural properties observed. Overall, while sensory challenges related to volatile
compounds must be addressed, OPI mucilage represents a promising alternative to pectin,
combining mineral richness and unique polysaccharide structures that could be exploited
in targeted food applications following appropriate processing or formulation strategies.

4. Materials and Methods

One-year cladodes were collected from Sicilian (Italy) OPI plant as elsewhere re-
ported [15]. According to the method of extraction with some modification reported [46],
the chlorenchyma was removed manually, and all parenchyma were cut into little cubes.
To ease the extraction of mucilage, the cubes were subjected to microwaves at 900 W for
5 min and grinded by a homogenizer (Omni-Mixer. 17, 107, Dupont Instruments Sorvall,
Texas City, TX, USA). Then the homogenized material was centrifuged at 12,500 rpm for
15 min at 4 °C (6K15, Sigma Laborzentrifugen GmbH, Osterode am Harz, Germany) to
separate the fibrous phase from the aqueous phase. This last part was collected in a plastic
container and stored in a freezer at —20 °C until lyophilisation occurred. Freeze drying
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was performed with a SCANVAC Coolsafe 55-9 instrument produced by Labogene ApS
(DK-3450 Lynge, Denmark). Pectin (E 440) amide standardised with dextrose, degree of
esterification 30—40%, degree of amidation 15-20%, was supplied by Ruffini Distillerie
(Tavarnelle Val di Pesa, FI, Italy).

4.1. Centesimal Composition

The AOAC methods [47,48] were used for the following analyses: moisture content
(method 934.06); protein content using the Kjeldahl method with a conversion factor of
6.25 (method 960.52); lipid content using Soxhlet extraction (method 960.39); ash content
by muffle furnace combustion at 550 °C (method 923.03); and total carbohydrate and fibre
content by difference between 100 and the sum of the percentages of moisture, lipid, protein
and ash content.

4.2. Ash and Minerals

Macro and trace elements were determined in all samples using an acid digestion
procedure [49], with minor modifications. Samples (1 mL) were mixed with 5 mL of nitric
acid (65%) and 1 mL of bi-distilled water and digested in a microwave system (MARS 6,
CEM, Matthews, NC, USA) with a maximum temperature of 210 °C. After digestion,
solutions were diluted with bi-distilled water and analysed by inductively coupled plasma
optical emission spectroscopy (ICP-OES; iCAP 6200 DUO, Thermo Scientific, Waltham,
MA, USA). The concentrations of Na, Mg, K, Ca, Fe, Mn, Zn, Cu, and Al were determined.

Data are reported as mean + standard deviation (n = 3). Statistical analysis was
performed by one-way analysis of variance (ANOVA) followed by Duncan’s multiple range
test using JMP software (version 18). Differences were considered significant at p < 0.05.

4.3. Volatile Compounds

Volatile compounds were isolated using headspace solid-phase microextraction (HS-
SPME) and subsequently separated, identified and semi-quantified by gas chromatography
single quadrupole mass spectrometry (GC-SQMS) employing an Agilent 6890 GC system
connected to an Agilent 5973N single quadrupole mass spectrometer (Agilent Technologies,
Santa Clara, CA, USA). For the analysis, 1 g of powdered sample of mucilage or pectin was
introduced into a 20 mL glass vial containing 1 g of sodium chloride, 8 mL of deionized
water, and 0.25 mL of an internal standard solution (1-heptanol, 38.22 mg L~!, prepared in
10% v/v absolute ethanol). The mixture was equilibrated in a thermostatically controlled
bath at 53 °C for 30 min. In parallel, the SPME fibre (50/30 um DVB/Car/PDMS; Supelco
Inc., Bellefonte, PA, USA) was conditioned at 250 °C for 15 min. Extraction was performed
by exposing the fibre to the vial headspace for 60 min at 53 °C. Thermal desorption was
carried out in the GC injector operating in splitless mode at 250 °C for 2 min. Chromato-
graphic separation was achieved using a DB-WAX capillary column (Agilent Technologies;
30m x 0.25 mm i.d., 0.25 pm film thickness), with helium as the carrier gas at a constant
flow rate of 1 mL min~!. The oven temperature program was as follows: initial temperature
of 40 °C held for 2 min; increase to 60 °C at 30 °C min~! and hold for 2 min; ramp from
60 to 190 °C at 2 °C min~1; increase from 190 to 230 °C at 5 °C min—!; and finally hold at
230 °C for 15 min. The transfer line temperature was set at 230 °C. The mass spectrometer
operated under electron impact ionization at 70 eV, acquiring data in full scan mode over
an m/z range of 30-350.

4.4. Monosaccharide Compositions by 13C-NMR Analyses

In order to characterize the monosaccharide component of mucilage and pectin, an
aliquot of both samples (50 mg) was hydrolysed by adding 5.0 mL of 2 M H,SOj solution,
keeping first the solution at 80 °C for 12 h and then heating at 130 °C for 1.5 h. After
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hydrolysis, each solution was neutralized at pH 7 by adding 14 M NH4OH. The solu-
tion was evaporated by rotavapor (Buchi R-200 Rotavapor System, BUCHI Italia S.r.L,
20007 Cornaredo, Italy), and then methanol was added to extract the simple sugars ob-
tained via hydrolysis. The methanolic solution was filtered, evaporated, and the remaining
solid was solubilized in D,O for NMR analysis.

The carbon spectra (33C-NMR) of the two hydrolysed samples obtained from mucilage
and pectin were acquired in heavy water (D,0O) using the Brucker Avance II spectrometer
(Bruker Italia S.r.l., 20158 Milan, Italy) present at the CGA (Centro Grandi Apparecchiature)
of the University of Palermo, operating at a frequency of 100 MHz for the acquisition of
I3C-NMR. The chemical shifts reported in Tables 4 and 5 are referenced to an external
standard solution exploiting the anomeric carbon signal of B-D-glucopyranose (97.40 ppm)
and the relative peak of the acetone carbonyl (217.22 ppm).

4.5. Statistical Analysis

All experiments were performed in triplicate (n = 3), with the exception of mineral
determinations, which were carried out using six replicates (n = 6). Data are presented
as mean values with their corresponding standard deviations. Depending on the dataset,
statistical evaluation was conducted either by one-way analysis of variance (ANOVA) or
by an independent-samples t test. All analyses were performed using SPSS version 21.0
(IBM Corp., Armonk, NY, USA), and statistical significance was established at o = 0.05.
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