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Abstract: The use of artificial neural networks (ANNSs) is proposed to optimize the formulation of
stable oil-in-water emulsions (0il 6% w/w) with a flour made from orange by-products (OBF), rich
in pectins (21 g/100 g fresh matter), in different concentrations (0.95, 2.38, and 3.40% w/w), combined
with or without soy proteins (0.3 and 0.6% w/w). Emulsions containing OBF were stable against
coalescence and flocculation (with 2.4 and 3.4% OBF) and creaming (3.4% OBF) for 24 h; the drop-
lets” diameter decreased up to 44% and the viscosity increased up to 37% with higher concentrations
of OBF. With the protein addition, the droplets’ diameter decreased by up to 70%, and flocculation
increased. Compared with emulsions produced with purified citrus pectins (0.2 and 0.5% w/w), OBF
emulsions exhibited up to 32% lower viscosities, 129% larger droplets, and 45% smaller Z potential
values. Optimization solved with ANNs minimizing the droplet size and the emulsion instability
resulted in OBF and protein concentrations of 3.16 and 0.14%, respectively. The experimental char-
acteristics of the optimum emulsion closely matched those predicted by ANNs demonstrating the
usefulness of the proposed method.
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1. Introduction

Oranges are among the most cultivated and consumed fruits in the world [1]. Ac-
cording to the Food and Agriculture Organization, about 75 million tons of oranges was
produced globally in 2020 [2]. The industrial processing of this fruit generates a consider-
able number of residues, including the peel, seeds, and pulp, accounting for about 55-
60% of the raw fruit weight. This waste causes serious environmental pollution since it is
highly organic and biologically unstable [1,3]. Nevertheless, the residues are rich in high-
value compounds, including polyphenols, essential oils, carotenoids, and dietary fiber [3].
Moreover, citrus is one of the main sources of pectins, a term describing a family of ani-
onic oligosaccharides and polysaccharides that are rich in galacturonic acid [4]. Pectins
are very valuable in the food industry since they are used as gelling agents and stabilizers
in confectionary, compotes, fruit juices, dairy, and so on [5]. In addition, pectins have sev-
eral healthy properties, such as prebiotic potential, the capacity to reduce cholesterol
plasma, the ability to protect against cardiovascular disease, etc. [5-7]. For these reasons,
the pectin market has greatly grown in the last decade [5]. However, after the extraction
of pectins, there is a large amount of discarded citrus material, and several components
are still wasted [8], i.e., vitamin C and phenolic compounds, which have antioxidant ac-
tivity [9].

Recently, pectins have also been investigated to stabilize oil-in-water emulsions [10-
13]. Emulsions are thermodynamically unstable systems that consist of two immiscible
liquids, one dispersed as droplets over the other. Oils and other hydrophobic compounds
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are incorporated/emulsified into many foods, and several food products partially or
wholly consist of emulsions [14]. Furthermore, the production of an oil-in-water emulsion
is generally the first step of other operations, such as lipid microencapsulation by spray
drying [15]. The main objective of microencapsulation is to provide a physical barrier to
an active ingredient in order to protect it from stressors that might cause oxidation or
other degradation processes. Emulsions prepared for this purpose should possess certain
characteristics, such as having an appropriate droplet size (droplets diameter < 10 pum),
containing sufficient wall material (30-60% w/w), and still presenting a viscosity low
enough to be pumped by the spray drying equipment [16]. The addition of antioxidants
to an oil-in-water emulsion is an effective strategy to preserve lipids prone to oxidation
[17].

The use of pectins to prepare oil-in-water emulsions is often combined with the ad-
dition of proteins [18]. Proteins are surface-active molecules that can adsorb to the surfaces
of the oil droplets, lower the interfacial tension, and retard droplet coalescence [19]. Pec-
tins, on the other hand, have been proven to increase the viscosity of the continuous phase
of emulsions, hindering droplet mobility. An electrostatic interaction between pectins and
proteins occurs at a pH between the isoelectric point of proteins and the pKa of the poly-
saccharide; thus, proteins have a positive charge, and the polysaccharide a negative one
[20]. Proteins might be adsorbed in the oil/water interface, and thereafter a second layer
could be constructed with the addition of negatively charged polysaccharides producing
a protein—polysaccharide complex. Double-layer emulsions have been found to present
better stability since the complexes of protein—polysaccharide can form a dense interfacial
membrane at the water—oil interface, promoting steric repulsions [21] and also making the
microencapsulation process more efficient [22].

Both proteins and polysaccharides coming from plants have gained attention because
of the current trend of a preference for natural ingredients which do not compromise hu-
man health and/or animal welfare [23,24]. Moreover, the use of heterogeneous natural
materials has the advantage of providing not only polysaccharides and/or proteins but
also other interesting molecules, such as phenolic acids with antioxidant capacity. In fact,
non-purified citrus materials have also aroused interest in the stabilization of emulsions
[8,25]; promising results are being reported, indicating that citrus fiber promotes a Pick-
ering effect and the formation of a fiber-based network, resulting in stable systems.

The composition of emulsions stabilized with a protein—polysaccharide complex
should be investigated and optimized, since an excess of polymers might cause segrega-
tion [20], but a very low quantity of these molecules would not be sufficient to stabilize
the emulsion. Mathematical modeling is a useful and powerful tool to evaluate and opti-
mize the formulation of food products. For instance, the composition of different types of
emulsions has been previously optimized through central composite designs and re-
sponse surface methodology [26-29], usually obtaining satisfactory results. On the other
hand, models based on artificial neural networks (ANNSs), which imitate the natural neu-
ral system, present several advantages, including high adaptability to non-linear prob-
lems, the capability to analyze complex data and find the governing rules between the
corresponding factors being easy to use, and the ability to provide high accuracy in data
prediction [30]. ANNs comprise a huge number of elements known as neurons, which are
interconnected to form a network that can be adapted to compute a specific function [31].
The network can handle multiple independent (inputs) and dependent variables (outputs)
simultaneously, thus making it useful for the optimization of food product formulation
[32] or the prediction of their properties [33]. It can also optimize food industry processes
[34] which have several control parameters, such as drying [35], enzymatic inactivation
[36], extraction process [37], and so forth. On a few occasions, ANNs have been used to
optimize the composition or the process of production of emulsions [38], mainly for phar-
maceutical or cosmetic purposes [39,40].

To the best of our knowledge, no research has yet been carried out by comparing the
emulsifying capacity of pure pectins with that of a heterogeneous citrus material (which
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naturally contains pectins) coming from a by-product. Moreover, the composition of
emulsions stabilized with natural materials has not been optimized. For this reason, this
study aimed to (1) evaluate the usefulness of an orange by-product flour (OBF) in the
stabilization of oil-in-water emulsions and compare it with purified citrus pectins; and (2)
optimize the formulation of emulsion stabilized with OBF and vegetable proteins, using
ANNSs application.

2. Materials and Methods
2.1. Chemical Reagents

Monohydrate citric acid, ethanol (96% and absolute), acetone, chlorohydric acid
(37%), sodium hydroxide (pellets), methanol (analytic grade), ammoniac (analytic grade),
Folin—Ciocalteu reagent, and monohydrate gallic acid were purchased from Scharlau
(Barcelona, Spain). The 1-methylimidazole was obtained from Merck (Barcelona, Spain).
Glacial acetic acid and sorbitan monolaurate (Tween®20) were obtained from Panreac Ap-
pliChem (Barcelona, Spain). Neocuprine, 2,2'-azino-bis(3-ethylbenzo-thiazoline-6-sul-
phonic acid) and potassium bromide were purchased from Sigma-Aldrich (Madrid,
Spain).

2.2. Materials

The commercial pectin (CP) (274% of galacturonic acid dry matter (dm)) was pur-
chased from Sigma-Aldrich (Madrid, Spain). Glucidex® maltodextrin DE 12 (MD) (Ro-
quette, Beinheim, France) was used. The soy protein was obtained from Manufacturas
Ceylan, S.L (Valencia, Spain), and the sunflower oil was obtained from a local store (Mal-
lorca, Spain). The orange by-product flour was obtained from oranges of the Navelina
variety that were purchased in a local market (Mallorca, Spain). After extracting the juice,
the remaining material (by-product), composed of peel and pulp, was scalded to inacti-
vate the endogenous enzymes, freeze-dried (LyoQuest, Telstar, Barcelona, Spain) operat-
ing at =50 °C; and vacuum pressure of 30 Pa; ground (ZM 200, Retsch®, Haan, Germany);
and sieved (to a particle size of <0.5 mm) (FIT-0200, Filtra, Barcelona, Spain). The powder
obtained is here called orange by-product flour (OBF).

OBF Characteristics

The moisture content of OBF was determined according to the AOAC method no.
934.06 [41]. Protein, lipid, and ash content were determined by following the methods
described by Umafia et al. [42]. The total carbohydrate content was calculated as the dif-
ference from 100 of the sum of the protein, lipids, and ash contents. The dietary fiber con-
tent was quantified with the enzymatic assay kit K-TDFR from Megazyme (Wicklow, Ire-
land). To characterize the fiber of OBF, its alcohol-insoluble residues were obtained as
described by Eim et al. [43]. The uronic acids were quantified by colorimetry as total UA
from samples hydrolyzed for 1 h at 100 °C [44]. The neutral sugars were quantified by
releasing them by acid hydrolysis (Saeman hydrolysis). The released monosaccharides
were converted into their alditol acetates and separated by gas-liquid chromatography,
as described by Dalmau et al. [45]. The degree of methylation of pectins present in OBF
and CP was determined by Fourier-transform infrared (FTIR), as described by Umafia et
al. [46]. Briefly, to obtain the FTIR spectra, the samples were mixed with KBr and pressed
into a pellet. The degree of methylation was determined with Equation (1) [47]:

DM = 124.7R + 2.2013 1)

where R is the ratio between the absorbance intensity of the band corresponding to methyl
esterified carboxyl group (1740 cm™) over the sum of this and the absorbance intensity of
the band corresponding to the non-methyl esterified carboxyl group (1630 cm). These
absorbance intensities were obtained from the FTIR spectra of the alcohol-insoluble resi-
dues of OBF (to discard molecules not corresponding to polysaccharides) and from CP.
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The antioxidant activity was determined in both OBF and CP to compare these ma-
terials. The samples were submitted to an extraction process in methanol, as described by
Vallespir et al. [48], and the total phenolic compounds content was determined by using
the Folin—Ciocalteu assay. The results were expressed as mg gallic acid equivalent
(GAE)/100 g dm. The antioxidant activity was measured by using the CUPRAC assay [49],
and the results were expressed as mg Trolox equivalent (TE)/100 g dm.

