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Abstract

The physicochemical characteristics and functional properties of pumpkin (Cucurbita max-
imaD. var. Cabello de Angel) pectin obtained by cavitation facilitated extraction from pump-
kin pulp have been evaluated and compared with commercial citrus and apple pectins. C.
maxima pectin had an Mw value of 90 kDa and a high degree (72%) of esterification.

The cytoprotective and antioxidant effects of citrus, apple and pumpkin pectin samples
with different concentrations were studied in vitro in cell lines HT-29 (human colon adeno-
carcinoma) and MDCK1 (canine kidney epithelium). All pectin samples exhibited cytoprotec-
tive effect in HT-29 and MDCK1 cells after incubation with toxic concentrations of cadmium
and mercury for 4 h. Pumpkin pectin increased the proliferation of cadmium-treated MDCK1
cells by 210%. The studied pectins also inhibited oxidative stress induced by 2,2’-azobis(2-
methylpropionamidine) dihydrochloride (AAPH) in cell cultures, as determined by measuring
the production of intracellular reactive species using dihydrochlorofluorescein diacetate
(DCFH-DA). Pectin from pumpkin pomace had the highest (p < 0.05) protective effect
against reactive oxygen species generation in MDCK1 cells induced by AAPH. Distinctive
features of pumpkin pectin were highly branched RG-I regions, the presence of RG-II
regions and the highest galacturonic acid content among the studied samples of pectins.
This correlates with a considerable protective effect of C. maxima pectin against oxidative
stress and cytotoxicity induced by heavy metal ions. Thus, C. maxima pectin can be consid-
ered as a source of new functional foods of agricultural origin.

Introduction

Dietary fiber, particularly pectin, is among the most important components of the human diet.
A lack of dietary fibers in everyday meal could negatively affect human health by increasing
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the risk of serious diseases including cancer [1-3]. Pectin has a wide spectrum of functional
properties in addition to favorable effects on the gastrointestinal tract [4]. Due to their emulsi-
fying and gelation properties, pectins are widely used by the food industry as stabilizers and
gelling agents for mass-produced food [5]. Pectin from different sources exhibit antioxidative
[6-8], anti-hypertensive [9], cytoprotective [10], immunomodulatory [11], hypocholesterole-
mic, hypoglycemic, prebiotic and other activities [12,13], that provide a promising basis for a
wide range of functional foods.

Pectin is known to exhibit antioxidant activity [6,14]. The antioxidant activity of the poly-
saccharides could be affected by their structural properties or the presence of noncarbohydrate
components [8,15], including phenolic compounds [14]. In addition to its own antioxidant
effect, one of functions of pectin is to transport dietary antioxidants (vitamin C, carotenoids,
and phenolic compounds) in the gastrointestinal tract and protect them from degradation in
the acidic environment of the stomach [16,17]. Thus, intestinal epithelial cells are key targets
for the antioxidant action of pectic polysaccharides in the human body and are an optimal
model for testing the antioxidant effects of pectin. Among the commercially available human
cell lines, the most popular intestinal epithelium models are HT-29 (intestinal adenocarci-
noma) and Caco-2 [18]. Additionally, due to its ability to form monolayers, the MDCK1
(Madin Darby canine kidney) cell line of nonintestinal origin is widely used as a model for the
intestinal epithelium [19-21].

Pectins are a structurally heterogeneous group of soluble dietary fibers with a high galact-
uronic acid (GalA) content. The latter forms acidic and neutral polymers. The majority of pec-
tins include acidic linear homogalacturonan polymer containing 100 to 200 residues of
galacturonic acid connected via (1—4)-o-glycoside bonds, which is the simplest structural ele-
ment of pectin. In addition, homogalacturonan side chains can be esterified by linear or
branched rhamnose oligosaccharides (thamnogalacturonans I), and regions of alternating D-
galacturonic acid and L-rhamnose residues substituted with various sugars can be present in
the pectin structure (rhamnogalacturonans II) [22].

The structural features of pectin largely determine its technological and biofunctional prop-
erties. Low-esterified pectin readily forms complexes with divalent metals, including ions of
toxic elements (mercury, lead, and cadmium), which leads to a decrease in the cytotoxic effects
of heavy metals [23,24]. The antioxidant activity of pectin is reportedly related to the phenolic
and total sugar (especially glucose) content [25,26] in the homogalacturonan chains, and is
also influenced by the degree of esterification [6]. The hypocholesterolemic effect depends on
the viscosity of pectins, which correlates with the degree of esterification and influences the
rate of glucose absorption. The anti-cough effect of pectin appears to be correlated with the
degree of branching [27]. Pectins rich in GalA effectively chelate heavy metals and reduce the
adhesion of pathogens [12,28].

The plant source and extraction method are important factors determining pectin proper-
ties. Variations in extraction methods and conditions can yield fractions with different molec-
ular weight, degree of esterification and branching, and phenol and sugar contents [29]. The
most widely used method, hot acidic extraction, mostly preserves the original pectin structure
but also leads to environmental concerns due to acid usage [30]. Other methods, such as enzy-
matic extraction or microwave-assisted extraction, can result in shorter polysaccharide frag-
ments with higher yields [31,32].

Pumpkin is a promising source of pectin with distinctive features such as high degrees of
esterification and branching. Antidiabetic, immunomodulation, antitussive, and antioxidant
activities have been reported for pectin fractions extracted from different species of pumpkin
[33-35]. Variations in the extraction methods influence the physicochemical properties and
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bioactivity of pumpkin pectin [29,32,36].Therefore, new extraction methods enable the acqui-
sition of pectins with different functional properties.

In this work, we focus on the characterization of pectin from Cucurbita maxima D. var.
Cabello de Angel pumpkin. The method of choice for pectin extraction was a novel cavitation
facilitated method that provided good pectin yield without additional acid and enzymatic
treatments. Properties of the obtained pumpkin pectin were compared to those of commercial
apple and citrus pectins. The obtained results revealed the interdependence between the struc-
tural features and functional properties of the pectins.

Materials and methods
Materials

Ripe pumpkin C. maxima D. var. Cabello de Angel (EU registration No. EC ESb31) vegetables
were harvested from the Valencia region of Spain (august-september 2015). The seeds and pla-
centa were removed, and the resulting pumpkin pulp with peel was washed by a tap water and
cut into pieces of 1-2 cm®.

Specially prepared water with electrical volume resistivity not less than 10 MQ/cm at 20°C
was used as an extracting agent. pH of the extraction media was within the range of 3.7-4.2.
The pectin extraction process was a result of cavitational activation of water molecules with
formation of active H;O" radicals [37].

Highly methoxylated (the degree of esterification >50%) commercial citrus pectin APC105
LV (CP) and apple pectins (APA103 and APA104) were purchased from Yantai Andre Pectin
Co., Ltd. (China) for comparison.

