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ARTICLE INFO ABSTRACT

Keywords: This study aimed to explore the characteristics of novel fig pectin films. For this purpose, films of crude fig pectin

Fi_g Pe“in_ (CFP) extracted from low-grade sun-dried fruits and films of crude (CSP) and purified (PSP) stalk pectins

E:it‘;‘ls I:]Ctm extracted from stalk waste of processed high-quality sun-dried figs were evaluated for their physicochemical
1Dble m

properties. The properties of pristine (CFP, CSP, and PSP films) and CaCl, cross-linked films (CFP-Ca™*, CSP-
Ca'*and PSP-Ca*t" films) of fig pectins were also compared with films of commercial citrus (CP and CP-Ca™ ™)
and apple (AP, AP-Ca™™) pectins. The cross-linking improved the mechanical strength and barrier properties of
most films. CP, CP-Ca*™, PSP, and PSP-Ca™ " films showed greater mechanical strength and stiffness than other
films. PSP-Ca™ ", PSP and CP-Ca™ ™ films showed the lowest water vapor permeability (6.28, 12.85, 14.96 g.mm.
m~2.day '.kPa~!, respectively) while CSP-Ca™*, CP-Ca®™*, CP, PSP-Ca*" films showed the lowest oxygen
permeability coefficients (5403, 8265, 10776, 11124 mL.um.m~2.24h~L.atm ™2, respectively). All cross-linked fig
pectin films showed 2-3 fold lower degree of swelling than CP-Ca™ " film. The CFP-Ca** film showed the highest
surface hydrophobicity (contact angle = 101.8°) but the lowest water solubility (32.8%) and degree of swelling.
Analysis of Pearson’s correlations between pectin properties and film characteristics revealed that galacturonic
acid (GA) content affects the mechanical properties, while GA content, degree of esterification (DE), and acet-
ylation affect the moisture barrier performance; finally, GA content and DE affect the oxygen barrier performance
of pectin films. Films of stalk waste pectins showed some properties beyond the limits of those obtained from
commercial pectins.

Cross-linking
Barrier properties
Mechanical properties

moisture levels (~35%) are portion packed. Then, they are pasteurized
to obtain ready-to-eat, soft, and juicy shelf-stable fruits. The stalks of

1. Introduction

Sun-drying is an ancient process that has been used extensively in the
Mediterranean region to obtain dried fruits. However, the quality of the
final product in this process is highly variable since it is highly affected
by climate and field practices. Turkey, with its 85,500 metric tons of
production in the 2020/21 season, is the largest producer and exporter
of sun-dried figs in the world (Anonymous, 2021). Due to the great
variation in their quality, sun-dried figs are classified as extra quality,
class I and class IT (UNECE, 2016). A considerable part of the fruits is also
substandard since they suffer from severe damage caused by insects,
rotting, sun-scalding, split and torn, or excessive drying. Recently, a new
and rapidly developing trend in processing high-quality sun-dried figs is
that the extra quality sun-dried fruits rehydrated to intermediate
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these premium fruits processed by this emerging method are cut and
removed manually before processing. These fig stalks contain part of the
flesh tissue that changes between 1 and 1.5% of total fruit weight
depending on the experience of workers employed in stalk cutting. Thus,
there is an increased industrial interest in the valorization of stalk wastes
in the production of value-added products.

Due to their rich soluble dietary fiber content formed mainly by
pectin, fig fruits are historically used as a natural laxative and have been
considered as a functional food having positive health benefits on
gastrointestinal disorders (Rtibi et al., 2018; Simmons & Preedy, 2016).
Therefore, extraction and characterization of pectin from processing
wastes of fresh or sun-dried figs have recently attracted considerable
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interest from different researchers. For example, Gharibzahedi et al.
(2019a, 2019b) extracted and characterized the molecular and func-
tional properties of pectin from peels of fresh figs. Cavdaroglu et al.
(2020) extracted pectin from whole sun-dried figs and characterized the
antimicrobial properties of its emulsion-based edible films with essential
oil component eugenol. Moreover, Cavdaroglu and Yemenicioglu
(2022) also characterized the molecular and functional properties of fig
pectins extracted from whole substandard fruits and stalk wastes of
sun-dried figs. Pectin extracted primarily from citrus peels and apple
pomace is an indispensable ingredient for the food, biomedical, drug,
cosmetics, and nutraceuticals industries, not only due to its
techno-functional properties but also owing to health-promoting effects
as soluble fiber (Gilani et al., 2008; Munoz-Almagro, Montilla, & Villa-
miel, 2021a; Noreen et al., 2017; Rezvanain et al., 2017; Yang et al.,
2015). The molecular architecture and functional properties of pectin
from different sources are unique. Thus, studies for extraction of alter-
native pectins from different fruits and their agro-industrial wastes (e.g.,
from pomelo, berries, hawthorn, sunflower heads, pomegranate peel,
cocoa husk, sugar beet pulp, tomato, carrot pomace, pumpkin waste,
passion and banana fruit peels, and watermelon rind, etc.) and charac-
terization of their functional properties have become a popular research
topic (Dranca & Oroian, 2018; Gamonpilas et al., 2021; Henao-Diaz
et al,, 2021; Li et al., 2021; Mari¢ et al., 2018; Munoz-Almagro,
Ruiz-Torralba, et al., 2021b; Reichembach & Petkowicz, 2021).

The edible films from pectin have been attracting increasing interest
since this hydrocolloid might be used to produce different types of edible
packaging such as solution-cast or compression molded self-standing
films (Oliveira et al., 2021), extruded casings (Liu et al., 2007) or
edible coatings (Cavdaroglu et al., 2020). Commercial citrus and apple
pectins as well as pectin from alternative sources (e.g., coffee, mango
peel, passion fruit peel, hawthorn pectins, pineapple peel, lime peel, red
pomelo peel) have been recently used in the development of edible
packaging materials (Chamyuang et al., 2021; Henao-Diaz et al., 2021;
Lozano-Grande et al., 2016; Nisar et al., 2018; Ribeiro et al., 2021;
Rodsamran & Sothornvit, 2019a, 2019b; Sood & Saini, 2022). Moreover,
different studies have also been performed to improve the poor me-
chanical and barrier (water vapor and oxygen permeability) properties
of pectin films by using composite film making strategies employing
alternative hydrocolloids (e.g., pumpkin protein extract, chitosan,
hydroxypropyl methylcellulose, carboxymethylcellulose) (Dranca et al.,
2021; Lalnunthari et al., 2020; Lozano-Grande et al., 2016; Rincon et al.,
2021) or waxes (Lozano-Grande et al., 2016). The cross-linking is also an
alternative strategy that could be used to improve the mechanical and
barrier properties of pectin films. Pectin is an anionic polysaccharide
that can be cross-linked with divalent cations such as calcium (Ca®t) and
magnesium (Mg?") (Li & Buschle-Diller, 2017; Moslemi, 2021). The
cross-linking formed as a result of extensive junction zones among
divalent ions and de-esterified carboxyl groups of pectin increases the
mechanical strength of resulting hydrogels while decreasing their water
solubility (Rezvanain et al., 2017). The cross-linking occurs extensively
in low methoxyl pectins (degree of esterification <50%) and the formed
network is generally explained by the classical “egg-box” model
(Ngouémazong et al., 2012).

This study aimed to explore the characteristics of novel fig pectin
edible films. For this purpose, pristine and CaCl;, cross-linked films of
crude pectin from whole low-grade sun-dried figs and crude and purified
pectins from stalk wastes separated during processing of high-quality
sun-dried figs were evaluated for their detailed physicochemical prop-
erties such as solubility, swelling, hydrophobicity, mechanical and
barrier properties, color and transparency, and morphological features.
The properties of fig pectin films were also compared with those of
commercial citrus and apple pectin films. The relevance of this work lies
in the fact that it is the first study showing the advantages of fig pectin
edible films over currently used commercial pectin films. Moreover, this
is the first report that investigates the effect of pectin composition and
molecular properties on the physicochemical characteristics of obtained
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edible films by analyzing Pearson’s correlation coefficients.
2. Materials and methods
2.1. Materials

Citrus pectin (CP, P9135, galacturonic acid >79%, methoxy content
>8%) was obtained from Sigma-Aldrich (St. Louis, MO, USA). Apple
pectin (AP) was obtained from Tito (fzmir, Turkey). All other chemicals
were reagent grade. The cut stalk waste (contains stalk and a piece of
fruit flesh that accounts for 1-1.5% of total fruit flesh weight) of high-
quality sun-dried figs (Cultivar Sarilop, UNECE class I, size number 9
and 10) separated during processing (fig stalk), and the low quality
(UNECE substandard) sun-dried figs (Cultivar Sarilop) which are mainly
processed into pastes were kindly supplied by KFC Gida Tekstil Sanayi
Ithalat Thracat Yatirim A.S. (Menemen, Turkey). All samples used were
fluorescence tested in the factory to ensure that they were free from
mycotoxins. The samples were kept at —20 °C until they were used for
pectin extraction.