2.3. Preparation of Emulsions

The emulsions were prepared according to the compositions shown in Table 1. These
compositions were chosen to evaluate the effect of (a) different concentrations of CP (0.2
and 0.5% w/w), (b) different concentrations of proteins (0, 0.3, and 0.6% w/w), and different
concentrations of OBF as a substitute for commercial pectin. The quantities of CP and pro-
teins were established according to the results of previous experiments (data not shown)
and the ranges observed in the bibliography [50,51]. The OBF was evaluated as a substi-
tute for the commercial pectins; thus, the amount of pectins present in the OBF was esti-
mated from the uronic acids and neutral sugars analysis, considering that pectins are gen-
erally composed of uronic acids, arabinose, galactose, and rhamnose [4]. Thereafter, the
amount of OBF added to the emulsions was equivalent to the concentrations of pectins
investigated (e.g., 0.2% w/w of CP is equivalent to 0.95% w/w of OBF), and an extra con-
centration of OBF (3.4% w/w) was prepared to evaluate the possibility of working with
higher amounts of this material since it could provide interesting compounds, such as
antioxidants and fiber. A control emulsion was obtained without any emulsifier. All the
emulsions contained 6% w/w of oil and 40% w/w of dry matter. MD was used as wall ma-
terial for the preparation of emulsion with a typical composition for further spray drying.
The MD content was adjusted to maintain the same proportion of dry matter in all the
emulsions.

As can be seen in Table 1, emulsions were classified into 6 batches: control (no emul-
sifiers), PR (single-layer emulsions containing only proteins), CP (containing only com-
mercial pectins), CP-PR (double-layer emulsions containing both protein and commercial
pectins), OBF (containing only the OBF), and OBF-PR (double-layer emulsions containing
both the OBF and proteins). Emulsions were named according to their composition; thus,
the concentration of pectin is indicated as 0.2CP and 0.5CP (for those emulsions containing
purified commercial pectin) or 1.00BF, 2.40BF, and 3.40BF for those containing the or-
ange by-product flour. Thereafter, if the emulsion contained protein, its concentration is
indicated as 0.3PR or 0.6PR. Every emulsion (250 g) was prepared as described below, at
least in duplicate.

A sodium acetate buffer (1.2 M, pH 3.5) was prepared. This pH (3.5) was chosen since
it is below the isoelectric point of soy proteins, and a positive charge of this molecule
should be expected under these conditions [52].

The control emulsion was prepared without any emulsifier, according to the protocol
described by Hernandez et al. [16], with some modifications. Briefly, an initial oil-in-water
emulsion was prepared with about 15% of the water needed in the formulation as acetate
buffer, using an Ultra-Turrax© (T25 Digital, IKA, Konigswinter, Germany) at 16,000 rpm
for 10 min. Then it was diluted with an aqueous solution of MD, which contained the rest
of the buffer (85%), and submitted to 5 min of agitation with the Ultra-Turrax© at 16,000
rpm.

In the case of the PR batch, (single layer, 0.3PR and 0.6PR), half of the water of the
formulation was used as acetate buffer to dissolve MD. Proteins are not very soluble at
pH 3.5; thus, to hydrate them, they were added to the rest of the water, magnetically
stirred for 2 h, and hydrated overnight [53]. Thereafter, the pH of the protein suspension
was adjusted to 3.5 with HCl (4.8 M). The emulsion was prepared by adding the oil to the
protein suspension and homogenizing it with an Ultra-Turrax© for 10 min at 16,000 rpm.
Finally, the emulsion prepared with the protein suspension was diluted with the MD so-
lution, homogenizing it with an Ultra-Turrax© (16,000 rpm) for 5 min more.
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For the CP batch, the CP was dissolved in acetate buffer by magnetically stirring for
2 h and then hydrated overnight. Then the emulsion was directly produced by adding the
oil and homogenizing it for 15 min in the Ultra-Turrax© at 16,000 rpm.

For the CP-PR batch, the emulsions were prepared by using the layer-by-layer tech-
nique described by Moser et al. [18], with some modifications. Proteins and CP were hy-
drated as described for the PR and CP batches, respectively; half of the water of the for-
mulation was used for proteins, and the rest was used as acetate buffer for CP. The MD
was dissolved in the CP solution. The emulsion was prepared by adding the oil to the
protein suspension (previously adjusted to a pH 3.5), as described for the PR batch. The
emulsion was diluted with the solution of CP and MD homogenizing for 5 min (with Ul-
tra-Turrax© at 16,000 rpm).

In the case of the OBF batch, emulsions containing only OBF, the MD was previously
dissolved in the buffer acetate. Thereafter, the OBF was added and homogenized for 8
min with the Ultra-Turrax®© at 16,000 rpm to reduce the particle size of the OBF. The emul-
sion was directly produced by adding the oil as described for the CP batch.

Finally, for the OBF-PR batch, the layer-by-layer technique described for the CP-PR
batch was used. Proteins were hydrated in half of the water of the formulation, as de-
scribed for the PR batches. The MD was dissolved in buffer acetate, and the OBF was
added and homogenized as explained for the OBF batch. The emulsion was prepared by
adding the oil to the protein suspension (previously adjusted to a pH 3.5), as described
for the PR batch. The emulsion was diluted with the mix of OBF and MD, homogenizing
for 5 min (with Ultra-Turrax®© at 16,000 rpm).

All the homogenization steps were carried out in an ice-water bath, and the temper-
ature of the sample was controlled and maintained at below 40 °C during the process.
Overall, all the emulsions were produced by homogenizing with the oil for a total time of
15 min.

Table 1. Composition of the emulsions prepared in g/100 g of emulsion. All the emulsions contained
60% w/w of water and 6% w/w of oil with or without proteins (PR), commercial pectins (CP), and an
orange by-products flour (OBF).

Batch Code CP OBF Protein MD
Control Control - - - 34.00
PR 0.3PR - - 0.30 33.70
0.6PR - - 0.60 33.40

cp 0.2CP 0.20 - - 33.80
0.5CP 0.50 - - 33.50

CP-PR 0.2CP_0.3PR 0.20 - 0.30 33.50
0.2CP_0.6PR 0.20 - 0.60 33.20

0.5CP_0.3PR 0.50 - 0.30 33.20

0.5CP_0.6PR 0.50 - 0.60 32.90

OBF 1.00BF - 0.95 - 33.05
2.40BF - 2.38 - 31.62

3.40BF - 3.40 - 30.60

OBF-PR 1.00BF_0.3PR - 0.95 0.30 32.75
1.00BF_0.6PR - 0.95 0.60 32.45

2.40BF_0.3PR - 2.38 0.30 31.32

2.40BF_0.6PR - 2.38 0.60 31.02

3.40BF_0.3PR - 3.40 0.30 30.30

3.40BF_0.6PR - 3.40 0.60 30.00
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2.4. Emulsions’ Characteristics
2.4.1. Apparent Viscosity

The apparent viscosity of the emulsions was determined with a rotational viscometer
(ST-DIGITR, J.P. Selecta®, Barcelona, Spain) at 25 °C, using a spindle of 47 mm and 35 mm
for more viscous emulsions with a velocity of 200 rpm (velocity gradient vy (s) of 53 s1).

2.4.2. Z Potential

The Z potential was measured by using a Nano Zetasizer (Nano ZS90, Malvern, UK).
First, the emulsions were diluted (1/500) to avoid multiple scattering effects [54]. The pH
of this dilution was adjusted to the original pH (3.5). The Z potential was measured at 25
°C and determined with the Smoluchowsky model by measuring the electrophoretic mo-
bility of the droplets.

2.4.3. Droplet Size Distribution

The droplet size distribution of the emulsions was determined with image analysis
of photographs taken with an optical microscope (BH2, Olympus, Barcelona, Spain) con-
nected to a digital camera (C-B10+, Optika, Bergamo, Italy). The emulsions were diluted
with acetate buffer (3.5) (3:20 v/v emulsion:buffer) and immediately observed with the
microscope, using a 20x objective. Micrographs (at least 10 per sample) were analyzed
with Fiji software [55,56]. The micrograph contrast was enhanced (5% normalized), and
micrographs were transformed into binary. Thereafter, the Gaussian Blur filter was ap-
plied (sigma = 2), followed by the “Classic Watershed” segmentation option within the
“MorphoLibj” library [55] to construct a boundary for each droplet. The area of the drop-
lets was determined automatically, using a scale with a known standard. Using the area
and the assumption that the particles were spherical, the diameter and volume of each
droplet were estimated. The results were expressed as % volume distribution vs. particle
size [57]. The percentiles 10, 50, and 90 (d10, d50, and d90) were obtained from the droplet
size distribution.

2.4.4. Flocculation

The percentage of flocculation of the emulsions was also measured by using image
analysis with Fiji software [55,56]. After the processing described in the previous section,
Section 2.4.1, the micrographs were submitted for further analysis by applying the “Di-
late” command to convert each floc into a whole particle. Thereafter, the program was
settled to analyze particles excluding those with a size below the area of the largest particle
measured in the previous analysis; thus, all particles not belonging to floccules were elim-
inated. The images obtained from this process were transformed by applying the “Mini-
mum filter” (2 pixels) to reduce the size of the floccules which were previously dilated.
Then the floccules were again separated into individual particles with the “Watershed”
command. The area of each droplet belonging to the floccules was automatically obtained
as described in Section 2.4.3, and the volume was calculated. The percentage of floccula-
tion was expressed as the volume percentage of flocculated oil.

2.4.5. Creaming Index

The creaming index of the emulsions was measured following the method described
by Edris et al. [58]. The emulsions (10 mL) were poured into a 10 mL test tube and left
undisturbed at room temperature (~22 °C). Using a Vernier caliper, the sample’s total
height (TH) and the layer formed at the bottom of the test tube (SH) were measured after
24 h. The creaming index was calculated by using Equation (2):

SH
Creaming index = TH x 100 (2)
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The lower the creaming index value, the more stable the emulsion was against drop-
let migration to the top.

2.5. Statistical Analysis

All determinations were carried out at least in duplicate, and the results were pre-
sented as average + deviation standard. To evaluate if there were significant (p < 0.05)
differences among the emulsions with different compositions, the parametric test
ANOVA was applied, and thereafter means were compared with Tukey’s [59] test, using
RStudio 2 February 2022 [60]. The percentiles and the level of flocculation of the emulsions
measured immediately after their preparation and after 24 h were compared with Stu-
dent’s t-test (p < 0.05).