Chemicals

Cd(NO;),x4H,0, Hg(OCOCH3;),, MTT, DMSO, and DCFH-DA, boric acid, silver nitrate,
alizarin, cresol red, phenol red, bromthymol blue, 3,5-dimethylphenol, D(+)-galacturonic acid
monohydrate, gallic acid monohydrate, sodium carbonate, Folin-Ciocalteu’s phenol reagent
were procured from Sigma-Aldrich Company (St. Louis, USA); DMEM and EMEM culture
medias, Hanks balanced salt solution (HBSS), L-glutamine, trypsin-EDTA, penicillin, strepto-
mycin were obtained from PanEco, Ltd (Russia); fetal bovine calf serum was obtained from
HyClone (USA). Glacial acetic acid, concentrated hydrochloric, nitric, phosphoric and sulfuric
acids were purchased from Acros Organics (Belgium).

All the other chemicals used in the study were of the highest purity available commercially
or analytical grade.

Pectin extraction

Pectin extraction was performed according to [38] Freshly pressed C. maxima pulp was mixed
with water in the proportion of 1:(8-12) (w/v). The pectin extraction process was performed at
65-70°C during 15-30 min using a rotor-pulsation device MT-1500 (Kinematica, Switzer-
land). This resulted in disintegration of solid phase and high rate pectin extraction into liquid
phase.

Further processing consisted in multi-stage filtration to remove the solid phase, purification
on kieselguhr filter, filtration on membrane filters in ultra- and diafiltration modes to remove
low-molecular weight impurities Cleared and partly concentrated pectin-containing liquid
phase was further subjected to low-temperature concentration. The resulting concentrate was
spray dried to obtain high grade purity pectin powder. For details see S1 Fig. The comparison
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between purified pumpkin pectin and commercial citrus and apple pectins is presented at S2
Fig.
Commercial pectins were washed with 98% isoamyl alcohol.

Physicochemical characterization of pumpkin

The diameter, total weight and the contents (w/w) of the pulp with peel, seed, and placenta were
determined using average measurements of 15 ripe vegetables (Table 1). The protein (Nx6.25),
moisture, fat and total sugar contents of the pumpkin pulp with peel, the sum of hydropectin and
protopectin content were determined by approved AOAC methods (1995) [39].

Physicochemical characterization of pectin

The nitrogen (Method 920.152), ash, acid-insoluble ash (Method 923.03) content and loss on
drying of pectin were determined by approved AOAC methods (1990) [40]. Total phenol con-
tent in pectin after saponification with 1 M sodium hydroxide solution was determined
according to [41] with gallic acid as a standard and expressed in mg of gallic acid equivalents
(GAE) per g. Caroteniod content was determined by UV-Vis spectroscopy according to [42].
Three replicates were run for each pectin sample.

The pH of the 0.3 and 1.2% (w/vol.) pectin solutions at 25°C and amount of titrated carbox-
ylic groups were determined with a pH meter (Seven Easy Multi, Mettler-Toledo, Germany).
Pectin solutions were titrated with 0.1 M hydrochloric acid and 0.1 M sodium hydroxide solu-
tions up to pH 2.5 and 10.5, respectively. Based on the amount of titrated carboxylic groups
(C), pKa values of pectins were calculated according to Eq 1:

pKa = 2pH — Ig (C) (1)

The degree of esterification (DE) was assessed by a direct titrimetric method. Approxi-
mately 0.5 g of pectin was weighted into filtering crucible (porosity 2). After addition of 20 mL
of acidified 75% ethanol (50 ml of concentrated hydrochloric acid per 1.0 L of 75% ethanol)
the crucible was connected to the filtration system. Pectin was washed with 20 mL portions of
acidified ethanol up until the negative reaction of filtrate with 0.1% ethanolic alizarin solution
was observed. The residue was washed with 70% ethanol up until the negative reaction of fil-
trate with 0.05 M silver nitrate solution in 1 M nitric acid was observed. The residue on the fil-
ter was quantitatively transferred into the 250 mL conical flask by pouring distilled water
heated up to 40°C. Final volume of pectin solution was adjusted to 100 mL. After pectin was

Table 1. Physicochemical properties and composition of ripe Cucurbita maxima D. pumpkin. Values are means
+s.d.

Parameter Value
Vegetable diameter, cm 29+5
Vegetable weight, kg 2.4+0.3
Pulp and peel content, % 69.3+1.5
Placenta content, % 23.9+0.7
Seed content, % 6.8+0.2
Moisture, % 89.61+0.08
Protein, % 0.71+0.03
Fat, % 0.22+0.02
Total sugars, % 7.42+0.05
Pectin, % 1.27+0.08

https://doi.org/10.1371/journal.pone.0204261.t001
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completely dissolved 6 drops of Hinton indicator (mixture of 0.4% aqueous solutions of brom-
thymol blue, cresol red and phenol red 1:1:3 vol./vol./vol.) were added to the pectin solution
and it was titrated with 0.1 M sodium hydroxide solution up until pink coloring was stable for
at least 30 s and the resulting NaOH volume was recorded as V;. Then 50 mL of 0.1 M sodium
hydroxide solution were added, the mixture was incubated for 1 h at room temperature for
pectin deesterification with subsequent addition of 50 mL of 0.1 M hydrochloric acid. The
excess of hydrochloric acid was titrated with 0.1 M sodium hydroxide solution and the result-
ing volume was recorded as V,. The DE was calculated according to Eq 2:

DE = (V,/(V, + V,)) x 100 2)

All experiments were carried out in three replicates.

Analysis of monosaccharide composition

The sample (10 mg) was hydrolyzed in 2 M trifluoroacetic acid (2 mL) at 100°C for 8 h. The
hydrolysate was cooled to ambient temperature and dried by nitrogen in a water bath (70°C).
Hydroxylamine hydrochloride (10 mg) and pyridine (0.5 mL) were then added. The mixture
was incubated at 90°C for 30 min with shaking. After cooling, 0.5 mL of acetic anhydride was
added to the mixture and shaken at 90°C for 30 min again. The derivatives were obtained after
filtering through the organic filter membrane. Quantification was performed by gas chroma-
tography (6890N, Agilent Technologies Co., USA) equipped with a hydrogen flame ionization
detector. The column used was DB1701 (30 m x 0.25 mm, 0.25 pm) and nitrogen served as a
carrier gas. The following temperature program was used: initial temperature of 170°C was
maintained for 2 min, then the temperature was raised to 250°C with a rate of 10°C per min,
and the final temperature of 250°C was maintained for 10 min.

The determination of polygalacturonic acid (poly-GalA) content was performed by the
3,5-dimethylphenol (DMP) method according to [43], using D-galacturonic acid as a standard.
Acid hydrolysis of pectin was carried out in 7 mL tubes with screw cap. The reaction mixture con-
tained 50 pL of pectin solution (1 mg-mL™), 650 uL of deionized water, 3.0 mL of 0.1% sodium
chloride solution in concentrated sulfuric acid (96% w/w). The blank mixture contained 50 uL of
deionized water instead of pectin solution. The standard sample contained 400 uL of 25-

150 pg-mL™" D(+)-galacturonic acid solution, 300 uL of deionized water, 3.0 mL of 0.1% sodium
chloride solution in concentrated sulfuric acid (96% w/w). After the reaction mixture preparation,
each tube was vortexed for 15 s and kept on ice. Two replicates were run for each pectin sample
or concentration of standard. The reaction tubes were tightly sealed with screw caps and incu-
bated for 15 min in water bath at 80°C. After cooling to room temperature, aliquots (120 pL) of
each reaction mixture were transferred to the wells of non-binding 96-well microplate (Greiner
Bio-One, Germany) in 12 replicates. 50 uL of glacial acetic acid was added to half of the replicates.
The plate was inserted into a multi-detection microplate reader Synergy 2 (BioTek, USA), shaken
for 10 s at a speed of 400 rpm with subsequent reading of the absorbance at 450 nm (30 s after the
addition of acetic acid). 50 pL of 0.2% (w/v) DMP solution were added simultaneously to 6 wells,
the plate was shaken for 10 s at 400 rpm in the Synergy 2 reader with subsequent determination of
the absorbance at 450 nm (30 s after the addition of DMP solution). The initial absorbance values
were subtracted from those observed after the addition of DMP solution, and the poly-GalA con-
tent in pectin was calculated on a dry and ash-free basis.

