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A B S T R A C T   

In this work, an advanced approach combining small angle X-ray scattering (SAXS) experiments, rheology and 
confocal laser scanning microscopy was used to explain the different emulsification mechanisms of three pectin 
sources (pectin extracted from watermelon rind -WRP- and commercial citrus -CP- and apple pectin -AP). Very 
interestingly, three different emulsification mechanisms were identified, related to the structure and composition 
of the pectin extracts. WRP had significantly greater emulsifying capacity than commercial CP and AP. This 
enhanced emulsification ability was mainly ascribed to a combination of its relatively high protein content 
(mainly acting as the surface-active material), combined with the presence of longer sugar side chains in pectin, 
further contributing to stabilizing the oil droplets in the emulsions. All these structural features resulted in a 
reduction in the mean droplet size as the concentration increased, thus, hindering flocculation and coalescence 
during the short-term storage conditions at 4 ◦C. In contrast, AP had the lowest emulsification capacity, which 
was only related to its viscosifying effect (provided by its greater Mw), while CP, having the greatest homo-
galacturonan content, greatest linearity and a more balanced hydrophilic/hydrophobic character (reflected in 
the degree of esterification), was able to form a better adsorbed layer at the o/w interphase, although it could not 
avoid flocculation and creaming at low pectin concentration during refrigerated storage.   

1. Introduction 

Pectin is a natural complex heteropolysaccharide extracted from 
plant cell walls, which can be currently found in multiple food, cosmetic, 
pharmaceutical and nutraceutical products, contributing to relevant 
technological and functional attributes, like fiber enrichment or 
rheology control (Ciriminna, Chavarría-Hernández, Inés Rodríguez 
Hernández, & Pagliaro, 2015). It is a complex mixture of blocks of 
homogalacturonan (HG), the so-called “smooth region” and rhamno-
galacturonan I (RG-I) and II (RG-II), constituting the “hairy regions” and 
having a greater degree of chemical complexity. The backbone of pectin 
is mainly composed of D-galacturonic acid (GalA) units connected by 
α-1,4-glucoside bonds which can be naturally methylesterified at the C-6 
carboxyl group (Prasanna, Prabha, & Tharanathan, 2007; Henk A.; 
Schols, Visser, & Voragen, 2009; Henk A.; Schols & Voragen, 2003; 
Voragen, Coenen, Verhoef, & Schols, 2009). While commercial pectin 
are classified according to their methoxyl content and gel-forming rate 

(Ciriminna et al., 2017), the structural complexity of these poly-
saccharides, which depend on a number of factors like source or 
extraction conditions, define their properties, thus making it a very 
versatile natural polymer (Denman & Morris, 2015; Dranca & Oroian, 
2018; Méndez, Fabra, Gómez-Mascaraque, López-Rubio, & 
Martinez-Abad, 2021). 

Although most commercial pectin are extracted with mineral acids 
from citrus peels or apple pomace (waste materials from juice in-
dustries), other fruit waste materials have been investigated for pectin 
extraction, like banana peels (Oliveira et al., 2016), grape pomace 
(Minjares-Fuentes et al., 2014) or watermelon rinds (Campbell, 2006). 
Specifically, this last waste material can be envisaged as a highly 
promising pectin source, not only because of the economic importance 
of the crop, being the second world’s largest fruit in terms of volume 
with around 100 million tons produced in 2019 (FAOSTAT, 2021) and 
constituting the rind about one third of the fruit, but also because of the 
good pectin yields obtained (Jiang, Shang, He, & Dan, 2012; Lee & 
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Choo, 2020; Petkowicz, Vriesmann, & Williams, 2017) and interesting 
structural features of the extracted pectin and related functional prop-
erties (Petkowicz et al., 2017). 

The role of pectin as emulsifying agent has gained more attention in 
recent years, as apart from the obvious technological implications for 
many products, it can also have advantages from a nutritional view-
point, having the European Food Standards Agency (EFSA) substanti-
ated that at least 6 g of pectin daily consumed contribute towards the 
maintenance of normal blood cholesterol (Agostoni et al., 2010). In fact, 
it has been demonstrated that pectin is able to reduce lipid digestion rate 
and extent (Zhai, Gunness, & Gidley, 2021), being lipolysis a potential 
factor contributing to blood lipid levels. 

The emulsifying properties of pectin are mainly ascribed to the hy-
drophobic moieties in the pectin structure such as the methoxyl and 
acetyl groups, which abundance highly depend on the biomass source 
and extraction conditions (Alba, Bingham, Gunning, Wilde, & Konto-
giorgos, 2018; Wai, Alkarkhi, & Easa, 2010). 

The heterogeneity of neutral sugar branch chains, the presence of 
proteinaceous materials covalently linked to the side chains, ferulic acid, 
methoxyl or acetyl esterification and the molecular weight also have a 
significant incidence on the balance of hydrophobic and hydrophilic 
regions and, thus, on the emulsifying properties of pectin (Fan, Chen, & 
He, 2020; Nakauma et al., 2008). Currently, the most widely studied 
pectin regarding its emulsion capacity has been sugar beet pectin. Its 
remarkable proteinaceous content has been linked to a reduction in oil 
droplet size and improved emulsion stability. Proteins tend to act as 
anchor molecules for pectin in the oil phase, by adsorbing at the oil–-
water interface, decreasing the interfacial tension between water and oil 
(Funami et al., 2007, 2011; Nakauma et al., 2008; Schmidt, Schmidt, 
Kurz, Endreβ, & Schuchmann, 2015). 

In a recent work, pectin extraction from watermelon rinds was 
modelled and optimized in terms of yield, and its structural character-
ization pointed out to longer sugar side chains when compared with 
commercial citrus or apple pectin (Méndez et al., 2021). The presence of 
long branched chains in pectin has been correlated with improved 
emulsifying properties (Ngouémazong, Christiaens, Shpigelman, Van 
Loey, & Hendrickx, 2015) and, in fact, acid-extracted watermelon rind 
pectin (WRP) has shown emulsion capacity similar to Arabic gum, a 
polysaccharide well-known for its emulsifying properties (Petkowicz 
et al., 2017). However, the mechanism for emulsion stabilization re-
mains unknown and the emulsification potential of this novel pectin 
source for high oil concentration in comparison with commercial pectin 
also deserves to be studied to gain further insight for potential industrial 
applications. 

