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Abstract: Melon by-products, that currently lack high value-added applications, could be a sustainable
source of bioactive compounds such as polysaccharides and antioxidants. In this work, melon peels
were extracted with water to remove free sugars, and the water-insoluble solids (WISs) were subjected
to hydrothermal processing. The effect of temperature on the composition of the obtained liquors and
their total phenolic content was evaluated. The selected liquors were also characterized by matrix
assisted laser desorption/ionization-time of flight mass spectroscopy (MALDI-TOF MS), fourier
transform infrared spectroscopy (FTIR) and high performance anion exchange chromatography
with pulsed amperometric detection (HPAEC–PAD), and its phenolic compounds were identified
and quantified by high-performance liquid chromatography-diode array detector-tandem mass
spectrometry (HPLC–DAD–MS/MS). In addition, the spent solids from the hydrothermal treatment
were characterized and their potential use was assessed. At the optimal conditions of 140 ◦C
(severity 2.03), the total oligosaccharide yield accounted for 15.24 g/100 g WIS, of which 10.07 g/100 g
WIS were oligogalacturonides. The structural characterization confirmed the presence of partially
methyl esterified oligogalacturonides with a wide range of polymerization degrees. After precipitation,
16.59 g/100 g WIS of pectin were recovered, with a galacturonic acid content of 55.41% and high linearity.

Keywords: melon by-products; hydrothermal treatment; pectin-derived oligosaccharides;
oligogalacturonides; phenolic compounds; antioxidant activities

1. Introduction

Around 1300 million tonnes of food are discarded every year, between production and
consumption [1]. For instance, in Europe alone, 88 million tonnes of food waste were generated in 2012,
of which about 39% arises from manufacturing activities [2,3]. It would be equivalent to 20% (w/w) of
the total food produced and a generation of 173 kg of food waste per person per year [3].

In particular, waste and by-products from the fruit and vegetable processing industries, which are
characterized by a high fraction of discards, are in fifth place in the ranking of total food waste in Europe,
assuming 8% of the total [4,5]. These wastes, with high contents of moisture and microbial loads,
have an important contribution to the global environmental burden, and currently, they are mainly
destined for low value-added applications, such as composting or animal feed [4,5]. In addition,
the requirements of European regulations regarding the prevention, management and landfill of
waste (Directives (EU) 2018/851 and (EU) 2018/850), support the growing need to find alternatives for
their valorization that allow them to be re-incorporated into productive processes as raw materials,
thus adopting the principles of circular economy and the concept of industrial symbiosis [6,7].

In this context, one of the most consumed fruit crops worldwide is melon (Cucumis melo L.) [8].
According to information provided by the Food and Agriculture Organization of the United

Foods 2020, 9, 1702; doi:10.3390/foods9111702 www.mdpi.com/journal/foods

http://www.mdpi.com/journal/foods
http://www.mdpi.com
http://www.mdpi.com/2304-8158/9/11/1702?type=check_update&version=1
http://dx.doi.org/10.3390/foods9111702
http://www.mdpi.com/journal/foods


Foods 2020, 9, 1702 2 of 21

Nations (FAO), its annual production (Cucumis melo L.) has recorded slight fluctuations over the last
ten years, between 25.5 and 27.3 million tonnes [9]. It is often used for minimal fresh processing as
cylinders, cubes or slices [10] or for the production of juices, jams, compotes or dehydrated pulp [11,12].
The processing by-products account for around one third of the weight of the fruit and would be
mostly made of skin and lower percentages of pulp and seeds [13].

Melon by-products have high contents of polysaccharides and minerals, as well as bioactive
compounds with antioxidant activity, including phenolic compounds such as flavonoids and
phenolic acids, with important applications in several food and pharmaceutical industries [14–18].
One of the main components of the melon peel is pectin [19,20], a complex heteropolysaccharide found
in the plant cell walls of many agro-industrial by-products, consisting of a backbone of galacturonic
acid (GalA) with alternating ‘smooth’ and ‘hairy’ regions [21,22]. Homogalacturonans (HGs) represent
the smooth regions, which are composed of GalA linked by α-(1,4) glycosidic bonds and constitute
about 65% of the pectin, while rhamnogalacturonans (RG-I and RG-II) form the hairy region, with RG-I
being the main branched structure of pectin, constituting 20–35% of the molecule [21]. In RG-I, the GalA
backbone is often interrupted by rhamnose units bearing neutral sugar side chains composed mainly
of galactose and arabinose [22]. This polymer displays important applications in the food industry as
thickener, gelling agent, stabilizer, encapsulant and edible food packaging films [23–25]. Moreover,
pectin-derived oligosaccharides are reported as emerging prebiotics and in recent years they are being
studied for their potential health benefits [21,23,26].

In the last decade, autohydrolysis has been applied successfully for the extraction of pectic
oligosaccharides from several fruit by-products, such as lemon peels [27], orange peels [28],
sugar beet pulp [29], pomegranate peels [30] or mango peels [31]. The hydrothermal processing,
carried out in pressurized hot water, is catalyzed by the hydronium ions of the reaction media as
well as by the acids generated in situ. This green technology allows the selective solubilization of
hemicelluloses, yielding a pre-treated solid fraction enriched in cellulose and lignin, suitable for further
applications in a bio-refinery context [32–35]. Temperature and time are the main factors affecting this
treatment, and their effect can be measured by combining the two variables into a single parameter
called the severity factor (R0) [33].

The application of bioactive compounds in the formulation of novel functional foods has been
drawing the attention of researchers due to the health benefits associated with their consumption and the
high demand and acceptance that they nowadays are having in the market [36–38]. Melon by-products,
that currently lack high value-added applications, could be considered as a cheap and sustainable
source of these compounds [5,39]. However, the literature concerning extraction technologies for the
production of bioactive compounds from melon by-products is limited. For instance, the extraction of
melon peel pectin with citric acid has been optimized recently by Muthukumaran et al. [20]. In another
study, Raji et al. [19] assessed the influence of several acids on the extraction of melon peel pectin,
obtaining the highest pectin yield (29%) with citric acid. Several studies focused on the recovery
of the phenolic fraction by conventional alcoholic extraction [8,14,40], aqueous wet grinding [41] or
ultrasound assisted extraction [42] have also been reported. More recent studies [11,43] evaluated the
extraction of bioactive compounds (total phenolics, chlorophylls, total carotenoids and vitamin C)
from several melon parts by ultra-turrax homogenization in alcoholic media.

However, to the best of our knowledge, despite the important content of pectin of the melon peels,
no literature dealing with the extraction and characterization of pectin-derived oligosaccharides with
phenolic content from these by-products is available. Hence, the need for additional research focused
on its extraction and characterization, since the polysaccharide structure has an important role in their
functionality and applications [23,44].