Molecular mass distribution

Molecular mass of pectin samples was determined using gel filtration and viscosimetric meth-
ods (see section Intrinsic viscosity). The gel filtration method allows determining the
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molecular mass as well as homogeneity of the pectin tested. The gel filtration was performed
using Sefadex G-75, with 0.05 M NaCl as an eluent.

IR-Fourier spectroscopy

Infrared spectra were obtained using IR-Fourier spectrometer Agilent Cary 660 (Agilent Tech-
nologies) with the accessories (ZnSe crystals with a 45° incidence angle) for the Attenuated
Total Reflectance (ATR) analysis. ATR spectra were collected by using 128 scans at 2 cm™” res-
olution in a range of 4000-650 cm™'. A portion of the sample (1 + 0.01 g) was placed on the
ZnSe crystal for measurement.

Intrinsic viscosity

The intrinsic viscosity was determined by capillary viscosity experiments. The pectin samples
were dissolved by stirring in deionized water for 2 h at room temperature. The dissolved pectin
was treated with cation exchange resin (Amberlite 120 H") to protonate pectin before viscosi-
metric analysis and then the stock sodium chloride solution was added to obtain the desired
salt concentration. 5 mL of the sample solution was filtered through a 0.22 pm nylon mem-
brane and loaded into Ubbelode capillary (capillary no. 0Oa, JD, 0.53 mm) with k constant of
0.005. Viscosity measurements were carried out in a water bath at 35.00 + 0.02 °C, with the ini-
tial pectin concentration of 0.001-0.005 g-mL ™, using a Schott AVS-360 automatic dilution
viscometer system.

The evaluation of pectin molecular weight by intrinsic viscosity analysis was performed
according to [44]. The intrinsic viscosity was determined by extrapolating the [1]/C ~ C curve
and the (In 77)/C ~ C curve to zero and averaging the value of the intercept. The average viscosi-
metric molecular weight was calculated by applying the Mark-Houwink equation (Eq 3),
where 7 is the intrinsic viscosity.

[n] = KM, (3)

Dynamic viscosity

Dynamic viscosity of pectin solutions was determined in LVDV-II+Pro rotary viscosimeter
(Brookfield Engineering Laboratories Inc., USA) equipped with 00, 18, 34 spindles and special
beakers. The temperature of pectin solutions was maintained in a cryothermostat FT-211-25
(Laboratory Equipment and Instruments, Russia). 10 (spindles 18 and 34) or 16 (spindle 00)
mL of pectin solutions were added to the beakers of the viscosimeter and left to equilibrate.
Dynamic viscosity of pectin solutions was measured at 25, 40 and 60°C. The solutions were
tested in triplicate at share rates up to 25 s™'. The solutions of 0.5, 1.0 and 1.5% pectin in deion-
ized water were prepared by incubation overnight at 4°C with subsequent stirring for 2 h at
room temperature until complete dissolving of pectin. For analysis of pH effects 1.5% pectin
solutions were prepared in Britton-Robinson buffer (0.04 M acetic acid, 0.04 M phosphoric
acid, 0.04 M boric acid) with pH values 2.0-6.0. The solutions were incubated overnight at 4°C
with subsequent stirring for 2 h at room temperature and adjustment of pH to nominal values
by addition of 0.1 M hydrochloric acid or sodium hydroxide when needed.

Differential scanning calorimetry (DSC)

Thermodynamic parameters of 1% pectin solutions were determined by differential scanning
microcalorimeter DASM-4 (Puschino, Russia) at temperature range of 10-120°C, heating rate
2°C per min, and excessive pressure of 2.5 bar. Milli-Q water was run as a blank. Excess heat
capacity scale in each experiment was calibrated through the use of Joule-Lenz law. Prior to
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DSC experiments, appropriate amount of Milli-Q water at 23-25°C was added to 1 g of pectin
and the resulting solution was stirred for 6 h. The values of transition enthalpy (AH,) were cal-
culated by integration of the peak in the excess heat capacity vs. temperature curve. DSC exper-
iments were run in 3 replicates for each pectin sample.

SAXS measurements

The scattering data were recorded on the small-angle X-ray scattering beamline BM29 Bio-
SAXS at the ESRF (Grenoble, France) using radiation wavelength of 0.099 nm. X-ray scattered
intensity was measured using a 2D detector Pilatus 1M (Dectris, Switzerland) with active area
0f 16.9 cm x 17.9 cm, i.e. 981 by 1043 array with pixel size of 172 microns. The sample to detec-
tor distance was 2.87 m corresponding to the scattering vector S in the range of 0.033 to 4.9
nm™ (s = (4n/A)*sind where 20 is the scattering angle). The sample was poured into 1.8 mm
diameter quartz capillary with wall thickness of few tens of micron while maintaining constant
temperature during the time of measurement. Several successive frames (usually 10 or 20) of 1
s each were recorded for both the sample and the corresponding buffer. Data collection and
processing were performed in an automated manner using specialized beamline software
BsxCuBE and Atsas package. Each frame was carefully inspected for any sample damage
induced by X-rays before calculating the average intensity and the associated experimental
error. Each scattering spectrum was corrected for the detector response and scaled to the trans-
mitted intensity. The measured scattering from the buffer was subtracted from the corre-
sponding pattern of sample. Two series of experiments were performed: the scattering data
were collected at 277 K from 1% and 0.12% solutions of pumpkin (PP), citrus (CP) and two
types of apple pectin (APA103, APA104) in water and Hank’s solution, respectively. Pure
water was used as a standard sample for intensity calibration.

Cell studies

Cell culture lines HT-29 (human colon adenocarcinoma) and MDCK1 (canine kidney epithe-
lium) were obtained from Russian cell culture collection (St.-Petersburg, Russia). HT-29 cells
were kept in EMEM (Eagle’s Minimum Essential Medium, PanEco, Russia) medium supple-
mented with 10% FCS (fetal calf serum, Biosera, France), 2 mM L-glutamine and antibiotics
(penicillin and streptomycin). MDCK1 cell line was grown in DMEM (Dulbecco’s Modified
Eagle Medium, PanEco, Russia) medium supplemented with 10% FCS, 2 mM L-glutamine
and antibiotics (penicillin and streptomycin). Cells were grown in a humidified atmosphere
containing 5% CO, and 95% air at 37°C in cell culture flasks (Nunc, USA). Cells were subcul-
tured every 2—4 days after reaching confluency.