Therefore, the aims of the present work were to (i) compare the 
emulsifying properties of WRP in comparison with apple pectin (AP) and 
citrus pectin (CP) as main market drivers during a short-term storage (ii) 
characterize the micro- and nanostructure and the rheological properties 
of the developed emulsions; and (iii) understand the main mechanisms 
for emulsion stabilization of the WRP pectin in relation with its struc-
tural features. 

2. Materials and methods 

2.1. Sample preparation 

Fresh watermelon (Citrullus lanatus) fruits were kindly supplied by 
Anecoop S. Coop. During the summer season of 2019 from Almeria, 
Spain. The fruits were processed removing the red flesh and keeping the 
white rinds, which were later used for pectin extraction. The rinds were 
initially chopped in pieces of 0.5–2.5 cm and immersed in distilled water 
for 10 min with gentle agitation and, after draining the water, they were 
freeze-dried to keep them stable before pectin extraction. Citrus and 
apple pectin (CP and AP, respectively obtained from Sigma-Aldrich) 
were used for comparative purposes. Sunflower oil (SO) was obtained 
from a local supermarket. 

2.2. Pectin extraction 

Pectin extraction from WR was carried out following the optimal 
extraction conditions previously established (Méndez et al., 2021). 
Briefly, the ground WR was immersed in water acidified at pH 1.35 with 
a 1 M HCl solution, with a solid-liquid ratio of 1:20 (w/v), and it was 
heated on a hotplate with magnetic stirring for 90 min at 95 ◦C. Sub-
sequently, the extracted solution was filtered with a muslin cloth, fol-
lowed by vacuum filtration using Whatman filter paper nº 4 at 60 ◦C and 
mixed with 96% (v/v) ethanol at a 1:2 (v/v) ratio and left overnight in 
the freezer. The coagulated pectin (WRP) was centrifuged at 23,450 g for 
20 min and consecutively washed with 96% (v/v) ethanol and acetone 
several times to remove water and low molecular weight or polar 
compounds. Finally, the material was dried at 60 ◦C in a hot air oven 
until constant weight, then grounded and stored in a desiccator until 
further analysis. 

2.3. Pectin characterization 

Methoxyl content (MeO%) and degree of esterification (DE) of 
extracted pectin were measured according to the method described by 
(Grassino et al., 2016). Protein determination was carried out by the 
Dumas combustion method according to ISO/TS, 16,634–2 (2016) and a 
nitrogen conversion factor of 6.25. The molecular weight of the pectin 
was estimated by HPSEC as described in Méndez et al. (2021). The sugar 
composition of the extracts was determined by high-performance anion 
exchange chromatography with pulsed amperometric detection 
(HPAEC-PAD) after acidic methanolysis as previously described (Mar-
tínez-Abad, Giummarella, Lawoko, & Vilaplana, 2018). Due the high 
lability of fructose (Fru) during methanolysis, the free Fru and Glc were 
measured using a sucrose, D-fructose and D-glucose (K-SUFRG) Assay Kit 
(Megazyme, Bray, Ireland), according to the manufacturer’s in-
structions. All measurements were carried out in triplicate. 

2.4. Preparation of pectin solutions and emulsions 

Pectin solutions (1.5 and 3.5% (w/v)) were prepared by dissolving 
weighed amounts of powdered samples of the extracted watermelon 
rind pectin (WRP) and the two commercial citrus and apple pectin (CP 
and AP, respectively) were solubilized into deionized water for 16 h at 
25 ◦C with pH maintained in a range between (2.6–3.4). 

Oil-in-water emulsions were obtained by dispersing 1 mL of SO each 
30 s, using a high-speed homogenization equipment (Ultra-Turrax, 
MICCRA D-9 Homogenizer, IKA, Müllheim, Germany), until reaching a 
final oil concentration of 35% (v/v) or 60% (v/v). Samples’ nomencla-
ture was “xP- ySO′ where ‘x’ refers to the pectin solution concentration, 
“P” indicates pectin type (AP, CP or WRP) and “y” refers to the SO 
concentration. 

2.5. Emulsion microstructural characterization 

The microstructure of the O/W emulsions was studied using both 
optical microscopy and confocal laser scanning microscopy following 
the method reported by Tang and Ghosh (2020). Fluorescence images of 
the emulsions were characterized using a FV 1000-IX81 confocal laser 
scanning microscope (CLSM, Olympus, Japan) with a combination of 
559 nm and 635 nm excitation wavelengths and with emission wave-
length of 572 nm and 647 nm for Nile red and fast green, respectively, 
for the fluorescence field. SO was dyed before emulsion formation by 
adding 0.01% (w/v) Nile red, whereas 0.01% (w/v) fast green was 
added to the final emulsion samples prepared with 1.5% (w/v) pectin to 
stain the proteins present in the emulsion system. Images were analysed 
and processed by using FV10-ASW Version 4.02.03.06 (Olympus Cor-
poration, Tokio, Japon). 
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2.6. Emulsion particle size analysis 

The droplet size distribution and the volume-weighted mean diam-
eter (D4,3) were determined, in triplicate, with a laser scattering in-
strument (Mastersizer 2000; Malvern Instruments Ltd., Worcestershire, 
UK). Oil droplet size measurements were done in freshly prepared 
samples and after 6 days of storage under refrigerated conditions (4 ◦C). 
The droplet size distribution was determined based on the best fit be-
tween the experimental measurement and Mie theory (McClements, 
2015). 

2.7. Creaming index 

The creaming index (CI) of the emulsions was measured following 
the methodology proposed by Verkempinck et al. (2018). Capped, glass 
tubes were filled with 5 mL of each emulsion and the total height was 

measured using a calliper (BESTOOL-KANON, Japan.). The height of the 
upper cream layer was measured at different storage time (0 and 6) in 
order to calculate the creaming index. The creaming index (%) was 
expressed as the ratio of the height of the upper, cream layer (mm) to the 
height of the total emulsion (mm). Tubes were stored at refrigeration 
conditions (4 ◦C). 