2.2. Methods

2.2.1. Pectin extraction

Crude pectin was extracted from low-grade substandard fruits or
stalk waste at the optimal conditions reported by Cavdaroglu et al., 2020
using a 6.0% (w/v) citric acid (CA) water solution at 95 °C for 1 h. The
pectin in the extract was precipitated with pure ethanol (pectin extract:
ethanol ratio = 1:2, v/v) and collected by centrifugation (22,668 xg for
10 min). The crude pectins (CFP and CSP) were obtained by drying the
collected precipitates for 24 h at 40 °C. The pure pectin (PSP) was ob-
tained by suspending alcohol precipitated pectin in distilled water and
stirring the resulting slurry with a glass rod for 10 min. The pectin was
then again precipitated with ethanol (slurry:ethanol ratio = 1:1, w/w)
and then collected by centrifugation. This procedure (washing with
water and alcohol precipitation) was repeated twice. The purified pectin
was dried for 24 h at 40 °C.

2.2.2. Molecular properties and composition of pectins

2.2.2.1. Uronic acid content. Uronic acid content was determined
spectrophotometrically by the classical m-hydroxydiphenyl method at
520 nm using p-galacturonic acid as a standard, and results were
expressed as galacturonic acid content (GA) (Blumenkrantz &
Asboe-Hansen, 1973).

2.2.2.2. Sugar composition. Sugar composition (glucose, arabinose,
galactose, and rhamnose) of pectins was determined spectrophotomet-
rically using specific enzymatic kits (for glucose: GAGO20 glucose assay
kit of Sigma-Aldrich, St. Louis, MO, USA; for arabinose/galactose and
rhamnose: K-ARGA and K-RHAMNOSE kits of Megazyme Ltd., Ireland,
respectively) as described in Cavdaroglu and Yemenicioglu (2022).
Sugar molar ratios were calculated according to Denman and Morris
(2015) with the following equations:

_ GA (mol%)
" Rha (mol%) + Ara (mol%) + Gal (mol%)
(€]

R1 (mol%, linearity of pectin)

Rh 1%
R2 (mol%, related with RG — I fraction content of pectin) = %
‘0

(2)

Ara (mol%) + Gal (mol%)
Rha (mol%)

R3 (mol%, degree of branching of RG —1) =

3
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R4 (mol%, length of Gal branching in RG — I) = IQG}ZII((% 4

The molar percentage of homogalacturonan (HG) and
rhamnogalacturonan-I (RG-I) were calculated as according to M’sakni
et al. (2006) as follows:

HG (%) = GA (mol%) — Rha (mol%) 5)

RG —1 (%) = [GA (mol%) — HG (%)| + Rha (mol%) + Ara (mol%)
+ Gal (mol%)
(6)

2.2.2.3. Degree of esterification and acetylation. Degree of esterification
(DE) of pectins was determined by the classical titrimetric method
(Owens et al., 1952). The degree of acetylation (DA) of pectins was
determined by minor modification of the HPLC method given by Vora-
gen et al. (1986). Briefly, 30 mg of pectin was suspended in a 1 mL 0.25
M NaOH solution and held at ambient temperature for 2 h. The sus-
pension was then centrifuged at 10,000 xg at 4 °C for 10 min, and 20 pL
of the clear supernatant was injected into the HPLC column (Aminex
HPX-87H, Biorad, 300 x 7.8 mm). The column was operated at 35 °C
with a flow rate of 0.6 mL/min for 5 mM H,SO4 used as the mobile
phase. Components eluted from the column were detected with a
refractive index detector which was performed in duplicate. The DA was
expressed as the percent molar ratio of acetic acid to GA.

2.2.2.4. Compositional analysis. Moisture and ash contents were deter-
mined according to AOAC (AOAC, 1990). Soluble protein contents of
pectins were determined by the Bradford method (Bradford, 1976). The
phenolic content of extracted pectin was determined spectrophotomet-
rically at 760 nm using the Folin-Ciocalteu’s reagent as a reactive
compound and gallic acid (GAE) as a standard (Singleton & Rossi, 1965).
All analyses were performed in triplicate.

2.2.3. FTIR analysis

Fourier transform infrared (FTIR) spectra of pectins were obtained
using a PerkinElmer FTIR spectrometer (Spectrum 100, PerkinElmer,
Waltham, MA, ABD). The pectin samples were mixed with KBr at a ratio
of 1:100. Spectra were collected as an average of 32 scans in the range
4000-450 cm~ ! with a resolution of 4 cm™! (Jafari et al., 2017). The
background was taken under the same conditions with the air. The
spectrum of each sample was collected three times, and their averages
were taken.

2.2.4. Film preparation

For the preparation of films, solutions of different pectins at 3% (w/
v) were heated using a hot plate working under continuous stirring at
60 °C for 30 min. The solutions were then cooled to room temperature
and further treated at 10,000 rpm for 1 min using a homogenizer-
disperser (Heidolph, Germany, rotor ¢ = 6.6 mm Tip). Then, 0.9 g
glycerol (30% w/w of pectin) was added as a plasticizer, and the mixture
was stirred for 15 min. The solution was further homogenized at 10,000
rpm for 4 min using the homogenizer-disperser. To obtain solution-cast
pristine films, 20 g portions of film solutions were poured into glass Petri
dishes (inner diameter 10 cm) and the dishes were dried in a controlled
test cabinet at 25 °C and 50% RH for 24 h. The cross-linked films were
obtained by treating dried films with 3% (w/w) CaCly solution and
drying films again in the controlled test cabinet at 25 °C and 50% RH for
24 h (Rezvanain et al., 2017). The pristine and cross-linked films of
crude pectins from low-grade whole substandard fruits and stalk waste
were designated CFP and CFP-Ca**, and CSP and CSP-Ca**’ while
pristine and cross-linked films of purified pectin from stalk waste were
designated PSP and PSP-Ca’", respectively. The pristine and
cross-linked commerecial citrus and apple pectins films were designated
CP and CP-Ca'™, and AP and AP-Ca’™, respectively. All pectin films
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2.2.5. Mechanical properties of films

Tensile strength at break (TS), elongation at break (EAB), and
Young’s modulus (YM) of films were determined using a Texture
Analyzer TA-XT2 (Stable Microsystems, Godalming, UK) according to
ASTM Standard Method D 882-02 (ASTM, 2002a). The dried films were
conditioned in a controlled test cabinet at 25 °C and 50% relative hu-
midity (RH) for 24 h before testing. Then, the films were cut into 50 mm
long and 8 mm wide strips. The initial grip distance was 50 mm, and the
drawing speed was 50 mm min~!. Minimum eight strips of each film
were tested. The thickness of films was measured by using a micrometer
(Chronos, UK).

2.2.6. Water vapor permeability of films

The WVP of pectin films was measured using Payne permeability
cups (Elcometer 5100, England) according to the ASTM Standard
Method E96 (ASTM, 2016). Each cup was filled with 3 g of dried silica
beads. A film (diameter: 6 cm) and an o-ring were placed on top of each
cup, and cups were sealed with a metal ring with three screw clamps.
The cups were weighed and then placed in a controlled test cabinet (TK
120, Niive, Turkey) working at 25 °C and 60% RH. The cups were
weighted periodically for 72 h, and the measured weights were plotted
against time. The linear portions (R? > 0.99) of the curves with at least
five data points were used for the calculation of WVP according to
equation (7).

GL

WP = {iS® —R) @

where G is the weight change from the straight line (g), L is the thickness
of the film (mm), t is the time (day), A is the test area (mz), S is the
saturation vapor pressure at test temperature (3.169 kPa at 25 °C), Ry
the relative humidity of the test chamber (60%) and R; the relative
humidity in the dish (0%). Four independent tests per film were
performed.