Fresh 2 mg-mL™" pectin stock solutions were prepared for each experiment by adding warm
HBSS (Hank’s Balanced Salt Solution, PanEco, Russia) to pectin samples. Stock solutions were
sterilized using 0.22 pym membrane filters (Millipore, USA). The pectin was further diluted
with sterile HBSS to achieve final concentrations of 0.25-0.5 mg-mL".

Cytoprotective assay

Cells were seeded at 96-well plates (Nunc, USA) and cultured overnight at humified atmo-
sphere. Then culture media was removed and 100 uL of HBSS containing 600 and 400 pM Cd
(NO3), were added to MDCKI1 and HT-29 cultured cells, respectively. 25 and 15 uM Hg
(OCOCH3;), in 100 uL of HBSS was added to MDCK1 and HT-29 cells, respectively. Cells
were incubated with heavy metal ions for 5 h, then solutions were removed and replaced with
100 uL of HBSS containing two concentrations (0.25; 0.5 mg-mL™") of pectin samples for 4 h.
Growth inhibition effect was further assessed by MTT assay.
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MTT assay

0.5 mg-mL"MTT (3-(4, 5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) stock solu-
tion prepared in HBSS was added to the cells, and the plates were incubated at 37°C in the
dark for 3 h. The solution was then removed and 100 pL of 10% sodium dodecyl sulphate
(SDS) solution dissolved in 0.01% HCI were added. The optical density of each well was mea-
sured at 540 nm with reference wavelength of 690 nm using a multi-detection microplate
reader Synergy 2 (BioTek, USA). All values were corrected against the corresponding blank
sample. Proliferation in sample wells was then expressed as % to control.

DCFH-DA assay

The antioxidant properties of pectins were analyzed on the HT-29 and MDCKI cells under
oxidative stress induced by the exogenously generated peroxyl radicals resulted from thermal
decomposition of AAPH (2,2'-Azobis(2-methylpropionamidine) dihydrochloride). Intracellu-
lar reactive species production was determined using 2,7-dichlorodihydrofluorescein diacetate
(DCFH-DA) as described in [45]. 100 uL cell suspension with density of 10° cells per mL was
seeded on black high-binding 96-well plates and cultivated overnight. Cell culture medium
was removed and 100 uL of HBSS with different pectin concentrations (0.25, 0.5 mg-mL™")
were added and then incubated for 2 h. HBSS was used as control. After removing the solu-
tions of samples and control, 100 uL of DCFH-DA solution (10 uM dissolved in HBSS) was
added to each well and then incubated for 30 min. This solution was then replaced with 1 mM
AAPH solution dissolved in HBSS to induce intracellular oxidation. Oxidation was monitored
immediately after AAPH was added and then with 30 min intervals for 90 min at 37°Cin a
multi-detection microplate reader Synergy 2 (BioTek, USA) with the emission wavelength set
at 528 nm and the excitation wavelength set at 485 nm. The fluorescence in the samples and
control wells was calculated according to Eq 4:

Fluorescence = Fluorescence,, — Fluorescence,, (4)

where Fluorescencey; is fluorescence measured at time point 30, 60, and 90 min and Fluorescen-
cey is initial fluorescence measured immediately after the addition of AAPH. Reactive oxygen
species (ROS) level was then expressed in % as ratio of sample fluorescence to control
fluorescence.

Statistical analysis

All experiments were performed in three replicates, and obtained data were analyzed by one-
way ANOVA followed by Tukey’s HSD (honestly significant difference) post-hoc tests

(p < 0.05). Whenever appropriate, data are represented by the mean + standard deviation (s.
d.).

Results and discussion
Extraction of pumpkin pectin

In the current study, the novel cavitation facilitated method of pectin extraction was adopted
[38]. The yield of Cucurbita maxima pectin (PP) extracted by this method was 10%. This is
comparable with other reported methods of pectin extraction from pumpkins. The yields of
pectin obtained by the hot acid extraction method from C. maxima, Cucurbita moschata and
Cucurbita pepo var. Styriaca were reportedly 5% [31], 8-20% [10] and 5-7% [46], respectively.
Microwave-assisted pectin extraction from C. maxima and C. pepo var. Styriaca resulted in
11% [31] and 3.1-7.4% [46] yields. The yield of enzymatically extracted pectin from Cucurbita
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mixta was 10% [32]. Comparable yield of pectin together with environmental safety and
absence of additional enzymatic treatment make our method very attractive for industrial
application.

Physicochemical characteristics of pectins

The functionality of pectin is closely related to its physicochemical characteristics, includ-
ing poly-GalA content, degree of esterification (DE), molecular weight, etc. Physicochem-
ical characteristics of the investigated pectins are summarized in Table 2. All four pectins
in the study were highly methoxylated (DE over 50%) and had low nitrogen content

(< 0.3%). The DE of the PP, commercial citrus pectin (CP), and commercial apple pectins
APA104 and APA103 were 71.9%, 58.9%, 64.0% and 70.6%, respectively. The degree of
methoxylation of the PP was higher than that reported for the C. maxima var. Volzhskaya
Grey pectin obtained by enzymatic extraction (DE 53-65%) [30], different C. mixta pectin
fractions obtained by enzymatic (DE 47.3%) and microwave-assisted (DE 55-63%) extrac-
tions [31,32], and C. pepo var Styriaca pectin obtained by hot acid extraction (DE 34-
48%) [29].

On the basis of total ash content, the PP obtained in the current study by cavitation facili-
tated extraction with subsequent membrane separation was comparable to that of pectin
obtained by enzymatic extraction from C. maxima var. Volzhskaya Grey (2.9-3.0) [30]. The
total ash content of PP was nearly twice that of the commercial apple and citrus pectins. This
could be attributed to the differences in the technologies used for extraction and separation of
pectin from the raw plant materials. Commercial pectins are usually produced according to
the classic technology of hot acid hydrolysis with subsequent alcohol precipitation of pectin
[47-49]. In contrast, PP was extracted from pumpkin pulp and peel under milder conditions
and separated from the extract by an ultrafiltration process. Thus, the di- and trivalent cations
are partly retained by the pectic acid during the extraction of PP resulting in its relatively
higher ash content (Table 2).

Table 2. Physicochemical characteristics of the investigated pectin from C. maxima pumpkin and commercial citrus and apple pectins. Values are means + s.d.

Characteristics

Weight loss from drying (105°C, 2 h), %
Ash, %°

Acid-insoluble ash, %"

Nitrogen, %"

Poly-GalA, %°

Total phenols, mg GAE/g

Degree of esterification (DE), %

pH (25°C) 0.3% solution
1.2% solution
pKa (25°C)

Dynamic viscosity, 1% solution (cPs)
Intrinsic viscosity [n] (dLAg'l)

Average molecular mass (kDa)

Pectin sample®

PP CP APA104 APA103
8.83+0.03 5.26+0.01 5.63+0.05 4.47+0.01
2.79+0.05 1.52+0.04 1.40+0.04 1.38+0.01
0.80+0.03 0.63+0.01 0.49+0.02 0.50+0.02
0.26+0.01 0.24+0.01 0.25+0.01 0.26+0.02
75.1+4.5 54.2+3.6 58.1+4.3 70.5%5.0
1.04+0.05 1.04+0.02 1.48+0.01 2.41+0.01
71.9+0.7 58.9+0.4 64.0+0.5 70.6+0.3

3.7 3.8 3.7 3.6

3.5 3.3 3.2 3.4
4.77+0.13 4.73+0.30 4.50£0.29 4.50+0.13
37.9+1.8 7.20.3 12.0+2.4 18.1£1.0

4.5-6.3 2.6-2.7 3.4-3.9 2.5
26-96 40 40 80

*APA104, APA104 -apple pectins, CP-citrus pectin, PP-pumpkin pectin.