2.8. Rheological characterization 

The rheological behaviour of the emulsions was analysed in triplicate 
at 25 ◦C using a rotational rheometer (HAAKE Rheostress 1, Thermo 
Electric Corporation, Karlsruhe, Germany) with a plate/plate measuring 
system (PP60Ti) using a gap of 1 mm. Samples were left to rest for 3 min 
before the measurements were taken. The shear stress (σ) was obtained 
as a function of shear rate (γ) between 0 and 100 s− 1 and maintained 
during 1 min, taking 10 min for each (up and down) cycle. The power 
law model Eq. (1) was applied to determine consistency index (k) and 
flow behaviour index (n). Apparent viscosities were determined at 100 
s− 1.  

σ = K γn                                                                                  (Eq. 1) 

Table 1 
Composition of pectin obtained from watermelon rind (WRP), and commercial 
apple (AP) and citrus pectin (CP). Adapted from Méndez et al. (2021).   

AP CP WRP 

Degree of esterification [%] 77.2 55.2 61.6 
Methoxyl content [%] 9.0 6.8 6.8 
Molecular weight [kDa] 339.4 ± 11.4 77.8 ± 3.8 106.11 ± 2.7 
Protein content [%] 2.5 ± 0.2 1.9 ± 0.1 9.2 ± 1.4 
Monosaccharide composition [μg/mg] 

⋅ Galacturonic acid (GalA) 482.0 ± 17.9 565.9 ± 22.3 540.3 ± 37.0 
⋅ Fucose (μg/mg) 1.65 ± 0 0.6 ± 0.2 2.5 ± 1.0 
⋅ Rhamnose (μg/mg) 24.2 ± 1.0 22.3 ± 0.5 21.2 ± 0.9 
⋅ Arabinose (μg/mg) 18.5 ± 0.6 19.5 ± 0.7 2.3 ± 0.1 
⋅ Galactose (μg/mg) 49.4 ± 1.7 35.2 ± 1.6 204.9 ± 5.0 
⋅ Xylose (μg/mg) 14.2 ± 0.8 3.1 ± 0.1 1.9 ± 0.2 
⋅ RG-Ia 6.8 5.5 20.8 
⋅ HGb 45.8 54.4 51.9 
⋅ RLc 4.4 6.9 2.4 
⋅ RBd ((Gal + Ara)/Rha) 2.8 2.5 9.8  

a (2Rha + Ara + Gal). 
b (GalA-Rha). 
c A larger value suggests of more linear/less branched pectins. (GalA/(Xyl +

Rha + Ara + Gal)). 
d A larger value is indicative of larger average size of the branching side 

chains. ((Gal + Ara)/Rha). 

Fig. 1. Macroscopic images of the different freshly prepared (day 0) emulsions and after 6 days of storage (day 6) at 4 ◦C. Black arrows point out to phase separation.  

Table 2 
Average oil (SO) droplet size of the emulsions stabilized with AP, CP and WRP, 
measured at two different times (freshly prepared samples and after 6 days of 
storage at 4 ◦C).  

Sample Particle size d4,3 (μm)a CI (%) 

day 0 day 6 day 6 

1.5AP-SO35 15.29 ± 0.32d 16.13 ± 0.01d* 5.98 
3.5AP-SO35 19.42 ± 0.01c 19.73 ± 0.01c* – 
1.5 C P-SO35 24.58 ± 0.02a 25 ± 0.07a* 12.32 
3.5 C P-SO35 10.79 ±0f 10.6 ± 0.01g* – 
1.5WRP-SO35 21.68 ± 0.01b 21.49 ± 0.05b* – 
3.5WRP-SO35 11.62 ± 0.02e 12.24 ± 0.08e* – 
1.5WRP-SO60 10.78 ±0f 10.84 ± 0.01f* – 
3.5WRP-SO60 6.82 ± 0.06g 7.44 ± 0.23h*  

a The data are averages and standard deviations of triplicate measurements. 
Values in each column with different superscript letters (a-g) indicates signifi-
cant differences (p < 0.05) in the same column. (*) indicates significant differ-
ences (p < 0.05) in the same line (related to storage time). 
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2.9. Spreadability 

Spreadability was measured using a TA. XT-Plus Texture Analyses 
(Stable Micro Systems Ltd., Godalming, UK), with a TTC Spreadability 
Rig (HDP/SR) attachment using 5 kg load cell and Heavy-Duty Platform 
(HDP/90). Samples were filled into a female cone (90◦ angle) with 
special attention to avoid bubbles formation. Any excess of sample was 
scraped off with a ruler. Then, the filled cone sample holder was put in 
the base holder and a 45-degree cone probe was used to penetrate the 

samples. Pre-test speed of 1 mm/s was set with trigger force of 1 g. Then, 
a test speed of 3 mm/s was applied until the sample reached 80% strain. 
Force, expressed in Newtons, was measured for the duration of the test. 
Firmness, spreadability and stickiness were determined. All measure-
ments were made, at least, in triplicate. 

2.10. Protein content 

The protein content of the three pectin types was analysed for total 
nitrogen content using an Elemental Analyzer Rapid N Exceed (Paralab 
S.L., Spain). About 100 mg of each of the powdered samples were 

Fig. 2. Apparent viscosity vs. shear rate curves for solutions and emulsions prepared with AP, CP and WRP at (a) 1.5% (w/v) and (b) 3.5% (w/v) pectin 
concentration. 
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pressed to form a pellet which was then analysed using the Dumas 
method, which is based on the combustion of the sample and subsequent 
detection of the released N2 (Wiles et al., 1998). The total protein con-
tent was calculated from the nitrogen content multiplied by a factor of 
6.25. 