2.6. Emulsion Optimization Using ANNs

Before optimizing the formulation to obtain stable oil-in-water emulsions containing
the OBF and with adequate technological properties, the emulsion characteristics were
modeled by using ANNSs. A 2-way ANOVA was applied, considering the OBF and protein
content as factors to evaluate if they significantly (p < 0.05) affected the characteristics of
the emulsions.

2.6.1. Modeling with Artificial Neural Networks

The artificial neural networks (ANNs) were developed in order to model the influ-
ence of both the OBF content (from 0 to 3.40%) and protein content (from 0 to 0.60%) (in-
puts) on the emulsion’s characteristics (apparent viscosity; d10, d50, and d90 percentiles;
Z potential; percentage of flocculation; and creaming index) (outputs).

The design of the ANNs considered the most common architecture, based on a mul-
tilayer feed-forward structure and computing the ANN weights and biases with the back-
propagation training algorithm. For figuring out the necessary hidden layers and nodes,
there is no set rule. However, the use of two or more hidden layers has only sometimes
proven to be advantageous, with one hidden layer typically being sufficient in most situ-
ations. The number of outputs of the experimental data was relatively high; thus, a neural
network was developed for each variable output with one hidden layer. In this way, we
ensured that the number of parameters of the neural network was considerably smaller
than the number of experimental data. The number of neurons (between 2 and 5) and the
transfer functions (tansig, logsig, and purelin) in the hidden and output layer were exam-
ined.

The Deep Learning Toolbox of Matlab® R2022a was used (The Mathworks, Natick,
MA, USA, 2022) to develop each ANN. The “fitnet” function was applied to develop a
feed-forward backpropagation network, and with the “train” function, the ANNs were
trained to establish the number of neurons in the hidden layer. To reduce mean square
errors (MSEs) between the network’s outputs and the experimental data, the parameter
values were updated through a training approach. The Bayesian regularization method
was used during neural network training to prevent the problem of over-fitting [61], and
each ANN'’s input and target vectors were partitioned at random, with 80% used for train-
ing and 20% for testing. This method updates the weight and bias values according to the
Levenberg-Marquardt optimization algorithm [62,63]. It minimizes a combination of the
MSEs and weights and then selects the best combination to create a network that general-
izes well.

The overall (taking into account all the experimental and calculated data) correlation
coefficient value, the overall MSE value, and the MSEs and the correlation coefficients
estimated in each of the three stages of the ANN analysis (training and testing) were eval-
uated to select an adequate number of neurons to obtain the smallest number of weights
and biases. Before the ANNs’ development, all the inputs and outputs” data were normal-
ized to give them values between -1 and 1.
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Finally, to evaluate the accuracy of the model, the mean relative error (MRE) was
calculated by comparing the experimental (Zexp) and calculated (Zar) data, using Equation
(3), where N is the number of experimental data. For those characteristics presenting ex-
perimental results of 0% (creaming and flocculation), the experimental and calculated
data were first transformed by subtracting from 100 the calculated or experimental value.
The model was also evaluated by plotting the calculated vs. the experimental data and
obtaining the correlation coefficient (1), the slope, and the y-intercept of the linear regres-
sion. The prediction bounds (95%) were obtained with the “predint” function of Matlab®
R2022a. The residuals (differences between experimental and calculated values) were also
obtained, and their normality was evaluated by plotting their histogram and carrying out
the Shapiro test with RStudio 2 February 2022 [60]. The residuals were plotted versus the
calculated data to evaluate if they behaved randomly.

MRE (%) _ 1Nﬂ {1=1 |Zex;exzpcalc| (3)

To better observe the simulation obtained with the ANNSs, the “contourf” function of
MATLAB® R2022a (The MathWorks, 2021) was used to create filled contour plots contain-
ing isolines of each emulsion characteristic on a protein-content-OBF content plane.

2.6.2. Optimization Problem Formulation

The emulsions’ characteristics that describe their stability and the important param-
eters for future spray drying were established as decision variables of the optimization
problem. Since emulsions with droplets larger than 10 um are undesirable because they
result in poor encapsulation efficiency, d90 <10 um was settled as a constraint [64]. Emul-
sions with high viscosities are not convenient for spray-drying processes since they hinder
both the pumping step [65] and the droplets’ formation during atomization [64]. There-
fore, a constraint of apparent viscosity < 200 mPa-s was also established. Generally,
smaller droplets without flocculation or migration indicate higher stability of the emul-
sion [66] and better results during microencapsulation processes [16], so those parameters
need to be minimized.

Therefore, the optimization problem consisted of finding the values of the decision
variables (OBF and proteins concentration) that minimize the d50, percentage of floccula-
tion, and creaming index by considering two constraints: d90 < 10 pum and viscosity <200
mPa-s. To calculate the objective function and to check that the constraints were met, the
previously trained ANNs were used to predict all the variables, as well as the d10 and Z
potential, which were not included in the objective function. The average values of the
decision variables were used as initial values for the optimization process.

To solve the optimization problem, the function “surrogateopt” of MATLAB was ap-
plied to get close to the global optimum, and subsequently, the function “fmincon” was
used to obtain the optimum with higher accuracy.

Finally, an emulsion with the obtained optimum composition was experimentally
prepared and characterized by using the same analyses as for the rest of the emulsions.
The experimental results of the optimum emulsion characteristics were compared with
those predicted by the ANNSs, considering their prediction bounds (95%), using Student’s
t-test (p <0.01 and p < 0.05) with RStudio 2 February 2022 [60].

3. Results and Discussions
3.1. OBF Characteristics

The composition of the OBF is shown in Table 2. It was mainly composed of carbo-
hydrates, and small amounts of proteins, ashes, and lipids were observed. Generally, this
composition is similar to that previously reported for orange by-products (pulp, peel, and
mixtures of them) [3,67-69]. Some differences in the protein and total fiber content which,
according to some studies, are in the range of 6-9 and 54-63 g/100 g dm, respectively [68—
70], might be explained by the different varieties of oranges (a mixture of Ruby and
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Hamlin was used by Macagnan et al. [69]) and/or the fact that, in our study, we used both
pulp and peel, and some of the other investigations used only the peel [70].

Table 2. Composition and antioxidant activity of the orange by-product flour (OBF).

Moisture (g/100 g dm) 6.00 £ 0.49

Lipid (g/100 g dm) 1.12 +0.04

Proteins (g/100 g dm) 3.63£0.26

Ashes (g/100 g dm) 3.04+0.22

Total carbohydrates (g/100 g dm) 93.38 +1.61
Total fiber (g/100 g dm) 38.18 £3.12

Carbohydrate composition (g/100 g dm)

Uronic acid 16.26 £0.22

Arabinose 3.85+0.36

Galactose 212+0.19

Rhamnose 0.11+£0.01

Glucose 2.73£0.32

Xylose 0.90£0.11

Mannose 0.52£0.03

Fucose 0.10+0.01

Pectins 22.34+1.00

Degree of methylation (%) 41.12+2.11

Total polyphenols content (mg GAE/g dm) 16.20+1.91
Antioxidant activity (CUPRAC) (mg TE/g dm) 25.44+1.24

The total content of pectins was estimated from the carbohydrate composition of the
fiber, considering that pectins are mainly composed of uronic acid (homogalacturonan
chains) and some neutral sugars such as rhamnose, which conform to the rhamnogalac-
turonans I chains, along with other sugars, mainly arabinose and galactose [4]. As ex-
pected, uronic acid was the main figure of this material, indicating a high pectin content,
which was very similar to that previously reported in orange by-products after juice ex-
traction (both pulp and peel; about 25 g/100 g dm) [71,72]. The pectins present in the OBF
showed a degree of methylation that would classify them as low-methoxyl pectins (degree
of methylation <50%) [73]. This parameter was also measured for CP, presenting a similar
value to that observed in OBF (47.98 + 1.92%) and would also be classified as low-meth-
oxyl pectins. The presence of low-methoxyl pectins in emulsions stabilized by a proteins—
pectin complex is desirable since it indicates a large presence of negatively charged car-
boxylic groups, which ensure the interaction with the positively charged proteins [12].

The values obtained for total polyphenols and antioxidant activity were similar to
those reported by Reference [74] (about 17 mg GAE/g dm and 27 mg TE/g dm for total
polyphenols and antioxidant activity according to CUPRAC, respectively) in orange by-
products (pulp and peel). These determinations were also carried out in CP; the results
obtained were 0.27 + 0.01 mg GAE/g dm for total polyphenols content and 2.24 + 0.60 mg
TE/g dm of antioxidant activity according to CUPRAC. As can be seen, the total polyphe-
nols content of OBF was about 60-fold higher than that of the purified citrus pectin (CP),
and the antioxidant activity was about 10-fold higher. The process of extraction and puri-
fication of citrus pectins results in the loss of molecules such as polyphenols and probably
other antioxidant compounds.
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3.2. Emulsion Characteristics

The emulsions prepared with OBF or CP with and without proteins were character-
ized in terms of apparent viscosity, Z potential, droplet size distribution, and creaming
index. The control emulsion was white and more transparent than the rest. Emulsions
produced with CP and/or proteins had a whitish color, and those containing OBF pre-
sented a color between yellow and orange (Supplementary Figure S1).

3.2.1. Apparent Viscosity

The apparent viscosity of the emulsions is presented in Figure 1. As can be seen, all
the emulsions containing at least one emulsifier, either CP, OBF, or/and protein, were
more viscous than the control emulsion. Increasing the CP concentration resulted in
higher viscosities. For instance, 0.5CP emulsion was about 100 and 50% more viscous than
the control and the 0.2CP emulsions, respectively. Pectins are known for their ability to
increase the viscosity of water [13]. These polysaccharides form gels through the connec-
tion of the homogalacturonan junction zones, making a network that traps water and
other molecules [4]. Increasing the OBF concentration also resulted in greater viscosities,
with this increase being significant (p < 0.05) only when comparing 1.00BF and 2.40OBF
with 3.40BF. For instance, the 3.40BF emulsion was about 37% more viscous than the
1.00BF emulsions. When comparing CP and OBF in equivalent quantities of pectins (e.g.,
comparing 0.2CP with 1.00BF, and 0.5CP with 2.40BF), it can be observed that the vis-
cosities did not present significant (p > 0.05) differences in the smallest quantities of pec-
tins (0.2CP). However, the emulsion 0.5CP was significantly (p < 0.05) more viscous than
the emulsions 2.40BF. This indicates that, probably, not all the pectins present in OBF
were completely dissolved in the continuous phase of the emulsion.