P_calculated on a dry weight basis

“—poly-GalA content was calculated on a dry and ash-free basis.

https://doi.org/10.1371/journal.pone.0204261.t002
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The C. maxima pectin obtained in the current work and APA103 were characterized by
poly-GalA content values of 71-75%. This value was approximately 1.3 times lower for
APA104 and CP (Table 2). The same values of total phenolic content were determined for PP
and CP, while the phenolic content of the apple pectins was on average 1.9 times higher
(Table 2). The total phenolic content of PP was 2-9 times lower when compared with pectin
extracted from the pulp of C. pepo var. Styriaca [25,29]. No caroteniods were found in all pec-
tin samples.

The pH values of the pectin solutions were similar (Table 2). The data from acid-base titra-
tion (Fig 1) allowed the quantitative determination of titrated carboxylic groups and the pKa
values (Table 2). The acid-base titration curves for the studied pectins (Fig 1) were character-
ized by a single point of inflection corresponding to the protonation-deprotonation of free

124

6 8 10 12 -6 -4 =2 0 2 4 6 8 10 12
[NaOH], mM [HCI], mM [NaOH], mM

6 4 2 0 2 4
[HCI], mM

C

6 8 10 12 6 4 2 0 2 4 6 8 10 12
[NaOHJ, mM [HCI], mM [NaOH], mM
D

Fig 1. Acid-base titration curves of 0.3 (circle) and 1.2% (triangle) solutions of pectins from different sources. A-pumpkin pectin PP, B-citrus pectin CP, C-apple

pectin APA103, D-apple pectin APA104.
https://doi.org/10.1371/journal.pone.0204261.9001
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Table 3. The molecular weight of PP, CP and the apple pectins as a function of intrinsic viscosity [n]. Values are means + s.d.

Pectin sample” Intrinsic viscosity [n] (dL/g) Mw, kDa

Rod-like Random-coil model Combined random-coil and rod-like model

model (K=0.0234, (K=0.0955,
(K = 0.00014, 0.=0.73) a=0.82)

o=1.34)
APA103 3.9 64.2+6.0 87.8+8.2 139.8+14.7
APA104 2.5 46.3+£5.3 48.1+5.4 81.9+8.8
CP 2.6 47.4+5.2 50.2+5.5 85.1+8.2
PP 4.5 72.2+7.7 108.6+10.5 169.1+16.0

*APA104 and APA104 —apple pectins, CP—citrus pectin, PP-pumpkin pectin.

https://doi.org/10.1371/journal.pone.0204261.t003

carboxylic groups. The concentration of titrated carboxylic groups in 0.3 and 1.2% pectin solu-
tions varied in the ranges of 1.6-2.2 and 6.2-8.2 mM, respectively. The pKa values of the pec-
tins indicated they are weak acids. The content of the titrated carboxylic groups was in a good
agreement with the content of poly-GalA and DE. The samples of CP and APA104 with lower
DE values had higher amounts of the titrated carboxylic groups than the PP and APA103 sam-
ples. Conversely, APA103 had a lower poly-GalA content along with a higher DE value, and
also had the lowest amount of titrated carboxylic groups (Fig 1D).

Molecular masses of the pectins were determined by gel filtration and viscosimetric meth-
ods. Under the conditions used, the intrinsic viscosity of commercial apple and citrus pectin
solutions was lower than that of PP (Table 3), which was an indicator of a higher Mw of the
PP, according to Kar and Arslan [50]. The molecular mass of PP obtained by gel filtration was
in the range of 26-96 kDa, with prevailing higher molecular mass fractions. The obtained data
were more consistent with the molecular weight of PP calculated using the random-coil model
(Table 3). Parameters for the Mw calculation were taken from [51]. In the case of APA104 and
CP, the differences in Mw calculated according to rod-like and random-coil models were
insignificant. Their chromatographic masses were approximately 40 kDa. At the same time,
the chromatographically obtained Mw of approximately 80 kDa for apple pectin APA103 was
more consistent with the Mw calculated according to the random-coil model (Table 3).

Structural characterization of the pectins

Monosaccharide composition of the pectins. Table 4 presents the data on monosaccha-
ride composition of the pectins under investigation. Five different neutral sugars were found
in all pectin samples: rhamnose, arabinose, galactose, glucose, and mannose. Xylose was also
found in the apple pectins, and fucose was foundin the pumpkin pectin. The presence of fucose
was observed by other researchers in the composition of pumpkin pectin, obtained by different

Table 4. Monosaccharide composition of pectins.

Pectin samples* Uronic acids (w/w, %) Neutral sugar composition (w/w, %) Degree of branching
Rha Fuc Ara Xyl Man Glc Gal (Gal+Ara)/Rha

PP 62.0 5.2 1.2 6.4 0.0 3.3 3.3 18.6 4.8

CP 67.7 6.3 0.0 1.4 0.0 4.8 1.9 17.9 3.1

APA103 62.9 6.6 0.0 4.2 6.2 5.3 5.4 9.4 2.1

APA104 52.8 9.5 0.0 2.5 7.8 14.1 5.7 7.6 1.1

*APA104 and APA104 -apple pectins, CP-citrus pectin, PP-pumpkin pectin.

https://doi.org/10.1371/journal.pone.0204261.t004
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extraction methods [29,36] and in the composition of apple pectin obtained using ultrasonic
treatment [52].

Two types of polysaccharide regions were observed in the pectin samples: smooth region
(homogalacturonan) and hairy region (rhamnogalacturonan). The most complex pectin struc-
ture, rhamnogalacturonan I (RG-I), has a backbone of alternating galacturonic acid and L-
rhamnose residues, with branching structures consisting of D-galactose and L-arabinose
chains attached to the L-rhamnose. The presence of rhamnose, galactose, and arabinose could
indicate that all pectins contain RG-I regions with side chains, such as arabinan, galactan and
arabinogalactan. However, PP has the highest (Gal+Ara)/Rha ratio, wich characterizes the
degree of side chain branching of the pectin [53]. Fucose is probably an indicator of rhamno-
galacturonan II (RG-II) side chains in PP [54]. The presence of glucose and xylose in the apple
pectins could indicate the presence of xyloglucan as one of the side chains and the presence of
xylogalacturonan [29,55,56]. The degradation of the RG-I region has an important impact on
molecular mass. [52]. The reduction in the side chains of RG-I may be one of the reasons for
the reduction in the Mw and the difference in molecular weight distribution. Indeed, among
the studied pectin samples, the highest molecular mass and degree of branching were observed
for PP.