Therefore, this work evaluates the suitability of non-isothermal autohydrolysis for the
production of melon by-products extracts enriched in functional pectic oligosaccharides with
antioxidant activity. The liquid phases obtained were assayed for their chemical composition,
total phenolic contents and antioxidant activities (by DPPH (α,α-diphenyl-β-picrylhydrazyl),
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ABTS (2,2-azino-bis-3-ethylbenzothiazoline-6-sulphonic acid) and FRAP (ferric reducing antioxidant
power) methods). The identification and quantification of the main phenolic compounds was
also performed by HPLC–DAD–MS/MS. Additional information about the pectic oligosaccharides
composition has also been provided by FTIR and MALDI-TOF. Finally, in order to propose further
bio-refinery stages, the spent solids were characterized and their susceptibility to enzymatic hydrolysis
was also studied.

2. Materials and Methods

2.1. Standards

The standards used for determination were: arabinose (99%), xylose (99%), rhamnose monohydrate
(99%), galacturonic acid monohydrate (97%), acetic acid (96%), formic acid (99%), gallic acid (97.5%),
trolox (97%), digalacturonic acid (85%), trigalacturonic acid (90%) and polygalacturonic acid (90%),
purchased from Sigma-Aldrich (Steinheim, Germany); glucose (98%), purchased from Scharlau
(Barcelona, Spain); galactose (99%), mannose (99%) and fructose (98%), purchased from Panreac
(Barcelona, Spain). For the identification of phenolic compounds, 4-hydroxybenzoic acid (99%),
p-coumaric acid (98%), gallic acid (97.5%), salicylic acid (99%), tyrosol (98%), sinapic acid (98%) and
caffeic acid (98%) were purchased from Sigma-Aldrich (Steinheim, Germany); ferulic acid (99%) and
vanillic acid (97%) were purchased from Sigma-Aldrich-Fluka (Steinheim, Germany).

2.2. Raw Material

Melon by-products (var. piel de sapo) consisting of peels with a small amount of seeds were
kindly supplied by FreshCut, S.L. (Vigo, Pontevedra, Spain), a company dedicated to the development
and marketing of fresh cut products. They were cut into small pieces and frozen at −18 ◦C until use.

2.3. Aqueous Extraction of Melon by-Products

Melon by-products (MPs) were centrifuged (SV4028, AEG Electrolux) at 2800 rpm for 15 min,
separating the extracts from the solid fraction. The solid fraction was then washed with distilled water
for 15 min at room temperature in a 2 L stirred reactor (20 g of water/g of oven dry MP), and centrifuged
again for 15 min. The resulting water insoluble solids (WISs) were ground in a regular coffee grinder
and then frozen until use, except a small fraction that was dried in an oven at 60 ◦C for analysis.

2.4. Autohydrolysis

Wet WIS samples were mixed with water in a liquid to solid ratio of 20 kg/kg (oven dry basis)
in a 0.6 L stainless steel reactor (model 4842 from Parr Instruments, Moline, IL, USA). Based on the
literature concerning pectin-rich raw materials [27–29] and on preliminary experiments (data not
shown), the hydrothermal treatments were performed under non-isothermal conditions in the range
of temperatures from 130 to 165 ◦C. Figure 1 displays the temperature profiles followed during the
heating and cooling of all the experiments carried out in this work. With the purpose of facilitating the
comparison between different reactors, the combined effects of temperature and time can be expressed
in terms of the severity (S0). This parameter is defined as the logarithm of the severity factor R0 [45]
and it is calculated by the following equation:

S0 = log R0 = log(R0HEATING + R0COOLING)

= log
(∫ tMax

0 exp(T(t)−TREF
ω ) × dt +

∫ tF
tMax

exp
(

T′(t)−TREF
ω

)
× dt

) (1)

where tMax is the time (min) needed to achieve the target temperature of each treatment (tMax, ◦C);
tF is the time (min) of cooling; T(t) and T’(t) (◦C) represent the temperature profiles in the heating and
cooling stages, respectively; andω and TREF are parameters whose values are fixed according to the
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literature (ω = 14.75 ◦C; TREF = 100 ◦C). The calculated values of S0 for the performed experiments are
also included in Figure 1.

Foods 2020, 9, x FOR PEER REVIEW 4 of 21 

 

where tMax is the time (min) needed to achieve the target temperature of each treatment (tMax, °C); tF is 
the time (min) of cooling; T(t) and T’(t) (°C) represent the temperature profiles in the heating and 
cooling stages, respectively; and ω and TREF are parameters whose values are fixed according to the 
literature (ω = 14.75 °C; TREF = 100 °C). The calculated values of S0 for the performed experiments are 
also included in Figure 1. 

 
Figure 1. Heating and cooling temperature profiles determined for the autohydrolysis experiments 
carried out at all conditions assayed. 

After each autohydrolysis treatment, the solid and liquid phases were separated by manual 
pressing using a cloth bag. The liquid phases were weighed to determine liquor recovery and stored 
at 4 °C until further analysis, and the solid phases were washed with water, dried in an oven at 60 
°C, weighed and subjected to moisture determination in order to calculate the solid yield. Aliquots 
of the autohydrolysis liquors and the spent solids of the optimal treatment were analyzed using the 
methodology described below. 

2.5. Pectin Precipitation 

Ethanol was added to the autohydrolysis liquor obtained at the optimum conditions to a final 
concentration of 75% v/v. After mixing, the solution was allowed to stand at 4 °C overnight, after 
which it was centrifuged (Rotixa 50 RS centrifuge, Hettich Lab Technology, Tuttlingen, Germany) at 
4000 rpm (radius of 211 mm) for 20 min and subsequently washed with 96% ethanol. After separation 
by centrifugation, the washed precipitate was oven dried at 55 °C until constant weight and 
redissolved in water for analysis. 

2.6. Enzymatic Hydrolysis of Autohydrolyzed Solids 

The dried spent solids from hydrothermal treatment at the selected conditions were treated by 
enzymatic hydrolysis to assess their digestibility. The enzyme cocktail used contained 
endopolygalacturonase (Viscozyme L from Aspergillus aculeatus, 50 U/g spent solid), cellulase 
(Celluclast 1.5 L, 12 filter paper unit (FPU)/g spent solid) and β-glucosidase (Novozym 188, 5 
international unit (IU)/FPU cellulase). The enzymes used in this study were kindly supplied by 
Novozymes, Madrid, Spain. The hydrolysis was carried out at 37 °C and pH = 5 for 48 h. 

Figure 1. Heating and cooling temperature profiles determined for the autohydrolysis experiments
carried out at all conditions assayed.

After each autohydrolysis treatment, the solid and liquid phases were separated by manual
pressing using a cloth bag. The liquid phases were weighed to determine liquor recovery and stored at
4 ◦C until further analysis, and the solid phases were washed with water, dried in an oven at 60 ◦C,
weighed and subjected to moisture determination in order to calculate the solid yield. Aliquots of
the autohydrolysis liquors and the spent solids of the optimal treatment were analyzed using the
methodology described below.