2.11. Small angle X-ray scattering (SAXS) 

SAXS experiments were carried out in the Non Crystalline Diffraction 
beamline, BL-11, at ALBA synchrotron light source (www.albasynch 
rotron.es). Pectin solutions (in water) and emulsions were analysed at 
room temperature (25 ◦C). The samples were placed in sealed 2 mm 
quartz capillaries (Hilgenberg GmbH, Germany). The energy of the 
incident photons was 12.4 KeV or equivalently a wavelength, λ, of 1 Å. 
The SAXS diffraction patterns were collected by means of a photon 
counting detector, Pilatus 1 M, with an active area of 168.7 × 179.4 
mm2

, an effective pixel size of 172 × 172 μm2 and a dynamic range of 20 
bits. The sample-to-detector distance was set to 7570 mm, resulting in a 
q range with a maximum value of q = 0.19 Å− 1. An exposure time of 10 s 
was selected based on preliminary trials. The data reduction was treated 
by pyFAI python code (ESRF) (Kieffer & Ashiotis, 2014), modified by 
ALBA beamline staff, to do on-line azimuthal integrations from a pre-
viously calibrated file. The calibration files were created from a silver 
behenate (AgBh) standard. The intensity profiles were then represented 
as a function of q using the IRENA macro suite (Ilavsky & Jemian, 2009) 
within the Igor software package (Wavemetrics, Lake Oswego, Oregon). 

The scattering patterns from the emulsions were properly described 

using a fitting function consisting of a three-level unified model. This 
model considers that, for each individual level, the scattering intensity is 
the sum of a Guinier term and a power-law function (Beaucage, 1995, 
1996): 

I(q)=
∑N

i=1
Gi exp

(

− q2 ⋅
R2

g,i

3

)

+
Bi
[
erf
(
qRg,i

/ ̅̅̅
6

√ )]3Pi

qPi
+ bkg (Eq. 2)  

where Gi = ciViΔSLDi
2 is the exponential prefactor (where Vi is the 

volume of the particle and ΔSLDi is the scattering length density (SLD) 
contrast existing between the ith structural feature and the surrounding 
solvent), Rg,i is the radius of gyration describing the average size of the 
ith level structural feature, Bi is a q-independent prefactor specific to the 
type of power-law scattering with power-law exponent, Pi, and bkg is the 
background. In this particular case, the largest structural level was 
modelled only by a power-law (Rg1 was fixed at a value ≫ qmin

− 1 of 5000 
Å), whereas the power-law exponent for the lowest structural level was 
fixed to 1, corresponding to rigid rods to account for the rod-like 
structure of the pectin molecules (Xu et al., 2018). 

The obtained values from the fitting coefficients are those that 
minimize the value of Chi-squared, which is defined as: 

χ2 =
∑

(
y − yi

σi

)2

(Eq. 3)  

where y is a fitted value for a given point, yi is the measured data value 
for the point and σi is an estimate of the standard deviation for yi. The 
curve fitting operation is carried out iteratively and for each iteration, 
the fitting coefficients are refined to minimize χ2. 

2.12. Statistical analysis 

All statistical analysis was performed using the statistical software 
Statgraphics Centurion XVI® (Manugistics Inc.; Rockville, MD, USA). 
Statistically significant differences were determined by using one-way 
analyses of variance (ANOVA) and sample comparison with LSD at 
95% confidence level (p-value < 0.05). 

3. Results and discussion 

The three pectin samples used in the present study have been pre-
viously characterized and key molecular characteristics relevant to their 
emulsifying capacity are reproduced in Table 1 (Méndez et al., 2021). 
Very briefly, their esterification degree was greater than 50% and, thus, 
all of them can be classified as high methyl-esterified (HM) pectin. WRP 
obtained under similar acid treatment conditions used in the industry, 
had intermediate average molecular weight, greater protein content and 
the presence of long side RG-I chains, in comparison with the com-
mercial citrus (CP) and apple pectin (AP). 

In order to comparatively evaluate the emulsification capacity of 
WRP with commercial CP and AP, oil-in-water emulsions were prepared 
using two different pectin concentrations (1.5 and 3.5% (w/v)) and two 
different soybean oil (SO) concentrations (35 and 60% (v/v)). Interest-
ingly, only WRP was able to stabilize the emulsion with the greatest oil 
content, whereas immediate phase separation was observed when CP or 
AP commercial pectin were used (cf. Fig. S1 from the Supplementary 
Material), thus pointing out the enhanced emulsifying capacity of WRP. 

Amongst the factors that affect the emulsifying properties of pectin, 
intrinsic factors like the degree of esterification, protein content, mo-
lecular weight (Mw) or monosaccharide composition play an important 
role. As for the degree of esterification (DE), higher values imply a 
greater content of hydrophobic groups (methyl ester and acetyl groups) 
in the pectin structure providing the polysaccharide with the ability to 
be placed at the oil-water interphase (Verkempinck et al., 2018). WRP 
had a DE of ~62% and a methoxyl content (MeO) of 6.8% (cf. Table 1), 
which are similar to the DE and MeO contents of the commercial CP and 

Table 3 
Flow behaviour index (n), consistency index (κ) and apparent viscosity (ηap) of 
the oil-in-water emulsions and their corresponding pectin solutions.  

Sample Ostwald de Waele model parameters Apparent viscosity 

n κ r2 ƞap 

1.5AP-SO35 0.843 1.35 0.99 0.65 
3.5AP-SO35 0.5106 51.09 0.95 5.36 
1.5 C P-SO35 0.8731 0.91 0.99 0.51 
3.5 C P-SO35 0.659 24.76 0.98 5.15 
1.5WRP-SO35 0.69 0.88 0.99 0.21 
3.5WRP-SO35 0.341 57.11 0.96 2.75 
1.5WRP-SO60 0.266 97.3 0.90 3.31 
3.5WRP-SO60 – –   
1.5AP 0.90 0.08 0.99 0.05 
3.5AP 0.82 1.60 0.99 0.69 
1.5 C P 0.92 0.05 0.99 0.04 
3.5 C P 0.91 0.78 0.99 0.53 
1.5WPR 0.84 0.07 0.99 0.04 
3.5WPR 0.62 2.30 0.99 0.41  

