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Preface

The application of polymers in food science has become a transformative force, driving the

development of novel functional foods, preserving organoleptic properties, and extending the shelf

life of food products. As the global demand for safe, nutritious, and durable food products

grows, polymers—both natural and synthetic—play a critical role across various stages of the food

production chain, offering innovative solutions that enhance the quality and safety of our food supply.

This Special Issue, titled “Polymer Applications in Food Science”, gathers cutting-edge research

and review articles that explore the diverse roles of polymers in this field. Contributions were invited

from leading academics and researchers worldwide, aiming to provide a comprehensive overview

of how polymers can improve food products—from synthesis and characterization to packaging and

shelf-life testing.

The topics covered include the following: food chemistry, synthesis, characterization, synthesis

and characterization of materials in food development, packing polymers as protecting barriers,

microencapsulation of active ingredients, and development of novel food products.

This reprint, based on the Special Issue “Applications of Polymers in Food Sciences”, serves as

a platform for the exchange of knowledge, highlighting the significant impact of polymer science

on food technology. Through these contributions, we aim to advance the understanding of the

vital role polymers play in creating safer, more sustainable, and higher-quality food products for

consumers worldwide. The reprint is organized into two chapters: “Synthesis, Characterization, and

Development of Novel Polymer-Based Foods” (articles 1-6) and “Microencapsulation of Novel and

Functional Polymer-Based Foods” (articles 7-15). Each chapter presents manuscripts in chronological

order, reflecting the evolution of research in this dynamic field.

We extend our heartfelt gratitude to all the authors who contributed their valuable research to

this Special Issue. Their collaborative efforts have been instrumental in the successful publication of

this reprint. We also express our sincere appreciation to Mr. Paul Bian, Section Managing Editor of

Polymers, for his unwavering support and insightful guidance throughout this process. His expertise

was pivotal in achieving the objectives of this Special Issue. Lastly, we are deeply grateful for the

support provided by the public institutions in Mexico, where the Guest Editors of this Special Issue,

Dr. Marı́a Zenaida Saavedra-Leos from the Autonomous University of San Luis Potosı́ (UASLP) and

Dr. César Leyva-Porras from the Advanced Materials Research Center S.C. (CIMAV), are affiliated.

Their commitment to research excellence was crucial in the successful completion of this endeavor.

César Leyva-Porras and Zenaida Saavedra-Leos

Editors
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Article

A Novel Microwave Hot Pressing Machine for Production of
Fixed Oils from Different Biopolymeric Structured Tissues
Sherif S. Hindi 1,*, Uthman M. Dawoud 2, Iqbal M. Ismail 3, Khalid A. Asiry 1, Omer H. Ibrahim 1 ,
Mohammed A. Al-Harthi 1, Zohair M. Mirdad 1, Ahmad I. Al-Qubaie 1, Mohamed H. Shiboob 4,
Najeeb M. Almasoudi 1 and Rakan A. Alanazi 1

1 Department of Agriculture, Faculty of Environmental Sciences, King Abdullaziz University (KAU),
Jeddah 21589, Saudi Arabia

2 Department of Chemical and Materials Engineering, Faculty of Engineering, King Abdullaziz University (KAU),
Jeddah 21589, Saudi Arabia

3 Department of Chemistry, Faculty of Science, Center of Excellence in Environmental Studies, King Abdullaziz
University (KAU), P.O. Box 80216, Jeddah 21589, Saudi Arabia

4 Department of Environment, Faculty of Environmental Sciences, King Abdullaziz University (KAU),
Jeddah 21589, Saudi Arabia

* Correspondence: shindi@kau.edu.sa; Tel.: +966-56-676-0086

Abstract: A microwave hot pressing machine (MHPM) was used to heat the colander to produce
fixed oils from each of castor, sunflower, rapeseed, and moringa seed and compared them to those
obtained using an ordinary electric hot pressing machine (EHPM). The physical properties, namely
the moisture content of seed (MCs), the seed content of fixed oil (Scfo), the yield of the main fixed oil
(Ymfo), the yield of recovered fixed oil (Yrfo), extraction loss (EL), six Efficiency of fixed oil extraction
(Efoe), specific gravity (SGfo), refractive index (RI) as well as chemical properties, namely iodine
number (IN), saponification value (SV), acid value (AV), and the yield of fatty acid (Yfa) of the four
oils extracted by the MHPM and EHPM were determined. Chemical constituents of the resultant
oil were identified using GC/MS after saponification and methylation processes. The Ymfo and SV
obtained using the MHPM were higher than those for the EHPM for all four fixed oils studied. On
the other hand, each of the SGfo, RI, IN, AV, and pH of the fixed oils did not alter statistically due
to changing the heating tool from electric band heaters into a microwave beam. The qualities of
the four fixed oils extracted by the MHPM were very encouraging as a pivot of the industrial fixed
oil projects compared to the EHPM. The prominent fatty acid of the castor fixed oil was found to
be ricinoleic acid, making up 76.41% and 71.99% contents of oils extracted using the MHPM and
EHPM, respectively. In addition, the oleic acid was the prominent fatty acid in each of the fixed oils of
sunflower, rapeseed, and moringa species, and its yield by using the MHPM was higher than that for
the EHPM. The role of microwave irradiation in facilitating fixed oil extrusion from the biopolymeric
structured organelles (lipid bodies) was protruded. Since it was confirmed by the present study that
using microwave irradiation is simple, facile, more eco-friendly, cost-effective, retains parent quality
of oils, and allows for the warming of bigger machines and spaces, we think it will make an industrial
revolution in oil extraction field.

Keywords: fixed oil; hot pressing machine; microwave irradiation; methylation; GC/MS

1. Introduction

Oil-producing crops have been attracting more attention due to their high profit
compared to other crops. Many species are suitable to be a source of fixed oils, for example,
but not limited to castor bean, sunflower, rapeseed, moringa, oil palm, macauba palm,
babassu palm, buriti palm, pequi, oiticia, coconut, avocado, Brazil nut, macadamia nut,
jatrova, jojoba, pecan, bacuri, ghoper plant, pissava, olive tree, opium poppy, peanut, cocoa,
linseed, sesame, and tung oil tree [1].

Polymers 2023, 15, 2254. https://doi.org/10.3390/polym15102254 https://www.mdpi.com/journal/polymers1
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Fixed oils are synthesized in plants in special biopolymeric tissues of the oily plants
and accumulate in their seeds. These seeds differ anatomically (histologically) from each
other [2–6]. Different studies have been undertaken to know the morphological charac-
teristics of oily seeds, showing that the structure (macro or micro) of raw materials is a
key parameter to understanding the effect of processing and the final yield and quality
of products [3,5].

Lipids are generally stored as triacylglycerols in oil bodies. Although there are quanti-
tative differences in the accumulation of storage reserves in seeds, it was not clear whether
this would also qualitatively affect the fatty acid profiles of triacylglycerols in these seeds [5].

It was reported by Hu et al. [5] that lipids and protein are major storage reserves in ma-
ture Brassica seeds. An inverse relationship between oil and protein accumulation in seeds
has been reported for some plant species, including rapeseed. In addition, seeds of many
plant species, including rapeseed, accumulate lipids to supply the energy requirements for
germination and seedling growth. Such lipids are generally stored as triacylglycerols in
small, spherical, and discrete intracellular organelles called oil bodies. Accordingly, the
greater the number of oil bodies, the higher the oil content of a seed [5]. In moringa oleifera,
lipid bodies surrounded the protein bodies and filled most of the remaining space in all
healthy cells [6].

The castor bean (Ricinus communis L.), also called the castor oil plant, is an annual
flowering plant in the Ricinus genus. There are large populations of this plant through-
out tropical and subtropical regions, and it has also been found in agricultural sites in
Saudi Arabia [7]. Due to its unique ability to withstand thermal fluctuations, castor oil
is a valuable raw material in the pharmaceutical, medical, food, chemicals, agricultural,
textile, paper, plastic, rubber, cosmetics, perfumeries, electronics, paints, inks, additives,
lubricants, and biofuel industries [8–13]. According to [14–16], castor oil has different
chemical compositions and physical–chemical properties according to its origin. Malaysian
castor seeds, for instance, yield castor oil with a saponification value of 182.96 mg KOH/g
as well as a 43.3% dry weight [14], while Nigerian castor seeds yield castor oil with a
saponification value of 178.00 mg KOH/g and a dry weight of 48%. In addition, its vis-
cosity and specific gravity are high, making it soluble in alcohols with very low solubility
in petroleum solvents [14–17]. Seed oil content ranges from 30% to 60% by weight with
variations according to variety, geographic location, and extraction method [11,18,19]. The
castor oil’s high boiling and low melting points make it superior to petroleum-based oils
particularly at high and low temperatures [17–19].

Castor oil consists primarily of ricinoleic acid which has three functional groups. These
functional groups are responsible for regulating the chemical composition of the oil which
is used to produce resins, waxes, polymers, and plasticizers. It has been demonstrated
that carboxylic groups can give rise to a variety of esterification products, while the point
of unsaturation can be modified by hydrogenation, epoxidation, or vulcanization [20,21].
Additionally, this oil is important because of its hydroxyl groups and double bonds in the
ricinoleic acid component [16]. As a result of the presence of the hydroxyl group in RA and
its derivatives, the oil is oxidatively stable with a number of facilitated chemical reactions,
including halogenation, dehydration, alkoxylation, esterification, and sulfation [9,22]. In
addition to comprising esters (triglycerides molecules) comprised of 3-carbon alcohols
(glycerol) and 3-carbon fatty acids (18 carbon atoms), such as other vegetable oils [11,15,23],
castor oil is also unique among vegetable oils due to the presence of the hydroxylated fatty
acid ricinoleic acid which is the only source of this fatty acid commercially available [11].
It is well known that castor oil contains a wide range of beneficial compounds for health,
including fatty acids, flavonoids, phenolic compounds, amino acids, terpenoids, and
phytosterols [24]. There are a number of important fatty acids detected in castor oil,
including linoleic, oleic, stearic, and linolenic fatty acids [11,22]. It can be used as a bio-
based lubricant obtained from the fatty acids of castor oil [25].

The sunflower (Helianthus annuus L.) belongs to the family Asteraceae and originated
in eastern North America. It is grown throughout the world as one of the most widely

2



Polymers 2023, 15, 2254

cultivated oil crops due to its relatively short growing season [1] and its ability to grow
in large semi-arid regions without irrigation [26,27]. It has been found that the oleic acid
content of commercial hybrids of sunflower varies between 10 and 50% depending on
the climatic conditions of the field and the temperature at which the seeds are growing.
Several studies have demonstrated a strong negative correlation between linoleic acid and
oleic acid [1,28]. On average, this variety contains 75% oleic acid, although individual
plants range between 50 and 80% [29] and individual seeds vary between 19 and 94% [30].
There were significant increases in oleic content in offspring of this variety even when
temperatures varied with values exceeding 83% under various conditions [30,31].

Rapeseed is an essential crop for many different purposes, including edible oil,
biodiesel, lubricant, and feed. The oil of this plant is high in oleic acid which gives it
a competitive advantage over other cooking oils [32]. In terms of oil content, rapeseeds
varied between 30.6% and 48.3% of their dry weight which was found to be a higher
percentage compared with canola seed oils. The most abundant fatty acids are oleic
(56.80–64.92%) and linoleic (17.11–20.92%) as indicated by Matthaus et al. [33] with an
omega-6 to omega-3 ratio of 2:1 which offers cardiovascular health benefits [34]. High
levels of tocopherols, polyphenols, phytosterols, and carotenoids have been reported in
cold-pressed rapeseed oil. Due to its rich content of antioxidants and nutraceuticals, this
oil possesses anti-hypercholesterolemic and anti-inflammatory properties. As a result of
the high nutritional value of cold-pressed rapeseed oil, it can be used in foods, cosmetics,
and pharmaceuticals [34].

Moringa oleifera Lam. is a widely distributed species of the Moringaceae family and is
a fast growing, hardwood tree native to the sub-Himalayan area of Northern India [35,36].
In addition to its nutritional and medicinal value, the plant contains phytochemicals that
are effective antioxidants and antimicrobials [37]. In addition to their high oil content
(up to 40%), seed kernels also contain high levels of fatty acids (oleic acid > 70%) as well as
exceptional resistance to oxidative damage. In fact, this rich oil profile makes moringa seeds
ideal for both human consumption and commercial use [38,39]. Seeds, on the other hand,
have attracted scientific attention due to their high fatty acid content and after refining,
significant resistance to oxidative degradation [39]. About 76.73 percent of the oil consists
of monounsaturated fatty acids, mainly oleic acid, as well as gadoleic acid and palmitoleic
acid. It contains 21.18% saturated fatty acids of which palmitic acid is the predominant
followed by behenic, stearic, and arachidic acids. In addition, small quantities of cerotic,
lignoceric, myristic, margaric, and caprylic acids have been reported. As a whole, the
content of polyunsaturated fatty acids is very low, on average 1.18%, while that of linoleic
and linolenic acids is 0.76% and 0.46%, respectively. Moreover, the extraction method
does not appear to significantly impact the oil’s fatty acid composition. Only one study
reported a modest increase in myristic acid and stearic acid content in solvent-extracted oil
compared to cold-pressed oil [40].

There are two methods for extracting fixed oils from seeds: mechanical pressing (cold
or hot), solvent extraction, or a combination of the two [41]. The mechanical pressing
method has the disadvantage of extracting less oil from seeds (about 45%), making it
necessary to re-extract the remaining oil from the seed cake. On the other hand, the high-
temperature hydraulic pressing method was found to be effective in extracting about 80%
of the oil [42]. Moreover, cold-pressed castor oils have low acid and iodine values and have
a slightly higher saponification value than solvent-extracted oils [11] obtained a maximum
yield of 50.16% of castor oil by pressing for 60 min at 108 ◦C, using isopropanol/hexane
(50:50 v/v) as a solvent system.

Using electric heating tools, such as coils or bands require thick cords, complicated
circuits, consumes more electric energy, and can only heat the space covered by the coil
or band. Contrarily, microwave offers a thermally homogeneous spaces in any desired
size [43–49]. In addition, the ordinary available electric hot presser machines depend
for their heat transferring, mainly on the conduction phenomenon that increases the oil
extraction durations and reduces the extraction efficiency itself.

3
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This study was initiated to evaluate the yield and properties of each of the four fixed
oils squeezed using two machines that differed in their heating tools (EHPM and MHPM)
to ensure that the novel microwave procedure used did not distort the parent quality of
fixed oils.

2. Materials and Methods
2.1. Management Plan

As shown in Figure S1 presented in the supplementary material, testing the efficiency
of the novel microwave hot pressing machine in extracting high yield and quality of fixed
oils was applied according to the following steps:

Selection of the species.

1. Specifying the seeds amounts required for the extraction processes.
2. Preparation of the electric hot pressing machine by inserting the electric heating coil

around the extruder head of the machine.
3. Preparation of the microwave hot pressing machine by releasing the electric heating

coil from the extruder head of the machine.
4. Pressing the seeds of each of the four oil crops (castor, sunflower, rapeseed,

or moringa).
5. Dehydration, settlement, and filtration of the crude fixed oils.
6. Characterization of the fixed oils and comparing the oil extracted by microwave to

that obtained by electric band heater.

2.2. Raw Materials

Four different species were used to be the source of fixed oils, namely castor bean
(Ricinus communis L., Family: Euphorbiaceae), common sunflower (Helianthus annuus L.,
Family: Asteraceae), rapeseed (Brassica napus L., Family: Brassicaceae), and moringa
(Moringa oleifera Lam., Family: Moringaceae) as shown in Figure S2a–d. A random sample
of three shrubs/plants of each species was collected during the 2021–2022 season from
the Agricultural Research Center of King Abdulaziz University at Hada Al-Sham which is
located about 120 km from Jeddah, Saudi Arabia. The shrubs/plants were grown in sandy
soil at a latitude of 21◦ 46′.839N and a longitude of 39◦ 39′.911E which was 206 m above
sea level.

2.2.1. Preparation of the Seeds

Figure S2a–d illustrates the steps involved in the extraction of each of the four fixed
oils from the air-dried seeds of castor bean (Figure S2a), common sunflower (Figure S2b),
rapeseed (Figure S2c), and moringa (Figure S2d). A bean de-huller machine (Figure S2a–d)
was used to separate the seeds from their hulls/pods after being collected from the selected
shrubs/plants, and the seeds were, then, cleaned to remove any foreign materials [7].

2.2.2. The Mechanical Extraction of the Four Fixed Oils

For each castor bean, common sunflower, rapeseed, and moringa, about one kg of
the clean seeds were air dried to reduce the moisture of the seeds [48,50,51]. The air-dry
seeds were allowed to be oven dried at about 65–70 ◦C in an electric furnace. To reduce
the oil viscosity within seeds tissues that can maximize the oil yield [52,53], the seeds were
exposed to a microwave beam for about ten minutes within the seed hopper. Then, the
seeds were hot-pressed mechanically using each of the two hot pressing machines (MHPM
and EHPM) as shown in Figure 1. After settling for one hour, the oily supernatants were
collected individually and filtered through vacuum filters to remove contaminants from
the oil. Hydraulic pressure was used to release the remaining oil from the settled cake [50].

2.2.3. The Hot Pressing Machine (HPM)

Microwave radiation is generated using the magnetron device, the essential component
of the microwave generator unit (MGU), by converting the input alternate electric current (AC)
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into microwave beam that is responsible for warming the pressing machine. The HPM
(Figure 1) consists of a motor, extruder, colander, and a heating tool (electric heater or
microwave beam). It is worth mentioning that two devices were used in the present
investigation for squeezing each of the four oily seeds, namely electric hot pressing machine
(EHPM) and microwave hot pressing machine (MHPM). Both of them use the same hot
pressing machine but they differ in the heating tool necessary to warm the extruder’s
colander of the machine. For more illustration, the EHPM uses a dc-electric band heater
(Figure 2a–c) for this purpose, while the MHPM was constructed to be dependent on
a microwave generator unit that emitters microwave beams responsible to release the
colander temperature.

Figure 1. The microwave hot pressing machine (MHPM) used for extraction of the four fixed oils:
(a) An overall front image for the HPM before connecting the microwave source, (b) An overall front
image for the MHPM showing the colander, the waveguide that used for directing microwave beam
to the extrusion head, and the microwave generator unit (MGU).

The main components of the HPM are the Taby motor (380 Volt 3 phase 10 amp 50/60 Hz,
Sweden) that rotates the extruder shaft (Figure 2a,b) of the HPM. The extruder shaft is
used to deliver the oily seeds from the seed hopper to the colander, in which the seeds are
compressed mechanically, allowing the fixed oil to excrete from biopolymeric tissues of
seeds through the oil channels of the colander as clear from Figures 1 and 2. The power
screw geometry of its straight shaft is apparent in Figure 2b. Heating the oily seed tissue
found within its inner central channel allowing for extraction of their fixed oil and excreted
through its oil capillary channels where they were collected in a suitable reservoir. In
addition, the colander is the terminal part of the pressing machine coupled directly to the
extruder (Figures 1a,b, 2a,c, 3a,c and 4e). It has a hollow central tunnel (to feed the extracted
seed tissues known as the cake) as well as an oil channel that accumulates the final oil yield
in the production reservoir. To soften seeds tissues and enhance fixed oils yield, a heating
source must be used to worm the colander of the HPM. In this investigation, two heating
techniques were performed and compared to each other, namely electric band heater used
for EHPM and MGU used for MHPM.

To prepare the EHPM, the electric heating coil must be installed, while for installing
the microwave hot pressing, the electric band heater must be released from its colander
and replaced with the MGU in which the microwave beam was directed to the extruder’s
colander by using an ideal waveguide, a short metallic waveguide (Figures 1b and 4e).
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Figure 2. The hot pressing machine (HPM): (a) Upper view, (b) The straight shaft and its power screw
geometry, and (c) The colander of the hot pressing machine.

Figure 3. Removing the dc-electric band from the EHPM to be exchanged to the MHPM: (a) The
DC-electric band heater used to heat the colander of the extruder, (b) The thermal band, (c) Fixing the
band tighten around the colander, and (d) The electric box feeding the HPM.
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Figure 4. The microwave generator unit (MGU) used for heating the head of the microwave hot
pressing machine: (a–e): (a) The high-voltage magnetron, (b) The high-voltage transformer, (c) The
high-voltage capacitor, (d) Overall image of the MGU, and (e) Directing microwave beam to the
colander of the MHPM through the waveguide.

The band heater (Figure 3b,c) was used to heat the colander that is coupled to the
extruder front. It is also suitable for heating any metal pipes, nozzles, barrels, and other
cylindrical parts. These fast-heat band heaters electrically warm the external surface of a
cylindrical part to provide indirect heating. It is worth mentioning that the heating process
is an essential facility to prevent plugging the fine holes that exert the oil, reducing the oil
viscosity for ease of handling within the extruder as well as increasing the oil yield released
from the seed tissues.

In the MGU, the magnetron is the primary and only source of microwave energy
(Figure 4a,d). Originally, it was taken from a domestic microwave oven. In terms of
technical specifications, the magnetron has a power of 900 W, an anode voltage of 4.20 kVp,
and a frequency of 2.46 GHz. The magnetron, 2M214 39F (06B), code of 2B71732E for
LG microwave ovens (900 W, 4.20 kVp anode voltage, 2460 MHz frequency) was used in
this study as a self-excited microwave oscillator, cavity magnetrons convert high-voltage
electric energy into microwave beams (Figure 4a,d). It is worth mentioning that magnetrons
produce high-power outputs by crossing electron and magnetic fields. In this study, a
magnetron emits a constant frequency of 2.46 GHz, since magnetrons are usually designed
on a constructively fixed frequency as illustrated by Hindi et al. [45–48].

As shown in Figures 1b and 4e, microwave energy is radiated into the air through a
stainless-steel pipe with a diameter of 1 inch, then is conducted into a metal cavity. In order
to melt the fixed oil and force it to excrete from seed tissues, temperature must be adjusted
to be approximately 75–80 ◦C.
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The high voltage transformer (HVT) is used to convert alternate current (AC) into
direct current (DC) required for working the electric band heater. In addition, the high
voltage transformer (Teknik, Amal, Sweden) was used in the present investigation as shown
in Figure 4b,d. It has been reported that large industrial and commercial ovens can use
915 megahertz magnetrons to excite the larger cavities within the ovens [49].

The high voltage capacitor (2100V.AC, 1%, 50/60 Hz, and 10 MΩ). An electrical
connection was made between the capacitor and the magnetron, the transformer, as well as
the outlet of the waveguide via a diode (Figure 4c).

Other accessories were used in the MGU, such as an electronic diode, the double-
terminal component in which the current conducts primarily in one direction (asymmetric
conductance). Furthermore, its resistance is low in one direction (ideally zero) and high
in the other direction (ideally infinite). In addition, a small electric fan was constructed to
distribute air around the transformer and magnetron to cool them.

2.3. Characterization of the Four Species

After collecting the crude oil, it was weighed and stored until it was subjected to
different characterizations. A set of oil specifications were determined using methods
reported in the standard methods or applied by researchers working in the same or
related fields [50–54].

The values of the different physical and chemical properties of the seeds and fixed oils
of the four crops species were calculated as presented in Table 1.

Table 1. Calculation of different chemical and physical properties of the seeds and the extracted fixed
oils [7,42,48,51–53].

Equation Definitions
1 MC, % = [(Wads −Wods)/Wods] × 100

2 Scfo, % = (Wmfo + Wrfo)/Wods
3 Ymfo, % = (Wmfo/Wods) × 100

4 Yrfo, % = (Wods −Wrc)/Wods]× 100 = (Wrfo/Wods) × 100
5 EL, % = [{Wods − (Wrfo + Wrc)}/Wods] × 100

6 Efoe, % = [Wrfo/(Scfo ×Wods)] × 100

Wads: Weight of air-dried seeds.
Wods: Weight of oven-dried seeds, g.

Wmfo: Weight of the main fixed oil (g).
Wrfo: Weight of recovered fixed oil (from seed’cake), g

Wrc = Weight of residual cake after extraction.
Scfo: Seed content of fixed oil

7 SGfo = (W1 −W2)/(W2 −W0)
W0: Weight of an empty bottle.

W1: Weight of the bottle filled with fixed oil.
W2: Weight of the bottle filled with deionized water.

8 IN = 12.69 × C × (V1 − V2)/W

C, V1, V2: Parameters of sodium thiosulphate:
C: Concentration.

V1: The volume used for the blank test.
V2: The volume used for the fixed oil.

W: The fixed oil weight.

9 SV = 56.1N × (V1 − V2)/W

V1: Volume of the solution used for the blank test.
V2: Volume of the solution used for fixed oil.

N: The actual normality of the HCl used.
W: The fixed oil weight.

10 AV = 5.61(V × N)/W
V: Volume of KOH, IN mL.

N: Normality of KOH.
W: Fixed oil weight.

11 Yfa = (A1/A2) × 100 A1: Peak area (mm2) of a certain fatty acid detected at a certain retention time (min.)
A2: The overall peak’s areas (mm2) of all fatty acids in the fixed oil.

1 Moisture content of seed, 2 Seed content of fixed oil, 3 Yield of the main fixed oil, 4 Yield of recovered fixed oil,
5 Extraction loss, 6 Efficiency of fixed oil extraction, 7 Specific gravity, 8 Iodine number, 9 Saponification value,
10 Acid value, 11 and Yield of fatty acid.

2.3.1. Physical Characterization of the Seeds and Oils

The physical properties of fixed oils are known to be influenced by chemical composi-
tion as well as operating parameters, such as pressure and temperature. These properties
were determined and compared with the cited standard [7,51].
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Concerning seed qualifications related to their suitability for producing fixed oils,
moisture content (MC) as well as seed content of fixed oil (Scfo) were determined. For
the MC investigation, about 100 g of cleaned intact seeds were dried in an oven at 90 ◦C,
weighed at 1 h intervals until obtaining a constant weight after about 6 h [42]. It is
worth mentioning that the Scfo refers to the amount of oil that can be derived from an oil
seed. İt is usually represented as a percentage based on the parent seed weight as shown
in Table 1 [52].

Regarding fixed oil extraction parameters, four properties were determined, namely
yield of the main fixed oil (Ymfo), yield of recovered fixed oil (Yrfo), extraction loss (EL),
and efficiency of fixed oil extraction (Efoe).

The Ymfo refers to the quantity of oil that can be extracted from an oil seed. İt was
determined as the ratio of the weight of main oil extracted to the weight of the ground
seed specimen before extraction. Furthermore, it was determined mechanically using
each of the MHPM and EHPM, while both Yrfo and EL were investigated by solvent
extraction procedures using analytical grade n-hexane anhydrous (95% purity) purchased
from Sigma-Aldrich, Germany in a Soxhlet extractor.

Prior to the chemical extraction performed, only for the purpose of estimating both
Yrfo and EL, the air dry seeds were oven dried at about 65–70 ◦C in a heating furnace. After
that, the oven-dried seeds were ground using a rotary grinding machine and sieved using
standard sieves to be passed through a standard sieve of 60 mesh and retained on that of
80 mesh (60/80 mesh). This range of the seeds’ particle size facilitates the diffusion of the
soluble compounds and the release of the oil [52,53].

The suitable particle-sized seed powder was put in a cotton thimble (2.5 × 7 cm) and
centered in one siphon of the Soxhlet extractor fixed with a round flask (250 mL) containing
about 150 mL of n-hexane. After that, a rotary evaporator with a vacuum pump was also
used to separate the oil and the solvents after oil extraction. The recovered fixed oil was
calculated in the manner indicated in Table 1.

Extraction loss (EL) was calculated as the difference between the weight of the ground
seeds specimen before extraction and the sum overall weights of both the oil recovered and
residual cake after extraction by hexane divided by the parent weight of the ground seed
sample before extraction as clear in Table 1 [52].

The Efoe, an important parameter in oilseed processing, is the percentage of oil extracted
in relation to the amount of oil present in the seed. It was computed as the ratio of the
weight of oil recovered to the product of the seed oil content and the weight of the crushed
seed sample before extraction [52]. The Efoe was computed as a ratio of the weight of oil
recovered to the product of the seed oil content and the weight of the crushed seed sample
before extraction [52].

Regarding the specific gravity of fixed oil (SGfo), in a clean 25 mL oven dried, stop-
pered bottle, the fixed oil was pyrchonometrically determined at 25 ◦C. The weight of
the bottle was measured before and after it was filled with the fixed oil. Following the
washing and oven drying of the bottle, the fixed oil was substituted with deionized water
and the bottle was weighed (W2). The SGfo is calculated based on the equation shown
in Table 1 [7,51,55,56].

Moreover, the refractive Index (RI) provides a rapid indicator of its purity and quality.
A refractometer model No. 922313 (Bellingham and Stanley Ltd., London, UK) was used
to determine the RF of the castor oil at 30 ◦C. For each fixed oil, three repetitions were
performed and recorded [51,57,58].

2.3.2. Chemical Characterization of the Fixed Oils
Determination of Iodine Number (IN)

An IN represents the amount of unsaturationality (the presence of double bonds) in
a fixed oil determined by the amount of iodine that reacts with 100 g of oil. Oils with a
higher IN contain more double bonds [59]. The iodine value is counted as g I2/100 g of oil.
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The IN was analyzed using the method described by AL-Hamdany and Jihad [60] and
Omari et al. [51]. After dissolving the fixed oil in 10 mL of chloroform, the solution was
mixed with 30 mL of Hanus iodine solution, kept in a tightly closed flask, and vigorously
swirled for 30 min in the dark. Thereafter, approximately 10 mL of potassium iodide (15%)
and 100 mL of distilled water were added under shaking. Titration was carried out with
the iodine solution against sodium thiosulfate (0.1N) until a yellowish color was achieved.
Approximately two to three drops of the starch solution were then added, turning the
solution color blue. Titration continued until the blue color faded, and the volume of
Na2S2O3 at this point was calculated. A blank test (without oil) was conducted in the same
manner. In order to calculate the iodine number (IN), the formula presented in Table 1
was used [7,51,53].

Determination of Saponification Value (SV)

By measuring the amount of potassium hydroxide required to saponify one gram of
fixed oil, SV provides an indication of the chain length of the fatty acids contained in the oil.
Based on the standard procedure described by Akpan et al. [57], the SV was determined.
About 2 g of a fixed oil was added to 25 mL of 0.1 N ethanolic-KOH with constant stirring
was allowed to be boiled gently for 60 min under refluxing. A few drops of phenolphthalein
indicator was added to the warm mixture and then titrated with HCl (0.5 M) up to the
end point in which the pink color of the indicator just disappeared. Based on the equation
presented in Table 1, we were able to determine the saponification value.

Determination of Acid Value (AV)

The AV of an oil is defined as the milligram amount of potassium hydroxide required
to neutralize one gram of the oil. The term is used to indicate how many carboxylic
acid groups (-COOH) a fatty acid contains. In order to determine the AV of fixed oil,
0.5 g of the oil was dissolved in 25 mL of absolute ethanol phenolphthalein indicator. A
shaking water bath was used to heat the mixture for five minutes. Afterward, a drop-wise
titration with KOH (0.1 N) was conducted while the free acid was still hot. The solution was
continuously agitated until a pink color appeared which remained for a minimum of 10 s.
Upon approaching the endpoint, vigorous shaking was performed to ensure thorough
mixing. During the reaction with the oil, KOH (0.1N) was measured in terms of volume
based on the formula shown in Table 1 [51,53].

Determination of pH Value

In a beaker with a slow stirring, about 2 g of each fixed oil was mixed with 13 mL of
hot distilled water. Afterward, the emulsion was cooled in a cold-water bath until it reached
25 ◦C. Using suitable buffer solutions, an electrode was standardized and immersed in oil
to determine its pH value [51,55].

Determination of the Fatty Acids of the Fixed Oils

Two samples were analyzed for each crop, whereby one of them was extracted by the
electric hot pressing machine (EHPM), and the other was produced by the microwave–hot
pressing machine (MHPM). Statistically, three repetitions were performed to detect the
experimental error.

To ensure high-accuracy chemical analyses, the fixed oil samples were pretreated as
the following scheme before characterization by using the GC/MS (Figure S3).

1. Preparation of the Methyl Esters

Using silica gel columns, each fixed oil was eluted with hexane [7,61,62]. Under reduced
pressure, hexane was evaporated, resulting in the so-called hexane fraction (Figure S3).

The procedure includes the following steps: saponification, esterification, fractionation
on a column chromatography filled with silica gel, and analysis by GC/MS. To remove
the free lipids, about 2 g of fixed oil was extracted with 10 mL mixture of CHCl3/MeOH
solution (2:1 v/v) and sonicated for about 15 min, each. To release “bound” components,
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the free lipids-fixed oil sample was saponified with 0.5 M NaOH (MeOH/H2O solution,
9:1 v/v, 5 mL, 70 ◦C, 1 h).

After centrifugation of the cold mixture at 2500 rpm for 15 min, the supernatant was
discarded, the precipitate was collected, and its pH was readjusted to 3 by adding 3 M HCl.
About 1 mL of solvent-extracted water and 3 mL of CHCl3 were used to extract the
hydrolyzed lipids. After the complete elimination of the solvent by evaporation under
a steady flowing helium atmosphere, the hydrolyzed acid components were methylated
using 100 L of BF3/MeOH (14% w/v) at 70 ◦C for 1 h). Then, the methyl esters were
extracted with about 2 mL of CHCl3 (3 times) from the solvent-extracted H2O.

Using a glass column filled with activated silica gel preheated at 120 ◦C for 24 h, the
methylated extracts were fractionated and eluted using n-hexane.

The extracts were separated using the elutropic series of the following four solvent
systems, including n-hexane, dichloromethane (DCM), and methanol (MeOH). The four
systems were: 6 mL of n-hexane, 2 mL of a mixture of n-hexane/dichloromethane (9:1 v/v),
6 mL of dichloromethane, and 5 mL DCM/MeOH (1:1 v/v) to yield an elution rate of
15 mL min1. The DCM/MeOH method allowed the dihydroxy-fatty acids to be eluted.
Under a mild steady stream of helium gas, all fractions were collected, and the solvent
was removed.

2. Gas Chromatography-Mass spectrometer (GC–MS)

Since saponification/methylation processes (Figure S3) are helpful for identifying fatty
acids [62,63], the major constituents of the oil were detected as methyl or methyl esters
derivatives. GC-Trace ultra-system (Thermo Co. USA) was used to analyze each of the
studied fixed oils. Fractionation and separation were conducted using a fused-silica capillary
column (Elite- 5MS column, Thermo Scientific GC Column, 30 m × 0.25 mm × 0.25 µm)
with chemically bonded phases DB1 (J&W Scientific). The initial temperature (IT) was
adjusted to 40 ◦C for 4 min as residence time (RT) and raised to a maximum final tem-
perature (MFT) of 220 ◦C at a rate of 4 ◦C/min for 15 min. The temperature was set at
250 ◦C for the injector, where the injection volume was 1 µL of the tested sample at a trans-
fer temperature of 280 ◦C. Helium was used as a carrier gas at a flow rate of 20 mL/min.
The EI mass spectra were collected in full scan mode (m/z 50–600) at 180 ◦C ion source
temperature and 70 eV ionization voltage. Based on a library search using NIST, USA, and
Wiley Registry 8-edition as well as a comparison of retention indices among the peaks,
tentative identifications were made. A peak area normalization method was to estimate the
yield of fatty acids (Yfa) in the fixed oil [7,64] by calculating the peak area (in mm2) of a
certain fatty acid detected at a certain retention time (in minutes) based on the overall areas
in mm2 representing chemical constituents of the fixed oil that arisen at different retention
times (in minutes) at the chromatogram as clear in Table 1. Moreover, their chromatograms
are presented in Figure S4. The percentage allocations of the fatty acids in the fixed oils are
presented in Figure 5.

Figure 5. Cont.
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Figure 5. The main fatty acids and their contents of (a1,a2) Castor oil: (a1) Microwave-assisted
extracted oil (MAEO), (a2) Electric hot pressed oil (EHPO), (b1,b2) Sunflower oil: (b1) For MAEO,
(b2) EHPO, (c1,c2) Rapeseed oil: (c1) MAEO, (c2) EHPO, and (d1,d2) Moringa: (d1) MAEO, (d2) EHPO.

2.4. Scanning Electron Microscopy (SEM)

SEM imaging was used to study the surface morphology and anatomical features in
biopolymeric structured tissues. The SEM technique and image analysis were efficient tools
for the characterization of the microstructure of the four oily seeds [3–5].

Sample preparation was conducted by isolating a small central block of cotyledon
(about 3 mm in length) from an air-dried seed.

For the SEM examination, the sample was placed on a double side carbon tape on
Al-stub and dried in air. It is worth mentioning that all samples were examined without
any pretreatments, such as embedding, fixation and sputtering processes [3]. The samples
were examined with an SEM Quanta FEG 450, FEI, Amsterdam, The Netherlands. The
microscope was tried at an accelerating voltage ranging from 5–20 kV.

2.5. Statistical Design and Analysis

The present experiment was statistically designed to be a split plot design in
three replicates (blocks) with multiple observations (five repetitions) per sub-plot per
block for each property of each fixed oil. This was conducted to detect the differences
between the four fixed oils produced from castor, sunflower, rapeseed, and moringa seeds
squeezed by the hot pressing machine heated with two different heating tools, namely
electric band heater (EHPM) and microwave irradiation (MHPM). In addition, the least
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significant difference at a 95% level of confidence (LSD0.05) method was used to compare
the differences between species means for all the properties studied [65].

3. Results

The physical and chemical properties of each of the four fixed oils were determined.
The comparisons between the mean values of these properties were extended to those
within species as well as between species. Accordingly, the comparisons were conducted
between the fixed oils extracted using the microwave –hot pressing machine (MHPM) and
the electric hot pressing machine (EHPM) as well as between the oily species at the same
level of machinery used.

3.1. Characterization of the Fixed Oils

Eleven physical properties of the four fixed oils, namely the moisture content of the
seed, 2 seed content of the fixed oil, 3 yield of the main fixed oil, 4 yield of recovered fixed
oil, 5 extraction loss, 6 efficiency of fixed oil extraction, 7 specific gravity, 8 iodine number,
9 saponification value, 10 acid value, 11 and yield of fatty acid were determined and are
presented at Table 2. Furthermore, the chemical properties of these oils, namely iodine
number (IN), saponification value (SV), acid value (AV), and pH were also investigated
and included in Table 2.

Table 2. Mean values * of physical and chemical properties of the four fixed oils, namely castor (C),
sunflower (S), rapeseed (R), and moringa (M) extracted by microwave –hot pressing machine (MHPM)
and electric hot pressing machine (EHPM).

Properties

Extraction Method 3

ASTM 4MHPM EHPM

C S R M C S R M

MC, %
AD ± ± ± ± ± ± ± ±
OD 3.09 ± 0.15 ± ± ± 4.47 ± 0.18 ± ± ± N.d. 12

OY 5, % 44.8 ± 1.03 42.5 ± 0.98 42.2 ± 1.02 39.6 ± 0.89 38.3 ± 1.09 36.4 ± 1.25 35.2 ± 1.33 34.6 ± 0.93 N.d. 12

SG 6 0.973 ± 0.08 0.914 ± 0.07 0.906 ± 0.1 0.946 ±
0.093 0.968 ± 0.09 0.918 ± 0.07 0.914 ± 0.09 0.957 ±

0.088 0.96–0.97

RI 7 1.48 ± 0.092 1.473 ± 0.08 1.465 ± 0.069 1.464 ± 0.13 1.43 ± 0.07 1.469 ±
0.086

1.467 ±
0.102 1.563 ± 0.17 1.48–1.49

IN 8

(g I2/100 g oil) 83.7 ± 1.09 126.3 ± 1.23 114.5 ± 1.48 69.7 ± 1.44 84.8 ± 1.05 127.1 ± 1.19 115.1 ± 1.29 71.4 ± 1.38 82–88

SV 9

(mg KOH/g oil) 181.5 ± 3.79 188.4 ± 2.34 168.3 ± 1.98 180.7 ± 2.18 182.1 ± 3.07 194.6 ± 2.33 181.2 ± 2.56 190.4 ± 1.97 175–187

AV 10

(mg KOH/g oil) 0.869 ± 0.004 0.914 ± 0.008 2.107 ± 0.08 1.433 ±
0.005

0.882 ±
0.008

1.139 ±
0.004

2.306 ±
0.006

1.344 ±
0.007 0.4–4.0

pH 11 6.48 ± 0.359 6.46 ± 0.45 6.43 ± 0.77 6.45 ± 0.69 6.53 ± 0.48 6.38 ± 0.39 6.49 ± 0.78 6.37 ± 0.59 N.d. 12

* Each value is an average of 5 samples ± standard deviation, 3 Yield of the main fixed oil, 4 Yield of recovered
fixed oil, 5 Extraction loss, 6 Efficiency of fixed oil extraction, 7 Specific gravity, 8 Iodine number, 9 Saponification
value, 10 Acid value, 11 Yield of fatty acid, and 12.

3.1.1. Physical Properties of Seeds

Investigation of the moisture content of seeds (MCs) revealed that the castor beans had
the lowest MCs (3.6%), while moringa had the highest MCs value (5.34%) among the four
oily species as is clear in Table 2. The obtained mean values approach those determined by
Muzenda et al. [42] and differed from those reported in the literature findings of 4.15% [66–68].
Moreover, comparing the two heating techniques (MHPM and EHPM) revealed that the
MHPM dried all four seeds to lower levels compared to the EHPM.

For the seed content of the fixed oil (Scfo), comparing the Scfo values between species
indicate that the castor bean seeds contained the highest Scfo value (49.87%) than the
other species. Moreover, the MHPM extracted more fixed oils than those obtained by the
EHPM (Table 2).
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3.1.2. Physical Properties of the Fixed Oils

For the yield of the main fixed oil (Ymfo), it is clear from Table 2 that at the same level of
heating technique (MHPM and EHPM), comparing the Ymfo values within species revealed
that castor seeds gave the highest yield (44.8 % and 38.3 %, respectively) comparing to
those obtained from sunflower (42.5 % and 36.4 %, respectively), rapeseed (42.2 % and 35.2 %,
respectively), and moringa (35.6 % and 34.6 %, respectively) as presented in Table 2. At the
same level of oily species, the MHPM produces higher Ymfo values than those obtained by
the EHPM (Table 2). This is clear for all the four species examined in the present study.

Regarding the yield of the recovered fixed oil (Yrfo), it can be seen from Table 2 that
the Yrfo obtained by the MHPM (6.93–8.85%) that was higher than those for the EHPM
(3.34–5.06%).

Studying the extraction loss (EL) indicates that the results of MHPM (1.02–2.03%)
were lower than those obtained from the EHPM (2.35–2.75%). This finding confirms the
superiority of the invented MHPM. In addition, comparing species at the same level of the
heating tool revealed that there are no significant differences between them.

For the efficiency of the fixed oil extraction (Efoe), the MHPM had the highest efficiency
(90.22–92.8%) compared to those for the EMHPM. Moreover, comparing species at the
same level of the hot pressing procedure revealed that there are no significant differences
between them.

Specific Gravity of Fixed Oil (SGfo)

For the SGfo property, there are statistical differences between the SGfo values among
the four species examined, and the comparisons made within or between species. For
more illustration, at the same level of heating tool (MHPM and EHPM), comparing the
SGfo values within species revealed that castor seeds gave the highest yield (0.973 and 0.968,
respectively) comparing to those obtained from sunflower (0.914–0.918, respectively),
rapeseed (0.906 and 0.914, respectively), and moringa (0.946 and 0.957, respectively) as
presented in Table 1. The mean SGfo of castor oil was found to be 0.973. However, the mean
value of castor oil SGfo determined represents a slight increase over the ASTM specification
range (0.957–0.968).

At the same level of oily species, the MHPM produces nearly identical values for
those obtained by the EHPM (Table 2). This indicates that microwave irradiation did
not alter the SGfo of the resultant fixed oils protruding the economic importance of this
novel investigation.

The refractive index (RI) of the fixed oil was also examined in this study. It was
found that there are no statistical differences between the RI values among the four species
examined as well as the comparisons made within each of the four oily species. At the same
level of the hot pressing tool (MHPM and EHPM), statistical comparisons of the RI values
within species revealed that castor seeds gave nearly the same index value (1.48 and 1.43,
respectively) compared to those obtained from sunflower (1.473 and 1.469, respectively),
rapeseed (1.465 and 1.467, respectively), and moringa (1.464 and 1.563, respectively) as
presented in Table 2. Moreover, at the same level of oily species, the MHPM produces
nearly identical values to those obtained by the EHPM (Table 1). The RI for castor oil (1.48),
is within the range of values cited [51]. This indicates that microwave beams did not cause
any difference in the RI of the resultant fixed oils. This result confirms the suitability of the
present study for the present industrial application.

3.1.3. Chemical Properties of the Fixed Oils

Concerning the iodine number (IN), it was found that at the same level of pressing
machines (MHPM), sunflower (126.3) and rapeseed (114.5) seeds gave higher INs than
those for castor oil (83.7) and moringa (69.7). Furthermore, for the IN values obtained using
EHPM, the same trend was repeated with an identical sequence as follows: Sunflower
(127.1) and rapeseed (115.1) seeds gave higher INs than those for castor oil (84.8) and
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moringa (71.4). In addition, within species, there are no significant differences between
using MHPM and EHPM among all the species studied (Table 2).

As shown in Table 2, although the IN values for castor oil (83.7 and 84.8, respectively)
were lower than 100 IN-unit for both MHPM and EHPM; these values are located at the
ASTM-specification limit. On the other hand, those values for moringa fixed oil for MHPM
and EHPM (69.7 and 71.4, respectively) were lower than the ASTM specification range.

For the saponification value (SV) of the fixed oil, examining Table 2 revealed that
sunflower oil had the highest SV value for both MHPM and EHPM (188.4 and 194.6,
respectively) compared to the other resources examined, namely castor bean (181.5 and 182.1,
respectively), rapeseed (168.3 and 181.2, respectively), and moringa (180.7 and 190.4). In
addition, microwave beams produced a slight reduction in the SV compared to the action
of the electric band heater.

Moreover, speculating the acid value (AV) revealed that at the same level of the
heating techniques (MHPM and EHPM) comparing the AV values within species revealed
that castor seeds gave the highest AV (44.8% and 38.3%, respectively) compared to those
obtained from sunflower (42.5% and 36.4%, respectively), rapeseed (42.2% and 35.2%,
respectively), and moringa (35.6% and 34.6%, respectively) as presented in Table 2.

At the same level of oily species, the MHPM produces higher AV values than those
obtained by the EHPM (Table 2). This is clear for all the four species examined in the
present study.

In comparison to the literature [42,51], the AV of castor oil (0.869 mg KOH/g oil) lies
within ASTM-specification guidelines (0.4–4.0 mg KOH/g oil).

The pH value of the fixed was achieved to estimate the oil’s dissociation state since
fixed oils may contain free fatty acids. As shown in Table 2, there are no significant
differences between the pH values, and for both comparisons made within or between
species. The pH values lie within the normal range although it is slightly higher than those
found by Omari et al. [51], especially for castor oil.

Through the GC/MS analysis of the fixed oil, the main fatty acids constituting cas-
tor bean, sunflower, rapeseed, and moringa oils examined in this study were identified
(Figures 5 and S4). The mass spectra and fragmentation patterns of the predominant fatty
acids constituents were determined by comparison with the mass spectra stored in different
available databases [69].

Examining Figure 5 concerning the four fixed oils resulting from the microwave–hot
pressing machine (MHPM) and the electric hot pressing machines (EHPM) revealed that
four fatty acids were detected in all four fixed oils but in different concentrations.

1. For castor oil (Figure 5a1,a2), ricinoleic acid was the most abundant fatty acid
(76.41 and 71.99%) among the four fixed oils resulting from MHPM (Figure 5a1)
and EHPM (Figure 5a2), respectively. However, castor oil had the lowest fatty acid
content due to lower contributions from oleic acid (3.31%), linoleic acid (4.32%), and
palmitic acid (4.32%).

It is worth noting that the high concentration of ricinoleic acid (76.41%) in the present
study corresponds with the range (70–90%) cited by numerous researchers [11,22,70].

The amount of oleic acid in MHPM and EHPM was approximately 5.2% and 4.02%,
respectively (Figure 5a1,a2). In addition, linoleic acid accounted for approximately
4.38% and 3.49% of the total fatty acids in the MHPM and the EHPM, respectively
(Figure 5a1,a2). Furthermore, the amount of palmitic acid in the castor oil was approxi-
mately 7.16% and 5.08%, respectively. There may be an economic value to its sodium salt
which is used in the soap and cosmetic industries [58,71].

2. For the sunflower fixed oil (Figure 5b1,b2), the oleic acid was the prominent fatty acid
with high contents of 67.5% and 61.1% for the MHPM and EHPM, respectively. In
addition, linoleic and palmitic acid had lower contents in the sunflower oil.

3. For the rapeseed fixed oil (Figure 5c1,c2), oleic acid, linoleic acid, and palmitic acid
were the major fatty acids detected in the rapeseed fixed oil (65.7%, 20.1%, and 6.32%,
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respectively) produced by the MHPM, while their yields were 62.1%, 18.08%, and 4.08%,
respectively, by using the EHPM.

4. For the moringa fixed oil (Figure 5d1,d2), oleic acid and palmitic acid were found in
the moringa fixed oil in concentrations of 76.86% and 5.36%, respectively, using the
MHPM, while their contents were 72.49 and 4.08% for the EHPM.

Based on the data presented in Figure 2, it can be concluded that the prominent fatty
acid of the castor oil is ricinoleic acid, making up 76.41% and 71.99% of the MHPM and
EHPM, respectively. In addition, the oleic acid was the prominent fatty acid in each of the
fixed oils of sunflower, rapeseed, and moringa species (65.7–76.86% for the MHPM and
62.1–72.49% for the EHPM).

The chemical structure of the compound along with the mass spectra-chromatogram of the
four fatty acids detected at the four fixed oils extracted are shown in Figure S4 patterns [7,72–74].

To confirm the chemical structures of the prominent fatty acid (ricinoleic acid) in the
castor oil, its molecular mass and fragmentation pattern were studied and presented in
Figure S7a. Based on the mass spectrum, the prominent peaks were observed at 28, 29,
41, 43, 55, 67, 69, 74, 82, 83, 84, 87, 96, 97, 98, 124, 166, and 198 m/z. The presence of
the compound was confirmed by comparing its mass spectrum with that of the standard
9-octadecenoic acid, 12-hydroxy-, methyl ester, and [R-(Z)]-profile (Figure S4a) as both
compounds exhibit similar fragmentation.

In addition, the molecular mass and fragmentation pattern was studied to confirm
the chemical structure of the prominent fatty acid (oleic acid) detected in the fixed oils
of sunflower, rapeseed, and moringa species and presented in Figure S4b. According to
the mass spectrum, prominent peaks were observed at 27, 29, 41, 43, 55, 83, and 97 m/z.
The existence of the compound was confirmed by comparing its electron ionization chro-
matogram with the standard (9Z)-octadec-9-enoic profile.

Furthermore, the chemical structure of linoleic acid was confirmed using its mass
spectra chromatogram (Figure S4c). It was sorted as the second prominent fatty acid in the
sunflower fixed oil, the prominent peaks were clearly present at 29, 41, 55, 67, 68, 81, 96,
110, and 124 m/z. Comparing its mass spectrum with its standard profile, the compound
existence was confirmed where they have the same fragmentation patterns. All four fixed
oils contain palmitic acid (Figure S4d) in minor amounts.

A mass spectrum of the sample revealed prominent peaks at 41, 43, 56, 74, 87, and 143 m/z.
The existence of this compound was confirmed by comparing its mass spectrum with the
standard hexadecanoic acid and methyl ester profile.

3.2. Effect of Microwave Irradiation on Biopolymeric Structured-Tissues (BST)

Technical information relevant to the microwave irradiation device that replaced
ordinary electric heating coils to warm the hot pressing machine (HPM) essential for
extracting fixed oils from the BST is presented in Figures 1–4 and 6. This figure shows
the microwave generator unit (MGU), termed as a high-voltage magnetron, the high
voltage-transformer, the high voltage-capacitor, and the manner for directing the mi-
crowave beam to the colander of the microwave hot pressing machine (MHPM) through a
special waveguide.

Furthermore, the theoretical behavior of the microwave beam (Figure 4) illustrates the
sinusoidal wave curve (SWC), energy level along with the SWC, and the proportionality
between square amplitude and the energy carried by the wave [46–48].

For studying the biopolymeric structured tissues as affected by microwave irradi-
ation, the four oily seed precursors were anatomically examined by SEM and are pre-
sented in Figure 7. These micrographs show the cellular structure of each castor bean
(Ricinus communis, common sunflower (Helianthus annuus), rapeseed (Brassica napus),
and moringa (Moringa oleifera). Furthermore, Figure 7 shows the endosperm cells (EC),
cell walls (CW), cytoplasm (CY), compound lipid bodies (CLBs), and subcellular organelles
of singular lipid bodies (SLBs).
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Figure 6. The microwave beam: (a) Sinusoidal wave curve (SWC), (b) Energy level along with the
SWC, and (c) The proportionality between square amplitude and the energy carried by the wave.

Figure 7. SEM micrograph of endosperm sections of the four oily seeds (A–D): (A) Castor bean
(Ricinus communis L), (B) Common sunflower (Helianthus annuus L.), (C) Rapeseed (Brassica napus L.)
and (D) Moringa (Moringa oleifera Lam.) showing cellular structure (a1–d1) with endosperm cells (EC),
cell walls (CW), cytoplasm (CY), and compound lipid bodies (CLBs) as well as subcellular organelles
(a2–d2) of singular lipid bodies (SLBs).
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For comparing the oily bodies inserted in the four structured tissues, their estimated
results were obtained using image analysis and presented at Table 3.

Table 3. Mean values 1 of lipid body (LB) diameters of the four oily seeds for each of the compound
lipid body (CLP) and the single LB (SLB).

Species
Body Diameter (µm)

CLB SLB

Castor bean
Common sunflower

Rapeseed
Moringa

6.67 [0.58]–24.9 [3.25]
8.7 [0.48]–22.09 [2.74]
7.27 [0.68]–14.55 [2.06]
6.52 [0.69]–17.39 [1.83]

0.44 [0.39]–0.94 [0.03]
0.19 [0.12]–0.47 [0.05]
0.97 [0.14]–0.59 [0.08]
0.24 [0.09]–0.71 [0.09]

1 Each value is an average of three observations ± the standard deviations.

4. Discussion
4.1. Physical Characterization of Physical Characterization of the Fixed Oils

1. The moisture content of seed (MCs) values were found to be varied in seeds that
ranged from 3.6% to about 7% [42,67]. The variation could be attributed to the differ-
ence in the nature of beans from different locations [42] and/or seed macro-structure,
including hull-to-kernel weight ratio, hull thickness, and their oil content [66].

2. Focusing on the seed content of fixed oil (Scfo) showed that the recovery of the
remained traces in the seeds’ cake by using solvent extraction procedure allowed the
yield of recovered fixed oil (Yrfo) to be maximized as well as reducing the extraction
loss (EL) for the fixed oils. Some remaining traces of fixed oils in the cakes can
be attributed to incomplete cell lysis within the seeds which possibly trapped and
retained some amount of oil [52].

The efficiency of fixed oil extraction (Efoe) for the MHPM was higher than that for
the EHPM.

A specific gravity of fixed oil (SGfo) can be used as an indicator of its purity and as a
tool to distinguish a variety of oily solutions as stated by Omari et al. [51]. Furthermore,
they noted that the SGfo of oil floats over an aqueous solution when a spill occurs where
compounds are found in water as a result of the spill [51]. Due to the use of the hot
pressing extraction technique in the present study, some impurities were present in the
castor oil that may have contributed to the minor differences in the SGfo values between
literature studies [51].

It has been reported by Omari et al. [51] that minor differences between cited data in
the RI are due to differences in planting and harvesting conditions of the mother shrubs
as well as research conditions. A number of impurities may alter the RI values, including
gums, phosphates, etc. [51]. Castor oil’s RI is generally related to its degree of unsaturation
or conjugation and vice versa [51]. Due to the two direct relationships between the un-
saturationality and the iodine number and refractive index, its moderate RI value for the
castor oil matches its moderate iodine number (84.8 iodine unit).

Since the MHPM produces nearly identical values for those obtained by the EHPM at
the same level of oily species (Table 2), it can be concluded that microwave beams did not
cause any difference for the RI of the resultant fixed oils. This result confirms the suitability
of the present study for the present industrial application.

4.2. Chemical Characterization of the Fixed Oils

Iodine number, saponification value, acid value, and yield of fatty acid of the four fixed
oils were studied to ensure whether microwave irradiation may influence their chemical
quality as well as fatty acids yield.

The lower IN values can be attributed to the presence of more saturated fatty acids
which did not react with the Hanus iodine solution [51]. In contrast, higher IN values for
sunflower and rapeseed (>100) indicate higher levels of unsaturation which increases the
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amount of iodine absorbed by unsaturated acids which makes them ideal as drying oils in
the cosmetic, varnish, and coating industries as well as to make cosmetics.

Castor and moringa oils, however, had INs lower than 100 iodine units and could be
classified as non-drying oils, incompatible with paint industries but suitable for
soap industries [75].

According to Omari et al. [51], higher SV indicates lower molecular weights (MW) of
triglycerides and vice versa. As a result, castor oil was expected to contain a lower MW
of triglycerides than other fixed oils with a lower SV. It was shown in Table 2 that castor
oil had a high SV, which was within the ASTM specification range of 175–187 SV-units
and comparable to those reported in the literature [51,76,77]. It is possible to attribute the
variations seen between the cited data to the small differences in the fatty acid composition
of castor oil as these values are characteristic of castor oil.

The castor oil had low free fatty acid content since the AV is an indicator of the number
of carboxylic acid groups in fatty acids constituting an oil and it is also a measure of the
amount of free fatty acids. This study obtained a lower AV for castor oil than that of
Omari et al. [51], as the seeds had been collected from the ground following curing for a
period of time. Thus, the seeds had been exposed to sufficient amounts of lipase enzyme to
hydrolyze their triglycerides into free fatty acids, thus improving their acid content.

Among the four fixed oils examined, the higher pH value of castor oil is expected to
be attributed to its high free fatty acid content which is correlated with its acid value [51].

These fatty acids are represented as methyl or methyl esters due to pretreatments of
the fixed oils using the saponification/methylation route. It has been demonstrated that
methylation of oil causes the oil to become more volatile which subsequently adapts the
Programme Temperature Volume of the injector of the GC-MS device [71,74]. There is no
difference in fragmentation patterns between methyl esters derivatives of free fatty acids
and their parent free fatty acids except that methyl esters have a higher molecular weight
than their parent free fatty acids by 14 g/moles [74].

Castor oil is a unique source of ricinoleic acid, a hydroxylated fatty acid (Figure 5), it
can cause the oil to be converted from a non-drying oil to a drying oil by removing the
hydroxyl groups in its chain. This is useful in the manufacture of alkyd resin coating [74]
and adds to its industrial advantages.