Regarding the influence of proteins, generally, higher viscosities were observed
when increasing the protein concentration. This effect was more evident when the protein
was increased up to 0.6% w/w. Double-layer emulsions were significantly (p < 0.05) more
viscous than emulsions containing only CP or OBF (single-layer) exclusively when the
protein concentration was 0.6% w/w. Francisco et al. [75] also observed a small increase in
the viscosity of oil-in-water emulsions when increasing the soy protein concentration.
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Figure 1. Characteristics of oil-in-water emulsions prepared without any source of pectins or pro-
teins (control), containing purified commercial pectins (0.2CP and 0.5CP for 0.2 and 0.5% w/w, re-
spectively) or an orange by-product flour (1.00BF, 2.40BF, and 3.40BF for 0.95, 2.38, and 3.40%
w/w, respectively) combined with proteins (0.3PR and 0.6PR for 0.3 and 0.6% w/w, respectively) or
without them (OPR). Different letters indicate significant differences (p < 0.05).

3.2.2. Z Potential

The results corresponding to the Z potential of the emulsions are also shown in Figure 1.
The 0.3PR and 0.6PR emulsions were the only ones that presented a positive value of Z
potential. This confirms that the proteins were charged positively, meaning that a pH of
3.5 was below their isoelectric point.

In the case of the control emulsion, the high negative value observed could be ex-
plained by an excess of OH- ions adsorption [76]. The emulsions containing only CP
showed negative values of Z potential, which was expected considering that the pectins
present negatively charged carboxyl groups (COO-). No significant differences (p > 0.05)
between emulsions 0.2CP and 0.5CP were observed. The emulsions containing only OBF
also showed negative values, with no significant (p > 0.05) differences among them. The
absolute values were similar but lower than those reported by Huang et al. [77] (from -30
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to —20 mV), who stabilized oil-in-water (4.5% of oil v/v) emulsions with orange pulp (1.5%
w/v). When comparing emulsions containing only CP or only OBF, it can be observed that
the latter (OBF) have significantly (p < 0.05) lower absolute values of Z potential. Thus,
probably not all pectins present in this material were dissolved; this coincides with the
observation made for the viscosity results. In addition, it should be considered that OBF
is a heterogenous material which, besides pectins, contains other molecules such as pro-
teins or polyphenols that might affect the Z potential. The addition of proteins to the emul-
sions containing CP resulted in a decrease of the absolute value of this parameter only on
the 0.2CP_0.6PR emulsion. However, when adding proteins to the emulsions containing
OBF, the Z potential showed significant (p < 0.05) decreases in 1.00BF emulsions even
when adding only 0.3% w/w of proteins. Furthermore, in 2.40BF, this decrease was only
significant (p < 0.05) when proteins represented 0.6% w/w of the emulsion. The proteins
were not observed to have any effect on the Z potential in 3.40BF emulsions. The negative
value of all emulsions containing CP or OBF with proteins indicates that pectins saturated
the protein interface [78], and high contents of pectins (0.5CP and 3.40BF) did not allow
a decrease of this value when adding proteins.

Z potential values provide some information about emulsion stability, and it is gen-
erally accepted that larger absolute values of this parameter mean greater electrostatic
repulsions between the droplets [79]. According to this, emulsions 0.3PR, 0.6PR, and
1.00BF containing both concentrations of proteins (0.3 and 0.6% w/w) and emulsion
2.40BF_0.6PR would show poor electrostatic repulsion. Moser et al. [18] investigated
emulsions prepared with chickpea proteins with or without high-methoxyl pectins and
reported a low absolute value of Z potential of emulsions prepared with proteins—pectin
complexes (—4.6 mV) as well. However, these types of complexes might be able to stabilize
emulsions by steric rather than electrostatic repulsions [10].

3.2.3. Droplet Size Distribution

The droplet size distributions of each emulsion obtained at 0 and 24 h are presented
in Figure 2, and the percentiles d10, d50, and d90 of the distributions and the percentage
of flocculation are shown in Figure 3. In addition, a micrograph of each emulsion is shown
in Figure 4. As can be seen in Figure 2, all the emulsions, except for the control and 0.3PR,
presented a monomodal distribution. According to the median diameter (d50) presented
in Figure 3, the control emulsions and 0.3PR presented the largest droplets, the absence or
the presence of a too-low amount of emulsifier resulted in emulsions with big droplets
and poor stability. The addition of pectins from both CP and OBF clearly decreased the
median diameter of the droplets. For instance, 0.2CP and 1.00BF showed a median diam-
eter (~4.9 and 11.1 um, respectively) of about 67 and 25% smaller than the control emul-
sion (~14.9 um). This effect was greater when adding CP rather than OBF. However, when
increasing the OBF concentration from 0.95 to 3.4% w/w, the diameter of the droplets sig-
nificantly (p < 0.05) decreased. The stabilization effect of polysaccharides in emulsions is
usually related to their capacity to increase the viscosity of water and modify its rheolog-
ical characteristics by spontaneous macromolecular gelation or structuration [80]. Moreo-
ver, the emulsifying effect of pectic polysaccharides has already been reported for purified
pectins coming from different natural sources. For instance, Mendez et al. [81] observed
that when increasing the concentration of pectin extracted from watermelon (from 1.5 to
3.5% w/w) in oil-in-water emulsions, the droplet size of the emulsions decreased. They
explained that the side chains of neutral sugars (RG-I) of pectins macromolecules were
responsible for preventing the oil droplet coalescence through steric stabilization. On the
other hand, double-layer emulsions generally showed smaller droplets than the emul-
sions stabilized only with CP or OBF (OPR). For instance, the emulsions 0.2CP_0.3PR and
1.00BF_0.3PR showed a d50 (~2.5 and 3.9 um, respectively) that was about 48 and 65%
smaller than that observed for those emulsions without proteins. However, the addition
of proteins also promoted flocculation. This can be observed in Figure 4 and through the
percentage of flocculation represented in Figure 3. Generally, the emulsions produced
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without proteins presented individual droplets with relatively large sizes (Figure 4) and
no flocculation (Figure 3), whilst the emulsions containing proteins showed smaller clus-
tered droplets. In fact, those emulsions prepared only with proteins were highly floccu-
lated (about 67 and 80% of the volume of oil was flocculated in 0.3PR and 0.6PR emulsions,
respectively). Soy proteins are mainly formed by globular proteins (about 70%), which are
not able to avoid droplet aggregation by steric repulsion alone because they create thin
interfacial layers [19]. Still, they can avoid flocculation through strong electrical charges
[82], as long as the emulsions present a pH value sufficiently above or below that of the
proteins’ isoelectric point. According to the results presented for the Z potential, emul-
sions prepared with proteins presented low absolute values of this parameter, meaning
that low electrical charges were observed. Hence, the probability of flocculation was high.
Moreover, food proteins are not very soluble in water, especially when they are close to
their isoelectric point; thus, they can be found in the emulsion as supramolecular aggre-
gates or solid particles. These particles or aggregates stabilize emulsions through a “Pick-
ering” effect, but they might also act as a “bridge” between two or more droplets, causing
bridging flocculation [80].

In combination with proteins, significantly (p < 0.05) higher percentages of floccula-
tion were observed in emulsions containing OBF than in those produced with CP. This
could be because OBF contained other molecules besides pectins which might increase the
attraction among droplets, and it also contained insoluble material that might increase the
Pickering effect. However, the percentage of flocculation significantly (p <0.05) decreased
when increasing the OBF concentration. This could be explained by the increase of viscos-
ity when adding higher amounts of OBF or because adding more pectins improved the
formation of the protein—pectin complex, increasing the possibility of steric repulsions.

The measurement of the droplet size distribution over time provides information
about the emulsion stability. It can be seen in Figure 2 that the 0, 0.2CP, and 1.00BF emul-
sions shifted to the right after 24 h, indicating that larger droplets were observed. In fact,
for these emulsions, the d50 increased by 157, 7.9, and 75% after 24 h of their preparation,
respectively. On the other hand, the double-layer emulsions were highly stable against
droplet size variation; this could be inferred from their coincident size distributions over
time (Figure 2) and from their percentiles, which showed no significant (p > 0.05) changes
after 24 h (Figure 3). Therefore, even when the protein addition increased the percentage
of flocculation of the emulsions, they also prevented coalescence over time, meaning that
the floccules did not evolve into larger individual droplets. Regarding the stability against
flocculation, those emulsions containing only pectins (CP or OBF) kept their microstruc-
ture without flocculation over time. Meanwhile, those emulsions containing only proteins
significantly (p < 0.05) increased their flocculation percentage after 24 h. The emulsions
prepared with CP and proteins maintained their percentages of flocculation over time.
The emulsion containing OBF and proteins showed different trends; on the one hand,
1.00BF emulsions with proteins, which were already highly flocculated, maintained the
same level over time, while those containing 2.40BF with proteins increased their per-
centage of flocculation only when proteins represented 0.6% w/w. Finally, 3.40BF_0.3PR
and 3.40BF_0.6PR, which initially were less flocculated, significantly (p < 0.05) increased
their flocculation after 24 h to obtain similar percentages to those with 2.40BF and pro-
teins.
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Figure 2. Droplet size distribution of oil-in-water emulsions obtained immediately after their prep-
aration (0 h) and after 24 h without any source of pectins or proteins (control), containing purified
commercial pectins (0.2CP and 0.5CP corresponding to 0.2 and 0.5% w/w, respectively) or an orange
by-product flour (1.00BF, 2.40BF, and 3.40BF corresponding to 0.95, 2.38, and 3.40% w/w, respec-
tively) combined with proteins (0.3PR and 0.6PR corresponding to 0.3 and 0.6% w/w, respectively)
or without them (OPR).
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Figure 3. Percentiles of the droplet size distribution and percentage of flocculation of emulsions
obtained immediately after their preparation (0 h, left) and after 24 h (right), without any source of
pectins or proteins (control), containing purified commercial pectins (0.2CP and 0.5CP for 0.2 and
0.5% w/w, respectively) or an orange by-product flour (1.00BF, 2.40BF, and 3.40BF for 0.95, 2.38,
and 3.40% w/w, respectively) combined with proteins (0.3PR and 0.6PR for 0.3 and 0.6% w/w, re-
spectively) or without them (OPR). Different lowercase letters indicate significant (p < 0.05) differ-
ences among samples with different composition, and different uppercase letter means significant
differences (p < 0.05) between the same sample at 0 and 24 h.
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Figure 4. Micrographs of oil-in-water emulsions obtained with the optical microscope immediately
after their preparation (0 h) or after 24 h, without any source of pectins or proteins (control), con-
taining purified commercial pectins (0.2CP and 0.5CP for 0.2 and 0.5% w/w, respectively) or an or-
ange by-product flour (1.00BF, 2.40BF, and 3.4O0BF for 0.95, 2.38, and 3.40% w/w, respectively) com-
bined with proteins (0.3PR and 0.6PR for 0.3 and 0.6% w/w, respectively) or without them (OPR).