2.2.7. Oxygen barrier properties of films

The oxygen barrier properties of the films were evaluated in terms of
the oxygen transmission rate (OTR, expressed as mL.m 224 h 1) using a
Totalperm permeability analyzer (ExtraSolution® Srl, Capannori, Italy)
equipped with an electrochemical sensor and based on the isostatic
method, according to the standard method of ASTM F1927 at 23 °C and
75% RH (ASTM, 1999). Specimens were mounted between two
aluminum-tape masks, allowing a surface of 2.01 cm? to be exposed to
the permeation of oxygen. All the tests were carried out with a carrier
flow (N3) of 35 mL min ! and at 1 atm oxygen partial pressure difference
on the two sides of the specimen. To reset any difference in the OTR
values possibly arising from different thicknesses of the specimens, OTR
values were converted to a permeability coefficient (P'O2) according to
equation (8) (Uysal Unalan et al., 2015):

/ 0
PO, =PO,x 1t = 2= x1 ®)
Ap

where P'O, is the oxygen permeability coefficient (mL.pm.m 224 h™?
atm™1), PO, is the permeance (defined as the ratio of the OTR to the
difference between the partial pressure of the vapor on the two sides of
the film, Ap), and t is the total thickness of the material. Each OTR value
was from three replicates.

2.2.8. Film solubility

Before determining their solubilities, the moisture content of the
films was determined by the vacuum oven method applied at 70 °C and
16.9 kPa for 24 h. Eight pieces of each film were measured for their
moisture contents. The solubility of films was determined according to
the method described by Pérez et al. (2016). Briefly, pieces of films (15


astm:F1927
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x 7.5 mm?) were placed into a test tube with 10 mL of distilled water.
The tubes were then shaken at 240 rpm for 24 h using an orbital shaker
(IKA, OS 5 basic, Germany) and placed in an incubator at 25 °C and 50%
RH. After that, the remaining solids in the tubes were collected by
filtration. The insoluble dry matter content was determined by hot air
drying at 105 °C until reaching constant weight. Eight pieces from each
film were tested for their solubility. The film solubility (%) was deter-
mined from equation (9):

(Initial dry matter — Insoluble dry matter)

Film solubility (%) = 100 x (©)]

Initial dry matter

2.2.9. Degree of film swelling

The degree of swelling of the films was determined by the gravi-
metric method. The films (30 x 10 mmz) held in distilled water at room
temperature were drained and weight periodically at 7.5, 15, and 30
min. The degree of swelling (SW) was determined using equation (10) :

_ (Ww — Wp)
SW =100 x (T) (10)

where Wp is the weight of dried film; Wy is the weight of the swelled
film. Three pieces from each film were tested for their swelling degree.

2.2.10. Wettability of films

Wettability of pectin films was assessed by water contact angle
measurements which were performed using an optical contact angle
apparatus (OCA 15 Plus, Data Physics Instruments GmbH, Filderstadt,
Germany) equipped with a high-resolution CCD camera and a high-
performance digitizing adapter. SCA20 software (Data Physics In-
struments GmbH, Filderstadt, Germany) was used for the image
capturing and contact angle determination. Rectangular specimens (3 x
1.5 cm?) were kept flat throughout the analysis, and the contact angle of
water in the air (0, °) was measured by gently dropping a droplet of 4.0
+ 0.5 mL of Milli-Q water (18.3 MV cm) onto the pectin films surface at
23 + 1 °C and 50 + 2% RH. The experiments were done in triplicates.

2.2.11. Morphological properties of films by AFM and SEM

The surface topographical images of films were obtained by atomic
force microscopy (AFM, MMSPM Nanoscope 8 from Bruker, USA) in an
intermittent-contact mode in the air with silicon tips (resonance fre-
quency ~340 kHz, spring constant ~40 N m?, tip radius 8 nm). The
captured images (minimum 4 for each sample) were analyzed by
Nanoscope Analysis software v.1.5 (Bruker, USA). The surface rough-
ness (Ryms) was calculated from Equation (11) as the root mean square
average of height deviations (Z;) taken from a mean data plane (2).

PO (Zi - Z)z

Ryps =
N -1

an

The Ryax parameter indicates the maximum vertical distance be-
tween the highest and the lowest points in the image.

The surface and cross-sectional morphologies of pectin films were
also examined using a scanning electron microscope (SEM, 250 Quanta
FEG, FEI Company, USA). Before the experiment, the films were first
freeze-dried and then placed into liquid nitrogen and crashed for the
SEM examination. After that, the samples were gold-coated with a
sputter coater (Emitech K550X, Quorum Technologies Inc., UK) at 10
mA for 60 s.

2.2.12. Transparency and color of films

Film transparency was determined according to ASTM, 2002b with
modifications of the method described by Pérez et al. (2016). The
transparency of films was measured at 600 nm using a spectrophotom-
eter. Rectangular pieces of films (30 x 10 mm?) were placed into the
spectrophotometer cell, and readings were taken against the empty cell
used as a blank. Eight replicates of each film were tested. Transparency
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was calculated from Equation (12).

(log%T)

3 12

Teo0 =

where b is the film thickness (mm).
The color of films was determined using a colorimeter (CR-400,
Minolta Sensing, Osaka, Japan) and recording the L*, a*, b* values.

2.2.13. Statistical analysis

Statistical difference between treatments was determined by using
variance analysis (one way-ANOVA) and Fisher post-hoc test (p < 0.05)
using Minitab (ver.18.1, Minitab Inc., United Kingdom). Pearson’s cor-
relation tests were carried out to investigate the interrelationships be-
tween the pectins’ compositional or molecular properties and the film
properties.

3. Results and discussions
3.1. Composition of pectins

The composition of pectins obtained from whole low-grade (sub-
standard) sun-dried figs and stalk waste (composed of a stalk and
adjacent fruit flesh) separated during processing of high-quality sun-
dried figs were compared with those of commercial citrus and apple
pectins (Table 1). The CFP showed the highest ash (~8.2%) and soluble
protein (~10.4%) contents reported to be originated mainly from many
tiny seeds (florets) within the fruit flesh (Cavdaroglu et al., 2020). The
high ash content determined for fig fruit pectin is also compatible with
the literature that reported figs as a good source of minerals (Trad, Le
Bourvellec, et al., 2014). The CSP obtained from stalk waste lacked
seeds. Thus, it showed a similar composition to AP and CP. The fig stalks
have no economic value and are treated currently only as waste while
sub-standard figs could be utilized by alternative methods (e.g., pro-
cessing into paste or ethanol and molasses depending on their quality).
Moreover, Cavdaroglu and Yemenicioglu (2022) have recently shown
superior extraction yield (11.7% for stalk and 9.4% for low-grade fruits)
and technological properties (e.g., better emulsion stabilizing capacity
and gel textural properties) of fig stalk pectin than fig fruit pectin.
Therefore, the purified pectin (PSP) in the current work was obtained
using stalk wastes. The CSP and its purified form PSP contained similar
ash and soluble protein contents (p > 0.05). The soluble protein contents
of CSP and PSP were found similar with CP, but significantly higher (1.7
and 1.9 fold) than that of AP. The sun-dried Sarilop figs used in the
current study are also known as a good source of polyphenols (Kelebek
et al., 2018). The polyphenols form a complex with polysaccharides like
pectin through hydrophobic interactions (Liu et al., 2020; Tang et al.,
2003). After that, the complex is stabilized with hydrogen bonds formed
mainly between hydroxyl groups of polyphenols and oxygen atoms in
different groups/linkages of polysaccharides (e.g., carboxyl/carboxylic
acid and hydroxyl groups, the oxygen atom of glycosidic linkages)
(Jakobek, 2015; Liu et al., 2020; Wu et al., 2009). In the current study,
the highest total phenolic content (TPC) was determined for PSP (1.82 g
GAE/100g), followed in descending order by CFP, CSP, CP, and AP.
However, it should be noted that the TPCs of fig pectins in the current
work were significantly lower than the TPC of ~3.0 g GAE/100 g
determined for pectin extracted from peels of fresh figs (Gharibzahedi
et al., 2019b).

3.2. Molecular properties of pectins

The GA of pectins varied between 32.2 and 80.4%. The CP showed
the highest GA (80.4%) while AP (63.2%) and PSP (63%) had inter-
mediate GAs, and crude pectins, CSP (34.2%), and CFP (32.2%) had the
lowest GAs. It is important to note that the GAs determined for crude
pectins extracted from sun-dried figs and their stalks were in the range of
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Table 1
Different characteristics of fig fruit and stalk waste pectins and commercial
pectins.