4.3. Effect of Microwave Irradiation on Biopolymeric Structured-Seed Tissues

Several researchers have been trying to use microwave irradiation, a sustainable non-
contact heating source, for oil extraction from aromatic and oily plants [48,78–83]. The
magnetron receives energy from a high-voltage transformer (HVT). Regarding technical
specifications, the HVT is 1000E-1E, 220 V and 60 Hz [48]. In order to achieve the required
2.45 GHz, the magnetron converts the high voltage alternate current (AC). It has been
reported that large industrial and commercial ovens can use 915 megahertz magnetrons to
excite the larger cavities within the ovens [46,48]. It is worth mentioning that wavelengths
of microwaves range from approximately one meter to one millimeter with frequencies
between 300 MHz (1 m) and 300 GHz (1 mm). While electromagnetic waves clearly exhibit
wave characteristics, they also exhibit particle characteristics at high frequencies [48,75].

As shown in Figure 6a–c, the microwave beams can pass through oily seed tissues via
the microwave generator. There is usually a frequency of 2.46 GHz (with a wavelength
of 12.24 cm) for microwave beams. In microwave heating, microwaves penetrate the
interior of biopolymeric structured –tissues, including but not limited to seeds as well
as foods affecting their dipolar molecules of water, fats, or sugars. Accordingly, heat is
generated because dipolar molecules absorb electromagnetic radiation which leads to
their intensive vibration producing friction that leads to rapid temperature rising and,
consequently, efficient water evaporation and/or melting fats. This results in a greatly
increased vapor pressure differential between the center and surface of the biopolymeric
tissue, allowing fast transfer of moisture and or essential oil out of the tissue. Hence,
microwave drying as well as the microwave hot pressing technique is rapid, more uniform,
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and energy efficient compared to ordinary ones [48,84,85]. Through their electric and
magnetic fields, electromagnetic (sinusoidal) waves (Figure 6a) are able to bring energy
into a system [46–48]. In addition to exerting force and moving charges in the system,
these fields may also perform work on the charges. It is much more efficient to transfer
energy when the electromagnetic wave frequency matches the natural frequency of the
system (such as microwaves at the resonant frequency of water molecules). The energy
of a wave is proportional to the square root of its amplitude (Figure 6c). A larger E-field
and a larger ß-field exert greater forces and are capable of performing more work with
electromagnetic waves.

Furthermore, microwave beams have hot and cold spots which makes them unsuitable
for heating the extruder’s colander (Figure 6b). By facing a microwave beam with damp
thermal paper, this phenomenon can be detected. It is apparent from examining the
propagation line (the baseline) of the microwave sinusoidal curve that cold (damping)
spots are analogous to the intersection points of both the magnetic and electric wave curves.
With our invention, the hot spots have been considered and eliminated since the extruder
rotates continuously, alternating the damping spots.

For the EHPM, heat energy and entropy are transferred mainly by conduction ac-
cording to Fourier’s law. On the other hand, for the MHPM, heat is transferred mainly
via conduction (according to the Fourier’s law), convection (according to Newton’s law
of cooling), and some amount of heat is transferred via radiation (Kirchhoff’s law of
thermal radiation).

Conduction heat is responsible for moving heat from the surficial regions of the
oily seed tissues to their cores, while convection combines conduction heat transfer and
circulation to force molecules in the air to move from the hottest zones to cooler ones.
Moreover, radiation is the process where heat and light waves strike and penetrate your
food. As such, there is no direct contact between the heat source and the cooking food.

Accordingly, the microwave hot pressing machine is an ideal tool for heat transfer and,
subsequently, heating the oily seed tissues increases the fixed oil yield [45,84].

4.4. Effect of Ultrastructure of Seeds on Fixed Oils Extraction

Understanding the microstructure of different oily seed organelles would be helpful
to isolate and characterize their lipids more efficiently. In particular, the knowledge of the
seed microstructure may be important in industrial processing [3], especially for detecting
the suitability of exchanging microwave irradiation with convenient heating techniques in
the oil extraction process.

Histological features of the four oil species are shown in Figure 5 for castor bean
(Ricinus communis L.), (b) Common sunflower (Helianthus annuus L.), (c) Rapeseed
(Brassica napus L.), and (d) Moringa (Moringa oleifera Lam.).

It is clear from Figure 7 that there are two spherical-shaped biopolymeric organelles
spreading in the endoplasm termed novelly as compound LB (CLB) and singular LB (SLB)
as clear in Figure 7A–D. The difference between the CLB and SLB is that the former contains
huge internal spheres of LB, while the SLB is a single individual oily body.

The difference between the four species was estimated by analyzing their images for
CLB (Figure 7a1–d1) and SLB (Figure 7a2–d2).

For the castor bean, the CLB’s diameter was found to be ranged from 6.67 to 22.2 µm,
while the SLB’s diameter varied from 0.44 to 0.92 µm. Furthermore, regarding the sunflower
biopolymeric tissue, CLB’s diameter ranges from 8.7 µm to 22.09 µm and that for SLB
differed from 0.19 µm to 0.47 µm. In addition, examining the diameters of the lipid
organelles of the rapeseed revealed the CLB’s diameter ranged from 7.27 µm to 14.55 µm,
while the SLB’s diameter differed between 0.97 µm to 0.59 µm. For the lipid body found
immersed in the endosperm of the moringa seed, it was found that the diameter of the
CLB (6.52 µm–17.39 µm) was higher than that for the SLB (0.24 µm to 0.71 µm) as shown in
Table 3 and Figure 7.
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Lipids are generally stored as triacylglycerols in oil bodies. Although seeds differed
quantitatively in the accumulation of storage reserves, it was not clear whether this would
also qualitatively affect the fatty acid profiles of triacylglycerols in these seeds [5].

In addition, examining Figure 7a1–d1, the cells are configured in a rectangular shape
which can be better packaged than spherical cells in the endosperm [3]. These results were
from the approach found by other researchers [3–6].

It can be seen from Table 3 and Figure 7a1–d1 that castor bean has the highest SLB
diameter (0.44 µm–0.94 µm) followed by those moringa seeds. This finding is agreed with
that found and reported by 3. Perea-Flores et al. [3] for the castor oil crop as well as other
species [3,5–7]. Although our presentations (Table 3 and Figure 7) covered the differences
between the four examined biopolymeric structured tissues [7,48,51,74,86], they did not
give impressions concerning the overall fixed oil content of them. This explains the highest
fixed oil yield obtained from such species.

Compared with conventional methods, microwave treatment for oil extraction has
many advantages, e.g., improvement of extracted oil yield and quality, direct extraction
capability, lower energy consumption, faster processing time, and reduced solvent con-
tents [7,80]. These results may be attributed to microwave irradiation which provides a
potential alternative to induce stress reactions in ultrastructured tissues within the oil seeds.
By using microwave radiation in oil seeds, a higher extraction yield and an increase in mass
transfer coefficients can be obtained because the cell membrane is more severely ruptured.
Apart from this, permanent pores were generated accordingly, this enables the oil to move
through permeable cell walls [42,44].

5. Conclusions

1. A microwave beam was used to heat the extruder’s colander of a hot pressing machine
instead of the ordinary electric one.

2. The invented microwave–hot pressing machine was used to produce, individually,
four different fixed oils extracted from seeds of castor, sunflower, rapeseed, and
moringa species and compared to those obtained using the ordinary electric–hot
pressing machine.

3. The physical properties, namely moisture content, oil content, oil yield, oil extraction
efficiency, specific gravity, and refractive index, were determined for the four fixed oils.

4. The chemical properties, namely iodine number, saponification value, acid value,
pH, and chemical constituents, using gas chromatography coupled with a mass
spectrometer of the four oils extracted by using both heating tools were evaluated
based on those in the literature for the four fixed oils.

5. The higher oil extraction efficiency indicated that using microwave irradiation en-
hanced the oil yield with retaining the parent quality of the fixed oils that is very
encouraging for candidating such an invention as a pivot of the industrial fixed
oil projects.

6. Studying the histological features of the biopolymeric structured tissues revealed that
castor bean species has the highest singular lipid body diameter (0.44 µm–0.94 µm)
followed by those for moringa seeds. This explains the highest fixed oil yield obtained
from such species.

7. Comparing with conventional methods, microwave treatment for oil extraction has
many advantages, e.g., improvement of extracted oil yield and quality, direct ex-
traction capability, lower energy consumption, faster processing time, and reduced
solvent contents [7,75].
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applied to investigate the efficiency of the microwave-hot pressing machine for fixed oil extraction;
Figure S2. The extraction steps of the four fixed oils from seeds: (a) Castor (Ricinus communis L.),
(b) Sunflower (Helianthus annuus L.), (c) Rapeseed (Brassica napus L.), and (d) Moringa (Moringa
oleifera Lam.); Figure S3. Preparation of fatty acids methyl esters of the four fixed oils to be analyzed
by GC-MS; Figure S4. Chemical structure and the mass spectra-chromatogram of: (a) Ricinoleic acid
methyl ester detected, the main fatty acid of the castor oil, (b) Oleic acid, the main fatty acid in the
fixed oils of sunflower, rapeseed, and moringa species, (c) Linoleic acid detected as the second main
fatty acids in the sunflower fixed oil, and (d) Palmitic acid detected at the four fixed oils.
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Nomenclature

Symbol Definition Symbol Definition
AC Alternate current S Sunflower (Helianthus annuus L.)
ACS The American Chemical Society MAEO Microwave-assisted extracted oil
ADB Air-dried membranes MFT Maximum final temperature
AFM Atomic force microscopy MGU Microwave generator unit
ASTM American Society for Testing and Materials MHPM Microwave hot pressing machine
AV Acid value NDB Nanodehydrated-bioplastic membrane
BS Basic extraction NIST The National Institute of Standards and Technology
BST Biopolymeric Structured-Tissues NPS Nanometric particle Size
C Castor bean (Ricinus communis L.) PD Pore diameter
CI Crystallinity index pH The acidity or basicity number
CLB Compound lipid bodies PS Particle size
CW Cell walls PubChem An open chemistry database managedby the National Institutes

of Health (NHI)
CY Cytoplasm R Rapeseed (Brassica napus L.)
DC Direct current SD Standard deviation
DSC Differential scanning calorimetry SE Secondary extraction
DTA Differential thermal analysis RI Refractive index
EC endosperm cells SEP Self-electrostatic peeling
EHPO Electric hot pressed-oil SGfo Specific gravity of fixed oil
EHPM Electric-hot pressing machine SLB Singular lipid bodies
FEG Field emission gun in the SEM SP Statistical parameters
FEI Field electron and ion US-company SV Saponification value
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EL Extraction loss, % SWC Sinusoidal wave curve
Efoe Efficiency of fixed oil extraction, % TGA Thermogravimetric analysis
FTIR Fourier transform infrared spectroscopy TR Temperature range
GC-MS Gas chromatography-mass spectrometer VFHF Vibrated-free horizontal flow
GHz Frequency VV Void volume
HC Heat change in µVs/mg Wgvs Weight of ground virgin seeds, g
HPM Hot pressing machine Wmfo Weight of main fixed oil, g
HVT High voltage transformer Wrfo Weight of recovered fixed oil, g
IN Iodine number XRD X-ray diffraction
LSD Least significant differencce Yfa Yield of fatty acids
M Moringa (Moringa oleifera Lam.) Ymfo Yield of main fixed oil, %
RI Refractive index Yrfo Yield of recovered fixed oil, %
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Abstract: Polypropylene (PP) is one of the most abundant plastics used due to its low price, mold-
ability, temperature and chemical resistance, and outstanding mechanical properties. Consequently,
waste from plastic materials is anticipated to rapidly increase with continually increasing demand.
When addressing the global problem of solid waste generation, post-consumer recycled materials
are encouraged for use in new consumer and industrial products. As a result, the demand is pro-
jected to grow in the next several years. In this study, material recovery facility (MRF)-recovered
post-consumer PP was utilized to determine its suitability for extrusion blow molded bottle food
packaging. PP was sorted and removed from mixed-polymer MRF-recovered bales, ground, trommel-
washed, then washed following the Association of Plastics Recyclers’ protocols. The washed PCR-PP
flake was pelletized then manually blended with virgin PP resin at 25%, 50%, 75, and 100% PCR-PP
concentrations and fed into the extrusion blow molding (EBM) machine. The EBM bottles were
then tested for physical performance and regulatory compliance (limits of TPCH: 100 µg/g). The
results showed an increased crystallization temperature but no practical difference in crystallinity as a
function of PCR-PP concentrations. Barrier properties (oxygen and water vapor) remained relatively
constant except for 100% MRF-recovered PCR-PP, which was higher for both gas types. Stiffness
significantly improved in bottles with PCR-PP (p-value < 0.05). In addition, a wider range of N/IAS
was detected in PCR-PP due to plastic additives, food additives, and degradation byproducts. Lastly,
targeted phthalates did not exceed the limits of TPCH, and trace levels of BPA were detected in
the MRF PCR-PP. Furthermore, the study’s results provide critical information on the use of MRF
recovered in food packaging applications without compromising performance integrity.

Keywords: extrusion blow molding; municipal recovery facility; polypropylene; polymer recycling;
post-consumer recycling; polymer processing

1. Introduction

Increasing plastic production continues to amplify the negative impact of global solid
waste management on the environment and human health. Plastic production reached
390.7 million tons in 2021, consisting of 90% fossil-based plastics, 8.3% post-consumer
recycled plastics, and 1.5% bio-based plastics [1]. Among the four major plastics (polyethy-
lene (PE), polypropylene (PP), polystyrene (PS), and polyethylene terephthalate (PET))
used in packaging, PP is considered to be one of the most abundant plastics used world-
wide [2,3]. In 2015, the global PP production was about 68 million metric tons, generating
about 55 million metric tons of plastic waste [3]. Polypropylene is used in a wide range
of applications due to its low price, moldability, temperature and chemical resistance,
and outstanding mechanical properties [2,4]. Thus, PP production is anticipated to grow
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rapidly over the next decade to USD 108.57 billion at a CAGR of 5.2% from 2021 to 2028 [5].
Consequently, global solid-waste generation will continue to increase, along with its envi-
ronmental impacts, which affect soil and water resources because of plastic landfill disposal
and accumulation.

The recycling process is one notable solution to minimizing plastic waste and signifi-
cantly contributes to promoting circular economy approaches, which include designing
products for reuse, finding innovative techniques for recycling plastics, and incorporat-
ing PCR products [1]. Worldwide efforts and programs have been initiated and imple-
mented to encourage the recycling and upcycling of plastic products. In the United States
(U.S.), the Environmental Protection Agency (EPA) coordinated the development of the
National Recycling Strategy in 2021. The goal is to increase the U.S. recycling rate to
50% by 2030 by improving markets for recycling commodities, improving infrastructure,
reducing contamination, enhancing policies to support circularity, and standardizing mea-
surement and data collection [6]. On the other hand, the findings of the “Circular Econ-
omy for Plastics 2020 EU27 + 3” (Norway, Switzerland, and the United Kingdom) study
showed that the recycling rate increased to nearly 35%, while an increase of 1.3 percentage
points was obtained for plastic parts and products with post-consumer recycled (PCR)
content [7].

Furthermore, the benefits of and perspectives on plastic recycling have been estab-
lished in published studies. Plastics recycling has challenges not limited to the presence of
contaminants in direct food-contact applications [8], inadequate recycling infrastructure
and sorting systems for certain types of plastics, such as polypropylene [2,9], high costs
and economic viability, and limited demand for recycled plastics. In the United States, only
9% of the majority of plastics wastes (PE, PP, PS, and PET) was mechanically recycled in
2018 [3], and this fell to a rate of 5–6% in 2020 [10]. Despite all developments worldwide,
more effort must be made to improve collection, sorting, and recycling technologies to
sufficiently meet the targets [6,7]. Due to PP’s wide range of applications, its waste can
have very different properties and contaminants [2]; thus, the recycling process can be
challenging. In addition, PP and PE are immiscible plastics that are difficult to separate
with current recycling practices [9], which raised the question of how to efficiently re-
cover high-value post-consumer plastics with high purity from single-stream collection.
To address this matter and improve the recycling rate and systems, the European Union
(EU) has enforced Extended Producer Responsibility (EPR) laws on packaging products
since 1994, a recognized efficient waste-management policy that has become more popular
in the U.S. Research studies have reported different techniques and processes to recover
PP wastes [2], multilayer packaging films [11], plastic waste from material recovery fa-
cilities [12], and mixed wastes [13], aiming to achieve climate change mitigation and a
circular economy.

PCR materials are known to play a vital role in sustainable packaging strategies. Stud-
ies have predicted a high market potential for recycled PP, with demands for increases in
post-consumer polypropylene (PCR-PP) and global brands showing more interest in the
inclusion of PCR-PP in their products [14,15]. With the enforcement of new laws and regula-
tions, awareness of sustainable plastic waste management and reductions in environmental
impacts through plastic recycling are increasing. One such initiative is the Polypropylene
Recycling Coalition, which, in two years, granted 24 MRFs to acquire upgrades in sorting
technology and produce high-quality recycled PP for reuse in packaging [16]. However,
one of the major issues in using recycled materials is their suitability for direct food-contact
applications and impact on the packaging integrity and performance. Single-stream and
material recovery facility (MRF)-recovered plastics with food- and nonfood-grade materials
can introduce unapproved additives and contamination to food-grade materials. Thus,
pre-sorting becomes necessary to reduce potential human exposure risk to PCR in food
packaging or to obtain single-sourced materials from known food-grade applications. The
Toxics in Packaging Clearinghouse Model legislation prohibits the intentional use of four
metals (cadmium, lead mercury, and hexavalent chromium) in any finished package, with
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a combined limit of 100 ppm [17]. In 2021, the legislation added the class of perfluoroalkyl
and poly-fluoroalkyl substances (PFAS) and ortho-phthalate as regulated chemicals in
the packaging [18]. Thus, an effective risk assessment is important to identify undesired
substances and their sources in PCR plastics to limit contamination and ensure compliance.
In addition, the main requirements for a material to be used in packaging often include
barriers to oxygen and water vapor and proper mechanical properties to ensure package
performance [19]. Lastly, an evaluation of the mechanical, thermal, and barrier perfor-
mance of plastic packaging, incorporated with PCR plastics, must be accurately measured
and documented.

This research aimed to determine the compliance and physical performance of extru-
sion blow-molded MRF-recovered PCR-PP bottles. The results of this research provide
baseline information on the viability of using MRF-recovered PCR-PP while maintaining
properties and ensuring compliance for direct food-contact applications.

2. Materials and Methods
2.1. Materials and Bottle Manufacturing Process

Post-consumer polypropylene was collected from a sorted #3–7 (resin identification
codes) bale that could include polyvinyl chloride (PVC; #3), low-density polyethylene
(LDPE; #4), polypropylene (PP; #5), polystyrene (PS; #6), and other (#7), sourced from
a material recovery facility (MRF) located in Iowa, USA. Unwashed post-consumer PP
flakes were washed following a typical wash procedure in a commercial recycling facil-
ity [20]. The PP flakes were washed in a laboratory-sized trommel separator with water
to remove contaminants such as glass, woods, paper, and metals using the APR deter-
gent wash solution (0.5% wt. of NaOH and 0.3% wt. of Triton X-100) in a five-gallon
stainless-steel tank with four baffles [20]. The washed flake was then rinsed with water
and dried.

Figure 1 shows the MRF bale-to-washing-to-bottle manufacturing process conducted
in this study. The dried flakes from the washing process were then pelletized using a
micro 18GL 18 mm twin-screw-co-rotating extruder (Leistritz, Sommerville, NJ, USA) and
lab-scale pelletizer BT 25 (Bay Plastics Machinery, Bay City, MI, USA).
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Figure 1. MRF-recovered PCR-PP to bottle manufacturing process.

Virgin PP resin was a non-food-grade polypropylene copolymer manufactured by
Huntsman (Huntsman Copolymer PP RX PP18S07A-G Lot#A103HPP3048). The pelletized
MRF-recovered PCR-PP pellets were manually mixed with virgin PP resin at different
weight percentages (25%, 50%, 75%, and 100%); then, at least 20 bottles were manufac-
tured using an Extrusion Blow Molder Model CS1 (Rocheleau Tool and Die Company,
Fitchburg, MA, USA). Figure 2 shows the PCR-PP EBM bottles produced and analyzed
in this study. The optimized EBM parameters used for PCR-PP bottles are listed in
Table S1 (Supplementary Data).
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Figure 2. Optical images of the PCR-PP extrusion blow model bottles used in the study.

A complete randomized design (CRD) was used in this study (Table 1). Five treatments
correspond to different weight concentrations of MRF-recovered PCR-PP mixed with PP
virgin resin. For each treatment, at least three EBM bottles, as repeated measures, were
used for physical performance tests (viscosity, molecular structure, thermal, barrier and
tensile properties) and suitability analyses (heavy metals and CFR analysis) for direct
food-contact applications.

Table 1. Experimental design.

Treatments % (wt) MRF-Recovered Post-Consumer PP

1 0 (virgin PP)
2 25
3 50
4 75
5 100

2.2. Characterizing MRF-Recovered Post-Consumer PP EBM Bottles
2.2.1. Melt Flow Index

The melt flow rate of MRF-recovered post-consumer PP EBM bottles and virgin PP
bottle was obtained in accordance with Procedure A of ASTM D1238–20 [21] in three
repeated measures. The test utilized the specified parameters for polypropylene (230 ◦C,
2.16 kg) using a D4004 Melt Flow Indexer (Dynisco, Morgantown, PA, USA). Approximately
3.0–8.0 g of sample was loaded into the cylinder and the material was pre-heated for
6 min. The cut-off time was different for each of the samples depending on the flow rate. By
applying the appropriate factor, the mass was then converted into grams per 10 min [22].

2.2.2. Infrared Spectroscopy

Attenuated total reflectance Fourier-Transform Infrared Spectroscopy (ATR-FTIR)
was used to determine changes in chemical bonding and interactions of post-consumer
PP bottles and virgin PP bottles in three repeated measures. A Nicolet 6700 infrared
spectrometer (Thermo Scientific, Waltham, MA, USA) with a DTGS detector was used with
32 scans per run and a 2 cm−1 resolution at ambient temperature (22 ◦C). All spectra were
baseline-corrected with OMINIC TM 8.3 software (Thermo Fisher, Waltham, MA, USA) [22].
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The diamond window of the ATR assembly was cleaned with an isopropanol wipe after
each measurement to ensure no cross-contamination [23].

2.2.3. Differential Scanning Calorimetry

A Q2000 differential scanning calorimeter (TA Instruments, New Castle, DE, USA)
was used to investigate the thermal transition properties for each PCR-PP and virgin
PP bottle blend using a heat/cool/heat cycle between −10 ◦C and 310 ◦C, at a rate of
10 ◦C/min, under an N2 atmosphere. Each treatment was tested with three repeated
measurements with a sample mass of from 3 to 6 mg in a hermetically sealed aluminum
DSC pan, according to ASTM D3418–15 [24]. An empty pan was used as a reference.

2.2.4. Oxygen Induction Time

The oxidation induction time (OIT) was used to evaluate the thermo-oxidative stability
of the polymer blends. The OIT tests were carried out according to ASTM D3895 [25] using
a Q2000 differential scanning calorimeter (TA Instruments, New Castle, DE, USA). A mass
of 3–6 mg was placed in an open standard aluminum DSC pan, while an empty pan was
used as reference. The sample was initially heated from 50 ◦C to 200 ◦C at a heating rate of
10 ◦C/min, under a nitrogen flow of 50 mL/min. Once the temperature reached 200 ◦C,
the sample was isothermally conditioned for 5 min; then, the atmosphere switched from
nitrogen to air. The sample was held at 200 ◦C until the sample went through oxidative
degradation, where an exothermic peak appeared in the DSC curve. The time interval
between the switch from nitrogen to air and the onset of the thermo-oxidation exotherm
was reported as the OIT time [26].

2.2.5. Barrier Properties

Representative PCR-PP EBM bottles were selected as being free of defects, serving
as representative samples of each treatment in three repeated measures. The oxygen
transmission rate (OTR) values were determined using ASTM D3985-17 [27] using a Mocon
Ox-Tran Model 2/21 (AMETEK MOCON Inc., Brooklyn Park, MN, USA). The OTR was
measured in cm3/pkg-day at atmospheric O2 and 23 ◦C. The water vapor transmission
rate (WVTR) was measured as g/pkg–day at 90% RH, 37.8 ◦C, and 10 standard cubic
centimeters per minute (sccm), according to ASTM F1249-20 [28] using a Permatran W
Model 3/33 (AMETEK MOCON Inc., MN, USA).

2.2.6. Mechanical Properties

The tensile properties (modulus of elasticity and yield stress) of virgin PP and post-
consumer PP EBM bottles were examined using a Shimadzu Autograph AGS-J Tensile
Tester (Shimadzu Instruments Manufacturing, Co., Ltd.; Analytical & Measuring Instru-
ments Division, International Operations Department 1-3, Kanda Nishiki-cho, Chiyoda-ku,
Tokyo 101-8448, Japan). The method used to determine mechanical properties was ASTM
D638-14 (standard test method for tensile properties of plastics) [29]. The test specimens
sectioned from bottles as strips, using a calibrated 2.54 cm wide shear, were then attached
to the grips with 50 mm separation and separated at a rate of 50 mm/min. Each treatment
has five repeated measures.

2.3. Suitability of Post-Consumer PP EBM Bottles for Direct Food Contact
2.3.1. Heavy Metal Analysis

Three samples of 0.1500 ± 0.0005 g were collected from pelletized MRF-recovered
PCR-PP and virgin PP resins with three repeated measures. Samples were digested
using microwave digestion (milestone UltraWave) in 5 mL HNO3 (Thermo Scientific
67% v/v Trace Metal Grade) and 1 mL HCl (Thermo Scientific 34% v/v Trace Metal
Grade). Digested samples were evaluated for the presence of Al (aluminum), Cd (cad-
mium), Cr (chromium), Fe (iron), Pb (lead), Sb (antinomy), and Ti (titanium) using In-
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ductively Coupled Plasma—Optical Emission Spectrometry (ICP-OES, Thermo Scientific
iCap-7400 Duo).

2.3.2. CFR Analysis and Cramer Classification

Di-ethyl phthalate (DEP), di-isobutyl phthalate (DIBP), di-butyl phthalate (DBP),
Dipentyl phthalate (DPENP), dihexyl phthalate (DHEXP), di-cyclohexyl phthalate (DCHP),
di-(2-ethylhexyl) phthalate (DEHP), Diisononyl phthalate (DINP), diisodecyl phthalate
(DIDP), Bisphenol-F (BPF), Bisphenol-A (BPA), Bisphenol-B (BPB), Bisphenol-S (BPS),
Bisphenol A diglycidyl ether (BADGE), benzophenone and Ethyl-P-Toluate were purchased
from Sigma-Aldrich (St. Louis, MO, USA), with purity higher than 99%. Acetone (Fisher
Scientific Inc., Fair Lawn, NJ, USA), xylene (Fisher Scientific, Hanover Park, IL, USA) were
HPLC grade. The water used was purified using a Milli-Q gradient A10 system (Billerica,
MA, USA).

All the materials (spatula, scissors, glass materials) in direct contact with the sample
were washed with a precision detergent (Alconox, Inc, New York, NY, USA), deionized
water and acetone (HPLC-grade), then dried in the oven at 150 ◦C and covered with
aluminum foil until use to avoid cross-contamination. The use of plastic materials for
extraction and material handling was strictly avoided. The samples were shredded into
small pieces (2–5 mm) using a grinder. To extract the polypropylene samples, the Code
of Federal Regulations (CFR) 21 part 177.1520 was followed [30]. Each sample (5 g) was
dissolved in xylene (1 L) at 120 ◦C for 2 hr, then cooled to room temperature. The precipi-
tated polymer was vacuum-filtered at room temperature and the filtrate was distilled at
140 ◦C until approximately 100 mL remained. The concentrated filtrate was added to a
pre-weighted petri dish for extractable measurement. The sample containing petri dish was
transferred to a hot plate for residual solvent evaporation and then stored in desiccators
for 24 h. The extractable content was calculated based on Equation (1). A similar CFR
extraction approach was followed (Figure 3) until the distillation and solvent reduced to
100 mL; then, it was collected for the gas chromatographic analysis. All samples were
extracted in triplicate.

% w/w =
weight of extractables

initial weight
(1)
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Both virgin and PCR PP bottle extracts were analyzed by GC-MSD in full scan mode
for the unknown identification using gas chromatography and mass spectrometry (HP
6890 series GC system with an auto-sampler and HP Agilent 5973 mass selective detector).
The detailed parameters are provided in Table S2 (Supplemental Materials). Compound
identification was carried out using a mass spectral library (National Institute of Standards
and Technology (NIST) version 2021). A threshold of reverse fit >600 and forward fit
>600 from the NIST library was utilized for the identification of unknowns as per NIST
recommendations [31]. The Cramer decision tree [32] was used to generate a structure-
based Threshold of Toxicological Concern and classify organic chemicals into three classes
of hazard level: low (I) toxicity, intermediate (II) toxicity and high (III) toxicity. Cramer class
examines the presence of specific functional groups associated with known toxic effects
and determines the hazard level [33].

To quantify the presence of the 9 phthalates and 5 bisphenols, stock standards were
prepared in a cocktail at 1000 µg/mL. The internal calibration curve was made by serial
dilution with dilution factor and followed by addition of the internal standard Ethyl
p-Toluate (EPT). This was maintained at a constant 5 µg/g concentration, then ana-
lyzed by GC–QqQ- GC-MS/MS; Agilent 7000, Triple Quad, GC 7890A using multiple
reaction monitoring (MRM) conditions (Table S2). The standards for the calibration
curve and the samples were analyzed with the method mentioned above. BSTFA (N,
O bis(trimethylsilyl)trifluoroacetamide) was used as the derivatization agent. A total of
50 µL of BSTFA and 100 µL of acetone (to accelerate the reaction rate) was added to each
blank, standard, and sample before analysis. The LOD and LOQ were determined following
the [34] internal calibration method. This process was performed using the standard devia-
tion (SD) of the response and the slope of the calibration curve. The LOD was calculated as
3.3 SD/slope (µg/g) and the LOQ was 10 SD/slope (µg/g).

2.4. Statistical Analysis

Data were analyzed using one-way ANOVA considering a 95% confidence
level (α = 0.05) on JMP® 16 Pro (SAS Institute., Cary, NC, USA) to determine signifi-
cant differences between treatment means. Pairwise comparison was carried out using the
Tukey’s honestly significant difference (HSD) test.

3. Results and Discussions
3.1. Physical Performance of MRF-Recovered PCR-PP EBM Bottles
3.1.1. Polymer Viscosity

The melt flow rate is a rapid and convenient measurement technique commonly used
during manufacturing for raw material quality control and qualification before processing.
MFR is strongly dependent on the polymer molecular weight [35]. The MFR is associated
with polymer’s molecular weight, viscosity, and flow of the polymer, providing valuable
information on polymer processability and its intended application [36]. Previous research
by Curtzwiler et al. determined that the addition of recycled content increased measured
MFR, indicating a lower viscosity [22]. This could be attributed to the increases in molecular
weight distribution and lower chain molecular weight caused by reprocessing and prior
utilization. The data collected herein (Figure 4) suggest that the changes in MFR depend
more on the type of virgin and PCR-PP. Bottles with 50% and 75% PCR-PP did not show
significant differences between the different ratios of PCR-PP added to the blend; however,
they were significantly different than 100% PCR-PP. The virgin PP presented an MFR value
almost 12 times lower than 100% PCR-PP. The MFR increased with PCR-PP concentration.
Eriksen et al. explained MFR values between 0 and 1 g/10 min are often recommended for
extrusion applications, whereas blow-molding requires 0.3 and 5 g/10 min and injection-
molding values must be higher than 5 g/10 min. MFR values between 5 and 50 g/10 min
can be applied to mold thicker-walled products [37].
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Figure 4. Melt flow rate of PP EBM bottles with varying weight percentages of MRF-
recovered PCR-PP. There is evidence of a difference in measured average MFI among treatments
(p-value < 0.05). Average values (±standard deviation) with the same letters (A, B, C) between MRF
PP PCR concentrations are not significantly different (p-value < 0.05, Tukey test N = 15).

3.1.2. Polymer Molecular Structure

FTIR was used to compare virgin PP and PCR-PP blends to understand changes in
molecular interactions and molecular composition. Figure 5 shows an overlay of rep-
resentative examples of the collected spectra. Characteristic bands at 2949 cm−1 and
2916 cm−1 indicate C-H bond stretching (aliphatic hydrocarbon) [38] and bands at
1450 cm−1 and 1375 cm−1 are representative of asymmetric and symmetric C-H deforma-
tions [39]. All spectra possess bands that are characteristic of PP with no noticeable blue or
red shifting in the characteristic bands, indicating similar chemical environments [38].
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3.1.3. Thermal Properties

Representative heat flow thermograms of all samples are shown in Figures 6 and 7.
The Tm (melting temperature), Tc (crystallization temperature), and Xc (crystallinity; %)
values of virgin PP and PCR-PP at different percentages are presented in Table 2. The
Tc increased with the addition of PCR-PP to the virgin PP; this is beneficial, as higher
crystallization temperatures can result in reduced cycle times and increased production
rates. This observation can be attributed to residual nucleating agents in the post-consumer
material and suggests that fewer additives may be required in PCR blends to achieve the
same effect [40–44].
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Table 2. Average thermal properties of PP EBM bottles with varying weight percentages of MRF-
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Tc  

(°C) 
Hc  
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(J/g) 

Hm2 
(J/g) 

Crystal 1 
(%) 

Crystal 2 
(%) 

1 165.5 a 162.1 a 115.9 b 66.2 ab 49.1 ab 49.7 a 23.7 ab 24 a 
2 165.9 a 162.3 a 122.8 a 62.6 b 48 b 51.3 a 23.2 b 24.8 a 
3 165.3 a 161.2 a 123.2 a 72.6 ab 51.2 ab 51.4 a 24.7 ab 24.9 a 
4 164.0 a 161.6 a 123.4 a 76.2 a 54.1 ab 54.8 a 26.1 ab 26.5 a 
5 164.8 a 159.3 a 123.1 a 73.6 ab 54.8 a 54.9 a 26.5 a 26.5 a 
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3.1.4. Thermooxidative Stability of Post-Consumer PP EBM Bottles 
The oxygen induction time is often used to investigate polyolefin stability, which de-

grades when heated in an oxidizing atmosphere such as air. The relative antioxidant effi-
ciency in a material is verified by measuring the OIT [35]. The DSC-based OIT thermo-
grams for virgin PP and PCR-PP blends (containing 0, 25, 50, 75 and 100 wt%, respectively) 
are shown in Figure S1 (Supplementary Materials). The exotherm onset is considered the 
oxidation initiation [45]. As anticipated, the virgin PP requires the most amount of time 
for the onset of oxidation to occur, as it would possess the highest concentration of unused 
antioxidant since it was not exposed to the environment in its first service life and was 
only subjected to one melt processing cycle. There appears to be sufficient antioxidant in 
the virgin material and enough remaining in the PCR-PP in the 25% PCR-PP blend, as the 
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post-consumer plastics, coupled with those in virgin plastic, can enable a similar perfor-
mance to virgin plastics with a lower cost due to the synergistic effect of combining addi-
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Table 2. Average thermal properties of PP EBM bottles with varying weight percentages of MRF-
recovered post-consumer PP.

Treatment Tm1 (◦C) Tm2 (◦C) Tc
(◦C)

Hc
(J/g) Hm1 (J/g) Hm2 (J/g) Crystal 1

(%)
Crystal 2

(%)

1 165.5 a 162.1 a 115.9 b 66.2 ab 49.1 ab 49.7 a 23.7 ab 24 a

2 165.9 a 162.3 a 122.8 a 62.6 b 48 b 51.3 a 23.2 b 24.8 a

3 165.3 a 161.2 a 123.2 a 72.6 ab 51.2 ab 51.4 a 24.7 ab 24.9 a

4 164.0 a 161.6 a 123.4 a 76.2 a 54.1 ab 54.8 a 26.1 ab 26.5 a

5 164.8 a 159.3 a 123.1 a 73.6 ab 54.8 a 54.9 a 26.5 a 26.5 a

Note: values with the same letter in a column are statistically the same (α = 0.05).

The statistical analysis of the Tm values of the virgin PP and PCR-PP samples did
not possess significant differences in comparison to either the first or second heat cycle,
indicating that crystal quality was not influenced by the presence of the MRF-recovered
PCR-PP. However, the ∆Hm1 (melting enthalpy) values increased as the percentage of PCR-
PP in the material increases and the 100% PCR-PP was statistically the highest; however,
the melting enthalpy of the second heat cycle was statistically the same for all blends.
These results suggest faster crystallization rates during the bottle manufacturing process,
which are supported by the higher crystallization temperatures of PCR-PP-containing
blends. The melting enthalpy values for virgin PP (49.1 J/g for Hm1 and 49.7 J/g for Hm2)
are lower compared to the highest PCR-PP percentages. Due to the increase in melting
enthalpy values with PCR-PP-loading into virgin PP, the degree of crystallinity of blends
gradationally increased in the blends as manufactured.

3.1.4. Thermooxidative Stability of Post-Consumer PP EBM Bottles

The oxygen induction time is often used to investigate polyolefin stability, which
degrades when heated in an oxidizing atmosphere such as air. The relative antioxidant
efficiency in a material is verified by measuring the OIT [35]. The DSC-based OIT thermo-
grams for virgin PP and PCR-PP blends (containing 0, 25, 50, 75 and 100 wt%, respectively)
are shown in Figure S1 (Supplementary Materials). The exotherm onset is considered the
oxidation initiation [45]. As anticipated, the virgin PP requires the most amount of time for
the onset of oxidation to occur, as it would possess the highest concentration of unused
antioxidant since it was not exposed to the environment in its first service life and was only
subjected to one melt processing cycle. There appears to be sufficient antioxidant in the vir-
gin material and enough remaining in the PCR-PP in the 25% PCR-PP blend, as the OIT of
this blend was statistically the same as virgin PP (Figure 8) [26]. These results, coupled with
the increased crystallization temperature, suggest that residual additives in post-consumer
plastics, coupled with those in virgin plastic, can enable a similar performance to virgin
plastics with a lower cost due to the synergistic effect of combining additives. The OIT
results are also anticipated to translate into the mechanical properties, as noted by Martin
and De Paoli, where the mechanical property degradation from melt-processing cycles was
reduced for the stabilized formulations [35].

3.1.5. Barrier Properties

A gas barrier is defined as the resistance of packaging to the diffusion and sorption of a
substance, which can be expressed in terms of permeability [46]. Two of the most important
barrier properties in food packaging are the OTR and WVTR [19]. Oxygen permeation
through the packaging results in an oxidation process that causes food spoilage. Thus,
reducing the packaging material’s oxygen permeation rate can contribute to increasing
product shelf life and maintaining food quality. Virgin PP bottles had the lowest average
OTR value of 0.48 ± 0.01 cc/pkg-day, and were significantly different from those with a
75 and 100% concentration of MRF-recovered PCR-PP (Figure 9). From published studies,
crystallinity has a significant effect on the gas-barrier properties of polymer materials [47,48].
To improve polymer barrier properties, crystallinity must be higher; however, our materials
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possessed decreased barrier properties with slight increases in crystallinity due to the
increased PCR-PP concentrations. This observation suggests that additional interactions in
the polymer’s amorphous fraction contributed to the more facile gas migration through the
polymer. Among all treatments, bottles with 100% PCR-PP had the highest average OTR
value of 0.65 ± 0.02 cc/pkg-day, corresponding to a 36% increase and significantly different
from virgin PP. Also, bottles with 25 and 50% PCR-PP concentrations were comparable
and not statistically different from virgin PP bottles’ oxygen transmission rates, with
values ranging from 0.48 to 0.58 cc/pkg–day. Thus, it is hypothesized that the decrease in
oxygen barrier property mainly relates to pigments, fillers, and contaminants, as observed
by the measured concentration of Al, Fe and Ti results from MRF-recovered PCR-PP
(Table 3) which are known to significantly affect the crystallinity and performance properties
of polymers.
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Figure 8. Oxygen induction time of PP EBM bottles with varying weight percentages of MRF-
recovered PCR-PP. Note: values with the same letter in a column are statistically the same
(α = 0.05).

Table 3. Measured metals compliant with CONEG.

Element Concentration (µg/g or ppm)

Sample Al Sb Cd Cr Fe Pb Ti
PP virgin 3.45 * b 0.13 0.17 * b 4.10 * b
PP MRF 84.2 * b * b * b 49.02 * b 68.26

MLOD (ppm) 0.124 0.011 0.002 0.003 0.010 0.689 0.002
MLOQ (ppm) 0.41 0.04 0.01 0.01 0.03 2.30 0.01

* b—below limit of detection.
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Figure 9. Oxygen transmission rates of PP EBM bottles with varying weight percentages of MRF-
recovered PCR-PP. There is evidence of differences in measured average OTR among treatments
(p-value < 0.05). Average values (±standard deviation) with the same letters (A, B, C) between
MRF-recovered PCR-PP concentrations are not significantly different (p-value < 0.05, Tukey test
N = 15).

The WVTR indicates how easily moisture vapor can permeate a packaging structure.
When maintaining a safe moisture content for products during the storage period, a bottle
should have a sufficiently low WVTR value. PP is known for its good-to-excellent water
vapor barrier properties, as reflected in the results of this study. Mixing virgin PP resin
with 25–75% concentrations of MRF-recovered PCR-PP did not significantly change the
water-vapor barrier properties of virgin PP. Figure 10 shows the measured average WVTR
for the five PCR-PP concentrations. The 100% MRF-recovered PCR-PP bottle had the
highest value of 0.14 ± 0.03 g/pkg–day and was significantly different from all other
treatments. On the other hand, bottles with 100% virgin PP and 25–75% post-consumer
PP did not show significant differences, with an average WVTR ranging from 0.01 to
0.02 g/pkg-day.

The results of this study indicate that adding PCR-PP to virgin PP in EBM bottles
decreases its ability to limit oxygen and water-vapor transmission, as reflected by the
increasing trend of the transmission rates. However, these increases were only from 5%
to 36% different, suggesting that PCR-PP can be incorporated into products without detri-
mental impacts on barrier performance. A previous study [19] reported the opposite trend
regarding the effect of mixing PCR polyolefins in virgin PP resin, where it was reported
that 100% post-consumer recycled polyolefin resulted in increased barrier properties (both
for oxygen and water vapor) compared to virgin polypropylene. However, it is important
to note that the barrier properties of a material can be affected by its chemical structure and
processing parameters during production and the material’s grade, quality, purity, filler
composition, etc. [48].

38



Polymers 2023, 15, 3471

Polymers 2023, 15, x FOR PEER REVIEW 13 of 21 
 

 

 
Figure 10. Water vapor transmission rates of PP EBM bottles with varying weight percentages of 
MRF-recovered PCR-PP. There is evidence of differences in measured average WVTR among treat-
ments (p-value < 0.05). Average values (±standard deviation) with same letters (A, B, C) between 
MRF-recovered PCR-PP concentrations are not significantly different (p-value < 0.05, Tukey test N = 
15). 

3.1.6. Tensile Properties 
Mechanical properties are a measure of materials’ behavior when subjected to stress 

or deformations. Plastic bottles, when used, must have sufficient strength to maintain 
physical integrity during the handling, transport, and storage of products. These proper-
ties include the modulus of elasticity (MOE), flexibility, hardness, and yield stress. MOE 
is the property that describes the stiffness of the polymer, while yield stress is the point 
where strain increases and no change in stress and plastic deformation occurs. 

Figure 11 shows that the MOE of PP EBM bottles differs significantly among the dif-
ferent compositions of PCR-PP (p-value < 0.05). Bottles with 75% PCR-PP had the highest 
MOE value of 224 ± 49 MPa, which was significantly higher than virgin PP bottles with an 
MOE of 140 ± 24 MPa. Variability in measured MOE could be caused by differences in the 
presence of impurities. Measured average yield stress ranging from 18 to 21 MPa did not 
show significant differences among treatments. These results indicate that introducing 
PCR-PP increased the stiffness, but the yield stress remained the same, providing better 
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Figure 10. Water vapor transmission rates of PP EBM bottles with varying weight percentages
of MRF-recovered PCR-PP. There is evidence of differences in measured average WVTR among
treatments (p-value < 0.05). Average values (±standard deviation) with same letters (A, B, C) between
MRF-recovered PCR-PP concentrations are not significantly different (p-value < 0.05, Tukey test
N = 15).

3.1.6. Tensile Properties

Mechanical properties are a measure of materials’ behavior when subjected to stress
or deformations. Plastic bottles, when used, must have sufficient strength to maintain
physical integrity during the handling, transport, and storage of products. These properties
include the modulus of elasticity (MOE), flexibility, hardness, and yield stress. MOE is the
property that describes the stiffness of the polymer, while yield stress is the point where
strain increases and no change in stress and plastic deformation occurs.

Figure 11 shows that the MOE of PP EBM bottles differs significantly among the
different compositions of PCR-PP (p-value < 0.05). Bottles with 75% PCR-PP had the
highest MOE value of 224 ± 49 MPa, which was significantly higher than virgin PP bottles
with an MOE of 140± 24 MPa. Variability in measured MOE could be caused by differences
in the presence of impurities. Measured average yield stress ranging from 18 to 21 MPa did
not show significant differences among treatments. These results indicate that introducing
PCR-PP increased the stiffness, but the yield stress remained the same, providing better
performance during transport and shipping.

3.2. Compliance of MRF-Recovered Post-Consumer PP EBM Bottles
3.2.1. Metals’ ICP-OES

MRF-recovered PCR-PP EBM bottle samples were analyzed for common metals such
as Al, Sb, Cd, Cr, Fe, Pb and Ti because these are used as catalysts during the polymerization
process. Also, according to the Coalition of Northeastern Governors (CONEG), the sum of
Cd, Cr+6, Hg, and Pb should not exceed 100 ppm [17]. From the results, Cd, total Cr, and
Pb were not detected in the MRF-recovered PCR-PP but were detected in virgin PP resin
with a sum < 100 ppm. Mercury was not detected in the MRF-recovered PP using X-ray
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fluorescence spectroscopy (LOD = 1 ppm). These results suggest that the PP EBM bottles
with post-consumer PP would comply with current CONEG metals legislation. Table 3
shows the metals measured for virgin PP resin and pelletized MRF-recovered PCR-PP. It
was observed that Al, Fe, and Ti were the main materials present in both samples, which
may be attributed to the additives, fillers, catalysts, or contaminants in the samples. No Sb,
Cd, Cr, or Pb were detected in post-consumer PP.
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Figure 11. Tensile properties of PP EBM bottles with varying weight percentages of MRF-recovered
PCR-PP. There is evidence of differences in measured average modulus of elasticity among treat-
ments (p-value < 0.05). Average values (±standard deviation) with same letters (A, B) between
MRF-recovered PCR-PP concentrations are not significantly different (p-value < 0.05, Tukey test
N = 25).

3.2.2. 21 CFR 177.1520 Extraction for Extractable and Cramer Classification

The virgin and MRF-recovered PCR-PP were characterized for compliance with the
Code of Federal Regulations for direct food contact via 21 CFR 177.1520. According to
CFR 21, part 177.1520, the extractable fraction from polypropylene should not exceed
9.8% in weight [30]. The virgin PP comprised a higher percentage of extractable matter
(13.713%) compared to 100% PCR-PP (9.164%); this was anticipated, as the virgin PP was
not food-grade (Figure 12). In our experiment, the virgin PP exceeded that specification
limit, while the PCR-PP was within the specification limit. In general, virgin PP has a
higher molecular weight and crystallinity than the same PCR-PP polymer after its first
service life and the recycling process due to the multiple heating treatments that occur
during the recycling process, where a wide range of thermal and oxidative degradation
occurs [48,49]. The extractables from a polymer can vary depending on various factors,
for example additives, purity, oligomeric content, and the processing method (extrusion,
recycling, molding, etc.) [50]. Another possibility is the alteration or degradation of the
additives or fillers in the PCR sample during the recycling process, which is absent in the
virgin sample, and can reduce the extractable content in the PCR-PP sample. While the
virgin PP was non-food-grade PP, the MRF-recovered PP was likely composed of a mixture
of food-grade and non-food-grade, which could explain the lower CFR extractables for the
MRF-recovered material [30].
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Figure 12. Extractable % virgin PP and MRF-recovered post-consumer PP samples.

The results for non-intentionally added substances (NIAS) and related Cramer
classification-based toxicity levels are listed in Table 4. NIAS are substances that may
be present in packaging polymers with no known application and may pose a risk to
health if they migrate into food [51]. Analysis indicated that PCR samples contained more
additives, pigments, and impurities than virgin PP. Substances only detected in the PCR
sample, such as myristic acid, oleic acid [52], stearic [53], 1-monopalmitin, have applica-
tions as lubricants, emulsifiers, or surfactants in the industry. Glycerol monostearate is
used as an antistatic additive in polypropylene and in the food sector as an emulsifier [54].
Myristic acid has diversified applications as a flow agent and emulsifier in the food sectors,
as a surfactant in soaps, detergents, and as an internal or external lubricant in plastics
(ACME-Hardesty). The substances found only in PCR samples may have been sourced
as additives to improve flexibility and compatibility, or as contaminants from other pack-
aging or waste during the first intended service life. Butylated hydroxytoluene (BHT)
was only found in the virgin sample, which is generally used as an antioxidant in plastic
packaging materials such as polyethylene and polypropylene films [55]. This prevents
degradation during the service life. BHT is listed under the Registration, Evaluation, Au-
thorisation, and Restriction of Chemicals (REACH) regulation [56], which is designed to
increase safety and improve the protection of human health and the environment from
hazardous chemicals.

Table 4. IAS/NIAS compounds in virgin and 100% PCR-PP bottle sample.

Virgin Sample 100% PCR Sample

Compound (CAS) Cramer Class Compound (CAS) Cramer Class
M-Toluic acid, TMS derivative

(959296-29-8) Class I m-Toluic acid, TMS derivative Class I

Butylated Hydroxytoluene (BHT)
(128-37-0) Class II 1-iodo- Decane (2050-77-3) Class III
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Table 4. Cont.

Virgin Sample 100% PCR Sample

4-cyano-3-fluorophenyl
4-(4-butylcyclohexyl)benzoate

(92118-83-7)
Class III

1,1′-(1,2-dimethyl-1,2-
ethanediyl)bis- Benzene

(4613-11-0)
-

1,1′-(1,2-dimethyl-1,2-
ethanediyl)bis Benzene

(5789-35-5)
Class III 1′-(1,2-ethanediyl)bis[4-methyl-

Benzene Class III

1′-(1,2-ethanediyl)bis 4-methyl-
Benzene (538-39-6) Class III Myristic acid, TBDMS derivative

(104255-79-0) Class I

4-Allyl-2-methoxyphenyl benzoate Class I
Tricyclo[4.4.0.0(2,7)]decan-3-one,

1-methoxy-2,6-dimethyl-
(62648-63-9)

Class III

Palmitic Acid, TMS derivative
(55520-89-3) Class I

1,2-Bis(3,5-dimethylphenyl)-
diazene 1-oxide

(64857-67-6)
Class III

Stearic acid, TMS derivative
(18748-91-9) Class I Palmitic Acid, TMS derivative

(55520-89-3) Class I

- - Linoelaidic acid,
tert.-butyldimerthylsilyl ester -

- - Oleic Acid, (Z)-, TMS derivative
(21556-26-3) Class I

- - Stearic acid, TMS derivative
(18748-91-9) Class I

- - 1-Monopalmitin, 2TMS derivative
(1188-74-5) Class III

- - 2-Monostearin, 2TMS derivative
(53336-13-3) Class III

- - 4-tert-Octylphenol, TMS derivative
(78721-87-6) Class I

- - Glycerol monostearate (GMS),
2TMS derivative (1188-75-6) Class I

The compounds detected (8 in virgin PP and 15 in PCR-PP) in both types of samples can
often be considered intentionally added substances. For example, m-Toluic acid is used as a
dye or polymer stabilizer [57] and palmitic acid, a fatty acid found in both virgin and PCR
samples, has applications as a stabilizer in polymers [58]. The Cramer decision tree [32,33]
classifies organic chemicals into three classes of hazard level: low (I) toxicity, intermediate
(II) toxicity and high (III) toxicity. Cramer class examines the presence of specific functional
groups associated with known toxic effects and determines the hazard level [58]. Of the
compounds found in the virgin sample, Cramer class I consists of 50%, class II consists
of 12.5%, and class III consists of 37.5%. In the PCR sample, 15 chemicals were detected:
class I consists of 46.67%, class II consists of 0%, class III consists of 40.0%, and 13.3% was
unclassified. Based on the Cramer classification and number of detected compounds, it
appears that the PCR sample has a higher probability of toxicity than the virgin sample.
However, it is difficult to accurately determine the overall risk severity in the PCR or
virgin samples without more information about the specific compounds’ total exposure
measurements (concentration and diffusion coefficients) and potential toxicological effects.
Recycled plastics, including recycled polypropylene, originating from mixed plastic waste
streams often exhibit a wider range of contaminants than virgin materials, specifically
recycled PP sourced from non-food-grade materials mixed with food and non-food-grade
plastics, which may not comply with stringent regulations and can introduce a wide range
of unknown contamination [37].

Phthalates are synthetic chemicals widely used in plastic packaging and industrial
products to improve the mechanical properties, as well as providing flexibility and soft-
ness [59]. Bisphenols have wide applications in the production of polycarbonate plastics,
epoxy resins, adhesives, and several additives [60]. However, they are endocrine disrup-
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tors/modulators and hazardous to health at very low concentrations (nanogram level) [61].
Analyzing phthalates and bisphenols in non-food-grade recycled PP is important to un-
derstand their compliance with phthalate and bisphenol regulations, as well as emerging
corporate restrictive substance lists (RSLs). Information regarding the prevalence of en-
docrine modulators in PCR is also rare in the literature.

In our samples, the virgin PP sample contained diethylhexyl phthalate (DEHP) at
a concentration of 0.83 µg/g and in PCR-PP with a concentration of DEHP (1.33 µg/g).
While DCHP (2.335 µg/g), DINP (13.617 µg/g), BPA (0.059 µg/g) were only detected
in PCR-PP sample (Figure 13). The additional phthalate detected in the PCR samples
was as follows: DEP (0.138 µg/g), DIBP (0.181 µg/g), DHEXP (0.116 µg/g), and DBP
(2.712 µg/g). In the PCR sample, the concentration of DIBP and DBP (0.181 µg/g and
2.712 µg/g, respectively) was slightly lower compared to the virgin PP sample. Perestrelo
et al. investigated various plastic packages from the European market and determined that
DIBP was the most prominent phthalate in packaging, with concentrations ranging between
3.61 and 10.7 µg/L [59]. The concentration of DEHP in the PCR sample is higher than
virgin at 1.33 µg/g. The higher concentration of DBP in the virgin PP sample suggests its
intentional addition during the pellet manufacturing, as no additives were included during
bottle manufacturing. However, polymers sourced after recycling can face diversified
processing and contamination, which can influence the analyte concentration compared
to the virgin sample; this was also prominent in our result. On the other hand, the
inherent heterogeneity of recovered post-consumer polymers can contribute to a wide
range of standard deviation, which was observed for DBP concentrations. The use of
DEHP, DBP, BBP, DIDP, and DINP has a threshold of 0.1% in the final product [62], and
Toxics in Packaging Clearinghouse (TPCH) set the limit for incidental ortho-phthalates
to no more than 100 µg/g in packaging [63]. Overall, the phthalates detected in the
virgin and PCR samples were below the TPCH limit of 100 µg/g and complied with the
regulations. Although polypropylene is often considered to be “BPA free” and safe for use
as packaging [64], BPA was detected in the PCR sample at a concentration of 0.059 µg/g.
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Our findings in this study fill the knowledge gaps related to extractables, NIAS/IAS
identification, and targeted extractable compounds from material-recovery-facility-sourced
PCR-PP materials. The contamination levels in PCR-PP were higher than the virgin sample,
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according to Cramer classification and quantification results for certain phthalates and
BPA. However, they did not exceed the limits set by the Toxics in Packaging Clearinghouse
(TPCH). With increasing worldwide and domestic regulations encouraging and requiring
the use of recycled plastic with virgin material, our scientific data can provide valuable
information to the scientific community and manufacturers regarding potential uses for
MRF-recovered PP. Additionally, the study provides information on common additives,
antioxidants, and stabilizers that can be present as non-intentionally added substances
(NIAS) in both virgin and recycled PP.

4. Conclusions

PP bottles are commonly used to store food products, chemicals, and pharmaceuticals
because of their good chemical resistance, superior strength, and cost advantages in blow
molding compared to PET [64]. This study investigated the compliance and physical
performance of extrusion blow-molded MRF-recovered PCR-PP bottles. Material properties
loosely followed the law of mixtures, although some remained statistically the same. This
general trend was observed in multiple studies that blended virgin and post-consumer
recycled polymers. Therefore, it is important to note that the increase or decrease in
properties depends upon both post-consumer and virgin polymers. Key results include:

• Increased crystallization temperature when PCR is present in the blend;
• No practical difference in crystallinity as a function of PCR concentration as-molded

(first heat curve);
• No other polymers are present in the thermograms of MRF-recovered PP materials,

indicating high polymer purity (melting peaks);
• Oxygen and water-vapor barrier properties remained relatively constant unless the

composition was 100% MRF material;
• MRF-recovered PCR-PP significantly (p-value < 0.05) improved the stiffness of virgin

PP bottles. On the other hand, the measured yield stress for all treatments was
significantly similar;

• A wider range of N/IAS was detected in PCR material compared to the virgin material,
which can be attributed to plastic additives, food additives, and degradation byproducts;

• Regulatory compliance (limits of TPCH: 100 µg/g) and maintaining properties up
to 75% MRF PCR demonstrates the increased value of MRF materials. Targeted
phthalates did not exceed the limits of TPCH, and trace levels of BPA were detected in
the MRF PCR-PP.

The results of this study provide critical information for stakeholders making decisions
to use MRF recovered in food packaging applications. Moreover, this study demonstrates
the viability of a significant source of PP and its notable long-term impacts, increasing
profits by using PCR materials. This approach will produce environmentally responsible
food plastic packaging in compliance with legislation in the circular economy. However,
it must be noted that the material recovery facility post-consumer polypropylene used in
this work is only representative of a single, sorted post-consumer bale from one material
recovery facility. The reproducibility and variance in the post-consumer polypropylene
properties from material recovery facilities is progressing, specifically for bale sources from
urban, suburban, and rural areas.

