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Abstract: In literature, different pectin extraction methods exist. In this study, two approaches
starting from the alcohol-insoluble residue (AIR) of processing tomato are performed in a parallel
way to facilitate the comparison of pectin yield and the compositional and structural properties of
the extracted pectin and residual cell wall material obtained. On the one hand, pectin is extracted
stepwise using hot water, chelating agents and low-alkaline conditions targeting fractionation of the
pectin population. On the other hand, an industrially relevant single-step nitric acid pectin extraction
(pH 1.6) is performed. In addition to these conventional solvent pectin extractions, the role of
high-pressure homogenization (HPH) as a physically disruptive treatment to facilitate further pectin
extraction from the partially pectin-depleted fraction obtained after acid extraction is addressed.
The impact of HPH on the pectin cell wall polysaccharide interactions was shown as almost two
thirds of the residual pectin were extractable during the subsequent extractions. For both extraction
approaches, pectin obtained further in the sequence was characterized by a higher molecular mass
and a higher amount of rhamnogalacturonan I domains. The estimated hemicellulose and cellulose
content increased from 56 mol% for the AIR to almost 90 mol% for the final unextractable fractions of
both methods.

Keywords: processing tomato; cell wall polysaccharides; pectin extraction methods; cell wall
interactions; high-pressure homogenization; structural characterization

1. Introduction

Plant cells are surrounded by a cell wall, which is a supramolecular assembly of
associating polysaccharides, namely cellulose, hemicellulose and pectin, and proteins [1–3].
Cellulose has a crystalline structure since its glucan chains (β-1,4-linked) can aggregate into
microfibrils because of their linear nature [2]. However, after the synthesis of the glucan
chain, the aggregation is often incomplete, which results in amorphous regions providing
the semi-crystalline properties of cellulose [4]. Hemicellulose encompasses a group of
polysaccharides with diverse structures, such as xyloglucans, xylans and mannans [5].
Xyloglucan is the main hemicellulose in the primary cell wall of edible fruits and vegetables
of dicotyledonous plants [5]. Xyloglucan consists of a backbone of β-1,4-linked glucose
(Glc) units to which xylose (Xyl) residues are bound [6]. Pectin is a complex galacturonic
acid (GalA)-rich polymer consisting of three main domains, namely, homogalacturonan
(HG) and rhamnogalacturonan I (RG-I) and II (RG-II) [7]. HG is a linear polymer consisting
only of α-1,4-linked GalA units which can be methyl-esterified on C-6 and O-acetylated
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on O-2 or O-3 [8,9]. The percentage of GalA units that are methyl-esterified is expressed
as the degree of methyl esterification (DM) [7]. RG-I consists of a backbone of repeating
α-1,2-linked-rhamnose-α-1,4-GalA and has side chains on 20–80% of the rhamnose (Rha)
units, which are mainly composed of galactose (Gal) and arabinose (Ara) [7,9]. RG-II has a
backbone of GalA units (α-1,4-linked) substituted with four types of side chains constituted
by 12 different sugars covering some complex residues [8,9].

Over the past decades, the precise architecture of plant cell walls has been extensively
studied. Hayashi [10] and Fry [6] proposed that xyloglucan can bind to the cellulose
microfibrils surface as well as be physically entrapped in the microfibrils, suggesting
the role of xyloglucan in the crosslinking of cellulose. In this traditionally most popular
model, the pectin network forms a matrix which is physically entangled with the cellulose–
xyloglucan network often called the “tethered network” and with the protein network,
which together constitute plant cell walls [11,12]. However, this traditional model has been
revised by many studies. Popper and Fry [13] proposed that RG-I is linked to xyloglucan
as they showed for different angiosperms (including tomato) that a substantial fraction
of xyloglucan was linked to an acidic polymer. This is in accordance with the cell wall
model presented by Keegstra et al. [14] in which the side chains of RG-I are attached to the
reducing ends of xyloglucan. Interactions between cellulose and pectin, especially with
the neutral sugar side chains of the RG-I region, have also been shown to exist [15,16].
Moreover, the existence of xyloglucan tethers between cellulose microfibrils has been
revisited. Instead of forming tethers, the fraction of xyloglucan involved in the formation of
the load-bearing network is recently suggested to be intertwined with cellulose leading to
‘biomechanical hotspots’, which are close contact points between the cellulose microfibrils
mediated by xyloglucan [17,18]. Although on field emission scanning electron microscopy
images, fibrils crosslinking cellulose microfibrils were visualized, they were, based on the
use of specific enzymes, suggested to be cellulose instead of xyloglucan [19].

As an ingredient, pectin has found many applications in food industry, where it is
used especially as a gelling agent in the production of jams and jellies but also as a thickener
and texturizer [20]. Commercially, pectin is obtained by extraction from a limited range of
sources, of which citrus peel (85.5%) is the most common, followed by apple pomace (14.0%)
and sugar beet pulp, which only accounts for 0.5% [7,21]. Most commonly, extraction of
pectin is performed using mineral acid solutions, mainly because of the high yield and the
low cost of this method [7]. The most important factors determining the pectin yield are the
pH of the medium, extraction time and temperature [22,23] which are commonly chosen
within the following ranges: 1.5–3, 0.5–6 h and 60–100 ◦C, respectively [24]. Generally,
higher yields are found when harsher conditions, i.e., lower pH, longer extraction time and
higher temperature, are applied [22,23]. Since the linkages in the neutral sugar side chains
are more acid-labile than those of the pectin backbone [25], these harsh conditions have
been shown to predominantly degrade the side chains of pectin, arabinan in particular,
thus leading to extracted pectin enriched in GalA [22,23].

Other solvents like (hot) water, water containing chelating agents and alkaline ex-
traction media can be used to extract different pectin fractions from a fruit or vegetable
material [26]. When these extractions are performed in this stepwise manner, pectin can be
extracted selectively based on the interactions involved [7]. Pectin extraction with water
yields loosely bound pectin [26,27]. The use of higher temperature results in a higher
pectin extraction yield as shown in studies on Japanese plum, apple and sugar beet [28,29].
Water containing a chelating compound, e.g., cyclohexane-trans-1,2-diaminetetraacetic
acid (CDTA), disturbs the pectin interaction by Ca2+ bridges and thus allows extraction
of pectin with lower DM [26,30,31]. Finally, extraction of pectin with diluted alkali, e.g.,
0.05–0.1 M Na2CO3 or 0.1 M NaOH, mainly yields pectin which interacts with other cell
wall polysaccharides by low-alkali-labile bonds, such as ester and hydrogen bonds [30–35].

A possible strategy to improve pectin extractability is by use of physical methods.
Studies have shown that high-pressure homogenization (HPH) could increase the amount
of pectin that could be extracted with hot water from the alcohol-insoluble residue (AIR) of
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orange pulp fibers and carrot when the material was (in the suspended state) subjected
to HPH because of its disruptive effect leading to weakening of the interactions of pectin
in the cell wall [36,37]. The effect of HPH seemed to be dependent on the matrix studied
since this increase in hot water extractability was not observed for broccoli [38]. For tomato,
the changes in pectin extractability due to HPH seemed dependent on the pretreatment
of the mixed tomato tissue since for raw tomato, no changes were observed, whereas for
high-temperature blanched tomato, more pectin became chelator-extractable at the expense
of low-alkaline-extractable pectin [39]. The effect of another physical method, namely, ball
milling, on the interactions between cell wall polymers and their extractability was studied
by Broxterman and Schols [40]. Ball milling of dry chelating agent-unextractable solids of
carrot, tomato and strawberry was shown to assist in the subsequent solubilization of cell
wall polymers, namely, pectin, for all matrices, but also hemicellulose, especially in the
case of the latter two matrices [40].

The starting material of the current study is tomato, which is a relevant matrix as
it has a very high worldwide production (around 159 million tons per year) [41]; also
a considerable amount of tomato pomace waste is generated by the tomato processing
industry [42]. Since currently the demand for pectin is high and increasing, the possibility
to use other sources such as tomato pomace next to citrus peel, apple pomace and sugar
beet being the current commercial pectin sources should be investigated [43]. The main
goal of this study was to compare not only the pectin extraction yield and the chemical
structural properties of the extracted pectin, but also the polysaccharide composition of the
unextractable cell wall material (CWM) obtained during and after two extensive pectin
extraction approaches performed on processing tomato tissue AIR. More specifically, on
the one hand, a stepwise extraction procedure consisting of consecutive extractions with
hot water, with CDTA as a chelating compound and with a low-alkaline medium was
performed. Following this approach, pectin fractionation based on extractability under
specific conditions was expected. On the other hand, acid pectin extraction, which is
representative for industrial extraction, was included. After partial pectin depletion by this
acid extraction, the residual CWM fraction was subjected to HPH in the suspended state to
address whether this physically disruptive action by HPH could improve the extractability
of the residual pectin during water and repeated acid extraction performed after HPH. To
the best of our knowledge, no research has been reported so far on the effect of HPH on the
extractability of pectin from a CWM fraction which was already partially pectin-depleted
by the same extraction. The parallel experimental design of the two extraction approaches
starting on tomato AIR facilitates evaluation and comparison of the differences in the
extraction efficiency of each method and the structural characteristics of the extracted
pectin. As a consequence, the results obtained could serve as a starting point in selecting
appropriate extraction conditions aiming at certain tomato pectin structures or even the
residual material after extraction for more applied research on its functional properties
and applications.

2. Materials and Methods
2.1. Materials

Throughout this work, the San Marzano tomato (Solanum lycopersicum) variety, a plum
type tomato, was used. These processing tomatoes were bought at a local shop in Belgium
and kept at room temperature for up to five days before blanching. All the tomatoes used
were similar in ripeness based on visual perception of their redness.

Technical ethanol (99%), technical acetone, isopropanol, Na2CO3 and NaOH pellets
were obtained from VWR (Leuven, Belgium). Cyclohexane-trans-1,2-diaminetetraacetic
acid monohydrate was obtained from Tokyo Chemical Industry (Zwijndrecht, Belgium).
HCl, H2SO4 (concentration ≥ 95%) and disodium tetraborate decahydrate were bought
from Fisher Scientific (Merelbeke, Belgium). H2SO4 (72% w/w) was obtained from Alfa
Aesar (Kandel, Germany) and NaOH (50% w/w) was obtained from J.T. Baker (Gliwice,
Poland). Rhamnose monohydrate, LiOH, acetic acid and 3-phenylpenol, potassium acetate,
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nitric acid and NaNO3 were bought from Acros Organics (Geel, Belgium). Galacturonic
acid monohydrate and fucose were obtained from Sigma-Aldrich (Diegem, Belgium),
arabinose from Fluka Biochemika (Buchs, Switzerland), mannose from Fluka Analytical
(Buchs, Switzerland), glucose monohydrate from Riedel-de-Haën (Seelze, Germany), xylose
from UCB (Leuven, Belgium) and galactose from Merck (Darmstadt, Germany). Ultrapure
water (organic free, 18.2 MΩ·cm resistance) used in some of the procedures was provided
by a SimplicityTM 150 system (Millipore, Billerica, MA, USA).

2.2. Blanching of Tomatoes

To avoid enzyme activity (e.g., pectin methyl esterase or polygalacturonase) in any
further steps performed on the tomato tissue, the red-ripe tomatoes were blanched [39].
For this, the washed tomatoes were cut in slices of approximately 5 mm-thick which were
positioned next to each other in a plastic bag, vacuum-packed and consequently blanched
for 8 min at 95 ◦C in a water bath. After this blanching step, the bags were immersed in an
ice bath and afterwards frozen with liquid N2. The blanched tomato slices were kept at
−40 ◦C until further use.

2.3. Generation of the Alcohol-Insoluble Residue and Cell Wall Material Fractions

As a first step, the AIR was prepared from the blanched tomato tissue. Two differ-
ent pectin extraction approaches were performed on the AIR as schematically shown in
Figure 1. On the one hand, a stepwise approach of three extractions was implemented
aiming to extract different pectin fractions. On the other hand, single-step extraction of
pectin under acid conditions was performed. In addition to this, the possibility of HPH to
facilitate further pectin extraction was assessed by performing water extraction followed by
acid extraction on the original acid-unextractable fraction after being subjected to HPH. All
extractions were performed on a medium scale using a temperature-controlled extraction
set-up with continuous stirring.
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Figure 1. Schematic overview of the extraction methods starting from the alcohol-insoluble residue
(AIR) and the obtained unextractable fractions (UFs) and extractable fractions (EFs). HPH = high-
pressure homogenization; CUF = chelator UF; lAUF = low-alkaline UF; AcUF = acid UF; AcUF—
HPH—AcUF = acid UF of the AcUF subjected to HPH; WEF = hot water EF; CEF = chelator EF;
lAEF = low-alkaline EF; AcUF—HPH—WEF = water EF of the AcUF subjected to HPH; AcUF—
HPH—AcEF = acid EF of the AcUF subjected to HPH.