2.5. Pectin Precipitation

Ethanol was added to the autohydrolysis liquor obtained at the optimum conditions to a final
concentration of 75% v/v. After mixing, the solution was allowed to stand at 4 ◦C overnight, after
which it was centrifuged (Rotixa 50 RS centrifuge, Hettich Lab Technology, Tuttlingen, Germany) at
4000 rpm (radius of 211 mm) for 20 min and subsequently washed with 96% ethanol. After separation
by centrifugation, the washed precipitate was oven dried at 55 ◦C until constant weight and redissolved
in water for analysis.

2.6. Enzymatic Hydrolysis of Autohydrolyzed Solids

The dried spent solids from hydrothermal treatment at the selected conditions were treated
by enzymatic hydrolysis to assess their digestibility. The enzyme cocktail used contained
endopolygalacturonase (Viscozyme L from Aspergillus aculeatus, 50 U/g spent solid), cellulase
(Celluclast 1.5 L, 12 filter paper unit (FPU)/g spent solid) and β-glucosidase (Novozym 188,
5 international unit (IU)/FPU cellulase). The enzymes used in this study were kindly supplied
by Novozymes, Madrid, Spain. The hydrolysis was carried out at 37 ◦C and pH = 5 for 48 h.
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2.7. Analytical Methods

2.7.1. Analysis of the WISs and Spent Solids from Autohydrolysis Treatment

The dried WISs and solids from hydrothermal treatment were subjected to moisture (TAPPI
T-264-om-88 method) and ash (T-244-om-93 method) determination. Protein was calculated using
the nitrogen content (6.25 g protein/g nitrogen), which was determined with a Thermo Fisher Quest
Flash EA 1112 analyzer, using 130 and 100 mL/min He and O2 and an oven temperature of 50 ◦C.
Metals were analyzed using a fast sequential atomic absorption spectrometer after digestion in an
MLS-1200 Microwave Labstation mega with 5 mL of HNO3 65% (w/w), 1 mL of H2O2 30% (w/v)
and 0.5 mL of HF 40% (w/w). Conventional quantitative acid hydrolysis with 72% (w/w) H2SO4

(TAPPI T13 m method) was used to determine the content of hemicelluloses, glucan and lignin.
The solid residue from hydrolysis was recovered by filtration, oven-dried and considered as Klason
lignin (TAPPI T13 m assay), and the liquid phase was analyzed for monosaccharides (rhamnose and
arabinose) and acetic acid (coming from acetyl groups) by high-performance liquid chromatography
(HPLC) using an Agilent 1260 equipped with a refractive index (RI) detector with an Aminex HPX-87H
column (BioRad, Life Science Group, Hercules, CA, USA) operating as follows: mobile phase,
3 mM H2SO4; flow, 0.6 mL/min; temperature, 50 ◦C. Another separation with an Aminex HPX-87P
column (BioRad, Life Science Group, Hercules, CA, USA) was performed for the determination of
glucose, xylose, galactose, arabinose and mannose, operating with deionized water as the mobile phase,
at a flow rate of 0.4 mL/min at 80 ◦C. The arabinose content was calculated as the average of the
results obtained by both columns. The liquid phase was also subjected to uronic acid determination by
spectrophotometry using galacturonic acid as a standard for quantification [46].

2.7.2. Chemical Characterization of Liquors

The samples of liquors from hydrothermal treatments were filtered through 0.45 µm membranes
and used for the direct HPLC determination of galacturonic acid, rhamnose, arabinose, formic
acid and acetic acid using the same method employed in the analysis of the WIS fraction with an
Aminex HPX-87H column. Another aliquot of filtered liquors was quantified for glucose, xylose,
galactose, arabinose, mannose and fructose using an Aminex HPX-87P as described for the WIS fraction.
For the determination of OGalA (oligogalacturonides), another sample of liquors was subjected to
total enzymatic posthydrolysis using cellulases (Celluclast 1.5 L) and an endopolygalacturonase
(Viscozyme L from Aspergillus aculeatus) at 37 ◦C and pH = 5 for 40 h, with a cellulase loading
of 5 FPU/g liquor and an endopolygalacturonase loading of 45 U/g liquor [27,47]. The neutral
oligosaccharides were quantified by quantitative posthydrolysis (4% (w/w) sulphuric acid at 121 ◦C for
20 min). The reaction products of both posthydrolyses were assayed by the same HPLC methods using
the already mentioned columns. The increase in the concentrations of monosaccharides and acetic
acid caused by posthydrolysis provided a measure of the oligomer concentration and their degree
of substitution by acetyl groups (Ac-O). OSs (oligosaccharides) were expressed as monosaccharide
equivalents. The content of non-volatile compounds (NVCs) was measured by oven-drying at 60 ◦C
until constant weight. Other non-volatile compounds (ONVCs) were calculated by difference as
(NVCs−monosaccharides−oligosaccharides)/NVC. Protein and ash were determined using the same
methods as for the solid fractions. All determinations were made in triplicate.

2.7.3. Total Phenolic Content (TPC)

The total phenolic content of autohydrolysis liquors was determined according to the
Folin–Ciocalteau method [48]. Aliquots of the samples (500 µL), water as blank and gallic acid
standards (10–80 mg/L) were mixed with water (3.75 mL), and Folin–Ciocalteu chemical (1:2 v/v; 250 µL)
and Na2CO3 (10% w/v; 500 µL). These mixtures were kept in darkness at room temperature for 1 h
and their absorbance was then measured at 765 nm. The results were expressed as mg of gallic acid
equivalents (GAE)/g dried WISs. All samples were analyzed in triplicate.
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2.7.4. Antioxidant Activity

Antioxidant capacity was evaluated using three different methods, namely DPPH
(α,α-diphenyl-β-picrylhydrazyl), ABTS (2,2-azino-bis-3-ethylbenzothiazoline-6-sulphonic acid) and
FRAP (ferric reducing antioxidant power) according to the methodology described by Gullón et al. [49].
In all antioxidant capacity assays, Trolox was used as a standard and results were expressed as mg
Trolox equivalents (TE)/g dried WISs as the mean of three replicates.

2.7.5. Identification and Quantification of Major Phenolic Compounds Using HPLC–DAD–MS/MS

The profile of phenolic compounds was analyzed using an Agilent model 1260 Infinity
(Palo Alto, CA, USA) connected directly to a mass detector AB SCIEX Triple Quad 3500 (AB Sciex,
Foster City, CA, USA) equipped with a turbo V™ electrospray ionization source (ESI), and to a
Waters 996 photodiode array detector. The separation was carried out on a Phenomenex Luna
C18 column (150 mm × 2 mm; 3 µm), with an injection volume of 5 µL and a flow of 300 µL/min.
The mobile phase was 0.1% (v/v) formic acid in water (A) and 0.1% (v/v) formic acid in acetonitrile (B).
The gradient used was: 98% A (v/v), 0–4 min; 98–80% A (v/v), 4–7 min; 80–10% A (v/v), 7–14 min;
10% A (v/v), 14–15 min; 10–98% A (v/v), 15–17 min. The mass spectrometer was run in positive and
negative ionization, using N2 as the nebulizer and collision gas, with an ion spray voltage of 4500 V,
source temperature of 400 ◦C and nebulizer gas pressure of 55 psi. The compounds were identified
by the comparison with the corresponding standards, based on retention time data, extracted ion
chromatograms and MS/MS spectra. For the quantification, calibration curves were made by using
different concentrations of the standards and plotting them against peak areas.