Future work should continuously monitor new PCR sources from different MRFs to
understand consistency regarding the US. One should determine levels of PFAS and phtha-
lates of PCR-PP and other recycled plastics to address the increasing concerns regarding
toxicity. An additional analysis using GC tandem mass spectrometry to reduce the limits
of detection/quantification is in progress. Lastly, a study on the efficiency of different
decontamination processes would be vital to emphasize the impacts of using MRF PCR
plastics and their viability for direct food-contact applications.
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Abstract: Pectin and alginate satisfy multiple functional requirements in the food industry, especially
relating to natural packaging formulation. The continuous need for economic and environmen-
tal benefits has promoted sourcing and investigating alternative biomaterials, such as cactus pear
mucilage from the cladodes of Opuntia spp., as natural packaging alternatives. The structural and
mechanical properties of mucilage, pectin and alginate films developed at a 5% (w/w) concentration
were modified by treating the films with calcium (Ca) in the calcium chloride (CaCl2) form. Scanning
electron microscopy (SEM) showed the 5% (w/w) ‘Algerian’ and ‘Morado’ films to display consid-
erable microstructure variation compared to the 5% (w/w) pectin and alginate films, with calcium
treatment of the films influencing homogeneity and film orientation. Treating the alginate films with
a 10% (w/w) stock CaCl2 solution significantly increased (p < 0.05) the alginate films’ tensile strength
(TS) and puncture force (PF) values. Consequently, the alginate films reported significantly higher
(p < 0.05) film strength (TS and PF) than the pectin + Ca and mucilage + Ca films. The mucilage film’s
elasticity was negatively influenced by CaCl2, while the pectin and alginate films’ elasticity was
positively influenced by calcium treatment. These results suggest that the overall decreased calcium
sensitivity and poor mechanical strength displayed by ‘the Algerian’ and ‘Morado’ films would
not make them viable replacements for the commercial pectin and alginate films unless alternative
applications were found.

Keywords: natural packaging; cactus pear mucilage; pectin; alginate; biopolymer films; cross-linked;
mechanical properties; Opuntia ficus-indica

1. Introduction

The increased demands for naturally biodegradable packaging solutions have resulted
in various biopolymers being investigated for their film-forming potential. Biopolymers
displaying functional potential, which can be used in the development of biopolymer
films, are of growing interest. Given the nature of biopolymer films’ functionality and
biocompatibility, they have also been considered for a diverse range of applications other
than packaging, specifically relating to medical applications such as intervertebral disc
replacement and, consequently, bone regeneration [1,2]. Due to their diverse and desirable
functional properties, pectin and alginate have specifically found favourable applications
in developing biopolymer films. However, factors that influence the formation of these
biopolymer films have been identified, such as the addition of a cross-linker [3,4].

The diverse chemical and physical properties, biodegradability and biocompatibility
of pectin have resulted in its use in developing biopolymer films [5]. The chemical composi-
tion of different pectins can vary, although about 60–65% of the molecule must be composed
of galacturonic acid (GalA), which can display varying degrees of methyl esterification [6,7].
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The presence of these charged groups associated with the pectin polymer is predominantly
responsible for altering the polymers’ functional properties in the presence of acidic and
basic pH environments and by the introduction of charged ions, such as calcium. Al-
though calcium ions have the ability to alter the rheology of a pectin solution, the main
consequence of pectin cross-linking is the formation of hydrogels, specifically harnessed in
the development of biopolymer films [3,7,8]. Due to pectins’ ability to successfully form
biopolymer films, displaying adequate mechanical and barrier properties, multiple authors
have investigated the development of pectin biopolymer films for various applications,
with and without the addition of a cross-linker [3,9].

Alginate is another polysaccharide used in the development of biopolymer films.
The presence of functional groups, consisting of uronic acid, associated with the alginate
polymer is of specific importance, as these charged groups directly determine alginate
functionality. These functional groups can be modified to alter alginates’ rheological, bio-
chemical and film mechanical properties [9–11]. Typically, the functional properties of
alginate can be influenced by the presence of cross-linkers, such as calcium and magne-
sium. Alginate cross-linking is often described by the ‘egg-box’ model, characteristic of the
formation of a three-dimensional (3D) network. This model is similar to that used to de-
scribe pectin–calcium cross-linking, although differences can be expected between the two
mechanisms [6–8]. It was reported that alginate–calcium films displayed overall increased
mechanical properties regarding tensile strength than pectin–calcium films, indicating that
alginate displays increased cross-linking ability due to its structural conformation and
chemical composition, ultimately influencing biopolymer films’ physical properties [12].
Bierhalz et al. [13] reported on differences between pectin and alginate biopolymer film
micrographs, with alginate films showing a more homogenous and regular morphology
than pectin films. Consequently, alginate films were, in some instances, associated with
superior mechanical properties [13].

One of the most, if not the most, important properties of biopolymer films is their
mechanical properties (physical strength and elasticity). These properties are essential to
ensure the protection and maintenance of the structural integrity of food during trans-
portation, storage and handling [3]. Biopolymer films developed from polysaccharides,
such as pectin and alginate, require a drying step to imitate pre-formed plastic packaging.
However, the drying of these films is generally always associated with films displaying
brittle and even fragile properties. Glycerol has been well established as a plasticizer to
reduce brittleness and improve the ease of handling of pectin and alginate biopolymer
films [14,15]. Kang et al. [16] investigated the TS and %E of pectin biopolymer films. The
authors formed films by immersion of pectin films into 5 and 10% CaCl2 solutions, acting
as a cross-linker. Films were prepared with no addition of calcium, considered the control
films. The results confirmed that the films formed using 5% CaCl2 showed an increased
TS, 198 MPa higher than that of the control films. Furthermore, the 5% CaCl2-cross-linked
films showed the lowest elongation at a break potential of 2.6% [16]. Badita et al. [17]
investigated the influence of calcium, used as a cross-linker, on ‘dry’ alginate biopolymer
films’ properties. The authors found that the alginate–calcium films’ properties were con-
siderably influenced by both the cross-linker as well as the concentration of the cross-linker
used. It was further confirmed that hydroxyl and carboxylic groups, associated with the
alginate polymer chemical structure, were responsible for the hydrogel formation with the
addition of calcium, highlighting the benefits of calcium as a cross-linker in biopolymer
films formation [17].

Although pectin and alginate have shown success in the development of biopolymer
films, consequential high input costs, in addition to the variability and limitations regarding
their availability and functionality, have led to the development and investigation of alter-
native film-forming polymers. The desirable functional properties displayed by the cactus
pear mucilage from Opuntia ficus-indica have resulted in its investigation as an alternative
biopolymeric material in the development of biopolymer films to address certain shortcom-
ings associated with the current polysaccharides films [14,18,19]. Considering the mucilage
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precipitate from the cactus pear as a functional polymer can prove beneficial because it
is often considered an unwanted by-product from cactus pear processing, resulting in
favourable cost implications and general ease of availability.

Although the native mucilage precipitate has been well investigated, variations in its
chemical structure and composition have been reported. In general, mucilage is considered
a highly flexible heteropolysaccharide with a high molecular weight, which has the potential
to carry a negative charge due to the presence of galacturonic acid associated with its
chemical structure [20–22]. In addition to charged sugars, various amounts of neutral
sugars have also been associated with the mucilage precipitate, which includes L-arabinose,
D-galactose, L-rhamnose and D-xylose in varying quantities [20–22]. Structurally, the
mucilage precipitate has been reported to be composed of a charged linear core with many
natural sugar side chains. These two main fractions of the mucilage precipitate have been
referred to as a gelling, pectin-like fraction and a more neutral, pure mucilage fraction.
However, great variability in sugar composition for both fractions has been reported by
authors [23–25].

In a recent study by van Rooyen et al. [26], the authors showed mucilage, when
added at 0.25% and 1.0% to pectin-based composite (blended) films, to enhance certain
mechanical properties of pectin films. The authors further suggested these enhanced
film mechanical properties could directly be linked to the addition of mucilage to the
pectin films [26]. Although this before-mentioned study evaluated mucilages’ compatibility
in combination with commercially available polymers, limited knowledge is available
on mucilages’ comparative ability to produce single-biopolymer (homopolymeric) films
displaying suitable mechanical properties with sights on using them as biodegradable
packaging. Logically, comparing single-polymer mucilage films to well-established pectin
and alginate films will further advance the understanding of mucilage’s potential to be
considered as a homopolymeric film-forming polymer, consequently providing insight
into the polymer’s functional potential. The factors that have been shown to alter well-
established polymer films’ properties also remain greatly unexplored for single-polymer
mucilage-based biopolymer films. Therefore, this study aimed to gain a better understand-
ing of single-polymer (homopolymeric) mucilage films relative to commercially produced
single-polymer pectin and alginate films, specifically, to understand the influence a gelling
cation (calcium, in the form of calcium chloride) would have on mucilage films’ physical
properties so to possibly consider them as alternative biopolymers to pectin and alginate in
developing biodegradable packaging. Consequently, exploring the physical properties of
these single-polymer mucilage films will contribute to the understanding of the native mu-
cilage precipitate, creating a clearer image of its structural functionality and single-polymer
film-forming potential.

2. Materials and Methods
2.1. Materials
2.1.1. Commercial Polymers

Pectin powder with ≤10% moisture content, sourced from apple and sodium alginate
powder with both glucuronic and mannuronic acid content, both supplied by Sigma-
Aldrich, Cape Town, South Africa, was used.

2.1.2. Mucilage Precipitate and Freeze-Dried Mucilage Powders

The ‘Algerian’ and ‘Morado’ cultivars of Opuntia ficus-indica were used to prepare
freeze-dried mucilage powders from a liquid mucilage precipitate with ≤10% moisture
content. Following a well-established extraction procedure, described by Du Toit and
De Wit [27], which is cost-effective and easily replicated, native mucilage precipitates
were prepared. The resultant mucilage precipitates were well characterized in previous
studies [28,29]. We used ~24-month-old cactus pear plant cladodes from the ‘Algerian’
and ‘Morado’ cultivars sourced from an orchard (University of the Free State, 29.1076◦ S,
26.1925◦ E) with a cactus pear density of 666 cactus pear/h, without irrigation. Firstly, to
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promote liquid mucilage precipitation, whole cladodes were cubed and microwaved at
900 W for 4 min and then macerated. Secondly, the macerated cladodes were centrifuged
using a Beckman® Centrifuge (2315, Brea, CA, USA) at 8000 rpm for 15 min at a constant
temperature of 4 ◦C, which effectively separated the mucilage precipitate from the solids. The
liquid mucilage precipitate was then used to prepare the freeze-dried mucilage powders used
in this current work. Freeze-drying involved moisture removal from the mucilage precipitate
at a low temperature (−30 ◦C to −40 ◦C) and constant vacuum until a 95% sample weight
loss was obtained. The freeze-dried samples were then milled finely, using a standard mortar
and pestle, obtaining a consistent powder with a moisture content of ≤10%.

2.1.3. Cross-Linker and Plasticizer

Granular calcium chloride, anhydrous, purchased from Sigma-Aldrich, Cape Town,
South Africa, with excellent water solubility, and glycerol (Merck, Johannesburg, South
Africa) as a plasticizer, with a purity > 99% were used.

2.2. Film Preparation and Development
2.2.1. Film-Forming Solutions

Using film-forming methods, as described by van Rooyen et al. [26], all film-forming
solutions were prepared. The basic method involved dispersing the desired amounts of
polymer powder into distilled water containing glycerol. The pectin and alginate films
required a minimum of 60% glycerol (w/w, based on the polymer weight used in the films).
The mucilage films required 20% glycerol addition.

Making use of a magnetic stirrer (Freed Electric-Model MH-4, Rehovot, Israel), all film-
forming solutions were allowed to homogenize for 30 min, promoting polymer rehydration
at ambient temperature (~25 ◦C). The rehydrated samples were then further mechanically
homogenized by means of a Stick Blender (Mellerwave-Model 85200, Cape Town, South
Africa) for 10 s. To reduce the potential volume and structural differences caused by excess
entrapped air, the homogenized samples were degassed under vacuum (Genesis Vacuum
Sealer, Verimark (Pty) Ltd., Pretoria, South Africa) [26].

2.2.2. Development of Single-Polymer Films

The films used in this study were developed using a standardized batch film casting
method with some modifications [5,12,26,30,31]. According to the casting method, the film-
forming solution was evenly spread onto a non-stick surface. Upon drying, measurable
films formed [5]. Using 140 mm diameter Petri dishes, 70 g of film-forming solution was
evenly spread onto the Petri dishes. The dried films were formed by placing the Petri
dishes, containing 70 g of film-forming solution, into a ventilated oven (EcoTherm—Model
920, 1000 W, Labotec) at 40 ◦C for 24 h [26]. Before film evaluation could be completed, all
dried films were equilibrated in a closed container at room temperature (~25 ◦C) for 24 h to
achieve ~52% RH.

2.2.3. Calcium Treatment of Single-Polymer Films

The calcium treatment of the pectin and alginate films required a calcium chloride
(CaCl2) solution to be directly poured into a polymer solution contained in Petri dishes.
After a 5-minute reaction time, the excessive CaCl2 solution was removed from the Petri
dishes, with the excess CaCl2 gently being dabbed off the resultant films with a paper
towel [26]. The stock CaCl2 solution was prepared at 10% (w/w) with distilled water;
this was considered a more than adequate amount of calcium to react with pectin and
alginate [32]. The mucilage films, however, required CaCl2 to be directly mixed into the
prepared, fully rehydrated, film-forming solution before casting and drying the films. The
CaCl2 addition was calculated at 30% (w/w, based on the polymer weight used in the
films). Espino-Díaz et al. [18] described similar procedures and calcium concentrations
for the calcium treatment of mucilage films. Trachtenberg and Mayer [33] also suggested
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30% CaCl2 additions to be more than adequate to interact with mucilage. Once the various
polymers had been treated with calcium, the films were dried.

2.3. Film Characterization
2.3.1. Scanning Electron Microscopy

All biopolymer films were subjected to scanning electron microscopy (SEM) imaging.
The various samples were first mounted on carbon tape and splutter-coated with iridium.
Imaging was then carried out on the various samples at 3.0 KV by making use of a JEOL
(JSM-7800F Field Emission, Tokyo, Japan) scanning electron microscope.

2.3.2. Film Microstructure Evaluation

The images used in this current work were evaluated and selected by a team of five
researchers with experience in microscopy, so to represent the overall microstructures of
the different images taken of the various films at 10,000× magnification. Additionally,
differences observed by the five researchers regarding the differently treated films’ surface
roughness/smoothness were also considered by examining visual differences in the surface
morphology of the resultant film SEM images.

2.3.3. Mechanical Properties

Tensile and puncture tests were completed to determine the various films’ mechanical
properties using a Texture Analyzer CT3™ (Brookfield AMETEK®, Westville, South Africa)
with similar methods as those described by van Rooyen et al. [26]. All the film mechanical
tests were approached and completed by thoroughly consulting the ASTM international
standard methods (ASTM-D882; 2010), as also described by Harper [34]. The various
films were cut into 25 × 80 mm rectangular strips, which could then be used to determine
their mechanical properties. Twelve films were tested per treatment. The different film
thicknesses were measured on all the conditioned films before completing the mechanical
tests using a digital micrometre (Grip, South Africa).

Film Tensile Test

The Roller Cam Accessory grips (TA-RCA), set at a spacing of 50 mm and a test
speed of 0.80 mm·s−1, measured the films’ tensile strength and elongation at break values
(Brookfield AMETEK®, Westville, South Africa). Specifically, a film’s tensile strength is
representative of the maximum stress (force/area) any given film can withstand when a
force is applied to it [12]. The film tensile strength is specifically calculated by dividing
the maximum load (N) by the initial cross-sectional area of a film and is expressed in
MPa [14,18,35]. A second tensile test, that is, the elongation at break percentage of a film,
specifically measures a film’s maximum capacity to extend before reaching its breaking
point [12], calculated by dividing the difference in length of the film at rupture by the initial
film length [36].

Puncture Test

The various films’ puncture force and distance to puncture were determined by
making use of the texture analyzer, accompanied by a Probe TA44 (4 mm diameter
probe). A film’s puncture force is defined as the maximum force (N) required to tear the
film [37]. All puncture tests were completed by selecting a test speed of 0.80 mm·s−1 on the
texture analyzer.

2.4. Experimental Design

The impact CaCl2 had on mucilage, pectin and alginate films’ microstructures and
mechanical properties was considered. Firstly, using SEM, the various films’ surface mi-
crostructures were also investigated. Non-calcium-treated and calcium-treated micrographs
were investigated for mucilage, pectin and alginate at 10,000× magnifications. Secondly,
the influence CaCl2 had on the mucilage, pectin and alginate films’ mechanical properties
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was evaluated. Due to the calcium sensitivity displayed by the pectin and alginate poly-
mers, CaCl2 solutions were prepared and used to cross-link the liquid film-forming pectin
and alginate solutions once they had been cast into the Petri dishes. However, Espino-Díaz
et al. [18] suggested mucilage’s lower sensitivity to calcium requires CaCl2 to be directly
mixed into the prepared mucilage film-forming solutions, whereafter film casting, drying,
and evaluation could be completed.

2.5. Statistical Analysis

The results of the various trials were captured using Microsoft Excel (2016), and the
data were subjected to statistical analysis (ANOVA) using one-way analysis of variance
(NCSS Statistical Software package, version 11.0.20). Using the Tukey–Kramer multiple
comparison test (α = 0.05), significant differences between the treatment means (NCSS
Statistical Software package, version 11.0.20) were identified accordingly.

3. Results
3.1. Film Microstructure Characterization

A biopolymer film’s microstructure is often directly associated with its resultant me-
chanical behaviour [38,39]. Investigating scanning electron microscopy (SEM) micrographs
were considered to provide a more holistic insight into the homogeneity and microstruc-
tures of non-calcium-treated and calcium-treated mucilage, pectin and alginate films, as
calcium is specifically known for its ability to physically alter a film network. Firstly,
the surface morphology of ‘Algerian’ and ‘Morado’ mucilage films was considered, as
displayed in Figure 1.
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Figure 1. Surface scanning electron microscopy (SEM) images of ‘Algerian’ and ‘Morado’ mucilage
‘dry’ films, with and without calcium (Ca) treatment at 10,000× magnification.

The non-calcium-treated ‘Algerian’ films showed a lack of homogeneity, with a surface
roughness, compared to the calcium-treated ‘Algerian’ films. The non-calcium-treated
‘Morado’ films showed a smoother, more homogeneous surface morphology than the
non-calcium-treated ‘Algerian’ films. However, some cracks and breaks in film homogene-
ity were observed when treating the ‘Morado’ films with calcium. Guadarrama-Lezama
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et al. [40] suggested that the appearance of cracks and holes observed in a film microstruc-
ture could indicate a denser film formation. The breaks in structure observed in the
calcium-treated ‘Morado’ films could thus be related to films of increased density com-
pared to calcium-treated ‘Algerian’ films. Furthermore, treating the mucilage films with
calcium showed indications of the development of a more organized mucilage film net-
work (Figure 1). Authors suggested that the presence of a pectin-like fraction that displays
sensitivity to calcium could be the reason for the development of these more organized
film networks when the mucilage films were treated with calcium [19,23].

The SEM imaging of the surface morphology of the pectin and alginate films, with
and without calcium treatment, is presented in Figure 2.
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Figure 2. SEM imaging of the surface microstructures of ‘dry’ pectin and alginate films, with and
without calcium (Ca) treatments at 10,000× magnification.

Less homogeneous and more rough surfaces were observed in both the non-calcium-
treated pectin and the alginate films’ microstructures compared to their calcium-treated
counterparts (Figure 2). Specifically, the calcium treatment was shown to change the
surface morphology of the pectin and alginate films noticeably. However, the calcium-
treated alginate films showed homogeneity, represented by a more uniform microstructure
than the calcium-treated pectin films. This observation indicates the different internal
arrangements of the different polymers during film formation, with alginates displaying a
more organized network than pectin films [41].

Paşcalau et al. [42] also reported that alginate films treated with calcium resulted
in the formation of a more homogeneous film network, typically expected for films that
underwent cross-linking (which was not observed for the uncross-linked alginate films),
similar to that observed in the current research for uncross-linked and calcium cross-linked
alginate films (Figure 2). As observed in the current research, the pectin and alginate films’
microstructures were, therefore, similar to those observed in the literature, with alginate
films forming a more organized, homogeneous film network when treated with calcium
than pectin films (Figure 2).
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The results proved that treating the mucilage, pectin and alginate films with calcium
led to noticeable morphological changes in the films’ structures. Microstructure differ-
ences were also clearly observed between the mucilage, pectin and alginate films. More
homogeneous and organized film networks were found in both pectin and alginate films’
microstructures. In contrast, the mucilage films appeared to be more non-homogeneous
and irregular and sometimes contained aggregates and pores.

3.2. Film Mechanical Properties
3.2.1. The Influence of Calcium on Film Thickness

The influence calcium treatments had on mucilage, pectin and alginate films’ thickness
is presented in Figure 3. Most films displayed only minimal differences in film thickness.
Similar trends in film thickness were reported for films treated with calcium developed
at a 5% (w/w) polymer concentration [26]. However, the ‘Algerian’ + Ca films were
significantly thicker (p < 0.05) than the ‘Morado’ + Ca films. A decrease in film thickness
with the addition of calcium could be related to a higher degree of cross-linking observed
in the films due to a possible decrease in inter-chain polymer spacing [9,13].
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3.2.2. Tensile Test

Further differences were observed between the mechanical properties of the mucilage,
pectin and alginate films treated with calcium, as indicated in Table 1. When evaluating
the influence the calcium treatment had on the various films’ tensile strength (TS), it was
seen that only the alginate film’s TS values were significantly increased (p < 0.05) (Table 1).
Bierhalz et al. [13] also found alginate films to display superior TS due to the alginate’s
linear polymer chains, allowing for a more efficient cross-linking with calcium compared
to the cross-linking of the pectin polymer chains. Additionally, alginate also produced
films displaying significantly higher (p < 0.05) TS values in comparison to the various other
films investigated. These findings are also supported by the literature, as authors found
alginate to produce films of superior strength due to a more efficient calcium cross-linking
of the polymer [12,43,44]. Although calcium-treating the mucilage films showed to have
no significant (p > 0.05) influence on the film TS, the ‘Morado’ + Ca films did show trends
of increased strength, as the TS value increased from 0.31 (TS of the non-calcium-treated
‘Morado’ film) to 1.01 MPa. These findings indicated a slight potential of the ‘Morado’
mucilage to cross-link with calcium.
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Table 1. Tensile test mechanical properties of non-calcium-treated and calcium-treated mucilage,
pectin and alginate films.

Treatments/Films TensileStrength (MPa) Elongation at Break %

Pectin 5% 6.41 ± 0.50 b 14.31 ± 1.88 cd

Pectin 5% + Ca 7.01 ± 0.61 b 20.46 ± 2.76 ef

Alginate 5% 17.57 ± 0.90 c 7.79 ± 1.03 ab

Alginate 5% + Ca 20.10 ± 1.07 d 15.68 ± 0.60 de

‘Algerian’ 5% 0.26 ± 0.05 a 33.10 ± 6.10 g

‘Algerian’ 5% + Ca 0.37 ± 0.10 a 4.98 ± 0.67 a

‘Morado’ 5% 0.31 ± 0.10 a 21.58 ± 1.76 f

‘Morado’ 5% + Ca 1.01 ± 0.10 a 10.41 ± 0.70 bc

Significance level p < 0.005 p < 0.005
The mean values of 8 treatments, together with their standard deviations (±), are presented. The mean values
with different superscripts in the same column differ significantly (p < 0.05).

The film %E showed the calcium treatments to have a considerable and varying
influence on film elasticity. The calcium treatments significantly increased (p < 0.05) both
pectin and alginate films’ %E values whilst significantly decreasing (p < 0.05) the ‘Algerian’
and ‘Morado’ mucilage films’ elasticity. It has come to be expected that the addition of
calcium would aid in increasing the cohesion forces between the polymer chains of alginate
and pectin, increasing film strength and elasticity [13,43]. As regards the decreases in the
mucilage film %E values observed in Table 1, research has suggested that, due to the low
occurrence of carboxyl groups in the native mucilage structure, the addition of calcium
could induce polymer chain contraction or the ionic condensation of the mucilage polymers
rather than cross-link the polymer chains, as adequate binding sites for calcium would not
be available, in turn reducing the film’s cohesion forces and thus its elasticity [18,23]. The
‘Morado’ + Ca film showed significantly higher (p < 0.05) %E values when compared to the
‘Algerian’ + Ca film.

3.2.3. Puncture Test

Similar observations were reported when investigating the various films’ puncture
force (PF) values compared to those observed for the films’ TS (Table 2). The calcium
treatment of the alginate films significantly increased (p < 0.05) the films’ PF values, with
the Alginate + Ca films showing the overall highest strength compared to the various other
films investigated (Table 2). Again, both ‘Algerian’ and ‘Morado’ mucilage films showed to
be only minimally influenced by calcium treatment, producing films with the lowest PF.
Interestingly, the puncture tests indicated that the Alginate + Ca films had the highest DTP
values compared to the other films. The mucilage films showed the lowest DTP values,
with calcium treatment of the films further significantly lowering (p < 0.05) them. These
trends were similar to those reported for the tensile test %E evaluation.

Table 2. Puncture test mechanical properties of non-calcium-treated and calcium-treated mucilage,
pectin and alginate films.

Treatments/Films Puncture Force (N) Distance to Puncture (mm)

Pectin 5% 31.75 ± 2.38 b 4.04 ± 0.38 b

Pectin 5% + Ca 35.94 ± 4.32 b 4.60 ± 0.38 b

Alginate 5% 72.17 ± 4.68 c 5.61 ± 0.37 cd

Alginate 5% + Ca 83.30 ± 5.81 d 6.26 ± 0.54 d

‘Algerian’ 5% 2.43 ± 0.26 a 4.24 ± 0.63 b

‘Algerian’ 5% + Ca 2.38 ± 0.39 a 1.89 ± 0.33 a

‘Morado’ 5% 1.82 ± 0.21 a 4.71 ± 0.89 bc

‘Morado’ 5% + Ca 5.43 ± 0.58 a 2.60 ± 0.47 a

Significance level p < 0.005 p < 0.005
The mean values of 8 treatments, together with their standard deviations (±), are presented. The mean values
with different superscripts in the same column differ significantly (p < 0.05).
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4. Discussion

When considering the scanning electron microscopy (SEM) imaging micrographs
(Figures 1 and 2) and the mechanical properties (Tables 1 and 2) of the various films
investigated, treating the alginate films with calcium resulted in producing films display-
ing superior strength compared to the pectin and mucilage films. Guadarrama-Lezama
et al. [40] suggested that films with smoother surfaces, lacking pores in the film network,
would display superior mechanical properties. Specifically, the calcium-treated alginate
films displayed the greatest homogeneity among all the various films investigated. The
Alginate + Ca films’ microstructures showed a highly ‘organized’ film network, compared
to the calcium-treated pectin films, which were characterized by a less homogeneous sur-
face morphology with visible rough surfaces. Bierhalz et al. [13] also reported that ‘dry’
alginate films’ microstructures presented a more homogenous and regular network than
those of ‘dry’ pectin films treated with calcium.

Furthermore, the authors also suggested that alginate’s more linear structure would
allow for a more efficient calcium cross-linking than that present in pectin polymers, which
consequently would also influence films’ mechanical properties [13]. Therefore, the Pectin
+ Ca films reported significantly lower (p < 0.05) tensile strength (TS) and puncture force
(PF) values in comparison to the Alginate + Ca films. Differences in the chemical structures
between pectin and alginate have been strongly suggested to be the main reason for the
morphological and mechanical differences observed between these two commercially
available polymers. As the alginate polymer’s linear chains allow for a more efficient and
organized cross-linking, the pectin polymer generally results in a more random orientation
with calcium due to its branched chemical structure. Additionally, varying degrees of
esterification of the pectin polymer will influence its ability to react with calcium [33–35].

When comparing the influence calcium had on the mucilage films, it was seen that both
‘Algerian’ and ‘Morado’ films showed the poorest mechanical properties when compared
to the commercially available pectin and alginate films. Authors also reported on calcium-
treated mucilage films with low TS and %E values [18]. The lack of homogeneity and
the irregular nature of the ‘Algerian’ and ‘Morado’ films must be strongly considered, as
these morphological features have been thought to account for films displaying reduced
mechanical properties. The expected highly branched chemical structure of mucilage has
also been suggested to be strongly associated with the lack of homogeneity and the irregular
appearance of mucilage films [19,40]. Furthermore, variations in the surface morphology
and mechanical properties were also observed between the two mucilage cultivars. The
‘Morado’ films showed the possibility of increased calcium sensitivity, resulting in films
displaying trends of increased strength and elasticity when compared to the ‘Algerian’ films
treated with calcium. These findings were supported by examining the microstructural
variations between the ‘Algerian’ and the ‘Morado’ films, with less rough film surfaces
observed for the ‘Morado’ films.

Lastly, the ‘Algerian’ + Ca films presented a greater film thickness compared to the
‘Morado’ + Ca films. These findings strongly suggest that the ‘Algerian’ films, being
rougher, denser and thicker, would display decreased strength and elasticity compared
to the ‘Morado’ mucilage films. Research has suggested that increased film thickness
and roughness and decreased film homogeneity could strongly indicate reduced polymer
chain interaction in a film matrix, resulting in films displaying reduced strength and
elasticity [9,13].

5. Conclusions

With global efforts aimed at reducing single-use plastics, the need to develop biopoly-
mer packaging from sustainable sources is being strongly considered. Mucilage, pectin
and alginate films displayed varying degrees of mechanical alteration by adding calcium.
Although the alginate films showed superior strength, the mucilage films had exceptional
elasticity. Cross-linking the various films with calcium showed to enhance further only
the alginate films’ tensile strength and puncture strength whilst having only a minimal
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influence on the pectin and mucilage films’ strength. The superior homogeneity observed
in the scanning electron microscopy (SEM) images of the alginate films was clearly iden-
tifiable compared to the less organized pectin and mucilage films’ microstructures. The
pectin and alginate films’ elasticity was further enhanced by treating the films with calcium,
with the mucilage film elongation at break percentage and distance to puncture values
negatively influenced by calcium. The various polymers’ diverse interactions with calcium
accounted for possible structural variations between the polymers. However, the ‘Algerian’
mucilage polymer showed the likeliness to carry less of a charge than the ‘Morado’ mu-
cilage, showing an overall reduced functionality in this work. Regardless of the mucilage
cultivar, the results indicated that the mucilage films were much weaker overall than the
pectin and alginate films, although they had, in most instances, superior elasticity. The
native mucilage films display commercial viability. Therefore, evaluating the water and
gas barrier, crystallization, and anti-fogging properties of these films would be a logical
next step in a phased approach to establish a holistic view of cactus pear mucilage to be
used as an alternative packaging solution. Regardless thereof, the mechanical properties of
these films suggest their success as an alternative, application-specific packaging, likely not
finding similar applications as alginate and pectin films.
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Abstract: Pectin and alginate are well-established biopolymers used in natural film development.
Single-polymer mucilage films were developed from freeze-dried native mucilage powder of two culti-
vars, ‘Algerian’ and ‘Morado’, and the films’ mechanical properties were compared to single-polymer
pectin and alginate films developed from commercially available pectin and alginate powders. The
casting method prepared films forming solutions at 2.5%, 5%, and 7.5% (w/w) for each polymer.
Considerable variations were observed in the films’ strength and elasticity between the various films
at different polymer concentrations. Although mucilage films could be produced at 5% (w/w), both
cultivars could not produce films with a tensile strength (TS) greater than 1 MPa. Mucilage films,
however, displayed > 20% elongation at break (%E) values, being noticeably more elastic than the
pectin and alginate films. The mechanical properties of the various films were further modified by
varying the pH of the film-forming solution. The various films showed increased TS and puncture
force (PF) values, although these increases were more noticeable for pectin and alginate than mucilage
films. Although single-polymer mucilage films exhibit the potential to be used in developing natural
packaging, pectin and alginate films possess more suitable mechanical attributes.

Keywords: packaging; cactus pear mucilage; Opuntia ficus-indica; pectin; alginate; biopolymer films;
cross-linked; mechanical properties; pH; polymer concentration

1. Introduction

The development of biopolymer films, making use of naturally biodegradable materi-
als, has been gaining attention in the food industry. The ever-increasing environmental and
human health concerns around the use of petroleum-based plastic packaging have been
a driving force surrounding recent developments in this field [1]. Specifically, functional
properties associated with the pectin and alginate polysaccharides have been explored
in the formulation of natural packaging [2,3]. Pectin and alginate are considered anionic
polymers, displaying varying degrees of charge. The chemical structures of pectin and
alginate are well-documented and accepted, with their structures directly influencing their
functionality. Structural differences between pectin and alginate films have resulted in
the different polymer films displaying variations between their mechanical properties,
specifically relating to their film strength and elasticity [4–8]. In order to provide adequate
protection for food, evaluating the mechanical properties of films is considered essential to
ensure the structural integrity of potential food packaging. The mechanical properties of
biopolymer films have further been shown to be influenced by several factors, ultimately
determining their applications [4,9].

Polymer concentration, changes in pH, and the addition of cross-linking agents have
specifically been shown to influence biopolymer films’ physical and mechanical properties.
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Additionally, film preparation methods and the addition of plasticizers also play a role in
determining the specific physical properties displayed by these films. Adding glycerol or
sorbitol as a plasticizer can be considered essential to biopolymer film development to ensure
films presented by uniform microstructures exhibit desirable physical properties [10–13].

Although pectin and alginate polymers are well-known for their film-forming abilities,
which meet multiple food packaging requirements, the continuous need for natural packag-
ing possessing favorable economic and environmental benefits has promoted the sourcing
and investigation of alternative biomaterials. Of specific interest are biopolymers produced in
large surplus quantities, which are easily accessible and have relatively low-cost implications,
such as cactus pear mucilage precipitate from the cladodes of Opuntia ficus-indica [11,14,15].
The functional potential of native mucilage precipitate has allowed for its investigation in
developing biopolymer films, although limited research is available thereon [16–18].

While native mucilage precipitate has been well-investigated from a molecular level,
diversity in its composition has been reported. Generally, cactus pear mucilage is con-
sidered a highly flexible heteropolysaccharide with a high molecular weight. Multiple
researchers have studied the chemical composition of Opuntia spp. mucilage precipitates,
often reporting considerable variations thereof [19–21]. Although variations in sugar com-
position and consequential molecular weight have been reported, mucilage molecules are
considered to be quite large. This long-chain polymer is represented by varying proportions
of D-galacturonic acid and neutral sugars of L-arabinose, D-galactose, L-rhamnose, and
D-xylose. The primary mucilage structure is said to be comprised of a linear core chain of
repeating (1→4) D-galacturonic acid and (1→2) L-rhamnose [20,21].

Additionally, the mucilage polymer is associated with many side chains of D-galactose
attached to the L-rhamnose residues. These complex peripheral chains have shown the
potential to be composed of various types of sugars. The galactose side chains can further
branch into either arabinose or xylose. Native mucilage chemical composition can vary
considerably, depending on the efficacy and type of extraction method used [20–24].

Different fractions present within the native mucilage precipitate have been further
investigated. Generally, a charged, pectin-like fraction and a neutral fraction, considered
the purer mucilage fraction, represent native mucilage precipitate. Multiple similarities are
observed regarding the chemical composition between these two fractions [21]. In general,
these two fractions of native mucilage extract display similar sugar composition. However,
there are differences concerning the percentages of the sugars between the pectin-like and
pure mucilage fractions associated with whole cladodes precipitate of Opuntia spp. [21].

The presence of charged sugars in native mucilage is responsible for its structuring
capabilities, granted that specific cross-linking parameters are met, behaving similarly to
that of pectin and alginate [25]. The presence of charged sugars also allows for the mucilage
molecule to be influenced by changes in solution pH. Consequently, changes in solution pH
have been shown to alter the functional properties of a native mucilage solution, ultimately
influencing its structuring capabilities [16,26].

As with pectin and alginate biopolymer films, a plasticizer is strongly recommended
to develop mucilage biopolymer films. ‘Dried’ mucilage films generally displayed brittle
and fragile properties if no plasticizer was used in their development [12,27,28].

Recent work published by Van Rooyen et al. [13,29] showed mucilage precipitates’
potential to be used in the development of single-polymer and blended biopolymer films.
However, factors such as polymer concentration and the influence that pH would have on
single-polymer mucilage films still remain relatively unexplored compared to other well-
established biopolymer films, such as biopolymer pectin and alginate films. Van Rooyen
et al. [13] specifically reported mucilage precipitate, in some instances, to enhance certain
important pectin films’ mechanical properties when added at concentrations lower than that
of the pectin-base polymer used. For native mucilage precipitate to be considered a possible
viable, novel, and natural packaging alternative to pectin and alginate, it is essential to better
understand its homopolymeric (single-polymer) film-forming potential and influencing
factors, such as pH. Therefore, this study aimed to determine the mechanical properties of
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different Opuntia ficus-indica cultivars’ native mucilage single-biopolymer (homopolymeric)
films to similarly developed pectin and alginate single-biopolymer films while considering
the influence of polymer concentration and pH.

2. Materials and Methods
2.1. Materials
2.1.1. Commercial Film-Forming Components

Pectin powder from apples (Sigma-Aldrich, Cape Town, South Africa) represented by
a 50–75% degree of esterification and a ≤10% moisture content, sodium alginate powder
(Sigma-Aldrich, Cape Town, South Africa) with both glucuronic and mannuronic acid
content, glycerol, and >99% purity (Merck, Johannesburg, South Africa) was used.

2.1.2. pH Regulators

The pH was adjusted with either acetic acid glacial (100%) or sodium hydroxide (98%)
(Merck, Johannesburg, South Africa) were used.

2.1.3. Mucilage Precipitation and Freeze-Drying of Precipitate into Powder

Following a patented method by Du Toit and De Wit [30], as described by Van Rooyen
et al., 2023, native mucilage precipitations were prepared from the mature cladodes (~24 months
old) of ‘Algerian’ and ‘Morado’ cultivars of Opuntia ficus-indica. Cladodes were sourced
from a well-established cactus pear orchard at the University of the Free State, South
Africa, with a cactus pear plant density of 666 cactus pear/ha, unirrigated. This specific,
patented method is well-suited for this work due to its cost-effectiveness and repeatability.
Furthermore, the resultant precipitate has been well-characterized in previous studies
conducted [31,32]. A simplified version of this procedure describes the entire, unpeeled
cladode being sliced into approximately 2–3 cm cubes and microwaved on high (900 w)
for a time of 4 min at 900 W, followed by maceration of the cubes in a pulp. The pulp
was then more easily centrifuged (Beckman® Centrifuge 2315, Brea, CA, USA) to separate
the mucilage precipitate effectively from the solids. The pulp was specifically centrifuged
at 8000 rpm for 15 min at 8000 rpm at a constant temperature of 4 ◦C. The freeze-drying
process of the mucilage precipitate to form the mucilage powder used in this current
work required moisture removal from the liquid precipitate until a 95% weight loss was
achieved. Using a mortar and pestle, samples were then milled into a consistent, fine
powder. All freeze-drying required that samples were kept under constant vacuum and
low temperatures of −30 ◦C to −40 ◦C.

2.2. Preparation of Various Film-Forming Solutions

With some modifications, standardized approaches were used to form all film-forming
solutions prepared, as described by Van Rooyen et al. [29]. Film-forming solutions were
prepared by manually dispersing the required amounts of polymer into distilled water.
Distilled water used to prepare all film-forming solutions required the addition of glycerol.
Glycerol additions were added at 20% (w/w, based on the weight of the polymer used to
develop the films) to the mucilage film-forming solutions and 60% for pectin and alginate
film-forming solutions. A minimum of 30 min was allowed for all dispersed polymer
solution rehydration at room temperature (~25 ◦C) under constant stirring (Freed Electric-
Model MH-4, Rehovot, Israel). Ensuring homogeneity, all solutions were mechanically
mixed for 10 s (Mellerwave Stick Blender-Model 85200, Cape Town, South Africa), and
potential entrapped air was removed from the solutions using a Genesis vacuum sealer
(Verimark (Pty) Ltd., Pretoria, South Africa) [13,29].

2.3. Single-Polymer Film Development

A standardized film casting method was used to develop the films used in this study,
with some modifications, as described by Van Rooyen et al. [29]. The casting method
required 70 g of prepared film-forming solution to be evenly spread into 140 mm Petri
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dishes, forming a film that once dried could be removed for further evaluation [29]. In
this current work, films were dried at 40 ◦C for 24 h using an EcoTherm ventilated oven
(Model 920, 1000 W, Labotec, Johannesburg, South Africa). Films were equilibrated for 24 h
at room temperature (~25 ◦C) in a closed container before evaluation.

2.4. pH Adjustment

The process of pH adjustment involved altering the pH of the homogenous film-
forming solution by adding either 1 M sodium hydroxide or 1 M acetic acid until the
desired pH ranges of pH 9–10 and pH 3–3.5 were achieved.

2.5. Evaluation of Film Mechanical Properties

Making use of a Brookfield AMETEK® CT3™ Texture Analyzer (Westville, South
Africa), both tensile and puncture tests were completed on a total of 12 conditioned films
cut into 25 × 50 mm strips per treatment. The ASTM International standard methods
(ASTM-D882:2010) [33] were followed, similar to that described by Van Rooyen et al. [29],
for all mechanical tests completed. The maximum stress (force/area) a film can withstand
before it breaks when an external force is applied to the film is considered its tensile strength,
with film thickness determined using a digital micrometer (Grip, Johannesburg, South
Africa) [4,29]. Elongation at break measures a film’s potential to extend until the point
where it ruptures [4]. The tensile strength and elongation at break percentages of films are
represented by the maximum load divided by the cross-sectional areas of the initial film
and the change in the initial length of the films at rupture, respectively [29]. Film tensile
tests were approached using the texture analyzer fitted with the Brookfield AMETEK®

TA-RCA Roller Cam Accessory grips. A test speed of 0.80 mm·s−1, grip spacing of 50 mm,
and test distance of 35 mm were selected.

Puncture Test Evaluation

Using a 4 mm Brookfield AMETEK® TA44 probe and accompanying texture analyzer,
puncture tests (puncture force and distance to puncture) were completed for the various
films. A test speed of 0.80 mm·s−1 was selected for this work, similar to that selected in
recent studies by Van Rooyen et al. [13,29]. The puncture force and distance to puncture
values were determined by a software-generated force-distance graph using the texture
analyzers’ accompanying software.

2.6. Experimental Design

In the first part of this study, mucilage, pectin, and alginate films were developed
at 2.5%, 5%, and 7.5% concentrations at their respective native (unchanged) pH with the
addition of glycerol as a plasticizer to determine the effect polymer concentration had on
the different film mechanical properties.

Secondly, mucilage, pectin, and alginate film-forming solutions, prepared at 5% (w/w)
together with the prescribed glycerol inclusions, were all subjected to pH alterations at
both pH 3–3.5 and pH 9–10 using either acetic acid or sodium hydroxide. Thereafter, the
different pH-adjusted film-forming solutions were cast, dried, and tested.

2.7. Statistical Analysis

Upon completion of the various trials, the data were captured using Microsoft Excel
(2016) and subjected to analysis of varience statistical analysis (ANOVA). Specifically, a
one-way analysis of variance (NCSS Statistical Software package, version 11.0.20) was
completed on the data. Using the Tukey–Kramer multiple comparison test (α = 0.05),
significant differences were identified between the treatment means (NCSS Statistical
Software package —v11.0.20, Salt Lake City, UT, USA).
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3. Results
3.1. Film Concentration
3.1.1. Film Thickness

Not all tested concentrations allowed for the successful formation of mucilage films
at their native (unchanged) pH, as both the ‘Algerian’ and ‘Morado’ mucilage could not
successfully form films at a concentration of 2.5%. Increasing the mucilage concentration
to 5% and 7.5% allowed the successful formation of both ‘Algerian’ and ‘Morado’ films.
Pectin and alginate formed films at 2.5%, 5%, and 7.5% polymer concentrations. Pectin
and alginate film thickness significantly increased by increasing the concentration from
2.5% to 5% (p < 0.05). Concentration did not significantly influence the film thickness when
increasing the concentration from 5% to 7.5% for the mucilage, pectin, and alginate films
(p > 0.05) (Figure 1).

Figure 1. Film thickness of pectin and alginate, as well as, ‘Algerian’ and ‘Morado’ mucilage films at
concentrations of 2.5%, 5%, and 7.5%. The mean values of the different treatments, together with their
standard deviation error bars, are displayed. Error bars with different superscripts differ significantly
(p < 0.05). * Below minimum measurable film thickness.

The influence of varying the polymer concentrations on the tensile and puncture tests
of mucilage, pectin, and alginate films was considered, as presented in Tables 1 and 2.

Table 1. The tensile tests of mucilage, pectin, and alginate films at increasing polymer concentrations.

Treatments Tensile Strength (MPa) Elongation at Break %

Pectin 2.5% 3.31 ± 0.43 b 5.59 ± 1.51 a

Pectin 5% 6.41 ± 0.50 c 14.32 ± 1.88 bc

Pectin 7.5% 6.27 ± 1.11 c 18.98 ± 5.66 cd

Alginate 2.5% 10.20 ± 1.38 d 4.91 ± 0.75 a

Alginate 5% 17.57 ± 0.90 e 7.79 ± 1.03 a

Alginate 7.5% 16.88 ± 0.69 e 21.99 ± 0.69 d

‘Algerian’ 2.5% *
‘Algerian’ 5% 0.26 + 0.05 a 33.10 ± 6.10 e

‘Algerian’ 7.5% 1.17 ± 0.08 a 49.82 ± 1.53 f

‘Morado’ 2.5% *
‘Morado’ 5% 0.32 ± 0.10 a 21.58 ± 1.80 d

‘Morado’ 7.5% 1.36 ± 0.15 a 47.79 ± 5.84 f

Significance level p < 0.005 p < 0.005
* Below minimum measurable film tensile mechanical properties. Where applicable, the mean values of 12 different
treatments are displayed together with their standard deviations (±). The mean values represented by different
superscripts in the same column differed significantly (p < 0.05).
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Table 2. Puncture tests of mucilage, pectin, and alginate films at increasing polymer concentrations.

Treatments Puncture Force (N) Distance to Puncture (mm)

Pectin 2.5% 25.67 ± 5.51 b 3.51 ± 0.78 ab

Pectin 5% 31.75 ± 2.38 bc 4.04 ± 0.38 abc

Pectin 7.5% 47.85 ± 4.17 d 5.98 ± 0.62 e

Alginate 2.5% 34.47 ± 2.72 c 4.02 ± 0.23 abc

Alginate 5% 72.17 ± 4.68 e 5.61 ± 0.37 de

Alginate 7.5% 72.22 ± 8.23 e 8.63 ± 0.75 f

‘Algerian’ 2.5% *
‘Algerian’ 5% 2.43 + 0.26 a 4.24 ± 0.63 abc

‘Algerian’ 7.5% 5.67 ± 0.64 a 3.09 ± 0.93 a

‘Morado’ 2.5% *
‘Morado’ 5% 1.82 ± 0.21 a 4.71 + 0.89 bcd

‘Morado’ 7.5% 8.30 ± 0.70 a 4.99 ± 0.45 cde

Significance level p < 0.005 p < 0.005
* Below minimum measurable film puncture mechanical properties. Where applicable, the mean values of
12 different treatments are displayed together with their standard deviations (±). The mean values represented by
different superscripts in the same column differed significantly (p < 0.05).

3.1.2. Tensile Tests

Differences in the mechanical properties between the various polymer films at increas-
ing concentrations were observed.

Increasing the polymer concentration from 2.5% to 5% significantly increased film
tensile strength (p < 0.05) (Table 1). However, increasing the polymer concentration from
5% to 7.5% did not significantly influence the tensile strength (TS) of mucilage, pectin,
and alginate films (p > 0.05). Alginate films showed significantly higher TS values than
their pectin film counterparts (p < 0.05). Galus and Lenart [7] also reported alginate films
to have a greater TS than pectin films. These differences were accounted for by polymer
variation, with pectin displaying a less organized polymer network than alginate [7].
‘Algerian’ and ‘Morado’ films showed significantly poorer TS than pectin and alginate films,
irrespective of the concentration (p < 0.05). Gheribi et al. [17] also showed that 4% (w/w)
films produced from purified Opuntia ficus-indica mucilage, with the addition of glycerol as
a plasticizer, were represented by low TS values of ±1 MPa. Espino-Díaz et al. [16] also
reported mucilage films to have TS values similar to those reported in the current research,
with low TS values accounting for the mucilage films’ high molecular weight distribution.
Differences observed between the TS of different polymer films have been attributed to
differences in polymer molecular weight and inter- and intramolecular association between
polymer chains [16,34].

In addition to the film TS, film elongation at break percentage (%E) is also considered
essential when evaluating a film’s mechanical properties, as an adequate film needs to
display both resistance and flexibility [7,17]. Increasing the polymer concentration showed
trends in increasing the %E values for the various polymer films. At a 7.5% polymer concen-
tration, all mucilage films showed significantly better (p < 0.05) %E values when compared
to pectin and alginate polymer films. Interestingly, mucilage films showed higher %E
values but relatively low TS compared to pectin and alginate films. Espino-Díaz et al. [16]
also investigated mucilage films with low TS values, which showed excellent elasticity.

3.1.3. Puncture Tests

The puncture tests were used to evaluate the mechanical properties of the various
polymer films (mucilage, pectin, and alginate) at increasing polymer concentrations (Table 2).

Considering the puncture force (PF) values, increasing the polymer concentration of
the various films tested resulted in an increase in the force required to puncture the films
(Table 2). Pectin and alginate films showed significantly greater PF values than ‘Algerian’
and ‘Morado’ mucilage films at all concentrations tested (p < 0.05). Similar findings were
reported for the mucilage films when evaluating their tensile strength, confirming mucilage
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films to have inferior mechanical strength compared to the pectin and alginate films,
regardless of the different polymer concentrations tested in this current work. Sandoval
et al. [14] suggested that low puncture force resistance values for mucilage films would
be influenced by concentration, with low mucilage concentrations being associated with
decreased film strength. Unlike the tensile data, the puncture test data suggested that
the mucilage films possessed no clear superior elastic properties compared to the pectin
and alginate films. In fact, at 7.5% concentration, alginate films showed significantly
greater distance to puncture (DTP) values than any of the other films investigated (p < 0.05)
(Table 2).

3.2. Film pH
3.2.1. Film Thickness and the Influence of pH

Changes in pH showed little influence on the pectin and alginate films’ thickness
compared to their native pH films (p > 0.05). These trends were not observed for mucilage
films, as both ‘Algerian’ and ‘Morado’ film thickness significantly decreased (p < 0.05) at a
lower pH, with only minimal changes in film thickness reported at pH 9–10 in comparison
to their native pH counterpart films (Figure 2).

Figure 2. Film thickness of pectin and alginate films, as well as, ‘Algerian’ and ‘Morado’ mucilage
films at varying pH. The mean values of 12 different treatments are displayed together with their
standard deviation error bars. Error bars represented by different superscripts differed significantly
(p < 0.05).

3.2.2. pH and Film Tensile Measurements

Pectin and alginate films were shown to be significantly influenced by a decrease in
pH (p < 0.05), resulting in an increase in the film’s TS values, which was not observed
for mucilage films (Table 3). Only pectin films showed a significant increase in TS values
(p < 0.05) compared to their native pH counterpart films when the films’ pH was increased.

The films’ %E values were also considered. It was observed that both ‘Algerian’ and
‘Morado’ mucilage produced films displaying the highest %E values at all pH ranges
tested. Specifically, decreasing the film pH resulted in significant increases (p < 0.05) in film
%E values compared to their counterpart films at native pH. Espino-Díaz et al. [16] also
reported trends of increases in a mucilage film %E when the pH of the film was decreased.
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Table 3. The mechanical properties of mucilage, pectin, and alginate biopolymer films at their native
pH and at pH 3–3.5 and pH 9–10.

Treatments/Films Tensile Strength (MPa) Elongation at Break %

Pectin Native pH 3.81 6.41 ± 0.50 b 14.31 ± 1.88 b

Pectin (pH 3–3.5) 11.52 ± 1.06 d 2.39 ± 0.34 a

Pectin (pH9–10) 8.51 ± 1.30 c 4.68 ± 1.04 a

Alginate Native pH 6.45 17.57 ± 0.90 e 7.79 ± 1.03 a

Alginate (pH 3–3.5) 20.71 ± 0.85 f 5.38 ± 0.23 a

Alginate (pH 9–10) 17.58 ± 0.73 e 5.17 ± 0.48 a

‘Algerian’ Native pH 4.9 0.262 ± 0.05 a 33.10 ± 6.10 d

‘Algerian’ (pH 3–3.5) 1.01 ± 0.15 a 55.01 ± 6.32 e

‘Algerian’ (pH 9–10) 0.27 ± 0.09 a 14.19 ± 0.61 b

‘Morado’ Native pH 4.6 0.31 ± 0.10 a 21.58 ± 1.76 c

‘Morado’ (pH 3–3.5) 0.71 ± 0.10 a 36.53 ± 3.69 d

‘Morado’ (pH 9–10) 0.48 ± 0.03 a 35.42 ± 5.13 d

Significance level p < 0.005 p < 0.005
The mean values of 12 different treatments are displayed together with their standard deviations (±). The mean
values represented by different superscripts in the same column differ significantly (p < 0.05).

3.2.3. pH and Film Puncture Tests

Considering the various films’ PF values, decreasing the pH of mucilage, pectin,
and alginate films showed trends of increased PF values compared to their counterpart
films at native pH (Table 4). However, only the pectin and alginate films’ PF values were
significantly increased (p < 0.05) when decreasing the film pH (pH 3–3.5). Lastly, the DTP
values of only ‘Algerian’ mucilage films at pH 9–10 were significantly increased (p < 0.05)
compared to ‘Algerian’ films at native pH. ‘Morado’ mucilage films’ DTP values were not
significantly influenced (p > 0.05) by changes in pH (Table 4).

Table 4. Puncture tests of pH-altered mucilage, pectin, and alginate films at their native pH, pH 3–3.5,
and pH 9–10.

Treatments/Films Puncture Force (N) Distance to Puncture (mm)

Pectin Native pH 3.81 31.75 ± 2.38 b 4.04 ± 0.38 bc

Pectin (pH 3–3.5) 44.19 ± 4.32 c 2.68 ± 0.48 a

Pectin (pH9–10) 41.95 ± 8.77 c 3.77 ± 0.83 b

Alginate Native pH 6.45 72.17 ± 4.68 d 5.61 + 0.37 de

Alginate (pH 3–3.5) 80.29 ± 2.12 e 5.00 ± 0.41 cde

Alginate (pH 9–10) 73.78 ± 4.54 de 5.89 ± 0.49 e

‘Algerian’ Native pH 4.9 2.43 ± 0.26 a 4.24 ± 0.63 bc

‘Algerian’ (pH 3–3.5) 2.65 ± 0.56 a 4.17 ± 0.48 bc

‘Algerian’ (pH 9–10) 2.10 ± 0.67 a 5.99 ± 0.45 e

‘Morado’ Native pH 4.6 1.82 ± 0.21 a 4.71 ± 0.88 bcd

‘Morado’ (pH 3–3.5) 3.43 ± 0.34 a 3.78 ± 0.16 b

‘Morado’ (pH 9–10) 3.15 ± 0.51 a 4.22 ± 0.25 bc

Significance level p < 0.005 p < 0.005
The mean values of 12 different treatments are displayed together with their standard deviations (±). The mean
values represented by different superscripts in the same column differ significantly (p < 0.05).

4. Discussion

The mechanical properties of biopolymer films are fundamental as these parameters
directly evaluate the physical integrity expected from potential food packaging. Biopolymer
films envisaged to be used for packaging need to provide strength and elasticity [17,34].
The tensile tests (tensile strength and elongation at break percentage) and puncture tests
(puncture force and distance to puncture) were used to evaluate the film strength and
elasticity. Overall, increasing the polymer concentration in mucilage, alginate, and pectin
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films directly influenced film strength and elasticity. Furthermore, the mechanical prop-
erties of the various polymer films investigated were influenced differently by increasing
the polymer concentration in the films. Increasing the mucilage concentration for both
‘Algerian’ and ‘Morado’ films enhanced both film strength and elasticity, potentially due to
the increased likeness of polymer association and entanglement, which can be expected
when increasing a polymer concentration in film development. Although mucilage films
showed lower film strength when compared to commercially available pectin and alginate
films, mucilage films still displayed adequate mechanical properties, specifically displaying
excellent elasticity.

At all pH ranges tested, pectin and alginate films showed superior film strength, as
they reported higher tensile strength (TS) and puncture force (PF) values when compared
to the mucilage films. Furthermore, pectin and alginate films showed that pH considerably
influenced the resultant film strength. Regardless of the pH range tested, only minimal
changes were reported for the various mucilage film strengths (Tables 3 and 4). At a pH
of 3–3.5, pectin and alginate film TS and PF values were significantly increased (p < 0.05)
compared to their counterparts at their native pH. The literature has suggested that certain
charged polymers have the ability to undergo a type of acid gelation, forming structured
hydrogels by increasing polymer chain association [35]. Although minimal, trends of
increased film strength were reported for both ‘Algerian’ and ‘Morado’ films at pH 3–3.5,
compared to their counterparts at native pH. It is thus postulated that the mucilage used
in developing these biopolymer films has the potential to undergo a type of acid gelation
due to the increased film strength observed at a decreased pH. These findings were further
supported by a decrease in mucilage film thicknesses at pH 3–3.5, as films that display
decreased thickness might be linked to an increased polymer organization within the film
matrix. Consequently, increased polymer organization would result in less intermolecular
spacing between the polymer chains, which is strongly associated with the gelation of
charged polymers [5].

Similarly, due to a type of acid gelation, pectin films displayed increased film strength
at a decreased pH as there was an expected reduction in electrostatic repulsion between
their polymer chains, resulting in a consequent association of their polymer chains [36].
Furthermore, acid gelation is responsible for developing a more organized polymer net-
work, as in the case of alginate films, as a more organized polymeric structure would
allow for increased cohesion forces between the polymer chains, ultimately responsible for
enhancing film mechanical properties [4,5]. Although both pectin and alginate polymers
are able to undergo acid gelation, differences in their mechanical properties, specifically
regarding elasticity, highlight differences between the two polymer film-forming abilities.
Mucilage films generally showed superior %E values. However, when evaluating their
DTP values, little elastic advantage was observed for the mucilage films compared to the
pectin and alginate films.

5. Conclusions

Cactus pear mucilage was successfully used to develop biopolymer films at >5%
concentrations. Decreasing the pH of the different biopolymer films influenced their
mechanical properties differently. Pectin and alginate films reported increased tensile
strength and puncture force values at a decreased pH, while mucilage film strength was
only minimally influenced by changes in pH.