3.2.4. Creaming Index

The creaming index results (Figure 1) indicate that the addition of CP significantly (p
<0.05) reduced the droplet migration; thus, after 24 h, no creaming was observed for 0.2CP
and 0.5CP emulsions. The addition of OBF also decreased the droplet migration compared
with the control emulsion. Thus, for emulsions 1.00BF and 2.40BF, the creaming index
was about 12 and 43% lower than that of the emulsion 0. Moreover, for 3.40BF, no
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creaming was observed. In the same way, Qi et al. [8] reported that oil-in-water emulsions
(25% v/v of oil) produced with citrus fiber were more stable against creaming when in-
creasing the concentration of this material (from 0.25 to 3.0% w/v). These results could be
explained by the increase of the viscosity observed when adding CP and OBF, larger vis-
cosities hindering the droplets’ mobility (Stokes law) and/or by the fiber network for-
mation that traps the droplets [8]. When comparing the emulsions with an equivalent
amount of pectins from CP and OBF, larger creaming values were observed for the OBF
emulsions, and this coincides with the results described for the viscosity, since they indi-
cated that larger amounts of OBF are needed to obtain similar viscosities than those ob-
served with CP.

The addition of proteins as the only emulsifier significantly (p < 0.05) decreased the
creaming index of the emulsions compared with the control emulsion. However, when
proteins were added to the emulsions containing 0.2% w/w CP, the creaming index in-
creased from 0 to about 60 and 40% for 0.3 and 0.6% w/w of proteins, respectively. This
could be explained by the increase in the level of flocculation when adding proteins. The
presence of floccules, in relatively dilute emulsions, results in a higher creaming index
[57,80]. The addition of proteins in 0.5CP emulsion did not affect the creaming index,
probably because these emulsions (0.5CP_0.3PR and 0.5CP_0.6PR) were less flocculated
than 0.2CP_0.3PR and 0.2CP_0.6PR and also presented higher viscosities. With regard to
the OBF emulsions, the droplet migration was diminished when adding proteins. For in-
stance, 1.00BF_0.3PR and 2.40BF_0.3PR showed about 40 and 90% less creaming than
1.00BF and 2.40BF, respectively.

Overall, larger quantities of OBF are needed to match the characteristics (e.g., appar-
ent viscosity and creaming index) observed in emulsions produced with pure pectins in
equivalent amounts of this polysaccharide. This is interesting since OBF showed a rela-
tively high antioxidant capacity and polyphenol content; those larger amounts of OBF are
desirable in food products that are prone to oxidation.

3.3. Artificial Network Modeling

Table 3 shows the results of the two-way ANOVA, taking OBF and protein content
as factors. As can be seen, both factors had a significant effect on the characteristics of the
emulsion (p < 0.05) and, therefore, could be considered input variables for the ANNs.

Table 3. Results of the 2-way ANOVA, taking OBF and protein content as factors.

Emulsmfl ?har- Factor Degrees of Sums Square Means Square F Value p-Value
acteristic Freedom
OBF 3 33,753 11,251 372.706 i
Apparent viscos- Proteins 2 10,047 5024 166.416 o
ity OBF:Proteins 6 889 148 4.909 *
Residuals 24 724 30
OBF 3 1485 494.9 340.4 i
Z potential Proteins 2 2441 1220.7 839.7 i
OBF:Proteins 6 4018 669.7 460.7 i
Residuals 24 35 1.5
OBF 3 1.79 0.597 5.176 i
410 Proteins 2 33.40 16.698 144.669 i
OBF:Proteins 6 4.70 0.784 6.791 i
Residuals 24 2.77 0.115
OBF 3 77.3 25.76 329.1 i
450 Proteins 2 333.7 166.85 2131.3 i
OBF:Proteins 6 56.0 9.33 119.1 i
Residuals 24 1.9 0.08
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OBF 3 836.8 278.93 521.4 e
490 Proteins 2 559.7 279.86 523.2 R
OBF:Proteins 6 496.6 82.77 154.7 R
Residuals 24 12.8 0.53
OBF 3 5291 1764 2424 e
Fl lati Proteins 2 27,022 13,511 1856.8 o
oceufation - B Proteins 6 4616 769 105.7 e
Residuals 24 175 7
OBF 3 23,548 7849 1743.9 e
Creaming Proteins 2 7222 3611 802.3 e
index OBF:Proteins 6 3166 528 117.2 wEE
Residuals 24 108 5

Significance codes: *** p <0.001; ** p <0.01.

ANNs with three (input, hidden, and output) layers were developed by using back
propagation algorithms and the experimental data in order to predict the characteristics
(apparent viscosity; Z potential; percentiles d10, d50, and d90 of the droplet size distribu-
tion; percentage of flocculation; and creaming index) of the emulsions containing protein
and OBF.

To determine the best ANN structure, several iterations with different numbers of
neurons in the hidden layer were carried out (between 2 and 5). Iteratively varying the
number of neurons led to the identification of the optimum number of neurons in the
hidden layer. From the development of the neuronal networks, it was observed that the
number of neurons in the hidden layer depended on the emulsion characteristic evalu-
ated; therefore, three neurons in the hidden layer were applied in all the ANNSs developed,
except in those corresponding to viscosity, Z potential, and d50, which required four of
them. As transfer functions, the hyperbolic tangent sigmoid transfer function “tansig” was
used in the hidden layer, and the linear transfer function “purelin” was used for the out-
put layer.

The simulation obtained with the ANNSs can be observed in the contour plots shown
in Figure 5 for each emulsion characteristic (apparent viscosity; Z potential; percentage of
flocculation; creaming index; and percentiles d10, d50, and d90 of the droplet size distri-
bution). This figure depicted the isolines of each emulsion characteristic (dependent vari-
ables) at different levels on a protein-content-OBF content plane (independent variables).

In these plots, it can be observed that, for the viscosity, there is a reciprocal effect of
protein and OBF content; increasing both resulted in higher viscosities for the emulsions.
The Z potential absolute value, on the other hand, had a more complex trend. It decreased
gradually when increasing the protein content in the whole range studied. Without pro-
teins or OBF, the oil droplets adsorb OH-, and the addition of proteins which are positively
charged brings the Z potential value closer to zero. With a protein concentration of 0%,
this parameter decreased rapidly when increasing the OBF content from 0 to 1% (its abso-
lute value decreased from about 33 to 18), and thereafter it remained the same. The OBF
contains pectins, which are negatively charged polysaccharides, but when they are ad-
sorbed, replacing the OH- anions, they are not as efficient in increasing the negative
charge, probably because they are large macromolecules with a lower charge concentra-
tion. However, at higher protein content levels (e.g., 0.5%), the Z potential absolute value
gradually increased with higher OBF concentrations; thus, the OBF negative charge takes
this value beyond zero. The flocculation plot indicates clearly that increasing the protein
concentration resulted in a higher flocculation percentage. Moreover, without proteins,
the emulsions showed no flocculation in the whole range of OBF content studied. At high
protein concentrations (e.g., 0.6%) the flocculation decreased when augmenting the OBF
content. This could be due to an increase in steric repulsions because of the thicker inter-
facial layer when adding OBF, an increase in electric repulsions because of higher Z



Foods 2022, 11, 3750

19 of 25

potential values, and a decrease in the droplets’ mobility because of higher viscosities.
Regarding the creaming index, this parameter decreased when increasing both protein
and OBF contents. This is related to the higher viscosities observed in emulsions produced
with higher content of these materials. Finally, the percentiles of the particle size distribu-
tion (d10, d50, and d90) decreased with higher contents of both the proteins and OBF. The
effect seemed to be more noticeable for the proteins. For instance, when increasing the
protein concentration from 0 to 0.5%, the d50 decreased from about 14 to 4 um. However,
when increasing the OBF concentration from 0.5 to 3%, the d50 decreased from 14 to 9
um. This suggests that proteins are more easily adsorbed.

On the other hand, Supplementary Figure S2 depicts the simulated results repre-
sented versus the experimental data, along with the prediction bounds of the regression
(95% of confidence level). This comparison was carried out in order to evaluate the good-
ness of the model. All the outputs showed a good correlation between the calculated and
the experimental results. This could be inferred from the low MRE values (average 2.1 +
1.1%), and the correlation coefficient values (12), which were close to 1 in all cases (average
0.997 + 0.005). Moreover, the slope of the straight lines was close to 1, and the y-intercept
was close to 0, indicative of low bias and lack of systematic errors. On the other hand, in
Supplementary Figure S3A, the residuals are represented in histograms, where it can be
seen that they present a normal distribution (p > 0.05). Supplementary Figure S3B shows
the representation of the residuals vs. the calculated data, and, generally, the residuals
were scattered randomly about zero. All the points were in the range of +3 and -3, with
the exception of a possible outsider for viscosity (about 5).
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Figure 5. Contour plot of each emulsion characteristic predicted by ANNs at different levels on a

protein-content-OBF content plane.

Optimization

The optimum values of OBF and protein concentration obtained with the ANNs were
3.16 and 0.14% w/w, respectively. To evaluate the optimization, an additional emulsion
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containing those concentrations of OBF and proteins was prepared and analyzed. The oil
content was maintained at 6% w/w, and the maltodextrin content was adjusted at 30.7%
w/w to keep a dry-matter content of 40% w/w. The experimental results obtained for the
characteristics of the optimum emulsion are shown in Table 4, together with the charac-
teristics predicted by the ANNs and the prediction bounds (95%). As can be seen, a satis-
factory agreement between experimental and predicted values was observed. None of the
emulsion characteristics showed significant differences (p > 0.05) between the predicted
and the experimental results except for d10, d50, and flocculation, and even for these char-
acteristics, the differences could be considered small (p > 0.01).

Table 4. Predicted [prediction bounds (95%)] and experimental values of the optimum emulsion
characteristics.