2.7.6. Structural Characterization of the Extracted Oligogalacturonides (OGalA)

To obtain detailed information on the structural characteristics of solubilized oligogalacturonides
at the optimal temperature of autohydrolysis, the liquors were freeze-dried and were analyzed using
different analytical techniques including FTIR, HPAEC-PAD and MALDI-TOF.

Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR analysis of the oligogalacturonides was performed on a Nicolet 6700 Spectrometer.
A total of 34 scans were accumulated in transmission mode with a resolution of 4 cm−1. The spectrum
was obtained in a range of 4000–400 cm−1.

High Performance Anion Exchange Chromatography with Pulsed Amperometric Detection
(HPAEC–PAD)

The oligogalacturonides were analyzed by HPAEC–PAD using an ICS3000 chromatographic
system (Dionex, Sunnyvale, CA, USA), fitted with a CarboPac PA-1 column (2 mm i.d. × 250 mm)
in combination with a CarboPac PA guard column (2 mm i.d. × 25 mm) and an ISC3000 PAD
detector. HPAEC–PAD was performed following the pectic oligosaccharides (POS) identification
method described by Gómez et al. [27]. GalA with DP 1, 2 and 3 were used as standards, as well as a
mixture of OGalA prepared by the hydrolysis of a 1% (w/w) solution of commercial polygalacturonic
acid at 121 ◦C for 40 min at pH = 4.4 adjusted with NaOH [27].

Matrix Assisted Laser Desorption/Ionization-Time of Flight Mass Spectroscopy (MALDI-TOF MS)

The absolute masses of oligogalacturonides were obtained by MALDI-TOF MS, using an Ultraflex
workstation (Bruker Daltonics, Billerica, MA, USA), operating in reflectron mode and positive polarity.
Sample preparation was performed according to the protocol described by Gómez et al. [50] using
2,5-dihydroxybenzoic acid (DHB) as the matrix. Data were acquired and processed by means of the
Flex Control and Flex Analysis software (Bruker Daltonics, Billerica, MA, USA), respectively.
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3. Results and Discussion

3.1. Chemical Characterization of the Raw Material

As is the case for other food by-products, the MPs are characterized by a high moisture content
(90.05%). In order to eliminate free sugars and other water-soluble compounds, which would
decompose into undesirable compounds during the hydrothermal treatment, a centrifugation stage
and aqueous extraction followed by further centrifugation was proposed. The chemical composition of
the MP extracts and water insoluble solid (WIS) fractions obtained is shown in Table 1. The extractives
accounted for 42.21% of the raw material and contained mostly sugars (especially glucose and fructose)
and some protein and organic acids. The remaining WISs (57.79% of the raw material) were mainly
made up of glucan (includes glucose from cellulose and other glucose moieties) and Klason lignin
(24.54 and 19.96%, respectively), followed by protein and galacturonan (11.36 and 11.99%), and minor
amounts of other polysaccharides or substituents. Ash and some minerals were also determined,
highlighting the content of potassium and magnesium. In general, the presented data are in range
of that found in recent literature for melon peels [8,15,16,51]. However, the results showed sample
variability and reported clear differences in the chemical composition, for instance, in the protein and
ash contents (ranges from 3.25 to 19.14% and from 3.67 to 11.13%, respectively). They are thought
to be related with the variety of plant used, the state of ripening of the fruit and/or the analytical
methodology used in each case.

Table 1. Chemical composition of the aqueous extracts and the water-insoluble solids (WISs) on a
dry basis.

Component Content
Extracts (g/100 g extracts)

Glucose 36.40 ± 3.18
Sucrose 5.35 ± 0.24
Fructose 45.79 ± 0.26

Uronic Acids 2.79 ± 0.04
Citric Acid 5.59 ± 1.00

TPC 0.89 ± 0.02
Protein 10.81 ± 1.05

WIS (g/100 g WIS)
Glucan 24.54 ± 0.10
Xylan 4.89 ± 0.21

Galactan 3.31 ± 0.21
Mannan 1.54 ± 0.04

Arabinosyl S. 1.56 ± 0.11
Acetyl Groups 2.05 ± 0.35
Galacturonan 11.99 ± 0.69
Klason lignin 19.96 ± 1.72

Protein 11.36 ± 1.86
Ash 3.36 ± 0.03

mg/100 g WIS

Iron 8.74 ± 3.97
Potassium 863.01 ± 109.81
Manganese 1.83 ± 0.36
Magnesium 218.73 ± 50.57

Compared with other pectin-rich raw materials that have also been used for pectic oligosaccharides
extraction, such as lemon and orange peels, MPs contain a similar glucan content, considerably higher
proportions of lignin and protein as well as a lower amount of galacturonan [27,28]. However,
the sugar beet pulp presented comparable protein content but a much higher percentage of arabinosyl
substituents and lower galacturonan and lignin [29].
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3.2. Effect of Hydrothermal Processing on Autohydrolysis Liquors

WIS samples were subjected to non-isothermal autohydrolysis at maximum temperatures in
the range of 130–165 ◦C or S0 between 1.74 and 2.77, according to temperature profiles shown in
Figure 1. This treatment mainly causes the solubilization of the pectin, protein and other hemicellulosic
fractions as well as low molecular weight phenolic compounds, yielding spent solids with increased
proportions of glucan and lignin [27–30]. Therefore, as expected, in this study, the percentage of
solubilization of WISs increased with the temperature of the treatment reaching a maximum value of
36.46 g/100 g WIS in the experiment performed at 165 ◦C. A similar trend has been previously observed
during the autohydrolysis treatment of lemon and oranges peels, reaching higher percentages of
solubilization in both cases, with values close to 50% and greater than 60%, respectively, under the
same operational conditions [27,28].

Depending on the severity of the treatment, the autohydrolysis liquors contain different
proportions of high molecular weight polymers, oligomers as well as monomers and sugar degradation
products, among others. The degree of polymerization and the substitution pattern of the extracted
oligosaccharides are also affected by the treatment severity. It is well known that the structural attributes
play an important role, since it is evident that the chemical and physicochemical features can affect,
for instance, the cholesterol-lowering ability, prebiotic potential or emulsifying properties [21,23].
Therefore, the successful modulation of the treatment severity can be used to obtain tailored
oligosaccharides suitable for industrial/food applications and to limit carbohydrate decomposition or
lignin solubilization, which would result in the presence of undesired compounds in liquors.

3.2.1. Liquor Composition

Most of the autohydrolysis soluble products are non-volatile compounds (NVCs), which are
quantifiable by oven-drying the liquors. These NVCs are made of oligosaccharides, monosaccharides,
organic acids and other compounds (ONVCs). This fraction includes protein, protein-derived
compounds, soluble minerals, and acid soluble lignin.