Fig. 3. Firmness, spreadability and stickiness values of the pectin emulsions at 
two different pectin concentrations (1.5 and 3.5% (w/v)) with SO at 35% (w/v) 
and 60% (w/v). 
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AP (with DE between 50 and 77% and MeO >6.7%). Previous studies 
indicate that there is an optimal Mw promoting emulsion stability, 
which depends on the pectin source (e.g. 70 kDa for the reference citrus 
pectin) (Akhtar, Dickinson, Mazoyer, & Langendorff, 2002; Leroux, 
Langendorff, Schick, Vaishnav, & Mazoyer, 2003). In this work, the 
decreased emulsion stability with AP might partly be explained by its 
higher molecular weight (339.4 ± 11.4 kDa), compared to WRP (106.11 
± 2.7 kDa) or CP (77.84 ± 3.8 kDa). Nevertheless, WRP emulsions were 
more stable than CP, regardless of having similar Mw, suggesting other 
mechanisms are probably playing a role. Previous studies support the 
emulsion stabilization mechanism of WRP as explained by the steric 
hindrance induced by protein content and the electrostatic contribution 
of charged, non-esterified GalA units (Petkowicz et al., 2017). While CP 
and AP had 1.9 ± 0.1 and 2.5 ± 0.2% protein, respectively, a signifi-
cantly greater amount of proteins was present in the WRP (9.2 ± 1.4). 

Furthermore, and as previously commented in the introduction 
section, the lower relative abundance of rhamnose (Rha) and higher 
amounts of the combination of galactose (Gal) and arabinose (Ara) in 
comparison with CP and AP, indicated the presence of longer sugar side 
chains, which could have an influence on the emulsifying properties. 

Therefore, in order to better understand how the different structural 
features and protein content of the three pectin types considered 
affected emulsion structure and properties, an in-depth analysis was 
carried out for O/W emulsions prepared with 1.5 and 3.5% (w/v) of AP, 
CP or WRP and containing 35% (v/v) SO. Moreover, WRP emulsions 
with 60% (w/v) SO concentration were also prepared to explore how 
this increased oil content influenced emulsion structure and properties. 

Fig. 4. Confocal microscopy images of pectin- 
based emulsions and particle size distribution at 
day 0. The oil phase was labelled with Nile Red. All 
pictures were taken with the same light intensity 
and magnification (scale bar corresponds to 20 
μm). (a) 1.5AP-SO35, (b) 3.5AP-SO35, (c) 1.5 C P- 
SO35, (d) 3.5 C P-SO35, (e) 1.5WRP-SO35 (f) 
3.5WRP-SO35, (g) 1.5WRP-SO60 and (h) 3.5WRP- 
SO60. (For interpretation of the references to 
colour in this figure legend, the reader is referred 
to the Web version of this article.)   
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3.1. Oil droplet size and emulsion stability 

The study of the oil droplet size, as well as their distribution in the 
emulsions, is of interest because of its impact on the long-term stability. 
Initially, the stability of the emulsions was evaluated during storage for 
6 days at 4 ◦C. As shown in Fig. 1, all the emulsions had a creamy 
appearance, showing a thicker consistency for the ones with greater 
pectin concentration, consistent with the viscosifying function of the 
hydrocolloid. After 6 days of refrigerated storage, the emulsions pre-
pared with 1,5% (w/v) CP or AP displayed a slight phase separation (see 
arrows in Fig. 1), indicating that these were the least stable emulsions, 
fact which was further corroborated by the significant increase (p <
0.05) in the average oil droplet size (see Table 2). The phase separation 
observed in CP and AP emulsions prepared with the lower pectin con-
centration can be ascribed to bridging flocculation, coalescence and 
lower stabilization capacity. A previous study showed that pectin 
extracted from citrus peels but enriched in RG-I, showed excellent 
emulsion stability at 1.5% (w/v) concentration, although a lower oil 

content (20% (v/v)) was used in that case (Hu, Chen, Wu, Zhu, & Ye, 
2021). Increasing pectin concentration led to enhanced emulsion sta-
bility, as no phase separation was observed during refrigerated storage. 
Interestingly, the samples prepared with the greater WRP concentration 
(3.5% (w/v)) and greater oil content (60% (v/v)) (see Fig. 1) had a 
gel-like texture, similar to that of emulsion gels (Luo et al., 2019). 

As already mentioned, the emulsifying properties of pectin can be 
partially ascribed to some structural features of the polysaccharide such 
as high acetyl content, presence of side chains or covalently bound 
proteins (Kpodo et al., 2018). As observed in Table 2, the mean particle 
size of the oil droplets in the AP emulsions prepared at low pectin 
concentration was smaller than that of their counterparts prepared with 
CP and WRP. However, while increasing pectin concentration led to a 
decrease in the average droplet size for the emulsions prepared with CP 
and WRP, a slight increase was observed for the AP-stabilized emulsions 
with greater pectin content. This, together with the results related to 
emulsion stability and oil-holding capacity (as only WRP-stabilized 
emulsions were able to incorporate 60% (v/v) of oil), suggested 

Fig. 5. Confocal microscopy images of pectin-based emulsions. Oil droplets are stained with Nile red and Fast Green was used to label the proteins present in the 
emulsions. Scale bars correspond to 60 μm. (a) 1.5AP-SO35, (b) 1.5 C P-SO35 and (c) 1.5WRP-SO35. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 6. SAXS patterns from the pectin solutions (A–C) and corresponding emulsions (D–F). Markers represent the experimental data and solid lines show the fits 
obtained using the unified model. Arrows point towards the appearance of a shoulder-like feature in the low q region. 
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different mechanisms of stabilization of the various pectin samples. 