It is postulated that the acid gelation of the pectin and alginate films was responsible
for these increases in film strength observed in this current work. Although no significant
differences (p > 0.05) were reported for mucilage films at a decreased pH, in comparison to
the mucilage films at native pH, trends of increased film strength were observed. As the
pectin and alginate films’ mechanical properties showed a greater dependency on pH than
mucilage films, the native mucilage precipitate was therefore believed to be presented by a
less charged polymer than the pectin and alginate polymers used in this current work.
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Overall, mucilage was successfully used in developing biopolymer films, highlighting
its potential to be used in developing natural packaging. Mucilage films were, however,
much weaker overall than pectin and alginate films, although they displayed excellent
elasticity. Mucilage shows some commercial viability when comparing its mechanical
properties to those of pectin and alginate. It is, however, recommended that future re-
search should investigate additional film properties, specifically the water and gas barrier
properties of these films. However, mucilage films are not likely to find similar packaging
applications as expected from alginate and pectin films.
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Abstract: In this work, a colorimetric indicator based on gold nanoparticles (AuNP) and a biodegrad-
able and eco-friendly polymer (sodium alginate, Alg.), was developed for the real-time detection of
fish spoilage products. The AuNPs and the colorimetric indicator were characterized using UV-VIS,
FTIR spectroscopies, TGA, DSC, XRD, TEM, and colorimetry. The UV-VIS spectrum and TEM showed
the successful synthesis, the spherical shape, and the size of AuNPs. The results indicated color
changes of the indicator in packaged fish on day 9 of storage at a refrigerated temperature (5 ◦C. These
results showed the successful application of the colorimetric indicator in the detection of TVB-N in
packaged fish.

Keywords: gold nanoparticles; polymer; colorimetric indicator; sodium alginate; biogenic amines;
ethylenediamine

1. Introduction

Fish is an excellent source of nutrients and is easily digestible in the human diet [1] be-
cause it contains healthy fats, omega-3 (EPA, DHA), high-quality protein, iron, phosphorus,
zinc, selenium, vitamins, and minerals. However, it is highly perishable, vulnerable, and
very prone to deterioration due to enzymatic reactions or microbial contamination during
handling, distribution, and/or storage, leading to the formation of different metabolic
products, such as alcohols, ketones, some aldehydes, organic acids, and sulfides, which
usually occurs after the death of the fish. Storage in inappropriate places and/or poor
hygiene conditions will lead to deterioration and the formation of biogenic amines (BA) [2],
among which the most abundant are putrescine, cadaverine, tyramine, and histamine, some
of which are dangerous to the human organism [3]. In the same way, the other factors that
play an important role in the deterioration of fish through the consequent production of BA
are bacteria, mainly Gram-positive and Gram-negative bacteria. In general, they are located
in different parts of the fish body, particularly in the skin, gills, or gastrointestinal tract [4–6],
and can also spread to the muscle mass during evisceration through the rupture or loss
of gastric contents. The species most frequently found in this decomposition process are
Enterobacteriaceae, including mesophilic and psychrotolerant bacteria, such as Morganella,
Enterobacter, and Gram-negative bacteria of the Hafniaceae family: Hafnia, Proteus, and
Photobacteria [7]. Furthermore, the genus Pseudomonas and lactic acid bacteria belonging to
the genera Lactobacillus and Enterococcus can cause BA formation [8].

In this sense, in recent times, various techniques have been used to detect the quality
of fish, but they are mainly based on the analysis of its structure (tenderness, color, texture,
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etc.), using methods of counting bacteria, determining the total volatile basic nitrogen (TVB-
N), and measuring pH values. Other techniques, such as optical spectroscopy, Nuclear
Magnetic Resonance (NMR), Fourier-transform infrared spectroscopy (FTIR), and gas
chromatography–mass spectrometry (GC/MS), are also used for evaluation. However,
there are disadvantages associated with the use of these techniques because, in some cases,
the sample is destroyed; a complex, slow, expensive sample preparation is required; and,
in general, an expert is required to execute the methods [9]. Therefore, the intelligent
packaging system is elaborated by the incorporation of a device that can interact internally
or externally, monitoring the changes that may occur in the packaged product. This can be
separated or listed into three groups: (1) indicators are established to provide information
about the quality of the products to consumers; (2) sensors are prepared to detect specific
analytes in packaged foods; and (3) data carriers (including barcodes and radio frequency
identification labels) are designed to carry out traceability and/or monitoring in the food
supply chain [10].

In this context, Alg. is an anionic polymer produced by brown algae and bacteria. It
is a biocompatible, biodegradable, non-toxic, low-cost, and readily available polymer. It
consists of α-L-guluronic acid (G) and β-D-mannuronic acid (M) residues linked linearly by
1,4-glycosidic bonds [11]. It is widely used in various fields and in the food industry because
it is capable of producing strong gels in the presence of metal cations. Thus, it is considered
convenient to develop an indicator based on the metallic nanoparticles inserted in Alg. In
this sense, colorimetric indicators are valuable and interesting for application due to their
low cost, their ease of use, their simplicity, and, above all, they offer high legibility with the
naked eye [12]. Therefore, in previous studies, researchers have developed a colorimetric
label based on bacterial cellulose with the incorporation of grape anthocyanin that allows
the monitoring of the freshness of stored minced meat [13]. Wang et al. [14] reported the
development of an elementary colorimetric sensor that can be used as a cheaper indicator to
detect the freshness of fish using PANI films, which can be regenerated using acid solution.
Furthermore, a pH-sensitive sensor based on cellulose-modified polyvinyl alcohol (PVA)
was developed. Its evaluation in deteriorated fish produced color changes [15].

On the other hand, other groups of researchers have developed an indicator matrix
with 16 diverse detection components to monitor fish spoilage [16]. Although the colori-
metric indicator based on pH-sensitive dyes is a simple way to control the quality of food,
which can be observed with the naked eye, it is essential to develop a new detection system
based on metal nanoparticles inserted in a biodegradable and eco-friendly polymer for the
real-time monitoring of fish deterioration. In this research work, a colorimetric indicator
based on gold nanoparticles and a natural polymer was developed, capable of indicating,
through a color change, when the fish was unsuitable for consumption.

2. Materials and Methods
2.1. Materials

To obtain gold nanoparticles (AuNP), sodium tetrachloroaurate (III) dihydrate
(NaAuCl4·2H2O) 99% CAS No. 13874-02-07 and trisodium citrate dihydrate (NaCit)
(C6H5Na3O7·2H2O) CAS No. 6132-04-3 were used as reagents; they were purchased
from Sigma-Aldrich and used without further purification and distilled water.

2.2. Synthesis of Gold Nanoparticles (AuNP)

Gold nanoparticles (AuNPs) were synthesized using the method described by El-
Nour et al. [17] with some modifications. Briefly, 40 mL of distilled water was poured into
a 100 mL flask and heated until boiling, then 1 mL of 1% trisodium citrate was gradually
added with continuous stirring. Then, 100 µL of 1% sodium tetrachloroaurate (III) dihydrate
solution was added and the solution was stirred and heated until the color of the solution
changed from yellow to deep red at approximately 5 min, indicating the formation of AuNP.
Gold nanoparticles were gradually formed as the citrate reduced Au3+ to Au0 as indicated
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by the red color. The AuNP solution was cooled down at room temperature and stored at
4 ◦C until further use.

2.3. Colorimetric Indicator Preparation

Colorimetric indicators were prepared according to the method described by Dudnik
et al. [18]. Briefly, an aqueous solution was added to Alg. (2 wt%) and stirred at 1000 rpm
for 3 h or until complete dissolution. Then, 3 mL of dispersion of gold nanoparticles was
added to 1 mL of Alg. with continuous stirring. Then, the colloidal suspension was cast
into a Petri dish containing 0.10 mol/L solution of calcium chloride to obtain an Alg. gel
and allowed to dry in ambient conditions. The prepared colorimetric indicators were then
packed in a 20 mL screw-cap vial and stored at room temperature until further use.

2.4. Characterization

The synthesized AuNP was characterized using the UV-VIS spectrophotometer
Spectroquant® pharo 300M, from Merck KGaA, Darmstadt, Germany in the range of
300–800 nm. The samples were placed in the cuvette, and the UV-VIS spectrum was
measured at different time intervals.

An FTIR analysis was performed to characterize the chemical structure of the materials
(Alg. and AuNP). For this, a colloidal solution of nanoparticles was concentrated under a
vacuum (vacuum system) in a rotary evaporator (Heidolph, Schwabach, Germany) and
dried using lyophilization. For the analysis, pellets were obtained by mixing the dry gold
nanoparticles with KBr 1.0 wt% of the sample. The FTIR equipment model, Alpha II Bruker,
Waltham, MA, USA was used in the following conditions: a range of 4000–500 1/cm and
a resolution of 4 1/cm, which was obtained after cumulating 64 scans to determine the
FTIR of the AuNP and the indicators, respectively. To determine the thermal properties of
gold nanoparticles (AuNP) and the colorimetric indicator, a thermogravimetric analysis
was performed using a thermogravimetric analyzer (METTLER TOLEDO Gas Controller
GC20 Stare system TGA/DSC) at a rate of 10 ◦C min−1 under nitrogen gas, flowing at
20 mL min−1 in the range of 30–800 ◦C. The DSC analyses were carried out using (DSC1
equipment, model STAR System 822, MA, USA) operating at the following conditions: a
heating rate of 10 ◦C min−1, a nitrogen flow rate of 20 mL min−1, and a temperature range
from 0 to 400 ◦C and 0–200 ◦C for the AuNP and indicators, respectively.

An X-ray diffraction (XRD) analysis was carried out using an X-ray diffractometer (D8
Advance, Bruker, Germany) in the range of 2–80◦ at an angle of 2θ with CuKα radiation. The
tube current and voltage were 30 mA and 40 kV, respectively, and the scan rate was 1◦/min.
The morphology of the AuNP was studied using Transmission Electron Microscopy (TEM)
images (Talos F200X (Thermo Fisher Scientific)), Waltham, MA, USA. The microscope was
operated at an accelerating voltage of 200 kV. The sample (10 µL) was mounted on a copper
grid covered by a carbon–formvar film and allowed to dry at room temperature for 24 h
before the TEM analysis.

2.5. Detection Capacity and Colorimetric Analysis

The detection capacity of gold nanoparticles was evaluated by preparing a stock
solution of ethylenediamine (ETD) with a concentration of 2000 ppm (mg/L), from which
the following concentrations were obtained: 10–400 ppm. A colorimetric analysis of the
AuNP and the colorimetric indicator was performed by obtaining photographs with a
digital camera. The photographs obtained were evaluated using the ImageJ software
(2.9.0/1.53t/Java 1. 8. 0_322 (64-bit)), determining the color parameters (L*, a*, and
b*) based on the CIELab color system, and the total color difference according to the
following formula:

∆E =

√
(∆L∗)2 + (∆a∗)2 + (∆b∗)2

L* = lightness (0 = black, 100 = white), +b* (yellow), −b (blue), +a* (red), −a* (green).
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2.6. Evaluation of Indicators under Simulated Conditions (In Vitro)

The in vitro evaluation of the colorimetric indicator was performed using ETD, ac-
cording the method described by Zhai et al. [19] with slight modifications. For this, the
aforementioned indicator was taken and placed in a clean and smooth plastic Petri dish
with a 90 mm diameter and with the ETD solution at room temperature, observing the
possible color changes of the indicator. Then, the indicators were peeled from the Petri
dishes and observed in an optical microscope, taking photos with a Samsung smartphone
(Galaxy A21S). Then, the total color differences were analyzed using ImageJ software in
triplicate and the data were processed using the CIELAB system to determine the color
parameters (L*, a*, and b*) [20].

2.7. Evaluation of the Indicator in Real Packaging Conditions

For the evaluation of the indicator in real packaging conditions, Atlantic salmon was
used as a model food, which was purchased in the local trade. For this, the fish were
aseptically filleted with a knife to obtain more-or-less uniform rectangular samples of equal
weight (approximately 50 g). All the fish samples were introduced into sterile vacuum
stomacher bags, in which the colorimetric indicator to be evaluated was inserted, using
a polyethylene/polyamine support so that the indicator was kept in direct contact with
the muscle food. The stomacher bags were stored at a temperature of 5 ◦C for 9 days to
monitor the spoilage and the color change of the indicator. At specified intervals during
the storage period, the samples were analyzed for any chemical or microbial changes.
Reference stomacher bags containing fish samples without indicators were also maintained
for the same experimental period as those containing indicators.

2.8. Characterization of Fish Samples during Storage

In all the fish samples, the pH and the total volatile basic nitrogen (TVB-N) were
determined in duplicate (n = 2). The pH measurements were collected using a Meat pH
Tester (Hanna Instruments, Smithfield, RI, USA). The calibration was previously carried
out using buffers 4 and 7, then the pH was measured by inserting the tip, in the form of a
glass cone, inside the fish and obtaining the corresponding values.

2.9. Determination of Total Volatile Basic Nitrogen (TVB-N)

The total volatile basic nitrogen (TVB-N) values of salmon were determined in accor-
dance with the Chilean standard norm NCh 2668:2018 for hydrobiological products. Briefly,
10 g of the fish sample, 2 g of magnesium oxide, and 100 mL of water were added to the
distillation flask, followed by the distillation of the mixture. The distillate was taken up
in 25 mL of a 3% m/v aqueous solution of boric acid and 5–7 drops of Tashiro’s indicator
(mixed indicator composed of a solution of methylene blue (0.1%) and methyl red (0.03%)
in ethanol or methanol). Then, the boric acid solution was titrated to the endpoint with
0.1 N sulfuric acid. The TVB-N content (mg of N/100 g) of the fish sample was determined
as follows:

TVB − N =
mL H2SO4 0.1N × 1.4 × 100

Sample weight(g)

2.10. Microbiological Analysis

As the fish spoilage was being monitored using colorimetric indicators, samples were
subjected to a microbiological analysis at regular intervals. For the total microbial count
determination, 25 g of the salmon sample was added to 225 mL of 0.1% m/v peptone
water. The mixture was homogenized in a homogenizer for 1 min and the 0.1 dilution
was obtained. From this dilution, further decimal dilutions were prepared and plated on
Petri dishes in the appropriate media. The enumeration of the total viable aerobic bacteria
counts was performed according to the pour plate method, using plate count agar (PCA)
purchased from Merck. The inoculated Petri dishes were incubated at 35 ± (1 ◦C) for 48 h
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to determine the mesophilic counts. The colony-forming unit (CFU) counts were expressed
as CFU/g. All the microbiological experiments were performed in duplicate.

2.11. Statistical Analysis

The analyses and experiments were performed in triplicate and the data were evaluated
using analysis of variance (ANOVA) (comparison of several samples) using the PROGRAM-
STATGRAPHICS Centurion XIX.v.64, followed by Fisher’s Least Significant Difference (LSD)
procedure. A probability level of p < 0.05 was considered statistically significant.

3. Results
3.1. Characterization of Gold Nanoparticles (AuNPs)

Gold nanoparticles were characterized using UV-VIS, transmission electron microscopy
(TEM), colorimetric analysis, infrared spectroscopy (FTIR), thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC), and X-ray diffraction (XRD).

In Figure 1, a color change of the solution was observed, it changed from yellow to a red
dispersion with the addition of trisodium citrate (NaCit), indicating the formation of gold
nanoparticles [21]. In addition, it was possible to observe through the UV-VIS spectrum
an absorption band at a wavelength of 520 nm in the red color of the spectrum that gives
its hue; this phenomenon is related to the surface plasmon resonance (SPR) because the
AuNP conduction electrons interact with incident photons to produce a resonance effect,
manifested as SPR. This interaction depends on the size, the shape, and the composition of
the metallic nanoparticles, as well as the type and content of the dispersion medium [22].
Similar results were obtained by [23].
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Figure 1. UV-VIS spectrum and photographs of gold nanoparticles (AuNP) obtained. Sodium
tetrachloroaurate (NaAuCl4.2H2O) was used as a precursor of AuNP and NaCit (C6H5Na3O7·2H2O),
as a reducer and a stabilizer.

Figure 2 shows the results of the detection capacity of the AuNPs by UV-VIS spec-
trum, observing two absorption peaks. The first peak was between 520 nm and 531 nm,
which may be associated with the aggregation of the AuNPs caused by their contact
with the ETD solution. The second absorption peak was located at a wavelength be-
tween 660 nm and 702 nm, which is associated with a change in the morphology of the
AuNPs because its union with the ETD produces a strong interaction between particles,
varying their shape and size, as well as their color [24]. Similar results were reported
by Sun et al. [25]. It should be noted that the bathochromic shift of AuNP results in a
large displacement towards the red region of the Localized Surface Plasmon Resonance
(LSPR) peak [26] Furthermore, Mahatnirunkul et al. [27]. affirmed that when the ana-
lyte of interest binds to the surface of AuNPs, the Localized Surface Plasmon Resonance
(LSPR) spectrum will shift to a longer wavelength. Similar results were reported by [28].
Additionally, the aggregation of gold nanoparticles, after their contact with ethylenedi-
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amine, occurred through the interaction of attractive van der Waals (VA) and repulsive
Coulomb (VR) forces. Certainly, the gold nanoparticles in suspension remain stable when
VR > VA. On the other hand, when VR < VA, the nanoparticles clump together [29]. It
has been detected that a wide variety of factors intervene in this process, such as particle
size, surface tension, and the electrical double layer, which have a high participation in
reducing the stability of the NPs and their possible aggregation. However, in this case,
the citrate ions adsorb on the surface of the prepared AuNPs, creating a negative surface
charge that stabilizes the particles; the energy barrier was powerful enough to prevent a
strong interaction between the particles and, with that, it prevented them from aggregating.
However, the addition of ETD to NaCit-stabilized AuNPs disturbed the stability of the
nanoparticles, leading to their aggregation. Additionally, we used ETD as a test molecule
for the in vitro evaluation of the detection ability of AuNPs, because it is an analogous
molecule to TVB-N, such as NH3, dimethylamine (DMA), and trimethylamine (TMA); they
have in common the amino group, which contains nitrogen. Since biogenic amines are one
of the main spoilage products of fish that we need to detect with the colorimetric indicator.
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Figure 2. UV-VIS evaluation of the synthesized gold nanoparticles, based on different ETD concen-
trations (10–400 ppm).

Furthermore, when a higher AuNP extinction is observed, this is an indication of
a higher concentration of nanoparticles. It should be noted that, as the nanoparticles
clump together, they increase in size, gradually settling to the bottom and resulting in less
extinction. Similar results were obtained in a previous study by Ranjan et al. [30].

In order to study the size and morphology of the synthesized AuNPs, TEM measure-
ments were carried out. In Figure 3a, it can be observed that all the particles presented a
homogeneous spherical shape, as expected for this type of nanoparticle [31]. Furthermore,
it presented a wide size distribution from 10 to 16 and 50 nm, approximately. On the other
hand, in Figure 3b, it is shown that by adding ETD, the AuNPs aggregated and formed
clusters due to a strong interparticle interaction. In addition, in the UV-VIS spectrum, it
was possible to corroborate a displacement of the wavelength towards the red region of the
spectrum, indicating larger nanoparticles as demonstrated in the TEM analysis.

The FTIR analysis of the citrate-capped AuNPs is presented in Figure 4, where it is
possible to observe the presence of the absorption bands at 1696, 1580, 1387, 1281, and
1079 1/cm. The band at 1696 1/cm is related to the COO− group, originating due to the
adsorption of the citrate anions on gold nanoparticles through the central carboxylate
group [29]. The two bands with their peaks at around 1387 and 1580 1/cm, respectively,
corresponded to the symmetric (νs(COO−)) and antisymmetric (νas(COO−)) stretching
bands of the carboxyl groups of NaCit. For the citrate-capped AuNP, the νas(COO−) peak
was found to be largely a high-frequency shift from the original peak position. In addition,
absorption bands were observed between 1281 and 1079 1/cm, which corresponded to the

77



Polymers 2024, 16, 829

stretching vibration of the C–O bond, as well as the C–C bond of NaCit [32]. Similar results
were reported elsewhere by [33]. The 3344 1/cm and 3446 1/cm absorption bands that
appeared between 3600 and 3000 1/cm were related to the stretching vibration of the O–H
bond of NaCit. On the other hand, changes in the stretching vibration of the O–H group of
the citrate were observed with the addition of AuNP. This was due to the interaction of the
nanoparticles surrounded by the NaCit, giving rise to the formation of a new absorption
band at wavenumber 3344 1/cm. This indicated the disappearance of the citrate band
(3446 cm−1), evidencing the presence of gold nanoparticles [34].
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Figure 4. Infrared spectroscopy (FTIR) of AuNP functionalized with trisodium citrate.
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In this experiment, the AuNPs covered by a layer of negatively charged citrate ions
were used to keep the nanoparticles well dispersed and stable in the colloidal solution.
The addition of 10 ppm ETD in 1 mL of AuNP caused an aggregation of AuNPs (Figure 5
and Table 1), mainly affecting the extinction spectrum with color changes of the AuNPs
with a total color difference of ∆E = 28.81. This aggregation could be due to an electrostatic
interaction between the positively charged amine groups and the negatively charged
trisodium citrate ion groups surrounding the AuNPs, or could also be the result of some
exchange between the trisodium citrate ions and amines that probably can directly adhere
to the AuNPs. These results indicated the ability of the metallic nanoparticles to detect fish
spoilage products by properly interacting with the test molecule, causing the formation of
larger nanoparticles with a subsequent color change in the dispersion; however, by adding
200 ppm of ETD in 1mL of AuNP, a ∆E = 36.9 was obtained. This indicates that the higher
the concentration of ethylenediamine, the greater the color changes observed.
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Figure 5. Colloidal solution of nanoparticles (a) AuNP (red) and (b) AuNP + ETD (black).

Table 1. Color measurement of gold nanoparticles.

Color Parameters AuNP AuNP + ETD

L* 10.56 ± 0.48 9.96 ± 0.40

a* 24.47 ± 0.29 3.17 ± 0.24

b* 13.32 ± 0.45 −6.06 ± 0.48

∆E – 28.81
L* = lightness (0 = black, 100 = white), +b* (yellow), −b* (blue), +a* (red), −a* (green).

Figure 6 shows the TGA/DTGA of citrate-capped AuNP, where five mass losses were
observed. The first mass loss corresponds to the release of water from the sample and
began at (166 ◦C) to (250 ◦C), representing 7.83% of the initial mass. The second mass loss
was between (256 ◦C) and (336.5 ◦C), with a peak at (288.5 ◦C) corresponding to a loss of
5.5%. The third endothermic peak was observed in the range of (375.3 ◦C) to (482.6 ◦C),
with a peak at (437.3 ◦C) corresponding to a mass loss of 5.1%. The second and third peaks
after the dehydration peak probably correspond to the degradation of the sample and/or
the organic matter covering the trisodium citrate. The fourth and fifth mass losses were
observed in the temperature range of (547 ◦C) to (695.9 ◦C), with peaks at (54.8 ◦C) and
(695.8 ◦C) respectively. It was observed that in these last degradations, the losses are lower
and are in the order of 0.18% and 0.27%, respectively, which indicates that they coincide
with the final degradation of the trisodium citrate-capped gold nanoparticles. The total
mass loss was equivalent to 18.9%. Similar results were obtained in previous studies [35].

79



Polymers 2024, 16, 829

Polymers 2024, 16, x FOR PEER REVIEW 9 of 22 
 

 

began at (166 °C) to (250 °C), representing 7.83% of the initial mass. The second mass loss 
was between (256 °C) and (336.5 °C), with a peak at (288.5 °C) corresponding to a loss of 
5.5%. The third endothermic peak was observed in the range of (375.3 °C) to (482.6 °C), 
with a peak at (437.3 °C) corresponding to a mass loss of 5.1%. The second and third peaks 
after the dehydration peak probably correspond to the degradation of the sample and/or 
the organic matter covering the trisodium citrate. The fourth and fifth mass losses were 
observed in the temperature range of (547 °C) to (695.9 °C), with peaks at (54.8 °C) and 
(695.8 °C) respectively. It was observed that in these last degradations, the losses are lower 
and are in the order of 0.18% and 0.27%, respectively, which indicates that they coincide 
with the final degradation of the trisodium citrate-capped gold nanoparticles. The total 
mass loss was equivalent to 18.9%. Similar results were obtained in previous studies [35]. 

According to the DSC curve (Figure 7), it was observed that the citrate-capped AuNP 
in the first heating showed endothermic peaks at (159.4°C), (76.4°C), (19.1°C), and (298.2 
°C) and an exothermic peak at (323.7 °C) where the latter corresponds to the crystallization 
of trisodium citrate. The first endothermic peak corresponds to the evaporation of ad-
sorbed water. The second and third peaks could correspond to the beginning of the deg-
radation of NaCit. The endothermic peak at (298.2 °C) is related to the melting point of 
the NaCit that coats the surface of the gold nanoparticles. Similar results were obtained in 
previous studies by [36]. The XRD patterns of the AuNPs (Figure 8a) showed diffraction 
peaks at 2θ = 38.1°, 44.3°, 64.5°, and 77.5°. These values match the corresponding (111), 
(200), (220), and (311) lattice planes of AuNP and were in accordance with the Joint Com-
mittee on Powder Diffraction Standards (JCPDS) database no. 04-0784, confirming the for-
mation of AuNP. According to the results obtained, it is clear that the AuNPs formed were 
crystalline in nature. Similar results were reported by [37] and [38]. The strong and high 
diffraction peak found here indicates the high crystallinity of the synthesized gold nano-
particles. To determine the average size of the sample crystals, the Debye–Scherrer for-
mula was applied for the four diffraction peaks: (111) at 38.1°, (200) at 44.3°, (220) at 64.5°, 
and (311) at 77.5°, obtaining an average size of 15.4 nm. The diffraction patterns obtained 
demonstrated that the synthesized AuNPs were composed of pure crystalline gold nano-
particles. These results were in perfect agreement with the particle size obtained from the 
TEM analysis. Related results were reported by [39]. Furthermore, the appearance of sev-
eral absorption peaks at 2θ = 9.1°, 11.2°, 17.5°, 18.6°, 19.9°, 23.9°, 25.1°, 27.3°, 31.6°, 33.4°, 
35.4°, 45.3°, 56.5°, 66.1°, and 75.2°. All these absorption peaks correspond to the NaCit that 
covers the AuNP surface. Also, it was observed that the diffraction peaks localized at 2θ = 
56°, 66°, and 75.2°, belonging to NaCit, showed a higher intensity in AuNP (Figure 8a) 
than in citrate alone (Figure 8b). This may indicate a weak influence on the AuNP surface 
to maintain the stability.  

 
Figure 6. Thermogravimetric analysis TGA (black) and DTG (red) curves of citrate-capped AuNP. Figure 6. Thermogravimetric analysis TGA (black) and DTG (red) curves of citrate-capped AuNP.

According to the DSC curve (Figure 7), it was observed that the citrate-capped AuNP
in the first heating showed endothermic peaks at (159.4◦C), (76.4◦C), (19.1◦C), and (298.2 ◦C)
and an exothermic peak at (323.7 ◦C) where the latter corresponds to the crystallization of
trisodium citrate. The first endothermic peak corresponds to the evaporation of adsorbed
water. The second and third peaks could correspond to the beginning of the degradation
of NaCit. The endothermic peak at (298.2 ◦C) is related to the melting point of the NaCit
that coats the surface of the gold nanoparticles. Similar results were obtained in previous
studies by [36]. The XRD patterns of the AuNPs (Figure 8a) showed diffraction peaks at 2θ
= 38.1◦, 44.3◦, 64.5◦, and 77.5◦. These values match the corresponding (111), (200), (220),
and (311) lattice planes of AuNP and were in accordance with the Joint Committee on
Powder Diffraction Standards (JCPDS) database no. 04-0784, confirming the formation of
AuNP. According to the results obtained, it is clear that the AuNPs formed were crystalline
in nature. Similar results were reported by [37] and [38]. The strong and high diffraction
peak found here indicates the high crystallinity of the synthesized gold nanoparticles. To
determine the average size of the sample crystals, the Debye–Scherrer formula was applied
for the four diffraction peaks: (111) at 38.1◦, (200) at 44.3◦, (220) at 64.5◦, and (311) at 77.5◦,
obtaining an average size of 15.4 nm. The diffraction patterns obtained demonstrated
that the synthesized AuNPs were composed of pure crystalline gold nanoparticles. These
results were in perfect agreement with the particle size obtained from the TEM analysis.
Related results were reported by [39]. Furthermore, the appearance of several absorption
peaks at 2θ = 9.1◦, 11.2◦, 17.5◦, 18.6◦, 19.9◦, 23.9◦, 25.1◦, 27.3◦, 31.6◦, 33.4◦, 35.4◦, 45.3◦,
56.5◦, 66.1◦, and 75.2◦. All these absorption peaks correspond to the NaCit that covers
the AuNP surface. Also, it was observed that the diffraction peaks localized at 2θ = 56◦,
66◦, and 75.2◦, belonging to NaCit, showed a higher intensity in AuNP (Figure 8a) than
in citrate alone (Figure 8b). This may indicate a weak influence on the AuNP surface to
maintain the stability.

As can be observed, the diffraction patterns (XRD) of NaCit used as a reducer and
a stabilizer in the synthesis of gold nanoparticles are presented in Figure 8b, where it is
observed that it presented several crystalline peaks. The most pronounced peaks were
visualized at 2θ = 11.2◦, 17.5◦, 23.9◦, 27.3◦, 32.6◦, 34.1◦, 36.7◦, 40.1◦, 45◦, and 46.3◦; it is
noted that the main peaks obtained were found in the XRD patterns of ICDD-00-056-0123
and correspond to the crystallinity of NaCit. The corresponding results were achieved
in previous studies by [35]. Other lower intensity crystalline peaks were observed at
2θ = 48.5◦ to 58.5◦. Finally, the crystalline peaks of minimum intensity perceived after
2θ = 60◦ are meaningless.
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Figure 7. Differential scanning calorimetry analysis of gold nanoparticles (AuNP) capped by
trisodium citrate.
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3.2. The Development and Characterization of Alg. Bead-Shaped Indicator Film

Figure 9 shows the results of the development of the indicator film (Alg. bead shape)
using the casting technique, observing the complete formation of the film based on the
gold nanoparticles and their in vitro evaluation with ethylenediamine, and observing the
color changes after the reaction with the test molecule.
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In the FTIR spectra of the Alg. beads (Figure 10), a large absorption band was observed
in the range of 3600 to 3000 1/cm, related to the stretching vibration of the OH group and
the C-H vibration bands at 2935 1/cm. The bands observed at 1594 1/cm and 1415 1/cm
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were attributed to the asymmetric and symmetric stretching vibrations of the COO− groups
of Alg., respectively, and are specific for ionic bonding. The shoulder located at 1080 1/cm,
which was related to C–C and C–O stretching, can also be attributed to crossover. The
absorption band detected at (1027 ± 4 1/cm) shows a higher intensity in relation to the
1080 cm−1 band, suggesting a stronger O-H binding vibration or a stronger binding of
Ca2+ to the guluronic acids of Alg. In contrast, the stretching vibration bands observed at
approximately 939 1/cm and 889 1/cm were specific to the guluronic and mannuronic acids.
Also, small displacements of the carboxyl groups were observed, which may be indicative
of an ionic union between Ca2+ and the Alg. chains [40]. In addition, in the evaluation
of the colorimetric indicator with ETD, a crossover was observed in the stretching of the
O-H group in the range of 3600–3000 1/cm. This was due to the reaction of the ETD
with the carboxyl group of the NaCit on the surface of the gold nanoparticles, causing
the nanoparticles to clump together. This led to the appearance of new bands in the
indicated range.
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On the other hand, it is known that Alg. is a polymer with a strong hydrophilic
character [41], so its contact with the ethylenediamine solution and the modifications
provided by the gold nanoparticles in its structure could produce a crossover.

In Figure 11 and Table 2, the four or five main stages or successive losses can be seen
in the thermograms. In the first stage, the weight loss occurred at the beginning of the
heat treatment, in the range of (47.8 ◦C) to (168.8 ◦C) which was mainly attributed to the
loss of free water absorbed by Alg. and the indicator [42]. The second stage of thermal
degradation was sensed at the onset of the temperature ranging from about (172.1 ◦C) to
(259.3 ◦C) associated with the thermal degradation of the polymer as well as the polymer
capping around the nanoparticles. The third and fourth weight losses could be related
to the conversion of the remaining polymer into carbon residues [43] in the case of Alg.;
however, in the colorimetric indicator, the third and fourth losses could correspond to
the degradation of the citrate and the residual compounds present in the sample. It was
observed that the colorimetric indicator with a weight loss of 47% presented certain thermal
stability in relation to Alg. and its evaluation with ETD. This is because the addition of
AuNP could have affected the stability of the Alg. beads due to the increase in the negative
charge density in the hydrogel matrix [44]. Moreover, it was observed that there was a
greater weight loss (54.7%) in the control Alg. with respect to the colorimetric indicator
and its reaction with ETD, respectively, because Alg. is a hydrophilic polyanion and is
sensitive to pH [45]. On the other hand, a weight loss in the order of 55.7% was observed
in the colorimetric indicator evaluated with ETD. This weight loss could be due to the
interaction of the amino group (NH2) of the ETD with the carboxyl group (COO−) of the
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oxygen-hungry NaCit on the surface of the AuNPs, which results in destabilization of the
citrate and aggregation of the nanoparticles that could, to a certain extent, decrease the
temperature resistance of the colorimetric indicator until it degrades above (700 ◦C). No
significant differences were observed between the weights lost (p ≥ 0.05).
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Figure 11. Thermogravimetric analysis of: (a) Alg. TGA–black DTG–green, (b) the colorimetric indicator
(Alg./AuNP) TGA–black, DTG–red, and (c) the colorimetric indicator + ETD TGA–black, DTG–blue.

Table 2. TGA analysis results of Alg., the colorimetric indicator, and the colorimetric indicator + ETD.

Samples Temperature (◦C) T-Onset (◦C) T50 (◦C) T Endset (◦C) Weight Lost (%)

Sodium Alginate (Alg.) 30–800

49.4 89.3 168.8 23.4 ± 1.3 a

172.8 202.3 243.7 15.8 ± 1.6 a

246.5 275.4 316.7 11.1 ± 0.4 a

388.3 442.6 460.3 4.4 ± 0.5a

Indicator (Alg. + AuNP) 30–800

47.8 89.9 153.9 22.2 ± 4 a

172.1 218.6 237.4 9.4 ± 0,7 a

239.1 291.08 314.4 12 ± 1.6 a

347.8 418.2 397.2 1.7 ± 0.3 a

527.8 574.4 620.8 1.7 ± 0.08 a

Indicator + ETD 30–800

49.5 81.8 141.2 19.9 ± 4 a

207.1 235.1 259.3 19 ± 4.6 a

267.3 291.2 363.1 11.3 ± 0.4 a

375.2 418.6 445.5 3.6 ± 0.6 a

637.6 682.4 729.8 1.9 ± 0.3 a

a: Same lower-case letters in the same row indicate no statistically significant differences.
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The DSC analysis curves reflect the thermal properties of the control Alg., the colori-
metric indicator, and the colorimetric indicator evaluation with ETD. The endothermic
melting peak of water crystallization appeared at 100.7, 103.6, and 106.9 ◦C in Alg., the
colorimetric indicator, and the colorimetric indicator with ETD, respectively (Figure 12).
The results obtained from the current experiment did not present significant differences
(p ≥ 0.05) in any of the analyzed indicators nor in the control, with the exception of a greater
broadening of the water absorption peak in the evaluated indicator with ETD, which could
be due to the hydrophilic behavior of Alg. [46] and/or the formation of new chemical bonds
and the interaction between the components of the in vitro assessed colorimetric indicator.
Additionally, the enthalpy of fusion (∆H) of the control (Alg.) (−536.7 J/g) was higher than
that of the colorimetric indicator (−1217.8 J/g) and the colorimetric indicator with ETD
(−556.9 J/g). This could indicate that AuNP with the analyte caused a reduction in this
parameter. Chen et al., showed analogous results when evaluating the thermal property
(DSC) of Alg. with the addition of thymol [47].

The XRD diffractograms of Alg., the colorimetric indicator, and the colorimetric in-
dicator assessment with ETD are presented in Figure 13, where it was observed that
Alg. (Figure 13a) presented diffraction peaks of lower intensity at 2θ = 31.5◦, 45.2◦,
56.4◦, 66.2◦, and 75.2◦, corresponding to its amorphous nature. Similar results were re-
ported in previous works by [48] and [49]. On the other hand, the colorimetric indicator
(Figure 13b) showed two peaks of different intensities at 2θ = 31.7◦, corresponding to
Alg., and 2θ = 45.5◦, which could be related to NaCit and/or Alg. because this same
peak was observed with minimal variation in both. Furthermore, the peaks observed at
2θ = 22.4◦ and 38.3◦ belonged to NaCit and AuNP, respectively. Additionally, small peaks
were observed at 2θ = 56.5◦, 66.3◦, and 75.2◦ associated with Alg. In other ways, the results
obtained from the colorimetric indicator with ETD (Figure 13c) presented two peaks at
2θ = 31.7◦ and 45.3◦. The first was associated with Alg. and the second may be associated
with Alg. and/or NaCit. Likewise, two small peaks were visualized at 2θ = 22.5◦ and 29.4◦

related to NaCit. The other small peaks observed at 2θ = 56.4◦ and 75.2◦ were related to
Alg. Additionally, two characteristic peaks of AuNP located at 2θ = 38.6◦ and 43.2◦ were
observed, indicating the crystallinity of AuNP.
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3.3. Determination of Total Volatile Basic Nitrogen (TVB-N)

Volatile compounds, such as trimethylamine, ammonia, and dimethylamine, produced
by the destructive activities of microorganisms, are considered one of the most important
parameters to determine the quality and freshness of fish and are known as the total
volatile basic nitrogen (TVB-N) [50].According to the results (Figure 14), the initial values of
TVB-N were 13.3 and 13.8 for the colorimetric indicator and the control, respectively,
and they coincided correctly with the low initial microbial counts. These values are
similar to the results obtained in previous research [51]; however, the TVB-N content
increased progressively from 13.3 to 45.9 mg/100 g and from 13.8 to 44.8 mg N/100 g
in the colorimetric indicator and the control, respectively, after 9 days of storage at 5 ◦C.
This increase may be due to: (1) the activity of the spoilage bacteria that grow in the fish;
(2) the enzymatic reaction that can occur in stored muscle food [52]; (3) and autolysis.
A comparison of TVB-N values with colorimetric analysis showed that the color change
of the colorimetric indicator was proportional to the TVB-N content and the pH change
because, immediately after the death of the fish, a series of physical and chemical changes
begin to occur in its body that led to its final alteration. Among these changes are mucus
production on the body surface, rigor mortis, autolysis, organoleptic changes, and bacterial
decompositions. The latter leads to the gradual increase in pH along with the TVB-N value
and bacterial growth. All these parameters vary almost at the same time as the stored fish
spoilage progresses; therefore, the increase in the amount of TVB-N caused an increase in
pH and a color change in the colorimetric indicator.

3.4. Mesophilic Aerobic Count

The changes in aerobic bacteria counting in the salmon samples stored at 5 ◦C are
shown in Figure 15. The initial Aerobic Mesophyll Count (AMC) values for the marine fish
prior to cold storage typically range from 2 to 4 log10 CFU/g, and a value of 6 log10 CFU/g
is considered the upper limit of acceptability [53]. Therefore, the values obtained in this
study are within this range: 2.82 and 2.80 log10 CFU/g for the control and the sample with
the colorimetric indicator, respectively. This indicates the freshness of the salmon with a
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low microorganism count. However, the bacteria grew gradually until reaching a value
of 6.8 log10 CFU/g on the seventh day and reached values greater than 9 log10 CFU/g on
the ninth day of storage at a temperature of (5 ◦C). This growth of microorganisms led to
a greater production of biogenic amines, changes in the pH value, and the deterioration
of the fish. However, there was no significant difference (p ≥ 0.05) in the growth of the
bacteria between the control (fish sample only) and the sample with a colorimetric indicator
inserted so that they grew at the same rate. Similar results were obtained when evaluating
the spoilage potential of P. fluorescens in salmon at different temperatures [54]. According
to previous studies, the bacteria that grow more at refrigeration temperatures are the
so-called psychotropics. Also, Pseudomonas spp. was suggested as the main specific
spoilage organism [55] and it is useful to predict shelf life with a cut-off level of 6.5 log10
CFU/g. Cheng and Sun reported that the main group of bacteria causing the spoilage of
refrigerated or modified atmosphere vacuum-packed fish products are lactic acid bacteria,
such as lactobacillus, Streptococcus, Leuconostoc, and Pediococcus spp. These bacteria are
capable of spoiling foods by fermenting sugars and commonly cause undesirable defects,
such as off-flavors, discoloration, gas production, slime production, and the lowering of
pH [56]. In addition, they are capable of inhibiting the growth of other bacteria due to the
formation of lactic acid and bacteriocins, and this facilitates their selective growth during
fish spoilage [57].
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3.5. Determination of pH

The changes in the pH values during storage are presented in Figure 16, where a
decrease in the pH value was observed on day 2 of storage. This may be related to the
production of some acidic substances because both the skin and the digestive system of fish
can host a variety of bacteria, among which are lactic acid bacteria, which are facultatively
anaerobic and grow very well under microaerophilic conditions [58]. These bacteria pro-
duce lactic acid as the main metabolic end product of carbohydrate consumption. When
the lactic acid population increased during storage, there was an increase in the lactic acid
capable of neutralizing the alkaline amine products, thus reducing the pH [57]. Undoubt-
edly, lactic acid bacteria predominated in the total natural microflora of the vacuum-packed
fish fillets. On the other hand, another factor in the drop in pH could be the by-products
of lipid oxidation, caused by the reaction of the amine compounds with the aldehydes.
Similar results were obtained in previous investigations [53]; however, on days 7 and 9
of storage, variations in pH values from 7.54 and 7.92 to 9.45 and 9.60 were observed for
the colorimetric indicator and the control, respectively. This was due to an increase in the
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growth of microorganisms in the muscle food, producing an increase in the TVB-N values
and pH changes.
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3.6. Indicator Color Measurement

The color parameters for the colorimetric indicators based on metallic nanoparticles
were determined. According to Figure 17 and Table 3, a* values decreased from 33 (redder)
to 13 (greener) after 9 days of storage at refrigeration temperature. This means that the
red color had a lower intensity at the end of the storage period. The values recorded for b*
decreased from 13 to −24.11, indicating that the blue color appeared more pronounced at
the end of the storage period. However, it was observed that the blue color began to appear
from days 5 to 9 of storage; therefore, it is obvious that the blue color predominated in the
evaluation of the colorimetric indicator. Researchers have reported that a ∆E* value greater
than 4 can be easily detected with the naked eye, while values greater than 12 imply a
complete color difference that is detectable even by untrained panelists [59]. Therefore, the
∆E* value of the colorimetric indicators obtained in this experiment could be detected by
the human eye during fish storage. Generally, the indicators used as a colorimetric sensor
exhibit a wide range of color variations depending on the pH, which can be affected by
the TVB-N content during the storage period. This has the obvious advantage that color
changes can be inspected with the naked eye to detect the rate of spoilage of the packaged
fish. On the other hand, a progressive increase in the ∆E parameter was observed until
the end of the storage time. This can be attributed to the loss of water that occurs as time
passes, which gives rise to greater water deposits on the surface of the fish and inevitably
leads to a variation in the value of this parameter.

When comparing the total color differences (∆E) (Table 3) from the second to the last
day of storage, it was observed that there were significant differences in the color of the
colorimetric indicators analyzed using p ≤ 0.05.
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tors used as a colorimetric sensor exhibit a wide range of color variations depending on 
the pH, which can be affected by the TVB-N content during the storage period. This has 
the obvious advantage that color changes can be inspected with the naked eye to detect 
the rate of spoilage of the packaged fish. On the other hand, a progressive increase in the 
ΔE parameter was observed until the end of the storage time. This can be attributed to the 
loss of water that occurs as time passes, which gives rise to greater water deposits on the 
surface of the fish and inevitably leads to a variation in the value of this parameter. 

When comparing the total color differences (ΔE) (Table 3) from the second to the last 
day of storage, it was observed that there were significant differences in the color of the 
colorimetric indicators analyzed using p ≤ 0.05. 

Table 3. Indicator colorimetric analysis. 

Storage Times 
(Days) 

L* a* b* ΔE 

0 17.86 ± 3.57 33.47 ± 4.09 13.01±3.94 0 
2 9.60 ± 0.32 12.42 ± 2.09 0.8 0± 0.75 25.7 
5 24.57 ± 0.87 12.18 ± 1.76 –8.05 ± 0.53 30.6 
7 10.26 ± 0.12 13.39 ± 2.32 –19.11 ± 0.72 38.7 
9 8.86 ± 0.61 13.73 ± 1.04 –24.11 ± 1.01 43.1 

L*: lightness (0 = black, 100 = white), +b* (yellow), −b* (blue), +a* (red), −a* (green). ΔE: total color 
difference. 
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Table 3. Indicator colorimetric analysis.

Storage Times (Days) L* a* b* ∆E

0 17.86 ± 3.57 33.47 ± 4.09 13.01±3.94 0

2 9.60 ± 0.32 12.42 ± 2.09 0.8 0± 0.75 25.7

5 24.57 ± 0.87 12.18 ± 1.76 −8.05 ± 0.53 30.6

7 10.26 ± 0.12 13.39 ± 2.32 −19.11 ± 0.72 38.7

9 8.86 ± 0.61 13.73 ± 1.04 −24.11 ± 1.01 43.1
L*: lightness (0 = black, 100 = white), +b* (yellow), −b* (blue), +a* (red), −a* (green). ∆E: total color difference.

3.7. Antibacterial Activity of AuNP

The antibacterial properties of AuNP can affect the effectiveness of the colorimetric
indicator in the early stages of fish spoilage. However, according to the results obtained
from the microbiological analyses (Mesophilic aerobic count), it can be observed that the
bacteria grew progressively until the last day of storage, without presenting significant
inhibition at the beginning. Nor was any reduction detected in the TVB-N values in the
first days of storage, that means the amount of volatile compounds continued to vary on
the second day of storage, going from 13.86 ± 0.5 to 16.87 and 16.67 mg of N/100 g on
the indicator and the control, respectively. Furthermore, it was noticed that the growth
of certain bacteria on the second day of storage reduced the pH values. Hence, it can be
concluded that no antibacterial activity of gold nanoparticles was observed at this stage of
development of the colorimetric indicator. This may be due to the particles’ size because
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the size and dispersion capacity are extremely necessary for good antibacterial activity
of the nanoparticles. According to previous studies, it was confirmed that the size of the
nanoparticles has great importance in modifying the cell membrane of microorganisms;
therefore, it may affect their antimicrobial activity [60].

On the other hand, other researchers have indicated that citrate-capped gold nanopar-
ticles did not have antibacterial activity when compared with kanamycin [61]. Also, AuNPs
have negligible bactericidal effects at high concentrations [62]; therefore, in this study, the
AuNP concentration used in the indicator was 0.3% v/v. Based on the results achieved,
the synthesized AuNPs did not affect the effectiveness of the indicator in the first days of
fish storage.

4. Conclusions

In this study, a new colorimetric indicator based on gold nanoparticles inserted in a
biodegradable, non-toxic, and eco-friendly polymer was developed to monitor fish spoilage
products. The colorimetric indicator showed the ability to successfully detect total volatile
basic nitrogen in the last days of fish storage through a color change; therefore, it can be
used to detect TVB-N in spoiled fish.

The ETD (similar to TVB-N) was successfully used as a test molecule in the in vitro
evaluation of the detection capacity of AuNP and the colorimetric indicator. This allows us
to quickly observe the discovery power of AuNPs and their possible application in smart
packaging. The results obtained from the XRD of AuNP synthesized with trisodium citrate
dihydrate indicated its crystalline nature and face-centered cubic structure. On the other
hand, the semi-crystalline nature of Alg. was not observed in the diffraction pattern.

Given the progressive changes observed in the values of TVB-N, pH, mesophilic aerobic
count (RAM), and color, it can be certified that the deterioration of the Atlantic salmon (salmo
salar) occurred during the last days of storage at refrigeration temperature. Furthermore,
significant changes were observed in bacterial growth above the allowable acceptability limit
of 6.5 log10 CFU/g, as reported by some researchers. On the other hand, the values obtained
in color determination, mainly the total color difference (∆E), gradually increased over the
storage time until a color difference visible to the naked eye was obtained. These results
indicated that the colorimetric indicator showed its effectiveness in detecting fish spoilage
products through a color change. In conclusion, the gold nanoparticles-based colorimetric
indicator system is suitable for monitoring the quality of refrigerated fish at (5 ◦C).
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Abstract: The investigation of novel, natural polymers has gained considerably more exposure
for their desirable, often specific, functional properties. Multiple researchers have explored these
biopolymers to determine their potential to address many food processing, packaging and environ-
mental concerns. Mucilage from the cactus pear (Opuntia ficus-indica) is one such biopolymer that
has been identified as possessing a functional potential that can be used in an attempt to enhance
food properties and reduce the usage of non-biodegradable, petroleum-based packaging in the food
industry. However, variations in the structural composition of mucilage and the different extraction
methods that have been reported by researchers have considerably impacted mucilage’s functional
potential. Although not comparable, these factors have been investigated, with a specific focus
on mucilage applications. The natural ability of mucilage to bind water, alter the rheology of a
food system and develop biofilms are considered the major applications of mucilage’s functional
properties. Due to the variations that have been reported in mucilage’s chemical composition,
specifically concerning the proportions of uronic acids, mucilage’s rheological and biofilm properties
are influenced differently by changes in pH and a cross-linker. Exploring the factors influencing
mucilage’s chemical composition, while co-currently discussing mucilage functional applications,
will prove valuable when evaluating mucilage’s potential to be considered for future commercial
applications. This review article, therefore, discusses and highlights the key factors responsible for
mucilage’s specific functional potential, while exploring important potential food processing and
packaging applications.

Keywords: biopolymer; cactus pear mucilage; biofilms; functional properties; rheology; Opuntia
ficus-indica; mucilage extraction

1. Introduction

Many researchers and food producers are actively exploring alternative ways to im-
prove food quality and safety while minimising the environmental impact. Identifying and
investigating novel biopolymers designated as meeting specific processing and environ-
mental requirements in the food industry has recently gained considerable attention [1,2].
It has become essential to find alternative functional biopolymers that address this current
global move towards using more sustainably sourced, natural polymers [1,3–5].

Although some well-known functional biopolymers, such as pectin, alginate and
carrageenan, have been identified, biopolymers that are produced in large quantities,
easily sourced and associated with relatively low input costs are a growing area of focus
in the research [6]. Mucilage, sourced from the cladodes of the cactus pear, is one such
biopolymer that is rapidly gaining attention for its desirable functional properties, which
can be utilised to meet current industry demands [3,7–10]. However, as with all naturally
sourced polymers, specific factors have been shown to influence the functional behaviour
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of mucilage, such as variations in mucilage’s structural composition and the influence of
various extraction methods used to obtain the mucilage. These factors should be considered
as highly important when evaluating mucilage as a functional biopolymer and ultimately
assessing its applications and commercial viability, with a holistic view often lacking in
research [11–17]. Furthermore, it is important to note that the investigation of mucilage
has further been promoted from a food, health and medicinal perspective, highlighting its
human consumption benefits and safety aspects [6].

The cactus pear, specifically Opuntia ficus-indica, the source of mucilage, is a succu-
lent plant that can survive under extreme growing conditions, specifically prolonged
drought and extreme heat. Additionally, it has adapted to grow in poor soil conditions,
requiring little intervention regarding fertilisation and crop management [6,18]. The
plant’s excellent adaptability and survival in times of drought are largely due to mu-
cilage production. Mucilage is responsible for binding and storing water in the plant
leaves (called ‘cladodes’) [6]. Consequently, the inherent nature of the mucilage polymer
is associated with its excellent water-holding potential. It has, therefore, been evalu-
ated by multiple researchers for its rheology-altering properties when introduced into a
solution [18–20].

Mucilage, extracted from the cladodes of Opuntia ficus-indica, is considered a highly
flexible heteropolysaccharide with a high molecular weight [11]. Its primary structure
is said to comprise a linear core chain of repeating D-galacturonic acid and L-rhamnose,
together with many neutral sugar side chains [15,21,22]. As mucilage has been considered
to display polyelectrolyte properties, factors that have been shown to influence other
charged biopolymers, such as pectin and alginate, could also be considered to influence the
mucilage polymer [19,20,23]. It has generally been well established that mucilage can be
associated with two main fractions, differentiated by a charged, pectin-like fraction and a
more neutral fraction [15]. The presence of uronic acids associated with the charged fraction
of mucilage has specifically been identified, although different authors have reported
varying proportions [11,14–16]. Various factors account for the differences in the chemical
composition of mucilage. One main factor is the methods used to extract mucilage from
the cactus pear [12–14,21,23].

As mucilage powder is not available commercially, like other well-established biopoly-
mers, authors have evaluated and reported on various mucilage extraction methods. It has
been seen that the extraction method selection can directly impact the mucilage yield, high-
lighting the efficiency of the mucilage extraction process [11,13,15,24]. In addition to the
extraction efficacy, the chemical composition and nature of the different mucilage fractions
can also be influenced by the extraction method employed, having a consequential impact
on the functional properties of the mucilage [11,15,16]. Both of these factors have been
identified as directly influencing the rheological behaviour of mucilage solutions [11,13–15].

Due to mucilage’s structural conformation and inherent water-storing capacity, it has
been researched for its viscosity-enhancing potential [19,20,23]. Authors have reported
increases in solution viscosity, accounted primarily to the physical entanglement of mu-
cilage’s polymer chains in a solution [11]. Several prominent factors have been shown
to alter the rheological properties of mucilage solutions further. These include the alter-
ation of the pH of a solution and the incorporation of cross-linkers, such as calcium and
magnesium [19,20,23].

More recently, environmental concerns over the use of non-biodegradable plastic
packaging in the food industry have further prompted the investigation of functional
biopolymers that display a potential to be used in developing biofilms [25–27]. The mu-
cilage from Opuntia ficus-indica has specifically been an area of focus in this regard. Research
has shown that mucilage has an ever-increasing application in the development of biofilms
as a natural packaging [3,8,9,25,28,29].
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Mucilage has primarily been explored as a polymer in biofilm formation, either as
homopolymeric biofilms or in combination with other biomaterials. These films can further
be differentiated by their moisture content, with ‘dry’ or low-moisture biofilms being the
focus area of many authors [3,30]. Changes in pH, polymer concentration and the presence
of a cross-linker have further been shown to directly impact the physical– mechanical prop-
erties of these biofilms. A biofilm’s physical–mechanical properties are often considered
key when evaluating its packaging development potential [3]. Although mucilage biofilm
development has proved successful, variations in the development procedures and the
consequential properties displayed by the biofilms have been reported on by different
authors. Therefore, it is important to consider and identify the key aspects of the successful
development of mucilage biofilms in order to consider them a viable natural packing
solution for future exploration [3,9,10,31].

Overall, many factors have been shown to influence the functional behaviour of
mucilage. These factors provide practical insight into a polymer’s functional potential
and, ultimately, its rheological properties and biofilm formation potential [19,20,32,33].
Considering consumer demands, environmental concerns and the high costs associated
with commercially available biopolymers, researchers and food manufacturers have focused
on identifying and investigating novel biopolymers, such as cactus pear mucilage [9,25].
Mucilage has been shown to display functional properties that can be utilised to address
the food industry’s current needs.

However, with the abundant research often showing considerable variations in find-
ings, a comparative overview of the factors influencing mucilage’s rheological behaviour
and biofilm development potential is still lacking.

Thus, this review article focuses on investigating the specific factors shown to influ-
ence the functional behaviour of mucilage sourced from the cactus pear (Opuntia spp.),
when used as a rheology-altering polymer in a solution and in the application of ‘dry’
biofilms, to provide an accurate, reliable and insightful holistic view of mucilage as a novel
functional biopolymer.

2. Mucilage Chemical Structure

In general, mucilage is considered a highly flexible heteropolysaccharide with a
high molecular weight. Multiple researchers have studied the chemical composition of
Opuntia spp. mucilage, and have often reported considerable variations therein [11,21,34].
Although variations in the sugar composition and consequential molecular weight have
been reported, mucilage molecules are considered to be quite large. This long-chain
polymer is represented by varying proportions of D-galacturonic acid and neutral sugars
of L-arabinose, D-galactose, L-rhamnose and D-xylose [11,21,22]. The primary structure
is said to comprise a linear core chain of repeating (1→4) D-galacturonic acid and (1→2)
L-rhamnose.

Additionally, the mucilage polymer is associated with many side chains of D-galactose
attached to L-rhamnose residues. These complex peripheral chains have the potential
to comprise various types of sugars. The galactose side chains can further branch into
either arabinose or xylose (Figure 1). Native mucilage’s chemical composition can vary
considerably, depending on the efficacy and type of extraction method used [12–14,21,23].
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Figure 1. A proposed schematic representation of the mucilage structure of Opuntia ficus-indica
displaying the charged main linear chain of D-galacturonic acid and L-rhamnose units together with
side chains attached to the L-rhamnose residues [21].

2.1. Mucilage Fractions

Investigations of mucilage extracted from cactus pear cladodes have generally shown
two prominent, water-soluble fractions present in native mucilage. The first fraction is a
pectin-like molecule displaying gelling properties, and the second fraction does not display
gel-forming properties [15]. The chemical composition of these two main native mucilage
fractions has been shown to differ from one another [23]. The different fractions present
within native mucilage extract have been further investigated, and the general conclusions
are that native mucilage is represented by both a gelling, pectin-like fraction and a more
neutral fraction showing a decreased ability to interact with cross-linkers to form a gel,
considered the pure mucilage fraction. Multiple similarities have been observed regarding
the chemical composition of these two fractions [15].

In general, the two fractions of native mucilage extract display a similar sugar com-
position; however, there are differences concerning the percentages of the sugars between
the pectin-like and pure mucilage fractions associated with the whole cladodes of Opuntia
spp. [11]. The differences in sugar percentages are of importance, specifically regarding
the content of the charged sugars, such as uronic acid [11,15]. Approximately 20% charged
sugars can be present in cladodes, and >50% charged sugars in part of the peel (Table 1).
The charged sugars have been identified as galacturonic acid, but the presence of glucuronic
acid has also been reported [11,21]. The pectin-like polymer fraction contains a noteworthy
greater amount of galacturonic acid compared to the pure mucilage fraction [15]. Uronic
acids are important in terms of a polymer’s viscosity-enhancement potential, as their car-
boxyl groups are able to interact with water molecules, charged metal ions and changes in
pH [14].

Considering the proposed chemical structure of mucilage (Figure 1), high amounts
of L-arabinose could be expected, as observed in Table 1. Mucilage with higher quantities
of arabinose is likely to result in higher viscosities when in an aqueous medium, than
that of mucilage with lower amounts of arabinose [14]. Majdoub et al. [11] suggested the
high molecular weight of mucilage could be a result of branching at the rhamnose sugars,
promoting a random coil conformation of the mucilage polymer in a solution. This is
evident when considering the higher levels of neutral sugars (Table 1).
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Table 1. Sugar composition of the pectin-like and mucilage fractions associated with Opuntia ficus-
indica cladodes (% in weight).