Characteristics™ cphe AP"¢ CFP™¢ csphe PSP"©
Compositions of different pectins
Moisture 12.77 + 7.76 + 9.10 + 6.76 + 5.06 +
content 0.174 0.88¢ 0.29° 0.11° 0.25%
Ash 419 + 4.92 + 8.19 + 461 + 4.85 +
0.20% 0.628 0.01* 0.91% 0.378
Soluble protein 5.69 + 2.96 + 10.4 + 4.94 + 5.70 +
1.04% 0.21¢ 0.31* 0.09% 0.26"
TPC! 0.68 + 0.26 + 1.25 + 1.09 + 1.82 +
0.07¢ 0.03° 0.08® 0.05° 0.42%
Molecular properties of different pectins
GA 80.4 + 63.2 + 322+ 34.2 + 63.0 +
7.90% 0.30% 3.94¢ 3.73¢ 4,528
DE 54.6 + 60.9 + 36.7 + 45.0 + 65.9 +
1.46° 2.05" 3.95% 2.52° 1.89%
DA 3.16 + 222+ 6.95 + 11.6 + 29.9 +
0.47° 0.08"% 0.83¢ 0.02° 3.82%
D-Gle 0.24 + 7.05 + 5.80 + 6.15 + 1.72 +
0.06° 0.234 0.028 0.528 0.09¢
L-Rha 0.33 + 1.56 + 0.46 + 1.81 + 1.66 +
0.09% 0.014 0.05® 0.17% 0.40%
D-Gal 3.79 + 1.53 + 4.08 + 3.60 + 6.26 +
0.428¢ 0.02¢ 0.19% 0.328 0.73%
L-Ara 2.96 + 1.79 + 312+ 3.59 + 4,92 +
0.80% 0.07¢ 0.14° 0.31% 0.43%
R1¢ 9.81 10.90 3.59 3.26 4.19
R2 0.005 0.029 0.017 0.063 0.031
R3 20.96 2.14 15.51 4.03 6.74
R4 10.82 0.89 8.08 1.82 3.47
HG (%) 89.98 80.11 66.63 62.14 76.30
RG-I (%) 9.72 9.98 20.14 25.00 21.38

@ CP: citrus pectin; AP: apple pectin; CFP: crude pectin from low-grade sun-
dried figs; CSP: crude pectin from stalk waste of processed high-quality sun-
dried figs; PSP: purified pectins from stalk waste of processed high-quality sun-
dried figs; GA: galacturonic acid content; DE: degree of esterification; DA: degree
of acetylation; D-Glc: p-glucose; L-Rha: L.-rhamnose; D-Gal: p-galactose; L-Ara: -
arabinose; R1, R2, R3, R4: sugar molar ratios.; HG: The molar percentage of
homogalacturonan; RG-I: The molar percentage of rhamnogalacturonan-I.

Y Values are shown as mean =+ standard deviation. Values at each row indi-
cated by different letters are significantly different (p < 0.05).

¢ All values are expressed as % on a dry basis of pectin powder except moisture
content.

4 TPC = total phenolic content as g GAE/100 g.

¢ Values are mol%.

those (24.5-33.4%) determined by Trad, Ginies, et al. (2014) for pectic
compounds extracted from different fresh Tunisian fig cultivars. In
contrast, the purified stalk waste pectin, PSP, showed a 1.8 fold higher
GA content than its crude form (CSP). Considering the DE values, the CP,
AP and PSP could be classified as high-methoxyl pectins (HMP, DE >
50%), while CSP and CFP are low-methoxyl pectins (LMP, DE < 50%).
The increased DE of PSP with purification could be attributed to the
increased proportion of high methoxyl GA fractions by insolubilization
of LMP fractions during repeated solubilization-alcohol precipitation
cycles. The sun-dried figs contain very high pectin methylesterase ac-
tivity (Demirbiiker et al., 2006); thus, a heterogeneity in DE of extracted
fig pectins is expected. It is also noteworthy that the GA and DE of PSP
are higher than those of fresh fig peel pectin (GA: 52.5%, DE: 39%)
obtained with hot acidic extraction by Gharibzahedi et al. (2019a). The
DA of pectins used in the current work also showed a great variation
between 2.22% and 29.9%. The fig pectins showed significantly higher
DA than commercial pectins. The PSP showed the highest DA. Thus, it
appears that the purification eliminated not only LMP fractions but also
pectin fractions with low DA. The DE and DA are highly effective in
gelation and emulsifying properties of pectins (Broxterman et al., 2017;
Schmidt et al., 2015; Vriesmann & Petkowicz, 2013). However, data
about the effect of DA on film properties of pectin are scarce. In the
literature, the DAs of some pectins were given as follows: 3% for citrus
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and 14% for pear pectins (Voragen et al., 1986), 18-58% for okra pec-
tins (Sengkhamparn et al., 2009), 17% for cacao pod husk pectin
(Vriesmann & Petkowicz, 2013), 20% for carrot pectin (Broxterman
etal., 2017), and 16-46.2% for sugar beet pectin (Bindereif et al., 2021).

The sugar molar ratios (R1, R2, R3, and R4) of pectins were also
estimated by determining the amount of their major sugars, p-glucose
(D-Glc), r-rhamnose (L-Rha), p-galactose (D-Gal), and ir-arabinose (L-
Ara) (Cavdaroglu & Yemenicioglu, 2022). The D-Glc content of CSP,
CFP, and AP did not vary considerably and changed between 5.80 and
7.05%, while CP obtained from citrus peels contained a limited D-Glc
content. It is also important to report that the purification caused almost
3.6 fold lower glucose content for PSP than CSP, which is the crude form
of PSP. The CP and CFP showed low levels of L-Rha while AP, CSP, and
PSP contained significantly higher L-Rha (3.4-5.5 fold) than these two
pectins (p < 0.05). The highest D-Gal content was found for PSP (6.3%),
followed by slightly to moderately lower D-Gal contents of CFP, CP, and
CSP, and considerably lower D-Gal content of AP (1.53%). Finally, the
CP, CFP, and CSP contained similar L-Ara contents (p > 0.05) changing
between 2.96 and 3.59%, while AP and PSP contained significantly
lower and higher L-Ara contents than those of other pectins, respectively
(p < 0.05).

In plant cell walls, the pectin is mainly formed by homogalacturonan
(HG, ~65%), while rhamnogalacturonan-I (RG-I, ~20-35%) is the
second dominant structural form, and rhamnogalacturonan-II (RG-II,
~10%) is the minor fraction (Alba & Kontogiorgos, 2017; Basak &
Annapure, 2022; Chandrayan, 2018; Yapo, 2011). Since RG-II is a very
complex minor fraction composed of many different sugars, it is not
considered in the theoretical calculations (Houben et al., 2011; M’sakni
et al., 2006). The R1 values suggested that the AP and CP showed the
highest molecular linearity while PSP had lower-intermediate linearity,
and CFP and CSP had the lowest linearity. According to R2, a ratio that is
an indirect indication of RG-I content, the highest value was observed
for CSP, followed in descending order by PSP, AP, CFP and CP. The R3
and R4 also suggested that the degree of branching and D-Gal branch
length of RG-I for pectins in descending order were as follows: CP, CFP,
PSP, CSP, and AP. The calculated HG contents showed some parallelism
with GA contents of CP, AP and PSP, but some variations in parallelism
were observed between HG and GA of CFP and CSP. The calculated RG-I
showed that the CSP and CP are the fractions with the richest and
poorest RG-I contents, respectively. This finding showed parallelism
with R2 ratios, which also indicates RG-I content. Both the RG-I and R2
also indicated that PSP is the second RG-I rich fraction after CSP.
However, RG-I content did not show parallelism with R2 of AP and CFP,
possibly due to the large differences (almost 3 fold) between their L-Rha
contents that affect R2 significantly (L-Rha (mol%)/GA (mol%)).

3.3. FTIR spectra of pectins

The FTIR spectra of fig pectins were compared with those of com-
mercial citrus and apple pectins to confirm their pectin structures (see
supplementary file Fig. S1). It was clearly seen that the FTIR spectra of
CFP, CSP and PSP showed similarities throughout the transmittance
values with CP and AP. The peak between 3600 and 2300 cm ™! reflected
the stretching vibrations of the CH bond belonging to CH, CHj, and CH3
groups in these pectins (Sinitsya et al., 2002). The region between 1900
and 1550 em ! is important since they involve bands affected from DE
and GA content of pectins. The carbonyl bands at 1630 cm™! and 1745
cm ! belong to the free carboxyl (COO-) and ester-carbonyl (C-O)
groups, respectively (Fellah et al., 2009; Gnanasambandam & Proctor,
2000; Kyomugasho et al., 2015). The CH, C-OH, and a-1,4 glycosidic
(C-0-C) bonds in the galacturonic acid chain of pectins were also
detected at 1384, 1296 and 1198 cm ™%, respectively. All pectins gave
peaks at or closely around these bands with different intensities. It was
reported that the band region between 1300 and 800 cm ™! of the
spectrum is called the fingerprint region that is specific to the material
structure and difficult to interpret (Jafari et al., 2017). Therefore, it was
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proved that the CFP, CSP, and PSP FTIR profiles were highly comparable
with those of CP and AP.