2.3.1. Generation of the Alcohol-Insoluble Residue

After thawing, the blanched tomato slices were mixed in a laboratory blender (Waring
Commercial, Torrington, CT, USA) two times for three seconds and subsequently filtered
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over a 1-mm sieve in order to remove peels and seeds [44]. The AIR was prepared based
on the method by McFeeters and Armstrong [45]. In short, 192 mL technical ethanol was
added to 60 g sieved tomato tissue and mixed (Mixer B-400, Büchi, Flawil, Switzerland)
three times for six seconds. The precipitated material was recovered by vacuum filtration
using filter paper (MN615, Macherey-Nagel, Düren, Germany). Two precipitates were
combined, re-dispersed in 192 mL technical ethanol by mixing (Mixer B-400, Büchi, Flawil,
Switzerland) three times for six seconds. The precipitate, again recovered by vacuum
filtration, was dispersed for 10 min in 192 mL technical acetone by stirring. Next, the
acetone was removed by vacuum filtration and the precipitate was dried overnight at
40 ◦C to obtain dry AIR. After grounding with mortar and pestle, the AIR was kept in a
well-closed container until further use.

2.3.2. Stepwise Pectin Extraction

The extraction conditions of the stepwise extraction approach were based on the
procedures of Houben et al. [30] and Renard and Ginies [34]. Generally, after each extraction
step, the extractable fraction (EF) and the unextractable fraction (UF) were separated by
centrifugation (4–16KS, Sigma, Osterode am Harz, Germany) at 8000 g for 10 min at room
temperature. The supernatant was vacuum-filtered (MN615, Macherey-Nagel, Düren,
Germany) to obtain the respective EF and was stored at −40 ◦C until further analysis after
being adjusted to pH 6 with 10 M HCl or 10 M NaOH (depending on the initial pH). If
generation of a particular UF was only an intermediate step in the extraction sequence,
the pellet and the very limited amount of precipitate on the filter were dispersed in the
extraction medium of the next step. On the other hand, if generation of a particular UF
constituted the aim and the stepwise extraction procedure was thus finished, the pellet
was rinsed by dispersing in 3 L deionized water for 10 min. This mixture was centrifuged
again under the same conditions. After decanting the supernatant, the respective UF was
obtained as the pellet of the second centrifugation step. The UFs were vacuum-packed
in plastic bags, frozen with liquid N2 and stored at −40 ◦C until further analysis. The
different CWM fractions generated by the stepwise extraction are shown in Figure 1. All
stepwise extractions were performed in duplicate.

Extraction with Hot Water

Deionized water at pH 4 (adjusted with HCl) was heated. Upon reaching 100 ◦C,
60 g AIR was added to the water and continuously stirred for 5 min. Next, the extraction
mixture was cooled down to room temperature in an ice bath. The hot water-extractable
fraction (WEF) was obtained by centrifugation and filtering as discussed above. The hot
water-unextractable fraction was not studied as such and was always used for subsequent
extraction(s).

Extraction with a Chelating Compound

The pellet obtained after extraction with hot water was dispersed in 4 L of 0.05 M CDTA
in 0.1 M potassium acetate at pH 5. After 16 h of extraction at 28 ◦C under continuous
stirring, the chelator-extractable fraction (CEF) and the chelator-unextractable fraction
(CUF) or pellet for the next extraction step was obtained as discussed above.

Low-Alkaline Extraction

The pellet obtained after the extraction with CDTA was dispersed in 4 L of
0.05 M Na2CO3 solution. The extraction was performed for 22 h at 28 ◦C under con-
tinuous stirring. After the extraction, the low-alkaline-extractable fraction (lAEF) and the
low-alkaline-unextractable fraction (lAUF) were acquired as discussed earlier.
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2.3.3. Acid Extraction and Acid Extraction Facilitated by High-Pressure Homogenization
Acid Extraction

The acid extraction was performed as described by Willemsen et al. [46]. First, 60 g of
AIR was dispersed in 4 L of deionized water at 80 ◦C for 30 min under continuous stirring.
After 30 min of incubation, the pH of the mixture was adjusted to 1.6 using 7 M HNO3
followed by 1 h of extraction while being stirred. The dispersion was cooled down in an ice
bath to room temperature. The acid-extractable fraction (AcEF) and the acid-unextractable
fraction (AcUF) were obtained (Figure 1) and stored in the same way as the EFs and UFs
obtained by the stepwise extraction (Section 2.3.2). The acid extraction was performed
in duplicate.

High-Pressure Homogenization of the AcUF

HPH was performed on a suspension of the AcUF [46]. For this, the AcUF was
thawed and a 2% (w/w) suspension in deionized water was prepared based on the dry
matter content of the AcUF and adjusted to pH 4.5 with 2 M Na2CO3. The suspension was
kept overnight to assure complete hydration of the CWM. The dry matter content of the
AcUF was determined according to Bernaerts et al. [47] with slight modifications. Briefly,
2 g AcUF was dried at 70 ◦C in a vacuum oven (UniEquip, Planegg, Germany) at a stepwise
decrease in pressure level: 1 h at 0.8 bar, 1 h at 0.6 bar, 1.5 h at 0.4 bar and 0.5 h at
0.2 bar. Based on the amount of dry material and the initial amount of wet AcUF, the
dry matter content was calculated. The suspension was mixed for 10 min at 8000 rpm
(Ultra Turrax T25, IKA, Staufen, Germany) and afterwards high-pressure-homogenized at
20 MPa (Panda 2k, GEA Niro Soavi, Parma, Italy). The chosen pressure level was deemed
relevant in the context of food industry and was expected to result in changes in pectin
extractability because of the applied physical disruption [36,39]. The HPH treatment was
performed in duplicate.

Water and Acid Extraction on the High-Pressure-Homogenized AcUF

The high-pressure-homogenized suspension was centrifuged at 8000 g for 10 min
(4-16KS, Sigma, Osterode am Harz, Germany). The supernatant was filtered to obtain the
water-extractable fraction of the AcUF subjected to HPH (AcUF—HPH—WEF) containing
the CWM which was released from the cell wall matrix of the AcUF into the serum phase by
HPH. The second nitric acid extraction was performed on the pellet, which was dispersed
in deionized water using the same ratio of added water to the CWM as in the first acid
extraction. The extraction process and the subsequent steps were the same as performed
during the first acid extraction. The acid-extractable and the acid-unextractable fractions of
the AcUF subjected to HPH are respectively denoted as AcUF—HPH—AcEF and AcUF—
HPH—AcUF (Figure 1). These extractions were performed in duplicate.

2.3.4. Lyophilization of the Extractable and Unextractable Fractions

The EFs and UFs were lyophilized before further characterization (Alpha 2–4 LSC
plus, Christ, Osterode am Harz, Germany). In the case of the EFs, the respective liquid
extracts were transferred into dialysis tubes (Spectra/Por® Dialysis membrane, molecular
weight cut-off: 3.5 kDa) and dialyzed extensively for 48 h against deionized water, which
was replaced regularly by fresh deionized water, aiming to remove most of the salts, single
monosaccharides and oligomers with a molecular mass (MM) lower than 3.5 kDa present
in the extracts. The UFs were not dialyzed as they were already rinsed after the extraction
process as discussed above. The freeze-dried CWM fractions were kept in a desiccator until
further use.

2.4. Characterization of the Alcohol-Insoluble Residue and Cell Wall Material Fractions
2.4.1. Analysis of the Uronic Acid Content

The uronic acid (UA) content of the AIR, UFs and EFs was determined by hydrolysis
of the CWM based on the method of Ahmed and Labavitch [48] followed by determination
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of the UA content of the hydrolysates by the spectrophotometric method of Blumenkrantz
and Asboe-Hansen [49]. Briefly, 10 mg of the AIR, UF or EF was hydrated overnight in
2 mL deionized water. The sample was hydrolyzed in duplo by adding 8 mL of concen-
trated sulfuric acid (95%) while being stirred in an ice bath. After 5 min, 2 mL deionized
water was added dropwise to the mixture. The hydrolysis continued for 1 h and was
stopped by diluting the hydrolysate to 50 mL in the case of the AIR, UFs and CEF or to
100 mL for the other EFs. To determine the UA content of the diluted hydrolysate, 3.6 mL
sulfuric acid with sodium tetraborate (0.0125 M) was added to 0.6 mL diluted hydrolysate
and heated at 100 ◦C for 5 min. After cooling, 60 µL of 0.15% (w/v) m-hydroxydiphenyl
in 0.5% (w/v) NaOH was added to the sample and mixed for 1 min. For each hydrolysate,
a blank was included by adding 0.5% (w/v) NaOH instead of 0.15% m-hydroxydiphenyl.
Based on the resulting absorbance after 1 min at 520 nm (spectrophotometer Genesys
30 Vis, Thermo Fisher, Waltham, MA, USA), the UA content was calculated using external
standards of GalA.

2.4.2. Analysis of the Neutral Monosaccharide Composition

High-performance anion exchange chromatography with pulsed amperometric de-
tection (HPAEC–PAD) was used to analyze the neutral monosaccharide composition of
the CWM fractions. As the first step, the CWM was hydrolyzed based on the procedure
of Yeats et al. [50] following different hydrolysis procedures depending on the nature of
the sample. In order to quantify all neutral monosaccharides present in the AIR and UFs,
Saeman hydrolysis was performed on these CWM fractions. First, 150 µL of 72% (w/w)
H2SO4 was added to 3 mg of the AIR or UF and vortexed. For 1 h, the sample was kept at
30 ◦C and vortexed every 10 min. Thereafter, 4200 µL ultrapure water was added to obtain
4% (w/v) H2SO4 and hydrolyzed for 1 h at 121 ◦C. For the EFs, hydrolysis without preced-
ing swelling of the cellulose was performed. Briefly, 3 mg EF was hydrated overnight in
4200 µL ultrapure water. After addition of 150 µL of 72% (w/w) H2SO4 to reach a concen-
tration of 4% (w/v) H2SO4 and vortexing, the sample was hydrolyzed for 1 h at 121 ◦C. All
the hydrolysates were cooled down in an ice bath, neutralized with NaOH (50% w/w) and
adjusted to 10 mL with ultrapure water. Although full hydrolysis of the CWM under these
conditions was reached, the hydrolysates were centrifuged for 15 min at 20,000 g (4–16KS,
Sigma, Osterode am Harz, Germany) as a precaution step to protect the column from any
particles. The supernatant was kept at –40 ◦C until further analysis. For each sample, these
steps were performed in duplicate.

The hydrolysates were analyzed by HPAEC–PAD to determine the neutral monosac-
charide composition following the methods of Houben et al. [30] and Yeats et al. [50]
with some modifications. The analysis was performed with a Dionex system (ICS-6000,
Sunnyvale, CA, USA) consisting of a CarboPacTM PA20 guard column, a CarboPacTM PA20
analytical column and an ED50 electrochemical detector (Dionex, Sunnyvale, CA, USA).
This detector operated in the PAD mode with a quadruple potential waveform as described
by Houben et al. [30] and consisted of an Ag/AgCl reference pH electrode and a gold elec-
trode [51]. The hydrolysates and, if needed, dilutions thereof were filtered (0.20 µm pore
size, Chromafil, Macherey-Nagel, Düren, Germany) before injection. Two elution profiles
were combined to achieve good separation of all the neutral monosaccharides. Elution with
18 mM NaOH (flow: 0.4 mL/min) was used to separate Rha and Ara, whereas the other
monosaccharides, namely, fucose (Fuc), Gal, Glc, Xyl and mannose (Man), were separated
using 2 mM NaOH elution (flow: 0.4 mL/min). Briefly, the column was equilibrated for
10 min at 2 or 18 mM NaOH followed by injection of 10 µL of the (diluted) hydrolysates.
Next, isocratic elution was maintained for 25 min for 2 mM NaOH elution and 15 min in the
case of 18 mM NaOH elution, both at 30 ◦C. Finally, after each run, the column was regen-
erated by elution with 500 mM NaOH for 10 min. Identification and quantification of the
analyzed monosaccharides was achieved by a mixture of monosaccharide standards (L-Fuc,
L-Rha, L-Ara, D-Gal, D-Glc, D-Xyl and D-Man) at different concentrations (1–6 ppm) as the
external standard. In order to correct for the partial degradation of the monosaccharides
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during hydrolysis with 4% (w/v) H2SO4, recovery values were calculated by exposing
the sugar standard mixture with a known concentration to hydrolysis at 121 ◦C with 4%
(w/v) H2SO4.