Sugars Investigated ** Pectin Fraction
(A)

Pectin Fraction
(B)

Mucilage Fraction
(A)

Mucilage
Fraction (C)

Mucilage Fraction
(D)

Uronic acid * 56.30 85.40 11.00 19.4 13.91
Arabinose 5.60 6.00 17.93 33.10 35.36
Galactose 6.50 7.00 20.99 20.30 27.26
Rhamnose 0.50 0.60 1.75 6.90 1.93

Xylose 0.90 1.00 3.06 18.7 16.32
Research performed by:
(A) Goycoolea and Cárdenas [15];
(B) Cárdenas et al. [16];
(C) Majdoub et al. [11];
(D) Rodriguez-González et al. [14].

* Galacturonic + Glucuronic acid. ** Other component may have been present and reported on by the various authors.

The unique chemical composition and structural orientation of mucilage are, therefore,
likely to result in the formation of highly viscous solutions [14]. In addition to the two main
fractions associated with native mucilage, proteins have also been associated with native
mucilage. These proteins have been suggested to display decreased water solubility and
lower molecular weight compared to pure mucilage fractions [11,15].

Lastly, the high molecular weight, pectin-like polymer fraction will likely display a low
degree of esterification, as <50% of their carboxyl groups will be methylated. This pectin-
like fraction present in native mucilage is represented by a charged chemical structure, with
the potential to interact with divalent cations and respond to changes in pH [11,15,16,35].

It is important to recognise the different fractions present in native mucilage as
variations in their sugar composition (Table 1). Although the two polymeric fractions
associated with native mucilage are not chemically associated, they share a similar
composition of neutral sugar residues (Table 1). Specifically, the pectin-like fractions
have been linked to higher amounts of uronic acids, with the pure mucilage fractions
displaying increased amounts of neutral sugars. The composition of native mucilage will,
therefore, greatly determine its observed functional behaviour, consequently influencing
its applications [15,16]. Differences in the extraction processes employed by different
authors have also been shown to directly affect the sugar composition of the two fractions,
as shown in Table 1 [11,12,14,15]. Although similar sugar compositions have been
reported for various cultivars of Opuntia ficus-indica, differences in the ratios of sugars
among different cultivars have been reported, which have a consequential impact on
their functional properties [36].

2.2. Mineral Composition of Mucilage

Besides sugars, mucilage contains essential minerals, carbohydrates and dietary fi-
bre [13,14]. The mineral composition includes calcium (Ca), potassium (K), magnesium
(Mg), phosphate (P), zinc (Zn), iron (Fe) and sodium (Na), as well as other minerals in
lower quantities. Calcium has been reported to be amongst the most abundant minerals,
although significant levels of K and Mg have also been reported [13,19,22,37]. Using X-ray
diffraction, Madera-Santana et al. [34] identified crystalline structures displaying the typi-
cal characteristics of calcium salts in the mucilage extracted from cladodes. These results
agree with those of Contreas-Padilla et al. [37], who confirmed the presence of calcium
and calcium oxalate in Opuntia ficus-indica using atomic absorption spectroscopy. For
40–135-day-old cladodes, calcium levels of 17.90–30.70 mg/g dry mass were reported, and
increasing calcium levels were also expected for older cladodes.

97



Polymers 2024, 16, 1993

3. Extraction Methods

The different extraction methods used to extract mucilage have been shown to signifi-
cantly affect the sugar composition of the native extract (NS), the composition of the differ-
ent fractions and, ultimately, the functional properties displayed by the mucilage [11,15,16].
Understanding the different extraction methods considered by different researchers and
identifying their key differences, as displayed in Table 2. are the purpose of Table 2.

Table 2. Summary of key extraction method steps described in various publications by different
authors together with their expected mucilage yields. representation of the different extraction
methods investigated by various authors and their extraction efficacy.

Publication
Heating/

Microwave
Treatment

Maceration/
Blending/
Milling

Filtration Centrifugation Ethanol
Extraction

Moisture
Removal

Mucilage
Yield

Monrroy et al.
[13]

√ √ √
–

√
Oven-dried ~24–31%

Felkai-
Haddache et al.

[24]

√ √ √
Cheesecloth

√ √
Freeze-drying ~6.82–25.56%

Du Toit and De
Wit PA153178P

[17]

√ √
–

√
– Freeze-drying

~39–62%
Native

Mucilage ***

Majdoub et al.
[11] –

√ Filtration +
Ultrafiltration

√
– Freeze-drying Separate

Fractions **

A review:
Goycoolea and
Cárdenas [15]

√ √ Complex
Filtration; pH
Adjustment

√ √
Multi-step * DNS Separate

Fractions **

* DNS—Publication did not specify; ** Separate Fractions—extraction procedure described different mucilage
fractions present; *** Native Mucilage—mucilage obtained was not separated according to different fractions.

Monrroy et al. [13] evaluated the efficacy of different natural extraction methods to
determine mucilage’s viability as a functional food ingredient. The authors investigated
extraction methods that employ hydration, agitation and a combination thereof for both
dried and fresh cladodes. Hydration extraction was tested with and without thermal
treatment on both fresh and dried cladodes. The cladode samples were prepared by
peeling, cutting into pieces, crushing and homogenising by suspending 100 mg extract in
5 mL water. For the dried samples, the cladode extract was dried at 60 ◦C for 48 h before
homogenising. The samples were then placed into a water bath at 44–86 ◦C for 54–96 min,
followed by filtration. The mucilage was precipitated from the fresh and dried samples
using 45 mL and 15 mL ethanol, respectively, and then oven-dried at 60 ◦C. A similar
protocol was followed for non-thermal hydration extraction, except the sample was
allowed to rest for 24 h at room temperature and the heat treatment step was eliminated.
The solution was then filtered, and mucilage was precipitated by adding 15 mL ethanol
and oven-drying at 60 ◦C. The extraction through agitation followed a similar protocol
for sample preparation as described above, and after homogenisation, the sample was
stirred using a magnetic stirrer for 30 min, followed by filtration and precipitation with
15 mL ethanol for 30 min and then dried at 60 ◦C. Lastly, the combination extraction
subjected the samples to 24 h hydration, followed by 30 min of stirring, filtration and
mucilage precipitation with ethanol. Considering non-thermal extraction methods
for O. cochenillifera cladodes, Monrroy et al. [13] reported agitation extraction to be less
effective than hydration extraction, and little difference with the combination of agitation
and hydration extraction methods. Agitation resulted in about a 26% mucilage yield
extraction and hydration about 31%. These results were for dried cladode extraction.
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Felkai-Haddache et al. [24] described a process that used the cladodes of Opuntia
ficus-indica where the outer epidermis was removed from the cladodes, macerated with
a domestic mill and then chilled till it reached 4 ◦C. This extract was then microwaved
at 700 W for 5 min and 15 s for optimal mucilage extraction. The optimal amount of
water to be added was four times the quantity of the raw material used. The authors
also reported that pH plays a significant role in mucilage yield. At pH 11, an optimal
amount of mucilage yield was reported because of the high degree of dissociation of the
acid groups and the high degree of solubility of the mucilage and, thus, water extraction.
After microwaving, the extracted mucilage was cooled (4 ◦C), filtered to remove the pulp
and centrifuged at 4000× g for 15 min. The filtrate was precipitated with ethanol (95%,
v/v) at 4 ◦C overnight. The precipitate was also washed with ethanol (75%, v/v) and then
subjected to lyophilisation at −55 ◦C for 12 h. Felkai-Haddache et al. [24] reported an
optimal mucilage recovery of 25.6%.

In a procedure patented by Du Toit and De Wit [17], an extraction process for mucilage
was described, which also used a microwave-heating step. The extraction process requires
the cladodes first to be peeled, removing all of the hard outer layers and fibrous material,
with only the ‘light green slimy inside’ remaining, which is then sliced into manageable
sizes and placed into a microwave oven at maximum power for 4 min (or until the cladode
pieces are cooked soft). The cladode pieces are macerated by mincing or cutting without
the addition of water. The authors used a juicing apparatus typically found in a household
kitchen. Lastly, the macerated mucilage pulp is centrifuged for 15 min at 8000 rpm,
maintaining a temperature of 4 ◦C to separate the solids from the mucilage. There was
no reference to an ethanol precipitation step. Mucilage yields of ~39–62% per weight of
extracted pulp were obtained, while percentages ranging between 10 and 17% per cladode
weight were found.

Majdoub et al. [11] used cladodes (6–12 months old) that were shredded and
blended. The mixture was then subjected to degreasing with petroleum ether, washing
with deionised water, filtering out the solid components, centrifuging and then filtering
again. The supernatant was separated according to different molecular weights using
ultrafiltration into high and low molecular weight components. The authors suggested
that the presence of proteins in the original sample interacted with the polysaccharides
and thus affected the purification results [11]. There was no report of the inclusion of an
ethanol precipitation step.

Goycoolea and Cárdenas [15] reported on an extraction procedure distinguishing
two main mucilage fractions: gelling (GE) pectin and a non-gelling (NE) mucilage
fraction. For the extraction of both fractions, cladodes were diced and heated for 20 min at
85 ◦C, then neutralised with sodium hydroxide (NaOH), liquidised and then centrifuged.
The resulting precipitate was considered the GE fraction, and the supernatant the NE
fraction. The precipitate and supernatant were subjected to the extraction protocols
represented in Figure 2. After these separate procedures were completed (Figure 2),
both fractions were again precipitated with 50% v/v ethanol, again centrifuged, then
washed with ethanol/water mixtures (70, 80, 90, 95 and 100% v/v) and then dried at
room temperature.
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Figure 2. Differences in methods proposed by Goycoolea and Cárdenas [15] to extract and isolate
both the gelling fraction (GE) and non-gelling (NE) mucilage/pectin fraction from Opuntia spp.
cladodes.

4. Functional Properties Associated with Mucilage

Various researchers have explored multiple procedures detailing the extraction and
purification of mucilage [13,14,21]. Investigations of the rheological and physico-chemical
behaviour of native extracts from cladodes have highlighted the important factors affecting
the implementation of mucilage as a functional food ingredient [11,32,38]. Certain dominant
factors have been identified that influence the functional behaviour of mucilage in a solution.
Specifically, the polymer concentration, pH and presence of a cross-linker in a solution
considerably alter mucilage’s functional behaviour [19,20,23].

4.1. Rheology-Altering Properties of Mucilage

As a result of mucilage’s pseudoplastic nature and unique structural conformation
aspects, it has an excellent water-holding capacity. The viscosity-enhancement properties
of mucilage in an aqueous solution have been directly linked to the physical entanglements
between the polymer chains [11]. Specifically, Medina-Torres [23] found similar viscosity-
altering capabilities of a 10% mucilage solution to that of 3% xanthan solutions in aqueous
mediums. Monrroy et al. [13] also compared mucilage’s thickening ability to that of
commercially available hydrocolloids. The authors noted similarities between the ability of
mucilage and gum arabic to form low-viscosity solutions [13].

The molecular weight, chain flexibility and surface charge were found to influence the
interfacial activity of mucilage (i.e., mucilage’s ability to mix with water) [39]. In general, an
increase in mucilage concentration, together with high chain flexibility and the presence of
uronic acid along its polymer backbone, can promote the adsorption of mucilage onto the
liquid phase [11,39]. Water absorption by the polymer is directly influenced by the amount
of active water-binding sites, which are affected by the physico-chemical, topological and
structural parameters [39].
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Generally, viscosity increases by the dispersion of mucilage into aqueous solutions,
which has been accounted for by the negatively charged nature of the polymer. These simi-
larly charged, long, flexible mucilage molecules repel themselves in a solution, resulting in
the uncoiling and stretching out of the molecule. This is often referred to as electrostatic
repulsion. This ‘stretching’ of a molecule is predominantly responsible for viscosity in-
creases in a solution [11]. A mucilage polymer’s thickening ability is further aided by the
intermolecular interactions of its polymer side-chain groups via hydrophobic interactions
or hydrogen bonding. These viscous solutions formed by mucilage have been shown
by Medina-Torres et al. [23] to display non-Newtonian shear-thinning behaviour. This
behaviour of increased pseudoplasticity was noted for solutions with increasing amounts
of mucilage. Majdoub et al. [11] also confirmed this behaviour by explaining that the
zero-shear viscosity value increases with an increase in the concentration of the polymer.

Du Toit et al. [33] investigated the rheological behaviour of mucilage from Opuntia
spp. Non-Newtonian, pseudoplastic flow properties, indicative of a shear-thinning effect
of mucilage, were observed by the authors [33]. They further reported that the viscosity
of mucilage solutions are influenced by changes in pH and the presence of charged ions,
specifically CaCl2 and FeCl3, highlighting the functional nature of mucilage [33].

The non-Newtonian, pseudoplastic flow behaviour was further reported on by a more
recent study conducted by van Rooyen et al. [20]. The authors found that increasing the
concentration of mucilage in an aqueous solution resulted in the increased pseudoplastic
flow behaviour of the mucilage solution. Interestingly, the authors found that mucilage
possesses an overall poorer viscosity-enhancement potential compared to other commer-
cially available biopolymers, such as pectin and alginate, at all the polymer concentrations
investigated [20]. Although mucilage has the ability to alter the rheology of a solution,
certain factors have been shown to directly influence mucilage’s functional behaviour in
a solution. Other than polymer concentration, the pH of a solution and the presence of
a cross-liker must be considered key influencing factors when evaluating the rheological
behaviour of mucilage in a solution [19,20,33,38].

Factors Influencing the Rheology of a Mucilage Solution

Due to the presence of charged sugars, the viscosity of a mucilage solution has been
shown to be influenced by the presence of cations, specifically calcium [11,20]. Since the
native extract from cactus pear cladodes has been shown to comprise various gelling and
non-gelling fractions, the efficacy of the extraction and purification methods used have
the potential to greatly influence the functionality displayed by the extracted biopolymer
from cactus pear cladodes. Therefore, diverse and often contradictory findings have been
reported on the potential of cactus pear (Opuntia spp.) extracts to form a gel or display
gel-like properties [11,14,15,21].

It has been suggested that mucilage displays elastic properties but is unable to form
a gel, regardless of the ionic strength of a solution [11,23]. Majdoub et al. [11] reported
on a native polysaccharide extract from cladodes that displayed a slight polyelectrolyte
effect, as the molecule’s confirmation and viscosity were shown to be influenced by the
addition of cations. The authors reported that monovalent cations have less of an effect
on viscosity than divalent cations, such as calcium. However, even with the addition of
calcium, only slight changes in viscosity were observed, indicative of the limited extension
of the polymer in an aqueous solution, which accounted for the low proportion of uronic
acids present in the polymer investigated [11]. For mucilage, however, a loss in viscosity is
related to a high degree of chain flexibility of the polymer and a low occurrence of changed
uronic acid residues. This loss of viscosity with the addition of salt has also been referred
to as the salting-out effect. For mucilage, physical gel formation is unable to be occur as
expected, as the formation of “inactive loops” prevents the formation of intermolecular
junctions between polymers that are required to form a 3D gel network. However, solvent
conditions will influence a polymer’s chain–chain interactions and configuration [11]. The
rheological properties of ionic gels depend on the concentration of cations and the presence
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of uronic acid in the mucilage. Thus, low uronic acid and few cations have little effect on
the viscosity of mucilage in an aqueous system.

However, reports of extracts from cactus pears containing higher contents of charged
sugars, displaying increased gel-like properties by the addition of cations, such as Ca2+,
have also been reported. The pectin-like fraction present in native mucilage was sug-
gested to be the reason for these observed gel-like properties associated with native mu-
cilage [15,19,20].

The presence of charged sugars has been reported as a significant parameter with
which to modulate the structuring capabilities of a mucilage polymer, resulting in mucilage
displaying pectin-like behaviour with consequential gel-like properties if certain parameters
are met [39]. It has, therefore, also been noted that native mucilage has the potential to be
influenced by changes in solution pH. As charged sugars have been associated with native
mucilage’s chemical structure, changes in pH have been shown to consequently alter the
rheological properties of native mucilage. Instances of native mucilage solutions displaying
increased gel-like behaviour have been reported under acidic conditions, generally related
to a type of acid gelation displayed by native mucilage [19].

4.2. Mucilage in the Development of Biofilms
4.2.1. Homopolymeric Mucilage Biofilms

Cactus pear mucilage has also been considered as an ingredient for biofilms’ develop-
ment. Research on mucilage biofilms and edible coatings has increased considerably, but
research remains relativity limited compared to that on other biopolymers, such as pectin
and alginate. Biofilm characteristics are generally reported in one of two states, either as
‘dried’ or ‘wet’ [25,40,41]. In the case of mucilage biofilms, authors have generally reported
on the films when they are in a dried state, as mucilage has been shown to have a poor
gelling capacity with cations typically. The mechanical properties of biofilms are of great
importance, as these parameters are directly related to their chemical structure and poten-
tial for commercial application [41–43]. However, as with most dried polysaccharide-based
films, the addition of a plasticiser has been set as the standard for developing mucilage-
based biopolymer films. ‘Dried’ mucilage films have generally displayed brittle and fragile
properties if no plasticiser is used in their development. Adding a plasticiser, usually glyc-
erol, allows for more flexible mucilage films that display adequate handling and mechanical
properties [44–46]. In research conducted by Gheribi et al. [41], the authors specifically
found that using glycerol as a plasticiser at a 40% w/w in the development of mucilage
(Opuntia ficus-indica) films produced films with superior elongation at break (%E) values,
together with adequate film tensile strength. It has been suggested that natural plasticis-
ers, such as glycerol, are essential in developing biopolymer films that show adequate
film-forming properties if intended to be used as natural packaging [9,10,41]. As with
other commercially available biopolymers used in the development of biofilms, mucilage
films have also been developed both with and without the addition of cross-linking agents
and at varying pHs. Limited comparative work is available on these factors’ influence on
mucilage biofilm properties. More recently, publications have explored these factors in
more detail [9,10,31,43].

Espino-Díaz et al. [31] were one of the first authors to investigate biofilm formation
using mucilage from Opuntia ficus-indica. The authors developed these mucilage biofilms
together with 50% glycerol, which was added based on the weight (w/w) of the mucilage
used in the films [31]. These mucilage films were produced at different pH ranges (3, 4, 5, 6,
7 and 8), with and without the addition of calcium (in the form of CaCl2) as a cross-linker.
The pH was adjusted using hydrochloric acid or sodium hydroxide to achieve the desired
pH. At the native pH, without the addition of calcium, the films showed the highest TS.
Alternatively, the films exposed to calcium displayed enhanced %E and enhanced changes
in pH. An important finding regarding the adhesion of the films was further highlighted
by the authors; improved film strength and handling was achieved at a higher pH range
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(pH 5–8) because at a low pH (pH 3), the films were difficult to work with due to the high
adhesion potential and elasticity [31].

It has been observed that cross-linked films typically result in a less compact structure
due to the intermolecular linking with calcium, resulting in the reduction in and tying of
the polymer chains. However, without the addition of calcium, there is a higher chain
flexibility, allowing for the formation of more compact films, as there is more contact surface
among the molecules [31]. This was supported by Livney et al. [47], who suggested that
greater conformation flexibility was possible for open structures than for intermolecular
cross-linked structures. Practically, films formed without the addition of calcium allow for
reduced permeability as a more organised and compact 3D structure network is formed,
retarding movement across the film when compared to films with calcium incorporated
into them [31]. Importantly, if mucilage is at a low pH of 4, it is positively charged and may
result in reduced intermolecular bonding with calcium [31]. Some authors have reported
increased film TS values associated with polymers of increased molecular weight [31,48].

Lira-Vargas et al. [43] are some of the few researchers who have also reported on
the potential of using mucilage to form biopolymer films. These authors investigated the
non-gelling mucilage fraction extracted from the cladodes of Opuntia ficus-indica. Films
were formed by drying without the addition of a cross-linker. The films displayed an
inconsistent surface morphology, with a lumpy and granular texture. These mucilage
biopolymer films resulted in a TS average of 0.49 MPa, similar to that reported by Espino-
Díaz et al. [31]. More recent studies have also shown that mucilage can be successfully
used in the development of single-polymer films [8,49].

Van Rooyen et al. [10] reported on the mechanical properties of mucilage biofilms. The
polymer concentration and changes in pH were shown to have a considerable influence on
the biofilm’s mechanical properties [10]. It was found that mucilage films developed at a low
polymer concentration of 2.5% (w/w) were unable to produce films displaying satisfactory
mechanical properties. However, increasing the polymer concentration of the mucilage
in the films to 5% (w/w) and 7.5% (w/w) resulted in mucilage films displaying adequate
mechanical properties [10]. Furthermore, when decreasing the pH of mucilage films to
pH 3–3.5, a noticeable increase in the films’ elasticity (when considering the elongation at
break % measurements) was reported. This trend of increased film tensile strength at a
pH 3–3.5 was ascribed to a type of acid by the authors, indicating the functional nature of
mucilage [10].

In addition to changes in pH, Brandon van Rooyen et al. [9] further showed that
calcium, in the form of calcium chloride, could alter the physical properties of mucilage
biofilms. The authors specifically reported that calcium reduces elasticity and increases the
strength of mucilage biofilms [9].

4.2.2. Composite/Blended Mucilage Biofilms

Although the benefits of composite biopolymer films have been well established in
the literature, limited research is available on mucilage’s interaction with other commer-
cial polymers. It has been suggested that compatible chemical synergetic interactions
between ingredients displaying similar mechanical profiles could result in enhanced film
mechanical properties. That would be essential for developing low-cost, biodegradable
packaging [3,8,29,40,50].

In the recent work of Van Rooyen et al. [3], the authors investigated a blend of mucilage
in combination with pectin and mucilage in combination with alginate biofilms. The
influence of calcium as a cross-linker was also considered. It was found that, overall, pectin
and mucilage displayed a synergist interaction, producing biofilms of increased strength.
In contrast, alginate and mucilage showed a poor interaction with each other, reducing film
strength. Polymer compatibility accounted for these differences, with pectin and mucilage
showing a positive correlation [3].

Andreuccetti et al. [28] investigated the influence that mucilage (Opuntia ficus-indica)
would have in combination with starch, with glycerol as a plasticiser, to improve film
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processability, functionality and certain mechanical properties. Composite rice starch and
mucilage films produced adequate film mechanical properties, reporting a TS range of
2.80–3.96 MPa and %E of 12.07–20.63%. The authors suggested that combining the various
biomaterials in the films allowed for a synergistic interaction between starch, mucilage
and glycerol. These synergistic interactions resulted in increases in the films’ %E values,
coinciding with decreases in the films’ TS values [15].

In another study, Sandoval et al. [8] investigated the effect that various cultivars’
mucilage (Opuntia ficus-indica) would have on pectin-based film properties for developing
biodegradable mucilage films. The authors suggested that determining a film’s puncture
tests would determine the ability of the film to maintain structural integrity and offer
protection to the food product, as it would directly evaluate the film’s mechanical strength.
It was reported that different Opuntia spp. cultivars’ mucilage influenced the mechanical
properties of composite films to different degrees. The authors also found that decreases in
the intermolecular association between polymers in the film matrix consequently resulted
in the film’s displaying increased flexibility/elasticity and, consequently, decreased film
strength. The low polymer concentration used in the development of the films was also
suggested to be a reason for this occurrence [8].

Luna-Sosa et al. [50] also investigated the influence mucilage would have on the
properties of composite pectin films together with glycerol. The films were developed using
the ‘casting’ method and then dried prior to investigation. The addition of mucilage was
shown to directly influence the single-polymer pectin films’ morphological and mechanical
properties. The authors suggested that mucilage interfered with the pectin film matrix,
resulting in less compact film morphological structures. These composite films further
showed reduced mechanical properties for both TS and %E in comparison to the single-
polymer pectin films [50].

Scognamiglio et al. [51] comparatively investigated the tensile tests and microstruc-
tures of composite mucilage films developed with thermoplastic starch and high amounts
of glycerol. Mucilage was shown to negatively influence the films’ TS, showing a more
than 50% reduction in film strength in comparison to the single-polymer thermoplastic
starch films. A TS range of 0.68–1.64 MPa was reported for composite mucilage films.
The films’ %E values, however, were increased by the addition of mucilage, interestingly,
in some instances more than 50%, when compared to the single-polymer thermoplastic
starch films. The authors further suggested that although high amounts of Ca and Mg
were associated with mucilage, these did not seem to alter the mechanical performance of
the films, suggesting that they were not bioavailable to alter the functional behaviour of
the films.

4.3. Limitation and Future Perspectives

Variations in extraction methods, coupled with the varying physiological and envi-
ronmental growth conditions of Opuntia spp. have resulted in considerable variation in
the functional properties displayed by mucilage. In addition, specific factors have been
identified as further altering the functional behaviour of mucilage in a solution and in the
development of biofilms, limiting the consistency and expected outcomes of mucilage func-
tional behaviour and applications. The presence of a cross-linker, polymer concentration
and alteration in pH have specifically been identified and discussed in this review, with
variations observed between different authors [19,20,23].

With regards to mucilage biofilm development, only more recently have specific
publications been produced that address mucilage use in the development of biodegradable
packaging in the food industry [3]. However, the limited work available on mucilage
used in composite film development often shows inconsistent and contradictory findings.
Nevertheless, a general consensus indicates that mucilage shows an undoubtable potential
for use in the development of composite biofilms to be used as biodegradable packaging in
the food industry [8,50].
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As knowledge of the interactions between mucilage and other well-established poly-
mers remains limited or non-existent, further investigations of the possibility of various cul-
tivars’ mucilage being used in the development of biopolymer films must be strongly con-
sidered. Understanding mucilage’s functional behaviour relative to that of well-established
functional polymers would further prove essential when holistically evaluating mucilage
as a functional food ingredient for various applications. These findings could be used to
improve the physical properties of packaging further and reduce the gap between low-cost,
biodegradable packaging and single-use, petroleum-based packaging.

5. Conclusions

Consumer demands and environmental concerns have been a driving force behind
the identification and investigation of novel natural biopolymers, such as cactus pear mu-
cilage. Mucilage has specifically been considered for its unique and desirable functional
properties that have been used in an attempt to address the current needs of the food
industry. Compared to other commercially available polymers, limited research is available
on mucilage’s overall functional potential as a natural biopolymer and its commercial
feasibility. Specifically, the functional potential of mucilage has found applications from a
rheological and biofilm development perspective. It has, however, been seen that mucilage
displays a functional potential that can be manipulated by a variety of factors, such as pH,
a cross-linker and further influenced by polymer concentration. Variations amongst the dif-
ferent extraction procedures have also been identified as a critical factor for determining the
functional behaviour of the resultant mucilage. It is suggested that mucilage’s functional
properties and applications require additional investigation. A better understanding of the
functional behaviour of mucilage will aid in furthering and developing optimal extraction
procedures. Although mucilage’s rheological behaviour and biofilm development forma-
tion have been investigated more recently, certain aspects are still lacking from a research
and application perspective. Therefore, further investigation of mucilage will prove critical
for making future recommendations on mucilage’s functional potential, especially if certain
industry requirements and applications must be achieved.
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Abstract: Avocado oil is a very valuable agro-industrial product which can be perishable in a short
time if it is not stored in the right conditions. The encapsulation of the oils through the spray
drying technique protects them from oxidation and facilitates their incorporation into different
pharmaceutical products and food matrices; however, the selection of environmentally friendly
emulsifiers is a great challenge. Four formulations of the following solid particles: Gum Arabic,
HI-CAP®100 starch, and phosphorylated waxy maize starch, were selected to prepare avocado oil
Pickering emulsions. Two of the formulations have the same composition, but one of them was
emulsified by rotor-stator homogenization. The rest of the emulsions were emulsified by combining
rotor-stator plus ultrasound methods. The protective effect of mixed particle emulsifiers in avocado
oil encapsulated by spray drying was based on the efficiency of encapsulation. The best results were
achieved when avocado oil was emulsified with a mixture of phosphorylated starch/HI-CAP®100,
where it presented the highest encapsulation efficiency.

Keywords: avocado oil; Pickering emulsions; encapsulation; phosphorylated starch

1. Introduction

The avocado is a highly valued fruit in the international market, but when it does not
have adequate characteristics to the exported to the country of destination, it is sometimes
discarded and lost. A sustainable alternative is to use avocado oil to promote new agro-
industrial products. Avocado oil is obtained from the mesocarp and seed of the fruit of the
avocado tree (Persea americana); avocado oil could serve as a food supplement in the diet due
to the multiple benefits that its consumption confers on health. The inclusion of avocado
oil in the diet improves the skin collagen metabolism [1], postprandial metabolic responses
to a hypercaloric-hyperlipidemic meal in overweight subjects [2], the glucose and insulin
resistance induced by high sucrose diet in Wistar rats [3]. Eight fatty acids are present in
avocado flesh [4], including palmitic (C16:0), palmitoleic (C16:1), stearic (18:0), oleic (C18:1),
and linoleic (18:2), myristic (C14:0), and arachidic (C20:0). Moreover, avocado oil contains
fat-soluble vitamins, including vitamin A, B, E, and vitamin D precursors [5]. Vitamin
D is formed in the skin after exposure to sunlight. Vitamin D2 and D3 are synthesized
from precursors such as ergosterol and 7-dehydrocholesterol, respectively [6]. Vitamin D
deficiency has been linked to an increased risk and morbidity associated with COVID-19 [7].
In addition, refined oil is used in skincare products since it is rapidly absorbed by the skin
and has sunscreen properties [8,9].
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It is important to incorporate avocado oil into the diet; however, incorporating it into
processed food matrices is limited since avocado oil is degraded dramatically at temper-
atures above 180 ◦C, and light accelerates the degradation of avocado oil. Incorporating
oil in food and pharmaceutical products that have immiscible phases can be carried out
by using an emulsifier to form a homogeneous mixture, that is, an emulsion. Traditional
emulsifiers comprise biopolymers and low-molecular-weight surfactants (LMWEs), such
as monoacylglycerols and polysorbates; which can be either natural or synthetic origin.
LMWEs consist of a hydrophilic head, which can be nonionic, or fully charged; and a hy-
drophobic tail, usually consisting of at least one acyl chain [10]. However, most surfactants
currently used to stabilize food emulsions are ionic molecules, which can induce irritating
skin reactions and can cause toxic symptoms in animals and humans [11].

An emulsion that uses solid particles for stabilization instead of chemical surfactants is
called a Pickering-type emulsion; this emulsion consists of solid particles absorbed at the oil-
water interface, which prevents flocculation and coalescence by forming a densely packed
layer that retards the formation of creams or sedimentation [12]. Pickering emulsions are
environmentally friendly due to being byproducts of the agri-food industry, and can be
used for formulation [13], as well as polysaccharides of some microorganisms [14].

Inorganic particles such as silica (SiO2), calcium carbonate (CaCO3), and titanium diox-
ide (TiO2) have been used as Pickering stabilizers [15]. Bio-based particles, such as starch
granules, fat crystals [16], gums [17,18], and proteins like soy glycinin [19], collagen [20],
casein micelles, whey protein nanofibers [21,22], salted duck egg white [23,24], and pea
proteins [25] as edible and sustainable solid particles for their use in infant formulas [26],
edible foams [27], gluten-free rice bread [28], and for the replacement of saturated fat with
vegetable oils in sausages [29].

Pickering emulsion technique has become increasingly important as a template for
microcapsule formation and relies on solid-stabilized emulsions [30]. Spray drying is the
most commonly used technique for microencapsulation of oils [31,32], and the selection
of wall materials with good emulsifying properties is crucial to prolong the stability of
the encapsulated oil. Among the solid particles synthesized from bio-based particles,
n-octenyl succinic anhydride starch (HI-CAP®100) derived from waxy maize is widely
used for stabilizing emulsions and microencapsulation of bioactive compounds by spray
drying, offering advantages such as neutral aroma and taste, low viscosity at high solids
concentrations, and good protection against oxidation [33]. Gum Arabic (gum Acacia) is
a hydrocolloid produced by the natural exudation of acacia trees and is an effective carrier
agent due to its high water solubility and its ability to act as an oil-in-water emulsifier [34].
Maltodextrins are hydrolyzed starches produced via enzymatic or acid hydrolysis of the
starch, followed by purification and spray drying [35]. Anion starch phosphate has not
been fully exploited in the microencapsulation of oils; it has negatively charged phosphate
groups that cause repulsion between the starch chains and, consequently, an increase in its
emulsifying and hydration capacity [36].

In recent works, n-octenyl succinic anhydride starches [37,38] were evaluated for
the microencapsulation of avocado oil by spray drying; these report low encapsulation
efficiencies (40–61.7%). The encapsulation efficiency, and the oxidation stability of avocado
oil are improved by combining two encapsulating materials, maltodextrins in combination
with whey protein isolate [39], or maltodextrins in combination with HI-CAP®100 [40].
Phosphorylated starch has great potential as a wall material for spray drying, but it has
lower emulsifying properties than n-octenyl succinic anhydride starch [41]. To the best of
our knowledge, the combination of phosphorylated starch, Gum Arabic and HI-CAP®100,
for the emulsification and microencapsulation of avocado oil, has not been reported.

In this way, the objectives of the present work are: (1) to examine the ability of
the combination of phosphorylated starch, Gum Arabic, and HI-CAP®100 to emulsify
avocado oil, (2) to evaluate the protection of these different polymers combination in
microencapsulation process, and (3) to determine the critical storage conditions of avocado
oil microparticles.
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2. Materials and Methods
2.1. Plant Materials and Chemical Reagents

Extra Virgin Avocado Oil (EVAO) was extracted from the mesocarp of the avocado
fruit cultivar “Hass” Persea gratissima, which was purchased from Avocare Oleo Lab
(Guadalajara, Mexico).

Gum Arabic 8287 was purchased from Norevo (CDMX, Mexico), HI-CAP®100 starch
was purchased from Ingredion (CDMX, Mexico), and phosphorylated waxy maize starch
with a degree of substitution of 0.04 was prepared by reactive extrusion, as described in a
previous work [41].

2.2. Preparation of Avocado Oil Emulsions

Avocado oil-in-water emulsions were prepared using blends of the following biopoly-
mers as emulsifiers: Gum Arabic, HI-CAP®100 starch, and phosphorylated maize starch.
Four different emulsions, AOE1, AOE2, AOE3, and AOE4, were formulated as shown
in Table 1. These formulations were selected based on a preliminary experimental de-
sign of mixtures (see supplementary material). The ratio between the avocado oil and
each biopolymer mixture was 1:4 (w/w); each polysaccharide suspension was prepared
by suspending the solids at 20% (w/w) in distilled water. Then, avocado oil was slowly
incorporated into each polysaccharide suspension by high shear stirring at 11,000 rpm for
5 min, using a rotor-stator blender (Ultra-Turrax IKA T18 basic, Wilmington, USA) to form
emulsions. After the homogenization process by high shear, AOE2, AOE3, and AOE4
samples (Table 1) were submitted to ultrasonication at 160 W of nominal power in a Bran-
son DigitalSonifier® Model S-450D (Branson Ultrasonics Corporation, Danbury, CT, USA),
20 kHz (60% amplitude), for 1 min at 4 ◦C in an ice bath to dissipate heat and prevent over-
heating of the sample. The avocado-loaded Pickering o/w emulsion AOE1 was prepared
by homogenization.

Table 1. Formulation and composition of avocado oil-in-water emulsions by using different biopolymers.

Sample Composition of Emulsifiers in wt %
Emulsification Method 1

Phosphorylated Starch Gum Arabic HI-CAP®100

AOE1 66.66 16.66 16.66 H
AOE2 66.66 16.66 16.66 H + U
AOE3 66.6 0.8 32.5 H + U
AOE4 50 0 50 H + U

1 Avocado oil-in-water emulsions were prepared by high shear (H) and ultrasound (U) homogenization methods.

2.2.1. Stability of the Kinetics of the Emulsion

The stability of emulsions was investigated on avocado oil emulsions samples by light
scattering by a Turbiscan Lab Expert (Formulation, Toulouse, France). The detection head is
composed of a pulsed near-infrared light source (λ = 850 nm) and two synchronous detectors.
A glass cell was placed in the equipment to analyze the stability index of the emulsion for
fifteen days, the measurements were taken every five minutes during the first hour, every
twenty minutes during five hours, and every three days during fifteen days at 25 ◦C. The
analysis of stability was performed as a variation of backscattering (BS) profiles as a function
of time at the middle and top layer of the samples and then exported as % BS and peak
thickness, respectively, by Turbisoft Lab 2.2 software. The curves obtained by subtracting
the BS profile at time 0 from the profile at time t (that is, ∆BS = BSt − BS0) showed a typical
shape that allows a better quantification of creaming, flocculation, and other destabilization
processes [42]. The global Turbiscan Stability Index (TSI) was calculated to compare the
stability of the different formulations under analysis using the following formulæ

BS = 1/
√

λ∗, λ∗(ϕ, d) =
2d

3ϕ(1− g)Qs
, (1)
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TSI =

(
1

n− 1

n

∑
i=1

(xi − xBS)
2

)1/2

, (2)

where λ∗ is the photon transport mean free path in the analyzed dispersion: ϕ is the volume
fraction of particles; d is the mean diameter of particles; g and Qs are the optical parameters
given by Mie’s theory; xi is the average backscattering for each minute of measurement;
xBS is the average of xi and n is the number of scans [42].

2.2.2. Morphology, Droplet Size Distribution, and ζ-Potential Measurements

The interfacial structure of aged emulsions (fifteen days of storage) was analyzed
using an Eclipse H550S microscope (Nikon, Chiyoda-ku, Japan) equipped with a Kodak
DC 120 digital camera (Servier Country, TN, USA).

The size characterization and the ζ-potential were measured separately using a Zeta-
sizer (NanoZS, Malvern Instruments Ltd., Malvern, UK) by diluting 1 µL of each emulsion
sample in 10 mL of type I water. All measurements reported in this paper were made at a
temperature of 25 ◦C. Size measurements were carried out using a process called dynamic
light scattering (DLS), which uses a 4 mW He–Ne laser operating at a wavelength of 633
nm and a detection angle of 173◦. The size distribution was obtained from the analysis of
correlation function in the instrument software.

The ζ-potential on emulsion droplets was determined by the Henry equation, which
relates the electrophoretic mobility to ζ-potential. The electrophoretic mobility is obtained
by performing an electrophoresis experiment on the sample and measuring the velocity of
the particles using a laser doppler velocimetry [43].

2.3. Spray-Drying of Pickering Emulsions to Produce Microparticles

The encapsulation was carried out by spray-drying in a Mobile Minor 2000 (GEA Niro,
Søborg, Denmark) using a peristaltic pump (Watson-Marlow 520S, Altamonte Springs, FL,
USA) with the following drying conditions: inlet air temperature of 170 ± 5 ◦C; outlet air
temperature of 75 ± 5 ◦C; nozzle diameter of 0.5 mm; and liquid flow rate of 10 mL/min.
The equipment’s air flow was set at 70 m3/h.

The product yield (Y) was calculated as the ratio between the mass of the output
powders (Mrecovered), recovered from the equipment in the end of the spray-drying pro-
cess, and the mass of the solid content of the initial solution Min f eed, infeed to the spray-
dryer chamber.

Y(%) =
Mrecovered
Min f eed

× 100, (3)

2.3.1. Determination of Moisture Content and Water Activity of Microparticles

The moisture content of spray-dried powders was measured using a gravimetric
method (AOAC, 1995). Briefly, 1 g of each powder was placed in an aluminum plate at
constant weight and heated at 105 ◦C until constant weight was reached. Water activity
(aw) was measured employing an Aqualab meter (Decagon Devices, Model 4 TE, Pullman,
DC, USA).

2.3.2. Determination of Avocado Oil Content in Microparticles

The determination of avocado oil in the microcapsules was carried out according
to the previously reported methodology [41]. The onset (To) and peak (Tp) temperatures
of crystallization and the enthalpy (∆Hc) in J/g of both avocado oil and microcapsules
were determined in a Differential scanning calorimetry (DSC) analysis by using a TRIOS
5.1.1 Sofware (TA Instruments, New Castle, UK). Approximately 3 mg (dry basis) was
weighed directly into aluminum trays. The oil percentage in microcapsules was calculated
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by dividing the integrated area under the single exothermal peak corresponding to the oil
in microcapsules by the crystallization enthalpy of the pure avocado oil,

EVAO =
∆HMicrocapsules

∆HEVAO
× 100, (4)

where EVAO is the percentage of extra virgin avocado oil in microcapsules; ∆HMicrocapsules
is the enthalpy of crystallization of EVAO in microcapsules; and ∆HEVAO is the enthalpy of
crystallization of pure EVAO.

Encapsulation efficiency (EE) is the percentage of total avocado oil in spray-dried
product with reference to the corresponding avocado oil infeed in the emulsion,

EE =
∆HMicrocapsules

1.48
× 100, (5)

where 1.48 is the enthalpy of crystallization in J/g of EVAO.

2.3.3. Morphology of Microparticles

The external morphology of the microparticles was observed by scanning electron
microscopy (SEM), consisting of a FEI-Sirion S4800 JEOL 7401F instrument operated a 5 kV
with secondary electrons (Hitachi High-Technologies Corporation, Instruments Co., Ltd.,
Tokyo, Japan).

2.4. Determining Storage Conditions for Avocado Oil Microparticles
2.4.1. Moisture Adsorption Isotherm and Its Modeling

On the basis to determine critical storage conditions, samples of M-AOE4 (1 g) were
put into dishes; the dishes were placed into hermetically sealed desiccators at 25 ◦C,
each containing one of the following saturated solutions: LiCl, CH3CO2K, KCl, K2CO3,
Mg(NO3)2, NaCl, KCl, BaCl. In this way, the water activity ranges from 0.11 to 0.94 aw.
The samples were stored until reaching equilibrium moisture content, that is, when the
differences between two consecutive weights were within 0.001 g.

Guggenheim-Anderson-De Boer (GAB) Model

Water sorption isotherm was fitted by GAB model [44], and is described by the formula

M =
M0CKaw

(1− Kaw)(1− Kaw + CKaw)
, (6)

where M is the moisture content in the sample (g water per 100 g of dry solids) at aw, M0 is
the monolayer moisture content (g water per 100 g of dry solids), C is the Guggenheim’s
parameter, and K is a dimensionless parameter.

LSF-Polynomials of 6-th Order

In LSF-polynomials (Least squares fitting-polynomials), the sum of the squares of
the vertical offsets between the data points and the polynomial is minimized [45]. The co-
efficients of an LSF-polynomial were determined by the instruction Fit[] of Wolfram
Mathematica® (Champaign, IL, USA). A 6-th order LSF-polynomial is employed to mini-
mize the fitting error by increasing the number of degrees of freedom instead of increasing
the number of data points for modelling moisture sorption isotherm.

M6(aw) = b0 + b1aw + b2a2
w + b3a3

w + b4a4
w + b5a5

w + b6a6
w, (7)

In contrast to the use of polynomials as interpolating functions, where the degree of
the interpolating polynomial depends on the number of data points, LSF-polynomials do
not necessarily pass through the data points as interpolating polynomials do. As a result,
the degree of a LSF-polynomial can be much lower than the number of data points [45].
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2.4.2. Determination of the Critical Water Activity (RHc)
Determination of Inflection Points

From the experimental data of M obtained from sorption isotherm of avocado oil
microparticles (M-AOE4) at 25 ◦C, LSF-polynomials of 6-th order were denoted by M6(aw).
The inflection points were calculated from the zeros of the polynomial equations Mi(aw) = 0,
where i = 6. Given a polynomial of degree 6, its inflection points were calculated from its
second derivative, which is indeed another polynomial of degree 6− 2.

Determination of Tg of M-AOE4 Microparticles

The values of Tg of M-AOE4 samples stored at different aw at 25 ◦C were determined
by DSC. Runs were performed within a temperature range of 25 to −85 ◦C, finally cooling
from −85 to 80 ◦C; the heating and cooling rates were set at 10 ◦C/min. The values of Tg
were determined as the midpoint in the proximity of change of the specific heat (∆Cp).
The plasticizing effect of water on Tg is described by the Gordon–Taylor model [46], which
is described by the formula

Tg =
w1Tg1 + kw2Tg2

w1 + kw2
, (8)

where Tg is the glass transition temperature of a mixture of solids and water; w1 is the
anhydrous fraction having a glass transition Tg1; w2 is the water fraction having a glass
transition Tg2, which is often taken as −135 ◦C, corresponding to pure water; and k is
a parameter [47]. If k = 1, the relation between Tg and the anhydrous fraction is linear,
whose plot is a straight line in the w1 − Tg plane. If k > 1 the resulting plot is concave,
while if k < 1 the plot is convex [48].

2.5. Fitting of Models

The fitting of the above models was evaluated through the mean relative deviation
error (P), which is defined as follows

P =
100
N

N

∑
i=1

∣∣∣∣
Xi − X′i

Xi

∣∣∣∣, (9)

where N is the number of data points, Xi denotes the experimental data, and X′i is the
forecast value calculated by a model.

2.6. Statistical Analysis

The results obtained were conducted in triplicate and results are reported as mean± stan-
dard deviation. Data were analyzed statistically by one-way analysis of variance (ANOVA)
using Minitab 19 Statistical Software (Minitab, Inc., State College, Pennsylvania, PA, USA).
The Tukey’s test was used to determine differences in the mean values (p ≤ 0.05).

3. Results
3.1. Droplet Size Distribution and Morphology

Droplet size distributions of Pickering emulsions containing avocado oil is shown
in Figure 1. The mean particle size of avocado oil emulsions was between a range of
363.8–858.5 nm. The samples AOE2 and AOE1 contain the same composition of biopoly-
mers, the difference lies in the emulsification method. Coarse emulsion AOE1 was not
sonicated and showed the largest emulsion droplets, with an average droplet size of
858.5 nm. On the other hand, the smallest emulsion droplets with an average droplet
size of 363.8 nm (AOE2) were obtained by using rotor-stator homogenizer, followed by
ultrasonic emulsification. According to [49], ultrasonic emulsification decreases the median
diameter of oil droplets from 1.141 to 0.891 µm, then droplet size reduction is attributed to
the combined emulsification methods.

The emulsifier type and the emulsification method influenced the control of the
size of the droplets, and Figure 1 shows the droplet size distribution observed in all the
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samples. AOE1 and AOE4 show a trimodal distribution, however, samples AOE2 and
AOE3 show a bimodal distribution; this phenomenon is attributed to the coalescence and
rupture of the droplets [50]. It can be seen with the naked eye that emulsions with a
trimodal droplet distribution have larger droplets than emulsions with a bimodal droplet
distribution. The values obtained in the present work are comparable to those reported
for olive oil emulsions [41] homogenized by microfluidization (345–996 nm) and by using
starch derivatives.

Figure 1. Droplet size distribution of O/W emulsions stabilized by mixed particulate emulsifiers
(AOE1, AOE2, AOE3, AOE4).

3.2. ζ-Potential and Stability of Emulsions

Table 2 presents the ζ-potential values. This parameter characterizes the surface charge
of the droplets and reflects the repulsive force between the emulsion droplets. According to
results (Table 2), ζ-potential values are within the range−0.34 < ζ < −27.5; it is considered
in systems with ζ > 25 mV and ζ < −25 mV to have a high degree of stability [51].
Stabilized emulsions with Gum Arabic show more electronegative values than AOE4
emulsion, particularly attributed to the negative ζ-potential of carboxylic groups in Gum
Arabic (−28.97 mV). Less negative values were obtained in Phosphorylated (−18.1 mV)
and HI-CAP®100 (−19.20 mV) starches.

Table 2. Influence of mixed particle/emulsifier on stability and physical characteristics of emulsions

Sample Average Size (nm) Droplet Size (nm)
ζ-Potential (mV) TSI (6 h, 15 days)

Peak 1 Peak 2 Peak 3 1

AOE1 858.5 639 (48.9) 3991 (43.9) 120.9 (7.2) −27.5 ± 1.08 1.92, 19.93
AOE2 363.8 372.1 (92.6) 4907.00 (7.4) 0.00 (0.0) −22.4 ± 0.11 1.85, 13.02
AOE3 453.7 609.4 (97.8) 5196.00 (2.2) 0.00 (0.0) −27.6 ± 0.46 1.83, 10.23
AOE4 605.7 2305 (62.4) 363.6 (32.5) 57.31 (5.1) −0.34 ± 0.23 1.92, 17.10

1 Droplet size average of each peak in a tri-modal droplet size distribution (% Intensity), and mean value
of ζ-potential ± standard error of fresh avocado oil emulsions. Turbiscan stability index (TSI) by dynamic
light scattering.

Samples AOE1 and AOE2 have the same composition, but they present different
values of ζ-potential; this can be attributed to the emulsification method. The type of emul-
sification, either rotor-stator or microfluidization, impacts the distribution of the functional
groups of mixed biopolymers on the surface composition of spray dried emulsions [52].
By using a rotor-stator mixer, micelle formation occurs through shear forces. In another way
by ultra-sonication, ultrasound waves are propagated through the emulsion and denatura-
tion of the secondary structure of macromolecules is carried out [53]. Carbonyl, sulfhydryl,
hydroxyl groups, etc., could be exposed due to molecular unfolding and stretching of
proteins of Gum Arabic in sonicated samples; thus, they can affect electrokinetic potential
in emulsions.
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Not only ζ-potential, but also steric hindrance among droplets, is another mechanism
to prevent the coagulation or flocculation in emulsions [18], as it is the main stabilization
mechanism [54], particularly in pickering-type emulsions. Previous studies showed that
the union of hydrophilic polysaccharides on the surface of oil droplets reinforces steric
repulsion, preventing droplet aggregation [55,56]. The AOE4 shows a ζ-potential close
to zero. This formulation is composed of starch derivatives and it suggests that starch
particles confer a charge shielding effect.

Samples AOE1 and AOE4 show a lower stability of the droplets to flow compared to
samples AOE2 and AOE3, which is consistent with the TSI of the emulsions (Table 2). It is
important to mention that the lowest values of TSI obtained for AOE2 and AOE3 imply
better stability during storage, and that in those samples Gum Arabic helped to stabilize
the emulsions since the hydrophobic and protein rich backbone at Gum Arabic adsorbs
onto the O/W emulsion interface [57]. Moreover, a yellowish color can be seen in samples
containing Gum Arabic (Figure 1).

The visual appearance of the vials containing emulsions after fifteen days of storage
can be seen in Figure 2. The photograph shows that sedimentation takes place after the
coalescence of droplets, it is appreciated that the AOE1 sample shows more sediment than
AOE2, AOE3, and AOE4 samples. Optical images of samples AOE1 and AOE2 were taken
from the bottom of the vials and confirm the flocculation and coalescence phenomenon,
and the green circles enclose the largest droplets that originated from the collision of
two or more droplets. Optical images of AOE2 and AOE3 samples were taken from the
supernatant of the vials, which show droplets of a uniform size that maintain a certain
distance between each one. The destabilization mechanisms associated with the coalescence
and flocculation of the droplets in all the samples could be observed, and both phenomena
were observed during their analysis by optical microscopy in aged samples. No appreciable
changes were observed after fifteen days of storage.

The backscattering (BS) profiles monitored during fifteen days are shown in Figure 3.
No noticeable destabilization of the emulsions was observed during the first six hours of
storage, therefore, the emulsions can be spray-dried during that time. After three to fifteen
days of storage, it is shown in AOE1 sample (Figure 3) that sedimentation and creaming
occurred. It should be noted that the AOE2 sample is more stable than the AOE1, both
containing the same composition of biopolymers, but AOE2 was processed by rotor-stator
mixer and ultrasonication homogenization.

A direct relationship was observed between droplet size and creaming, and the forma-
tion of a cream layer in AOE1 and AOE4 resulted from the generation of big lipid droplets
due to weak steric repulsion [58]. The AOE2 sample that showed the smallest droplet size
(363.8 nm) did not show destabilization by creaming. The presence of Gum Arabic in AOE2
and AOE3 samples provided a better stability by immobilizing the emulsion droplets into
a network stabilized by electrostatic repulsion or steric effects between the droplets.
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Figure 2. Visual appearance of measuring vials containing avocado oil emulsions stabilized by
particulate emulsifiers after fifteen days of storage and optical microscopy (40× magnification) of
avocado oil emulsions: AOE1, AOE2, AOE3, and AOE4. Optical microscopy images of AOE1 and
AOE4 samples were taken from the supernatant of the vials, and AOE2 and AOE3 samples were
taken from the sediment in the vials. The green circles enclose droplet coalescence. Scale bar of
10 µm (—).

Figure 3. Backscattered light intensity as a function of the height of a measuring cell of O/W
emulsions stabilized by particulate emulsifiers through fifteen days of storage at 25 ◦C.

3.3. Characterization of Spray-Dried Microparticles from Emulsions

The moisture content of the spray-dried powders and aw are shown in Table 3. Mois-
ture content ranged from 1.334 to 3.156% and water activity ranged from 0.11 to 0.15 aw.
Those results are similar to those reported for microparticles of avocado oil [39] by using
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mixtures of whey protein and maltodextrin. The authors report a maximum moisture
content of 2.89% of moisture content [39]. It should be noted that low moisture content and
water activity are desirable for greater product stability during storage.

Table 3. Influence of mixed particulate emulsifiers (AOE1, AOE2, AOE3, AOE4) on the yield, moisture
content, and aw of spray dried microcapsules.

Sample Yield (%) Moisture Content aw

M-AOE1 70.34 ± 1.574 c 1.344 ± 0.188 a 0.11 ± 0.00 a

M-AOE2 66.00 ± 0.818 b 3.156 ± 0.147 c 0.15 ± 0.00 b

M-AOE3 76.10 ± 0.561 d 2.386 ± 0.163 b 0.13 ± 0.01 c

M-AOE4 85.92 ± 2.513 a 1.725 ± 0.321 a 0.11± 0.00 a

Results show the mean value ± standard error from three samples. Significant differences (p < 0.05) were labeled
with different lowercase letters within a column.

Product yield of avocado oil microparticles ranged from 66 to 85.92%, being the
highest value allied to M-AOE4 sample, while the lowest value corresponds to M-AOE2
sample. The quantity of product yield after spray drying is influenced by the stickiness of
the solution fed to the equipment [59], which is mainly attributed to the glass transition
temperature of the wall materials [60]. For the case of samples which present the same
composition but different processing (M-AOE1 and M-AOE2), it can be seen that the
sample homogenized by using high shear plus ultrasound (M-AOE1) presented a higher
yield after spray drying than the sample homogenized by using high shear (M-AOE2).
Different studies have previously shown that emulsification with ultrasound improves the
performance in the recovery of microparticles during spray drying process [61], compared
with high shear homogenization.

Moreover, the composition of the encapsulating materials in the emulsions influenced
the performance of spray drying. By comparing the samples AOE2, AOE3, and AOE4
with different composition of biopolymers (Table 1), but processed in the same way, it can
been seen that sample AOE4 shows the highest product yield (85.92%). This result can be
attributed to the absence of Gum Arabic in M-AOE4 sample: at the higher Gum Arabic
content, the lower the product yield. In addition to the type of emulsion and processing,
product yield performance depends on the type of equipment used and its operating
parameters. In the present study, the emulsions were spray-dried in the same way.

3.4. Morphology of Spray Dried Microparticles

The effect of the composition on the morphology of spray dried powders from emul-
sions is observed in Figure 4. Particles with different sizes and wrinkled morphology
can be seen in all treatments, and the rough surface of the microparticles is attributed to
rapid formation of spherical structures and rapid evaporation of moisture from inside
during spray-drying process [62]. It should be noted that M-AOE1, M-AOE2, and M-AOE3
samples show agglomeration of particles; on the other hand, sample M-AOE4 that does
not contain Gum Arabic is in free-flowing powder. This can be attributed to the presence of
Gum Arabic in these samples (see fomulation in Table 1).

Gum arabic is a highly branched and complex polysaccharide composed of galac-
tose, arabinose, rhamnose, glucoronic acid, and a protein fraction (1.5–2.6%) [63]. Those
molecules contain carboxylate anion groups and confer a negative ζ-potential value of
−28.97 mV, thus chemical structure could contribute to the electrostatic interaction be-
tween the microparticles and adhesiveness between them. Fusion of microparticles have
been reported by [39,45] to be related to glass transition and crystallization of amorphous
polymer matrix of wall materials during spray drying, however in the present study this
phenomenon is not observed. Then, the agglomeration of the microparticles can be due to
electrostatic interactions.
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Figure 4. Microstructure of spray dried microparticles from avocado oil-in-water emulsions observed
by SEM (at 750×magnification). M-AOE1, M-AOE2, and M-AOE3 contain phosphorylated starch,
Gum Arabic, and HI-CAP®100 starch. Sample M-AOE4 contains phosphorylated starch and HI-
CAP®100 starch.

3.5. Thermal Analysis and Encapsulation Efficiency of Avocado Oil

Thermogram profiles of avocado oil and spray dried powders are shown in Figure 5A,B
respectively. The observed thermal transitions depend on the formed crystals of TAG,
which could present three typical polymorphs based on fatty acid moieties; parallel (β),
perpendicular (β′), and random (α) in the order of the melting point [64]. This packing is
defined as the type of cross-sectional packing of aliphatic chains of the oil. Avocado oil is
characterized by showing a high proportion of monounsaturated fatty acids (65.29–71.31%)
and saturated fatty acids (13.41–19.25%), followed by a low proportion of polyunsaturated
fatty acid (11.30–16.41%) [65]. The crystallization profile of avocado oil (Figure 5A) shows
two exothermic peaks during cooling, the first peak (1) detected at −20.3 ◦C and a second
peak (2) detected at −43.87 ◦C. The melt curve profile of avocado oil shows an exothermic
peak (3) at −72.19 ◦C, which can be attributed to the crystallization of the avocado oil
fraction that did not solidify during cooling [66].

Three endothermic peaks (4, 5, and 6) are observed in Figure 5A; these are attributed to
melting of monounsaturated fatty acids and polyunsaturated fatty acid fractions. According
to [67], melting temperature at≈−25 ◦C is attributed to stearin fraction, however no melting
peaks are observed at temperatures greater than 0 ◦C in the present work. It should be
noted that avocado oil was extracted by cold pressing using mechanical methods and
subsequently filtered to remove fats that solidify at room temperature.
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Figure 5. DSC thermogram of avocado oil (A) and avocado oil microcapsules after spray drying (B).

DSC analysis is sensitive to phase transitions of edible oils present in food matrices.
Next, crystallization curves of avocado oil in powders M-AOE1, M-AOE2, M-AOE3, and
M-AOE4 were determined and illustrated in Figure 5B in order to quantify the oil content
in the microparticles. In all powders, a shift of the crystallization peak towards lower
temperatures was observed, consistent with a previous study on olive oil [41]. The heat of
crystallization of avocado oil (peak 1) is 5.92 J/g of avocado oil, as the spray dried powders
were formulated in a ratio of 1:4 w/w (avocado oil to wall material). The corresponding
value in infeed emulsion is 1.48/g of powder.