3.4. Mechanical properties of pectin films

Mechanical properties of pristine and CaCly cross-linked films ob-
tained from fig and commercial pectins are shown in Table 2. Although
the cross-linking caused a significant reduction in thickness of all films,
the average thicknesses of pristine and cross-linked films of citrus and fig
pectins changed at a very narrow range between 84.1 and 89.0 pm and
71.2 and 78.4 ym, respectively. In contrast, pristine and cross-linked AP
films were significantly thinner than all of the other respective pectin
films. The results obtained for pristine films showed that the CP and PSP
films had the highest tensile strengths (TSs), while AP and CSP films
showed 2.4-2.8 fold lower TSs, and CFP showed 5-5.7 fold lower TS
than those of CP and PSP films. The cross-linking improved the TSs of
some films significantly. For example, AP-Ca™*, CP-Ca**, and CFP-Ca*™
films showed 1.3-, 1.6- and 1.7 fold higher TSs than their pristine AP, CP,
and CFP films, respectively. In contrast, no significant differences were
determined between TSs of CSP and CSP-Ca™* and PSP and PSP-Ca™ ™. It
is hard to understand the exact reason for failed CaCl, cross-linking to
improve TS of stalk pectin films. However, it seemed that the crude and
purified stalk waste pectins lacked a block-wise distribution for dees-
terified carboxyl groups that were essential for the formation of a highly
ordered mechanically stable egg-box structure (Fraeye et al., 2009). The
CP-Ca™™" showed the highest TS among cross-linked films followed in
descending order by TSs of PSP-Ca™*, AP-Ca*t, CSP-Ca'™™ and
CFP-Ca™*. The CSP, AP, and CFP gave the most flexible pristine films
with elongation at break (EAB) values of 26.2, 21.9, and 15.2%,
respectively. The PSP films showed limited flexibility (EAB: 8.8%),
while CP gave almost no flexibility (EAB: 4.2%). The cross-linking
caused a significant reduction (1.8-3.7 fold) in EAB of most pectin
films, except for CP films that gave similar EAB for pristine and
cross-linked films. According to Young’s modulus (YM) values, the
CP-Ca™ and PSP-Ca'™ films were the stiffest films, followed in
descending order by CP and PSP films showing intermediate stiffness
and by AP-Ca™*, CSP-Ca®™™", CP-Ca’™, CSP, CFP, AP films showing

Table 2
Mechanical properties of pectin films.
Sample Thickness Tensile Elongation at Young’s
(um) Strength break (%) modulus
(MPa) (MPa)
cP 87.81 + 17.59 + 2.508  4.18 + 1.74F 7.56 + 0.875¢
2.04%
AP 71.28 + 6.29 + 0.31% 21.92 + 7.7048 0.52 + 0.12F
0.13°
CFP 89.02 + 3.11 + 0.36" 15.19 + 1.23%¢ 0.55 + 0.05"
11.71%
CSP 84.11 + 6.50 + 1.71°8  26.17 + 0.77% 0.70 + 0.12F
1.9418
PSP 85.83 + 15.58 + 1.02®  8.83 + 1.37° 5.69 + 1.18¢
3.61%
CP- 74.70 + 27.66 + 2.56"  3.51 + 0.53F 11.92 + 1.42%
Ca™  3.20P
AP- 59.57 + 8.40 + 2.77° 5.87 + 1.00% 2.77 + 0.47°
Catt  7.41F
CFP- 71.22 + 5.34 + 0.06% 7.88 + 1.61°F 1.54 + 0.27%
ca™  1.36°
CSP- 71.89 + 7.84 £1.23°°  14.28 £ 5.51¢ 1.55 + 0.33F
catt  5.81°
PSP- 78.37 + 19.14 + 2525  4.19 + 1.34F 8.72 + 0.5248

cat  1.56%

*Data are shown as mean =+ standard deviation. Data at each column indicated
by different letters are significantly different (p < 0.05). CP: citrus pectin; AP:
apple pectin; CFP: crude pectin from low-grade sun-dried figs; CSP: crude pectin
from stalk waste of processed high-quality sun-dried figs; PSP: purified pectins
from stalk waste of processed high-quality sun-dried figs; -Ca**: denoted for
crosslinks for all pectins.
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lower-intermediate to low stiffness. The overall results clearly showed
that pristine and cross-linked films of PSP and CP showed similar me-
chanical properties, whereas pristine and cross-linked films of CSP and
CFP showed similar or slightly different mechanical properties with AP.
Moreover, it is also evident that the purification of CSP and use of ob-
tained PSP in film making caused significant improvements in the me-
chanical strength of fig stalk waste pectin films.

In the literature, edible films from different pectins have also been
characterized for their mechanical properties. For example, pristine
films from pomegranate peel (3%, v/w), pineapple peel (3%, v/w), and
lime peel (1%, v/w) pectins showed TS values of 2.42, 5.60, and 16.93
MPa, and EAB values of 6.55, 14.84 and 1.77%, respectively (Oliveira
et al., 2016; Rodsamran & Sothornvit, 2019a, 2019b). These results
suggested that the pristine films of pomegranate peel and pineapple peel
pectins had comparable mechanical properties with pristine films of CFP
and CSP pectins, respectively, while films of lime peel pectin showed
comparable mechanical properties with films of PSP. Data on mechan-
ical properties related to CaCly cross-linked films of alternative novel
pectins derived from wastes are limited. It was reported that the pectin
obtained from mango peel could not form a film in the presence of CaCly
(Chaiwarit et al., 2020). In contrast, edible films obtained from pumpkin
peel pectin (5%, v/w) showed a TS of 5.28 MPa and EAB of 14.37% after
CaCly cross-linking (Lalnunthari et al., 2020). Furthermore, in a study,
cross-linking with 1% CaCl; increased the tensile strength of the com-
mercial citrus pectin films by 1.6 fold while decreasing the elongation at
break and water solubility by 1.4 and 1.6 fold, respectively (Hari et al.,
2021). Similarly, a 70% increase in the toughness and 50% increase in
the tensile strength were shown after PVA/commercial citrus pectin
blended films were cross-linked with 4.0 wt% CaCly solution (John
et al., 2021).

The calculated Pearson’s coefficient of correlations (r) showed the
factors (composition and molecular properties of pectins) affecting the
mechanical properties of pristine and cross-linked films separately (see
supplementary file Tables S1 and S2). The most significant positive
correlations were determined between GA of pectins and TS (r = 0.802
and 0.847) and YMs (r = 0.717 and 0.852) of pristine and cross-linked
films, respectively. The calculated HG content of pectins also showed
moderately significant positive correlations with TS (r = 0.760) and YM
(r = 0.790) of cross-linked films, but HG content of pectins showed less
significant (r < 0.7) correlations with TS and YM of pristine films.
Moreover, a moderate positive correlation was also determined between
the DE of pectins and TS of pristine films (r = 0.726). As expected,
moderately significant negative correlations also existed between GA of
pectins and EAB of pristine (r = —0.734) and cross-linked (r = —0.794)
films. These results clearly showed that the GA is the primary factor
giving the mechanical strength and stiffness of both pristine and cross-
linked films. The R2 of pectins also showed a moderately significant
positive correlation with EAB of pristine and cross-linked films (r =
0.728 and 0.727), respectively. This correlation is expected since R2 was
inversely proportional to the GA content of pectins. In contrast, the
calculated RG-I content of pristine films did not correlate with EAB,
while a weak positive correlation existed between RG-I content and EAB
or cross-linked films (r = 0.595).