2.4.3. Analysis of the Degree of Methyl Esterification

The DM of the pectin in the WEF, AcEF, AcUF—HPH—WEF and AcUF—HPH—AcEF
was determined by Fourier-transform infrared (FT-IR) spectroscopy [52]. Lyophilized EF
was compacted on the sample holder of a FT-IR spectrophotometer (IRAffinity-1, Shimadzu,
Tokyo, Japan). The FT-IR spectrum was deconvoluted in order to avoid interference by
proteins present in the CWM fraction. Based on the intensity of absorption at wavelengths
around 1600 (COO– stretch) and 1740 cm−1 (C=O stretch), the DM was estimated according
to the calibration curve developed by Kyomugasho et al. [52]. For each sample, the analysis
was performed in duplo.

2.4.4. Analysis of Molecular Mass Distribution of the Extractable Fractions

Of each EF, 40 to 100 mg was solubilized overnight in 5 mL ultrapure water. Further
preparation of the sample was based on the procedures of Kaya et al. [53]. The solution’s
pH was adjusted to 2 using 1 M HNO3, after which 15 mL pure isopropanol was added. The
EF was kept overnight in this 75% (v/v) isopropanol solution at 4 ◦C. After centrifugation at
40,000× g for 15 min at 4 ◦C (Avanti JXN-26, Beckman Coulter, Indianapolis, IN, USA), the
supernatant was decanted and the precipitate was dispersed again in 20 mL of 75% (v/v)
isopropanol by 5 min of intensive shaking. In order to recover the precipitate, centrifugation
at 40,000× g for 15 min at 4 ◦C was performed again. After decanting the supernatant,
the precipitate was dried at room temperature for at least 48 h. In order to prepare the
samples for analysis, 10 mg of this dried material was solubilized overnight in 3.5 mL
ultrapure water. Next, the solution was heated for 10 min at 50 ◦C, cooled down to room
temperature, adjusted to pH 6 with 0.05 M LiOH or 0.5 M LiOH in the case of the CEF and
lAEF and diluted to 5 mL with ultrapure water. The 0.2% (w/v) solution was heated again at
50 ◦C for 10 min and immediately filtered through a filter (0.45 µm pore size, Chromafil,
Macherey-Nagel, Düren, Germany).

The MM distribution of the EFs was analyzed by size exclusion chromatography
coupled with multiangle laser light scattering (PN3621, Postnova Analytics, Landsberg
am Lech, Germany) and a refractive index detector (Shodex RI-101, Showa Denko K.K.,
Kawazaki, Japan) as described by Shpigelman et al. [54] with minor changes. Briefly,
100 µL filtered 0.2% (w/v) solution of each EF prepared as discussed above was injected
by an autosampler (G1329A, Agilent Technologies, Diegem, Belgium). The sample was
eluted with 0.1 M NaNO3 in a 0.1 M acetic acid buffer (pH 4.4) at a flow rate of 0.5 mL/min
over three Waters columns in series (Waters, Milford, MA, USA), namely, Ultrahydrogel
250, 1000 and 2000, with exclusion limits 8 × 104, 4 × 106 and 1 × 107 Da, respectively,
which were kept at 35 ◦C. Based on the dn/dc value of 0.146 mL/g, the concentration was
obtained, whereas the MM was calculated using the Debye fitting method (up to the 2nd
order) of the software (NovaMals, version 1.2.0.0, Postnova Analytics, Landsberg am Lech,
Germany). For each sample, the analysis was performed in duplicate.

2.5. Statistical Analysis

Since all the extractions were performed in duplicate, each EF and UF was prepared
twice. For the big AIR batch, two samples were taken prepared on different days. On both
duplicates of the AIR and each EF and UF, each analysis was performed twice, indicated as
n = 2.2. The data are reported as the average of these four measurements ± standard deviation.

3. Results
3.1. Uronic Acid Extraction Efficiency of the Different Pectin Extraction Procedures

Two pectin extraction approaches were compared in this study (Figure 1). On the one
hand, pectin was extracted by the stepwise use of different pectin extraction media. On
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the other hand, single-step acid pectin extraction was performed, followed by water and
acid extraction facilitated by HPH. In what follows, the pectin extraction yield for both
methods is compared. The pectin extraction yield of the different extraction approaches can
be addressed by comparing the UA content in the respective EFs as a measure of pectin. It
should be noted that UA covers both the monosaccharides GalA and glucuronic acid (GlcA).
As, in the case of tomato, GlcA is almost exclusively present in glucuronoxylan [40,55], the
contribution of GlcA to the UA for the EFs is very low. For the AIR and UFs, however,
part of the UA originates from GlcA, but is, based on Broxterman and Schols [40] and
Reinders and Thier [55], assumed small in comparison to the amount of GalA originating
from (residual) pectin present in these fractions. As GalA is by far the most predominant
UA, UA was used to quantify GalA and, by extension, to evaluate the (residual) pectin
content present in the CWM. In Figure 2, the UA content in the EFs and UFs expressed
relative to the UA content in the AIR is presented, showing the UA extraction efficiency of
the different methods as well as the percentage of UA retained in the CWM after extraction.
Since the EFs were dialyzed in membranes with a MM cut-off of 3.5 kDa, the measured
UA content was expected to originate almost exclusively from pectin polymers and not
from single units or small oligosaccharides (<3.5 kDa) which were initially present or arose
during extraction because of β-elimination (at high temperature and neutral pH) [26,29]
or acid hydrolysis (at high temperature and low pH) [53,56]. The possible effect of these
reactions during extraction are addressed further when discussing the structural properties
of the extracted pectin.
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Figure 2. Uronic acid (UA) content relative to the content in the alcohol-insoluble residue (AIR)
for the extractable fractions (EFs) and unextractable fractions (UFs). The error bars represent the
standard deviation (n = 2.2).

The highest yield during the stepwise pectin approach was obtained by the first
extraction step with hot water. Approximately 27 ± 3% of pectin (based on UA) of
tomato was extracted as the WEF, containing pectin that was weakly interacting in the cell
walls of processing tomato. Additional pectin was extracted with CDTA, which allows
solubilizing calcium-bound pectin, and under low-alkaline conditions, solubilizing pectin
which interacts in cell walls by low-alkali-labile bounds. The combined UA extraction
yields of the first and second extraction and all extraction steps of the stepwise extraction
were 42 ± 3% and 62 ± 4%, respectively. Although the former pectin extraction yield was
in accordance with Broxterman and Schols [33], these authors observed that the highest
yield was obtained during the extraction using a chelating agent instead of hot water. In
contrast, the single-step acid extraction procedure resulted in a yield of 47 ± 3% (obtained
as the AcEF). As expected, the amount of UA obtained by acid extraction was higher than
for hot water extraction (5 min at 100 ◦C) due to low pH (1.6) in combination with high
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temperature (80 ◦C) and longer extraction time (60 min), allowing solubilization of more
strongly interacting pectin. Improved extractability of pectin upon lower extraction pH
was also shown by Kaya et al. [53] for citrus fruits and by Denman and Morris [56] for
melon fruit. However, as also reported for citrus peel CWM by Willemsen et al. [46], single-
step acid extraction on processing tomato CWM could not reach the same UA extraction
efficiency as all the three steps of the chemical stepwise method combined. This can also
be observed by the higher retention of UA in the AcUF than in the lAUF (Figure 2).

Although a less complete pectin extraction could be achieved by the single-step acid
extraction than for the stepwise approach, an important benefit of the single-step acid
extraction is its convenience, especially in the context of time and number of handlings
needed. In this context, based on the results shown in Figure 2, it is clear that more
UA and thus pectin was lost when more extractions were performed in sequence. The
total fraction of UA which was recovered in the different CWM fractions (EFs and the
final UF) obtained after full stepwise extraction (i.e., WEF + CEF + lAEF + lAUF) was
68 ± 4%, whereas this value was 86 ± 4% in the case of single-step acid extraction (i.e.,
AcEF + AcUF). The former recovery was in good accordance with the results obtained by
Houben et al. [30] who performed similar extractions on tomato. This loss of UA can be
attributed to the increasing amount of intermediate handlings resulting in higher losses
of material, which was also mentioned by others [30,46]. Next to that, the dialysis step
and the washing step performed on the EFs and UFs, respectively, could contribute to the
losses observed.

Especially in comparison to the small amount of UA left in the lAUF (6.4 ± 0.5% of
the amount of UA in the AIR), a considerable of amount of UA was still retained in the
AcUF (39 ± 3%). As the next step, it was addressed whether the extractability of pectin
by water and acid could be improved by preceding mechanical disruption of the AcUF
by HPH. After performing HPH on a 2% suspension of the AcUF, a small amount of the
serum phase was obtained as a supernatant under the applied centrifugation conditions
(AcUF—HPH—WEF), containing only 1.8 ± 0.2% of the total amount of UA present in
the AIR. On the pellet, the second acid extraction was performed, which resulted in a UA
extraction yield of 24 ± 3%. In total, 65 ± 8% of the UA present in the AcUF was obtained
in the AcUF—HPH—WEF and AcUF—HPH—AcEF. In other words, almost two thirds of
pectin which were not extractable during the single-step acid extraction was released into
the serum phase (AcUF—HPH—WEF) or was extractable during repeated acid extraction
(AcUF—HPH—AcEF) facilitated by the preceding HPH at 20 MPa for a single pass. It
should be noted that part of the pectin in the serum phase is expected to be obtained
as AcUF—HPH—AcEF instead of as AcUF—HPH—WEF because of the stability of the
suspension towards the applied centrifugation conditions.

The improving effect of HPH at 20 MPa on the extractability of pectin from cell
walls of processing tomato could be attributed to the mechanically disruptive action of
HPH which disturbed or weakened the interactions of pectin in the CWM contained in
the AcUF. The effect of HPH on the extractability of tomato pectin was also studied by
Christiaens et al. [39] who showed that part of the initially low-alkaline-extractable pectin
shifted to chelator-extractable pectin upon HPH at 10 MPa of high-temperature-blanched
tomato tissue. Moelants et al. [57] observed that HPH of blended tomato tissue after
mild or strong heat treatment at 20 MPa and 100 MPa did not result in a significantly
higher UA content in the serum phase than before HPH. However, it should be noted
that in both studies, HPH was performed on mixed tomato tissue, whereas in our study,
HPH was performed on tomato CWM which was already partially pectin-depleted. It
is plausible that the preceding acid extraction contributed to the potential of HPH in
improving the extractability of the residual pectin. Removing pectin from the cell wall
could probably, as also suggested by Redgwell et al. [58] and Willemsen et al. [46], lead
to interfibrillar spaces and voids within the hemicellulose and cellulose network. As
discussed by Sankaran et al. [59], loosing interactions between cell wall polymers could
induce a loss in strength of the cell wall, making the CWM more prone to rupture under
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shear force. As a consequence, the preceding pectin depletion step probably contributed to
easier disruption and disturbance of the cell wall network by HPH, favoring the release
and extraction of pectin from the cell wall by weakening the interactions and creation of a
more open cell wall structure which is more accessible for the acid to solubilize pectin.

Finally, 10 ± 1% of UA from the AIR was still retained in the AcUF—HPH—AcUF,
whereas this value only amounted to 6.4 ± 0.5% in the case of the lAUF. Together with
a small amount of glucuronoxylan, this residual UA content corresponded to a pectin
fraction which was very strongly interacting in the cell wall, probably by interactions with
hemicellulose and cellulose. To extract such a fraction, stronger alkaline conditions or more
intensive disruptive techniques are needed.