As can be seen in Table 4, the type of particulate emulsifier shows a significant effect
on the avocado oil content (p < 0.05). M-AOE4 sample shows the highest EE for encap-
sulation of avocado oil, and its composition consists of 50% HI-CAP®100 starch and 50%
phosphorylated starch. In a previous study [41] it was shown that phosphorylated starch
provided a greater protective effect against the oxidation of olive oil microcapsules than
octenyl succinylated starch, however it presented lower EE than octenyl succinylated starch.
In the present work, by combining both types of starch derivatives, HI-CAP®100 starch
and phosphorylated starch, it was possible to obtain a higher EE (95.4%) than the values
reported for olive oil microcapsules produced by using phosphorylated starch (71.8%).
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Table 4. Thermal properties of avocado oil powders.

Sample Thermal Properties
To (◦C) Tp (◦C) ∆Hc (J/g) AO (%) EE (%)

Avocado oil −18.288 ± 0.009 a −20.300 ± 0.000 a 5.920 ± 0.088 a 100.000
M-AOE1 −23.719 ± 0.204 b −26.721 ± 0.114 bd 0.662 ± 0.133 c 11.180 44.721
M-AOE2 −23.683 ± 0.531 b −26.484 ± 0.005 d 1.053 ± 0.034 de 17.783 71.134
M-AOE3 −23.717 ± 0.104 b −25.181 ± 0.047 c 1.366 ± 0.209 be 23.070 92.278
M-AOE4 −23.636 ± 0.057 b −25.162 ± 0.212 c 1.412 ± 0.089 b 23.981 95.386

Results show the mean value ± standard error from two samples. To = onset temperature; Tp = melting
temperature; ∆H = crystallization enthalpy; AO = avocado oil percent. Significant differences (p < 0.05) were
labeled with different lowercase letters within a column.

Critical Storage Conditions of Avocado Oil Microparticles

According to the best performance of the powders, M-AOE4 sample was selected to
analyze its water adsorption isotherm and to determine its Tg as a function of moisture
content. Figure 6A shows adsorption isotherm of avocado oil microparticles at 25 ◦C,
and shows the typical sigmoidal shape of type II isotherm (Brunauer–Emmett–Teller
classification). This type of isotherm is consistent with those previously published for
microcapsules of octenyl succinylated starch [68], lauroylated starch [69], and acetylated
starch [70].

Figure 6. Predicted models for avocado oil microcapsules: (A) GAB model (—) sorption isotherm and
M (•) in function of aw; (B) Gordon–Taylor model (—) and experimental data of Tg (•) in function of
moisture content M.
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BET isotherm (Brunauer–Emmett–Teller) was developed to model a multilayer adsorp-
tion system. Although the sorption isotherm of avocado oil powder can be estimated from
BET, if it is stored at aw > 0.5 the isotherm suddenly grows and loses the fitting. The GAB
model (Guggenheim, Anderson, and De Boer) is applicable in a wider range 0.1 ≤ aw ≤ 0.9
because it introduces a second well-differentiated adsorption stage, resulting in the addition
of an extra degree of freedom (the K parameter) in its formula [71]. It has been established
that M0 value of the GAB model is the saturation of polar groups of the materials with
adsorbed water molecules in the most active sites and that in the obtained M0 value the
product should be stable against microbial deterioration [72].

The M0 value of M-AOE4 corresponds to 0.047 g H2O/g of powder sorbed at 0.453
aw, which is slightly less than the value reported for coffee oil microcapsules [73] pre-
pared by using a mixture of HI-CAP®100 and maltodextrin (MD), as can be seen in the
Table 5. The combination of octenyl succinylated commercial starch (HI-CAP®100) with
phosphorylated starch in present work led to decrease in moisture sorption, compared
to the mixture octenyl succinylated starch with maltodextrin for coffee oil encapsula-
tion [73]. On the other hand, the use of octenyl succinylated taro starch as encapsulating
material for avocado oil [37] without mixing originates more hygroscopic avocado oil
microparticles (M0 = 0.1416 g H2O/g of powder) than the value obtained in the present
work (M0 = 0.047 g H2O/g of powder).

Table 5. Estimated parameters for selected sorption isotherms models, and prediction of Tg by using
Gordon–Taylor model.

Models Carrier Agents 1

GAB Parameters M-AOE4 HI-CAP/MD

C 2.279 2.88
KGAB 0.905 0.95

M0 (H2O/g) 0.047 0.042
R2 0.995 0.996

P (%) 12.393 6.09

Gordon–Taylor
Tg1 (◦C) 105.109 56.3

kGT 3.174 2.57
R2 0.989 0.984

P (%) 3.06 0.96
1 Parameters of the GAB and Gordon–Taylor models for M-AOE4, HI-CAP/MD are reported in [73] for coffee
oil microcapsules.

The parameter KGAB determines the rate of growth of the isotherm curve for the
higher values of aw. KGAB = 0.905 (Table 5) lies in the allowed interval of 0.24 ≤ K ≤ 0.1 in
order to obtain an error value (P) lower than 15.5%. In the present work, a 6-th oder LSF
polynomial model provided a better fit to the experimental data (P = 1.079%) than GAB
model (P = 12.393%). Moreover, its inflection point I3 (0.477 aw) is allied to the moisture
content in the M0. According to the sorption isotherm, 0.477 aw corresponds to 0.049 g
H2O/g of powder, a value very close to M0 (0.047 g H2O/g). Inflection point I4 (0.818 aw)
is related to the solubilization of M-AOE4 powder, characterized by a dramatic increase in
moisture content.

The Tg is an important parameter to predict powder stability against caking, which
is a phenomenon caused by the adsorption of water from powders, and often causes loss
of fluidity of the powder due to agglomeration of particles [45]. As Tg value indicates the
transition from the vitreous state into the rubber state, thus the Tg of the mixed particulate
emulsifiers should be above room temperature to promote greater stability during storage.
The M-AOE4 powder obtained by spray drying is in the vitreous state, in which the
mobility of polysaccharides chains is restricted, limiting the diffusion phenomena of water
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molecules [74]. Figure 5B shows that Tg decreases with the increase of the moisture content
in avocado oil microparticles due to the plasticizing effect of water [45].

The Gordon–Taylor model shows an state diagram of the Tg as a function of aw, and
shows that Tg(RHc) = 25 ◦C occurs when M-AOE4 contains 0.107 g H2O/g of powder
and 0.73 aw. It means that at room temperature, samples should not be stored at relative
humidities greater than 73%. If the powder is above the Tg, the oxidation reactions of the
avocado oil will be accelerated and its structural properties will be lost.

According to the Gordon–Taylor model, anhydrous fraction of M-AOE4 shows a Tg1 = 105 ◦C,
which is higher than these reported for coffee oil microcapsules made with mixtures of
the following materials: Hi-Cap/MD (56.3 ◦C), Capsul/MD (65 ◦C), N-lock/MD (60.4 ◦C),
GA/MD (62.9 ◦C). It should be noted that cross-linked phosphorylated starch is character-
ized by its resistance to high temperatures and high hygroscopicity. Phosphorylated starch
has negatively charged phosphate groups, which allowed greater water penetration and
swelling [41,75]. In the present work, the combination of phosphorylated starch with Hi-
CAP starch overcomes the drawbacks of of the both types of derivatization, succinylation,
and phosphorylation. The critical storage conditions determined are suitable for delivery
system in skim milk powders with values ranging from 0.100 to 0.380 aw [76] and powder
care cosmetics [77].

According to the 6-th order LSF polynomial model, it provides a better fit (P = 1.08)
than the GAB model (P = 12.39):

M6(aw) = −0.0603597 + 1.48479aw − 10.608a2
w + 38.9682a3

w − 74.0669a4
w + 69.409a5

w − 24.9497a6
w.

Then the following four inflection points can be determined from the polynomial
model with high precision:

I1 = 0.204976aw, I2 = 0.353877aw, I3 = 0.477614aw, I4 = 0.81817aw;

where, according to a previous work [45], the physico-chemical sense is related to the
moisture sorption properties. I3 represents the moisture content in monolayer, which corre-
sponds to 0.049 H2O/g of powder, very close to the monolayer of GAB model (M0 = 0.047
H2O/g). I4 is attributed to the caking phenomenon, which is accompanied with a dramatic
moisture sorption of 0.16 g H2O/g. Therefore, powders should be stored at aw < 0.73 to
preserve their physical characteristics and free flowing properties.

4. Conclusions

The formulation of four avocado oil-in-water emulsions influenced the oil content of
the spray-dried powders. Two formulations with the same composition of emulsifying
particles were processed differently; the first one was homogenized using rotor/stator,
and the second one by combining rotor/stator and ultrasound methods. The combination
of both emulsification methods favored the decrease in droplet size of the emulsions
and the increase in oil encapsulation efficiency, compared to the sample processed by
rotor-stator method.

Three formulations with different particle composition were homogenized by combin-
ing rotor-stator plus ultrasound methods, two of them with Gum Arabic showed greater
stability and smaller droplet size than the sample that only contained modified starches.
The composite emulsion, formulated with phosphorylated and HI-CAP®100 starches,
showed the highest encapsulation efficiency of avocado oil compared to the rest of the
emulsions that contained Gum Arabic. On the other hand, it was the most unstable, as it
did not contain Gum Arabic.

The results of this work showed that phosphorylated starch in a mixture of HI-CAP®100
is a sustainable alternative to replace the use of Gum Arabic, since starch is a tunable
biopolymer. This methodology allowed us to obtain microparticles with high efficiency of
avocado oil encapsulation and good physical stability up to 73% of relative humidity.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14153064/s1. Table S1: Composition of the feed emulsions
and response variables, Table S2: ANOVA analysis for zeta potential, droplet size and TSI, Table S3:
Optimization design for zeta potential, droplet size, and Turbiscan Stability Index (TSI) for emulsions
prepared from the 22 experimental runs of the D-optimal design, Figure S1: Graphic response model
for droplet size (nm), Figure S2: Graphic response model for TSI The visual appearance of the vials
containing emulsions can be seen in Figure S3, Figure S3: Photograph of the prepared emulsions.
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Abstract: Currently, demand for functional foods is increasing in the public interest in order to
improve life expectations and general health. Food matrices containing probiotic microorganisms
and active compounds encapsulated into carrier agents are essential in this context. Encapsulation
via the lyophilisation method is widely used because oxidation reactions that affect physicochemical
and nutritional food properties are usually avoided. Encapsulated functional ingredients, such
as quercetin and Bacillus clausii, using two carrier agents’ matrices—I [inulin (IN), lactose (L) and
maltodextrin (MX)] and II [arabic (A), guar (G), and xanthan (X) gums)]—are presented in this work. A
D-optimal procedure involving 59 experiments was designed to evaluate each matrix’s yield, viability,
and antioxidant activity (AA). Matrix I (33.3 IN:33.3 L:33.3 MX) and matrix II (33.3 A:33.3 G:33.3 X)
exhibited the best yield; viability of 9.7 log10 CFU/g and 9.73 log10 CFU/g was found in matrix
I (using a ratio of 33.3 IN:33.3 L:33.3 MX) and matrix II (50 G:50 X), respectively. Results for the
antioxidant capacity of matrix I (100 IN:0 L:0M X) and matrix II (0 A:50 G:50 X) were 58.75 and 55.54
(DPPH* scavenging activity (10 µg/mL)), respectively. Synergy between matrices I and II with use
of 100IN:0L:OMX and 0A:50G:50X resulted in 55.4 log10 CFU/g viability values; the antioxidant
capacity was 9. 52 (DPPH* scavenging activity (10 µg/mL). The present work proposes use of a
carrier agent mixture to produce a functional ingredient with antioxidant and probiotic properties
that exceed the minimum viability, 6.0 log10 CFU/g, recommended by the FAO/WHO (2002) to be
probiotic, and that contributes to the recommended daily quercetin intake of 10–16 mg/day or inulin
intake of 10–20 g/day and dietary fibre intake of 25–38 g per day.

Keywords: functional; food; inulin; lactose; Bacillus clausii

1. Introduction

A functional food (FF) is defined by the European Society for Clinical Nutrition and
Metabolism guide as an enriched food with ingredients, nutrients, or additional compounds
intended to manifest specific benefits to health. In the last decade, FF production has be-
come an important biotechnology industry, given growing consumer interest in improving
life expectancy and healthy due to raising of awareness about prevention of certain diseases
such as diabetes, cancer, and Alzheimer’s [1,2]. Antioxidants are commonly compounds
added to other nutritional particles to promote synergism: e.g., vitamin C to regenerate the
vitamin E tocopheryl radical after its oxidation [3]. Additionally, antioxidants are added to
suppress lipid oxidation, increase products’ shelf life, and reduce free radical concentrations
generated in organisms [4]. Flavonoids such as quercetin are antioxidants found in apples,
grapes, beans, broccoli, red onion, tomatoes, oilseeds, flowers, tea leaves, and Ginkgo
biloba. However, though recommended ingestion of quercetin is 1 g per day, the average
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consumption is about 10–16 mg [5]. Different molecular mechanisms have been reported
in treatment of various diseases. For example, in allergic asthma, the compound showed
inhibition of MUC5AC gene expression in NCI-H292 cells, triggering human nasal mucosa
anti-secretory agents that prevented mucosa secretion in epithelial cells while maintaining a
normal ciliary movement [6]. Ingestion of 150–730 mg of quercetin per day over four weeks
resulted in antihypertensive action, reducing systolic and diastolic pressure in patients
in the first stage of hypertension [7]. Similarly, patients with metabolic syndrome who
consumed a daily dose of 150 mg of quercetin over five weeks significantly reduced their
systolic pressure. An in vitro study performed by Reyes-Farias and Carrasco-Pozo [8]
showed that quercetin acts as an antiviral agent against HIV, inhibiting integrase, protease,
and inverse transcriptase enzymes.

Other important compounds found in FFs are probiotics, which confer benefits to
health through production of biliary enzymes, organic acid, satiety hormones, and immune
system modulation. These microorganisms also improve antibody response, improve
substrate competence against pathogenic organisms, and interact with microbiota [9]. An
important probiotic employed in food enrichment is Bacillus clausii (B. clausii): an anaer-
obic gram-positive bacterium capable of generating spores and intestinal colonisers [10].
Moreover, B. clausii is resistant to heat, gastric pH conditions, and antibiotics. Nevertheless,
its optimal growth conditions are 40 ◦C and a pH of 9.0. De Castro et al. [11] treated acute
infant diarrhoea (by viral cause or associated with antibiotics) with B. clausii, showing that
its consumption over seven days reduced disease duration, gastrointestinal symptoms, and
evacuation frequency. Plomer et al. [12] used B. clausii to reduce adverse effects of treatment
of Helicobacter pylori: a pathology, usually treated with antibiotics, that causes nausea,
inflammation, vomit, and diarrhoea, triggering treatment failure and bacterial resistance.

A microencapsulation process is employed to conserve active ingredient properties
susceptible to suffering damage under processing or environmental conditions. Major
environmental conditions that could affect ingredient activity include atmospheric oxygen,
pH, humidity, light irradiation, and high temperature exposure. The microencapsulation
technique involves use of an encapsulating material that maintains its microstructural
integrity in aggressive environments in which active ingredients may lose their functions.
Nutraceutical and functional ingredients such as antioxidants, vitamins, minerals, lipids,
and probiotics have been microencapsulated via different methodologies [13–15]. Polysac-
charides, lipids, and proteins are examples of different compounds employed as wall
materials in microencapsulation [16]. Inulin (IN) is a non-digestible polymer, presenting
fructose linear chains with a terminal group consisting of glucose molecules joined through
β-(2,1) bonds. This molecule is found in many vegetables, fruits, and cereals; is struc-
turally considered a short-chain carbohydrate with a polymerisation rate between 1 and
60 repetitive units per molecule; and is a water-soluble biopolymer [17]. On the other hand,
maltodextrin (MX) is a polysaccharide derived from starch acidic hydrolysis, presenting
a nutritional contribution of only 4 calories per gram. This molecule is commercialised
in a wide range of molecular weight distributions (MWDs), each with different thermal
properties and potential applications. Recently, Saavedra-Leos et al. [18] reported use of a
set of four MXs as carrying agents in spray-drying of blueberry juice–maltodextrin (BJ–MX);
they set application limits of the maltodextrins based on the MWDs. Lactose in its mono-
hydrated form has been widely used as an excipient in order to facilitate administration of
drugs, especially those that target the lungs [19]. Gum arabic (GA) is a naturally occurring
polysaccharide, obtained from resin of certain varieties of Acacia (Mimosoidae subfamily),
of low viscosity, solubility, and emulsion formation; it can act as an encapsulating agent
in combination with other agents, such as xanthan gum, MX, or modified starch. GA is a
carbohydrate extracted from the plant Cyamopsis tetragonoloba, whose main characteristics
are to hydrate rapidly in cold water and produce highly viscous solutions [20]. It is used
as a thickener and a viscosity modifier in a wide variety of processed foods, such as ice
cream, cheese, bread, meats, dressings, and sauces, or pharmaceuticals and cosmetics [21].
Xanthan gum (XG) is a natural polysaccharide produced through fermentation of Xan-
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thomonas campestris. It is highly soluble in water, producing high viscosity; stable in alkaline
or acidic conditions; and widely used as a stabiliser in foods such as creams, artificial juices,
sauces, syrups, ice cream toppings, meat, poultry and fish. An investigation performed by
Lombardo and Villares [22] demonstrated that cellulose, MX, IN, and starch polysaccha-
rides have been used as carrier agents to improve rigidity of microencapsulations. Other
investigations [14,15] performed freeze-drying encapsulation of ethanolic Elsholtzia ciliata
and Lactobacillus plantarum extracts using different combinations of gum A, MX, lactose,
and skimmed milk; these investigations obtained yields in the range of 90–100%.

Production of foods that contain probiotics usually employs spray-drying and lyophili-
sation techniques. The latter is considered by the food, pharmaceutical, and biotechnologi-
cal industries as a drying process capable of stabilizing and preserving products through
reduction of loss of unstable compounds. Consequently, it is the preferred methodol-
ogy of preserving aromas, flavours, and nutritional compounds [23]. In contrast to the
spray-drying process, because of the low temperature at which lyophilisation is carried
out, oxidation reactions are not catalysed, thus preventing physicochemical and nutri-
tional food damage [24]. The freeze-drying process consists of freezing the product at
−40 ◦C and sublimating the ice at sub-atmospheric pressures [25]. A study performed
by Gümüşay et al. [26] compared different drying methods, with the aim to obtain higher
content of phenolic compounds, ascorbic acid and antioxidant activity from tomatoes.
These authors observed that freeze-drying resulted in about double phenolic compounds
compared to those yielded by other drying methods. Rockinger et al. [27] reviewed current
approaches to cell preservation through freeze-drying and found that stability of cells is
achieved by cryopreservation at sub-zero temperatures (−130 ◦C). Solid-state water is
removed through sublimation, and no residual moisture remaining in the solid is enough
to allow molecular movement and biochemical reactions; this, in turn, may preserve the
food product and promote longer storage periods.

Taking into consideration the importance of antioxidants and probiotics in health, the
objective of this work is to evaluate a combination of three carrier agents (inulin, lactose
and maltodextrin) and three gums (xanthan, arabic and guar) in co-encapsulation of Bacillus
clausii and quercetin in a functional food prepared via freeze-drying. A special cubic design
of experiments employing the Scheffe mix model was implemented to achieve this purpose
and to compare the extent of the response variables (viability of B. clausii and antioxidant
activity of quercetin).

2. Materials and Methods
2.1. Materials

Commercial maltodextrin (MX) extracted from maize starch was acquired from IN-
GREDION Mexico (Guadalajara, Mexico). The dextrose (DE) equivalent of MX was 10, with
a molecular weight of 1625 g/mol and a polymerisation grade (DP) of 2–16 glucose units.
Inulin (IN) was purchased from INGREDION Mexico (Guadalajara, Mexico). α-lactose
monohydrate (L) (Lα·H2O, purity ≥ 99.9%) was purchased from Sigma-Aldrich Chemi-
cal Co (Toluca, Mexico).; methanol (MeOH, purity ≥ 99.8) was obtained from J.T. Baker
(Guadalajara, Mexico). Gums arabic (A), guar (G) and xanthan (X) were obtained from
INGREDION Mexico (Guadalajara, Mexico). The Bacillus strain (B. clausii) in sinuberase
solution was purchased from Sanofi-Aventis Mexico, S.A. de C.V. (Coyocan, Mexico City,
Mexico). Quercetin 3-D-Galactose (purity ≥ 99%) was acquired from Química Farmacéutica
Esteroidal S.A de C.V. (Tlahuac, Mexico City, Mexico). Trypticase Soy Agar was obtained
from Dickinson de México S.A. de C.V. (Mexico City, Mexico). Finally, analytical-grade
2,2-diphenyl-1-picrilhidrazile (DPPH) was obtained from Sigma–Aldrich Chemical Co
(Toluca, Mexico).
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2.2. Lyophilisation Preparation

In Table 1—the experimental design of two matrices for a special cubic x special cubic
model—the resulting 59 tests performed in the laboratory were carried out in a random
order. For each test, 100 g samples (w/w) were prepared.

Table 1. Experimental design of two matrices for a special cubic x special cubic model.

Matrix I Matrix II Yield DPPH * Scavenging Activity Bc

No Run IN L MX A G X (%) 5 µg/mL 10 µg/mL 30 µg/mL (Log10
CFU/g)

1 44 100.0 0.0 0.0 0.0 50.0 50.0 82.7 52.35 55.7 89 9.7
2 15 0.0 100.0 0.0 100.0 0.0 0.0 82.6 52.32 61.7 76 9.67
3 51 0.0 100.0 0.0 0.0 100.0 0.0 87.6 52.45 56.6 80 9.6
4 3 0.0 100.0 0.0 0.0 0.0 100.0 86.1 51.91 55 72 9.52
5 20 0.0 100.0 0.0 50.0 50.0 0.0 87.8 56.05 58.8 84 9.48
6 57 0.0 100.0 0.0 50.0 0.0 50.0 86.6 51.45 55.4 71 9.56
7 48 0.0 100.0 0.0 0.0 50.0 50.0 84.4 48.36 52.1 82 9.3
8 32 0.0 0.0 100.0 100.0 0.0 0.0 83.9 53.74 55.5 79 9.3
9 35 0.0 0.0 100.0 0.0 100.0 0.0 87.6 52.6 56.6 71 9.3

10 41 0.0 0.0 100.0 0.0 0.0 100.0 89.2 52.3 55.3 70 9.48
11 11 0.0 0.0 100.0 50.0 50.0 0.0 86.4 49.86 60.2 77 9.43
12 18 0.0 0.0 100.0 50.0 0.0 50.0 86.7 50.18 53.1 71 9.52
13 39 0.0 0.0 100.0 0.0 50.0 50.0 87.2 54.85 55.4 67 9.48
14 25 50.0 50.0 0.0 100.0 0.0 0.0 84.6 48.55 51.2 75 9.64
15 43 50.0 50.0 0.0 0.0 100.0 0.0 86.3 51.8 58 78 9.6
16 47 50.0 50.0 0.0 0.0 0.0 100.0 88.1 41.95 42.9 63 9.75
17 8 50.0 50.0 0.0 50.0 50.0 0.0 93.5 50.06 55.1 72 9.73
18 40 50.0 50.0 0.0 50.0 0.0 50.0 79.9 49.69 51.2 77 9.37
19 27 50.0 50.0 0.0 0.0 50.0 50.0 87.9 48.36 52.1 82 9.87
20 19 50.0 0.0 50.0 100.0 0.0 0.0 82.2 51.63 59.6 68 9.82
21 1 50.0 0.0 50.0 0.0 100.0 0.0 76.5 51.22 52.8 63 9.56
22 23 50.0 0.0 50.0 0.0 0.0 100.0 86.8 49.2 51.2 71 9.75
23 7 50.0 0.0 50.0 50.0 50.0 0.0 74.6 50.68 53.3 63 9.37
24 34 50.0 0.0 50.0 50.0 0.0 50.0 77.2 38.58 43.3 63 9.67
25 55 50.0 0.0 50.0 0.0 50.0 50.0 89.1 50.68 58.5 76 9.6
26 45 0.0 50.0 50.0 100.0 0.0 0.0 82.9 49.41 54.9 75 9.37
27 37 0.0 50.0 50.0 0.0 100.0 0.0 81.1 49.32 54.3 76 9.52
28 2 0.0 50.0 50.0 0.0 0.0 100.0 85.7 42.19 49.8 59 9.56
29 30 0.0 50.0 50.0 50.0 50.0 0.0 84.5 39.42 45.4 61 9.43
30 54 0.0 50.0 50.0 50.0 0.0 50.0 85.6 51.21 53.6 81 9.52
31 58 0.0 50.0 50.0 0.0 50.0 50.0 88.3 38.58 44.1 62 9.7
32 16 33.3 33.3 33.3 33.3 33.3 33.3 85.8 48.18 57.9 74 9.56
33 5 100.0 0.0 0.0 33.3 33.3 33.3 81 51.13 56 68 9.75
34 56 0.0 100.0 0.0 33.3 33.3 33.3 81.8 53.27 54.5 72 9.6
35 24 0.0 0.0 100.0 33.3 33.3 33.3 79.8 51.82 58.7 78 9.48
36 6 50.0 50.0 0.0 33.3 33.3 33.3 86.5 54.85 55.4 67 9.52
37 28 50.0 0.0 50.0 33.3 33.3 33.3 81.2 50.78 57.3 79 9.37
38 29 0.0 50.0 50.0 33.3 33.3 33.3 78.9 50.7 54.5 65 9.85
39 31 33.3 33.3 33.3 100.0 0.0 0.0 82.5 51.76 58.3 71 9.67
40 38 33.3 33.3 33.3 0.0 100.0 0.0 86 52.05 57.3 83 9.48
41 26 33.3 33.3 33.3 0.0 0.0 100.0 84.2 48.45 54.3 78 9.7
42 14 33.3 33.3 33.3 50.0 50.0 0.0 84.1 54.85 55.4 67 9.73
43 33 33.3 33.3 33.3 50.0 0.0 50.0 83.4 52.88 58 82 9.43
44 42 33.3 33.3 33.3 0.0 50.0 50.0 86.4 49.05 54.3 72 9.73
45 52 100.0 0.0 0.0 100.0 0.0 0.0 82.8 53.06 56.9 80 9.67
46 36 100.0 0.0 0.0 0.0 100.0 0.0 81.2 55.24 57.6 74 9.48
47 53 100.0 0.0 0.0 0.0 0.0 100.0 84 52.88 58 82 9.67
48 59 100.0 0.0 0.0 50.0 50.0 0.0 85.2 45.12 54.7 79 9.78
49 13 100.0 0.0 0.0 50.0 0.0 50.0 81.2 53.87 57 72 9.7
50 22 66.7 16.7 16.7 66.7 16.7 16.7 84.5 54.36 56.8 69 9.64
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Table 1. Cont.

Matrix I Matrix II Yield DPPH * Scavenging Activity Bc

No Run IN L MX A G X (%) 5 µg/mL 10 µg/mL 30 µg/mL (Log10
CFU/g)

51 12 66.7 16.7 16.7 16.7 66.7 16.7 83.4 40.24 52.4 70 9.88
52 17 66.7 16.7 16.7 16.7 16.7 66.7 86.2 51.91 52.8 63 9.67
53 4 16.7 66.7 16.7 66.7 16.7 16.7 81.1 52.01 52.7 70 9.73
54 50 16.7 66.7 16.7 16.7 66.7 16.7 85.7 43.39 43.9 60 9.6
55 21 0.0 0.0 100.0 0.0 0.0 100.0 88.5 53.18 55.4 65 9.37
56 10 0.0 0.0 100.0 100.0 0.0 0.0 86.4 40.26 42.3 62 9.8
57 46 0.0 0.0 100.0 0.0 100.0 0.0 87.7 46.75 53.9 75 9.6
58 9 0.0 0.0 100.0 50.0 0.0 50.0 85.2 40.38 42.6 62 9.9
59 49 0.0 0.0 100.0 0.0 50.0 50.0 86.8 53.38 56.8 71 9.56

* Free radical.

Each mass fraction for matrices I and II was set according to the experimental design.
The compounds of matrix I (10 g) and matrix II (1 g) were passed through a 1 mm sieve.
Subsequently, 87 g deionised water was added and magnetically stirred at 35 ◦C for 5 min.
Next, 1 g quercetin and 1 g B. clausii were added. The samples were stored in the dark at
−80 ◦C. The microencapsulation process was carried out by sublimation in a freeze dryer
(Ilshin Bio Base® Model TFD8501, Gyeonggi-do, South Korea) under a vacuum pressure of
5 mTorr −65 ◦C for approximately 120 h. Yield was determined using Equation (1):

Yield =

[
SL
SI

]
∗ 100 (1)

SL = solids recovered at the end of freeze-drying
SI = Initial solids (10 g matrix I + 1 g matrix II + 1 g quercetin + 1 g B. clausii)

2.3. Determination of Microbial Viability

Viability of B. clausii before and after the encapsulation process was determined
through resuspension of 1 g of the microparticles obtained in 9 mL of saline solution (NaCl,
0.9% w/v). To break microcapsules, the suspension was agitated for 10 min with a vortex
and incubated in a water bath for 10 min at 50 ◦C. Viable cells were analysed according
to the method described by Miles et al. [28]. Briefly, dilutions of 1 × 10−3 a 1 × 10−9

performed in saline solution were sown on trypticase soy agar and incubated at 35 ◦C for
24 h. The evaluation was performed in triplicate and reported in colony-forming units per
gram (CFU/g), using Equation (2):

Viability =

[
Number o f colonies in box ∗ dilution f actor

mL o f sample sown

]
(2)

2.4. Antioxidant Activity (AA)

Quercetin antioxidant capacity was determined according to the method described
by Brand-Williams et al. [29]. Briefly, 1.7 mL of alcoholic solution of DPPH (0.1 mmol
DPPH/L) was mixed with 1.7 mL of microencapsulated suspension in which concentration
of microencapsulation varied from 2.5 to 5 or 15 µg/mL. The mixture was left to stand in
darkness for 30 min, and absorbance at 537 nm was measured using a spectrophotometer
UV-Vis Evolution 220 (Thermo Scientific, Walthman, MA. USA). The sweep percentage
was calculated using equation 3:

AA (%DPPH) =
A0 − A30

A0
× 100 (3)

where A0 represents absorbance of blank solution (DPPH mixture and ethanol without
microencapsulates) and A30 represents absorbance of DPPH solution and ethanol with
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microencapsulates after 30 min. Sweep activity was determined in triplicate for each
sample.

2.5. Design of Experiments and Statistical Analysis

Two independent mixtures were tested. Matrix I consisted of inulin (IN), lactose (L),
and maltodextrin (MX), while matrix II consisted of gums arabic (A), guar (G), and xanthan
(X). The lower and upper levels of these variables were between 0 and 100 (wt %), and the
sum of the components in each mixture was 100% for each trial. The response variables
were yield (%), Bc (Log10 CFU/g), and antioxidant activity (DPPH at concentrations of 5,
10, and 30 (µg/g)). In this manner, a combined experimental design of two matrices for
a special cubic x special cubic model was selected to evaluate the effect of each factor for
each response variable. Table 1 shows the resulting 59 trials performed at the laboratory in
a random order.

An analysis of variance (ANOVA) was performed for each response (yield, Bc, and
antioxidant activity) at the significance level of 0.05, using Design-Expert® Version 12
Software (trial version). The analysed Scheffe model (special cubic x special cubic) was
written as Equation (4):

Y = (α1A + α2B + α3C + α4AB + α5AC + α6BC + α7ABC) × (κ1D + κ2E + κ3F + κ4DE + κ5DF + κ6EF + κ7DEF) (4)

which is an expanded method that results in 49 adjustable parameters. In Table 2: ANOVA
statistical analyse for each response observed

3. Results and Discussion

The ANOVA for capacity antioxidant and B. clausii response variables is discussed herein.

Table 2. Statistical ANOVA details for each response analysed.

Response SST SSR SSE DFT DFR DFE F P(F) Rˆ2

Antioxidant Capacity for 2,2
Difenil-1-Picrilhidrazil
(DPPH) 5 µg/mL

1177.97 1053.83 124.14 58 48 10 1.77 0.1665 0.8946

Antioxidant Capacity for 2,2
Difenil-1-Picrilhidrazil
(DPPH) 10 µg/mL

1218.56 1117.41 101.15 58 48 10 2.3 0.0778 0.9170

Antioxidant Capacity for 2,2
Difenil-1-Picrilhidrazil
(DPPH) 30 µg/mL

2914.83 2738.77 176.06 58 48 10 3.24 0.0246 0.9396

B. clausii 1.38 1.3 0.076 58 48 10 3.55 0.0177 0.9445

SST: Sum of Squares Total
SSR: Sum of Squares Regression
SSE: Sum of Squares Error
DFT: Degrees of Freedom Total
DFR: Degrees of Freedom of Regression
DFE: Degrees of Freedom of Error
F: Fisher’s Statistic

3.1. Microencapsulation Performance

The microencapsulation technique comprised coating small particles to form capsules
with unique properties and different morphologies, each of which could reach diame-
ters from nanometres to millimetres, protect bioactive ingredients from adverse reactions,
and improve functionality and bioavailability [30]. Lyophilisation is a microencapsula-
tion process in which a previously frozen product (−40 ◦C) is lyophilised to ice subli-
mation at sub-atmospheric pressures. This work evaluated two different encapsulating
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matrices for two active systems (antioxidant and microorganism) in order to produce
functional lyophilised food. Matrix I, containing IN, L, and MX, as shown in Figure 1a,
featured an efficiency of 93.7% when IN was present at 66.71% in example experiment
54 (66.7 IN:16.7 L:16.7 MX); it featured an efficiency of 87.6% for IN at 100% in the case
of experiment 49 (100 IN:0 L:0 MX). Matrix II, containing arabic (A), guar (G), and xan-
than (X) gums, showed better efficiency, corresponding to 88.08% when A, G, and X
gums were present in the same proportion: e.g., experiment 32 (33.3 A:33.3 G:33.3 X), as
shown in Figure 1b. Our results are consistent with the report of Enache et al. [31], who
employed the freeze-drying method of co-microencapsulation of black-currant-extract
anthocyanins and lactic-acid bacteria, using inulin and chitosan as carrier agents. They re-
ported a recovery efficiency of 95.46% ± 1.30% for inulin and 87.38% ± 0.48% for chitosan.
Pudziuvelyte et al. [14] reported microencapsulate lyophilisation yield of the ethanolic
extract of Elsholtzia ciliata, with six carrier agents at 20% concentration and mixes at 10%
concentration; they employed arabic gum (GUM_E), maltodextrin (MALTO_E), resistant
maltodextrin (RES_E), skimmed milk (SKIM_E), sodium caseinate (SOD_CAS_E), and
beta-cyclodextrin (BETA_CYCL_E). These authors indicated that a higher yield was ob-
servable when they employed SKIM_E and MALTO_E, which showed 100% and 95%
efficiency, respectively, for mixtures of an observed 100% yield in two situations: use of
SKIM_E with MALTO_E and of GUM_E with BETA_CYCL_E. Sharifi et al. [15] performed
analysis of co-microencapsulate Lactobacillus plantarum and phytosterol mixtures formed
with β-sitosterol (49.54%), campesterol (26.12%), stigmasterol (19.1%), and brassicasterol
(1.48%). Researchers used gum arabic (GA) (2.25% w/v) and whey protein isolate (WPI)
(5% w/v) as encapsulating agents. They formed coacervates followed by two dry pro-
cessing techniques—aspersion drying and lyophilisation—obtaining 58.62 ± 2.01% and
65.23 ± 0.51% yields, respectively. These results demonstrated improved performance with
use of a dry freeze-drying process. The yield results contributed to a range of responses;
for example, higher yields were obtained when the carrier agent used in matrix I had an IN
value closer to 100 or when A:G:X demonstrated the same ratio for matrix II, and lower
yields were obtained with use of only MX at 100 for matrix I, or, in the case of matrix II,
with use of G 100.
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3.2. Viability of B. clausii Microencapsulated

Viability of B. clausii was measured with the colony forming unit method (CFU/g).
The results shown in Figure 2a were determined concerning the viability in matrix I. Ex-
periments 1 to 59 had viability diminution at a 9.3 to 9.9 log10 CFU/g rate against the
control at 11.30 log10 CFU/g. As an example, for experiment 40, with the proportion of
33.3IN:33.3L:33.3MX, a viability value of 9.85 log10 CFU/g was determined. Notwithstand-
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ing, we observed higher viability of B. clausii (9.8 log10 CFU/g) when we used L closer to
the unit, as experiment 34 showed (0 IN:100 L:0 MX). Using a 50 L:50 MX ratio, B. clausii via-
bility was 9.37 log10 CFU/g, corresponding to experiment 27 (0 IN:50 L:50 MX). In matrix I,
when carrier agents were present in the same proportion and matched with experiment 32
(33.3 IN:33.3 L:33.3 MX), viability was 9.75 log10 CFU/g. Results showed that use of more
than an encapsulating agent improved B. clausii survival. It is worth mentioning that the
standards presented in these experimental designs, particularly the three components of the
Scheffe special cubic x special cubic model, surpassed the 6.0 log10 CFU/g minimum value
recommended by the FAO/OMS (2002) to be considered probiotic, and correlated with pre-
vious reports from [31], who performed experiments with co-microencapsulate Lactobacillus
casei and black-currant (Ribes nigrum)-extract anthocyanin dried via lyophilisation. These
authors employed whey protein isolate (WPI), chitosan, and inulin at a 2:1:1 rate as carrier
agents. They reported that viability of the powder was 11 log10 UFC/g as a starting value;
after storage for 90 days at 4 ◦C, it reduced to 8.13-6.35 log10 UFC/g. Showing stability
of carrier agent mixtures, Milea et al. [32] reported viability of co-microencapsulates via
flavonoid lyophilisation, obtained from yellow onion peelings (Allium cepa) and Lactobacil-
lus casei and employing whey protein isolate (WPI), inulin (I), and maltodextrin (MD) as
carrier agents (2:1:1 proportion). These samples were encapsulated by lyophilisation at
1% and 2% concentrations probed into food one (cream cheese). The researchers reported
results after storage of 21 days at 4 ◦C, recording a 6.6 and 7.41 log10 UFC/g viability at
the concentrations mentioned above. Cayra et al. [33] suggested protection provided by L,
IN, and MX materials for cellular structures of microorganisms via formation of crystals
and water-molecule replacement in polar groups of cellular membrane lipids. For matrix
II, we found a higher B. clausii viability value in two conditions: with use of a unit of G
and in employment of a G and X mixture. This was seen, for example, in experiment 31
(0A:50G:50X composition) and experiment 3 (0 A:100 G:0 X). Obtained results showed
that: I) Higher viability was obtained when IN and L and/or IN, L and MX at the same
proportion were employed as carrier agents in matrix I, or, in matrix II, when G and/or
G and X at the same ratio were used closer to the unit; II) Lower viability was observed
with use of L and MX at the same rate in matrix I and with use of X closer to the unit in
matrix II; III) The better combination of carrier agents and gums allowed better viability
preservation; IV) We obtained one functional food, since the minimum viability value of
6.0 log10 CFU/g recommended by the FAO/OMS (2002) to be considered as probiotic was
determined across the values in all experiments in this research.
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3.3. Antioxidant Capacity Determination

Antioxidant capacity was determined with 2,2 diphenyl-1-picrilhidrazil (DPPH) rad-
ical inhibition using 5, 10 and 30 µg/mL (sample) as concentrations; as can be observed
in Figure 3a–c, for matrix I, formed by IN, L, and MX, higher antioxidant activity (AA)
was determined when the carrier agent was closer to the inulin unit and corresponded
to experiment 33 (100 IN:0 L:0 MX), presenting concentrations of 56.06 AA to 5 µg/mL
concentration, 58.75 to 10 µg/mL, and 84.35 to 30 µg/mL. Nevertheless, when the matrix
was compounded by 50 IN:50 L, corresponding to experiment 15 (50 IN:50 L:0 MX), AA
was 52.88 (5 µg/mL), 57.95 (10 µg/mL) and 81.51 (30 µg/mL), respectively. Samples that
presented less AA were closer to the MX unit, as shown in Figure 3a–c, with activity
of 38.58 at 5 µg/mL, 43.27 at 10 µg/mL, and 63.1 to 30µg/mL. These results correlate
with observations reported by other authors, such as Martins et al. [34], who performed
a lemongrass (Cymbopogon citratus (DC.) Stapf) essential oil micro-encapsulation study;
the object of that work was to evaluate development, characterisation and production of
particle antioxidant potential. Three different formulations were generated for essential oil
encapsulates: M1 (5% of essential oil), M2 (10% of essential oil), and M3 (15% of essential
oil). Each mixture used maltodextrin MD (DE 20) and gelatine (GEL) at a 4:1 (w/w) ratio as
encapsulating agents. Result emulsions were lyophilised under 0.011 mbar and −60 ◦C
conditions for 48 h. Concerning antioxidant activity, the authors reported that generally,
due to a variety of presences of bioactive compounds, functional groups, and polarities as
parts of the essential oil, the antioxidant effect had a starting antioxidant capacity value
of 22.16 ± 0.04 mg TE/g, measured by the DPPH method. After lyophilisation, samples
presented antioxidant potential of 2.46 ± 0.12 mg TE/g for M1, 7.74 ± 0.05 mg TE/g for
M2, and 12.10 ± 0.30 mg TE/g for M3. Results showed that MD (DE 20) use influenced
antioxidant capacity. Azarpazhooh et al. [35] evaluated pomegranate (Punica granatum L.)
grinds extracted via the DPPH method for antioxidant capacity (RSA). The process con-
sisted of use of maltodextrin (MDX) in three proportions—5, 10, and 15%—as a carrier
agent, as well as calcium alginate at 0.1/(w/w) at a 1:5 proportion. Researchers reported
lower inhibitory concentration (IC50), at 0.56 mg/mL of MDX for a 15% sample. Against
the 0.86 mg/mL IC50 MDX observed in a 5% sample, results indicated the influence of
MDX concentration on RSA increase. Notwithstanding, the obtained results could have
been influenced by anthocyanins and polyphenols present in the sample.

For matrix II, consisting of G:X:A, we show the results in Figure 4a–c. At the con-
centrations of 5, 10, and 30µg/mL, more favourable results were obtained using G and
X at the same proportions without presence of A; e.g., for experiment 49 (0 A:50 G:50 X).
Notwithstanding, when A was closer to the unit, AA was lower; e.g., for experiment 20
(100 A:0 G:0 X), corresponding to AA of 48.36 (5 µg/mL), 52.06 (10 µg/mL), and 81.93
(30 µg/mL), as shown in Table 1. Mansour et al. [36] micro-encapsulated anthocyanin (AC)
extracts obtained from raspberries via lyophilisation (Rubus idaeus L.). Evaluation revealed
three different anthocyanin concentrations (0.025%, 0.05%, and 0.075%), two encapsulating
agents (soy protein isolate (SPI) and gum arabic (GA) at 5% concentration w/v), and SPI and
GA at 2.5:2.5 % w/v concentration. Antioxidant capacities observed for these compounds
at 0.025% were 25% for SPI, 45% for GA and 35% for the SPI+GA mixture.
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Rezende et al. [37] elaborated on industrial waste and steelyard pulp (Malpighia
emarginata DC) micro-encapsulates. They employed gum arabic (GA) and maltodextrin
(MD) mixture in the same proportion (1:1; w/w) as carrier agents. These researchers used
the DPPH method to contrast antioxidant activity for industrial waste and steelyard pulp
through the dry aspersion and lyophilisation processes. Antioxidant activity after the
sample encapsulation process was 129.16 µM TE/g for lyophilised samples and 155.24 µM
TE/g for samples dried via aspersion. Obtained results allowed identification of (I) carrier
agent combinations and gums that allowed the best antioxidant activity percentage; (II)
higher antioxidant activity obtained when the carrier agent used in matrix I was inulin, or
G and X at the same proportion for the 5 and 10 µg/mL concentrations in matrix II; and
(III) lower antioxidant activity with use of only maltodextrin in matrix I and with G closer
to the unit in the matrix II. This last evidence is in line with results reported by researchers.

4. Conclusions

Through experimental D-optimal designs, we prepared a functional ingredient formed
by B. clausii and quercetin for two matrices: matrix I, formed by IN:L:MX; and matrix
II, formed by A:G:X. With regard to yield, using the three compounds with the same
proportion for both matrices, we obtained a higher value (88.08%) for experiment 32
(33.3 IN:33.3 L:33.3 MX) and (33.3 A:33.3 G:33.3 X). For matrix II, we observed higher
viability (9.8 log10 CFU/gto) with use of L closer to the unit corresponding to experiment
34 (0 IN; 100 L:0 MX). We obtained higher AA when inulin was used closer to the unit
corresponding to experiment 33 (100 IN:0 L:0 MX), presenting as 56.05 at a 5 µg/mL
concentration, 8.75 at 10 µg/mL and 84.35 at 30 µg/mL. Matrix II presented higher viability
values in two cases: with use of G closer to the unit and in employment of a G and X mixture,
e.g., 9.9 log10 CFU/g in experiment 31 (0 A:50 G:50 X) and 9.8 log10 CFU/g in 3 experiment
3 (0 A:100 G:0 X). Higher AA was yielded with use of G and X in equal proportions,
corresponding to experiment 49 (0 A:50 G:50 X), with AA of 54.85 at a concentration of
5 µg/mL, 55.44 at 10 µg/mL, and 67.09 at 30 µg/mL. Synergism between two matrices
occurred with use of a higher I and G proportion, corresponding to experiment 46, which
featured a yield of 86.5%; viability of 9.52 log10 CFU/g9.52 log10 UFC/g; and AA of 54.85
at a 5 µg/mL concentration, 55.44 at 10 µg/mL, and 67.09 at 30 µg/mL.
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Abstract: A functional food as a matrix based on a blend of carbohydrate polymers (25% maltodextrin
and 75% inulin) with quercetin and Bacillus claussi to supply antioxidant and probiotic properties
was prepared by spray drying. The powders were characterized physiochemically, including by
moisture adsorption isotherms, X-ray diffraction (XRD), scanning electron microscopy (SEM), and
modulated differential scanning calorimetry (MDSC). The type III adsorption isotherm developed
at 35 ◦C presented a monolayer content of 2.79 g of water for every 100 g of dry sample. The mi-
crostructure determined by XRD presented three regions identified as amorphous, semicrystalline,
and crystalline-rubbery states. SEM micrographs showed variations in the morphology according to
the microstructural regions as (i) spherical particles with smooth surfaces, (ii) a mixture of spherical
particles and irregular particles with heterogeneous surfaces, and (iii) agglomerated irregular-shape
particles. The blend’s functional performance demonstrated antioxidant activities of approximately
50% of DPPH scavenging capacity and viability values of 6.5 Log10 CFU/g. These results demon-
strated that the blend displayed functional food behavior over the complete interval of water activities.
The equilibrium state diagram was significant for identifying the storage conditions that promote the
preservation of functional food properties and those where the collapse of the microstructure occurs.

Keywords: equilibrium state diagram; functional food; polysaccharide blends; antioxidant activity;
bacteria viabililty (Bacillus clausii); co-microencapsulation

1. Introduction

Carbohydrate polymers are molecules found in nature with comparable properties
to synthetic polymers, for instance, glass transition temperature (Tg), melting tempera-
ture (Tm), and molecular weight distribution (MWD) [1,2]. Commonly, polysaccharide
molecules include glucose, sucrose, dextrose, arabinose, and galactose. In the food and
pharmaceutical industries, polysaccharides (e.g., starch, chitosan, maltodextrins (MX),
inulin (IN), and gum Arabic (GA)) are used as carrier agents in the conservation and
microencapsulation of active ingredients [3]. Clearly, the adequate selection of the carrier
agents in the blend can affect the microencapsulation efficiency of the active ingredient [4].
For example, Meena et al. [5] microencapsulated curcumin, employing blends of whey
protein (WP), MX, and GA. They found that the content of the active ingredient remained
at values of 92% and 90% at storage temperatures of 25 and 35 ◦C, respectively, for a period
of 6 months. These carrier agents were selected to increase the microencapsulation capa-
bility of WP. With the addition of GA, the charge interactions between the positively and
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negatively charged fractions of WP and GA, respectively, increased the microencapsulation
capacity [6,7]. Likewise, MX suppresses the hygroscopicity of GA [8]. Haladyn et al. [9]
found that the stability of polyphenolic compounds in microspheres after 14 and 28 days of
storage was increased by adding guar gum and sodium alginate, while decreasing with
the addition of chitosan. Recently, Saavedra-Leos et al. [10] informed about the microen-
capsulating properties of a functional food based on IN-MX blends. They found that the
antioxidant activity (AA) of quercetin improved with the incorporation of IN; conversely,
the addition of MX was beneficial for the microorganisms (Bacillus clausii) since it promoted
their viability in the presence of IN.

By definition, a functional food is any healthy food consumed in a regular diet that
has health-promoting or disease-preventing properties and physiological benefits [11].
A regular consumption of functional foods provides additional health benefits beyond
those traditionally associated with nutrients [12], decreasing the risk of suffering chronic
diseases [13]. Kaur and Kas [11] classified the functional foods as: (i) fortified food products
with high-quality ingredients. (ii) Foods released to respond to anti-nutritional compounds
(iii) Improvement of food raw materials by increasing specific components, e.g., the ali-
mentation of animals; (iv) novel foods produced by genetic manipulation or selection of
new varieties; (v) probiotics and prebiotics, which are functional foods containing living
organisms. Overall, functional foods classified in (i) and (v) commonly include the incorpo-
ration of probiotics and antioxidants as active compounds [14,15]. The term "probiotics"
refers to live strains of selected microorganisms that confer health benefits on the host after
adequate administration in suitable amounts [16]. The benefits of consuming probiotics
can vary with the dose, the type of strain, and the diverse components employed in the
formulation of the food. On the other hand, antioxidants are another type of bioactive
compound with the ability to strengthen the immune system while also delaying cellular
aging [17,18]. A natural source of antioxidants is phenolic compounds, which involve a
large group of metabolites that exist in plants [19]. These can be classified into two main
groups: flavonoids and non-flavonoids, such as quercetin and resveratrol, respectively.
Antioxidants interact with unstable free radicals, inhibiting chain reactions that cause
cellular aging and further chronic degenerative diseases [20]. Nevertheless, its consump-
tion is limited, first by the high dose necessary to inhibit all oxidative processes within
the body and, second, by instability due to external factors such as decomposition with
food processing temperature, reactivity with atmospheric oxygen, and degradation upon
exposure to ultraviolet light. Microencapsulation is a strategy implemented to extend
the shelf life of bioactive ingredients contained in foods [21,22]. This process consists of
trapping and keeping the bioactive ingredients within a protective barrier of a material that
can withstand higher processing temperatures without degrading. Consequently, spray
drying is a process frequently used in the pharmaceutical and food industries for obtaining
dry powder products with a low degradation level and great stability.

A state diagram is a graphic depiction of the behavior of a system in equilibrium
or non-equilibrium, subjected to different conditions such as variations in composition,
temperature, humidity, and pressure [23,24]. The complexity depends on the number of
properties included. In the food area, these diagrams are commonly used to represent the
microstructural stability of foods and the preservation of their properties during storage
for a period sufficient to reach moisture adsorption equilibrium [25,26]. As a result, state
diagrams of pure compounds have been used as model systems for understanding storage
behavior and further development for inclusion in complex food systems [27,28]. For
instance, stability state diagrams of pure inulin systems differing in the degree of polymer-
ization (DP) showed differences in the microstructural transformation from amorphous to
crystalline [29]. A single state change was shown by the highest DP inulin at an activity of
water (aw) of 0.5. Meanwhile, the lowest DP inulin showed an intermediate semicrystalline
state at aw between 0.3–0.5. Adding low-molecular-weight sugars from orange juice also
increased system complexity, revealing that the intermediate semicrystalline interval spans
the range from 0.2 to 0.53 [24]. With the aid of a state diagram, Roos [30] found the critical
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storage parameters for lactose to be a water content of 7.8 g of water for every 100 g of dry
mass, an aw of 3.8, and a Tg of 23 ◦C. Exceeding these parameters during storage, dramatic
fluctuations in the physical state of lactose may be observed, including time-dependent
crystallization and flow properties. Higl et al. [31] plotted the inactivation constant of
microorganisms in lactose at different storage temperatures. They found that as long as the
samples remain in the glassy state, moisture adsorption is low and independent of storage
temperature. However, when passing to the non-glassy state, the adsorption increases
rapidly, as does the inactivation of the microorganisms. Lara-Mota et al. [32] reported the
state diagram for β-lactose in an extensive aw interval (0.07–0.972) at storage temperatures
of 15, 25 and 35 ◦C. They discovered that the stability is conserved up to an aw value of
0.742, where mutarotation to α-lactose begins. The wide range of stability corresponds to a
low adsorbed water content that remained below the monolayer value (0.0219–0.0409 g of
water for every g of dry mass).

Evidently, the development of a state diagram is desirable for both the scientific and tech-
nological fields because it allows for the prediction of the behavior of physicochemical proper-
ties during storage for a compound containing active ingredients, such as a functional food.

Therefore, the goal of this work is to obtain an equilibrium state diagram for a func-
tional food based on a blend of carbohydrate polymers. These carbohydrate polymers were
chosen not only for their performance as carrier agents, but also for the properties they
provide for the functional food. For example, MX is a sweet-tasting polysaccharide with
an energy intake of 4 kcal/g, while IN has a moderately sweet flavor and provides only
1.5 kcal/g [24,33]. Besides, IN is resistant to the pH conditions found in the stomach and
duodenum, reaching the small intestine almost undigested, which helps to metabolize some
of the intestinal microorganisms, supplying prebiotic activity. For this purpose, blends of
MX and IN in a concentration range of 0–100% by weight were first prepared by spray
drying. The food was made functional by adding two active ingredients: quercetin for
the antioxidant activity and B. claussi microorganisms for its performance as a probiotic.
Specifically, this product can be described as a powdered functional food with a sweet
taste and low calorie intake, as well as prebiotic, probiotic, and antioxidant properties. The
powders were characterized physiochemically, and the antioxidant activity of quercetin
and the viability of B. claussi microorganisms were determined. The blend with the highest
antioxidant activity was selected for moisture adsorption tests at 35 ◦C. From the adsorption
isotherm obtained and the subsequent physicochemical characterizations, the equilibrium
state diagram was elaborated.

2. Materials and Methods
2.1. Materials

Maltodextrin (MX) and inulin (IN) were employed as carrying agents (Ingredion,
Mexico City, Mexico). MX was extracted from cornstarch with a dextrose equivalent (DE)
of 10, a DP of 2–16 units of glucose, and a molecular weight of 1625 g/mol. IN was
derived from agave. The strain was contained in a solution with bacillus bacteria (Bacillus
clausii, Bc) purchased from Sanofi-Aventis de Mexico (Mexico City, Mexico). Quercetin 3-D-
Galactoside (99%) employed as an antioxidant was acquired from Química Farmacéutica
Esteroidal (Mexico City, Mexico). Analytical-grade 2,2-diphenyl-1-picrylhydrazyl (DPPH),
(±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox), gallic acid, sodium
carbonate (Na2CO3), and Folin–Ciocalteu reagent were purchased from Sigma–Aldrich
Chemical Co (Toluca, Mexico). Inorganic salts with a purity ≥ 90% were purchased from
PQM Fermont (Monterrey, Mexico) as microenvironments for subjecting the functional food
powders to different conditions of moisture: Sodium hydroxide (NaOH), potassium acetate
(CH3COOK), magnesium chloride (MgCl2), potassium carbonate (K2CO3), magnesium
nitrate [Mg(NO3)2], sodium nitrate (NaNO3), potassium chloride (KCl), and potassium
sulfate (K2SO4).

142



Polymers 2023, 15, 367

2.2. Preparation of Spray-Dried Powders

For the microencapsulation of the functional food, spray drying was employed. Typi-
cally, 20 g of the corresponding carrying agent (inulin, maltodextrin, or a mixture), 1 mg of
quercetin, 5 mL of the commercial solution with bacteria (equivalent to a concentration of
2 × 1012 CFU), and distilled water for a total volume of 100 mL of solution were mixed in
the preparation of the feeding solution. Microencapsulation was carried out in a Mini Spray
Dryer B290 (BÜCHI, Labortechnik AG, Flawil, Switzerland) at the following conditions:
feed temperature of 40 ◦C, feeding flow of 7 cm3/min, hot airflow of 28 m3/h, aspiration of
70%, and pressure of 1.5 bar. Based on the conditions reported in [10], an inlet temperature
of 210 ◦C was selected to obtain the highest antioxidant activity.

The powders, packed in dark, airtight bags made of low-density polyethylene (LDPE),
were kept at 4 ◦C in darkness for one week until their characterization. Samples were
labeled as MX-IN:x-y, where MX and IN stand for the carbohydrate polymer employed as a
carrying agent in the blend, and x and y stand for the concentration of each polysaccharide
in the blend in percent by weight.

2.3. Water Adsorption Isotherm

The static gravimetric method was employed for constructing the equilibrium sorption
isotherms [34] at a temperature of 35 ◦C. Initially, the drying method determined the
moisture content after spray drying. The isotherm points were obtained by subjecting
the functional food powder (sample identified as MX-IN:25-75) to different conditions of
relative humidity in the interval aw of 0.07–0.972. Microenvironments contained 2 g of
powder and 100 g of inorganic salt. The systems were equilibrated for 30 days at the storage
temperature. The samples were weighed every 24 h until reaching a constant weight with
a difference of ± 0.001 g.

After the incubation lapse, water activity (aw) was determined with an Aqualab Series
3 Water Activity Meter (Decagon Devices, Inc., Pullman, WA, USA). The water content
measured according to the AOAC method, requires drying the sample in an oven at 110 ◦C
for 2 h. Each experiment was performed in triplicate.

2.4. Phisicochemical Characterization

The physicochemical characterizations described below were exerted on the powders
from sample MX-IN:25-75 stored at different moisture conditions.

2.4.1. Scanning Electron Microscopy (SEM)

Morphological characterization was conducted using a scanning electron microscope
(SEM) (JEOL JSM-7401F, Tokyo, Japan) operated at an accelerating voltage of 2 kV. Powder
samples were first dispersed on a double-sided copper conductive tape, then covered with
a thin layer of gold utilizing sputtering to reduce charging effects (Denton Desk II sputter
coater, Denton, TX, USA). For each sample, several images were acquired at different
magnifications (500X, 1000X, 2500X, and 5000X).

2.4.2. X-ray Diffraction (XRD)

An x-ray diffraction (XRD) analysis was carried out to characterize the microstructure.
A D8 Advance ECO diffractometer (Bruker, Karlsruhe, Germany) equipped with Cu-K
radiation (λ = 1.5406 Å) that operated at 45 kV, 40 mA, and a detector in a Bragg-Brentano
geometry was used. Scans were performed in the 2θ range of 5–50◦, with step size of 0.016◦

and 20 s per step.