FT-IR analysis. Analysis of the FT-IR spectra was performed to identify the major func-
tional groups of the PP (Fig 2). The spectrum of PP was compared to those of commercial cit-
rus and apple pectins (Fig 2).
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Fig 2. The FTIR-ATR spectra of the pumpkin, citrus and apple pectins. PP-C. maxima pectin; CP-citrus pectin; APA103 and APA104 —apple pectins. A-FTIR-ATR

spectra in

the 500-4000 cm™ range; B-fingerprint region of pectins.

https://doi.org/10.1371/journal.pone.0204261.9002
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The FT-IR spectrum of PP showed typical peaks for a number of specific groups. The inten-
sive broad asymmetrical peak with a maximum at 3200-3600 cm™ corresponds to valence
oscillations of OH groups in the pectin molecule (Fig 2A). The area of aproximately 2926 cm™
contains the peaks corresponding to oscillations of different groups containing C-H bonds.
The area of 1500-2000 cm™ corresponds to oscillations of C = O groups. The characteristic
peaks of ester and carboxylic C = O vibrations were observed at 1730-1760 cm’! (COO-R)
and 1600-1630 cm™' (COO-), respectively. It has been shown that the relative intensity of the
last two peaks is related to the degree of methoxylation [8]. The relative intensity of the ester
band (1731 cm™ for PP and CP; 1733 cm™ for the apple pectins) proportionally increased with
the DE of pectin, whereas the intensity of the band corresponding to carboxylic stretching
(1607, 1608, 1609 and 1610 cm™ for APA103, APA104, CP and PP, respectively) decreased
(Fig 2A). Comparative analysis of the PP spectrum with those of CP, APA103 and APA104
indicated that PP had the highest DE, which is in accordance with the data obtained by the
direct titrimetric method (Table 2).

The region between 1200 and 800 cm™ is referred to as the fingerprint region, and the
intensity of the individual bands in this region are unique for each polysaccharide. According
to Kostalova et al. [25], the fingerprint region of pumpkin pectin is represented by characteris-
tic bands at 1145, 1103, 1077, 1050, and 1017 cm . At the same time, the absorption bands at
1145, 1104 and 1020 cm ™" are typical for pectin polymers, and the bands at 1077 and 1050
cm™" correspond to vibrations of neutral arabinose and galactose-based glycans [57]. In that
spectral region, the characteristic peaks (1146, 1095, 1074, 1050 and 1015 cm ') were present
in the PP spectrum (Fig 2B). Typical bands of arabinogalactans at 1146, 1074 and 1045 cm ™"
[57] were the strongest in the PP spectrum in comparison with the apple and citrus pectin
spectra (Fig 2B). These results are consistent with the neutral sugar composition of the studied
pectins (Table 4).

SAXS data analysis. The scattering intensity from each pectin sample in a water solution
was lower than that in Hank’s solution since the pectin concentration in water solution was
also lower. In both types of pectin solutions, the excess of scattering intensity was observed at
S-values below 0.3 nm', caused either by aggregates or by heterogeneities. The double-loga-
rithmic plot of the scattering intensities vs. scattering vectors was analyzed to provide informa-
tion about the fractal dimension of pectin scattering objects. The relationship between the
scattering intensity and the scattering vector follows the local power law I~S™, where D is the
dimension of the mass fractal, and thus can be linearized when plotted on a double-logarith-
mic scale. The slope of the linear fit (D) was approximately -1.4 in the range of S from 0.3 to
2.6 nm™ and -2 at S below 0.3 nm™". Generally, the fractal dimension for a polymer is related
to the Flory exponent (v) as D = 1/v so that the distance between the end points of the polymer
chain (R), and the number of the monomers in the chain (N), are related as R~N". Although
the fractal dimension is not a measure of overall size of scattering objects, it reflects the internal
scaling of interatomic distances, inversely related to the excluded volume parameter and thus
sensitive to favorable or unfavorable solvation of the polymer chain [58]. At scattering vector
(S) values below 0.3 nm™', only the PP sample in water solution preserved the same v value of
approximately 0.71 and thus the same properties of the polymer chain. It is interesting to note
that the flexibility of the PP and APA103 polymer chains in Hank’s solution is slightly
increased against water solutions since the corresponding v values are decreased from 0.72 to
0.61 for PP, and from 0.72 to 0.64 for APA103. These two pectin samples are best described by
the random coil model (Table 3) that is associated with higher flexibility of polymer [59].
Table 5 presents some structural characteristics of the pectin samples.

The R, value was derived from the size distribution function p(r) calculated from one-
dimensional scattering curves of the pectin samples using an indirect transform program
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GNOM for small-angle scattering data processing [60]. The values of molecular weights of the
studied pectin samples were estimated using the calculated V,,o.04 values. Multiplicity of junc-
tion zones was most prominent when the Guinier approximation for the analysis of the cross-
section was adopted. The R, values allowed the estimation of the average size of junction boxes
using the model of a rigid cylinder with a radius less than its length. Despite the overall compa-
rability of the parameters determined in such way, they can nevertheless provide useful infor-
mation about the sizes of bundles of chains. Along with the main peak corresponding to Rg,the
size distribution function of the pectin samples had another peak at 2 nm, which did not coin-
cide with the calculated R.. Therefore, the broken-rod-like model, allowing polydispersity in
the cross section of the junction zones, was applied. Two cross-sectional radii of gyration R;.
and R, of the scattering curves were evaluated in two Guinier ranges (0.08 < $* < 0.3 and
0.43 < $* < 1.2). According to the R, values, the bundles of chains in all measured pectin sam-
ples both in water and in Hank’s solution were considerably larger than the diameter of a sin-
gle sugar ring. There was a notable correlation between the size of junction zone and the
values of mean molecular weights, i.e., the larger bundles of chains were observed in the sam-
ples with higher Mw. It is also worthwhile to note that the size of the junction boxes for the
pectin water solutions was inversely related with pectin DE magnitude: the DE values of 72%
(PP), 71% (APA103), 64% (APA104), 59% (CP) corresponded to R values of 16.2 A for PP;
19.1 A ~APA103;29.5 A ~APA104; and 29.7 A —CP, respectively (Table 2, 5). Meanwhile, the
pectins with similar DE and GalA content, such as CP and APA104 or PP and APA103, had
comparable calculated molecular weights and R, values (Table 5). This is, however, not in
agreement with the results of molecular weight calculations according to the Mark-Houwink
equation (Table 2), where the pectin samples PP and APA103 had larger molecular weights
and [n] that of CP and APA104. This discrepancy could be the result of the RG-I region struc-
ture. It was shown that the presence of flexible arabinan, galactan, and/or arabinogalactan side
chains in the RG-I region of polysaccharide molecules led to the formation of a sphere-like
compact macrostructure with a shorter hydrodynamic size [61]. This could also affect the Mw
value calculated from SAXS data.

The R. and corresponding Mw values of PP, CP and APA103 were increased in Hank’s
solution but to different extents. In the case of APA104 these values decreased in Hank’s solu-
tion. Apparently, the salts in Hank’s solution hindered electrostatic repulsions caused by the
negatively charged uronic acid side chains, and, therefore, reduced the space occupied by indi-
vidual polymer chains [62]. APA104 chains became closely packed, which suggests that elec-
trostatic interactions determine the distance between APA104 polymer chain aggregates. The
same effect was shown for soluble polysaccharides of soy in salt-containing solutions [63]. The
increase in molecular weight observed for the other pectin samples (PP, CP and APA103)
could be attributed to the increased size of junction zones. The largest increase in R, and corre-
sponding Mw value was observed for PP. Since PP had the largest degree of branching among

Table 5. Structural characteristics of the pectin samples.