3.2. Chemical Properties of Extractable Fractions in Relation to the Extraction Method
3.2.1. Monosaccharide Composition of the Extractable Fractions

The monosaccharide composition of the EFs can be found in Table 1 expressed as mg
monosaccharide per g dry EF (mg/g). As expected, UA is the most prominent among
the monosaccharides characterized, indicating that the main polysaccharide present in
the EFs was pectin. Neckebroeck et al. [44] found a higher relative amount of Gal to
Rha for nitric acid-extracted pectin, which was probably related to the different batch of
tomato since the obtained Gal content for the AcEF was in line with the content of Gal
obtained for the other EFs and also with the content in the AIR and the UFs (cfr. 3.3).
As Fuc was not found in detectable amounts in any of the CWM fractions, this monosac-
charide was not further considered in the discussion. However, it should be noted that
the total amount of polysaccharides in the EFs was different. On the one hand, the total
amount of polysaccharides (calculated as the sum of the monosaccharides determined) in
the WEF, AcEF, AcUF—HPH—WEF and AcUF—HPH—AcEF ranged between 616.5 to
747.5 mg/g. These summed values are in accordance to what was obtained by
Neckebroeck et al. [44] for acid-extracted tomato pectin and somewhat higher than those
obtained by Guillon et al. [60] for water- and oxalate-extracted tomato pectin. Because of
the relatively high protein content in the CWM of tomato [44,55] and the presence of salts,
it is very reasonable that not all material in the EFs can be attributed to polysaccharides.
The lower total monosaccharide content found for the lAEF and especially for the CEF
originated from contamination with CDTA, which could not be completely avoided even
by the extensive dialysis step performed before lyophilization.

Table 1. Monosaccharide content (mg/g), degree of methyl esterification (DM) (%) and average molecular mass (MM)
(kDa) of the extractable fractions (EFs) of processing tomato ± standard deviation (n = 2.2); < d.l. = below detection limit;
n.d. = not determined.

EF
Monosaccharide Content (mg/g)

DM (%) MM (kDa)
Rha Ara Gal Glc Xyl Man UA

WEF 9.8 ± 0.9 18.6 ± 1.6 23.7 ± 1.0 15.8 ± 0.9 11.4 ± 0.8 8.4 ± 0.2 573.9 ± 8.1 73.8 ± 2.7 114.8 ± 3.1
CEF 3.5 ± 0.4 5.1 ± 0.4 7.2 ± 0.6 4.7 ± 0.8 0.8 ± 0.4 1.8 ± 0.3 203.0 ± 14.2 n.d. 233.0 ± 4.8
lAEF 15.2 ± 3.0 9.8 ± 1.2 14.5 ± 1.2 0.9 ± 0.2 1.9 ± 0.5 <d.l. 400.2 ± 21.9 n.d. 451.0 ± 42.5
AcEF 16.4 ± 1.2 15.5 ± 0.2 19.6 ± 0.5 8.9 ± 0.2 2.1 ± 0.2 1.2 ± 0.3 558.5 ± 31.6 66.0 ± 3.6 270.3 ± 10.1

AcUF—HPH—WEF 29.3 ± 2.0 8.2 ± 0.5 19.3 ± 1.2 2.8 ± 0.5 7.3 ± 0.5 <d.l. 680.5 ± 49.6 60.5 ± 0.9 1507.5 ± 85.4
AcUF—HPH—AcEF 24.0 ± 0.9 5.4 ± 1.1 16.5 ± 1.4 4.6 ± 0.7 4.5 ± 0.2 0.9 ± 0.7 560.8 ± 46.5 47.0 ± 2.1 509.5 ± 52.8

To gain more understanding into the polysaccharide composition and some relevant
structural properties of the EFs, the contribution of HG (mol%) and RG-I (mol%) and
some relevant molar ratios were calculated based on the monosaccharide content and are
presented in Table 2. In accordance with Denman and Morris [56], the purity of the pectin
extract is evaluated by the ratio of the sum of the typical pectin monosaccharides (UA, Rha,
Ara and Gal) to the sum of the monosaccharides originating from other polysaccharides
(Glc and Man) (Table 2). In the EFs, it is not straightforward to allocate Xyl to pectin or
co-extractants as Xyl is a constituent of the xylogalacturonan region of pectin [7], but is
also one of the main monosaccharide in xyloglucan [61]. In the case of tomato, part of this
latter polysaccharide has been shown to be water-extractable [62]. For this reason, it was
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decided not to take the amount of Xyl into account to calculate pectin purity of the EFs. A
high value for the ratio (UA + Rha + Ara + Gal)/(Glc + Man) is thus indicative of a low
amount of co-extracted non-pectic polysaccharides (Table 2).

Table 2. Compositional and structural properties ± standard deviation of the extractable fractions (EFs) based on the
monosaccharide composition (n = 2.2). HG = homogalacturonan; RG-I = rhamnogalacturonan I.

EF

Contribution
of HG (mol%)

Contribution
of RG-I (mol%)

Contribution
of RG-I to the Pectin Backbone (-)

Branching
of RG-I (-)

Purity of the Pectin
Extract (-)

UA–Rha 2Rha + Ara + Gal Rha/UA (Ara + Gal)/Rha (Rha + Ara + Gal +
UA)/(Glc + Man)

WEF 83.2 ± 1.6 10.8 ± 0.5 0.020 ± 0.002 4.3 ± 0.5 24 ± 1
CEF 86.6 ± 8.3 9.9 ± 0.6 0.021 ± 0.003 3.4 ± 0.4 32 ± 4
lAEF 84.9 ± 6.6 14.3 ± 1.7 0.045 ± 0.009 1.6 ± 0.3 387 ± 90
AcEF 85.2 ± 6.7 12.6 ± 0.6 0.035 ± 0.003 2.1 ± 0.2 57 ± 4

AcUF—HPH—WEF 85.1 ± 8.8 13.3 ± 0.9 0.051 ± 0.005 0.9 ± 0.1 244 ± 45
AcUF—HPH—AcEF 85.1 ± 10.0 13.0 ± 0.9 0.051 ± 0.005 0.9 ± 0.1 105 ± 20

The lowest values, although they still indicate high purity, were obtained for the WEF
and CEF, whereas the values were very high for the lAEF, AcUF—HPH—WEF and AcUF—
HPH—AcEF. The value for the AcEF was in between the values obtained for the EFs of the
chemical stepwise approach. In the WEF, CEF and AcEF, a small amount of Glc was found,
which could be attributed to a small amount of co-extracted starch during the first step(s)
of the extraction procedures [44,60]. Since the amount of starch in tomato decreases during
ripening [60], the low value of Glc in these extracts is reasonable as tomatoes were used
in their red-ripe stage. In addition, part of the Glc present in the EFs could be attributed
to xyloglucan. Especially in the case of the AcUF—HPH—WEF and AcUF—HPH—AcEF,
it is probable that most of the Glc can be attributed to xyloglucan, taking into account
the extraction of starch during the first acid extraction step and the concomitant presence
of Xyl. Next to the presence of Glc, the lower value for the pectin extract purity in the
WEF and CEF was also partly attributed to the presence of Man, which was also found by
Houben et al. [30] for water-extracted pectin from tomato. Man was also encountered by
Reinders and Thier [55] in material extracted with water and ethylenediaminetetraacetic
acid (EDTA) from the alcohol-insoluble solids of tomato, which could suggest a small
amount of (hot) water-extractable mannans. The applied shear to the AcUF could probably
improve water and acid extractability of a specific fraction of hemicellulose. However, it
should be emphasized that the amount of hemicellulose in the EFs is very small and, in
practice, negligible.

The total proportion of HG (mol%) and RG-I (mol%) was calculated as UA–Rha and
2Rha + Gal + Ara, respectively [56] and is shown in Table 2. The proportion of HG was
around 85 mol% for all the EFs, whereas the abundance of RG-I, taking both backbone
and side chains into account, ranged between 9.9 mol% (for the CEF) and 14.3 mol% (for
the lAEF). More information on the structural properties of the pectin extracted under
different conditions can be obtained by comparing the relative abundances of the main
pectin monosaccharides (UA, Rha, Ara and Gal) and its ratios. Although the variability
in proportion of RG-I between the EFs was only moderate, the properties of these RG-I
domains were clearly distinct. In order to facilitate understanding of these RG-I structural
properties, two ratios defined by Houben et al. [30], namely, Rha/UA and (Ara + Gal)/Rha,
were compared between the EFs (Table 2). When the ratio Rha/UA, which is a measure
of the contribution of the RG-I domains to the pectin backbone, is higher, more and/or
longer RG-I domains are present in the pectin backbone of an EF, whereas the ratio (Ara +
Gal)/Rha gives an indication of the extent of branching of RG-I. When this ratio is higher,
the RG-I domains have more and/or longer side chains. When both values are higher, of
course, the contribution of RG-I as a whole (backbone and side chains) to the pectin in the
respective EF is higher.

First of all, it is clear that less harsh extraction conditions, namely, hot water and with
CDTA, resulted in extracted pectin which was characterized by smaller or a lower amount
of RG-I domains in the pectin backbone than pectin which was extracted under harsher
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conditions, concerning both harsher chemical conditions as applied during the acid and
low-alkaline extraction as well as physically disruptive forces in the case of HPH of the
AcUF enabling improved subsequent water and acid extraction. Following the extraction
design, it should be mentioned that the higher value for Rha/UA for harsher extraction
conditions is partly attributed to the preceding extraction of pectin which is poorer in RG-I
backbone, e.g., when the extraction under low-alkaline conditions would be performed
on the AIR instead of on the CUF, the ratio Rha/UA is expected to be lower. A higher
Rha/UA ratio in the case of the lAEF than for the WEF and CEF of tomato was also found
by Houben et al. [30]. Broxterman and Schols [40] also reported that solubilization of
HG-rich pectin from the CWM matrix is easier than of RG-I-rich pectin, as the RG-I/HG
ratio of water-extracted pectin from planetary ball-milled chelating agent-unextractable
solids of tomato increased with milling time.

The extent of RG-I branching, as quantified by the ratio (Ara+Gal)/Rha in Table 2 was
highest for pectin extracted with water (WEF) and slightly lower for pectin extracted with a
chelator (CEF). The conditions during extraction with hot water and the subsequent extrac-
tion with CDTA generally only result in the extraction of weakly bound pectin and pectin
interacting by divalent cations, respectively [34]. In the case of these latter pectin–pectin
interactions, a higher extent of branching could even reduce the interaction strength [30,63],
rationalizing the higher (Ara + Gal)/Rha ratio found for the WEF than for the CEF. In the
case of processing tomato, the RG-I domains of pectin which were extracted with 0.05 M
Na2CO3 favoring the release of ester-bound pectin [34] seemed to be characterized by an
even lower extent of branching. The trend between the extent of branching and extraction
conditions was in accordance with the observations by Houben et al. [30].

However, in the context of extraction of pectin under acidic conditions, it has to
be stipulated that the extent of branching of RG-I is not only affected by the chemical
properties of the pectin population extracted under these specific conditions, but also
by the hydrolytic action of the acid. Indeed, the effect of the acid during extraction is
twofold; it results not only in the solubilization of pectin, but also in the hydrolysis of
pectin to which especially the neutral sugar side chains are prone due to acid lability of its
linkages [25,53,64], which rationalizes the lower ratio of (Ara + Gal)/Rha on the one hand
for the AcEF than for the WEF and CEF and, on the other hand, for the AcUF—HPH—WEF
and AcUF—HPH—AcEF than for the lAEF.