Emulsion Characteristic Predicted Experimental

Viscosity (mPa-s) 200 [193, 206] 190 + 10

Z potential (mV) -19.3 [-18.1, -20.7] -18.5+0.7

d10 (um) 2.97 [2.64, 3.20] 2.22+0.13

d50 (um) 6.06 [5.70, 6.25] 4.56 +0.77

d90 (um) 7.50 [6.81, 8.31] 7.31+0.65
Flocculation (%) 2.8 1.6, 3.4] 59+04
Creaming index (%) 0.6 [-0.7, 1.1] 0.0+0.0

The emulsion prepared with the optimum concentrations of OBF and proteins was or-
ange/yellow and highly stable, with relatively small droplets and few floccules (Figure 6) and
with no significant increases (p > 0.05) in the d10, d50, and d90 percentiles after 24 h (e.g.,
d50 at 24 h 5.16 + 0.81 um).

25

20 ——0h

——24h

[
%

Volume (%)
=
o

0.1 1 10 100 1000
Droplet size (um)

Figure 6. Photograph, micrographs, and droplet size distribution obtained for the optimum emul-
sion immediately after its preparation (0 h) and after 24 h.

4. Conclusions

Overall, it was possible to stabilize emulsions with an orange by-product rich in pec-
tins. By comparing the OBF with the purified pectins, it could be concluded that OBF pre-
sented some advantages, such as a higher antioxidant capacity and the presence of poly-
phenols. Not all the pectins present in OBF seemed to be solubilized in the continuous
phase of the emulsions; therefore, higher amounts of this material are needed to increase
its viscosity or to improve the stability against creaming when compared with purified
pectins. The OBF was able to produce emulsions that were highly stable against coales-
cence, flocculation (with 2.4 and 3.4% w/w), and creaming (3.4% w/w). In combination with
proteins, the emulsions prepared with OBF showed smaller droplets, as this is a desirable
characteristic for processes such as spray drying, and also decreased the droplet migration
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(for 1.00BF and 2.40BF). However, the flocculation level increased with the addition of
proteins, but these floccules did not result in coalescence or greater creaming.

Artificial neural networks have been demonstrated to be useful in the modeling and
optimization of the composition of oil-in-water emulsions stabilized with an orange by-
product flour rich in pectins and vegetable proteins. The simulation obtained with the
trained ANNSs allowed us to better understand the effect of the independent variables on
each emulsion parameter. Moreover, using the trained ANNs and defining an objective
function that describes the desired characteristics of the emulsion, the optimum formula-
tion could be obtained and experimentally validated. Therefore, the proposed methodol-
ogy can be successfully applied in the formulation of complex food products such as emul-
sions.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/foods11233750/s1. Figure S1: Photographs of the emulsions
containing purified commercial pectins (0.2CP and 0.5CP for 0.2 and 0.5% w/w, respectively) or an
orange by-product flour (1.00BF, 2.40BF, and 3.40BF for 0.95, 2.38, and 3.40% w/w, respectively)
combined with proteins (0.3PR and 0.6PR for 0.3 and 0.6% w/w, respectively) or without them (OPR).
Figure S2: Calculated (calc) vs. experimental (average + deviation) (exp) emulsions’ characteristics:
percentiles of the droplet size distribution (d10, d50, and d90), flocculation, apparent viscosity, Z
potential, and creaming index. Figure S3A: Histogram of residuals of the emulsions” properties:
percentiles of the droplet size distribution (d10, d50, and d90), flocculation, apparent viscosity, Z
potential, and creaming index. Figure S3B: Residuals vs. calculated values of the emulsions’ prop-
erties: percentiles of the droplet size distribution (d10, d50, and d90), flocculation, apparent viscos-
ity, Z potential, and creaming index.

Author Contributions: Conceptualization, M.U. and S.S.; methodology, M.U., ].B., and S.S.; soft-
ware, ].B.; validation, V.S.E. and S.S.; formal analysis, M.U., ].B., and S.S.; investigation, M.U. and
L.L.; resources, S.S.; data curation, M.U., L.L., and S.S.; writing—original draft preparation, M.U.;
writing—review and editing, S.S. and V.S.E.; visualization, M.U.,, ].B., and S.S.; supervision, V.S.E.
and S.S.; project administration, S.S.; funding acquisition, S.S. All authors have read and agreed to
the published version of the manuscript.

Funding: The authors would like to acknowledge the Spanish research agency (AEI)
MCIN/AEI/10.13039/501100011033 for the financial support for the projects (PID2019-106148RR-C43
and PID2019-106148RRC42).

Data Availability Statement: Data are contained within the article or Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Panwar, D.; Saini, A.; Panesar, P.S.; Chopra, H.K. Unraveling the Scientific Perspectives of Citrus By-Products Utilization: Pro-
gress towards Circular Economy. Trends Food Sci. Technol. 2021, 111, 549-562. https://doi.org/10.1016/].TIFS.2021.03.018.

2. FAO.FAOSTAT; FAO: Rome, Italy, 2020.

3.  Panwar, D; Panesar, P.S.; Chopra, H.K. Recent Trends on the Valorization Strategies for the Management of Citrus By-Products.
Food Rev. Int. 2019, 37, 91-120. https://doi.org/10.1080/87559129.2019.1695834.

4. Willats, W.G..; Knox, ].P.; Mikkelsen, ].D. Pectin: New Insights into an Old Polymer Are Starting to Gel. Trends Food Sci. Technol.
2006, 17, 97-104. https://doi.org/10.1016/j.tifs.2005.10.008.

5. Moslemi, M. Reviewing the Recent Advances in Application of Pectin for Technical and Health Promotion Purposes: From
Laboratory to Market. Carbohydr. Polym. 2021, 254, 117324. https://doi.org/10.1016/]. CARBPOL.2020.117324.

6.  Bush, P.L. Pectin: Chemical Properties, Uses and Health Benefits; Nova Science Publishers: Hauppauge, NY, USA, 2013; ISBN
9781633214392.

7. Gunness, P.; Zhai, H.; Williams, B.A.; Zhang, D.; Gidley, M.]. Pectin and Mango Pulp Both Reduce Plasma Cholesterol in Pigs
but Have Different Effects on Triglycerides and Bile Acids. Food Hydrocoll. 2021, 112, 106369.
https://doi.org/10.1016/]. FOODHYD.2020.106369.

8. Qi J.R; Song, LW.; Zeng, W.Q.; Liao, J.S. Song Citrus Fiber for the Stabilization of O/W Emulsion through Combination of
Pickering Effect and Fiber-Based Network. Food Chem. 2021, 343, 128523. https://doi.org/10.1016/j.foodchem.2020.128523.

9.  Nancy Picot-Allain, M.C.; Amiri-Rigi, A.; Abdoun-Ouallouche, K.; Aberkane, L.; Djefal-Kerrar, A.; Mahomoodally, M.F.; Em-

mambux, M.N. Assessing the Bioactivity, Cytotoxicity, and Rheological Properties of Pectin Recovered from Citrus Peels. Food
Biosci. 2022, 46, 101550. https://doi.org/10.1016/]. FBIO.2022.101550.



Foods 2022, 11, 3750 23 of 25

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Du, Q.; Wang, S.; Lyu, F.; Liu, J.; Ding, Y. The Interfacial Covalent Bonding of Whey Protein Hydrolysate and Pectin under High
Temperature Sterilization: Effect on Emulsion Stability. Colloids Surf. B Biointerfaces 2021, 206, 111936.
https://doi.org/10.1016/].COLSURFB.2021.111936.

Zhang, X.; Chen, X; Gong, Y.; Li, Z,; Guo, Y.; Yu, D.; Pan, M. Emulsion Gels Stabilized by Soybean Protein Isolate and Pectin:
Effects of High Intensity Ultrasound on the Gel Properties, Stability and B-Carotene Digestive Characteristics. Ultrason. Sono-
chem. 2021, 79, 105756. https://doi.org/10.1016/].ULTSONCH.2021.105756.

Alavi, F.; Chen, L. Complexation of Nanofibrillated Egg White Protein and Low Methoxy Pectin Improves Microstructure,
Stability, and Rheology of QOil-in-Water Emulsions. Food Hydrocoll. 2022, 124, 107262.
https://doi.org/10.1016/J.FOODHYD.2021.107262.

Humerez-Flores, ].N.; Verkempinck, S.H.E.; De Bie, M.; Kyomugasho, C.; Van Loey, A.M.; Moldenaers, P.; Hendrickx, M.E.
Understanding the Impact of Diverse Structural Properties of Homogalacturonan Rich Citrus Pectin-Derived Compounds on
Their Emulsifying and Emulsion Stabilizing Potential. Food Hydrocoll. 2022, 125, 107343.
https://doi.org/10.1016/].FOODHYD.2021.107343.

Wilde, P.J. Improving Emulsion Stability Through Selection of Emulsifiers and Stabilizers. In Reference Module in Food Science;
Elsevier: Amsterdam, The Netherlands, 2019.

Gharsallaoui, A.; Roudaut, G.; Chambin, O.; Voilley, A.; Saurel, R. Applications of Spray-Drying in Microencapsulation of Food
Ingredients: An Overview. Food Res. Int. 2007, 40, 1107-1121.

Hernandez Sanchez, M.D.R; Cuvelier, M.E.; Turchiuli, C. Design of Liquid Emulsions to Structure Spray Dried Particles. ]. Food
Eng. 2015, 167, 99-105. https://doi.org/10.1016/j.jfoodeng.2015.07.036.

del Hernandez Sanchez, M.R.; Cuvelier, M.E.; Turchiuli, C. Effect of a-Tocopherol on Oxidative Stability of Oil during Spray
Drying and Storage of Dried Emulsions. Food Res. Int. 2016, 88, 32—41. https://doi.org/10.1016/j.foodres.2016.04.035.

Moser, P.; Nicoletti, V.R.; Drusch, S.; Briickner-Giihmann, M. Functional Properties of Chickpea Protein-Pectin Interfacial Com-
plex in Buriti Oil Emulsions and Spray Dried Microcapsules. Food Hydrocoll. 2020, 107, 105929.
https://doi.org/10.1016/j.foodhyd.2020.105929.

McClements, D.J.; Gumus, C.E. Natural Emulsifiers —Biosurfactants, Phospholipids, Biopolymers, and Colloidal Particles: Mo-
lecular and Physicochemical Basis of Functional Performance. Adv. Colloid Interface Sci. 2016, 234, 3-26.