2.4.3. Thermal Analysis

For determining the glass transition temperature (Tg), a modulated differential scan-
ning calorimeter (MDSC) Q200 (TA Instruments, New Castle, DE, USA) equipped with
an RCS90 cooling system was employed. The instrument was calibrated with indium for
melting temperature and enthalpy and sapphire for heat capacity (Cp). About 10 mg of
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the sample were encapsulated in Tzero® aluminum pans. Thermograms were acquired in
the temperature range of −50 to 250 ◦C with a modulation period of 40 s and amplitude of
1.5 ◦C. These analyses were done in duplicate.

2.5. Antioxidant Activity (AA)

The antioxidant activity of phenolic compounds is usually determined by a rapid
assay [35]. The most popular tests are based on photometric assays for evaluating the
antioxidant activity with reagents such as 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS), 2,2-diphenyl-1-picrylhydrazyl (DPPH), oxygen radical absorbance capacity
(ORAC), and Folin-Ciocalteu (FC). For the specific case of determining the antioxidant
activity of quercetin 3-D-galactose, the ABTS and DPPH assays are very similar.

The extract samples were measured in terms of hydrogen-donating or radical-scavenging
activity using the stable DPPH radical. Briefly, 1.7 mL of an alcoholic solution of DPPH
(0.1 mmol DPPH/L) were mixed with 1.7 mL of microencapsulated suspension, whose
concentration was 30 µg/mL. The mixture was left to stand in darkness for 30 min, and the
absorbance at 537 nm was measured using a spectrophotometer, the UV-Vis Evolution 220
(Thermo Scientific, Walthman, MA, USA). The measurements were done in duplicate after
the spray-drying process or from storage at different moisture conditions.

2.6. Viability of Bacillus Clausii in the Microencapsulated

The number of available Bc bacteria cells was evaluated by means of the plate extension
technique with Trypticase-Soy Agar (TSA) (Beckton Dickinson, Germany), using serial
dilutions of the encapsulated samples from 1 × 10−1 to 1 × 10−7. Aerobic growing
conditions and an incubation period of 48 h at 37 ◦C were applied in a Novatech incubator
(Guadalajara, Jalisco, Mexico). For the determination of the number of colony-forming
units per gram (CFU/g), the concentrations exhibiting between 300 and 30 CFU (1 × 10−4

and 1 × 10−5) were selected. For the quantification of cultivability, Equation (1) was used.
All experiments were repeated five times, and the reported values represent the average of
the calculated values.

CFU
g

=

[
N◦ plate colonies × dilution f actor

mL sample seeded

]
(1)

2.7. Statistical Analysis

The differences between the mean values of antioxidant activity and viability measure-
ments were determined by one-way analysis of variance (ANOVA). For this purpose, Origin
software version 8.5 (OriginLab, Northampton, MA, USA) was employed. A significance
value of 0.05 was used in all the calculations.

3. Results
3.1. Antioxidant Activity of Functional Food Blends

MX-IN concentrations ranging from 0 to 100% were obtained in the prepared spray-
dried functional food. In all cases, fine powder materials were obtained, well dispersed,
and without signs of microstructural collapse. The physicochemical characterization of
these mixtures is beyond the objectives of this work, and only the results of the AA are
presented herein. This property was considered suitable to indicate whether the antioxidant
ingredient was actually preserved during the spray-drying microencapsulation process. In
Figure 1 are shown the results of the AA for the functional food in the entire range of MX-IN
concentrations tested. For all the blends, the AA values varied in the range of 53–57%; the
one-way ANOVA showed that the population means were not significantly different at
the 0.05 level. Although statistically the AA values may be similar, the blend MX-IN:25-75
showed a relatively higher average value (57.03%). Likewise, Saavedra-Leos et al. [10]
reported a synergistic effect upon the mixing of MX and IN and found that the MX-IN
1:1 blend presented higher AA values than the pure carrying agents. This agrees with
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the results presented herein, where the addition of inulin is beneficial for quercetin co-
microencapsulation because it promotes higher antioxidant activity.
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Based on these observations, sample MX-IN:25-75 was selected for storage under
different moisture conditions.

3.2. Adsorption Isotherm

Sample MX-IN:25-75 was subjected to the adsorption of water in equilibrium at dif-
ferent conditions of humidity. Figure 2 shows the water adsorption isotherm at 35 ◦C for
sample MX-IN:25-75. From the distinct adsorption conditions, the microenvironment cre-
ated with K2SO4 produced the saturation of the powder and the subsequent collapse of the
microstructure. This was observed as a continuous-phase material (not powdered), sticky,
and with a remarkable yellow color. Because of this, the corresponding data for aw (0.98)
was not included in the plot nor considered for the physicochemical characterizations.
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The adsorbed water content varied in the range of 0.29–6.72 g of water per 100 g of dry
sample in the complete interval of aw (0.073–0.85). In Figure 2, the first observable character-
istic is the shape of the isotherm, which presented a low moisture adsorption at low water
activities and then a pronounced increase at medium and high aw values. According to IU-
PAC, the shape of the isotherm was identified as the Flory-Huggins isotherm (type III). This
isotherm accounts for a solvent or plasticizer above the glass transition temperature [36]
and is typical of soluble, low-molecular-weight substances like sugars [37]. Several mathe-
matical models for describing sorption isotherms were fitted to the experimental data. The
evaluation of these models and their estimated parameters are reported in Figure S1 and
Table S1 from the Supplementary Material. From the tested models, some did not fit the ex-
perimental data correctly, while others gave unrealistic results. Only those with consistent
results are discussed herein. In the low-medium range of aw, the Brunauer-Emmett-Teller
(BET) model was fitted. The BET monolayer value was 2.43 g of water per 100 g of dry
sample, and the energy constant (C) related to the heat of sorption was 1.59. However, this
model is limited to the linear range of water activity (0.073–0.531), and beyond this range,
the BET model underestimates the predicted values. The Guggenheim-Anderson-de Boer
(GAB) model has been used to fit isotherms across a wide range of aw (0–0-9) and provides
a more accurate description of sorption behavior for almost every food product [36]. The
calculated GAB monolayer content (M0) was 2.795 g of water per 100 g of dry sample,
and the model constants were 5.67 and 0.24, for C and K, respectively. The values of M0
calculated from the BET and GAB models were very similar and indicated the maximum
amount of adsorbed solvent in the form of a monolayer of water molecules on the sample,
which is considered the value at which the food product is the most stable [36]. Beyond this
value, there are more water molecules available, acting as plasticizers, triggering unwanted
microstructure changes, and acting as media for biological reactions such as bacterial
growth. Therefore, to maintain the stability during storage of the functional food, it may be
kept at a moisture condition lower than the value of the monolayer.

The C and K constants from the GAB model are related to the interaction energy
between the first and further adsorbed layers of molecules, respectively. According to
Lewicki [38], the estimated value of the monolayer will vary 15% when the values of the
constants are within the following limits: 5.67 < C < ∞, and 0.24 < K < 1. The results
obtained from the fit of the data indicated a good estimation of the monolayer value.

3.3. Microstructural Analysis

The samples stored at different moisture conditions were analyzed by X-ray diffraction
to observe possible changes in the microstructure. Figure 3A shows the X-ray diffrac-
tograms of the functional food blend MX-IN:25-75 at the different water activities. Mi-
crostructural behavior was similar in samples with an aw of 0.073–0.331, with a broad peak
near an angle of 18◦ and a relatively low intensity diffraction peak at 26.5◦. These properties
indicated that the microstructure remained amorphous across the entire range of water
conditions. For aw values of 0.43 and 0.531, the intensity of the broad peak decreased and
small diffraction peaks appeared, suggesting that the amorphous microstructure is crystal-
lizing due to moisture adsorption. At high aw values of 0.73 and 0.856, the diffractograms
showed a completely collapsed microstructure, which can be understood as a mixture of
crystallized material and material in the rubbery state.
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According to previously reported studies, the amorphous microstructure of low molec-
ular weight MXs is maintained with the adsorption of moisture, and only the change from
a glassy solid into a rubbery state is observed aw greater than 0.750 [39]. Meanwhile, with
water adsorption, INs present a microstructural transition from amorphous to crystalline,
observed as the appearance of diffraction peaks on a broad peak at aw value of 0.32. The
intensity of the diffraction peaks increases in aw increments until the broad peak completely
disappears [29]. Certainly, the blending of these two carbohydrate polymers with contrast-
ing behaviors upon water adsorption causes the microstructural changes reported herein.

On the other hand, the diffraction peak observed at 26.5◦ suggested the crystallization
of some of the active ingredients, such as quercetin or the microorganism B. cluassi. To verify
the above, three blank samples containing only the mixture of carrier agents (MX-IN:50-50),
the mixture plus quercetin (MX-IN+Q), and the mixture plus B. claussi (MX-IN+BC) were
prepared and characterized by X-rays. Figure 3B shows the diffractograms for the blank
samples. In all of these, the same broad peak around 18◦ was observed. The MX-IN+Q
sample presented a diffraction peak at 26.5◦, while the MX-IN+BC sample did not show
any diffraction peak but only a small, broad peak around 28◦.

Clearly, these analyses help to understand the microstructural behavior of the functional
food of the MX-IN:25-75 blend during storage at the different moisture conditions tested.

3.4. Morphological Characterization

The result of storing information on the morphology of functional food particles was
studied by SEM. Figure 4 depicts representative 1000X SEM micrographs of the functional
food blend MX-IN:25-75 in various moisture environments. At aw values of 0.073–0.531,
the powder particles presented a quasi-spherical morphology, with sizes ranging from
2–15 microns. Particles with smooth surfaces were observed; however, other particles with
an irregular (wrinkled) surface were also present. Likewise, some particles with elon-
gated shapes were also presented, which may correspond to microencapsulated B. claussi
microorganisms. For aw of 0.75, the powder showed a different morphology, similar to
merged spherical particles, forming irregular-shape agglomerates with sizes greater than
10 µm. At aw of 0.856, the analyzed sample was no longer visualized as a powder but
as a continuous mass.

147



Polymers 2023, 15, 367

Polymers 2023, 15, x FOR PEER REVIEW 9 of 16 
 

 

humidity level, and it behaved as a crystallized solid and sticky material. Clearly, this 
analysis is of great importance because it sets the water activity range where the morphol-
ogy is preserved before the microstructural changes may affect the properties of the pow-
der. 

 
Figure 4. SEM micrographs of the functional food blend MX-IN:25-75 at the different aw values: (A) 
0.073, (B) 0.229, (C) 0.331, (D) 0.43, (E) 0.531, (F) 0.75, and (G) 0.856. 

3.5. Thermal Analysis 
From the MDSC measurements, the glass transition temperature (Tg) of blend MX-

IN:25-75 was determined after storage at different humidity conditions. Figure 5 shows 
the reversible heat curves at each aw. The determination of the Tg was performed graph-
ically by identifying the onset of the reversible heat flow curve. The summary of Tg values 
is reported in Table 1. It is observed that the Tg tends to decrease with the increase of aw, 
and the variation of the Tg was in the range of 32.53 to −3.05 °C. This is a common behavior 
in sugar-rich systems, where the adsorbed water molecules act as plasticizers, decreasing 
the temperature to the point where the amorphous solid passes from a glassy to a rubbery 
state. Thus, it is preferable to keep the functional food in its glassy state because the mi-
crostructure of the solid remains rigid, preventing active ingredient degradation due to 
exposure to ambient atmospheric conditions. 

 
Figure 5. Reversible heat flow curves of the functional food blend MX-IN:25-75 at the different aw. 

Figure 4. SEM micrographs of the functional food blend MX-IN:25-75 at the different aw values:
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These observations evidenced the changes exerted by the adsorption of water at the
microscopic level. The functional food retains powder characteristics up to a maximum
aw value of 0.531. The morphology of the functional food changed dramatically above
this humidity level, and it behaved as a crystallized solid and sticky material. Clearly,
this analysis is of great importance because it sets the water activity range where the
morphology is preserved before the microstructural changes may affect the properties of
the powder.

3.5. Thermal Analysis

From the MDSC measurements, the glass transition temperature (Tg) of blend MX-
IN:25-75 was determined after storage at different humidity conditions. Figure 5 shows the
reversible heat curves at each aw. The determination of the Tg was performed graphically
by identifying the onset of the reversible heat flow curve. The summary of Tg values
is reported in Table 1. It is observed that the Tg tends to decrease with the increase of
aw, and the variation of the Tg was in the range of 32.53 to −3.05 ◦C. This is a common
behavior in sugar-rich systems, where the adsorbed water molecules act as plasticizers,
decreasing the temperature to the point where the amorphous solid passes from a glassy to
a rubbery state. Thus, it is preferable to keep the functional food in its glassy state because
the microstructure of the solid remains rigid, preventing active ingredient degradation due
to exposure to ambient atmospheric conditions.

Table 1. Determined Tg values at different aw. The values represent the average of two measurements,
and the standard deviation is indicated in brackets.

aw Tg (◦C)

0.0073 32.53 (1.3)
0.229 32.45 (0.9)
0.331 31.82 (1.1)
0.43 19.54 (0.6)
0.531 17.38 (1.8)
0.75 7.79 (0.4)
0.856 −3.05 (0.9)
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Additionally, the Tg value indicates the maximum temperature at which the food can
be stored before undergoing a microstructural change that may modify its composition.
In this sense, samples with low moisture content (aw of 0.0073–0.331) can be stored at
temperatures close to 30 ◦C, while those with intermediate moisture content (aw of 0.43 and
0.531) should be stored at temperatures below 20 ◦C, whereas samples with high moisture
content (aw of 0.75 and 0.856) should be kept at temperatures below 10 ◦C.

3.6. Functional Food Performance

The performance of blend MX-IN:25-75 as a functional food was tested by determining
both the antioxidant activity of quercetin and the viability of B. claussi microorganisms.
Figure 6 shows the AA and the viability of the blend MX-IN:25-75 subjected to different
humidity conditions during storage at 35 ◦C.
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Figure 6A shows that the powders presented antioxidant activity in the range of
54.6–58.5% of DPPH scavenging capacity. According to the ANOVA, the population means
were not significantly different at the 0.05 level. By comparing the values reported herein
against those reported in [10], the AA is the double of the former. They reported the AA
for 1:1 ratio blends of MX-IN and compared them against samples prepared with pure
MX or IN. They found that IN promotes the microencapsulation of quercetin, showing a
synergistic effect in the blend. In the case of the blend reported here, it contains 75% of IN,
which may favor the microencapsulation of quercetin and hence higher AA values.

Figure 6B shows the viability of B. claussi microorganisms at the different aw. The
variation in viability was narrow, showing values between 6.3–6.7 Log10 CFU/g. In conse-
quence, the ANOVA showed that the population means were not significantly different at
the 0.05 level. This suggested that the blend MX-IN:25-75 was able to microencapsulate
the microorganisms and keep them alive after the drying process and during storage at
35 ◦C under the different humidity conditions. On the other hand, the values found here
were relatively lower than those reported in [10]. This can be explained in terms of the
MX concentration, since MX favors the microencapsulation of the microorganism and its
protecting effect is more pronounced than that of IN. This may be caused by the difficulty
that microorganisms may have in metabolizing the long carbohydrate chains of IN [40].
Vázquez-Maldonado et al. compared IN and lactose as co-microencapsulating agents of
resveratrol and B. claussi. They found that IN showed higher capacity for the conservation
of resveratrol, while both materials showed similar viability values for encapsulating the
microorganism [41]. Although the viability values reported herein were not very high, they
were slightly above the minimum value recommended by the FAO/WHO (2003) to cause
therapeutic benefits in humans. Therefore, the tested blend MX-IN:25-75 can be considered
as functional food with probiotic properties.

In terms of storage stability, it is evident that the results are very promising, since
the blend MX-IN:25-75 presented functional characteristics such as antioxidant activity
and viability in the complete interval of water activities. This indicates that although the
morphology of the particles may collapse at high humidity values, the active ingredients
remain protected and active to convert the carbohydrate polymers into a functional food.

4. Discussion
Equilibrium State Diagram of Functional Food Blend MX-IN:25-75

Commonly, two types of state diagrams are reported to estimate stability during
storage. The first is based on determining the glass line, freezing curve, maximal freeze
concentration, and solid mass fraction (Xs) [25]. For example, Wan et al. [42] determined for
indica rice starch a Tg of −42.5 ◦C, an Xs of 0.71 g/g (wet basis), and a monolayer content
of 7.43 g of water per 100 g of dry solids. Sablani et al. [43] determined for basmati rice a Tg
of −11.6 ◦C, an Xs of 0.6, and a monolayer content value of 0.136 g of water per 100 g of
dry solids. On the other hand, equilibrium state diagrams can be established by combining
the water sorption isotherms and Tg for determining critical values for water content and
water activity at a given storage temperature [44].

Figure 7 shows the equilibrium state diagram constructed for the functional food blend
MX-IN:25-75 from the results of the physicochemical characterization. One of the main
features in the state diagram is the moisture adsorption isotherm at 35 ◦C (the red solid
curve). Here is indicated the water content at the monolayer level (M0 of 2.79 g of water per
100 g of dry sample), corresponding to an aw of 0.43. Moisture values greater than those
of the monolayer will produce microstructural changes that can affect the behavior of the
powder material. Thomsen et al. [45] constructed a state diagram for amorphous lactose to
set the storage temperature and water activity at which lactose may remain in the glassy
state. The depicted isotherm at 25 ◦C was employed as the borderline for separating the
storage conditions for stable from unstable amorphous lactose. Fabra et al. [46] employed
the concepts of aw, Tg, and the critical water content (CWC) to set the storage conditions
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of grapefruit. Because of the high water content of the fruit, it must be stored at freezing
temperatures.
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The Tg (blue dashed curve) shows a tendency to decrease with moisture adsorption.
Three regions with similar glass transition temperatures were observed: (i) For moisture
values lower than the monolayer level, the Tg showed values slightly higher than 30 ◦C.
(ii) In the region of intermediate moisture values, Tg values were close to 19 ◦C. (iii) At high
moisture contents, the Tg drops to values below 10 ◦C. According to Sá and Sereno [47],
if the storage temperature equals the Tg, degradation of fresh fruits and vegetables may
be prevented. Employing spray drying, Roos [48] constructed a state diagram employing
the Tg and the mass fraction of lactose to establish the drying and storage temperatures of
non-sticking powders from lactose-containing dairy liquids. In accordance with this, the
powder must be stored at a lower temperature than the Tg of the main component.

Additionally, from both the equilibrium state diagram and storage temperature (35 ◦C),
the CWC and critical water activity (CWA) can be extrapolated. These values (indicated
by the dashed green line) were a CWC of 1.77 g of water per 100 g of dry sample and
a CWA of 0.32. Both values are lower than the corresponding values obtained from the
moisture content of the monolayer. These results agree with those in the literature. For
example, Shi et al. [49] reported lower CWC values for seafood meat (Penaeus vannamei)
than those obtained from the monolayer. They also consider the CWC parameter to be
of greater importance for the evaluation of the storage conditions of dehydrated food
products. Vásquez et al. [50] emphasized the importance of CWC over M0, and stated
that lyophilized blueberries must be stored at aw less than 0.1 in order to preserve the
glassy state of the matrix and avoid deteriorative changes in the amorphous components.
Conversely, Sablani et al. [51] found constant CWA values of about 0.56 and CWC values
of 0.11, 0.09, and 0.06 g of water per g of dry solid for abalone samples stored at 23, 40,
and 60 ◦C, respectively. These CWC values were relatively higher than those determined
from the BET monolayer content and may disturb the stability of the food product. Shi
and collaborators [52] depicted an equilibrium moisture content diagram to evaluate the
stability settings for storage of freeze-dried edible fungi (Agaricus bisporus) and reported a
monolayer moisture content of 0.062 g of water per g of A. bisporus and a Tg of −27.2 ◦C.
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The addition of a carrying agent such as MX to freeze-dried seafood meat promoted an
increment in the CWC from 0.151 to 0.258 and in aw from 0.038 to 0.083 g of water per g of
dry solids [49]. The joint use of concepts such as aw, CWC, and Tg in an equilibrium state
diagram is of great importance to explain variations in time-dependent mechanical and
flow properties, such as crystallization of amorphous sugars, non-enzymatic browning,
and enzymatic reactions [44].

The vertical dashed lines indicate the water activities at which the microstructural
changes occur. From here, three regions were identified: amorphous, semi-crystalline, and
crystalline-rubbery states. This means that the microstructural change of this mixture is not
abrupt but gradual, since it presents a transition state such as the semi-crystalline region.
The value of the monolayer approximately matches the region where the microstructure
transforms from the amorphous state to the semi-crystalline state. Roos [44] established
that the effect of Tg on the mechanical properties results in rapid changes in viscosity
and modulus, which cause the crystallization of amorphous solids. He identified three
regions that depend on storing temperature and water activity or content. These regions
were identified as: (i) a stability zone, which corresponds to a glassy state; (ii) a critical
zone, where the glass transition occurs; and (iii) a mobility zone, where the flow occurs.
According to Rahman [53], the microbial stability in food is affected by the moisture content,
while the oxidation phenomenon is caused by the crystallization at a temperature higher
than the Tg.

A representative micrograph of the morphology of the powdered food particles is
shown in each of the abovementioned regions. The behavior of the morphology corre-
sponds with the microstructural fluctuations, resulting in spherical particles with smooth
surfaces in the amorphous region. In the transition region, spherical particles with smooth
surfaces were observed, as were particles with irregular shapes and contracted or collapsed
surfaces. In the crystalline-rubbery state region, the morphology was completely irregular,
with clusters of fused particles. According to Sahin et al. [53], the encapsulation efficiency
can be affected by the presence of surface defects such as dents and heterogeneities since
the active ingredients can escape through there. Al-Ghamdi et al. [54] used state diagrams
to relate color change and browning with aw and storage temperature of pumpkin powders.
Both characteristics increased linearly with moisture content and at storage temperatures
greater than 35 ◦C. Thanatuksorn, Kajiwara, and Suzuki [55] studied by SEM the struc-
tural alteration of fried wheat flour with various moisture contents. They observed that
the porous structure reached its maximum value after 3 and 5 min of drying in samples
containing 400 and 600 g of moisture per kg of sample, respectively.

In addition to the information on phase and state changes provided by the microstruc-
tural and thermal characterizations, the morphological analysis provides information about
the heterogeneities in the microstructure of the food, which is required for understanding
the properties and kinetic behavior of amorphous food systems [44]. According to Buera
et al. [56], among the characterization methods for studying the crystallization of amor-
phous sugars are DSC, XRD, microscopy, infrared, and Raman spectroscopies, whereas
proton nuclear magnetic resonance (1H NMR) and dynamic mechanical analysis (DMA)
have been employed as alternative techniques to determine Tg.

5. Conclusions

In this work, the use of a blend based on carbohydrate polymers as a matrix for a
functional food with antioxidant and probiotic properties was proposed. The functional
food was made up of 25% maltodextrin, 75% inulin, and the active ingredients quercetin
and Bacillus claussi. The physicochemical characterization of the powders obtained by
spray drying included moisture adsorption isotherms, X-ray diffraction, scanning electron
microscopy, and thermal analysis. With the characterization results, an equilibrium state
diagram for the storage stability of the functional food was constructed. The storage
conditions were identified as a monolayer water content of 2.79 g of water per 100 g of dry
sample, corresponding to an aw of 0.43, and a maximum storage temperature slightly above
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30 ◦C. The state diagram presented three microstructural regions identified as amorphous,
semicrystalline, and crystalline-rubbery states. The morphology of particles varied in each
of these regions, with spherical particles having smooth surfaces, a mixture of spherical and
irregular particles having heterogeneous surfaces, and agglomerated and fused irregular-
shaped particles being observed. The equilibrium state diagram was of great importance
for identifying the storage conditions that promote the preservation of functional food
properties and those where the collapse of the microstructure occurs.

The analysis of the functional properties of the blend showed antioxidant activities of
about 50% of DPPH scavenging capacity and similar viability values of 6.5 Log10 CFU/g.
These results demonstrated that the blend could be considered a functional food prepared
by spray drying.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym15020367/s1, Figure S1. Evaluation of the different sorption
isotherm models; Table S1. Estimated parameters for the evaluated sorption models.

Author Contributions: Conceptualization, C.L.-P. and Z.S.-L.; methodology, Z.S.-L., M.R.-A. and
C.A.-Q.; software, F.G.-L.; validation, C.L.-P., Z.S.-L. and C.A.-Q.; formal analysis, C.L.-P.; investiga-
tion, C.L.-P. and F.G.-L.; resources, C.L.-P., Z.S.-L. and C.A.-Q.; data curation, A.R.C.-G. and A.I.G.-J.;
writing—original draft preparation, C.L.-P.; writing—review and editing, C.L.-P., Z.S.-L., A.R.C.-G.
and C.A.-Q.; visualization, F.G.-L.; supervision, C.L.-P. and Z.S.-L.; project administration, C.L.-P.;
funding acquisition, C.L.-P., Z.S.-L. and C.A.-Q. All authors have read and agreed to the published
version of the manuscript.

Funding: Centro de Investigación en Materiales Avanzados S.C. (CIMAV). Grant number PI-14-22.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors thank to Daniel Lardizabal for his support with the MDSC mea-
surements, and the Laboratorio Nacional de Nanotecnología (Nanotech) for the use of the SEM. The
financial support from CIMAV is also acknowledged.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study, in the collection, analysis, or interpretation of data, in the writing of the manuscript, or
in the decision to publish the results.

References
1. Ferreira, A.R.; Alves, V.D.; Coelhoso, I.M. Polysaccharide-based membranes in food packaging applications. Membranes 2016, 6, 22.

[CrossRef] [PubMed]
2. Cazón, P.; Velazquez, G.; Ramírez, J.A.; Vázquez, M. Polysaccharide-based films and coatings for food packaging: A review. Food

Hydrocoll. 2017, 68, 136–148. [CrossRef]
3. Kontogiorgos, V.; Smith, A.M.; Morris, G.A. The parallel lives of polysaccharides in food and pharmaceutical formulations. Curr.

Opin. Food Sci. 2015, 4, 13–18. [CrossRef]
4. Ribeiro, A.M.; Shahgol, M.; Estevinho, B.N.; Rocha, F. Microencapsulation of Vitamin A by spray-drying, using binary and ternary

blends of gum arabic, starch and maltodextrin. Food Hydrocoll. 2020, 108, 106029. [CrossRef]
5. Meena, S.; Gote, S.; Prasad, W.; Khamrui, K. Storage stability of spray dried curcumin encapsulate prepared using a blend of

whey protein, maltodextrin, and gum Arabic. J. Food Process. Preserv. 2021, 45, e15472. [CrossRef]
6. Fernandes, R.V.D.B.; Silva, E.K.; Borges, S.V.; de Oliveira, C.R.; Yoshida, M.I.; da Silva, Y.F.; do Carmo, E.L.; Azevedo,

V.M.; Botrel, D.A. Proposing novel encapsulating matrices for spray-dried ginger essential oil from the whey protein isolate-
inulin/maltodextrin blends. Food Bioprocess Technol. 2017, 10, 115–130. [CrossRef]

7. Klein, M.; Aserin, A.; Ishai, P.B.; Garti, N. Interactions between whey protein isolate and gum Arabic. Colloids Surf. B Biointerfaces
2010, 79, 377–383. [CrossRef] [PubMed]

8. Saxena, J.; Adhikari, B.; Brkljaca, R.; Huppertz, T.; Chandrapala, J.; Zisu, B. Inter-relationship between lactose crystallization and
surface free fat during storage of infant formula. Food Chem. 2020, 322, 126636. [CrossRef]

9. Haładyn, K.; Tkacz, K.; Wojdyło, A.; Nowicka, P. The Types of Polysaccharide Coatings and Their Mixtures as a Factor Affecting
the Stability of Bioactive Compounds and Health-Promoting Properties Expressed as the Ability to Inhibit the α-Amylase and
α-Glucosidase of Chokeberry Extracts in the Microencapsulation Process. Foods 2021, 10, 1994.

153



Polymers 2023, 15, 367

10. Saavedra-Leos, M.Z.; Román-Aguirre, M.; Toxqui-Terán, A.; Espinosa-Solís, V.; Franco-Vega, A.; Leyva-Porras, C. Blends of
Carbohydrate Polymers for the Co-Microencapsulation of Bacillus clausii and Quercetin as Active Ingredients of a Functional
Food. Polymers 2022, 14, 236. [CrossRef]

11. Kaur, S.; Das, M. Functional foods: An overview. Food Sci. Biotechnol. 2011, 20, 861–875. [CrossRef]
12. Milner, J. Functional foods and health promotion. J. Nutr. 1999, 129, 1395S–1397S. [CrossRef] [PubMed]
13. Konstantinidi, M.; Koutelidakis, A.E. Functional foods and bioactive compounds: A review of its possible role on weight

management and obesity’s metabolic consequences. Medicines 2019, 6, 94. [CrossRef] [PubMed]
14. Cederholm, T.; Barazzoni, R.; Austin, P.; Ballmer, P.; Biolo, G.; Bischoff, S.C.; Compher, C.; Correia, I.; Higashiguchi, T.; Holst, M.

ESPEN guidelines on definitions and terminology of clinical nutrition. Clin. Nutr. 2017, 36, 49–64. [CrossRef]
15. Favaro-Trindade, C.S.; Patel, B.; Silva, M.P.; Comunian, T.A.; Federici, E.; Jones, O.G.; Campanella, O.H. Microencapsulation as a

tool to producing an extruded functional food. LWT 2020, 128, 109433. [CrossRef]
16. Pandey, K.R.; Naik, S.R.; Vakil, B.V. Probiotics, prebiotics and synbiotics-a review. J. Food Sci. Technol. 2015, 52, 7577–7587.

[CrossRef]
17. Lee, L.; Choi, E.; Kim, C.; Sung, J.; Kim, Y.; Seo, D.; Choi, H.; Choi, Y.; Kum, J.; Park, J. Contribution of flavonoids to the antioxidant

properties of common and tartary buckwheat. J. Cereal Sci. 2016, 68, 181–186. [CrossRef]
18. Masisi, K.; Beta, T.; Moghadasian, M.H. Antioxidant properties of diverse cereal grains: A review on in vitro and in vivo studies.

Food Chem. 2016, 196, 90–97. [CrossRef]
19. Nunes, A.R.; Gonçalves, A.C.; Falcão, A.; Alves, G.; Silva, L.R. Prunus avium L. (Sweet Cherry) By-Products: A Source of Phenolic

Compounds with Antioxidant and Anti-Hyperglycemic Properties—A Review. Appl. Sci. 2021, 11, 8516. [CrossRef]
20. Rostami, M.; Yousefi, M.; Khezerlou, A.; Mohammadi, M.A.; Jafari, S.M. Application of different biopolymers for nanoencapsula-

tion of antioxidants via electrohydrodynamic processes. Food Hydrocoll. 2019, 97, 105170. [CrossRef]
21. Piñón-Balderrama, C.I.; Leyva-Porras, C.; Terán-Figueroa, Y.; Espinosa-Solís, V.; Álvarez-Salas, C.; Saavedra-Leos, M.Z. En-

capsulation of active ingredients in food industry by spray-drying and nano spray-drying technologies. Processes 2020, 8, 889.
[CrossRef]

22. Ye, Q.; Georges, N.; Selomulya, C. Microencapsulation of active ingredients in functional foods: From research stage to commercial
food products. Trends Food Sci. Technol. 2018, 78, 167–179. [CrossRef]

23. Sablani, S.S.; Syamaladevi, R.M.; Swanson, B.G. A review of methods, data and applications of state diagrams of food systems.
Food Eng. Rev. 2010, 2, 168–203. [CrossRef]

24. Leyva-Porras, C.; López-Pablos, A.L.; Alvarez-Salas, C.; Pérez-Urizar, J.; Saavedra-Leos, Z. Physical properties of inulin and
technological applications. In Polysaccharides; Ramawat, K.M.J., Ed.; Springer: New York, NY, USA, 2015; pp. 959–984.

25. Rahman, M.S. State diagram of foods: Its potential use in food processing and product stability. Trends Food Sci. Technol.
2006, 17, 129–141. [CrossRef]

26. Icoz, D.Z.; Kokini, J.L. State diagrams of food materials. In Food Materials Science; Springer: New York, NY, USA, 2008; pp. 95–121.
27. Bhandari, B.; Roos, Y.H. Introduction to Non-Equilibrium States and Glass Transitions-The Fundamentals Applied to Foods Systems;

Woodhead: Cambridge, MA, USA, 2017.
28. García-Coronado, P.; Flores-Ramírez, A.; Grajales-Lagunes, A.; Godínez-Hernández, C.; Abud-Archila, M.; González-García, R.;

Ruiz-Cabrera, M.A. The Influence of Maltodextrin on the Thermal Transitions and State Diagrams of Fruit Juice Model Systems.
Polymers 2020, 12, 2077. [CrossRef] [PubMed]

29. Leyva-Porras, C.; Saavedra-Leos, M.; López-Pablos, A.; Soto-Guerrero, J.; Toxqui-Terán, A.; Fozado-Quiroz, R. Chemical, thermal
and physical characterization of inulin for its technological application based on the degree of polymerization. J. Food Process Eng.
2017, 40, e12333. [CrossRef]

30. Roos, Y. Solid and liquid states of lactose. In Advanced Dairy Chemistry; Springer: New York, NY, USA, 2009; pp. 17–33.
31. Higl, B.; Kurtmann, L.; Carlsen, C.U.; Ratjen, J.; Först, P.; Skibsted, L.H.; Kulozik, U.; Risbo, J. Impact of water activity, temperature,

and physical state on the storage stability of Lactobacillus paracasei ssp. paracasei freeze-dried in a lactose matrix. Biotechnol.
Prog. 2007, 23, 794–800. [CrossRef]

32. Lara-Mota, E.E.; Alvarez-Salas, C.; Leyva-Porras, C.; Saavedra-Leos, M.Z. Cutting-edge advances on the stability and state
diagram of pure β-lactose. Mater. Chem. Phys. 2022, 289, 126477. [CrossRef]

33. Xiao, Z.; Xia, J.; Zhao, Q.; Niu, Y.; Zhao, D. Maltodextrin as wall material for microcapsules: A review. Carbohydr. Polym.
2022, 298, 120113. [CrossRef]

34. Labuza, T.; Kaanane, A.; Chen, J. Effect of temperature on the moisture sorption isotherms and water activity shift of two
dehydrated foods. J. Food Sci. 1985, 50, 385–392. [CrossRef]

35. Platzer, M.; Kiese, S.; Herfellner, T.; Schweiggert-Weisz, U.; Eisner, P. How Does the Phenol Structure Influence the Results of the
Folin-Ciocalteu Assay? Antioxidants 2021, 10, 811. [CrossRef] [PubMed]

36. Andrade, R.D.; Lemus, R.; Pérez, C.E. Models of sorption isotherms for food: Uses and limitations. Vitae 2011, 18, 325–334.
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Abstract: Strawberries (Fragaria xannanasa) are susceptible to mechanical, physical, and physiological
damage, which increases their incidence of rot during storage. Therefore, a method of protection
is necessary in order to minimize quality losses. One way to achieve this is by applying polymer
coatings. In this study, multisystem coatings were created based on polymer nanocapsules loaded
with Lippia graveolens essential oil, and it was found to have excellent optical, mechanical, and
water vapor barrier properties compared to the control (coating formed with alginate and with
nanoparticles without the essential oil). As for the strawberries coated with the multisystem formed
from the polymer nanocapsules loaded with the essential oil of Lippia graveolens, these did not present
microbial growth and only had a loss of firmness of 17.02% after 10 days of storage compared to
their initial value. This study demonstrated that the multisystem coating formed from the polymer
nanocapsules loaded with the essential oil of Lippia graveolens could be a viable alternative to preserve
horticultural products for longer storage periods.

Keywords: polymeric coating; essential oil; Lippia graveolens; nanoparticles; strawberries

1. Introduction

According to the Food and Agriculture Organization (FAO), food losses are defined
as a decrease in the quantity or quality of food. An important part of food loss is waste,
which is food initially intended for consumption and discarded or, in some cases, used
alternatively, i.e., in a non-food way. Globally, between a quarter and a third of the food
produced annually for human consumption is lost or wasted. This is equivalent to about
1.3 billion tons of food, including 40 to 50% of roots, fruits, vegetables, and oilseeds [1,2].
The highest losses occur in horticultural products, that is, fruits and vegetables [3]; this is
because they are much less resistant and more perishable compared to seeds, tubers, or
roots [4]. Strawberries (Fragaria ananassa L.) are highly nutritious but, at the same time,
are extremely perishable due to their susceptibility to deterioration, mechanical injury,
postharvest physiological disorders, and microbial decay [5]. Therefore, strawberries are
considered a delicate fruit with a short shelf life: losses during postharvest storage are
estimated to be as high as 40% [6]. The use of coatings is an innovative method of food
preservation whose application would allow the following: (i) the generation of a physical
barrier to protect the surface of the product; (ii) the control of the migration of solutes
and humidity as well as, gas exchange and oxidation reactions to prolong shelf life; and
(iii) a reduction in the risk of pathogen growth on the surfaces of fruit and vegetable
products [7,8].
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The principle of using coatings is very similar to modified atmosphere packaging,
where an atmosphere consisting of high CO2 and low O2 concentration is created [9]. This
environment can effectively slow down the respiration rate, conserve stored energy, slow
microbial growth, and, therefore, extend the shelf life of the fruit [10]. The coating may con-
tain ingredients such as antioxidant agents, additional nutrients, flavorings, preservatives,
and antimicrobial compounds of natural origin, such as essential oils (EOs) [11]. Oregano
is the common name applied to more than 40 species of the families Verbenaceae, Lamiaceae,
Compositae, and Leguminoseae, of which the most important are Mediterranean or European
oregano (Origanum vulgare) and Mexican oregano (Lippia graveolens). The antioxidant and
antimicrobial properties of Lippia graveolens essential oil (EO-Lg) [12] make it a strong can-
didate as a natural preservative for foods, such as fruit and vegetable products. Regarding
the chemical mechanism of peroxidation inhibition, the components of the EO act mainly
as radical trapping agents that would lead to the formation of hydroperoxides, epoxides,
and other oxygenated derivatives. Gutiérrez-Grijalva et al. [13] reported that EO-Lg may
have significant potential as an auxiliary antioxidant and against enzymes involved in lipid
and carbohydrate metabolism. On the other hand, previous studies have shown that EO-Lg
is effective against bacteria, yeast, and fungi [14] and increased antioxidant activity without
negative effects on sensory acceptability in tomatoes [15]. The antimicrobial property of
EO-Lg is attributed to two of its main components, i.e., thymol and carvacrol [16], which
have the ability to break the cell membrane of Gram-negative bacteria. This is thanks to
their chemical structure since they contain an -OH group and have a non-polar character.
The damage is reflected in the dissipation of the two components of the proton motive
force, the pH gradient and the electrical potential, which causes greater permeability and
the leakage of ions and other compounds that are necessary for the survival of the bacte-
ria [17]. The antimicrobial effects of oregano EO have been previously reported against
microorganisms such as Candida albicans, Alternaria alternate, Escherichia coli, Pseudomonas
aeruginosa, and Staphylococcus aureus, among others [15,18,19]. However, the application of
EOs in coatings is often problematic due to their physicochemical properties, and they can
deteriorate due to environmental factors, such as light and oxygen, and have high volatil-
ity [20]. Furthermore, EOs have low solubility in water, which makes their incorporation
into commercial products difficult. To overcome these effects, the nanoencapsulation of
EOs in polymeric nanoparticles has become a possible solution [21]. Today, nanotechnology
represents an area of opportunity for the development of vehicles that transport certain EOs,
vitamins, and other plant extracts, such as polyphenols, with antimicrobial and antioxidant
properties. Although the development of nanoparticles (NPs) was first reported in the
pharmaceutical field for drug delivery systems less than two decades ago, these systems
caught the interest of the food sector. NPs have great potential to guarantee the mainte-
nance of color (by encapsulating dyes), flavor, and nutritional values (by encapsulating
vitamins), thus increasing the shelf life of foods [22].

It is possible to produce coatings when antioxidants or antimicrobials are encapsulated
in NPs. In the coating, the compound can be administered, prolonged, or controlled
to create a specific microenvironment to improve the shelf life of fruit and vegetable
products [23]. In addition, a plasticizer such as sodium alginate can be added to the
coating; this is widely used because it is biodegradable, biocompatible, has a low price,
and is non-toxic. This polysaccharide can form strong and homogeneous films at room
temperature [24]. Previous studies have shown that the application of NPs with EOs
allowed the color and firmness of the grapes to be preserved and delayed the presence of
microbiological damage due to a prolonged storage time [25]. Therefore, the objective of
this study was to evaluate the conservative effect of a coating obtained from nanocapsules
of Lippia graveolens EO (NC-EO-Lg) and carry out its optical, mechanical, and permeability
characterization for its application in strawberries.
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2. Materials and Methods
2.1. Materials

Lippia graveolens was collected from Cuatro Ciénegas, Coahuila de Zaragoza (26◦59′ N
102◦03′59′′ OE), México. The specimens were identified in the Herbarium of the School of
Biological Sciences, Universidad Autónoma de Nuevo León, México. Methanol, acetone
(Tedia, Fairfield, OH, USA), and isopropyl alcohol (Chromadex, Los Angeles, CA, USA)
were of HPLC grade. Purified water was from a Milli-Q water-purification system (Veolia,
Boston, MA, USA). The standard solution n-alkanes (C8–C20, C22, and C24), myrcene
(≥99.5%), p-cymene (≥97%), carvacrol (≥98%), anethole (99%) GC grade, and sodium
alginate were purchased from Sigma-Aldrich, St. Louis, MO, USA. Eudragit L100-55
polymer (1:1 methacrylic acid: ethyl acrylate) was purchased from Evonik Industries,
Essen, Germany.

2.2. Extraction and Physicochemical Characterization of Essential Oil (EO)
2.2.1. Isolation of EO

For the extraction of EO from Lippia graveolens (EO-Lg) by hydrodistillation using a
modified Clevenger-type apparatus, a quantity of 100 g of the aerial parts of fresh plant
was accurately weighed and added to 800 mL of distilled water in a flask. Then, it was
placed in a balloon heater attached to a refrigerator to ensure condensation of EO for 4 h.
The EO was collected and stored in sealed vials in the dark, at 4 ◦C, until used. The yield
percentage was calculated as the weight (g) of EO per 100 g of the plant [26].

2.2.2. Physical Characterization of EO

The relative density of the EO-Lg was determined at 25 ◦C according to the general
method 0251 of the Pharmacopeia of the United Mexican States (FEUM) [27] with an Anton
Paar Densimeter (DMA35, Ashland, VA, USA). The refractive index was measured at 25 ◦C
on an Anton Paar Refractometer (Abbermat 300, Ashland, VA, USA) according to Method
0741 of the FEUM [27]. The specific rotation was determined on a polarimeter (Perkin
Elmer, Waltham, MA, USA) according to Method 0771 of the FEUM [27]. The relative
density and the refractive index test were performed in triplicate, while the specific rotation
was performed in sextuplicated. An average value was calculated, and anethole was used
as a control.

2.2.3. Chemical Composition of EO Using Gas Chromatography–Mass Spectrometry
(GC-MS) and GC with Flame Ionization Detection (GC-FID)

The composition of volatile constituents of the EO-Lg was analyzed using a gas chro-
matograph (Agilent Technologies, 6890N, Santa Clara, CA, USA) equipped with a 5973
INERT mass selective spectrometer (ionization energy 70 eV) and an HP-5MS capillary
column (5% phenylmethylpolysiloxane, 30 m × 0.2 mm, 0.25 µm, Agilent J and W, Santa
Clara, CA, USA). The ionization-source temperature was 230 ◦C, the quadrupole tempera-
ture was 150 ◦C, and the injector temperature was 220 ◦C. Data acquisition was performed
in the scan mode. The oven temperature was programmed as follows: 35 ◦C for 9 min,
increased to 150 ◦C at 3 ◦C min−1 and held for 10 min, increased to 250 ◦C at 10 ◦C min−1,
and increased to 270 ◦C at 3 ◦C min−1 and held for 10 min. The flow rate of the helium
carrier gas (99.999% purity) was 0.5 mL min−1. The EO’s components were identified by
comparing retention indices relative to C8–C20, C22, and C24 n-alkanes, and MS results were
compared with the mass spectra from the US National Institute of Standards and Technol-
ogy (NIST) library and reference data. To determine the proportion of each component, a
quantitative analysis was performed with a GC-FID (Autosystem XL, Perkin Elmer, Boston,
MA, USA) using the same HP-5MS column. The injector temperature was 270 ◦C; the oven
temperature program was the same as the GC-MS analysis. The percentage composition of
each component was calculated using the peak-normalization method.
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2.3. Preparation and Characterization of the Nanocapsules

The EO-Lg nanocapsules (NC-EO-Lg) were prepared by the solvent displacement
procedure developed by Fessi et al. [28]. The organic phase was prepared by dissolving
175 mg of Eudragit L100-55® and 100 mg of the EO-Lg in 15 mL of organic solvent mixture
(acetone: isopropyl alcohol 50:50) under magnetic stirring at room temperature. The
organic solution was added to 25 mL of the aqueous phase (Milli-Q water) under magnetic
stirring (125 rpm). Finally, the organic solvent mixture was then evaporated under reduced
pressure (Control Laborota 4003, Heidolph Instruments, Schwabach, Germany). The
NP-BCO was prepared by the same method, omitting the EO-Lg. Subsequently, the NC
physicochemical characterization was determined three times at 25 ◦C. The mean particle
size and polydispersity index (PI) were measured at a 90-degree scattering angle using
dynamic light scattering (DLS), while the zeta potential measurement was by laser Doppler
microelectrophoresis (Zetasizer Nano-ZS90, Malvern Instruments, Worcestershire, UK). In
addition, the size and morphology of the NC were investigated using a scanning electron
microscope (SEM), JEOL brand JSM-7401F (Kyoto, Japan), with a field-emission gun (FEG)
and an accelerating voltage of 4.0 kV. For this, the NC-EO-Lg samples were previously
coated with gold-palladium for 15 s using the sputtering technique (Denton vacuum model
Desk II equipment, Cherry Hill, NJ, USA). On the other hand, the encapsulation percentage
(%E) and the encapsulation efficiency percentage (%EE) of the three main components of
the EO-Lg (myrcene, p-cymene, and carvacrol) were determined by a previously validated
GC-FID method. A calibration curve was made with the mixture of the three standard
components of EO-Lg, and the retention times were 4.7, 5.4, and 12.2 min, respectively. The
detection limits for myrcene, p-cymene, and carvacrol were 0.76, 0.35, and 0.83 µg/mL,
respectively. The %E and %EE were calculated by the following formulas:

%E =
(mg of main component encapsulated in the NC)

(mg of polymer + mg of main component in total EO)
× 100 (1)

%EE =
(mg of main component encapsulated in the NC)

(mg of main component in total EO)
× 100 (2)

2.4. Preparation of the Coatings

For the formation of the coatings, the direct casting method [29,30] on Teflon was
used, and sodium alginate (AL) powder was incorporated as film-coating into an aqueous
suspension of NC-EO-Lg under magnetic stirring at 350 rpm. NC-EO-Lg coating (NC-
EO-Lg-AL) was obtained with a sodium alginate concentration of 1% (w/v) and a drying
time of 24 h. The NP-BCO-AL was prepared by the same method, omitting the EO-Lg. In
addition, the coating’s morphology was investigated using a scanning electron microscope
(SEM), JEOL brand JSM-7401F (Kyoto, Japan), with a field-emission gun (FEG) and an
accelerating voltage of 2.0 kV. For this, the coating samples were previously coated with
gold–palladium for 25 s using the sputtering technique (Denton vacuum model Desk II
equipment, Cherry Hill, NJ, USA).

2.5. Physical Characterization of the Coatings
2.5.1. Optical Evaluation

The opacity of the coatings was calculated as the ratio of absorbance (A) (in nm) to the
coating thickness (in µm) using a UV–VIS spectrophotometer (Genesys, Thermo Scientific,
Waltham, MA, USA). Rectangular coating strips (1 cm × 4 cm) were placed directly in
glass cuvettes, using an empty glass cuvette as reference. The absorbance was measured at
600 nm, and the opacity of the coating was calculated by the following equation:

Opacity = A 600 nm/δ (3)
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where O = opacity, A 600 nm = absorbance of the sample at 600 nm, and δ = Thickness of
the coating in mm.

2.5.2. Mechanical Evaluation

Mechanical properties such as adhesion, tensile strength, and elongation at break for
the coatings were measured by a texturometer (CT3 Texture Analyzer, Brookfield-Ametek,
Middleborough, MA, USA). The coatings were cut into strips and gripped at each end with
the necessary accessories, and then the jaws were moved at the controlled speed (2 mm/s)
until the modulus was automatically recorded.

2.5.3. Fourier-Transform Infrared (FTIR) Spectroscopy Analysis

The chemical composition of the coating (the polymer, NC, and free EO) was analyzed
using an FT-IR Optical Frontier Optical Spectrophotometer (PerkinElmer, Waltham, MA,
USA). Each coating was scanned 30 times from 4000 to 400 cm−1 with a scanning interval
of 4 cm−1, and the air spectrum was used as a background correction.

2.5.4. Water Vapor Barrier Properties

The water vapor transmission rate (WVTR) and water vapor permeability (WVP) of
the coatings were measured in accordance with ASTM E-96-95 [31]. The determination of
the WVTR and WVP were carried out by gravimetric analysis. In a desiccator, coatings
were placed on top of a vial containing a saturated solution with a relative humidity (RH)
of 95%. Subsequently, the vial was weighed every 2 h for the first 8 h and then at 24 h, in
quintuplicate. The water transpiration rate and water vapor permeability were determined
with the following formulas [32]:

WVTR =
S

AT
(4)

where S is the weight gain of the test setup (g), A is the area of film exposed, and T is the
time (h).

WVP =
(WVTR)δ

Pw(RH1− RH2)
(5)

where δ is the average thickness of the films in mm, and Pw is the partial difference of
water vapor between the 50% RH of the desiccator and the 0% RH of the saturated solution.

2.6. Application of the Coatings on Strawberries

Strawberries with homogeneous characteristics of color, size, and without mechanical
damage were selected. They were washed with distilled water and dried. Subsequently,
for the coating formation, the spraying method was used, which consisted of spraying the
samples of the horticultural product with AL, NP-BCO-AL, or NC-EO-Lg-AL for 1 min
and then drying them at room temperature [25]. After the application of the coating, the
strawberries were stored for 15 days at 4 ◦C.

2.6.1. Weight Loss Percentage and Texture Analyses: Penetration Test

The strawberries from the two groups and the control (strawberries without coating)
were individually weighed after the storage time at 4 ◦C. The weight loss was calculated
as the difference between the initial and final weights of the fruit, and the values were
reported on a percentage basis in accordance with the AOAC standard method. The
penetration test was determined by a texturometer (CT3 Texture Analyzer, Brookfield-
Ametek, Middleborough, MA, USA). The penetration test outlined a mechanical force–
displacement using a 5 kg loading cell and a cylindrical flat head probe with a diameter
of 5 mm (P/5) entering the fruit (placed on the plate with the receptacle cavity upright to
the compression probe to assess its firmness). The data were acquired with the following
instrumental settings: pretest speed, 10.00 mm/s; test speed, 5 mm/s; post-test speed,
10.00 mm/s; trigger force, 2.0 g. For each sample, ten replicates were used.
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2.6.2. Visual Microbiological Damage

On the other hand, the presence of microbiological damage on the strawberries and
the control were monitored for the storage time at 4 ◦C.

2.7. Statistical Analysis

The results obtained in this study are shown in the tables and figures as means ± SDs
of different measurements. The statistical differences were evaluated using a one-way
analysis of variance (ANOVA) with Tukey’s post hoc test (p < 0.05), performed using SPSS
software (Version 20.0, SPSS Inc., Chicago, IL, USA).

3. Results and Discussion
3.1. Isolation of Essential Oil of Lippia graveolens (EO-Lg)

Initially, the EO-Lg was obtained from Lippia graveolens by the hydrodistillation method
in a Clevenger apparatus. This technique has been commonly used for the extraction of
EOs since it avoids the degradation of plant material. The EO is extracted from the plant,
together with water vapor, and is separated after condensation. A yield percentage of
5.32% was obtained in this study. Dilworth et al. [33] obtained a similar result, which was
4.29%. The extraction of EOs through hydrodistillation is variable and depends on certain
parameters, such as the collection season, soil type, harvest location, and plant variety. On
the other hand, lower extraction yields than those obtained in this work have been reported
(0.92% to 4.41%) using another extraction technique: steam distillation [34].

3.2. Physical Properties of the EO-Lg

For the physical characterization of the EO-Lg, the physical parameters of density,
refractive index, and optical rotation were evaluated based on the FEUM [27]. In the EO
industry, the importance of evaluating the physical characteristics of EOs to guarantee
their quality control on a routine basis has been established since variations in physical
parameters allow for the possible adulteration or degradation of their components to be
detected, therefore ensuring their biological activity [35]. In addition, the anethole standard
was selected as a control for physical evaluation due to its physicochemical similarity
with some of the components of EO-Lg (i.e., polarity and vapor pressure) and the fact
that its physical characterization is already reported in the FEUM [27]. In Table 1, the
values obtained from the physical characterization of anethole and EO-Lg are presented.
In the case of anethole, it can be observed that the values obtained are within the inter-
vals reported in the FEUM, which confirms the repeatability and reproducibility of the
physical evaluations.

Table 1. Physical characterization of anethole control and essential oil of Lippia graveolens.

Parameter Relative Density 1 Refractive Index (◦) 1 Specific Rotation (g/mL) 2

Anethole (FEUM) 0.983 − 0.988 1.557 − 1.561 −0.150 − 0.150
Anethole 0.987 ± 0.000 1.559 ± 0.000 0.050 ± 0.000

EO-Lippia graveolens 0.987 ± 0.000 1.503 ± 0.000 −0.200 ± 0.000
EO-Lippia alba 0.945 ± 0.005 1.462 ± 0.000 −0.117 ± 0.028

1 (x ± σ, n = 3); 2 (x ± σ, n = 6).

In the case of EO-Lg, the relative density, refractive index, and specific rotation values
obtained also coincide with those reported by Torrenegra-Alarcón et al. [36], presenting
only small differences, which could be attributed to the geographical origin and the species
of the plant. In addition, Domínguez [37] reported that a refractive index greater than 1.47
and a relative density greater than 0.9 indicates that the EO contains oxygenated aliphatic
and/or aromatic compounds. These values coincide with what is expected according to
Table 2, which shows that more than 99% of the EO-Lg compounds are monoterpenes
(oxygenated and aliphatic) and aliphatic sesquiterpenes.
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Table 2. Chemical composition of essential oil of Lippia graveolens by gas chromatography–mass
spectrometry.

No. 1 Composition tR (min) 2 Abundance Component Type

1 α-thujene 16.51 0.19 Monoterpene hydrocarbon
2 α-pinene 17.83 0.08 Monoterpene hydrocarbon
3 myrcene 18.37 16.93 Monoterpene hydrocarbon
4 α-terpinene 18.92 0.08 Monoterpene hydrocarbon
5 p-cymene 20.25 7.56 Monoterpene hydrocarbon
6 1,8-sineole 22.88 0.04 Monoterpene hydrocarbon
7 γ-terpinene 26.18 0.08 Monoterpene hydrocarbon
8 linalool 26.63 0.12 Oxygenated monoterpene
9 terpinen-4-ol 29.29 0.10 Oxygenated monoterpene
10 thymol methyl ether 30.94 0.06 Oxygenated monoterpene
11 thymol 32.49 4.91 Oxygenated monoterpene
12 carvacrol 33.02 66.58 Oxygenated monoterpene
13 z-caryophyllene 36.96 2.99 Sesquiterpene hydrocarbon
14 α-humulene 38.33 0.11 Sesquiterpene hydrocarbon
15 butyl hydroxyanisole 41.49 0.07 Sesquiterpene oxygenated
16 caryophyllene oxide 43.52 0.03 Sesquiterpene oxygenated

TOTAL 100.00
1 Elution order; 2 retention time.

3.3. Chemical Composition of the EO Using Gas Chromatography–Mass Spectrometry (GC-MS)
and GC with Flame Ionization Detection (GC-FID)

The chemical characterization of EO-Lg was carried out using GC-MS and GC-FID.
The chromatogram of EO-Lg obtained through GC-MS is shown in Figure 1. A total
of 16 components were identified in the EO-Lg based on a comparison with the NIST
(National Institute of Standards and Technology) library, the arithmetic index, and the
Kovats index [38]. Next, the percentage abundance (%A) of the 16 components was
determined based on their relative areas and is shown in Table 2.
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As is shown in Figure 1, the EO-Lg was composed of 24.96% of monoterpenes hy-
drocarbons and 71.77% of oxygenated terpenes. The major components were myrcene
(16.93%), p-cymene (7.56%), and carvacrol (66.58%). This coincides with what was reported
by Chacón-Vargas et al. [39], who also identified carvacrol as the majority component,
with an abundance percentage of 33.78%. Likewise, in another investigation, carvarol and
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p-cymene were found to be major components with abundance percentages of 25.19% and
13.78%, respectively [40], which also coincides with what was reported in this study.

However, various authors have reported other major components of EO-Lippia. Such
is the case of Capatina et al. [41], who reported thymol (38.82%), p-cymene (20.28%), and γ-
terpinene (19.58%) as the majority components. In another study carried out by Sharififard
et al. [42], terpineol (22.85%) and α-terpinene (20.60%) were reported as major components.
Other authors mention 1,8-cineol as the majority component [43]. The different abundances
of the components reported in previous studies are due to variations in the collection
season, the year of collection, and the region and/or climate in which the plant grows,
as well as the location of the species analyzed and the methods of obtaining the EO
such as steam distillation, extraction with organic solvents, ultrasound-assisted extraction,
microwave-assisted extraction, and supercritical fluid extraction [44].

In order to monitor the components of EO-Lg in the NCs and coating, myrcene,
p-cymene, and carvacrol were selected as the monitoring components based on their
abundance and antibacterial activity.

3.4. Preparation and Characterization of the NC-EO-Lg

Subsequently, the formation of the NC was carried out using the nanoprecipitation
technique. The nanoprecipitation technique (also called the solvent displacement technique)
was described for the first time by Fessi et al. [28]. This technique has certain advantages
over other encapsulation techniques, namely, (1) good reproducibility, (2) ability to obtain
nanoparticle sizes with a narrow distribution, (3) simplicity, (4) ease of scaling, and (5) being
environmentally friendly since the use of large amounts of toxic solvents is limited. Due
to the above, nanoprecipitation has become an important strategy in the pharmaceutical,
agricultural, food, and cosmetic industries [45].