The acidic environment during the second acid extraction step could also contribute to
a lower value of the (Ara + Gal)/Rha ratio. However, this effect seems to be limited as the
ratio was equal for the AcUF—HPH—WEF and AcUF—HPH—AcEF. Based on the ratio
(Ara + Gal)/Rha, which was lower than 1 for the AcUF—HPH—WEF, the side chains which
were present in the extractable pectin at the start of the second acid extraction are expected
to be very short or even consisting of one monosaccharide unit, leading to very few linkages
in the side chains which could be hydrolyzed. As a consequence, the effect of the low pH
during the second extraction on the (Ara + Gal)/Rha ratio was less outspoken than during
the first extraction. The lower value for (Ara + Gal)/Rha found for pectin obtained after
subjecting the AcUF to HPH in comparison to the AcEF is, as a consequence, most probably
attributed to the intrinsic chemical properties of the more strongly interacting pectin
fraction released by the high shear forces exerted by HPH. This observation is in accordance
with the pectin fraction obtained by low-alkaline extraction as the last step of the chemical
stepwise extraction approach. Since the compositional and structural properties of the
AcUF—HPH—WEF and AcUF—HPH—AcEF based on the monosaccharide composition
are very similar, it is suggested that by HPH, a specific, more strongly interacting pectin
fraction which is not extractable by single-step acid extraction is partially released to the
serum phase (AcUF—HPH—WEF) and, furthermore, made available by HPH for repeated
acid extraction (AcUF—HPH—AcEF). Based on the combined insights of the two pectin
extraction approaches aiming at extensive pectin extraction, it can be suggested that more
strongly interacting tomato pectin is characterized by a higher RG-I content and a lower
extent of branching. However, this is true for the pectin which was extractable, as the
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structural properties of the pectin which was unextractable under the presented pectin
extraction approaches (Figure 1) and thus strongly bound to the cell wall, e.g., by interaction
with hemicellulose and cellulose, were not further considered.

3.2.2. Molecular Mass of the Extractable Fractions

For each EF, the MM distribution obtained by size-exclusion chromatography is pre-
sented in Figure 3. The elution profile of the pectin molecules of the WEF was monomodal
and covered mainly low MM pectin. Both the CEF and lAEF consisted of small and large
pectin molecules. More specifically, as shown in Figure 3, the MM distribution of the
CEF was monomodal but broad, whereas for the lAEF, a more bimodal distribution was
observed. By overlaying the distributions of the WEF, CEF and lAEF, one can conclude
that the overall MM distribution of the extracted pectin from tomato is relatively broad
and rather monomodal.
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Based on the average MM (Table 1) of the different EFs of the chemical stepwise
approach, the highest value was obtained for the lAEF (451.0 kDa), whereas the lowest value
was obtained for the WEF (114.8 kDa), while it was intermediate for the CEF (233.0 kDa). It
thus seemed that the average MM increased with the capability of the extraction medium
to break interactions. As high temperature was applied to the material during water
extraction, β-elimination could occur, having a negative impact on the pectin’s MM [26];
however, the use of hot water instead of cold water could also improve the extraction of
pectin with a higher MM [29]. Although in the case of the WEF a small percentage of large
molecules appeared, the average MM of hot water-extractable pectin was much lower than
the peak in MM around 404–778 kDa observed for hot water-extractable pectin of tomato
by Houben et al. [30]. However, Lin et al. [65] observed that the average MM of different
fractions of water-soluble pectin obtained from tomato pastes (both hot and cold break)
ranged between 9 and 162 kDa and was more in accordance with the value reported in the
current study.

A broad MM distribution was observed for the AcEF, not only covering the MM region
of pectins in the WEF, but also including a tail at a higher MM at similar elution times like
the first peak of the lAEF. The presence of a (small) fraction of large pectin molecules in
the AcEF is in line with the results of the monosaccharide compositions of the EFs. Indeed,
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the Rha/UA ratio of the AcEF was in between the value for the WEF and CEF on the one
hand and for the lAEF on the other hand, which also showed that acid conditions enabled
extraction of more strongly interacting pectin together with more loosely bound pectin.
The average MM determined by Neckebroeck et al. [44] of tomato pectin extracted under
acid conditions using the same conditions as in our study was around 523 kDa, which was
almost double the result for the AcEF (270.3 kDa) in Table 1. This discrepancy could be
attributed to a different batch of tomatoes used.

The average MM of the pectin molecules in the AcUF—HPH—WEF was high
(1507.5 kDa) in comparison to the molecules in the lAEF. This observation suggests that
high shear forces exerted during HPH on the AcUF allowed releasing pectin in a more
intact way than by extraction under low-alkaline conditions whereby the pectin was prob-
ably solubilized by limited cleavage of covalent bonds (e.g., ester bonds). It was shown
for citrus pectin, which is also rather linear, that HPH only had a significant decreasing
effect on the MM of pectin polymers at pressure levels above 150 MPa [66]. As the ap-
plied pressure in our study was only 20 MPa and the MM of the AcUF—HPH—WEF was
high, it is expected that the pectin interactions in the cell wall were weakened without
breaking covalent bonds in the pectin chain. The average MM and MM distribution of the
pectin molecules extracted under acid conditions after HPH, i.e., the AcUF—HPH—AcEF
(509.5 kDa), and low-alkaline conditions, i.e., the lAEF (451.0 kDa), were rather similar. On
the other hand, the outspoken difference in the average MM of the AcUF—HPH—WEF and
the AcUF—HPH—AcEF could be related to the acid environment during acid extraction af-
ter HPH. Especially in the case of the pectin molecules which were released from cell walls
only by physical disruption and characterized by a high MM, it is reasonable that even very
few hydrolytic cleavages per chain resulted in a tremendous decrease in MM, leading to
the very broad MM distribution (Figure 3), which was found for the AcUF—HPH—AcEF.
Since it has been reported that a higher MM improves the strength and stiffness of pectin
gels [67,68], the EFs with higher MM pectin are possibly more appropriate to be used as a
gelling agent.

3.2.3. Degree of Methyl Esterification of the WEF, AcEF, AcUF—HPH—WEF and
AcUF—HPH—AcEF

The DM was determined for the WEF, AcEF, AcUF—HPH—WEF and AcUF—HPH—
AcEF and is shown in Table 1. DM measurement was not performed on the CEF and lAEF
for two reasons. On the one hand, the residual amount of CDTA present in the CEF and
lAEF would interfere with the FT-IR method for determination of the DM. On the other
hand, as saponification occurs under low-alkaline conditions [69], a very low DM would
be obtained for the lAEF which is not representative for the DM of this pectin fraction as it
occurs in tomato tissue. The highest DM was found for the WEF (73.8%). As a consequence
of the high DM, the interaction between HG chains mediated by calcium crosslinks is
not favored. Together with the low amount of RG-I domains and the relatively high
extent of branching, it is clear that the pectin in the WEF is the less strongly bound pectin.
Houben et al. [30] obtained an even higher DM for water-extractable pectin of tomato
(91.3%). A slightly lower DM was found for the AcEF (66.0%) than for the WEF. In the case
of tomato, this DM is greatly dependent on the ripeness of the tomato [70]. The reported
DM for acid-extracted pectin by Neckebroeck et al. [44] was 54.3% and thus comparable to
the value obtained for the AcEF. In the current study, red-ripe tomatoes which were not
yet clearly softening were studied and immediately high-temperature-blanched to avoid
any further structural changes of the pectin by enzymes, e.g., demethoxylation by pectin
methylesterase. The DM of the pectin in the AcUF—HPH—WEF (60.5%) was slightly lower
than the DM obtained for the AcEF (66.0%), whereas the DM of the AcUF—HPH—AcEF
was remarkably low (47.0%). This lower DM for the AcUF—HPH—AcEF was probably
the result of two factors. On the one hand, it seems that more strongly interacting pectin
was characterized by a slightly lower DM, as shown by the difference between the AcEF
and AcUF—HPH—WEF. In this context, pectin which was not yet readily available after
HPH, thus present in the AcUF—HPH—AcEF, could have an even lower DM than the
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AcUF—HPH—WEF. On the other hand, low pH (pH = 1.6) during extraction could have
resulted in some acid pectin demethoxylation and thus in a slightly lower DM [56,71].

3.3. Monosaccharide Composition of the Alcohol-Insoluble Residue and Unextractable Fractions

The monosaccharide content (mg/g) of the AIR and the different UFs is shown in
Table 3. The most abundant monosaccharide in the AIR and the UFs is Glc, originating
from cellulose, some hemicelluloses and starch. The contribution of the latter is expected
to be very low as discussed earlier. Since the content of Glc and the typical hemicellulose
monosaccharides, Xyl and Man, clearly increased from the AIR over the CUF/AcUF to
the lAUF/AcUF—HPH—AcUF, it is confirmed that, as expected, the relative cellulose
and hemicellulose content increased upon pectin depletion. The high pectin extraction
yield obtained after the complete stepwise extraction and the repeated acid extraction with
intermediate HPH (cfr. 3.1) was also reflected in the very low content of UA and Rha in the
lAUF and AcUF—HPH—AcUF.

Table 3. Monosaccharide content (mg/g) of the alcohol-insoluble residue (AIR) and unextractable fractions (UFs) of
processing tomato ± standard deviation (n = 2.2).

AIR or UF
Monosaccharide Content (mg/g)

Rha Ara Gal Glc Xyl Man UA

AIR 6.3 ± 0.1 12.4 ± 1.1 14.1 ± 1.0 293.1 ± 13.8 34.9 ± 2.2 26.4 ± 1.8 262.1 ± 12.9
CUF 6.6 ± 0.5 12.9 ± 1.1 16.9 ± 1.3 406.9 ± 31.3 52.2 ± 5.1 39.8 ± 2.2 163.4 ± 11.6
lAUF 2.3 ± 0.4 12.4 ± 1.3 16.3 ± 1.9 471.6 ± 17.5 58.7 ± 1.7 44.7 ± 1.3 40.2 ± 2.8
AcUF 3.9 ± 0.6 6.0 ± 1.0 14.0 ± 1.1 441.5 ± 24.5 55.6 ± 2.6 43.2 ± 2.3 182.9 ± 6.3

AcUF—HPH—AcUF 1.6 ± 0.3 2.8 ± 0.7 14.3 ± 1.8 509.6 ± 31.1 63.9 ± 4.3 52.5 ± 2.5 79.4 ± 2.2

A clearly lower Ara content was observed for the AcUF and AcUF—HPH—AcUF
due to hydrolysis when exposed to the acidic environment during extraction, to which
especially arabinan side chains are susceptible [22]. Apart from that, the content of Ara
and Gal was similar for the AIR and the different UFs independent of the residual amount
of pectin as estimated by UA. Although a decrease in the Ara and Gal content might be
expected due to the decrease in the pectin content, this independency could be understood
as follows. Upon extracting extensive amounts of pectin, the contribution of the strongly
interacting pectin increases. Based on the recent findings showing that strong interactions
between pectin and cellulose and hemicellulose were mainly exhibited by the neutral
arabinan and galactan pectin side chains rather than the HG and RG-I backbone [15,72–74],
the residual pectin could be expected to be rather Ara- and Gal-rich. Furthermore, the
rather constant content of Gal, which is also a constituent of galactomannans, could partly
be attributed to the higher contribution of these galactomannans in more pectin-depleted
UFs as noticed by the increasing Man content. The presence of galactomannans in tomato
CWM has also been shown by Reinders and Thier [55].

The monosaccharide composition of the AIR of tomato expressed in mol% is compara-
ble to what was obtained by Broxterman and Schols [33] except for the amount of Ara and
Gal which was clearly lower in our study, probably due to a different variety of tomatoes.
Since the values are expressed relatively, slightly lower values for the mol% of UA and
Glc were reported by these authors as well, namely, 31 and 42 mol% instead of 38 and
46 mol% in this research, respectively. The monosaccharide composition of the CUF was in
accordance with the results of Broxterman and Schols [33] on the composition of chelating
agent-unextractable solids of tomato CWM, for which Glc, Xyl, Man and UA accounted
for 55, 8, 6 and 19 mol%, similar to the results of our study, namely, 58, 9, 6 and 22 mol%,
respectively. Furthermore, the monosaccharide composition of the residual CWM from
which pectin was extracted by a stepwise pectin extraction approach with water, EDTA and
0.1 M NaOH determined by the same researchers [33] resulted in very similar values (Glc,
Xyl, Man and UA were respectively 69, 8, 6 and 8 mol%) to our stepwise approach leading
to the lAUF (72, 11, 7 and 6 mol%, respectively). Based on this comparison, the efficiency
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to deplete the CWM of tomato in pectin by 0.05 M Na2CO3 or 0.1 M NaOH following a
stepwise approach seemed very similar.