3.5. Water vapor barrier properties

Water vapor permeability (WVP) values of different pectin films are
given in Table 3. The WVP of films showed a great variation and
changed between 6.3 and 31.7 g.mm.m 2.day '.kPa~!. The PSP-Ca*™*
with its 2-5 fold lower WVP than those of other films showed the best
moisture barrier effect. The PSP, CP-Ca™ ™ and CFP-Ca™™ films showed
intermediate moisture barrier effects, while GSP-Ca™™, CP, and AP films
showed lower-intermediate, and CFP and CSP showed low moisture
barrier effects. It is important to note that the cross-linking did not cause
a significant change in the WVP of films obtained from CP and AP (p >
0.05). In contrast, CFP, CSP, and PSP films showed 1.7-2 fold higher
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Table 3

Water vapor permeability (WVP), oxygen transmission rate (OTR), and permeability coefficient (P’O,), and thickness values of pectin films.
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Film WVP (g.mm.m 2.day *.kPa') OTR (mL.m 2.24h™1) P'O, (mL.pm.m’2.24 h~'atm™1) Thickness (pm)
cp 19.12 + 1.77 B¢ 138.16 + 11.8% 10776.4 + 922.8% 78.2 + 3.4°PE
AP 21.43 + 6.34 8 204.5 + 9.6¢ 15460.2 + 725.8¢ 75.6 + 3.5°F
CFP 30.39 + 5.39 4 427.1 + 25.2% 51153.6 + 3016.4* 119.7 + 26.14
csp 31.74 + 1.424 263.6 + 19.7° 27843.5 + 2080.3% 105.6 + 4.7AB
PSP 12.85 + 1.24 " 173.44 + 18.9° 15783.04 + 201.6° 91 + 4.55¢
CP-Ca™* 14.96 + 3.38 P 116.9 + 6.4° 8264.8 + 452.5" 70.7 + 2.5PF
AP-Ca™* 20.31 + 3.46 B 181.8 + 6.7 12657.4 + 442,9"F 66.1 + 2.6"
CFP-Ca*™* 17.45 + 4.55 B0 170.60 + 20.3° 13648.24 + 1854.4P 80.3 + 2.87°PF
Csp-Catt 18.11 + 2.84 B¢ 58.22 + 6.7" 5402.82 + 308.3¢ 92.8 + 3.75¢
PSP-Ca*t* 6.28 £ 0.57 ¢ 134.03 + 15.28 11124.16 + 1261.9% 83 + 3.2

*Data are shown as mean =+ standard deviation. Data at each column indicated by different letters are significantly different (p < 0.05). CP: citrus pectin; AP: apple
pectin; CFP: crude pectin from low-grade sun-dried figs; CSP: crude pectin from stalk waste of processed high-quality sun-dried figs; PSP: purified pectins from stalk

waste of processed high-quality sun-dried figs; -Ca**: denoted for cross-links for all pectins.

WVP than their respective cross-linked films (p < 0.05). These results
suggested that the cross-linking caused formation of denser morphol-
ogies for fig pectin films. The WVP values reported in the literature
suggested that all pristine fig pectin films developed in the current work
showed greater moisture barrier effects than pristine orange and mango
peel pectin films (64.7-76.56 g.mm.m~2.day!.kPa~1) (Spatafora Sala-
zar et al., 2019), apple pectin film prepared with pomegranate juice (72
g.mm.m2.day 1.kPa~!) (Azeredo et al., 2016), and pomegranate peel
pectin film (60.48 g.mm.mfz.dayfl.kPa’l) (Oliveira et al., 2016).
Moreover, pristine pumpkin pectin film (22.2 g.mm.m 2.day '.kPa™')
(Lalnunthari et al., 2020), lime peel pectin film (16.07 g.mm.m~2.day *.
kPa~!) (Rodsamran & Sothornvit, 2019a), and lemon waste
pectin-sweet potato starch blend film (23.76 g.mm.m 2.day *.kPa™})
(Dash et al., 2019) showed better moisture barrier effect than pristine
CFP and CSP pectin films, but lower moisture barrier effect than PSP
pectin films.

The Pearson’s coefficient of correlations (r) suggested that there are
significant negative correlations between WVP of pristine films and GA
content (r = —0.762) and DE (r = —0.905) of pectins used for film
making. These findings suggested that pristine films with good moisture
barrier properties need the use of high GA pectins, especially with a high
degree of esterification. This result supported the recent finding of
Huang et al. (2021), who showed that hydrophobic methyl ester groups
in pectins are crucial for the moisture barrier effect of their films. On the
other hand, the WVPs of cross-linked films showed a significant negative
correlation with DA (r = —0.886) of pectins used in film making. In the
literature, it was reported that the high degree of acetylation interfered
with the gelation of pectins since the presence of acetyl groups caused
steric hindrance for chain association (Vriesmann & Petkowicz, 2013).
However, it appears that the steric hindrance caused in hydrated pectin
molecules by acetyl groups worked differently in dry films. It is well
known that the increased degree of acetylation causes a parallel increase
in the hydrophobicity of hydrocolloids such as pectin and cellulose since
this replaces hydrophilic groups/bonds with hydrophobic acetyl groups
(Leroux et al., 2003; Ouarhim et al., 2019). The data in the literature
about the effect of acetyl groups in pectins on the WVP of their films are
scarce. However, the current work showed for the first time that acetyl
groups of fig pectins with DA between 6.95 and 29.9% are highly
effective on the WVP of their films when these pectins were cross-linked
to form an “egg-box model” configuration. The TPC did not correlate
with WVP of pristine films, but it is important to note that there was a
moderately significant negative correlation between the TPC of pectins
and the WVP of their cross-linked films (r = —0.745). The hydrophobic
interactions formed between aromatic rings (e.g., A and C rings of fla-
vonoids) of polyphenols and hydrophobic methyl groups of pectin are
accepted as the primary mechanism of polyphenol-pectin complexation
(Liu et al., 2020; Tang et al., 2003). Thus, further studies are needed to
understand the effects of possible hydrophobic interactions between
polyphenols and acetyl groups of pectins on the WVP of pectin films.

3.6. Oxygen barrier properties

The oxygen permeability coefficients (P’O2) of pectin films are also
reported in Table 3. The best oxygen barrier performance among pris-
tine films was observed for CP film (10776 mme.m’2.24 h~'am™),
followed by AP and PSP films with 1.4 and 1.5 fold higher, and by CSP
and CFP films with almost 2.6- and 4.7 fold higher P'O, values than that
of CP film, respectively. The cross-linking significantly reduced the P'O4
of all films (p < 0.05). However, the most dramatic reductions in P'O,
values of pristine films by cross-linking occurred for those of CSP and
CFP films (5.2 and 3.7 fold). The cross-linking caused limited reductions
in P'O, values of PSP, CP, and AP films (1.2-1.4 fold). These results
suggested dramatic changes in molecular interactions and/or mor-
phologies in the film matrix of pristine CSP and CFP films by cross-
linking. The CSP-Ca™™ film with a P‘Oy of 8265 mLum.m 2.24 h™?
atm ™! showed the highest oxygen barrier effect among the cross-linked
films, followed by CP-Ca™™ film with 1.5 fold higher, and PSP-Ca™*, AP-
Ca*t, CFP-Ca™™ films with 2.1-2.5 fold higher P’O, values than that of
CSP-Ca™™ film. Interestingly, the CSP film showed almost 1.8 fold higher
P’'O, than PSP film, while CSP-Ca*™ film showed almost 2 fold lower
P'O, than PSP-Ca™™ film. These results clearly showed that the films of
crude and purified stalk waste pectins showed considerably different
oxygen barrier mechanisms in pristine and cross-linked forms. It appears
that the loss of low methoxyl pectin factions in PSP by purification is the
main reason for limited changes in P'O of its cross-linked film.

The Pearson’s coefficient of correlations (r) showed that there are
moderate to highly significant negative correlations between P'Oy of
pristine films and DE (r = —0.838), GA (r = —0.850) and HG (r =
—0.728) of pectins used for film making. Thus, it is clear that the oxygen
barrier properties of pristine films also depend on the amount of gal-
acturonic acid units having high degree of methylation. This finding
clearly explains the lower P'O; of pristine PSP film than pristine CSP
film. There is also a significant positive correlation between the soluble
protein content of pectins and the P’O5 of their pristine films (r = 0.810).
This finding indicates that the soluble proteins distributed within the
pectin film matrix spoiled (defected) the desired homogalacturonan film
network formed by entangled linear pectin molecules. In contrast, there
were no significant correlations between investigated pectin molecular
and compositional parameters and P'O5 of cross-linked films. Thus, it
seemed that the oxygen gas barrier effect of cross-linked films is simply a
result of formed dense morphology (increased film networking) by the
formation of an egg-box structure. Further studies are needed to un-
derstand the oxygen barrier properties of cross-linked pectin films.