3.2. Rheological characterization 

Complete flow curves of both aqueous pectin solutions and their 
corresponding emulsions are shown in Fig. 2. The rheological data of 
pectin solutions and emulsions were fitted to the Ostwald de Waele 
model (Eq. (1)). Table 3 gathers the flow (n) and consistency (κ) indexes, 
together with the apparent viscosity (ƞap) values at a shear rate of 100 
s− 1 for the samples. As inferred from the rheology results, all samples 
(both solutions and emulsions) displayed shear thinning (behaving as 
pseudoplastic fluids), as previously reported for other pectin types (Cho 
et al., 2019; Hu et al., 2021; Rodsamran & Sothornvit, 2019). Solutions 
and emulsions prepared with AP were the most viscous ones, probably 
related to the greater Mw of this pectin sample (cf. Table 1). However, 
the rheological characteristics of pectin solutions are not only dependent 
on Mw, but also on the distribution of substituents along the HG chains 
and the degree of branching (Cui et al., 2020). In fact, the presence of 
long sugar side chains in the WRP resulted in lower values of the flow 
index (n), thus indicating more pronounced shear thinning behaviour 
and the greatest consistency index (κ) at 3.5% (w/v) WRP concentration, 
probably related to the entanglements between these long branch chains 
resulting in increased flow resistance at low shear rates (see Table 3). 
However, it seems that at high shear rates, these chain interactions are 
physically disrupted, causing chain rearrangements and a significant 

reduction in apparent viscosity (Sousa, Nielsen, Armagan, Larsen, & 
Sørensen, 2015), more pronounced than that observed for the other two 
commercial pectin. 

As observed from Fig. 2 and Table 3, addition of SO promoted sig-
nificant changes in the rheological behaviour, making the emulsions 
more viscous and more shear thinning than their counterpart solutions, 
mainly for those prepared with greater pectin concentration. An 
increased viscosity of the continuous phase of o/w emulsions contrib-
utes to emulsion stability, as oil droplet movement is slowed down, 
consequently limiting coalescence and flocculation (Ngouémazong 
et al., 2015). However, the viscosity of the continuous phase was not the 
determining factor for the stabilization ability of WRP, as having the 
lowest consistency index of the three emulsions prepared at 1.5% (w/v) 
concentration, it displayed the greatest emulsion stability. Regarding 
the shear thinning behaviour of emulsions, it has been previously 
explained by the disruption of the network of oil droplets by hydrody-
namic forces, causing their rearrangement into a certain direction, 
resulting in less resistance to flow (Luo et al., 2019; Meng, Qi, Guo, 
Wang, & Liu, 2018). 

Increasing the oil concentration up to 60% (v/v) in the WRP- 
stabilized emulsions, further increased the consistency index and shear 
thinning behaviour, in agreement with the visual appearance (see 
Fig. 1). In fact, the rheological behaviour of the emulsion with 3.5% (v/ 
v) WRP and 60% (v/v) oil was so different (this sample having a solid- 
like behaviour) that it could not be adequately measured. 

3.3. Texture analysis 

The firmness of the emulsions was investigated by penetration and 
spreadability tests with a texture analyzer. Firmness reveals the hard-
ness of the samples, spreadability indicates the capacity of a sample to be 
applied as a thin layer, while stickiness is related to the force needed to 
pull out the measuring probe (Öǧütcü & Yilmaz, 2014). The obtained 
results, gathered in Fig. 3, indicate that both firmness and spreadability 
were significantly affected (p < 0.05) by the amount of pectin and SO, 
which is well correlated with the increase in the viscosity values re-
ported in the previous section. Furthermore, for a given SO and pectin 
concentration, AP samples provided higher firmness and spreadability 
values, thus suggesting that the higher Mw of this pectin led to a greater 
viscosity of the aqueous phase, playing a major role on the textural 
parameters. It is worth mentioning that the spreadability values were 
not significantly different (p > 0.05) for samples prepared with the 
lowest pectin and SO concentrations, probably ascribed to the fact that it 
is a more dynamic property than firmness. Therefore, spreadability was 
influenced not only by the force required to obtain a given deformation 
but also by the progressive softening produced on the samples during the 

Table 4 
Parameters obtained from the fits of the SAXS data from the pectin solutions and 
emulsions.  

Samples P1 Rg2 (nm) P2 Rg3 (nm) 

1.5AP 3.3 20.2 1.8 1.4 
3.5AP 3.4 35.0 2.2 1.8 
1.5AP-SO35 3.7 37.4 2.4 2.6 
3.5AP-SO35 3.5 33.9 2.5 2.2 
1.5 C P 3.2 41.1 2.7 2.3 
3.5 C P 3.2 37.6 2.8 1.9 
1.5 C P-SO35 3.2 37.6 2.8 2.1 
3.5 C P-SO35 3.3 36.3 3.0 2.0 
1.5WRP 3.4 27.3 2.7 1.5 
3.5WRP 3.5 26.1 2.8 1.5 
1.5WRP-SO35 3.6 28.0 2.6 2.1 
3.5 WRP-SO35 3.7 27.4 2.7 1.7 
1.5WRP-SO60 3.7 30.9 2.6 2.4 
3.5 WRP-SO60 3.7 28.3 2.8 2.0 

P1: power-law coefficient for the largest structural level; Rg2: radius of gyration 
associated to the largest structural level; P2: power-law coefficient for the 
smallest structural level; Rg3: radius of gyration associated to the smallest 
structural level. 

Fig. 7. Schematic representation for emulsion stabilization proposed for each of the three pectin samples, pectin back bone ( ), branching sides ( ), protein 
moieties ( ) (AP, CP and WRP). 
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measurements (Bayarri, Carbonell, & Costell, 2012). 
Interestingly, the textural properties of the emulsion with 1.5% WRP 

and 60% SO were very similar to those of the 3.5% WRP emulsion 
containing 35% oil, further indicating the ability of this pectin for pro-
ducing a well-structured oil droplet dispersion. In fact, the firmness and 
spreadability values of the emulsion with 3.5% WRP and 60% SO almost 
doubled the firmness and spreadability values of the 3.5% pectin- 
stabilized emulsions with 35% SO, thus pointing out at a compact 
microstructure. 