The monosaccharide composition of the UFs was used to gain more insight into the
polysaccharide composition (mol%) and compositional molar ratios, which are presented
in Table 4. The observation that the contribution of the pectin backbone (UA + Rha) (mol%)
to the total polysaccharides in the AcUF—HPH—AcUF was clearly higher than in the lAUF
suggests that in the case of processing tomato, consecutive extractions with conditions
optimized to extract fractions of pectin with specific chemical properties is more efficient
than the more general acid pectin extraction, even when the second acid extraction was
performed assisted by HPH. Since the contribution of the pectin backbone in the CUF and
AcUF was very similar, it is clear that the main factor determining the residual amount of
pectin is the last step of both approaches. Based on this, one can conclude that low-alkaline
conditions are more efficient in releasing pectin from the pectin-depleted cell wall network
of processing tomato than acid extraction facilitated by high shear forces.

Table 4. Compositional properties ± standard deviation of the alcohol-insoluble residue (AIR) and unextractable fractions
(UFs) based on the monosaccharide composition (n = 2.2).

AIR or UF

Contribution of
the Pectin Backbone

(mol%)

Contribution of
Mannans to

Hemicellulose (-)

Ratio of Typical
Hemicellulose

Monosaccharides to Glucose (-)

Contribution of
Hemicellulose and
Cellulose (mol%)

UA + Rha Man/Xyl (Xyl + Man)/Glc Glc + Xyl + Man

AIR 39.0 ± 2.2 0.63 ± 0.06 0.23 ± 0.02 56.4 ± 2.6
CUF 22.7 ± 1.9 0.64 ± 0.07 0.25 ± 0.03 72.7 ± 5.4
lAUF 6.1 ± 0.4 0.63 ± 0.03 0.24 ± 0.01 89.2 ± 3.3
AcUF 23.3 ± 1.1 0.65 ± 0.05 0.25 ± 0.02 73.9 ± 3.9

AcUF—HPH—AcUF 10.3 ± 0.5 0.69 ± 0.06 0.25 ± 0.02 87.3 ± 5.3

The main hemicelluloses in tomato are xyloglucan, galactomannan, glucomannan and
glucuronoxylan [35,55]. The contribution of mannans to hemicellulose can be addressed by
the ratio Man/Xyl [30]. This value (Table 4) was similar for all UFs and in good agreement
with the value for the hemicellulose fraction of tomato obtained by Houben et al. [30].
Since this ratio showed no dependency on the extent of pectin depletion and only a
small amount of Xyl is found in the EFs, which could also be originating from a very
small amount of xyloglucans instead of xylogalacturonan as discussed above, it seems
a justifiable approximation to attribute all Xyl in the AIR and UFs to the hemicellulose
fraction together with all Man.

The Glc content observed in the AIR and UFs originates from cellulose as well as
from the hemicellulose fraction, of which xyloglucan is the most prominent as it is the
main (Glc- and Xyl-containing) hemicellulose in cell walls of edible fruits of dicotyls. In
the case of solanaceous plants such as tomato, xyloglucan has a substitution pattern of
XXGG, meaning that two xylose units occur per four Glc units [5,35,61]. Given these
considerations, the ratio of typical hemicellulose monosaccharides (Xyl and Man) to Glc
was calculated to evaluate the relative changes between the hemicellulose and cellulose
content. Although this value could be slightly biased for the AIR due to the small amount
of starch present, the values for the AIR and UFs were all around 0.25, which confirms
again that no significant amount of hemicellulose was co-extracted by the different pectin
extraction methods studied.

Finally, the total amount of hemicellulose and cellulose in the AIR and UFs was
calculated based on the sum of the amount of Glc, Xyl and Man. It should be noted that this
is an estimation, since, on the one hand, only the main hemicellulose monosaccharides were
allocated to this fraction and, on the other hand, the amount of Glc and Xyl, respectively,
originating from starch and xylogalacturonan was neglected. Nevertheless, based on
what was discussed above, this allocation seems a valid assumption for the CWM of
processing tomato. This value together with the contribution of the pectin backbone (mol%)
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facilitates an easy and general comparison on the composition which can be expected
for processing tomato CWM fractions, which are obtained as residue after specific pectin
extractions. The contribution of hemicellulose and cellulose was around 56 mol% for the
AIR. As a result of pectin depletion, the contribution of hemicellulose and cellulose to
the polysaccharides present in the cell wall was increasing. Indeed, when around half of
the pectin content was extracted from the CWM as is the case for the CUF and AcUF, the
contribution increased to around 73 mol%, whereas the full chemical stepwise approach or
acid extraction followed by water and acid extraction facilitated by HPH resulted in almost
90 mol% of the polysaccharides being hemicellulose or cellulose.

Apart from the differences in the contribution of the pectin backbone (mol%) for
the lAUF and AcUF—HPH—AcUF (and the Ara content), it should be noted that the
monosaccharide composition of the CUF and AcUF on the one hand and the lAUF and
AcUF—HPH—AcUF were very similar as can be easily deduced from Table 4. Hence, the
microstructural changes caused by the HPH treatment did not lead to significant extrac-
tion of hemicellulose during the subsequent acid extraction, which was also confirmed
by the very small amount of Xyl and Man present in the AcUF—HPH—WEF and AcUF—
HPH—AcEF.

4. Conclusions

In the current study, two different extensive pectin extraction approaches performed
on the AIR of processing tomato were compared. Apart from the pectin extraction yield,
the main emphasis of this study was on the characterization of the chemical structural
properties of the extracted pectin and the composition of the residual unextractable CWM.
The UA + Rha content in the CUF, which is the residue after the two-step pectin extraction,
with hot water and a CDTA solution, and in the residue after the single-step nitric acid
extraction (pH 1.6), i.e., the AcUF, were very similar, around 23 mol%. However, because
of the harsher conditions during acid extraction, the extracted pectin was richer in RG-I
domains and was characterized by a lower extent of branching due to acid hydrolysis
of the neutral side chains. When the complete stepwise extraction was performed, i.e.,
including low-alkaline conditions in the last step, the residual fraction contained only a
very low amount of UA + Rha, namely, 6 mol%.

The disruptive effect of HPH on the AcUF improved pectin solubilization and ex-
tractability, as around two thirds of the pectin in the AcUF were solubilized or acid-
extractable after HPH. However, the residual UA + Rha content present in the AcUF—
HPH—AcUF was clearly higher (10 mol%) than for the lAUF, indicating that by breaking
low-alkali-labile bounds, more efficient solubilization of this strongly interacting pectin
fraction is possible than by mechanical disruption by HPH and a general acid extraction.
After extraction with a low-alkaline medium as well as after the water and acid extraction
facilitated by the physically disruptive force of HPH, the extracted pectin was shown to be
richer in RG-I domains and to have a lower extent of branching. Furthermore, a higher MM
of pectin seemed to be related with stronger interaction. In comparison to the average MM
of the pectin present in the other EFs, the average MM of the pectin molecules solubilized
by HPH was high, which indicates that HPH facilitated the release of long pectin molecules
from the pectin-depleted tomato CWM in a more intact way.

Apart from UA, the most prominent monosaccharides in the AIR of processing tomato
were Glc, Xyl and Man, which can be mainly attributed to cellulose and hemicellulose.
The contribution of these polysaccharides in the AIR was estimated to be approximately
56 mol%. By performing the extensive pectin extraction procedures presented in the current
study, this value increased to 87–89 mol%. Only a very small amount of hemicellulose
seemed to be co-extracted during the different steps of the pectin extraction procedures,
even after application of HPH to the AcUF.

As the current results allow comparing the efficiencies of different pectin extraction
methods and the resulting structural properties of the extracted pectin, this study could
serve in making a deliberate choice of extraction conditions when a pectin fraction of
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(processing) tomato with specific structural properties is desired. In the context of research
on functional properties of pectin, e.g., as a gelling, emulsifying or emulsion-stabilizing
agent [75], related to structure, it could be relevant to choose the appropriate extraction
condition(s) to obtain pectin with the desired structural properties. For example, when
the extraction of RG-I-rich pectin from tomato is aimed, harsher extraction conditions are
required to disturb the stronger interactions of this pectin fraction in cell walls of processing
tomato. The results of this study showing a more complete pectin extraction after HPH
could be a starting point to further investigate the potential of HPH in reaching a more
efficient pectin extraction from processing tomato or other fruits and vegetables than by
conventional acid extraction. Furthermore, the compositional analysis of the UFs showing
especially the relation between the pectin extraction method and the extent of pectin
depletion could be relevant in the context of further research on possible applications, e.g.,
as a texturizing agent, of the (partially) pectin-depleted processing tomato CWM obtained
as a side stream of pectin extraction.
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Abbreviations
The following abbreviations were used in the manuscript.

AcEF acid-extractable fraction
AcUF acid-unextractable fraction
AcUF—HPH—AcEF acid-extractable fraction of the acid-unextractable fraction subjected to HPH
AcUF—HPH—AcUF acid-unextractable fraction of the acid-unextractable fraction subjected to HPH
AcUF—HPH—WEF water-extractable fraction of the acid-unextractable fraction subjected to HPH
AIR alcohol-insoluble residue
Ara arabinose
CDTA cyclohexane-trans-1,2-diaminetetraacetic acid
CEF chelator-extractable fraction
CUF chelator-unextractable fraction
CWM cell wall material
DM methyl esterification
EDTA ethylenediaminetetraacetic acid
EF extractable fraction
FT-IR Fourier-transform infrared
Fuc fucose
Gal galactose
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GalA galacturonic acid
Glc glucose
GlcA glucuronic acid
HG homogalacturonan
HPAEC–PAD high-performance anion exchange chromatography with pulsed

amperometric detection
HPH high-pressure homogenization
lAEF low-alkaline-extractable fraction
lAUF low-alkaline-unextractable fraction
Man mannose
MM molecular mass
RG-I rhamnogalacturonan I
RG-II rhamnogalacturonan II
Rha rhamnose
UA uronic acid
UF unextractable fraction
WEF water-extractable fraction
Xyl xylose

References
1. Doblin, M.S.; Pettolino, F.; Bacic, A. Plant cell walls: The skeleton of the plant world. Funct. Plant Biol. 2010, 37, 357. [CrossRef]
2. Cosgrove, D.J. Growth of the plant cell wall. Nat. Rev. Mol. Cell Biol. 2005, 6, 850–861. [CrossRef]
3. Jarvis, M.C. Plant cell walls: Supramolecular assemblies. Food Hydrocoll. 2011, 25, 257–262. [CrossRef]
4. Gomez, L.D.; Steele-King, C.G.; McQueen-Mason, S.J. Sustainable liquid biofuels from biomass: The writing’s on the walls. New

Phytol. 2008, 178, 473–485. [CrossRef] [PubMed]
5. Waldron, K.W.; Parker, M.L.; Smith, A.C. Plant Cell Walls and Food Quality. Compr. Rev. Food Sci. Food Saf. 2003, 2, 128–146.

[CrossRef]
6. Fry, S.C. The structure and functions of xyloglucan. J. Exp. Bot. 1989, 40, 1–11. [CrossRef]
7. Chan, S.Y.; Choo, W.S.; Young, D.J.; Loh, X.J. Pectin as a rheology modifier: Origin, structure, commercial production and rheology.

Carbohydr. Polym. 2017, 161, 118–139. [CrossRef] [PubMed]
8. Voragen, A.G.J.; Coenen, G.-J.; Verhoef, R.P.; Schols, H.A. Pectin, a versatile polysaccharide present in plant cell walls. Struct.