Sample* Ry, A
CP 29.7
APA103 19.1
APA104 29.5
PP 16.2

1% water solution 0.1% Henx solution
Ry A Ry, A Mw, kD R, A Ry A R, A Mw, kD
9.9 67.0 116.0 36.2 12.6 68.6 157.0
9.3 66.2 99.0 28.7 11.3 63.3 129.0
9.4 66.7 112.0 10.9 7.6 56.4 73.4
8.3 65.2 91.0 26.3 11.9 63.0 147

*APA104, APA104 -apple pectins, CP-citrus pectin, PP-pumpkin pectin.

https://doi.org/10.1371/journal.pone.0204261.t005
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the studied pectin samples, it is safe to suggest that the growth of the junction zones in Hank’s
solution of PP was caused by the lateral association of previously existing zones rather than
their elongation. It was previously shown that SAXS data with a tendency of divergence in the
low angle region (< 0.3 nm™") are an indication of large aggregates with a broad size distribu-
tion [64]. Thus, it can be argued that electrostatic interactions are the primary cause of gel for-
mation in the case of apple pectin APA104, whereas in the cases of PP, CP and APA103 gel
formation appears to occur through hydrogen bond formation and hydrophobic interactions
between various regions of the pectin molecules. This agrees with the thermodynamic parame-
ters of the studied pectin samples: the strongest interactions between polysaccharide chains
were observed for APA104 (see below).

Thermodynamic and rheological properties of the pectins in aqueous
solutions

The thermodynamic properties of 1.0% aqueous pectin solutions were studied by DSC
method. The DSC-thermograms obtained are given in Fig 3. No cooperative endothermic
transitions were observed for the pectins studied. Instead, wide nonsymmetric peaks were
observed in all DSC-thermograms (Fig 3). Such transitions are characteristic for polysaccha-
ride systems with weak interactions between polysaccharide chains. Average transition
enthalpy values were 4.7, 6.6, 7.5 and 8.5 J-g ™" for PP, CP, APA103 and APA104, respectively.

PP

excess heat capacity, J-g”"-K"
(@]
o

|
0 20 40 60 80 100
T,°C

Fig 3. Excess heat capacity vs. temperature curves obtained by differential scanning calorimetry of 1% pectin
solutions. 1—apple pectin APA103; 2—apple pectin APA104; 3—citrus pectin CP; 4—pumpkin pectin PP.

https://doi.org/10.1371/journal.pone.0204261.9003

| |
120 140

PLOS ONE | https://doi.org/10.1371/journal.pone.0204261 September 20, 2018 15/24


https://doi.org/10.1371/journal.pone.0204261.g003
https://doi.org/10.1371/journal.pone.0204261

@° PLOS | ONE

Physicochemical and functional properties of pumpkin pectin and commercial citrus and apple pectins

1401 -2
120{ =3
=4

(=23
o

dynamic viscosity, cPs
[<]
o

N b
o o

Such low transition enthalpy values are typical for semihard domain polymers that are not able
to make conformational rearrangements in the course of gel formation [65].

In 1% aqueous pectin solutions, formation of cross-links in the three-dimensional network
was not accompanied by significant conformational entropy loss and, thus, a noncooperative
type of gel formation was observed. No correlation between the values of transition enthalpy
and the amount of titrated carboxylic groups in the pectins was observed. This indicates that
the interactions between polysaccharide chains in 1% aqueous solutions of highly-methoxy-
lated pectins are more likely determined not by the repulsion of the negatively charged carbox-
ylates but by the distribution of the carboxylates along the pectin molecules and the prevalence
of the linear (homogalacturonan) or branched-chain (primarily rhamnogalacturonans) poly-
saccharide regions in the pectin samples. Indeed, the relative degree of branching in the pectin
molecules decreased in the series PP>CP>APA103>APA104 (Table 4). Thus, larger transi-
tion enthalpy values were characteristic for the pectins with lower degrees of branching. The
gelation process is complexand involves electrostatic, hydrogen and hydrophobic interactions
between the polysaccharide chains [66,67]. The gelation of highly methoxylated pectins takes
place under conditions where electrostatic repulsions and water activity are reduced, in the
presence of cosolutes at low pH. Most likely, gel formation in PP primarily involves hydrogen
and hydrophobic bonds, which is consistent with the SAXS data.

Viscosity of aqueous pectin solutions is essential for their technological performance and
beneficial biological effects [16,51]. Therefore, the impacts of temperature, concentration and
pH on the viscosity of solutions were examined for PP and the three samples of commercial
apple and citrus pectin (Fig 4). In concentration the range of 0.5-1.5%, the aqueous solutions
containing APA103 and PP exhibited the highest dynamic viscosity among the pectins in the
study (Fig 4A). This can be attributed to the higher molecular weight, poly-GalA content and
DE of those pectins compared to APA104 and CP (Table 2). Additionally, PP, having the high-
est viscosity, was the sample with highest RG-I content and the only sample containing RG-II
regions.

As it can be seen in Fig 4B, an increase in the temperature of the pectin solutions from 25 to
60°C led to notable decrease in their dynamic viscosity. Viscosity of the pectins with lower
poly-GalA content and degree of esterification (CP and APA104) decreased only 2.1-2.5
times. The pectins with higher poly-GalA content and DE (PP and APA103) exhibited more
prominent reductions in the dynamic viscosity values (2.7-3.5 times) upon increasing the
solution temperature (Fig 4B). Moreover, PP was the most sensitive to temperature, having the
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Fig 4. Effects of concentration (A, 25°C), temperature (B, 1.5% solutions in water), and pH (C, 1.5% solutions in Britton-Robinson buffer, 25°C) on dynamic
viscosity of the pectin solutions. 1—pumpkin pectin PP, 2—citrus pectin CP, 3—apple pectin APA104, 4—apple pectin APA103.

https://doi.org/10.1371/journal.pone.0204261.9004
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highest RG-I content. A notable decrease in viscosity upon increasing the temperature is spe-
cific for the solutions of polymers with highly branched molecules. In addition, DE could also
contribute to this effect by influencing the pectin structure and subsequently favoring the for-
mation of hydrophobic interactions.