3.7. Solubility and swelling of pectin films

The solubilities of pectin films are shown in Fig. 1. The pristine films
of CP, AP, and PSP showed 100% solubility, while pristine CFP and CSP
films showed almost 71-72% solubility due possibly to the crude and



E. Cavdaroglu et al.

Water solubility (%)

Films

Fig. 1. Water solubility of pectin films.

heterogeneous nature of their pectins. The cross-linking caused a sig-
nificant reduction in the solubility of films obtained from CP, CSP, and
CFP. Thus, the lowest solubility was obtained for CFP-Ca™™" (32.8%)
followed by CSP-Ca ™™ (38.6%) and CP-Cat™ (41.8%). This result clearly
showed that the CP, CSP, and CFP pectin contained low methoxyl pectin
(LMP) fractions that turned into insoluble Ca-pectate fractions. In
contrast, AP-Ca™" and PSP-Ca™ showed 100% and 76% solubilities,
respectively. The limited reduction in solubility of PSP-Ca** by cross-
linking once more suggested that the purification of CSP removed
mainly the LMP fractions of PSP pectin. The Pearson’s coefficient of
correlations (r) suggested that there are highly significant positive cor-
relations between water solubility of pristine films and GA (r = 0.851),
DE (r = 0.915) and HG (r = 0.876) of pectins. However, the only sig-
nificant correlation for cross-linked films was determined between the
solubility of these films and the DE of pectins (r = 0.783) used in film
making. This finding clearly showed that the DE of pectins is a very
critical factor affecting the solubility of both pristine and cross-linked
films.

Due to the high solubility of pristine films, the swelling properties
were determined only for the cross-linked films except for that of AP-
Ca™" which showed 100% solubility (Fig. 2). The highest degree of
swelling was observed for CP-Ca’™" followed in descending order by
PSP-Cat™, CSP-Ca™™ and CFP-Ca™™ films that showed almost 1.9, 2.4,
and 3.2 fold less swelling than CP-Ca™ film, respectively. Therefore, it
is clear that the CFP-Ca™ ™ films were not only the least soluble films but
also the least swelling films. Due to the limited number of films used in
this test, no regression analysis was conducted for film swelling.

3.8. Surface wettability of pectin films

The water contact angles and contact moment images of pectin films
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Fig. 2. Swelling curves of pectin films.
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are given in Fig. 3 and Fig. 4-A to J, respectively. The film surface could
act as completely wettable (hydrophilic), partially wettable, or not
wettable (hydrophobic) by the solvent when the contact angle is
measured at < 30°, between 30° and 90°, and > 90°, respectively
(Chaiwarit et al., 2020). The contact angles of pristine and cross-linked
pectin films varied between 41° and 80°, 48° and 102°, respectively.
None of the pectin films showed complete wettability, but the majority
of films were distributed at the lower and higher limits of the partially
wettable category, with the exception of CFP-Ca™ ™ that was identified as
the only not wettable film under the test conditions. This result complies
well with previous findings that showed the greatest resistance of
CFP-Ca™ " films against solubility and swelling. The ranking of the hy-
drophobicities of pristine film surfaces in decreasing order was as fol-
lows; AP, CFP, PSP, CSP, and CP. Interestingly, the wettability values of
pristine fig pectin films varied between those of two commercial pectin
films. The cross-linking caused significant changes in hydro-
philic/hydrophobic properties of all films (p > 0.05). For example,
CP-Ca++, CFP-Ca++, and CSP-Ca++ films turned more hydrophobic
(1.3 and 1.4 fold higher 6 values) than their respective pristine films (CP,
CFP, CSP films) by cross-linking. This finding clearly explained the low
solubility of CP-Ca**, CFP-Ca™™ and CSP-Ca™" films in distilled water.
In contrast, AP-Ca*" and PSP-Ca’™ films showed slightly higher hy-
drophilicity than their respective pristine films (AP and PSP films). Thus,
the overall ranking of cross-linked film surface hydrophobicity in
decreasing order was as follows; CFP-Ca’™", AP-Ca™", CSP-Ca'™,
CP-Ca™*™, and PSP-Ca™™.

The analysis of Pearson’s coefficient of correlations suggests that
there were lower-moderately significant negative correlations between
water contact angle of cross-linked films and GA (r = —0.687) content or
DE (r = —0.686) of pectins. This finding suggests that the hydrophilic
groups of homogalacturonan units have some role in determining cross-
linked film surface hydrophilicity. In contrast, no significant correla-
tions were determined between water contact angles of pristine films
and molecular and compositional parameters of pectins used in film
making.

3.9. Morphology of pectin films

The morphologies of films were investigated by AFM and SEM. The
surface morphologies (Fig. 5A-J) and topographic images (Fig. 6A-J) of
films obtained by AFM clearly showed that the surfaces of all pectin
films were rough. The Rrms and Rmax of pectin films varied at a broad
range between 7.65 and 31.9 nm and 59.9 and 224 nm, respectively
(Table 4). Considering the roughness parameters, the PSP-Ca* " showed
the highest roughness followed in descending order by PSP and CSP
films that also showed considerable roughness, and CSP-Ca™™", CP-Ca™ ™,
CP, CFP films with intermediate roughness, and CFP-Ca* ", AP, AP-Ca**
films with limited roughness. The cross-linking caused some different
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Fig. 3. Water contact angle of pectin films.
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Fig. 4. Instantaneous images captured at the contact between the water droplet and the surface of pectin films: A) CP, B) AP, C) CFP, D) CSP, E) PSP, F) CP-Ca'™; (G)
AP-Ca'"; (H) CFP-Ca™*; (I) CSP-Ca**; and J) PSP-Ca™ .
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Fig. 5. Surface morphologies of pectin films: (A) CP; (B) AP; (C) CFP; (D) CSP; E) PSP; (F) CP-Ca™; (G) AP-Ca™*; (H) CFP-Ca™; (I) CSP-Ca™*; and J) PSP-Ca™ ™.

effects on the surface roughness of pectin films. For example, Rrms CFP pectins showed similar Rmax values, while cross-linking caused an
values of pristine and cross-linked films of AP, CSP, and PSP pectins increase and reduction of Rmax values for films obtained from PSP and
were similar, while cross-linking caused a significant increase and CSP pectins, respectively. It is interesting to note that the AP films were
reduction in Rrms values of films obtained from CP and CFP pectins, the only ones that were not affected by cross-linking.

respectively. Moreover, pristine and cross-linked films of CP, AP, and Fig. 7A to J shows the SEM micrographs of film surfaces at 500 x
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Fig. 6. Topographic images of pectin films: (A) CP; (B) AP; (C) CFP; (D) CSP; E) PSP; (F) CP-Ca™™; (G) AP-Ca™™; (H) CFP-Ca™*; (I) CSP-Ca™*; and J) PSP-Ca™™.

Table 4

Morphological parameters of different films from AFM analysis.
Pectin film Rims (nm)* Rmax (nm)
cP 10.7 + 1.34° 84.0 + 22.9%F
AP 6.72 + 1.81% 68.2 + 32.2F
CFP 11.7 + 2.82°P 82.7 +18.17E
CsP 19.8 + 6.16% 177 + 78.5"8
PSP 22.8 + 3.14"8 157 + 22.05%¢
CP-Ca™? 16.1 + 1.365C 123.9 + 23.1°P
AP-Ca™™" 7.72 + 3.15% 62.1 + 13.8%
CFP-Cat* 7.65 + 2.18% 59.9 + 14.2%
Csp-Catt 16.4 + 3.815¢ 118 + 19.5°?
PSP-Cat™ 31.9 + 5.49* 224 + 27.4%

? Values at each column indicated by different letters are significantly
different (p < 0.05). CP: citrus pectin; AP: apple pectin; CFP: crude pectin from
low-grade sun-dried figs; CSP: crude pectin from stalk waste of processed high-
quality sun-dried figs; PSP: purified pectins from stalk waste of processed high-
quality sun-dried figs; -Ca**: denoted for cross-links for all pectins; Rrms: sur-
face roughness; Rpyax: maximum vertical distance.