3.4. Microstructural characterization of the emulsions 

The microstructure of the freshly-prepared emulsions was further 
investigated by means of confocal microscopy by staining the SO with 
Nile red. Representative confocal images are shown in Fig. 4, together 
with the size distribution of the oil droplets. It is interesting to note that 
at low pectin concentration, a more heterogeneous particle size distri-
bution was observed for the emulsions stabilized with CP and WRP. In 
contrast, when increasing the pectin concentration in the emulsions, 
apart from decreasing the average oil droplet size, more homogeneous 
particle size distribution was also attained when using CP or WRP as 
emulsifiers, while both the average particle size and size distribution 
remained almost unchanged in the AP-stabilized emulsion. This again 
suggests a different stabilization mechanism of the different pectin 
samples. In the case of AP, it is hypothesised that the mechanism of 
emulsion stabilization is based on the viscosity provided by the pectin to 
the continuous aqueous phase and not to a direct adsorption to the oil/ 
water interphase, as increasing pectin concentration did not affect oil 
droplet size. Previous studies have also found that higher Mw pectin 
generates increased droplet sizes in emulsions as it is not able to properly 
adsorb at the oil/water interphase (Cui et al., 2020). In contrast, the 
decrease in oil droplet size when increasing CP or WRP concentration 
has been previously observed in other pectin samples and it is indicative 
of enhanced steric repulsion between droplets (Zhang et al., 2021). 

Increasing the oil content of the WRP-stabilized emulsions, led to a 
further decrease in oil droplet size and to a very compacted micro-
structure formed by a great number of highly packed oil droplets (see 
Fig. 4G and H). In fact, these two emulsions displayed the lowest average 
oil droplet sizes, an excellent storage stability and the rheological and 
textural properties were related to this characteristic microstructure, 
suggesting that a higher volume of smaller oil droplets in the emulsion 
lead to greater viscosity values as it has been previously observed 
(Schuch, Schuchmann, & Gaukel, 2015). In general, emulsions with 
smaller particle size have been seen to provide higher firmness, 
spreadability and stickiness, thus supporting the theory that a decreased 
droplet size results in a firmer and more adhesive emulsion (Lequeux, 
1998), being thus this pectin type of great interest for the development 
of emulsion gels. 

As previously mentioned, the presence of branches in the pectin 
structure can also have an impact on emulsion stabilization. In fact, the 
molar ratio of (Ara + Gal)/Rha which is indicative of the length of the 
pectin side chains (greater values of the ratio indicating longer 
branches), has also been correlated with the emulsification capacity of 
pectin (Kpodo et al., 2018) and greater RG-I contents, apart from 
providing a range of bioactivities to this carbohydrate molecule (Zhang 
et al., 2021) also contribute to preventing oil droplet coalescence by 
steric stabilization (Ngouémazong et al., 2015). Another factor which 
influences the ability of a certain pectin molecule to stabilize an emul-
sion is related to its linearity and, thus, its flexibility, to be able to adsorb 
at the o/w interphase. Looking at Table 1, WRP had considerable longer 
side chains than CP or AP, while CP displayed the greatest linearity and 
HG content, thus suggesting that this latter pectin sample could have 
better interfacial properties than the other two. However, as previously 
explained, the emulsification capacity of WRP was significantly superior 
and, thus, proteins in this specific sample, seemed to play a key role in 
the stabilizing mechanism. 

To better understand the role of the protein content in the micro-
structure of the emulsions, samples were stained with fast green dye, 
widely used for protein staining. As depicted in Fig. 5, and in agreement 
with the measured protein content of the WRP sample (cf. Table 1), a 
much higher protein content was present in the aqueous phase of the 
WRP-stabilized emulsion. In fact, the magnified image of this specific 
emulsion evidenced the key role that proteins play in emulsion stabili-
zation, as a protein layer could be identified in the o/w interphase. It has 
been previously described that the protein content of pectin plays a 
major role in its emulsifying capacity by increasing the surface activity 
of the overall structure, (Akhtar et al., 2002; Funami et al., 2007; Leroux 
et al., 2003). The combination of proteins and pectin (specially highly 
branched pectin), have been seen to synergistically stabilize emulsions, 
favouring the production of thick adsorbed hydrated layers which pre-
vent the coalescence of droplets (Funami et al., 2011; Neckebroeck et al., 
2021). This behaviour has, for instance, been reported for sugar beet 
pectin that is recognized for its high protein content and excellent 
emulsifying properties (Schmidt et al., 2015), and can be explained by a 
combination of electrostatic and steric effects provided by both hydro-
colloid types (Damodaran, 2006; Petkowicz et al., 2017). This would 
explain the increased emulsifying capacity and emulsion stability pro-
vided by WRP as compared to the less branched CP and AP. 

3.5. SAXS characterization of the emulsions 

To further confirm the different emulsification mechanisms of the 
various pectin samples, the nanostructure of the developed emulsions 
was investigated by means of SAXS experiments. Fig. 6 shows the SAXS 
patterns of the pectin emulsions and their corresponding solutions in 
water. As observed, the scattering patterns from all the samples were 
characterized by the appearance of a broad shoulder-like feature within 
the low-q region (q < ~0.03 Å− 1) and a more marked shoulder within 
the high-q region. Fig. S2 from the Supplementary Material shows, as an 
example, the Kratky plots for the two solutions and emulsions prepared 
with 3.5 AP and CP, in which these structural features are better 
distinguished. This behaviour has already been reported for pectin 
samples (Alba et al., 2018) and suggests that at the tested concentra-
tions, pectin chains do not have a random coil conformation typical from 
ideal solutions, but some degree of clustering takes place as a result of 
molecular interactions. 

Whereas the low-q region is originated from intermolecular in-
teractions and chain clusters, the high-q region arises from the scattering 
of rod-like pectin chains. As expected, the scattering intensity increased 
when increasing pectin concentration in all the samples. On the other 
hand, while the low-q shoulder was very faint in the case of the AP and 
CP samples, it was much more noticeable in the case of the WRP sam-
ples. This could be a consequence of the distinct composition of this 
pectin, which contains more protein than the two commercial grades. 
The presence of protein in the sample would decrease the overall scat-
tering length density of the material, thus reducing the interfacial 
scattering length density contrast between the biopolymer and the sur-
rounding bulk solvent; as a result, any scattering feature present in the 
low q region would be more visible. To extract more information from 
the results, the experimental data were fitted using an empirical three- 
level Beaucage model and the main structural parameters from the ob-
tained fits are gathered in Table 4. 