Chem. 2009, 20, 263–275. [CrossRef]
9. Mohnen, D. Pectin structure and biosynthesis. Curr. Opin. Plant Biol. 2008, 11, 266–277. [CrossRef] [PubMed]
10. Hayashi, T. Xyloglucans in the Primary Cell Wall. Annu. Rev. Plant Physiol. Plant Mol. Biol. 1989, 40, 139–168. [CrossRef]
11. Carpita, N.C.; Gibeaut, D.M. Structural models of primary cell walls in flowering plants: Consistency of molecular structure with

the physical properties of the walls during growth. Plant J. 1993, 3, 1–30. [CrossRef] [PubMed]
12. Cosgrove, D.J. Wall Structure and Wall Loosening. A Look Backwards and Forwards. Plant Physiol. 2001, 125, 131–134. [CrossRef]

[PubMed]
13. Popper, Z.A.; Fry, S.C. Widespread Occurrence of a Covalent Linkage between Xyloglucan and Acidic Polysaccharides in

Suspension-cultured Angiosperm Cells. Ann. Bot. 2005, 96, 91–99. [CrossRef]
14. Keegstra, K.; Talmadge, K.W.; Bauer, W.D.; Albersheim, P. The Structure of Plant Cell Walls III. A Model of the Walls of Suspension-

Cultured Sycamore Cells Based on the Interconnections of the Macromolecular Components. Plant Physiol. 1973, 51, 188–197.
[CrossRef] [PubMed]

15. Zykwinska, A.; Thibault, J.-F.; Ralet, M.-C. Organization of pectic arabinan and galactan side chains in association with cellulose
microfibrils in primary cell walls and related models envisaged. J. Exp. Bot. 2007, 58, 1795–1802. [CrossRef]

16. Zykwinska, A.W.; Ralet, M.-C.J.; Garnier, C.D.; Thibault, J.-F.J. Evidence for In Vitro Binding of Pectin Side Chains to Cellulose.
Plant Physiol. 2005, 139, 397–407. [CrossRef]

17. Cosgrove, D.J. Re-constructing our models of cellulose and primary cell wall assembly. Curr. Opin. Plant Biol. 2014, 22, 122–131.
[CrossRef]

18. Park, Y.B.; Cosgrove, D.J. A revised architecture of primary cell walls based on biomechanical changes induced by substrate-
specific endoglucanases. Plant Physiol. 2012, 158, 1933–1943. [CrossRef]

19. Zheng, Y.; Wang, X.; Chen, Y.; Wagner, E.; Cosgrove, D.J. Xyloglucan in the primary cell wall: Assessment by FESEM, selective
enzyme digestions and nanogold affinity tags. Plant J. 2018, 93, 211–226. [CrossRef] [PubMed]

20. Thakur, B.R.; Singh, R.K.; Handa, A.K.; Rao, M.A. Chemistry and uses of pectin—A review. Crit. Rev. Food Sci. Nutr. 1997, 37,
47–73. [CrossRef]

21. Ciriminna, R.; Chavarría-Hernández, N.; Rodríguez Hernández, A.I.; Pagliaro, M. Pectin: A new perspective from the biorefinery
standpoint. Biofuels Bioprod. Biorefin. 2015, 9, 368–377. [CrossRef]

22. Yapo, B.M.; Robert, C.; Etienne, I.; Wathelet, B.; Paquot, M. Effect of extraction conditions on the yield, purity and surface
properties of sugar beet pulp pectin extracts. Food Chem. 2007, 100, 1356–1364. [CrossRef]

http://doi.org/10.1071/FP09279
http://doi.org/10.1038/nrm1746
http://doi.org/10.1016/j.foodhyd.2009.09.010
http://doi.org/10.1111/j.1469-8137.2008.02422.x
http://www.ncbi.nlm.nih.gov/pubmed/18373653
http://doi.org/10.1111/j.1541-4337.2003.tb00019.x
http://doi.org/10.1093/jxb/40.1.1
http://doi.org/10.1016/j.carbpol.2016.12.033
http://www.ncbi.nlm.nih.gov/pubmed/28189220
http://doi.org/10.1007/s11224-009-9442-z
http://doi.org/10.1016/j.pbi.2008.03.006
http://www.ncbi.nlm.nih.gov/pubmed/18486536
http://doi.org/10.1146/annurev.pp.40.060189.001035
http://doi.org/10.1111/j.1365-313X.1993.tb00007.x
http://www.ncbi.nlm.nih.gov/pubmed/8401598
http://doi.org/10.1104/pp.125.1.131
http://www.ncbi.nlm.nih.gov/pubmed/11154315
http://doi.org/10.1093/aob/mci153
http://doi.org/10.1104/pp.51.1.188
http://www.ncbi.nlm.nih.gov/pubmed/16658282
http://doi.org/10.1093/jxb/erm037
http://doi.org/10.1104/pp.105.065912
http://doi.org/10.1016/j.pbi.2014.11.001
http://doi.org/10.1104/pp.111.192880
http://doi.org/10.1111/tpj.13778
http://www.ncbi.nlm.nih.gov/pubmed/29160933
http://doi.org/10.1080/10408399709527767
http://doi.org/10.1002/bbb.1551
http://doi.org/10.1016/j.foodchem.2005.12.012


Foods 2021, 10, 1064 21 of 23

23. Levigne, S.; Ralet, M.-C.; Thibault, J.-F. Characterisation of pectins extracted from fresh sugar beet under different conditions
using an experimental design. Carbohydr. Polym. 2002, 49, 145–153. [CrossRef]

24. Koubala, B.B.; Kansci, G.; Mbome, L.I.; Crépeau, M.-J.; Thibault, J.-F.; Ralet, M.-C. Effect of extraction conditions on some
physicochemical characteristics of pectins from “Améliorée” and “Mango” mango peels. Food Hydrocoll. 2008, 22, 1345–1351.
[CrossRef]

25. Thibault, J.-F.; Renard, C.M.G.C.; Axelos, M.A.V.; Roger, P.; Crépeau, M.-J. Studies of the length of homogalacturonic regions in
pectins by acid hydrolysis. Carbohydr. Res. 1993, 238, 271–286. [CrossRef]

26. Fry, S.C. Cross-Linking of Matrix Polymers in the Growing Cell Walls of Angiosperms. Annu. Rev. Plant Physiol. 1986, 37, 165–186.
[CrossRef]

27. Christiaens, S.; Van Buggenhout, S.; Houben, K.; Fraeye, I.; Van Loey, A.M.; Hendrickx, M.E. Towards a better understanding of
the pectin structure–function relationship in broccoli during processing: Part I—Macroscopic and molecular analyses. Food Res.
Int. 2011, 44, 1604–1612. [CrossRef]

28. Renard, C.M.G.C.; Thibault, J.-F. Structure and properties of apple and sugar-beet pectins extracted by chelating agents. Carbohydr.
Res. 1993, 244, 99–114. [CrossRef]

29. Basanta, M.F.; Ponce, N.M.A.; Rojas, A.M.; Stortz, C.A. Effect of extraction time and temperature on the characteristics of loosely
bound pectins from Japanese plum. Carbohydr. Polym. 2012, 89, 230–235. [CrossRef] [PubMed]

30. Houben, K.; Jolie, R.P.; Fraeye, I.; Van Loey, A.M.; Hendrickx, M.E. Comparative study of the cell wall composition of broccoli,
carrot, and tomato: Structural characterization of the extractable pectins and hemicelluloses. Carbohydr. Res. 2011, 346, 1105–1111.
[CrossRef] [PubMed]

31. Christiaens, S.; Uwibambe, D.; Uyttebroek, M.; Van Droogenbroeck, B.; Van Loey, A.M.; Hendrickx, M.E. Pectin characterisation
in vegetable waste streams: A starting point for waste valorisation in the food industry. LWT Food Sci. Technol. 2015, 61, 275–282.
[CrossRef]

32. Renard, C.M.G.C.; Voragen, A.G.J.; Thibault, J.F.; Pilnik, W. Studies on Apple Protopectin: I. Extraction of Insoluble Pectin by
Chemical Means. Carbohydr. Polym. 1990, 12, 9–25. [CrossRef]

33. Broxterman, S.E.; Schols, H.A. Interactions between pectin and cellulose in primary plant cell walls. Carbohydr. Polym. 2018, 192,
263–272. [CrossRef]

34. Renard, C.M.G.C.; Ginies, C. Comparison of the cell wall composition for flesh and skin from five different plums. Food Chem.
2009, 114, 1042–1049. [CrossRef]

35. Seymour, G.B.; Colquhoun, I.J.; DuPont, M.S.; Parsley, K.R.; Selvendran, R.R. Composition and structural features of cell wall
polysaccharides from tomato fruits. Phytochemistry 1990, 29, 725–731. [CrossRef]

36. Van Buggenhout, S.; Wallecan, J.; Christiaens, S.; Debon, S.J.J.; Desmet, C.; Van Loey, A.; Hendrickx, M.; Mazoyer, J. Influence of
high-pressure homogenization on functional properties of orange pulp. Innov. Food Sci. Emerg. Technol. 2015, 30, 51–60. [CrossRef]

37. Christiaens, S.; Van Buggenhout, S.; Chaula, D.; Moelants, K.; David, C.C.; Hofkens, J.; Van Loey, A.M.; Hendrickx, M.E. In situ
pectin engineering as a tool to tailor the consistency and syneresis of carrot purée. Food Chem. 2012, 133, 146–155. [CrossRef]

38. Christiaens, S.; Mbong, V.B.; Van Buggenhout, S.; David, C.C.; Hofkens, J.; Van Loey, A.M.; Hendrickx, M.E. Influence of
processing on the pectin structure–function relationship in broccoli purée. Innov. Food Sci. Emerg. Technol. 2012, 15, 57–65.
[CrossRef]

39. Christiaens, S.; Van Buggenhout, S.; Houben, K.; Chaula, D.; Van Loey, A.M.; Hendrickx, M.E. Unravelling process-induced
pectin changes in the tomato cell wall: An integrated approach. Food Chem. 2012, 132, 1534–1543. [CrossRef] [PubMed]

40. Broxterman, S.E.; Schols, H.A. Characterisation of pectin-xylan complexes in tomato primary plant cell walls. Carbohydr. Polym.
2018, 197, 269–276. [CrossRef]

41. Raiola, A.; Rigano, M.M.; Calafiore, R.; Frusciante, L.; Barone, A. Enhancing the Health-Promoting Effects of Tomato Fruit for
Biofortified Food. Mediat. Inflamm. 2014, 2014, 139873. [CrossRef] [PubMed]

42. Saini, R.K.; Moon, S.H.; Keum, Y.-S. An updated review on use of tomato pomace and crustacean processing waste to recover
commercially vital carotenoids. Food Res. Int. 2018, 108, 516–529. [CrossRef] [PubMed]

43. Lu, Z.; Wang, J.; Gao, R.; Ye, F.; Zhao, G. Sustainable valorisation of tomato pomace: A comprehensive review. Trends Food Sci.
Technol. 2019, 86, 172–187. [CrossRef]

44. Neckebroeck, B.; Verkempinck, S.H.E.; Van Audenhove, J.; Bernaerts, T.; de Wilde d’Estmael, H.; Hendrickx, M.E.; Van Loey, A.M.
Structural and emulsion stabilizing properties of pectin rich extracts obtained from different botanical sources. Food Res. Int. 2021,
141, 110087. [CrossRef] [PubMed]

45. McFeeters, R.F.; Armstrong, S.A. Measurement of pectin methylation in plant cell walls. Anal. Biochem. 1984, 139, 212–217.
[CrossRef]

46. Willemsen, K.L.D.D.; Panozzo, A.; Moelants, K.; Debon, S.J.J.; Desmet, C.; Cardinaels, R.; Moldenaers, P.; Wallecan, J.;
Hendrickx, M.E.G. Physico-chemical and viscoelastic properties of high pressure homogenized lemon peel fiber fraction
suspensions obtained after sequential pectin extraction. Food Hydrocoll. 2017, 72, 358–371. [CrossRef]

47. Bernaerts, T.M.M.; Gheysen, L.; Kyomugasho, C.; Kermani, Z.J.; Vandionant, S.; Foubert, I.; Hendrickx, M.E.; Van Loey, A.M.
Comparison of microalgal biomasses as functional food ingredients: Focus on the composition of cell wall related polysaccharides.
Algal Res. 2018, 32, 150–161. [CrossRef]

http://doi.org/10.1016/S0144-8617(01)00314-9
http://doi.org/10.1016/j.foodhyd.2007.07.005
http://doi.org/10.1016/0008-6215(93)87019-O
http://doi.org/10.1146/annurev.pp.37.060186.001121
http://doi.org/10.1016/j.foodres.2011.04.029
http://doi.org/10.1016/0008-6215(93)80007-2
http://doi.org/10.1016/j.carbpol.2012.03.001
http://www.ncbi.nlm.nih.gov/pubmed/24750628
http://doi.org/10.1016/j.carres.2011.04.014
http://www.ncbi.nlm.nih.gov/pubmed/21536260
http://doi.org/10.1016/j.lwt.2014.12.054
http://doi.org/10.1016/0144-8617(90)90101-W
http://doi.org/10.1016/j.carbpol.2018.03.070
http://doi.org/10.1016/j.foodchem.2008.10.073
http://doi.org/10.1016/0031-9422(90)80008-5
http://doi.org/10.1016/j.ifset.2015.05.004
http://doi.org/10.1016/j.foodchem.2012.01.009
http://doi.org/10.1016/j.ifset.2012.02.011
http://doi.org/10.1016/j.foodchem.2011.11.148
http://www.ncbi.nlm.nih.gov/pubmed/29243646
http://doi.org/10.1016/j.carbpol.2018.06.003
http://doi.org/10.1155/2014/139873
http://www.ncbi.nlm.nih.gov/pubmed/24744504
http://doi.org/10.1016/j.foodres.2018.04.003
http://www.ncbi.nlm.nih.gov/pubmed/29735087
http://doi.org/10.1016/j.tifs.2019.02.020
http://doi.org/10.1016/j.foodres.2020.110087
http://www.ncbi.nlm.nih.gov/pubmed/33641966
http://doi.org/10.1016/0003-2697(84)90407-X
http://doi.org/10.1016/j.foodhyd.2017.06.020
http://doi.org/10.1016/j.algal.2018.03.017