Salminen, H.; Weiss, J. Electrostatic Adsorption and Stability of Whey Protein—Pectin Complexes on Emulsion Interfaces. Food
Hydrocoll. 2014, 35, 410-419. https://doi.org/10.1016/] FOODHYD.2013.06.020.

Wang, T.; Wang, N.; Li, N; Ji, X.; Zhang, H.; Yu, D.; Wang, L. Effect of High-Intensity Ultrasound on the Physicochemical
Properties, Microstructure, and Stability of Soy Protein Isolate-Pectin Emulsion. Ultrason. Sonochem. 2022, 82, 105871.
https://doi.org/10.1016/].ULTSONCH.2021.105871.

Qiu, L.; Zhang, M.; Adhikari, B.; Chang, L. Microencapsulation of Rose Essential Oil in Mung Bean Protein Isolate-Apricot Peel
Pectin Complex Coacervates and Characterization of Microcapsules. Food Hydrocoll. 2022, 124, 107366.
https://doi.org/10.1016/J.FOODHYD.2021.107366.

Maruyama, S.; Streletskaya, N.A.; Lim, J. Clean Label: Why This Ingredient but Not That One? Food Qual. Prefer. 2021, 87, 104062.
https://doi.org/10.1016/j.foodqual.2020.104062.

Judge, M.; Fernando, J.W.; Begeny, C.T. Dietary Behaviour as a Form of Collective Action: A Social Identity Model of Vegan
Activism. Appetite 2022, 168, 105730. https://doi.org/10.1016/]. APPET.2021.105730.

Huc-Mathis, D.; Almeida, G.; Michon, C. Pickering Emulsions Based on Food Byproducts: A Comprehensive Study of Soluble
and Insoluble Contents. J. Colloid Interface Sci. 2021, 581, 226-237. https://doi.org/10.1016/].JCIS.2020.07.078.

Gharibzahedi, S.M.T.; Mousavi, S.M.; Khodaiyan, F.; Hamedi, M. Optimization and Characterization of Walnut Beverage Emul-
sions in Relation to Their Composition and Structure. Int. ]. Biol. Macromol. 2012, 50, 376-384. https://doi.org/10.1016/].IJBIO-
MAC.2011.12.008.

Raymundo, A.; Franco, ].M.; Empis, ].; Sousa, I. Optimization of the Composition of Low-Fat Oil-in-Water Emulsions Stabilized
by White Lupin Protein. ]. Am. Oil Chem. Soc. 2002, 79, 783-790. https://doi.org/10.1007/S11746-002-0559-6.

Katsouli, M.; Polychniatou, V.; Tzia, C. Optimization of Water in Olive Oil Nano-Emulsions Composition with Bioactive Com-
pounds by Response Surface Methodology. LWT 2018, 89, 740-748. https://doi.org/10.1016/]. LWT.2017.11.046.

Ngan, C.L.; Basri, M.; Lye, F.F.; Fard Masoumi, H.R.; Tripathy, M.; Abedi Karjiban, R.; Abdul-Malek, E. Comparison of Box—
Behnken and Central Composite Designs in Optimization of Fullerene Loaded Palm-Based Nano-Emulsions for Cosmeceutical
Application. Ind. Crops Prod. 2014, 59, 309-317. https://doi.org/10.1016/].INDCROP.2014.05.042.

Guiné, R.P.F. The Use of Artificial Neural Networks (ANN) in Food Process Engineering. Int. ]. Food Eng. Vol. 2019, 5, 15-21.
https://doi.org/10.18178/ijfe.5.1.15-21.

Nayak, J.; Vakula, K.; Dinesh, P.; Naik, B.; Pelusi, D. Intelligent Food Processing: Journey from Artificial Neural Network to
Deep Learning. Comput. Sci. Rev. 2020, 38, 100297. https://doi.org/10.1016/].COSREV.2020.100297.

Eim, V.S,; Simal, S.; Rosselld, C.; Femenia, A.; Bon, ]J. Optimisation of the Addition of Carrot Dietary Fibre to a Dry Fermented
Sausage (Sobrassada) Using Artificial Neural Networks. Meat Sci. 2013, 94, 341-348.
https://doi.org/10.1016/j.meatsci.2013.02.009.

Batista, L.F.; Marques, C.S.; dos Pires, A.C.S.; Minim, L.A.; Soares, N.D.F.F.; Vidigal, M.C.T.R. Artificial Neural Networks Mod-
eling of Non-Fat Yogurt Texture Properties: Effect of Process Conditions and Food Composition. Food Bioprod. Process. 2021,
126, 164-174. https://doi.org/10.1016/].FBP.2021.01.002.



Foods 2022, 11, 3750 24 of 25

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Bhagya Raj, G.V.S.; Dash, K.K. Comprehensive Study on Applications of Artificial Neural Network in Food Process Modeling.
Crit. Rev. Food Sci. Nutr. 2022, 62, 2756-2783. https://doi.org/10.1080/10408398.2020.1858398.

Jebri, M; Tarrazo, J.; Bon, J.; Desmorieux, H.; Romdhane, M. Intensification of the Convective Drying Process of Salvia Offici-
nalis: Modeling and Optimization. Food Sci. Technol. Int. 2018, 24, 382-393. https://doi.org/10.1177/1082013218759363.
Okonkwo, C.E.; Moses, O.I.; Nwonuma, C.; Abiola, T.; Benjamin, B.O.; Folorunsho, J.O.; Olaniran, A.F.; Pan, Z. Infrared and
Microwave as a Dry Blanching Tool for Irish Potato: Product Quality, Cell Integrity, and Artificial Neural Networks (ANNs)
Modeling of Enzyme Inactivation Kinetic.  Innov.  Food  Sci.  Emerg.  Technol. 2022, 78, 103010.
https://doi.org/10.1016/].IFSET.2022.103010.

Lin, J.A.; Kuo, C.H.; Chen, B.Y,; Li, Y.; Liu, Y.C.; Chen, J.H.; Shieh, C.J. A Novel Enzyme-Assisted Ultrasonic Approach for
Highly Efficient Extraction of Resveratrol from Polygonum Cuspidatum. Ultrason. Sonochem. 2016, 32, 258-264.
https://doi.org/10.1016/J.ULTSONCH.2016.03.018.

Kundu, P.; Paul, V.; Kumar, V.; Mishra, .M. Formulation Development, Modeling and Optimization of Emulsification Process
Using Evolving RSM Coupled Hybrid ANN-GA Framework. Chem. Eng. Res. Des. 2015, 104, 773-790.
https://doi.org/10.1016/].CHERD.2015.10.025.

Kumar, K.J.; Panpalia, G.M.; Priyadarshini, S. Application of Artificial Neural Networks in Optimizing the Fatty Alcohol Con-
centration in the Formulation of an O/W Emulsion. Acta Pharm. 2011, 61, 249-256. https://doi.org/10.2478/V10007-011-0013-7.
Samson, S.; Basri, M.; Fard Masoumi, H.R.; Abdul Malek, E.; Abedi Karjiban, R. An Artificial Neural Network Based Analysis
of Factors Controlling Particle Size in a Virgin Coconut Oil-Based Nanoemulsion System Containing Copper Peptide. PLoS ONE
2016, 11, e0157737. https://doi.org/10.1371/JOURNAL.PONE.0157737.

AOAC. Official Methods of Analysis of AOAC International; AOAC: Gaithersburg, MD, USA, 1997.

Umania, M.; Eim, V.; Garau, C.; Rosselld, C.; Simal, S. Ultrasound-Assisted Extraction of Ergosterol and Antioxidant Compo-
nents from Mushroom by-Products and the Attainment of a (-Glucan Rich Residue. Food Chem. 2020, 332, 127390.
https://doi.org/10.1016/j.foodchem.2020.127390.

Eim, V.S,; Simal, S.; Rossello, C.; Femenia, A. Effects of Addition of Carrot Dietary Fibre on the Ripening Process of a Dry
Fermented Sausage (Sobrassada). Meat Sci. 2008, 80, 173-182. https://doi.org/10.1016/] MEATSCI.2007.11.017.

Coimbra, M.A; Delgadillo, I.; Waldron, K.W.; Selvendran, R.R. Isolation and Analysis of Cell Wall Polymers from Olive Pulp.
Mod. Methods Plant Anal. 1996, 17, 19—44. https://doi.org/10.1007/978-3-642-60989-3_2.

Dalmau, M.E.; Bornhorst, G.M.; Eim, V.; Rossello, C.; Simal, S. Effects of Freezing, Freeze Drying and Convective Drying on in
Vitro Gastric Digestion of Apples. Food Chem. 2017, 215, 7-16. https://doi.org/10.1016/j.foodchem.2016.07.134.

Umarfia, M.; Dalmau, M.E.; Eim, V.S.; Femenia, A.; Rosselld, C. Effects of Acoustic Power and PH on Pectin-enriched Extracts
Obtained from Citrus By-products. Modelling of the Extraction Process. ]. Sci. Food Agric. 2019, 99, 6893-6902.
https://doi.org/10.1002/jsfa.9975.

Manrique, G.D.; Lajolo, F.M. FT-IR Spectroscopy as a Tool for Measuring Degree of Methyl Esterification in Pectins Isolated
from Ripening Papaya Fruit. Postharvest Biol. Technol. 2002, 25, 99-107. https://doi.org/10.1016/5S0925-5214(01)00160-0.
Vallespir, F.; Rodriguez, O.; Cércel, J.A.; Rosselld, C.; Simal, S. Ultrasound Assisted Low-temperature Drying of Kiwifruit: Ef-
fects on Drying Kinetics, Bioactive Compounds and Antioxidant Activity. J. Sci. Food Agric. 2019, 99, 2901-2909.
https://doi.org/10.1002/jsfa.9503.

Vallespir, F.; Rodriguez, O.; Eim, V.S.; Rossell6, C.; Simal, S. Effects of Freezing Treatments before Convective Drying on Quality
Parameters: Vegetables with Different Microstructures. |. Food Eng. 2019, 249, 15-24. https://doi.org/10.1016/j.jfoo-
deng.2019.01.006.

Ribeiro, M.L.F.F.; Roos, Y.H.; Ribeiro, A.P.B.; Nicoletti, V.R. Effects of Maltodextrin Content in Double-Layer Emulsion for Pro-
duction and Storage of Spray-Dried Carotenoid-Rich Microcapsules. Food Bioprod. Process. 2020, 124, 208-221.
https://doi.org/10.1016/j.fbp.2020.09.004.