Figure 2 shows the severity dependence of the mass fraction of NVCs and ONVCs in the
autohydrolysis liquors (expressed as g per 100 g WIS treated). The lowest NVC content was noted
at 130 ◦C, and then this parameter gently increased in experiments carried out at temperatures between
140 to 165 ◦C, with values between 23.22 and 28.99%. Regarding ONVCs, in this kind of raw materials
when operating at low to moderate severities, this fraction would contain mostly protein and soluble
minerals. However, as can be seen in Figure 2 when the autohydrolysis was performed at 165 ◦C,
higher NVC and ONVC contents have been detected in the reaction media. This fact would be related to
the increase in the solubilization of WISs and to the presence of decomposition reactions, which would
result in the generation of undesirable compounds, such as furans or organic acids, also reported
in previous studies [27,52]. Oligosaccharides made the most part of the NVC at all the treatment
temperatures, fluctuating between 59 and 66% of this fraction at temperatures of 130–155 ◦C and
then decreasing down to 54% at 165 ◦C, due to further depolymerization and degradation reactions.
In addition, other components present in the NVC of all the autohydrolysis liquors are monosaccharides
(in the range of 8–10 g per 100 g NVC) and organic acids (6–11 g per 100 g NVC).

The ratio of total OSs to ONVCs increased from 2.5 to 3.5 at temperatures from 130 to 140 ◦C and
then gradually decreased down to 2.2 at 165 ◦C, similarly to the results reported for lemon and orange
peels and sugar beet pulp, where this ratio decreased from 4 or 5 at the lowest temperatures assayed to
1 or 0 at the most severe ones [27–29].



Foods 2020, 9, 1702 9 of 21

Foods 2020, 9, x FOR PEER REVIEW 9 of 21 

 

performed at 150 °C. As can be observed in Figure 3, oligogalacturonides (OGalA), the main 
component of the liquors, showed a similar pattern, with the highest contents being between 140 and 
150 °C. They exhibited a maximum of 10.41 g/100 g WIS at 150 °C, corresponding to a conversion 
yield of 80.02% (g of OGalA monomer equivalents in liquors/100 g of galacturonan monomer 
equivalents in the WISs). As expected, higher severities led to liquors with decreased OGalA 
suggesting their depolymerization. Other oligosaccharides detected were mostly GalOS (galactose 
units in oligosaccharides), followed by AraOS (arabinose units in oligosaccharides), and smaller 
contents of glucose, acetic acid, mannose, rhamnose and xylose units in oligosaccharides (GOS, Ac-
OS, ManOS, RhaOS and XOS, respectively). The temperature dependence of GalOS, AraOS, RhaOS 
and Ac-OS is shown in Figure 3, whereas the sum of ManOS, XOS and GOS by simplicity has been 
included in the other oligosaccharides fraction. In general terms, the percentages of GalOS, AraOS, 
RhaOS and Ac-OS gradually increased in all the temperature range evaluated, reaching values of 
3.87, 1.53, 0.55 and 0.61 g/100 g WIS, respectively, at 165 °C. However, other compounds such as GOS 
have experienced only slight variations, remaining close to an average value of 0.56 g/100 g WIS in 
all the conditions assayed. 

In this study, galacturonan presented higher susceptibility to hydrolysis reactions than other 
polymers which required greater treatment severity. For instance, Galacturonan into OGalA, 
Galactan into GalOS and Arabinosyl S. into AraOS conversions close to 60% were obtained in 
experiments carried out at 130, 150, and 140 °C, respectively. A maximum temperature of 165 °C was 
required to reach a complete conversion of Galactan into GalOS, whereas in the case of OGalA the 
maximum was obtained at 150 °C (80.02%). Similar patterns have been found for lemon and orange 
peels and sugar beet pulp, with the highest OGalA solubilization at temperatures between 150 and 
160 °C, whereas higher severities were needed for the optimum extraction of other oligosaccharides 
[27–29]. 

 
Figure 2. Temperature dependence of the concentration of NVCs and ONVCs in the reaction liquors. 
NVC, non-volatile compound; ONVC, other non-volatile compound or impurity. 

Figure 2. Temperature dependence of the concentration of NVCs and ONVCs in the reaction liquors.
NVC, non-volatile compound; ONVC, other non-volatile compound or impurity.

In order to provide additional information about the chemical composition of autohydrolysis
liquors, Figure 3 shows quantitative information on oligosaccharides (determined as monosaccharide
equivalents and expressed as g per 100 g WIS treated). The total oligosaccharides content increased
with the severity of the treatment up to reach a maximum of 16.28 g/100 g WIS in the experiment
performed at 150 ◦C. As can be observed in Figure 3, oligogalacturonides (OGalA), the main component
of the liquors, showed a similar pattern, with the highest contents being between 140 and 150 ◦C.
They exhibited a maximum of 10.41 g/100 g WIS at 150 ◦C, corresponding to a conversion yield of 80.02%
(g of OGalA monomer equivalents in liquors/100 g of galacturonan monomer equivalents in the WISs).
As expected, higher severities led to liquors with decreased OGalA suggesting their depolymerization.
Other oligosaccharides detected were mostly GalOS (galactose units in oligosaccharides), followed by
AraOS (arabinose units in oligosaccharides), and smaller contents of glucose, acetic acid, mannose,
rhamnose and xylose units in oligosaccharides (GOS, Ac-OS, ManOS, RhaOS and XOS, respectively).
The temperature dependence of GalOS, AraOS, RhaOS and Ac-OS is shown in Figure 3, whereas the
sum of ManOS, XOS and GOS by simplicity has been included in the other oligosaccharides fraction.
In general terms, the percentages of GalOS, AraOS, RhaOS and Ac-OS gradually increased in all the
temperature range evaluated, reaching values of 3.87, 1.53, 0.55 and 0.61 g/100 g WIS, respectively,
at 165 ◦C. However, other compounds such as GOS have experienced only slight variations, remaining
close to an average value of 0.56 g/100 g WIS in all the conditions assayed.