Foods 2021, 10, 1064 22 of 23

48. Ahmed, A.E.R.; Labavitch, J.M. A simplified method for accurate determination of cell wall uronide content. J. Food Biochem.
1977, 1, 361–365. [CrossRef]

49. Blumenkrantz, N.; Asboe-Hansen, G. New method of quantitative determination of uronic acids. Anal. Biochem. 1973, 54, 484–489.
[CrossRef]

50. Yeats, T.; Vellosillo, T.; Sorek, N.; Ibáñez, A.; Bauer, S. Rapid Determination of Cellulose, Neutral Sugars, and Uronic Acids from
Plant Cell Walls by One-Step Two-Step Hydrolysis and HPAEC-PAD. Bio-Protocol 2016, 6, e1978. [CrossRef]

51. Neckebroeck, B.; Verkempinck, S.H.E.; Vaes, G.; Wouters, K.; Magnée, J.; Hendrickx, M.E.; Van Loey, A.M. Advanced insight into
the emulsifying and emulsion stabilizing capacity of carrot pectin subdomains. Food Hydrocoll. 2020, 102, 105594. [CrossRef]

52. Kyomugasho, C.; Christiaens, S.; Shpigelman, A.; Van Loey, A.M.; Hendrickx, M.E. FT-IR spectroscopy, a reliable method for
routine analysis of the degree of methylesterification of pectin in different fruit- and vegetable-based matrices. Food Chem. 2015,
176, 82–90. [CrossRef]

53. Kaya, M.; Sousa, A.G.; Crépeau, M.-J.; Sørensen, S.O.; Ralet, M.-C. Characterization of citrus pectin samples extracted under
different conditions: Influence of acid type and pH of extraction. Ann. Bot. 2014, 114, 1319–1326. [CrossRef] [PubMed]

54. Shpigelman, A.; Kyomugasho, C.; Christiaens, S.; Van Loey, A.M.; Hendrickx, M.E. Thermal and high pressure high temperature
processes result in distinctly different pectin non-enzymatic conversions. Food Hydrocoll. 2014, 39, 251–263. [CrossRef]

55. Reinders, G.; Thier, H.-P. Non-starch polysaccharides of tomatoes I. Characterizing pectins and hemicelluloses. Eur. Food Res.
Technol. 1999, 209, 43–46. [CrossRef]

56. Denman, L.J.; Morris, G.A. An experimental design approach to the chemical characterisation of pectin polysaccharides extracted
from Cucumis melo Inodorus. Carbohydr. Polym. 2015, 117, 364–369. [CrossRef] [PubMed]

57. Moelants, K.R.N.; Jolie, R.P.; Palmers, S.K.J.; Cardinaels, R.; Christiaens, S.; Van Buggenhout, S.; Van Loey, A.M.; Moldenaers, P.;
Hendrickx, M.E. The Effects of Process-Induced Pectin Changes on the Viscosity of Carrot and Tomato Sera. Food Bioprocess
Technol. 2013, 6, 2870–2883. [CrossRef]

58. Redgwell, R.J.; MacRae, E.; Hallett, I.; Fischer, M.; Perry, J.; Harker, R. In vivo and in vitro swelling of cell walls during fruit
ripening. Planta 1997, 203, 162–173. [CrossRef]

59. Sankaran, A.K.; Nijsse, J.; Bialek, L.; Bouwens, L.; Hendrickx, M.E.; Van Loey, A.M. Effect of enzyme homogenization on the
physical properties of carrot cell wall suspensions. Food Bioprocess Technol. 2015, 8, 1377–1385. [CrossRef]

60. Guillon, F.; Philippe, S.; Bouchet, B.; Devaux, M.F.; Frasse, P.; Jones, B.; Bouzayen, M.; Lahaye, M. Down-regulation of an Auxin
Response Factor in the tomato induces modification of fine pectin structure and tissue architecture. J. Exp. Bot. 2008, 59, 273–288.
[CrossRef]

61. Schultink, A.; Liu, L.; Zhu, L.; Pauly, M. Structural Diversity and Function of Xyloglucan Sidechain Substituents. Plants 2014, 3,
526–542. [CrossRef]

62. Ordaz-Ortiz, J.J.; Marcus, S.E.; Knox, J.P. Cell Wall Microstructure Analysis Implicates Hemicellulose Polysaccharides in Cell
Adhesion in Tomato Fruit Pericarp Parenchyma. Mol. Plant 2009, 2, 910–921. [CrossRef]

63. Fraeye, I.; Duvetter, T.; Doungla, E.; Van Loey, A.; Hendrickx, M. Fine-tuning the properties of pectin–calcium gels by control of
pectin fine structure, gel composition and environmental conditions. Trends Food Sci. Technol. 2010, 21, 219–228. [CrossRef]

64. Pagán, J.; Ibarz, A. Extraction and rheological properties of pectin from fresh peach pomace. J. Food Eng. 1999, 39, 193–201.
[CrossRef]

65. Lin, H.; Aizawa, K.; Inakuma, T.; Yamauchi, R.; Kato, K. Physical properties of water-soluble pectins in hot- and cold-break
tomato pastes. Food Chem. 2005, 93, 403–408. [CrossRef]

66. Shpigelman, A.; Kyomugasho, C.; Christiaens, S.; Van Loey, A.M.; Hendrickx, M.E. The effect of high pressure homogenization
on pectin: Importance of pectin source and pH. Food Hydrocoll. 2015, 43, 189–198. [CrossRef]

67. Kyomugasho, C.; Munyensanga, C.; Celus, M.; Van de Walle, D.; Dewettinck, K.; Van Loey, A.M.; Grauwet, T.; Hendrickx, M.E.
Molar mass influence on pectin-Ca2+ adsorption capacity, interaction energy and associated functionality: Gel microstructure
and stiffness. Food Hydrocoll. 2018, 85, 331–342. [CrossRef]

68. Fracasso, A.F.; Perussello, C.A.; Carpiné, D.; de Oliveira Petkowicz, C.L.; Haminiuk, C.W.I. Chemical modification of citrus pectin:
Structural, physical and rheologial implications. Int. J. Biol. Macromol. 2018, 109, 784–792. [CrossRef] [PubMed]

69. Sila, D.N.; Smout, C.; Elliot, F.; Van Loey, A.; Hendrickx, M. Non-enzymatic Depolymerization of Carrot Pectin: Toward a Better
Understanding of Carrot Texture during Thermal Processing. J. Food Sci. 2006, 71, E1–E9. [CrossRef]

70. Hyodo, H.; Terao, A.; Furukawa, J.; Sakamoto, N.; Yurimoto, H.; Satoh, S.; Iwai, H. Tissue Specific Localization of Pectin–Ca2+
Cross-Linkages and Pectin Methyl-Esterification during Fruit Ripening in Tomato (Solanum lycopersicum). PLoS ONE 2013, 8,
e78949. [CrossRef] [PubMed]

71. Fraeye, I.; De Roeck, A.; Duvetter, T.; Verlent, I.; Hendrickx, M.; Van Loey, A. Influence of pectin properties and processing
conditions on thermal pectin degradation. Food Chem. 2007, 105, 555–563. [CrossRef]

72. Zykwinska, A.; Gaillard, C.; Buléon, A.; Pontoire, B.; Garnier, C.; Thibault, J.-F.; Ralet, M.-C. Assessment of In Vitro Bind-
ing of Isolated Pectic Domains to Cellulose by Adsorption Isotherms, Electron Microscopy, and X-ray Diffraction Methods.
Biomacromolecules 2007, 8, 223–232. [CrossRef]

73. Brett, C.T.; Baydoun, E.A.-H.; Abdel-Massih, R.M. Pectin—Xyloglucan linkages in type I primary cell walls of plants. Plant Biosyst.
2005, 139, 54–59. [CrossRef]

http://doi.org/10.1111/j.1745-4514.1978.tb00193.x
http://doi.org/10.1016/0003-2697(73)90377-1
http://doi.org/10.21769/BioProtoc.1978
http://doi.org/10.1016/j.foodhyd.2019.105594
http://doi.org/10.1016/j.foodchem.2014.12.033
http://doi.org/10.1093/aob/mcu150
http://www.ncbi.nlm.nih.gov/pubmed/25081519
http://doi.org/10.1016/j.foodhyd.2014.01.018
http://doi.org/10.1007/s002170050454
http://doi.org/10.1016/j.carbpol.2014.09.081
http://www.ncbi.nlm.nih.gov/pubmed/25498647
http://doi.org/10.1007/s11947-012-1004-5
http://doi.org/10.1007/s004250050178
http://doi.org/10.1007/s11947-015-1481-4
http://doi.org/10.1093/jxb/erm323
http://doi.org/10.3390/plants3040526
http://doi.org/10.1093/mp/ssp049
http://doi.org/10.1016/j.tifs.2010.02.001
http://doi.org/10.1016/S0260-8774(98)00163-0
http://doi.org/10.1016/j.foodchem.2004.09.036
http://doi.org/10.1016/j.foodhyd.2014.05.019
http://doi.org/10.1016/j.foodhyd.2018.07.024
http://doi.org/10.1016/j.ijbiomac.2017.11.060
http://www.ncbi.nlm.nih.gov/pubmed/29133098
http://doi.org/10.1111/j.1365-2621.2006.tb12391.x
http://doi.org/10.1371/journal.pone.0078949
http://www.ncbi.nlm.nih.gov/pubmed/24236073
http://doi.org/10.1016/j.foodchem.2007.04.009
http://doi.org/10.1021/bm060292h
http://doi.org/10.1080/11263500500056732


Foods 2021, 10, 1064 23 of 23

74. Gu, J.; Catchmark, J.M. The impact of cellulose structure on binding interactions with hemicellulose and pectin. Cellulose 2013, 20,
1613–1627. [CrossRef]

75. Naqash, F.; Masoodi, F.A.; Rather, S.A.; Wani, S.M.; Gani, A. Emerging concepts in the nutraceutical and functional properties of
pectin—A Review. Carbohydr. Polym. 2017, 168, 227–239. [CrossRef] [PubMed]

http://doi.org/10.1007/s10570-013-9965-8
http://doi.org/10.1016/j.carbpol.2017.03.058
http://www.ncbi.nlm.nih.gov/pubmed/28457445

	Introduction 
	Materials and Methods 
	Materials 
	Blanching of Tomatoes 
	Generation of the Alcohol-Insoluble Residue and Cell Wall Material Fractions 
	Generation of the Alcohol-Insoluble Residue 
	Stepwise Pectin Extraction 
	Acid Extraction and Acid Extraction Facilitated by High-Pressure Homogenization 
	Lyophilization of the Extractable and Unextractable Fractions 

	Characterization of the Alcohol-Insoluble Residue and Cell Wall Material Fractions 
	Analysis of the Uronic Acid Content 
	Analysis of the Neutral Monosaccharide Composition 
	Analysis of the Degree of Methyl Esterification 
	Analysis of Molecular Mass Distribution of the Extractable Fractions 

	Statistical Analysis 

	Results 
	Uronic Acid Extraction Efficiency of the Different Pectin Extraction Procedures 
	Chemical Properties of Extractable Fractions in Relation to the Extraction Method 
	Monosaccharide Composition of the Extractable Fractions 
	Molecular Mass of the Extractable Fractions 
	Degree of Methyl Esterification of the WEF, AcEF, AcUF—HPH—WEF and AcUF—HPH—AcEF 

	Monosaccharide Composition of the Alcohol-Insoluble Residue and Unextractable Fractions 

	Conclusions 
	References