magnification. The surfaces of pristine and cross-linked films from
commercial pectins and CSP pectin were smooth and homogeneous, and
they were apparently free from pores, cracks, and air bubbles. The SEM
micrographs also proved that the PSP film surface was rough, but it was
also evident that these films were apparently free from pores and cracks.
In contrast, extensive tiny craters were clearly identifiable on both
pristine and cross-linked CFP film surfaces (Fig. 7C and H). The cross-
linking improved the surface smoothness of films obtained from com-
mercial pectins and CSP pectin, but no apparent changes were observed
in the surface morphologies of CFP and PSP films by cross-linking.
Fig. 8A to J also shows the cross-sectional SEM images of different
pectin films at 2500 x magnification (see also cross-section images
during thickness measurements in supplementary file Fig. S2). The
comparison of cross-sectional images of pristine and cross-linked films
indicated that the cross-linking caused formation of extensive
networking (intensive tiny aggregations) within films. Some heteroge-
neous formations were observed in CFP-Ca™", CSP-Ca™ " and PSP-Ca™™,
but CP-Ca’" and AP-Ca’" showed more homogeneous cross-sectional
images. No apparent pores and cracks were identified at film cross-

10

sections, except those of CFP and CFP-Ca™ ™ films that contained some
burst spherical void capsules concentrated mainly at the upper part of
the film surface. The CFP pectin showed the highest soluble protein
content; thus, these spherical formations might be formed by protein
stabilized tiny air bubbles. These results showed that the morphology of
all films changed to some extent by cross-linking. Thus, it appears that
the changes in surface roughness and internal morphology together with
molecular and compositional parameters determined the final me-
chanical and barrier properties of cross-linked pectin films. This finding
also suggests that some properties of cross-linked films that lack to show
any correlation with molecular and compositional parameters of pectins
are affected mainly by morphological changes induced by egg-box
model formation. For example, the P'Oy of cross-linked films that
lacked to show any correlations with parameters measured for pectin
might be related mainly to changes in film morphology. Further studies
are needed to determine the exact contribution of morphology to me-
chanical and barrier properties of pectin films.

3.10. Transparency and color of pectin films

The transparency values (%) of pristine films ranged between 13.8
and 27.2% (Table 5). The AP gave the most transparent pristine film
followed by pristine films of CP and CSP with intermediate transparency
and pristine films of PSP and CFP with low transparency. In all pristine
films, the cross-linking caused a significant increase in film transparency
(p < 0.05). The transparency of cross-linked films ranged between 15.8
and 32.6%, but the transparency ranking for the cross-linked films is
similar to that of pristine films. According to Hong et al. (2005), the
transparency values of polypropylene and low-density polyethylene
(LDPE) films were almost 38% and 15-20%, respectively. Thus, it ap-
pears that the transparencies of pectin films are comparable to those of
LDPP films. It is important to note that CSP and CSP-Ca™ ™ films showed
significantly greater transparency values than PSP and PSP-Ca™ ™ films.
This finding clearly showed that the purification of fig stalk waste pectin
did not result in increased film transparency. In general, film trans-
parency is determined by morphology rather than chemical composition
(Farris et al., 2009). Thus, it seemed that the difference between the
transparency of crude and purified stalk waste pectin films originated
from significant differences between their surface (Rrms or Rmax) and
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Fig. 7. Surface morphology of pectin films: (A) CP; (B) AP; (C) CFP; (D) CSP; E) PSP; (F) CP-Ca™™; (G) AP-Ca™™; (H) CFP-Ca™; (I) CSP-Ca™*™; and J) PSP-Ca™ ™.
(Magnification: 500 x , Scale bar: 300 pm).

Fig. 8. Cross-sectional morphology of pectin films: (A) CP; (B) AP; (C) CFP; (D) CSP; E) PSP; (F) CP-Ca++; (G) AP-Ca+-+; (H) CFP-Ca++; (I) CSP-Ca+-+; and J) PSP-
Ca++. (Magnification: 2500 x , Scale bar: 50 pm).
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Table 5
Transparency and color values of pectin films.
Sample Transparency L’ a’ b*
cp 21.40 + 0178 7727 £+1.32° 268+ 34.85 + 2.64°
0.61%
AP 27.22 +0.02® 8584 +0.83* 296+ 11.6 + 1.76"
0.06%
CFP 13.76 £ 0.30'  77.77 £ 0.32F  4.05 £ 0.21¢ 42.18 + 0.33"
CSP 20.01 +0.23F  68.66 + 0.11%  2.00 + 0.09° 3712+
0.378¢
PSP 13.77 + 0.85'  71.78 + 0.71°  5.15 + 0.28" 30.78 + 0.79°
CP-Ca*t 24.83 +0.11¢  79.36 + 1.03®  1.58 + 0.26° 25.35 + 2.11F
AP-Ca* " 32.59 + 0.01*  85.65 + 0.2* 1.76 + 0.07° 8.02 + 0.58°
CFP- 17.34 +1.43°  66.33+ 279"  8.48 +1.74" 38.65 + 2.83°
Ca++
CSP- 23.44 + 0.09°  70.49 + 5.73 + 0.15% 31.96 + 0.61°
Ca'™" 0.44°F
PSP-Ca** 1579+ 0.82"  71.25+0.66°  5.42 + 0.29% 31.27 + 0.77°

2 Data are shown as mean + standard deviation. Data at each column indi-
cated by different letters are significantly different (p < 0.05). CP: citrus pectin;
AP: apple pectin; CFP: crude pectin from low-grade sun-dried figs; CSP: crude
pectin from stalk waste of processed high-quality sun-dried figs; PSP: purified
pectins from stalk waste of processed high-quality sun-dried figs; -Ca™*: denoted
for cross-links for all pectins; L*: lightness; a*:redness; b*: yellowness.

cross-sectional morphologies.

The color of films evaluated considering lightness (L*), yellowness
(a*), and redness (b*) values and photos of films were given in Table 5
and Fig. 9, respectively. The L* values of films changed between 66.3
and 85.8. The cross-linking did not cause a considerable change in the L*
value of films except CP which showed a slight increase in L* by cross-
linking. The AP and CP gave the lightest colored films (Fig. 9A-D), while
all fig pectin films were dark-colored (Fig. 9E-J) due to the Maillard
reaction products that formed a tight complex with the extracted pec-
tins. However, it must be noted that the purified PSP contained less
Maillard reaction products, thus, it gave lighter films than CSP that is a

Fig. 9. Digital images of pectin films. Control films: A) CP, B) AP, C) CFP, D) CSP, and E) PSP; cross-linked films:

Ca++, and J) PSP-Ca++.
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crude stalk waste pectin. The pristine fig pectin films also showed
significantly higher a* values than pristine commercial pectin films (p <
0.05). The cross-linking increased the a* values of films except for
pristine PSP films that showed similar a* with PSP-Ca™™" films. The b*
values of fig pectin films were comparable with those of CP films, while
AP showed considerably lower b* values than all pectin films.

4. Conclusions

This work clearly showed the potential advantages of using pectins
extracted from stalk waste of processed high-quality figs in the devel-
opment of edible films. Edible films of purified stalk waste pectin
showed superior mechanical strength than commercial apple pectin,
while having comparable mechanical strength with commercial citrus
pectin. The pristine and cross-linked films of purified stalk waste pectin
had the highest moisture barrier effects, while cross-linked crude stalk
waste pectin film showed the highest oxygen gas barrier effect. The films
of pectin extracted from low-grade substandard fig fruits did not show
outstanding mechanical and barrier properties, but the cross-linked
films of this pectin showed the highest surface hydrophobicity, and
lowest solubility and swelling. The analysis of Pearson’s coefficient of
correlations revealed fundamental knowledge about the effects of mo-
lecular and compositional parameters of studied pectins on the proper-
ties of their pristine and CaCl; cross-linked films. The major findings are
as follows: (1) galacturonic acid content of pectins is the primary factor
correlating positively with mechanical strength and stiffness of pristine
and cross-linked films, (2) moisture barrier effect of pristine films cor-
relates with high galacturonic acid content and high degree of esterifi-
cation while moisture barrier effect of cross-linked films correlates with
high degree of acetylation, (3) oxygen barrier effect of pristine films
correlates with the amount of galacturonic acid units having high degree
of methylation, (4) the phenolic content of pectins correlates negatively
with moisture barrier effect of cross-linked films while protein content of
pectins correlates positively with oxygen barrier effect of pristine films.

| ] s, 1
T || 3 57 5 o

F) CP-Ca++, G) AP-Ca++, H) CFP-Ca++, I) CSP-
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This work not only introduced fig stalk pectin as an alternative hydro-
colloid that gives some superior edible film characteristics than com-
mercial pectins, but also it expands the fundamental knowledge about
factors affecting the mechanical and barrier properties of pectin films.
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