In this study, galacturonan presented higher susceptibility to hydrolysis reactions than other
polymers which required greater treatment severity. For instance, Galacturonan into OGalA, Galactan
into GalOS and Arabinosyl S. into AraOS conversions close to 60% were obtained in experiments
carried out at 130, 150, and 140 ◦C, respectively. A maximum temperature of 165 ◦C was required to
reach a complete conversion of Galactan into GalOS, whereas in the case of OGalA the maximum was
obtained at 150 ◦C (80.02%). Similar patterns have been found for lemon and orange peels and sugar
beet pulp, with the highest OGalA solubilization at temperatures between 150 and 160 ◦C, whereas
higher severities were needed for the optimum extraction of other oligosaccharides [27–29].
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The selectivity of the autohydrolysis treatment was confirmed by the low conversion yield
of glucan into GOS which oscillated around 2% for all the severities assayed, therefore leaving
solid fractions with interesting proportions of glucan and applications in further biorefinery stages.
Other studies working with higher maximum temperatures found an increasing GOS yield with
increasing temperature [27–29]. The total oligosaccharides to monosaccharides ratio, with values
between 6 and 9 (with the maximum at 150 ◦C), also gives insight into the selectivity of the process.
The monosaccharides (MS) fraction showed small variations in the interval studied, with an average
value close to 2 g/100 g WIS. It was mainly constituted by fructose and glucose, followed by galactose
and arabinose (coming from arabinan, galactan or arabinogalactan) and some xylose. There is a lot of
variation in the OS/MS ratios found in the literature for liquors rich in pectic oligosaccharides recovered
by autohydrolysis. For instance, lemon peel liquors had ratios decreasing from 6 to 2 when increasing
the treatment temperature [27], while orange peel and sugar beet pulp liquors had much higher
ratios with maximums of 16 and 47, respectively, both at a treatment temperature of 150 ◦C [28,29].
Formic acid was the main degradation product generated from glucose and fructose degradation,
whose production increases with the treatment temperature up to 0.72 g/100 g WIS at 165 ◦C. This value
is considerably higher than those found at the same temperature in sugar beet pulp autohydrolysis
liquors (0.38 g/100 g sugar beet pulp) [29], lemon peel waste liquors (about 0.16 g/100 g WIS) [27],
and orange peel liquors (about 0.21 g/100 g WIS) [28].

The amount of liquors recovered was also influenced by the treatment severity. At 130 ◦C only a
75% (w/w) of the liquors were recovered, lowering the yields obtained. At temperatures from 140 to
160 ◦C this parameter reached a value of about 85% and lastly at 165 ◦C it increased to 90%. Previous
studies with similar raw materials related higher water retention capacity with the pectin content
of the solids [27,28], therefore, increased liquor recovery would be associated with increased pectin
fraction solubilization.

Taking into account that there are no important differences in the results obtained for the recovery
of OGalA in the temperature range between 140 and 150 ◦C, the lowest temperature, 140 ◦C, was chosen
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as the optimum treatment temperature, resulting in an average OGalA content of 10.07 g/100 g WIS,
corresponding to a yield of 77.42% and a total oligosaccharide content of 15.24 g/100 g WIS. In this study,
a lower operating temperature allowed higher yields than the ones achieved in the optimum for water
insoluble substrates of orange peels (66.23% at 160 ◦C) and sugar beet pulp (56.77% at 160 ◦C) and
similar to that in water insoluble substrates of lemon peels (79.32% at 160 ◦C). However, due to a
minor presence of galacturonan in the raw material, the resulted OGalA content was lower for MPs
than for lemon, orange and passion fruit peels (18.28, 13.96 and 13.78 g/100 g WIS), sugar beet pulp,
two different cultivars of pomegranate peels and pomelo peels (12.06, 13.58, 14.71, 15.04 g/100 g
raw material, respectively) [27–30,53,54]. There have also been studies that yielded a lower OGalA
content, probably due to a lower pectin content in the raw material: 8.46 and 6.49 g/100 g raw material
for apple pomace and cacao pod husks and 7.82 g/100 g WIS for jackfruit peels [55–57]. Under the
selected operational conditions, the degree of acetylation was 15.26 mol of acetic acid/100 mol of
galacturonic acid, in between those determined in the optimum for orange peels and sugar beet pulp
(5.56 and 50.66 mol of acetic acid/100 mol of galacturonic acid, respectively) [28,29].

The non-volatile impurities were 18.97 g/100 g NVC, in range with those reported for lemon and
orange peels and sugar beet pulp (15–18 g/100 g NVC) [27–29]. However, further analysis of the liquors
allowed concluding that in MPs, the ONVCs would be justified by protein and ash, with contents of
2.82 g/100 g WIS (corresponding to a solubilization yield of 24.80 g protein in liquor/100 g protein
in WISs) and 2.27 g/100 g WIS (solubilization yield of 67.34 g ash in liquor/100 g ash in WISs), respectively.
Sugar beet pulp contains a similar amount of protein to water insoluble melon substrate. However,
the generally lower protein yields in the recovered liquors (3.95 to 27.09 g protein in liquor/100 g
protein in sugar beet pulp at temperatures from 140 to 180 ◦C) could explain the lower ONVCs reported
previously for this raw material [29].

3.2.2. Antioxidant Potential

Another aspect assessed in this work was the antioxidant potential of the liquors from MPs.
Phenolic compounds are commonly recovered from fruits and vegetables by aqueous–organic
extractions, but an important part of the phenols contained in these raw materials are not extractable
by conventional methods. They are called macromolecular antioxidants and include high molecular
weight phenols and the low molecular weight ones linked to macromolecules like pectin [58,59]. Hence,
there is interest in studying new technologies for the recovery of phenolic compounds in pectin-rich
raw materials, since its solubilization could allow access to a macromolecular fraction and thereby
increasing its extraction performance.

In this context, this study proposes the hydrothermal treatment, since it has been previously studied
for the same purpose with several raw materials such as vine shoots, spent coffee grounds, peanut and
hazelnut shells, pomegranate and mango peels and purple corn cob, among others [30,31,49,52,60–62].
According to the literature data, the recovery of phenolic compounds by this technology could be
achieved by partial lignin depolymerization and by the hydrolysis of low molecular weight phenols
bound to oligosaccharides [49,63].

With the aim of knowing the impact of hydrothermal treatment on WISs, the total phenolic content
(TPC) and antioxidant activities (DPPH, FRAP and ABTS assays) of all the autohydrolysis extracts
obtained has been determined. As can be seen in Figure 4, both TPC and activities increased with
temperature, reaching the highest values at the highest temperature studied (TPC of 8.96 mg GAE/g
WIS and activities of 3.19, 4.85 and 19.63 mg TE/g WIS determined by DPPH, FRAP and ABTS methods,
respectively). Moreover, all the antioxidant activities assayed are in good correlation with the TPC,
with R2 of 0.89, 0.96 and 0.84 for DPPH, FRAP and ABTS, respectively.
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According to Pérez-Jiménez and Saura-Calixto [58], the melon peel of the “Piel de sapo” variety
presents a polyphenol content of 9.68 mg GAE/g dw (dry weight) peels, of which 67% are non-extractable.
On this basis, the autohydrolysis treatment at 165 ◦C would have extracted 93% of the total amount
contained in the raw material. Although it would be feasible to improve the extraction yield increasing
treatment temperatures, with the reported information, it seems reasonable to assume that 165 ◦C
could be close to the optimal treatment temperature for the recovery of phenols. However, due to
the typical variability of this kind of raw materials, to confirm this assumption still requires a more
exhaustive characterization.