Tamm, F.; Harter, C.; Brodkorb, A.; Drusch, S. Functional and Antioxidant Properties of Whey Protein Hydrolysate/Pectin Complexes
in Emulsions and Spray-Dried Microcapsules; LWT: Victoria, Australia, 2016; Volume 73.

Yildiz, G.; Ding, J.; Andrade, J.; Engeseth, N.J.; Feng, H. Effect of Plant Protein-Polysaccharide Complexes Produced by Mano-
Thermo-Sonication and PH-Shifting on the Structure and Stability of Oil-in-Water Emulsions. Innov. Food Sci. Emerg. Technol.
2018, 47, 317-325. https://doi.org/10.1016/].ifset.2018.03.005.

Locali Pereira, A.R.; Gongalves Cattelan, M. of pink pepper essential oil: P. of spray-dried pectin/SPI double-layer versus S.
single-layer stabilized emulsions; Nicoletti, V.R. Microencapsulation of Pink Pepper Essential Oil: Properties of Spray-Dried
Pectin/SPI Double-Layer versus SPI Single-Layer Stabilized Emulsions. Colloids Surf. A Physicochem. Eng. Asp. 2019, 581, 123806.
https://doi.org/10.1016/j.colsurfa.2019.123806.

Talon, E.; Lampi, A.-M.; Vargas, M.; Chiralt, A.; Jouppila, K.; Gonzalez-Martinez, C. Encapsulation of Eugenol by Spray-Drying
Using Whey Protein Isolate or Lecithin: Release Kinetics, Antioxidant and Antimicrobial Properties. Food Chem. 2019, 295, 588—
598. https://doi.org/10.1016/].FOODCHEM.2019.05.115.

Legland, D.; Arganda-Carreras, I.; Andrey, P. MorphoLib]: Integrated Library and Plugins for Mathematical Morphology with
Image]. Bioinformatics 2016, 32, 3532-3534. https://doi.org/10.1093/BIOINFORMATICS/BTW413.

Schindelin, J.; Arganda-Carreras, I; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B, et al. Fiji: An Open-Source Platform for Biological-Image Analysis. Nat. Methods 2012, 9, 676-682.
https://doi.org/10.1038/nmeth.2019.



Foods 2022, 11, 3750 25 of 25

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Umana, M.; Wawrzyniak, P.; Rosselld, C.; Llavata, B.; Simal, S. Evaluation of the Addition of Artichoke By-Products to O/W
Emulsions for Oil Microencapsulation by Spray Drying. LWT 2021, 151, 112146. https://doi.org/10.1016/]. LWT.2021.112146.
Edris, A.E.; Kalemba, D.; Adamiec, J.; Pigtkowski, M. Microencapsulation of Nigella Sativa Oleoresin by Spray Drying for Food
and Nutraceutical Applications. Food Chem. 2016, 204, 326-333. https://doi.org/10.1016/] FOODCHEM.2016.02.143.

R Core Team. Foreign: Read Data Stored by Minitab, S, SAS, SPSS, Stata, Systat, Weka, DBase 2017. Avaible online:
https://cran.r-project.org/package=foreign (accessed on 15 April 2022).

RStudio Team. RStudio: Integrated Development for R; RStudio: Boston, MA, USA, 2022.

Aggarwal, KK,; Singh, Y.; Chandra, P.; Puri, M. Bayesian Regularization in a Neural Network Model to Estimate Lines of Code
Using Function Points. . Comput. Sci. 2005, 1, 505-509. https://doi.org/10.3844/JCSSP.2005.505.509.

Marquardt, D.W. An Algorithm for Least-Squares Estimation of Nonlinear Parameters. . Soc. Ind. Appl. Math. 1963, 11, 431-441.
https://doi.org/10.1137/0111030.

Levenberg, K. A Method for the Solution of Certain Non-Linear Problems in Least Squares. Q. Appl. Math. 1944, 2, 164-168.
https://doi.org/10.1090/QAM/10666.

Turchiuli, C.; Jimenez Munguia, M.T.; Hernandez Sanchez, M.; Cortes Ferre, H.; Dumoulin, E. Use of Different Supports for Oil
Encapsulation in Powder by Spray Drying. Powder Technol. 2014, 255, 103-108. https://doi.org/10.1016/] POWTEC.2013.08.026.
Pinén-Balderrama, C.I.; Leyva-Porras, C.; Teran-Figueroa, Y.; Espinosa-Solis, V.; Alvarez-Salas, C.; Saavedra-Leos, M.Z. Encap-
sulation of Active Ingredients in Food Industry by Spray-Drying and Nano Spray-Drying Technologies. Processes 2020, 8, 889.
https://doi.org/10.3390/PR8080889.

McClements, D.J. Critical Review of Techniques and Methodologies for Characterization of Emulsion Stability. Crit. Rev. Food
Sci. Nutr. 2007, 47, 611-649. https://doi.org/10.1080/10408390701289292.

Romero-Lopez, M.R,; Osorio-Diaz, P.; Bello-Perez, L.A.; Tovar, ].; Bernardino-Nicanor, A. Fiber Concentrate from Orange (Ci-
trus Sinensis L.) Bagase: Characterization and Application as Bakery Product Ingredient. Int. . Mol. Sci. 2011, 12, 2174.
https://doi.org/10.3390/IJ]MS12042174.

de Moraes Crizel, T.; Jablonski, A.; de Oliveira Rios, A.; Rech, R.; Flores, S.H. Dietary Fiber from Orange Byproducts as a Po-
tential Fat Replacer. LWT —Food Sci. Technol. 2013, 53, 9-14. https://doi.org/10.1016/J.LWT.2013.02.002.

Macagnan, F.T.; dos Santos, L.R.; Roberto, B.S.; De Moura, F.A.; Bizzani, M.; Da Silva, L.P. Biological Properties of Apple Po-
mace, Orange Bagasse and Passion Fruit Peel as Alternative Sources of Dietary Fibre. Bioact. Carbohydrates Diet. Fibre 2015, 6, 1-
6. https://doi.org/10.1016/]. BCDF.2015.04.001.

Marin, F.R.; Soler-Rivas, C.; Benavente-Garcia, O.; Castillo, J.; Pérez-Alvarez, J.A. By-Products from Different Citrus Processes
as a Source of Customized Functional Fibres. Food Chem. 2007, 100, 736-741. https://doi.org/10.1016/]. FOODCHEM.2005.04.040.
Miiller-Maatsch, J.; Bencivenni, M.; Caligiani, A.; Tedeschi, T.; Bruggeman, G.; Bosch, M.; Petrusan, J.; Van Droogenbroeck, B.;
Elst, K.; Sforza, S. Pectin Content and Composition from Different Food Waste Streams. Food Chem. 2016, 201, 37-45.
https://doi.org/10.1016/J.FOODCHEM.2016.01.012.

Pourbafrani, M.; Forgacs, G.; Horvath, 1.S; Niklasson, C.; Taherzadeh, M.]J. Production of Biofuels, Limonene and Pectin from
Citrus Wastes. Bioresour. Technol. 2010, 101, 4246—4250. https://doi.org/10.1016/].BIORTECH.2010.01.077.

Agoda-Tandjawa, G.; Durand, S.; Gaillard, C.; Garnier, C.; Doublier, J.L. Properties of Cellulose/Pectins Composites: Implication
for Structural and Mechanical Properties of Cell Wall. Carbohydr. Polym. 2012, 90, 1081-1091. https://doi.org/10.1016/]. CARB-
POL.2012.06.047.

Dalmau, E.; Ossello, C.; Eim, V.; Ratti, C.; Simal, S. Ultrasound-Assisted Aqueous Extraction of Biocompounds from Orange
Byproduct: Experimental Kinetics and Modeling. Antioxidants 2020, 9, 352. https://doi.org/10.3390/ANTIOX9040352.

Francisco, CR.L.; de Oliveira Janior, F.D.; Marin, G.; Alvim, L.D.; Hubinger, M.D. Plant Proteins at Low Concentrations as
Natural Emulsifiers for an Effective Orange Essential Oil Microencapsulation by Spray Drying. Colloids Surf. A Physicochem.
Eng. Asp. 2020, 607, 125470. https://doi.org/10.1016/j.colsurfa.2020.125470.

Wiacek, A.E.; Chibowski, E. Comparison of the Properties of Vegetable Oil/Water and n-Tetradecane/Water Emulsions Stabi-
lized by a-Lactalbumin or B-Casein. Adsorpt. Sci. Technol. 2005, 23, 777-789. https://doi.org/10.1260/026361705776316578.
Huang, L.; Liu, J.; Addy, M.; Ding, B.; Cheng, Y.; Peng, P.; Wang, Y.; Liu, Y.; Chen, P.; Ruan, R. Physicochemical and Emulsifying
Properties of Orange Fibers Stabilized Oil-in-Water Emulsions. LWT 2020, 133, 110054. https://doi.org/10.1016/j.lwt.2020.110054.
Serfert, Y.; Schroder, J.; Mescher, A.; Laackmann, J.; Ratzke, K.; Shaikh, M.Q.; Gaukel, V.; Moritz, H.-U.; Schuchmann, H.P.;
Walzel, P; et al. Spray Drying Behaviour and Functionality of Emulsions with -Lactoglobulin/Pectin Interfacial Complexes.
Food Hydrocoll. 2013, 31, 438-445. https://doi.org/10.1016/j.foodhyd.2012.11.037.

Dickinson, E. Hydrocolloids as Emulsifiers and Emulsion Stabilizers. Food Hydrocoll. 2009, 23, 1473-1482.
https://doi.org/10.1016/J.FOODHYD.2008.08.005.

Dickinson, E. Strategies to Control and Inhibit the Flocculation of Protein-Stabilized Oil-in-Water Emulsions. Food Hydrocoll.
2019, 96, 209-223. https://doi.org/10.1016/]. FOODHYD.2019.05.021.

Mendez, D.A.; Fabra, M.].; Martinez-Abad, A.; Martinez-Sanz; Gorria, M.; Lépez-Rubio, A. Understanding the Different Emul-
sification Mechanisms of Pectin: Comparison between Watermelon Rind and Two Commercial Pectin Sources. Food Hydrocoll.
2021, 120, 106957. https://doi.org/10.1016/]. FOODHYD.2021.106957.

Dickinson, E. Colloids in Food: Ingredients, Structure, and Stability. Annu. Rev. Food Sci. Technol. 2015, 6, 211-233.
https://doi.org/10.1146/ ANNUREV-FOOD-022814-015651.