Looking at the parameters from the lowest structural level (P2 and 
Rg3), it is evident that both the pectin type and the addition of oil has an 
impact on the structural arrangement of the pectin chains. The Rg3 value 
for all the pectin solutions, characteristic of the cross-section of rod-like 
pectin chains, ranged from 1.4 to 2.3 nm. CP samples presented slightly 
larger Rg3 values than AP and WRP, which may be related to the lower 
DE of the former. Previous work reported on the same behaviour for 
pectin with different DEs and attributed it to greater local chain bending 
originated by electrostatic interactions in low DE pectin (Alba et al., 
2018). The power-law exponents corresponding to the smallest 
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structural level, ranging from 1.8 to 2.8, also support the existence of 
flexible folded chains rather than ideal rigid rods. The incorporation of 
oil into the emulsions seemed to have a small impact on the confor-
mation of pectin chains, slightly increasing their degree of folding. At 
the next structural level, Rg2 values are characteristic of the size of the 
molecular clusters originated as a result of chain bending. The corre-
sponding power-law exponents (P1) were 3.2–3.5, characteristic of 
surface fractals, arise from the surface scattering of the rough particles 
formed by pectin chain clusters. The Rg2 values determined for pectin 
solutions (20–38 nm) fall within the range previously determined by 
SAXS (6.3–42 nm) and light scattering (~36 nm) for pectin with 
different DEs (Alba et al., 2018). Interestingly, CP samples showed 
greater radii of gyration, which again may be related to the lower DE 
and greater HG content of this pectin type. The greater chain bending in 
the CP samples confirm the greater flexibility of this pectin related to its 
greater linearity, and it may lead to the formation of less densely packed 
molecular clusters, i.e. more intertwined structures. In general, the 
incorporation of oil into the systems led to greater P1 and Rg2 values, 
being this effect more obvious in the AP samples and the WRP samples 
with the greatest oil content. This suggests that the presence of oil dif-
ficulties to a certain extent the packing of the pectin chains, especially in 
the case of the pectin with the greatest DE. 

3.6. Proposed mechanisms for emulsion stabilization of the three pectin 
samples 

In view of all the previous results, a different mechanism of emulsion 
stabilization is proposed for each of the three pectin samples and is 
schematically represented in Fig. 7. 

In the case of the emulsions prepared with AP, having this pectin the 
greatest DE and Mw and not very high linearity, a stabilizing effect 
ascribed to its viscosifying capacity, was observed. That is, this pectin 
does not affect oil droplet size, but slows down oil droplet movement by 
providing viscosity to the continuous aqueous phase and, thus, it can be 
considered that AP works as a stabilizer rather than as an emulsifier. In 
fact, other studies have shown that AP has a low potential to decrease 
interfacial tension (Neckebroeck et al., 2021) and, thus, the stabilizing 
effect, which is a kinetic effect, leads to emulsion de-stabilization with 
storage time. CP, on the other hand, has the lowest DE (and thus, a more 
balanced amphiphilic character) and the greatest linearity and flexi-
bility as inferred from the SAXS data, fact which could favour pectin 
adsorption at the o/w interphase. However, having short length 
branches, a limited steric repulsion is created, thus also leading to oil 
droplet coalescence and creaming with storage. WRP, having a greater 
protein content and very long RG-1 branch chains despite being ob-
tained under similar acid conditions as CP or AP, is the one displaying 
the better emulsifying properties and superior emulsion stability. The 
emulsification capacity of WRP is based on the combination of proteins, 
acting as surface active materials, surrounded by the pectin poly-
saccharides with long branch side chains, which are able to provide 
stable steric repulsions between oil droplets, guarantying long term 
stability of the emulsions. Leroux et al. (2003) reported a similar 
behaviour, suggesting that the presence of a certain amount of protein 
covalently bound to a highly branched polysaccharide structure reduces 
the interfacial tension, thus facilitating the emulsifying capacity of beet 
pectin and citrus pectin. Despite some works having attributed good 
emulsifying properties to the presence of protein, neither high protein 
concentration nor the presence of proteins guarantee excellent emulsi-
fying properties since both the protein accessibility and its chemical 
interaction with the branched neutral sugars have been seen to deter-
mine their emulsifying capacity (Alba & Kontogiorgos, 2017; 
Ngouémazong et al., 2015). Therefore, the structural features and 
composition of the WRP could explain its higher ability to trap a larger 
oil amount, producing stable emulsions at SO concentration up to 60% 
(v/v). 

4. Conclusions 

In this work, a combination of rheological, microstructural and 
scattering tools have been used to elucidate the different emulsion- 
stabilizing mechanism of WRP in comparison with two commercial 
pectin (CP and AP). While there are a number of factors which affect the 
ability of pectin to act as emulsion stabilizer, they need to be jointly 
analysed to really understand the mechanisms behind this capacity and 
their impact on emulsion stability with storage time. Despite greater DE 
has been normally ascribed to better emulsion capacity, the AP used in 
this study and having a DE 78, led to a certain phase separation, being 
the initial emulsification ability only based on its viscosifying effect (as it 
had the highest Mw). CP, having the lowest DE, greatest HG content and 
greatest linearity and flexibility as inferred from the SAXS results could 
better adsorb to the o/w interphase, although the relatively short branch 
chains of this pectin did not provide the required steric hindrance to 
avoid oil droplet coalescence during emulsion ageing. In contrast, WRP 
displayed excellent emulsification capacity, being able to incorporate up 
to 60% (v/v) oil in the emulsions and providing long term stability. The 
emulsification mechanism in this case was explained by a combination 
of its protein content (acting the proteins acting as surface active ma-
terials) and the steric repulsions between droplets caused by the very 
long chain branches of this RG-1 enriched pectin. All these results 
indicate the potential of WRP for food and pharma applications, not only 
because of its outstanding emulsification properties, but also derived 
from the biological implications of their increased RG-1 content which 
deserves further study. 
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