At the optimal temperature selected for the production of pectic oligosaccharides, 140 ◦C,
the phenolic content and antioxidant activities were much lower (TPC: 1.89 mg GAE/g WIS,
DPPH: 0.65 mg TE/g WIS, FRAP: 0.83 mg TE/g WIS and ABTS: 7.52 mg TE/g WIS). The TPC was
lower than the total extractable polyphenols (3.16 mg GAE/g MP) determined by Pérez-Jiménez
and Saura-Calixto [58] with the same melon variety, and within the range provided for the
peels of other melon varieties when the extraction was carried out using conventional solvents
(1.11–7.03 mg GAE/g MP) [14,40,42]. Certain studies focused on the co-production of oligosaccharides
and phenols in aqueous media from peanut shells, spent coffee grounds, chestnut shells, or purple
corn cob resulted in higher TPC contents; but in all these cases, given the different nature of the
substrates, a considerably higher treatment severity was required to reach the optimal extraction
efficiency [52,62,64,65]. The recovery of the phenolic compounds that remain in the solid fraction after
melon peel treatment at 140 ◦C is key for the complete valorization of melon by-products. With this aim,
a sequential second stage is currently underway in our laboratories and it will be addressed in
future works.

Further HPLC–DAD–MS/MS analysis of the extracts allowed the identification and quantification
of three phenolic acids. The main compound detected was 4 hydroxybenzoic acid, with a content
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of 7.85 µg/g WIS, followed by salicylic and p-coumaric acids (0.51 and 0.12 µg/g WIS, respectively),
as shown in Figure S1. This finding is in agreement with previous studies, where hydroxybenzoic
acids were also predominant [8,58]. However, other compounds such as gallic acid, catechin or
flavones, that were not found in autohydrolysis liquors, were reported in important quantities in melon
by-product hydro-alcoholic extracts [8,14,66]. These differences could be associated with the melon
variety, the state of ripening, the extraction techniques or analytical methodologies.

3.3. Pectin Recovery from Autohydrolysis Liquor

Pectin was recovered and purified from the autohydrolysis liquor obtained at 140 ◦C by
precipitation using an ethanol concentration of 75% v/v. As shown in Table 2, the pectin yield
was 16.59 g/100 g WIS, in dry weight, with a galacturonic acid content of 55.41% (91.23% of the
galacturonic acid present in the original liquor). When comparing with the citric acid extraction, greatly
differing melon peel pectin yields (3.24–29.48%) and lower galacturonic acid contents (indicating lower
pectin purity) (47–48%) were reported [19,20]. Concerning similar raw materials, several autohydrolysis
studies found a wide range in the galacturonic acid content of the obtained pectin, with higher values
for the pomelo peels (76.62%) [54] and lower for apple pomace (48%) [55], both of which presented
moderately higher pectin yields than this work (19.6 and 17.55%, respectively). Regarding other OSs,
GalOS and AraOS also achieved good recoveries, both close to 70%, whereas the other oligosaccharides
remained mostly in the liquid phase.

Table 2. Chemical characterization of the selected autohydrolysis liquor and the precipitated pectin.

Autohydrolysis Liquor Recovered Pectin Recovery Yield
Chemical Composition (g/100 g dw)

NVC (g/100 g WIS) 23.22 16.59 71.43

GOS 2.50 0.14 4.07
XOS 1.40 0.00 0.00
GalOS 8.15 8.05 70.50
ManOS 1.97 0.00 0.00
AraOS 4.62 4.37 67.47
RhaOS 1.56 0.51 23.37
Ac-OS 2.05 1.57 54.68
OGalA 43.38 55.41 91.23
Protein 12.13 6.10 35.94
Ash 9.75 6.88 50.40
TPC 0.81 0.33 29.21

Other Parameters

Moisture (%) 98.65 7.02
OS/MS ratio (w/w) 7.56 104.15
DA (molar %) 15.26 9.15
HG * (molar %) 62.34 77.75
RG-I * (molar %) 27.71 22.03
HG/RG-I 2.25 3.53

Sugar Ratios ** (w/w)

1 GalA
Rha+Ara+Gal+Xyl 2.76 4.29

2 Rha
GalA

0.04 0.01

3 Ara+Gal
Rha

8.17 24.27

* Determined as defined by M’sakni et al. [67]. ** Calculated according to Houben et al. [68]. GalA: galacturonic acid;
Rha: rhamnose; Gal: galactose; Ara: arabinose; Xyl: xylose; HG: homogalacturonan; RG: rhamnogalacturonan.
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The composition of the precipitated pectin can give more insight into the structure of the solubilized
oligosaccharides. A recent study shows that hot water treatments are efficient for the extraction of
the HG region of pectin with rhamnose contents of 0.5–0.6%, indicating a low RG-I content [69].
Our results confirm this finding, by increasing HGs and decreasing RG-I in the precipitated pectin,
meaning that some of the branched oligosaccharides solubilized would be too degraded to be recovered
by precipitation.

Moreover, the sugar ratios can also help to obtain information on the polymeric level [68,70],
since sugar ratio 1 measures of the linearity of pectin, sugar ratio 2 indicates the contribution of
RG-I to the pectin population and sugar ration 3 compares the amount of RG-I side-chain sugars to
rhamnose [68]. In this case, the higher sugar ratio 1 in the precipitate proves the recuperation of the
more linear region pectin, with a lower RG-I content (according to the sugar ratio 2 calculated value);
whereas the high sugar ratio 3 indicates that the recovered RG region would be highly branched
with GalOS and AraOS. Furthermore, the lack of XOS, ManOS and GOS shows that the co-extracted
hemicelluloses and cellulosic oligomers were not precipitated with the pectin. A similar linearity and
RG-I content, but less branching (sugar ratios of 5.9, 0.01 and 11.38) has also been reported in apple
pomace pectin recovered by hydrothermal treatment at the same temperature [55].

Besides oligosaccharides, the recovered pectin contained a substantial amount of protein and some
phenolic compounds (6.10 and 0.33 g/100 g dw, respectively), with recovery yields of 35.94 and 29.21%.
Moreover, another important parameter to consider would be the OS/MS ratio, which increased from
7.56 to 104.15, with the recovered pectin having a monosaccharide concentration of just 0.67 g/100 g dw.

3.4. Structural Characterization

The properties of the recovered oligosaccharides are conditioned not only by their chemical
composition but also by their structure, such as the degree of substitution or molecular weight
distribution [34,71]. Therefore, a more detailed analysis of the final product can give more insight into
its potential applications [71]. Several analytical techniques are often used in the literature to assess
the effect of a treatment on the structure of the resulting oligosaccharides. For instance, FTIR and
nuclear magnetic resonance (NMR) can be used to confirm the presence of characteristic functional
groups or bonds [34,71,72], SEC allows for the determination of molecular weights and polydispersity
index [26,32,70,71] and HPAEC–PAD and MALDI-TOF MS are commonly used to determine degrees of
polymerization in oligosaccharides, with MALDI-TOF MS also being able to identify the composition
of oligomers based on their molecular weight [26]. In this context, the liquors obtained in this
study at 140 ◦C were freeze-dried and analyzed by complementary techniques: MALDI-TOF MS
and HPAEC–PAD; and both the freeze-dried liquors and the pectin recovered by precipitation were
analyzed by FTIR.