The effects of pH on the dynamic viscosity of the pectin solutions were examined in the
range of 2.0-6.0 (Fig 4C). For all studied pectins, an increase of pH from 2.0 to 3.0-4.0 led to a
decrease in dynamic viscosity values, while further increase in pH caused an increase in
dynamic viscosity (Fig 4C). The lowest values of dynamic viscosity for the solutions of highly
metoxylated pectins were observed at pH values close to their pKa (Fig 4C, Table 2). The apple
pectins APA103 and APA104 with pKa approximately 4.5 exhibited the lowest viscosity values
at pH 4.0 (Fig 4C). At the same time, the pumpkin and citrus pectins with higher pKa (4.7-4.8)
exhibited the lowest viscosity values at pH 5.0 (Fig 4C). CP with the highest amount of titrated
carboxylic groups among all of the studied pectins exhibited only a slight reduction (9.2%) of
dynamic viscosity upon increasing pH from 2.0 to 5.0 (Fig 4C). The percentage of dynamic vis-
cosity reduction for the apple pectins APA104 and APA103 upon increasing pH from 2.0 to
4.0 were nearly the same: 20.1 and 24.0%, respectively. The most profound decrease in
dynamic viscosity (78.1%) was observed for the pumpkin pectin upon increasing of its pH
from 2.0 to 5.0 (Fig 4C). The data obtained indicated that the dissociation of carboxylic groups
caused rearrangements of three-dimensional pectic networks in solutions. The tendency
toward remarkable reduction of dynamic viscosity of PP in solution at pH aproximately 5.0
provides additional opportunities for producing food and cosmetic products with tailored tex-
ture and viscosity.

Cytoprotective properties of the pectins

Effect of the pectins on cadmium and mercury-induced cytotoxicity. Cadmium and
mercury are widely distributed toxic metals in the environment. They possess cumulative tox-
icity and cause oxidative damage of tissues and DNA [68-70]. The cytoprotective effect against
cadmium and mercury ions of all four studied pectins was assessed with two different cell
lines: HT-29 and MDCK1, which are used as models of the intestinal epithelium [18-21]. Two
different pectin concentrations were tested. The results are graphically presented on the Fig 5.
The differences were considered statistically significant at p < 0.05.

In the case of cadmium ions (Fig 5A and 5B), the highest cytoprotective effect was observed
for HT-29 cells for PP at both concentrations investigated (68% + 9% at 0.25 mg-mL ™" and
45% + 10% at 0.5 mg-mL™"). For MDCK1, the highest cytoprotective effect was observed for
PP (111% + 17%) and CP (108% * 13%) at 0.5 mg~mL'1. At 0.25 mg‘mL'l, PP outperformed
(82% + 13%) all of the other pectin samples.

In the case of mercury ions (Fig 5C and 5D), for both the HT-29 and MDCK1 cells, the
highest cytoprotective effect was observed for PP at 0.25 mg-mL™ (52% + 7% and 42% + 16%,
respectively). However, the cytoprotective effect of PP against mercury ions was lower than
that against cadmium ions for both concentrations investigated.

Although all of the studied pectins demonstrated reliable cytoprotective effect against cad-
mium and mercury ions, generally, the cytoprotective effects of the apple pectins were lower
than those of CP and PP for both HT-29 and MDCKI1 cells. The most pronounced cytoprotec-
tive effect was observed for PP, which that reduces the cytotoxicity of cadmium and mercury
by at least 40% compared to the control.

The free carboxyl group concentration is considered the key factor controlling both the
charge on pectin and its sorption capacity for heavy metals. The number of carboxyl groups in
the studied pectins decreases in a series: CP > APA104 > PP > APA103 (Fig 1). However, the
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at two concentrations. Light gray bars— 0.25 mg-ml ' pectin concentration, dark gray bars— 0.5 mg-ml " pectin concentration.
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highest cytoprotective effect was observed for PP (Fig 5). Sorption properties of different pec-
tins depend not only on the number of free carboxyl groups, but also on the viscosity, compo-
sition and structure of the side chains of pectin molecules [71]. Taken together, our results
indicate that the sorption properties of pectin depend on its overall structure rather than indi-
vidual parameters (i.e., there was no correlation between cytoprotective effects and DE for the
studied pectin samples).

Effect of the pectins against AAPH-induced oxidative stress. All pectin samples showed
ROS-inhibiting activity in HT-29 and MDCK1 cells after preincubation of the cells for 90 min
with the pectin samples at concentrations of 0.25 and 0.5 mg-mL"". The differences were con-
sidered statistically significant at p < 0.05. In most cases, the antioxidant effect was
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concentration dependent (Fig 6). The antioxidant effect of the 0.5 mg-mL™" pectin solutions in
MDCKI cells decreased in a series CP ~ PP > APA103 ~ APA104, which correlates well with
the degrees of branching for these samples (Table 4). At a concentration of 0.25 mg-mL™, PP
exhibited the most pronounced decrease in the absolute value of DCFH-DA fluorescence
intensity after 90 min of MDCK1 cells incubation with an azo-initiator.

Pumpkin pectin and apple pectin APA104 exhibited the most pronounced antioxidant
effect on HT-29 cells, leading to a significant decrease in DCFH-DA fluorescence intensity in
both studied concentrations (0.25 and 0.5 mg-mL'l).

Comparison of the results obtained in two cell models indicates the reliable antioxidant
properties of PP on both cell lines. The differences in antioxidant effects of the pectins
observed in both experimental models (tumor cells HT-29 and normal cultured cells MDCK1)
apparently result from the differences in the structure and properties of the pectins from vari-
ous plant sources. There are no significant correlations between antioxidant capacity in vitro
and dynamic viscosity or degree of esterification. It was shown that phenols incorporated into
pectin are essential for direct radical-scavenging effects of pectic substances [25,29]. Neverthe-
less, in our study, the higher total content of phenolic compounds did not result in the higher
antioxidant capacity of pectin. Therefore, the antioxidant properties of the pectins appear to
depend on the structure and composition of the side chains in RG-I regions. This is consistent
with the results of other authors who reported that antioxidant properties of pectin depended
not only on the phenolic content but also on other structural features. Thus, the prevalence of
Gal residues in the side chains of the pectin macromolecules appeared to play an important
role in the antioxidant activity [11,26,72]. Therefore, the differences in the cytoprotective
effects of citrus, apple and pumpkin pectins in HT-29 and MDCKI cells against oxidative
stress and cytotoxicity induced by heavy metal ions resulted from different pectic oligosaccha-
ride compositions, which depend on the extraction method, origin, molecular weight and
degree of esterification. Similar results were obtained by Di et al. [28]. It was shown that the
RG-I region of pectin containing arabinose-rich rhamnogalacturonic acids is responsible
for in vitro prebiotic activity. At the same time, the maximal cytoprotective effect in HT-29
cells against Shiga toxin of Escherichia coli had pectin with a high GalA:Rha ratio in its
composition.
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Conclusions

The present study demonstrates the efficiency of the cavitation-facilitated extraction method
for the extraction of pectin from C. maxima pumpkin var. Cabello de Angel, with the yield
being 10%. Extraction conditions influenced the fine structure of pumpkin pectin. The present
isolation protocols resulted in high molecular weight pectin, with a high degree of methoxyla-
tion. In this research, we showed that the poly-GalA content, different degrees of branching
and esterification, and monosaccharide composition of the side chains altogether influence the
rheological and functional properties of pectins.

In comparison with commercially available apple and citrus pectin samples, C. maxima pec-
tin presented some individual features, such as like highly branched RG-I regions, the presence
of RG-II regions and the highest poly-GalA content, along with a higher degree of methoxyla-
tion and a slightly higher viscosity and molecular weight. This correlates with pronounced anti-
oxidant and cytoprotective properties of C. maxima pectin on cell models and indicates the
potential of C. maxima pumpkin as a source of new functional foods with agricultural origin.
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