Both FTIR spectra (Figure 5) show similar bands to those of pectins found in the bibliography,
especially the purified pectin with more intense peaks [19,20,31,70,72,73]. The peak at 3200–3500 cm−1

corresponds to OH stretching as a result of hydrogen bonding in pectin [19,31,71]. The peak between
2800 and 3000 cm−1 is related to stretching and bending vibrations of alkyl groups in the carbohydrates
making up the pectin [20,31,71]. The observation of methyl esterified carboxyl groups (-COOCH3,
at 1738–1740 cm−1) and free carboxyl groups (-COO−, at 1605–1606 cm−1) confirmed the presence of
pectin with some degree of methyl esterification [19,31,72]. Using these two peaks and the calibration
curve determined by Manrique and Lajolo [74], the degree of methyl esterification (DM) of the OGalA
extracted in this work was estimated to be 41% (molar) for the autohydrolysis liquor and 50% for
the recovered pectin. However, these values might actually be higher, since the considerable protein
content of these extracts could be showing peaks at 1650 and 1539–1558 cm−1, overlapping with the
1606 cm−1 band [70]. The increase in DM when recovering the pectin is in agreement with the literature
regarding hot water treatments, which tend to extract pectins with high DM [69]. Free carboxyl groups
also show weaker bands at 1410–1440 cm−1 related to symmetric stretching [19,73,75]. Other weaker
and less relevant bands are the ones at 1370–1372 cm−1, that could be caused by CH stretching
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vibrations [72,75] and the one at 1329–1332 cm−1, that could be related to the COO- functional group in
pectin [20]. The patterns between 1200 and 800 cm−1 represent the “finger print” area, which is unique
to a compound, making its interpretation a complicated matter [19,73].
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Figure 5. FTIR spectra recorded for the autohydrolysis liquors and recovered pectin.

The degree of polymerization (DP) of the oligogalacturonides was determined by MALDI-TOF MS.
Table 3 displays the mass signals in MALDI-TOF spectra and suggested oligomeric structures
(all compounds were identified as sodium or potassium adducts). The MALDI-TOF MS data confirmed
the presence of a wide variety of complex oligomers, with the main products being combinations of
galaturonic acid in the range of 1–11 with neutral sugars (mainly hexoses, pentoses and rhamnose) and
substituted by acetyl and methyl groups. Overall, the complex chemical structure determined for the
oligomeric compounds obtained from the melon peels is similar to what it has been reported for other
oligosaccharides obtained by enzymatic hydrolysis from lemon peels [76]. Furthermore, HPAEC–PAD
analysis (Figure 6) showed OGalA with DP from 5 to over 20 (using commercial polygalacturonic acid
(PGA) as standard).

Table 3. MALDI-TOF results and suggested structures of autohydrolysis liquors at 140 ◦C.

m/z Structure

648.52 Pent2GalAAc4Na
847.58 HexPentRhaGalA2MeNa
980.57 Pent3GalA3MeNa

1174.34 HexGalA4Me4Ac5Na
1463.65 Hex2GalA6Me3Na
1603.34 GalA8Me5Ac2Na
1790.94 Pent2GalA7Me3Ac5Na
1889.26 Pent3GalA8Me3Na
2409.23 Hex1Pent3GalA9Me4Ac4Na
2641.94 Hex4PentGalA10AcK
3498.19 Hex4Pent2Rha3GalA11Me3Ac3Na

Hex: hexose; Pent: pentose; Rha: rhamnose; Ac: acetyl group; GalA: galacturonic acid; Me: methyl group.
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3.5. Valorization of the Autohydrolysis Spent Solids

Melon peels can be considered an abundant, renewable and cheap source of biomass whose
complete valorization to obtain various biobased products is an interesting strategy from an economic
and environmental point of view. In this context, the potential application of the spent solid recovered
from the selected hydrothermal treatment has been evaluated. It should be noted that operating at
140 ◦C, the solid yield was 72.88%, hence the importance of its valorization. The main components
of the autohydrolyzed solid were glucan and Klason lignin, with values of 31.26 and 30.59 g/100 g
spent solid, respectively, and percentages of recovery for both fractions of 93% and close to 100%.
These results are better than those previously reported for the autohydrolysis of other raw materials
rich in pectin. When sugar beet pulp and orange and lemon peels were treated under similar severities,
the percentages of glucan recoveries were in the range of 75–80% and in the case of citric peels, lignin
recoveries close to 92% were achieved [27–29]. The selected operational temperature allowed reaching
high pectic oligosaccharide extraction, whereas, as could be expected, other hemicellulosic fractions
remained in the spent solid; since according to the literature their solubilization requires higher
temperatures [34,52,77]. This leads to the fact that small amounts of xylan, galacturonan and galactan
were also detected in the autohydrolyzed solid (6.90, 5.79 and 2.78%, respectively), which are followed
by acetyl groups, mannan and arabinosyl substituents, with values lower than 2%. The behavior
pattern of these compounds during autohydrolysis could be related with structural features, since they
could be part of some hemicellulosic polysaccharides or be linked to the galacturonic acid of pectin.

Taking into account the chemical composition of the spent solid recovered in the autohydrolysis
of melon peels at 140 ◦C, it would be plausible to implement a second autohydrolysis step to obtain
a solid fraction enriched in cellulose with potential applications, and a liquid fraction with a higher
phenolic content [78]. For instance, this cellulose would be suitable for the biotechnological production
of fermentable sugars, or for the production of nanocellulose [13]. In this work, the digestibility of
the spent solid was assessed without further processing, by subjecting it to an enzymatic hydrolysis
using an enzyme cocktail, specifically a mixture of endopolygalacturonase, cellulase and β-glucosidase.
Under the experimental conditions selected (see in the Materials and Methods Section), after 24 h of
saccharification, 79.83% of the glucan was solubilized, yielding a solution with 22.41 g/L of glucose.
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Other compounds, such as galactose and galacturonic acid, were also detected in the reaction medium,
but in much lower amounts (3.29 and 2.7 g/L, respectively). Further increases in the hydrolysis time
led to glucan conversions into glucose up to 87.65% after 48 h.

4. Conclusions

Pectic oligosaccharides with antioxidant activity were recovered from melon by-products using
an environmentally friendly process. The raw material was subjected to a water extraction to release
free sugars and the remaining solid was treated by autohydrolysis in non-isothermal conditions.
The selected temperature for this treatment was 140 ◦C (severity of 2.03), achieving a liquor with a total
oligosaccharide content of 15.24 g/100 g WIS, of which 10.07 g/100 g WIS were OGalA. A structural
characterization confirmed the presence of OGalA with a degree of methyl esterification of at least 41%
and a wide range of polymerization degrees. These liquors also exhibited antioxidant activity and
contained a considerable amount of protein (2.82 g/100 g WIS), with a negligible amount of non-volatile
impurities. The pectic oligosaccharides were successfully recovered by precipitation, producing a
mostly linear pectin with 55.41% of galacturonic acid. In conclusion, an environmentally friendly
process was developed for the valorization of melon by-products, through the production of pectic
oligosaccharides with protein content and antioxidant activity, and potential applications in the food
and pharmaceutical industries.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/11/1702/s1,
Figure S1: HPLC UV/VIS chromatograms of melon peel autohydrolysis liquors at 140 ◦C.
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