Once the NCs were obtained, their physicochemical characterization was carried out.
Their size, polydispersity index (PI), and zeta potential are shown in Table 3. A particle
size of 287 ± 5.11 nm was obtained, which is close to the desired size of 200 nm. This
nanometric size of NCs allows the increase in the ratio between the surface area and the
contact area [46]. That is, the nanometric size would allow for the greater surface area
of the NCs to be directly in contact with the surface of the fruit and vegetable product,
from which the subsequent release of the active components of EO-Lg would occur. In
previous studies, poly (lactic acid) nanocapsules with lemongrass EO, with a particle size of
96.4 nm, were applied to apples, and it was found that these had rot lesions three times
smaller than those treated with non-encapsulated EO and the control [47]. Likewise,
in another study, edible coatings for avocados were made from chitosan nanoparticles
(355 ± 25.30 nm) loaded with Schinus molle EO, and it was found that this reduced weight
and firmness losses [48].

Table 3. Content of myrcene, p-cymene, and carvacrol in nanocapsules of Lippia graveolens essential
oil (NC-EO-Lg) purified through evaporation under reduced pressure.

Mean Size
(nm) 1 PI 1

Zeta
Potential

(mV) 1
Component %E 1 %EE 1

NC-EO-Lg 287 ± 5.11 0.10 ± 0.03 −50.90 ± 1.44 Myrcene 0.10 ± 0.04 0.24 ± 0.02
p-cymene 0.17 ± 0.07 0.32 ± 0.01
Carvacrol 27.91 ± 0.59 63.80 ± 1.47

1 (x ± σ, n = 3).

In relation to the PI, this parameter is associated with the measurement of the degree
of variability in the size of the NC. The PI values vary from 0 to 1. The highest value
indicates a less homogeneous size distribution, while values close to zero indicate that the
sample is monodispersed; that is, it presents minimal variability in population size [49].
A PI of 0.10 ± 0.03 was obtained (Table 3), which indicates a homogeneity of the NCs,
and this is also observed in the size distribution curve in Figure 2A. The homogeneity in
the size of the NC is a characteristic that would guarantee that individual interactions of
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the NCs with the surface of the horticultural products (i.e., adhesion or deposition) are
also homogeneous.
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The SEM image presented in Figure 2B shows the presence of NCs with a spherical
form. There are no significant particle aggregates, and the particle size value (in the
200 nm range) is close to that observed in the DLS analysis (287 ± 5.11 nm). This coincides
with a previous study in which chitosan and cashew gum NPs loaded with EO from a
species of Lippia with a spherical shape were obtained [50]. Likewise, in another study,
polycaprolactone NCs loaded with EO from a species of Lippia were prepared, in which the
morphology of the NCs was spherical, as in the current work [51].

Another physicochemical characteristic evaluated was the zeta potential. NCs with a
zeta potential greater than +30 mV or less than −30 mV are considered strongly cationic
or anionic, respectively, and typically have high degrees of stability [25]. Furthermore,
the measurement of the zeta potential ensures that there will be greater separation dis-
tances between the NCs in the suspension, which is because the occasional aggregation
caused by van der Waals interactions is reduced. These interactions are a consequence
of the electrostatic repulsion forces between the NCs. The zeta potential also determines
whether a charged active is encapsulated in the center of the NC or on the surface [52].
In this study, the zeta potential of the NCs was −50.90 ± 1.44 mV; this negative value
indicates that negative charges are dominant on the surface of the NCs, and this can be
attributed to Eudragit L100-55, which is an anionic copolymer. This negative potential
would facilitate the interaction of NCs with the membranes of pathogenic bacteria present
in fruit and vegetable products, such as strawberries. Subsequently, the direct interaction
of the active components of EO-Lg with the bacteria would be favored, thus increasing its
antimicrobial effectiveness.

On the other hand, as part of the physicochemical characterization of the NCs, the
encapsulation percentage (%E) and the encapsulation efficiency percentage (%EE) of the
three majority components were also determined: myrcene, p-cymene, and carvacrol. These
parameters allow the establishment of the content of the EO components in the NCs in
terms of their correct dosage in the fruit and vegetable product. To quantify the three
majority components of EO-Lg in the NCs, HS-SPME validated via the GC-FID method
was used. Table 3 shows the %E and %EE of the three components of EO-Lg in the NCs
purified through evaporation under reduced pressure.

A %E of 0.10 was obtained for myrcene, 0.17 for p-cymene, and 27.91% for carvacrol,
and the above represents a total %E of 28.18%. This means that approximately 30% of an NC
is formed through these three components of EO-Lg, and the remaining 70% corresponds to
the NC-forming polymer. It should be noted that Salas-Cedillo [53] used the same polymer
as was used in this study to encapsulate the Schinus molle EO using the nanoprecipitation
technique and obtained a total %E of 7.84% for the three majority components (myrcene, α-
phellandrene, and limonene). This value is almost three times smaller than the one obtained
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in this study. This could be because the encapsulation depends on the physicochemical
properties of the components (i.e., polarity and volatility) as well as the % abundance in
the EO.

The %EEs obtained from the NCs were 0.24, 0.32, and 63.80% for myrcene, p-cymene,
and carvacrol, respectively; thus, a total %EE of 64.36% was obtained. The above indicates
that the three components were encapsulated by approximately 65% in comparison with
their abundance in the initial EO. This is similar to what was reported by Pinto et al. [51],
who obtained an %EE of 60% when they encapsulated EO from a species of Lippia in NPs
with chitosan and 1% cashew gum. Likewise, this is similar to what was reported in other
publications, which mention that the encapsulation efficiency percentages of non-polar
active ingredients are around 80% when the nanoprecipitation technique is used [54]. This
could be because the polar components have a greater tendency to diffuse from the organic
phase to the aqueous phase, which could favor the encapsulation of non-polar compounds.

3.5. Preparation of the Coating

Once the NCs were obtained and characterized, the formation of the multisystem
coating was carried out through the conventional casting method. This technique involves
obtaining the dispersion of the coating components (NC and AL) and the evaporation of
the solvent or water at a controlled temperature and humidity to form the multisystem
coating [55]. For the formation of the multisystem coating, a drying time of 24 h and an AL
concentration of 1% w/v were used. Macroscopic visual and microscopic evaluation of the
multisystem coating were carried out. These physical properties of the multisystem coating
are fundamental since they influence the appearance of the fruit and vegetable product
once the coating is applied. Figure 3A shows that the multisystem coating obtained was
homogeneous and completely formed.
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Figure 3. Multisystem coating based on NC-EO-Lg-AL formed through the casting method (A);
NC-EO-Lg-AL multisystem coating scanning electron microscope image (B) Blue arrows indicate
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SEM analysis is commonly used for the description of packaging surfaces, describing
their homogeneity, integrity, smoothness, and the presence of cracks, which can influence
the mechanical properties of multisystem coatings. Figure 3B shows that the NC-EO-Lg-AL
exhibited a soft, uniform, and continuous surface, indicating homogeneity and structural
integrity. This could be due to the fact that the presence of the phenolic components of
EO-Lg in the NC of the multisystem coating acts as crosslinkers and, therefore, results in
more uniform multisystem coating [56].

The SEM image shows a coating without cracks as well as particles of approximately
200 nm (indicated by blue arrows) homogeneously distributed. It has been reported that the
presence of NC-EO favors the formation of homogeneous coatings [57]. However, previous
studies also report that high amounts of EO in NCs generate thicker and more heteroge-
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neous coatings [58]. It is worth mentioning that the amount of the EO-Lg encapsulated in
polymeric NCs in this study favored the homogeneity of the coating.

3.6. Physical Characterization of the Coatings
3.6.1. Optical Evaluation

The optical properties of multisystem coatings are an essential sensory aspect for
their acceptance by consumers. They are generally expected to be transparent, similar
to polymeric packaging materials, or close in color to the food to which the coating will
be applied [59]. In this analysis, higher values indicate less transparency and more opac-
ity. Table 4 shows the results of the optical evaluation. It should be noted that all the
multisystem coatings were clear enough to be used as see-through packaging. The AL
multisystem coating showed lower opacity (higher transparency) than the NC-BCO-AL
multisystem coating. This coincides with a previous study in which it was found that
when adding a nanosystem (nanofibers), the opacity increased. This is possibly due to
the scattering of light by nanometer-sized particles [60]. However, a decrease in opacity
was observed due to the incorporation of the NC-EO-Lg compared with the multisystem
coating from AL and NP-BCO-AL (nanoparticles without EO-Lg). It should be noted that
the opacities of the AL and NP-BCO-AL coatings showed significant differences (p < 0.05)
with respect to the multisystem coating’s opacity. These results are similar to those obtained
by Bathia et al. [56], who formed gelatin-based (porcine and bovine) edible films loaded
with spearmint EO. They observed that gelatin-based films with the EO showed a decrease
in opacity compared to control films that did not utilize the EO. However, it is necessary to
mention that the mechanism by which EOs in NCs increase transparency is not entirely
clear; in fact, there are various instances where EOs decrease transparency [58].

Table 4. Optical, mechanical, and water vapor barrier properties evaluation of the multisystem coating.

Coating Opacity 1

(UA mm−1)
Adhesion 1

(Dynes cm−2)

Tensile
Strength 1

(g cm−2)

Elongation at
Break (%) 1

WVP 1

(10−7 g mm
cm−2

Pa−1 h−1)

WVTR 1

(10−3 g cm−2

h−1)

AL 0.71 ± 0.10 4690.86 ± 2.00 977.56 ± 3.94 90.76 ± 0.71 2.79 ± 0.04 4.68 ± 0.09
NP-BCO-AL 0.96 ± 0.26 4989.22 ± 1.03 575.54 ± 5.27 78.28 ± 0.76 1.97 ± 0.03 3.72 ± 0.08
NC-EO-Lg-

AL 0.60 ± 0.10 5802.36 ± 2.15 1555.26 ± 4.31 182.27 ± 2.14 1.01 ± 0.03 2.03 ± 0.06

1 (x ± σ, n = 3).

3.6.2. Mechanical Evaluation

The evaluation of mechanical parameters such as adhesion, tensile strength, and
elongation at break will allow the verification of the characteristics of the related coatings
from the preparation stage to their application. A coating must possess the following: (i) a
good percentage of elongation in order to avoid breaking during packaging or handling;
(ii) adequate adhesion to the surfaces of the fruit and vegetable products onto which it will
be applied; (iii) good resistance to breaking to ensure integrity; and (iv) a soft, smooth, and
transparent texture to not compromise physical appearance.

The adhesion indicates the magnitude of the force that has to be applied to the
multisystem coating to be detached from the surface where it was placed. The force
that must be applied to the multisystem coating-based NC-EO-Lg-AL for detachment
was 5802.36 ± 2.15 dynes cm−2 (Table 4). This value showed a significant difference
(p < 0.05) to those of the NP-BCO-AL and AL coatings. That is, the NC-EO-Lg favors
the adhesion of the multisystem coating on the applied surface. Likewise, this effect was
observed in the study carried out by González-Moreno et al. [24], where the adhesion of
multisystem coatings based on NCs loaded with Thymus vulgaris EO was evaluated. A
value of 4768.27 ± 2.63 dynes cm−2 was obtained. The adhesion parameter is indicative of
the permanence of the coating on the fruit and vegetable products. The adhesion properties
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of the coatings are determined by the intrinsic properties of the NC-forming polymer and
the environment in which it is placed. Among the intrinsic properties are the molecular
weight, the concentration of the polymer, the flexibility of the polymer chains, and the
chemical groups that are able to form electrostatic or secondary bonds such as hydrogen
bonds and van der Waals forces.

On the other hand, the tensile strength was also influenced by the presence of the
NC-EO-Lg. This parameter indicates the weight that the coating can withstand before
breaking. In Table 4, it can be observed that the multisystem coating formed from NC-EO-
Lg-AL can resist 1555.26 ± 4.31 g cm−2 before breaking. This value showed a significant
difference (p < 0.05) to those of NP-BCO-AL and AL coating. That is, EO-Lg incorporated
into NCs increases the resistance of multisystem coating when a force is applied. The
increase in breaking strength by the EOs was also observed in the study developed by
Jancy et al. [61], who utilized a multisystem coating-based NP-EO derived from fennel
seed. It was found that the presence of the NP-EO increased the breaking strength by up to
seven times. This can be explained by the results of other studies, which have shown that
an NC-EO is able to increase the tensile strength of multisystem coatings, probably due to
cross-linking processes. In this sense, EOs with phenolic compounds, such as the EO-Lg,
can act as cross-linkers in multisystem coatings [62].

The percentage of elongation (%) indicates the maximum percentage change in the
length of the multisystem coating before breaking [63]. Table 4 shows that the NC-EO-Lg-
AL multisystem coating can be stretched or elongated by 182.27 ± 2.14% of its initial size.
This value showed a significant difference (p < 0.05) to those of NP-BCO and AL coatings.
This characteristic of increasing stretch is attributed to the presence of NC-EO-Lg in the
multisystem coating. The effect of the addition of the NC-EO on the mechanical properties
of multisystem coatings is quite complex, and the improvement in stretching or elongation
characteristics has been reported in the literature. For instance, in the research carried out by
Liang et al. [64], multisystem films based on chitosan and NCs loaded with epigallocatechin
gallate were developed. The addition of these NCs to chitosan multisystem films increased
the percentage of elongation in comparison to the edible films formed only with chitosan.
Likewise, similar findings were reported by Noronha et al. [65], who obtained a multisystem
coating from methylcellulose with NC-α-tocopherol. Significant changes in the percentage
of elongation were reported with the incorporation of NCs into multisystem coatings
compared to the control coating. The increase in the elongation percentage values indicated
that the incorporation of NCs provides greater flexibility in the coatings. This could indicate
that the addition of NCs would also modify the interactions with coating-forming agents
such as AL. It has been proposed that a homogeneous dispersion of hydrophobic NC
in an AL polymer network increases the spacing between the chains of macromolecules,
which reduces ionic and hydrogen bonding between the polymer chains and induces the
development of structural discontinuities in the chains of the multisystem coatings, which
would increase the percentage of elongation [66].

It should be noted that the mechanical evaluation of the multisystem coating will
depend on the type of material used in the formulation of the solution to make the multi-
system coating, the conditions of formation, the type of plasticizer, the nature of the solvent,
the evaporation of the solvent, and the thickness. It is worth highlighting that depending
on use and application, the desired physical and mechanical properties will change in order
to meet the objectives for which multisystem coatings were created.

3.6.3. Fourier-Transform Infrared (FTIR) Spectroscopy Analysis

An analysis via infrared spectroscopy was carried out in order to establish the inter-
actions between the components of the coatings. Each of the components was analyzed
separately: (A) the Eudragit L100-55 polymer, (B) the NP-BCO, (C) the NC-EO-Lg, (D) the
NC-EO-Lg-AL, and (E) the free EO-Lg. The spectra are shown below in Figure 4.
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(E) EO-Lg. The characteristic bands of the functional groups are indicated.

FT-IR spectroscopy is used to identify functional groups and chemical interactions be-
tween formulation components. The middle region of the infrared spectrum (400–4000 cm−1)
is widely used to study fundamental vibrations and the rotational–vibrational structure
associated with different chemical bonds. Figure 4A shows the spectrum of the Eudragit
L100-55 polymer, in which four important signals of the main chemical groups present
in the polymer unit of this copolymer can be identified. In the region between 2500 and
3500 cm−1, the stretching of the hydroxyl group (O–H) belonging to the carboxylic acid
present in the side chain of the polymer unit can be observed, and in the region of
2980 cm−1, the C–H signals can be observed. In the region of 1690 cm−1, stretching,
which corresponds to the carbonyl groups (C=O) present in the side chains of the carboxylic
acid and the ester, can be observed. Finally, in the region of 1155 cm−1, the stretching
corresponding to the C–O–C group present in the side chain of the ester can be observed.
The aforementioned signals coincide with what was reported in the technical sheet of the
Eudragit L100-55 polymer. Likewise, in Figure 4B,C, the IR spectra obtained from the
NP-BCO and the NC-EO are observed, respectively. In both spectra, it can be seen that
the signals obtained correspond mainly to the signals obtained in the polymer spectrum
(Figure 4A). Therefore, no signals are attributed to the spectrum of the EO-Lg. Regarding
the NC-EO-Lg, it can be inferred that the oil components are encapsulated in the framework
of the NC and are not in a free or a superficial form. It is important to highlight that
the signals with greater intensity correspond to the majority components of the EO-Lg.
On the other hand, Figure 4D shows the spectrum obtained for the NC-EO-Lg-AL. It
can be seen that the signals obtained correspond mainly to the AL, which could indicate
that at the time of adding AL to the NC suspension, the chains of this polysaccharide
were organized on the polymeric wall of the NC. And, since no signals attributed to the
spectrum of the EO-Lg were observed, it is inferred that, as in the NC-EO-Lg, the oil
components are encapsulated in the NC and are not in free form. These results showed
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that EO-Lg was encapsulated in the NC without changing its structure or function, which
coincides with what was reported by Ma et al. [67]. Finally, in Figure 4E, the IR spectrum
obtained from the EO-Lg is shown, where a band of 3392 cm−1 can be seen that belongs
to the O–H bond vibrations characteristics of the phenolic components present in EO,
such as carvacrol and thymol. Another observable band is that of 2950 cm−1, which ap-
pears due to the presence of the CH3 or CH2 bonds of the methyl and methylene groups
that are frequently found in the structures of organic compounds. Within the region of
1101–1209 cm−1, characteristic bands of the C–OH bonds of primary and secondary al-
cohols are present in molecules such as terpinen-4-ol and 1,8-cineole, which agrees with
what was reported by Matadamas-Ortiz et al. [14]. In the region of 850–1080 cm−1, bands
belonging to the C–O groups are observable.

3.6.4. Water Vapor Barrier Properties

An important property of coatings is their ability to prevent moisture exchange be-
tween the medium and the interior of the food. WVTR is the measure of the moisture
that moves through a unit space of material per unit time [68]. On the other hand, WVP
is a vital property used to evaluate the ability of films to act as a moisture barrier. The
results obtained for WVTR and WVP are presented in Table 4. The NC-EO-Lg-AL multisys-
tem coating performed better as a moisture barrier compared to the AL and NP-BCO-AL
coatings because it presented lower WVTR and WVP values with significant differences
(p < 0.05). This decrease in the WVTR and WVP values could be due to the fact that the
presence of nanoencapsulated EO-Lg modifies the hydrophilic/hydrophobic ratio of the
coating, thus affecting water transmission through the hydrophilic part of this coating.
Lower WVTR and WVP values are preferred since this reduces the moisture loss of wrapped
food products [69]. This agrees with the results reported by Al-Harrasi et al. [70], who
reported that multisystem gelatin–sodium alginate films loaded with ginger EO decrease
WVP values.

Therefore, the EO-Lg incorporated into the NCs acted as a plasticizing agent in the
coating, favoring the accommodation of the NCs in the epicarp and strawberry seeds,
thus reducing water loss. Thus, the hydrophobic bioactive substances that increase the
hydrophobicity of the multisystem coatings reduce water vapor migration.

3.7. Application of Multisystem Coatings in Strawberries
3.7.1. Weight Loss Percentage and Texture Analyses: Penetration Test

To determine the effectiveness of the multisystem antimicrobial coating in improving
the quality of fresh strawberries, the percentage of weight loss was utilized as a quality
marker during storage time and compared with strawberries without a coating (control).
The results show that the percentage of weight loss increased during storage time in all
strawberries (Figure 5). The weight loss in the untreated strawberries (control) was much
greater than in the strawberries coated with a multisystem coating.

Overall, based on Figure 5, the percentage of weight loss in the control strawberries
on the 10th observation day was 22.35%, while in the strawberries coated with NC-EO-
Lg-AL, the weight loss was 7.12%. The weight loss percentage value showed significant
differences (p < 0.05) in strawberries with the multisystem coating (NC-EO-Lg-AL) in
comparison to strawberries with the NP-BCO-AL and AL coatings. These results coin-
cide with those reported by Martínez et al. [71], who developed and applied multisystem
chitosan-based coatings with Thymus capitatus EO to strawberries. In this study, less weight
loss was observed in strawberries that had the chitosan coating and EO in comparison to
strawberries that did not have a coating and those that had the chitosan-based coating
without the EO. The results of this study support the advantages of applying multisys-
tem coating to strawberries since it has been shown to prevent water loss from freshly
cut strawberries.
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Figure 5. Weight loss percentages of strawberry fruits coated with alginate, NP-BCO-AL, or NC-
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n = 7).

Weight loss is commonly attributed entirely to water loss [72]. Strawberries are highly
perishable, so they are easily susceptible to water loss, which results in the weakening of
the fruit tissue due to their very thin epicarp. This negatively affects the appearance of
the fruit, causing softening, the development of pathogens, and wrinkling, as well as a
change in color and aroma, which accelerates senescence and subsequently causes serious
economic losses. Multisystem coatings with NC-EO-Lg-AL provide a barrier function,
protecting the fruit from the outside, in addition to also limiting transpiration, which delays
dehydration [73]. On the other hand, the fruit firmness of the coated strawberries during
the storage time was analyzed because this represents one of the essential parameters for
determining fruit quality. Strawberries have a very active metabolism and are subject to
mechanical damage, attacks by microorganisms, and loss of quality during storage. The
decrease in firmness is due to the greater loss of water vapor from the surface of the fruit
to the outside atmosphere, which can encourage the growth of fungi and bacteria. These
microorganisms cause structural damage to tissues and allow them to soften. Furthermore,
the decrease in firmness is related to the increase in moisture loss. It should be noted that
the decrease in firmness could be related to the degradation of the cell wall, specifically the
cortical parenchyma, as a consequence of the enzymatic degradation processes and the loss
of moisture during the storage period.

Overall, based on Figure 6, at time 0, the firmness of the fruit was 3.11 N, while
after ten storage days, decreased firmness was observed, both in the uncoated and coated
samples, but the lowest value was found in the control strawberries (1.92 N). In percentage
terms, after 10 days of cold storage, the control group lost 43.64% of firmness, while the AL
and NP-BCO-AL coating treatment only lost 37.16 and 32.8%, respectively. On the other
hand, the highest firmness values were recorded in strawberries with an NC-EO-Lg-AL
multisystem coating (2.78 N), which lost only 17.02% firmness. It should be noted that
the firmness value of the multisystem coating showed significant differences (p < 0.05)
in comparison to the AL and NP-BCO-AL coatings. The results of this study coincide
with those reported by De-Bruno et al. [74], who applied edible coating enriched with
bergamot EO to strawberries and obtained a lower loss of firmness compared to the control
group. Furthermore, it can be inferred that in this study, the NC-EO-Lg-AL multisystem
coating had the ability to act as a barrier that interferes with gas exchange, which leads to a
reduction in the respiration rate of the fruit and prevents water loss, as observed in Table 4;
furthermore, it is possible that the antioxidant activity of the EO-Lg components decreased
the enzymatic activity of the fruit, resulting in the slower ripening of the strawberry.
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Figure 6. Firmness of strawberries coated with alginate, NP-BCO-AL, or NC-EO-Lg-AL and the
control (without multisystem coating) after storage for 10 days at 4 ◦C (mean ± SD, n = 7).

3.7.2. Visual Microbiological Damage

Regarding visual microbiological damage, fungal growth on the surface of the straw-
berry began to be observed rapidly in the control samples after 7 days of storage at 4 ◦C.
After 15 days, they already showed considerable microbiological damage (Figure 7A). Like-
wise, the strawberries coated with the AL (Figure 7B) and NP-BCO-AL coating (Figure 7C)
also showed microbiological damage after storage time. On the other hand, the strawberries
coated with NC-EO-Lg-AL multisystem coating did not present microbiological damage
(Figure 7D).
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It should be noted that strawberries with the NC-EO-Lg-AL multisystem coating
were the most efficient in reducing microbial decomposition and could be considered an
effective treatment to reduce the deterioration of fresh strawberries during their storage
period. The growth of pathogens such as fungi and bacteria on the surface of strawberries
in refrigerated conditions is a serious problem that reduces the number of purchases by
consumers, so the multisystem coatings used in this study are a good alternative to increase
shelf life in refrigerated conditions. Different studies have been carried out using EO
coatings in order to control the decomposition of fungi and bacteria and extend the shelf
life of fruits and vegetables [75].

4. Conclusions

Smart biodegradable and multisystem coatings may be good alternative candidates for
the postharvest preservation of fruits, especially strawberries, which suffer a rapid decrease
in quality due to their high metabolism and rapid development of pathogens on their
surface. Our observations in this study demonstrated that multisystem coating fruit with
NC-EO-Lg decreased the percentage of weight loss and loss of firmness of strawberries,
which is why it is advisable to use this to maintain the quality of strawberries during
storage life and marketing periods. Thus, it is considered to be a safe and effective method
as well as an environmentally friendly technology, and it also has the advantage of being a
method that can be reproduced on an industrial scale.
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Abstract: Developing a powder-form natural antioxidant additive involves utilizing polyphenols
extracted from agro-industrial wastes (walnut green husk). This research explores chickpea proteins
(CPP) as an emergent encapsulating agent to enhance the stability and shelf life of the antioxidant
additive. This study aims to develop a natural antioxidant powder additive based on polyphenols
obtained from walnut green husks encapsulated by chickpea protein (5%, 7.5%, and 10% w/v) to
evaluate their effect under storage at relative humidities (33 and 75% RH). The physicochemical and
structural properties analysis indicated that better results were obtained by increasing the protein
concentration. This demonstrates the protective effect of CPP on the phenolic compounds and that it
is potentially non-toxic. The results suggest that the optimal conditions for storing the antioxidant
powder, focusing on antioxidant activity and powder color, involve low relative humidities (33%) and
high protein concentration (10%). This research will contribute to demonstrating chickpea protein as
an emerging encapsulating agent and the importance of the cytotoxic analysis of extracts obtained
from agroindustrial wastes.

Keywords: storage stability; vegetal protein; by-products; encapsulation; physicochemical properties

1. Introduction

There is constant concern about managing agro-industrial wastes. In Chile, the hor-
ticultural sector generates approximately 42.5 million tons of waste per year, of which
about a million correspond to fruit peels and husks [1] One solution to this problem is to
apply processes that reduce waste generation and/or minimize it through its use in the
production of secondary goods, known as the circular economy [2].

In addition, consumers worldwide tend to prefer food products containing natural
additives, driving the industry to develop these products and ingredients [3]. In this sense, it
has been reported that the main active compounds present in various agro-industrial wastes
(such as fruit husks or peels) are polyphenols. They have interesting biological and active
properties, such as antioxidant and antimicrobial properties [4,5]. Hence, polyphenols
could be used as a basis for the development of natural additives that replace synthetic
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ones. Moreover, according to the market research report from Grand View Research, Inc.,
the global market size for polyphenols was 1.28 billion USD in 2018, and the annual growth
rate for the polyphenol market is expected to reach 7.2% from 2019 to 2025 [6].

Chile occupies the second place among the leading walnut exporters and generates
a large amount of waste during the harvest that corresponds mainly to the green husk
(exocarp and mesocarp), equivalent to approximately 20% of the total production [7]. This
husk has a few uses as a fertilizer due to its organic matter, wood dye, and a replacement
for Chinese ink [8,9]. Several studies have shown that green walnut husks are rich in
active compounds, mainly polyphenolic compounds with antimicrobial and antioxidant
capacities [8–11]. Therefore, the walnut green husks represent a natural source of active
compounds (polyphenols) and a material for extracting these compounds for their potential
use as natural additives.

However, the stability of polyphenols is affected by oxygen, light, heat, and water,
challenging their incorporation into foods [12]. A possible solution to the instability of
polyphenols is the use of an encapsulation technique since it protects, masks, and retains
the properties of the active compound [13]. Several materials are used as encapsulating
agents, including proteins of animal origin, vegetable proteins, and carbohydrates [14]. A
material used as an encapsulating agent should meet several characteristics: low viscosity
and hygroscopicity, high solubility in water, absence of odor and taste, ability to form films,
and low cost [15]. At the same time, proteins from plant sources showed other advantages,
such as biocompatibility, biodegradability, and good amphiphilic and technofunctional
properties (such as water solubility, emulsifying, and foaming capacity) [16,17]. Various
studies of proteins from plant sources as the encapsulating agent material of active com-
pounds have been reported. For example, soy protein, wheat proteins, zein or prolamin
from corn, barley proteins, and other vegetable proteins with high nutritional value from
legumes such as lentils, peas, rice, beans, sunflower, and chickpea [16,18–20].

Chickpea proteins are emerging biopolymers to be used as an encapsulating agent
of drug carriers [20]. They are the third most abundant legume crop globally, with a
high protein content (14.9–24.6%) [21] and higher bioavailability than other legumes [22].
Therefore, they could be an alternative to replace animal proteins and protect polyphenolic
compounds to develop a plant-based food additive.

It has been reported that phenolic compounds can interact with proteins through
non-covalent bonds (hydrophobic interactions and hydrogen bonds), which are generated
spontaneously in most food systems. It has been described that the interaction positively
influences the sensory, functional, and antioxidant properties of food products [23,24]. For
that, chickpea proteins could interact with polyphenols, which can help to protect the
antioxidant capacity of phenolic compounds extracted from the walnut green husk and
be used to develop new natural food additives. However, food additives must be stable
during storage at different relative humidities, which could affect their effectiveness in
food matrices. Hence, the objective of this work was to develop a natural antioxidant
powder additive based on polyphenols obtained from the walnut green husk (waste from
the Chilean agroindustry) and encapsulated using chickpea protein to evaluate their effect
under storage at two relative humidities. Moreover, the polyphenolic extract’s identification
and cytotoxicity was also evaluated because the walnut green husk was obtained from a
traditional Chilean agricultural crop.

2. Materials Methods
2.1. Samples

The green walnut open husks were obtained from a walnut tree cultivation (Juglans regia L.),
Chandler variety, in April 2021 in Cuncumen, Province of San Antonio, V Region, Chile. Random
sampling was carried out following the methodology of Soto-Madrid et al. [9]. Once the walnut
green husks were collected, they were dried in a forced air oven (Zenithlab, DHG-9053 A,
Changzhou, China) at 40 ◦C for 48 h. Then, dried husks were ground in Thermomix equipment
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(Vorkwerk, Wuppertal, Germany) and stored at room temperature in glass bottles covered with
aluminum foil to protect the samples from light.

The chickpea protein (CPP) used as encapsulating material was extracted from com-
mercial chickpea flour (Extrumol, Santiago, Chile) according to the methodology of Soto-
Madrid et al. [25]. Briefly, the chickpea protein fraction was obtained by dispersing the
defatted flour at alkaline pH (pH = 11.5) and via subsequent isoelectric precipitation
(pH = 4.5). Subsequently, the protein was washed with purified water and neutralized to
pH 7. Finally, the protein obtained was freeze-dried (Virtis SP Scientific, Benchtop Pro 9L
ES-55, Warminster, PA, USA).

2.2. Walnut Green Husk Characterization

Proximal analysis of the walnut green husk and their extracts was performed. Moisture
content, proteins, lipids, carbohydrates, ashes, crude fiber, and non-nitrogen extracts were
determined according to methods of the Official Association of Analytical Chemistry [26].

2.3. Extraction of Phenolic Compounds from the Walnut Green Husk

The extraction of phenolic compounds was carried out through ultrasound-assisted
extraction (UAE) (Sonics Materials, VCX 500, Newtown, CT, USA) using ethanol–purified
water mixture (75:25) as a solvent, with a solid–solvent ratio of 1:25 (w:v) according to the
methodology described by Soto-Madrid et al. [9]. Subsequently, the extract was filtered
using a vacuum pump (Rocker, model 300 C, Kaohsiung, Taiwan) and the Whatman paper
(N◦1). The ethanol was evaporated in a rotary evaporator (Buchi R-100, Flawil, Switzerland)
at a temperature of 40 ◦C. Finally, the extract obtained was stored in a 200 mL amber bottle
and refrigerated until further analysis.

2.3.1. Quantification of Total Polyphenol Content and Antioxidant Capacity

Total phenolic content (TPC) was determined using the Folin–Ciocalteu method with
some modifications [27]. Briefly, 0.1 mL of sample was added to a 10 mL volumetric flask
with 4.9 mL of distilled water and 0.5 mL of Folin–Ciocalteu reagent (Merck, Darmstadt,
Germany), followed by 1.7 mL of Na2CO3 (20% w/v, Merck, Darmstadt, Germany) addition.
Then, distilled water was added until it reached 10 mL. The reactive mixture was allowed
to stand in darkness for 2 h as an indicator of TPC, and the formation of a blue color was
quantified at 740 nm using a spectrophotometer (Shimadzu UVmini-1240, Kyoto, Japan).
Gallic acid (Merck, Darmstadt, Germany) was used to construct the standard curve (0.1 to
0.8 mg/mL). Results were expressed as milligrams of gallic acid equivalents/g sample dry
weight (mgGAE/g dw). All assays were performed in triplicate.

The antioxidant capacity was determined by scavenging 2,2-diphenyl-1 picrylhydrazyl
(DPPH), according to the method reported by Brand-Williams et al. [28], with some modifi-
cations. Briefly, 50 µL of diluted concentrations of the walnut green husk extract and the
powders developed (reconstituted at 1% w/v) were mixed with 2950 µL of a methanolic
solution containing the DPPH radical (concentration 80 mg/L) (Sigma-Aldrich, St. Louis,
MI, USA). The mixture was stirred and left in the dark for 30 min, and subsequently, its
absorbance at 517 nm was measured using a spectrophotometer (Shimadzu, UVmini-1240,
Kyoto, Japan). The standard curve was constructed using Trolox (Sigma-Aldrich, St. Louis,
MI, USA) (0 to 1600 µM), and the results were expressed as mg Trolox/g sample dry weight
(mg Trolox/g dw). All assays were performed in triplicate.

2.3.2. Identification of Phenolic Compounds

The identification of the phenolic compounds present in the walnut green husk extract
was carried out in a performance liquid chromatography system coupled to mass spec-
trometry (UPLC-QTOF-ESI-MS, Waters Xevo G2-XS QTof/Tof, Waters, Milford, MA, USA).
Chromatographic separation was conducted on an ACQUITY UPLC® Hss T3 column
(2.1 × 100 mm, 1.8 µm particle size). The mobile phase gradient followed the following
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sequence: at time 0 (97% A and 3% B), at 30 min (3% A and 97% B), and from 35 to 40 min
(97% A and 3% B).

The mass spectrometer was operated in both positive and negative ion modes. The
identification method was carried out using the Progenesis QI MetaScope v2.3 software
(Waters, Milford, MA, USA), and the search parameters were established through the
HMDB library. The precursor ion and the fragments used an error tolerance of 10 ppm. All
compounds found with adduct formation in M-H and M+H modes are reported as results.
A mass range of 100 to 1000 Da was taken into account.

2.4. Cell Viability Assay Using Vero Cells

Resazurin was used to quantify the viability of Vero cells. This compound fluoresces
when cells metabolize resazurin and reduce it to resofurin. The amount of resofurin
produced is proportional to the cell metabolic activity and can therefore be used to evaluate
cell viability, where high fluorescence indicates high cell viability. Briefly, 5000 Vero cells
were seeded per well in 96-well microplates. Then, 20 µL of 0.5 mg/mL resazurin solution
in PBS (Phosphate Buffered Saline) was added per well and incubated at 37 ◦C for 4 h in a
humidified environment with a concentration of 5% CO2. The wells were then analyzed by
fluorescence (Tecan, Infinite 200 Pro reader, Mennedorf, Switzerland), with an excitation
wavelength of 560 nm and an emission wavelength of 590 nm. The data were analyzed
with the statistical software GraphPad Prism 9.5.1 to determine the cytotoxic concentration
of each extract that reduces viability by 50% (CC50).

The Vero cell line was obtained from Dr. Cesar Echeverria from the University of
Antofagasta, Chile.

2.5. Development of the Active Antioxidant Additive

For the assays, chickpea protein was mixed at three concentrations (5, 7.5, and 10% w/v
in 40 mL) with the walnut green husk extract (20 mL) at room temperature for 3 h with
stirring (490 rpm) and under dark conditions until the complete dispersion of the protein.
This methodology favored complete protein dispersion and the non-covalent interaction
between protein and polyphenols [29]. Afterward, the samples were freeze-dried at −18 ◦C
and placed in the freeze-dryer chamber collector at −60 ◦C with a shelf at 30 ◦C under a
pressure of 0.05 bar for 72 h (Ilshin FD5508, Siheung-si, Republic of Korea). Three samples
were obtained: FDP 5%, corresponding to the additive that contains CPP at 5% w/v; FDP
7.5%, corresponding to the additive with 7.5% w/v of CPP; and FDP 10%, corresponding to
the additive that contains 10% w/v CPP.

2.6. Physicochemical Characterization of Additives in Powders
2.6.1. Encapsulation Efficiency (E.E. %)

The encapsulation efficiency was calculated by the total polyphenol content of the
powder additive and the extract using the following equation:

E.E. (%) =
TPCE− TPCP

TPCP
∗ 100%, (1)

where TPCE corresponds to the total polyphenol content of the sample before freeze-drying,
and TPCP corresponds to the polyphenol content of the powder additive.

2.6.2. Drying Process Yield (DY %)

The total solids of the extract with the encapsulating agent (SST, soluble solids/100 mL
of extract) were measured via refractometry (RHB-32 ATC, YHEquipment, Shenzen, China)
before drying. Once the sample was dried, the powders were weighed on an analytical
balance (HR-120, A&D Co., Tokyo, Japan). With the weights, the extraction yield (DY%)
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was calculated using the following Equation (2) according to the conditions described by
Fenoglio et al. [30]:

DY(%) =
Total solid a f ter f reeze− drying

Initial total solids
∗ 100%. (2)

2.6.3. Moisture Content and Water Activity

The moisture content of the dry powders was determined gravimetrically by the
difference in mass before and after drying the samples in an oven (Shel Lab 1410-2E,
Capovani Brothers, New York, NY, USA) at 105 ◦C until constant weight (AOAC, 1998).
Results were expressed as dry basis percentage (% db; g water/100 g solids). The water
activity (aW) of walnut green husk dried and additive powders was determined using a
chilled-mirror dew point device (Aqualab, Series 3 TE, Decagon, Washington, DC, USA) at
25 ◦C (AOAC, 1998).

2.6.4. Color Analysis

The color of the additives was determined through image analysis using a computer
vision system (previously calibrated). It consists of a black box with four natural lights D65
(18 W, Phillips, Amsterdam, The Netherlands) and a digital camera (Canon, EOS Rebel
XS, Tokyo, Japan) at a distance of 22.5 cm from the sample (camera lens angle and lights
at 45◦) [31]. Samples were measured as pellets by pressing powders with a Quick Press
hand press (Perkin-Elmer, Waltham, MA, USA). The digital color parameters were obtained
in the RGB space using the software Adobe Photoshop v7.0 (Adobe Systems Incorporated,
2007), which was subsequently converted to the CIELAB space, in which L* indicates
lightness, a* the red-green axis, and b* the blue-yellow axis.

2.6.5. Structural Characterization: SEM and FTIR

Scanning electron microscopy (SEM) was employed to analyze the microstructure of the
additives using a field emission scanning electron microscope (Zeiss, model EVO MA10, Jena,
Germany). The samples were affixed to stubs using double-sided adhesive tape, coated with
a gold layer, and images were captured with an acceleration voltage of 20 kV.

The chemical groups and bonding arrangement of components present in the samples
were determined by Fourier transform infrared–attenuated total reflectance (FTIR-ATR) using
an infrared spectrophotometer equipped with an ATR PRO ONE (Jasco FTIR-4600, Easton,
MD, USA). Measurements were performed in a spectral range from 4000 to 400 cm−1, with a
resolution of 4 cm−1 and 32 scans per sample.

2.6.6. Isoelectric Point (IEP)

The isoelectric points (IEP) were determined through Zeta Potential (pZ) measure-
ments (Zetasizer Nano Series, NanoZS90, Malvern Instruments, Malvern, UK). Dilute
suspensions of the powder additive (approximately 0.05 g/L) were prepared in 10−3 mol/L
KCl, and the pH was adjusted using 10−2 mol/L HCl or KOH. The IEP was identified as
the pH value where pZ equals zero.

2.7. Stability at Different Relative Humidities (RH)

The developed additives were evaluated in hermetically sealed desiccators at different
relative humidities for two weeks. Saturated solutions of MgCl2 and NaCl were used
to obtain 33% and 75% RH, respectively [32]. The polyphenol total contents, antioxidant
activity, water activity, and color parameters (L*, a*, and b*) were measured at the beginning
and end of the analysis.

2.8. Statistical Analysis

All experiments were run in triplicate. Data were reported as means with their
corresponding standard deviation. ANOVA test was performed at a confidence level of 95%
to determine statistical differences using Statgraphics Centurion XVI® software (StatPoint
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Technologies Inc., Warrenton, VA, USA, Version XVI). Differences between samples were
evaluated using multiple range tests, using the least significant differences (LSD) multiple
comparison method. The significance of the differences was determined at a 95% confidence
level (p < 0.05). The linear dependency between two independent variables was obtained
by the r-Pearson coefficient using Microsoft Excel v10.

3. Results and Discussion
3.1. Characterization of the Walnut Green Husk and Extracts
3.1.1. Proximal Analysis

It is essential to characterize the walnut green husk and the extract obtained from it
through proximal analysis to standardize the extraction process (Table 1). The raw material
presented an aW value lower than 0.6, ensuring their stability against microbial growth [33]
before each extraction.

Table 1. Proximal analysis of the walnut green husk and liquid extract corresponding to the 2021 harvest.

Analysis Walnut Green Husk
(g/100 g Dry Base)

Extract Liquid
(g/100 g Wet Base)

Moisture 7.5 ± 0.01 93.9 ± 0.01
Proteins (%Nx5.3 1) 6.98 ± 0.23 * ND

Lipids 1.94 ± 0.11 ** ND
Ash 12.6 ± 0.05 1.0 ± 0.06

Crude fiber 20.34 ± 1.19 *** ND
Non-nitrogen extract (N.N.E.) 50.66 ± 1.13 5.0 ± 0.08

Energy (Kcal) 248 ± 4.41 19.9 ± 0.31
* ND: detection limit ≤ 0.39 g/100 g; ** ND: detection limit ≤ 0.52 g/100 g; ***: detection limit ≤ 0.59 g/100 g.
1 Conversion factor for nuts [34].

As expected, due to the ultrasound-assisted extraction process, the extracts’ proximal
analyses (Table 1) showed non-detection (ND) of compounds such as lipids, proteins, and
fibers, indicating no contamination during the extraction process and no possible interac-
tions with proteins of these compounds that affect the polyphenol protection. Moreover,
the extraction efficiency in the extract obtained was 100% from the walnut green husk,
so the extraction methodology is validated to obtain non-nitrogenous extracts (N.N.E.).
Besides, 83.3% of the total dry sample of N.N.E. was obtained, which comprises soluble
compounds such as polyphenols, phenolic acids, and flavonoids since they do not have a
group functional based on nitrogen in their structure [13]. However, the ash content (16.7%
of the total dry sample) was attributed to soluble minerals of the raw material, which
can act as electrolytes and could negatively affect the stability of the protein–polyphenols
interaction [35]. Increasing chickpea protein concentrations must be studied to avoid this
potential effect.

Independently of this, it is important to note that ultrasound-assisted extraction is
a simple, efficient, and sustainable technique [36] that allows for better penetration of
solvents, a shorter extraction time, and higher extraction yield of polyphenols, even at
lower temperatures compared to other extraction methods of phenolic compounds from
plant matrices [37].

In parallel, the polyphenol content and its antioxidant capacity were determined
via the DPPH method to (i) confirm that the compounds present in the extract (N.N.E.)
are polyphenols and (ii) if they maintain their antioxidant activity after the extraction
process. The walnut green husk sample harvest in 2021 presented a 36% higher value
for TPC and a similar value for antioxidant capacity (202 ± 1.2 mg GAE/g dry sample)
compared to the harvest in 2019, previously reported by Soto-Madrid et al. [9]. It could be
attributed to differences in the polyphenol type and quantity extracted but with the same
activity. However, few compounds were reported with which to compare it. Moreover, the
differences could also be due to raw material differences, which may vary according to
ripeness stage, environmental factors, and the mode of collection and storage [38]. For that,
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it is crucial to identify the compounds in the polyphenolic extract and evaluate the efficacy
of the extraction process.

3.1.2. Identification of Compounds in the Walnut Green Husk Extract

The compounds identified by UPLC-QTOF-ESI-MS in negative and positive modes,
where the mass/charge (m/z) values were also compared to those reported by Sheng et al. [39],
are shown in Table 2. Briefly, 64 compounds were identified, including hydrolyzable tannins,
flavonoids, phenolic acids, phenolic glycosides, and quinones. Unexpectedly, herbicides
and fungicides were also identified due to the traditional agricultural fields that use these
pesticides as a common practice.
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Table 2. Compounds identified in the walnut green husk extract by UPLC-QTOF-ESI-MS.

N◦ RT
(min) Formula

Measured
Mass
(m/z)

Error
(ppm)

Ion
Mode

Compound
Identification Reference Classification

1 1.30 C11H14NO7
+ 271.0687 −4.03 M-H pyridine N-oxide glucuronide [a]

Other
(aromatic

compound)

2 1.55 C4H6O6 133.0138 −6.03 M-H malic acid [a] organic acid

3 2.89 C13H16O10 331.0669 −0.41 M-H 3-glycogallic acid [a] Phenolic glycosides

4 3.14 C7H6O5 169.0140 −1.37 M-H gallic acid [a]; [b] Phenolic acid

5 3.64 C14H16N2O8 321.0729 0.08 M-H glutamic acid-betaxanthin [a] Vegetal pigment

6 3.86 C14H18O10 345.0835 2.27 M-H methyl 6-O-galloyl-beta-D-
glucopyranoside [a,b] Hydrolyzable

tannin

7 3.86 C8H8O5 183.0303 2.35 M-H methyl gallate [a] Phenolic
compound

8 4.13 C15H20O10 359.1002 5.13 M-H 3-methoxy-4-hydroxyphenylglycol-
glucuronide [a] Phenolic glycosides

9 4.20 C9H10O4 181.0505 −0.61 M-H syringaldehyde [a]; [b] Aromatic aldehyde

10 4.21 C8H8O3 151.0399 −1.58 M-H vanillin [a]; [b] Phenolic aldehyde

11 4.47 C13H16O8 299.0773 0.29 M-H 4-methylcatechol 1-glucuronide [a] Phenolic glycosides

12 4.52 C7H6O4 153.0189 −2.89 M-H protocatechuic acid [a]; [b] Phenolic acid

13 4.62 C9H8O4 179.0356 3.67 M-H caffeic acid [a]; [b] Phenolic acid

14 4.62 C7H12O6 191.0561 0.02 M-H quinic acid [a]; [b] Phenolic acid

15 4.62 C16H18O9 353.0879 0.31 M-H crypto chlorogenic acid [a] Phenolic acid

16 4.69 C14H18O9 329.0885 2.13 M-H vanillyl glucose [a] Hydrolyzable
tannin

17 4.93 C15H20O10 359.0985 0.29 M-H glucosyringic acid [a] Phenolic glycosides

18 5.00 C30H26O12 577.1342 −1.56 M-H procyanidin B8 [a]; [b] Flavonoid

19 5.02 C8H8O4 169.0497 1.06 M+H isovanilic acid [a]; [b] Phenolic acid

20 5.15 C15H18O9 341.0878 0.06 M-H glucocaffeic acid [a] Phenolic glycosides

21 5.21 C21H22O11 449.1099 2.18 M-H astilbin [a]; [b] Flavonoid

22 5.30 C21H20O12 463.0888 1.38 M-H myricitrin [a]; [b] Flavonoid

23 5.47 C16H20O9 337.0930 0.37 M-H gentiopicroside [a] Other

24 5.47 C9H8O3 163.0398 −1.76 M-H coumaric acid [a]; [b] Phenolic acid

25 5.59 C15H10O6 287.0549 −0.56 M+H kaempferol [a]; [b] Flavonoid

26 5.76 C16H18O9 353.0877 −0.42 M-H chlorogenic acid [a]; [b] Phenolic acid

27 5.81 C9H10O3 165.0555 −1.30 M-H 4-hydroxyphenyl-2-propionic acid [a]; [b] Phenolic acid

28 5.81 C9H10O3 167.0702 −1.68 M+H ethylparaben [a]; [b] p-hydroxybenzoic
acid ethyl ester

29 5.88 C7H6O3 137.0241 −2.14 M-H 3-hydroxybenzoic acid [a]; [b] Phenolic acid

30 5.90 C10H12O4 177.0562 2.26 M-H xanthoxylin [a] Phenolic ketone

31 6.10 C15H18O8 325.0929 −0.01 M-H coumaric acid 2-glucoside isomer [a]; [b] Phenolic glycosides

32 6.23 C16H20O9 355.1035 0.20 M-H ferulic acid 4-glucoside
isomer [a] Phenolic glycosides
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Table 2. Cont.

N◦ RT
(min) Formula

Measured
Mass
(m/z)

Error
(ppm)

Ion
Mode

Compound
Identification Reference Classification

33 6.25 C28H28N4O6S 547.1661 0.72 M-H

1-((2-methoxy-4-
(((phenylsulfonyl)amino)carbonyl)

phenyl)methyl)-1H-indazol-6-
yl)carbamic

[a] Herbicide

34 6.55 C15H14O6 289.0723 1.76 M-H catechin [a]; [b] Flavonoid

35 6.55 C13H16O9 315.0737 4.99 M-H protocatechuic acid 4-glucoside [a] Phenolic glycosides

36 6.69 C16H18O8 337.0929 0.02 M-H 3-p-coumaroylquinic acid [a]; [b] Phenolic acid

37 6.69 C9H10O5 197.0458 1.25 M-H syringic acid [a]; [b] Phenolic acid

38 6.76 C15H22O5 281.1398 1.32 M-H dihydrophasic acid [a]; [b] Other

39 6.93 C41H28O26 935.0794 0.99 M-H casuarinin [a] Hydrolyzable
tannin

40 7.06 C10H10O3 177.0557 −2.84 M-H (S)-Isosclerone [a] Other

41 7.06 C10H8O3 175.0397 −1.85 M-H 7-hydroxy-methyl coumarin [a]; [b] Phenolic acid

42 7.18 C21H20O13 479.0824 −1.43 M-H myricetin-3-glucoside [a] Phenolic glycosides

43 7.44 C20H20O11 435.0928 −1.10 M-H taxifolin 3-arabinoside [a] Flavonoid

44 7.61 C9H6O3 163.0388 −1.07 M+H 3-hydroxycoumarin [a]; [b] Other

45 7.83 C10H6O3 173.0251 3.79 M-H juglone [a] Quinone

46 7.92 C23H22O12 489.1054 3.13 M-H quercetin 3-O-acetyl-rhamnoside [a]; [b] Flavonoid

47 7.95 C21H24O11 433.1148 1.69 M-H catechin 3-glucoside [a] Phenolic glycosides

48 8.02 C21H24O24 435.1297 0.04 M-H florizin [a]; [b] Glycoside

49 8.06 C21H20O12 463.0880 −0.47 M-H quercetin 3-galactoside [a] Flavonoid

50 8.06 C14H6O8 300.9991 0.35 M-H ellagic acid [a]; [b] Phenolic acid

51 8.46 C21H22O11 449.1092 0.49 M-H astilbin [a]; [b] Flavonoid

52 8.46 C10H10O4 193.0516 4.91 M-H cis-ferulic acid [a]; [b] Phenolic acid

53 8.51 C20H18O11 433.0773 −0.84 M-H quercetin 3-xyloside [a] Flavonoid

54 8.64 C10H12O 149.0961 −0.15 M+H cuminaldehyde [a]; [b] Aldehído
aromático

55 8.66 C21H20O11 447.0934 0.20 M-H quercitrin [a]; [b] Flavonoid

56 9.68 C9H16O4 187.0978 0.89 M-H azelaic acid [a]; [b] Other

57 9.95 C11H12O5 225.0766 4.81 M+H sinapic acid [a]; [b] Phenolic acid

58 11.58 C15H10O7 301.0356 0.75 M-H quercetin [a]; [b] Flavonoid

59 13.77 C14H10O8 287.0207 3.06 M-H 2-(3,4-dihydroxybenzoyloxy)-4,6-
dihydroxybenzoate [a] Phenolic

compounds

60 16.69 C15H10O6 285.0416 3.97 M-H luteolin [a]; [b] Flavonoid

61 18.83 C18H12Cl2N2O 341.0261 2.19 M-H boscalida [a] Fungicide

62 28.23 C10H8O2 161.0599 0.91 M+H naphthalen diol isomer [a]; [b] Quinone

63 31.59 C20H26NO3
+ 309.1744 3.10 M-H 8-O-Methyloblongin [a] Isoquinoline

64 31.86 C21H22O12 465.1037 −0.28 M-H (-)-epicatechin 3′-O-glucuronide [a] Flavonoid

[a] Data basis: Progenesis QI v2.3 software; [b] Sheng et al. [38].

Of the total identified compounds (64), 29% corresponded to phenolic acids such as
gallic acid, protocatechuic acid, and ferulic acid, which had also been identified by Soto-
Madrid et al. [9] (2021) via HPLC-RP. Then, 22% corresponded to flavonoids such as quercetin,
quercitrin, catechin, kaempferol, and others; 15% to phenolic glycosides; 4.5% of hydrolyzable
tannins; and 3% of quinones. This 73.5% phenolic compounds demonstrated antioxidant
activity [13]. However, 3% was attributed to pesticides, which could negatively affect health.
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Therefore, to use the walnut green husk extract as a base to develop a natural food additive,
it is required to evaluate its cytotoxicity through in vitro studies with cell cultures.

3.1.3. Cytotoxicity Evaluation of Walnut Green Husk Extract

The literature has reported that an extract can be considered very toxic with
a CC50 < 10 µg/mL, moderately toxic with CC50 = 11–30 µg/mL, slightly toxic at
CC50 = 31–50 µg/mL, and potentially non-toxic at CC50 > 50 µg/mL [40]. The cell
viability assay of this work’s walnut green husk extracts was CC50 = 90 ± 9 µg/mL,
demonstrating that it is potentially non-toxic and could be used to develop a natural
antioxidant additive based on agroindustrial waste. However, it is essential to consider
the traces of these compounds for another possible adverse effect, such as potential
allergenicity, which was not evaluated and must be labeled and regulated. Considering
this result, it is necessary to realize a cell viability study in extracts obtained from wastes
due to the growing tendency of waste revalorization in agroindustry, where the use of
pesticides is a common agricultural practice.

3.2. Development of the Natural Antioxidant Additive
3.2.1. Physicochemical Characterization of the Natural Antioxidant Powder Additive

Different concentrations of chickpea protein (5, 7.5, and 10% w/v) were studied as
encapsulating material of the phenolic compounds to develop the additive. As expected,
the freeze-drying showed high values of drying process yield (DY%), close to ~98.6% for
all samples, confirming that this process generates low losses in terms of solids recovery.
This is a positive aspect since, for example, in the spray drying process, the DY% is low
(60–90%) due to losses of solids occurring by their adhesion to the drying chamber [41].
Also, high wall material concentrations are required to protect the active compound at high
temperatures [16].

Table 3 shows the results of the physicochemical characterization of the powder
obtained by freeze-drying. The highest E.E. (%) was obtained for the FDP 7.5% (60 ± 6%)
sample. Compared with the literature, spray-drying is a better process by which to obtain a
high E.E.% (65–92%) of polyphenol compounds using proteins as encapsulating agents [41].
The encapsulation efficiency differences reported in the literature could be related to
the nature of the polyphenolic compounds (i.e., charge, type of compound, chemical
structure) and the structure of the wall material, positively or negatively conditioning the
polyphenol–polymer interaction since they are the most critical variables to consider for the
encapsulation of polyphenols [42]. It considered that the drying technique and the material
used as protection affected the retention capacity of compounds within the matrix. For
that, selecting the wall material and the drying technique is crucial to balance high drying
process yield and encapsulation efficiency to maximize the incorporation and retention of
the functional compounds within the encapsulation matrix.

The water activity (aW) and moisture content are critical physical parameters of
powdered additives since they strongly influence their storage stability and safety. In this
sense, all the powders analyzed presented aW lower than 0.2, demonstrating safety and low
biochemical kinetic reactions [33]. The FDP 5% sample showed the highest value moisture
content (7.800 ± 0.003% db), and it was statistically different (p < 0.05) when compared
with the FDP 7.5% and 10% samples (approx. 6% db) (Table 3). It could be attributed to the
lower concentration of protein to protect the phenolic extract. The ice crystals’ sublimation
during freeze-drying generated many small porous and less compact structures, resisting
mass transfer and acting as a barrier against sublimation [43]. It results in greater moisture
retention and, consequently, higher moisture in the final product.
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Table 3. Physicochemical parameters of the powder additive obtained via freeze-drying with different
concentrations of chickpea protein as the encapsulating agent.

Analysis
Chickpea Protein Concentration (% w/v)

5 7.5 10

Encapsulation efficiency (%) 44 ± 3 a 60 ± 8 b 42 ± 5 a

aW 0.17 ± 0.04 a 0.200 ± 0.001 a 0.197 ± 0.001 a

Moisture (% dry basis) 7.80 ± 0.003 a 6.49 ± 0.004 b 6.03 ± 0.003 b

Parameter L* 76.82 ± 3.42 a 78.12 ± 0.07 a 77.12 ± 2.74 a

Parameter a* 1.7 ± 0.1 a 5.9 ± 0.5 b 2.78 ± 0.4 a

Parameter b* 5.34 ± 0.5 a 6.04 ± 5.1 a 10.6 ± 0.6 c

Images
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ture) and the structure of the wall material, positively or negatively conditioning the pol-
yphenol–polymer interaction since they are the most critical variables to consider for the 
encapsulation of polyphenols [42]. It considered that the drying technique and the mate-
rial used as protection affected the retention capacity of compounds within the matrix. 
For that, selecting the wall material and the drying technique is crucial to balance high 
drying process yield and encapsulation efficiency to maximize the incorporation and re-
tention of the functional compounds within the encapsulation matrix. 

Table 3. Physicochemical parameters of the powder additive obtained via freeze-drying with differ-
ent concentrations of chickpea protein as the encapsulating agent. 

Analysis 
Chickpea Protein Concentration (% w/v) 

5 7.5 10 
Encapsulation efficiency (%) 44 ± 3 a  60 ± 8 b 42 ± 5 a  

aW 0.17 ± 0.04 a 0.200 ± 0.001 a 0.197 ± 0.001 a 

Moisture (% dry basis) 7.80 ± 0.003 a 6.49 ± 0.004 b 6.03 ± 0.003 b 

Parameter L* 76.82 ± 3.42 a 78.12 ± 0.07 a 77.12 ± 2.74 a 

Parameter a* 1.7 ± 0.1 a 5.9 ± 0.5 b 2.78 ± 0.4 a 

Parameter b* 5.34 ± 0.5 a 6.04 ± 5.1 a 10.6 ± 0.6 c 

Images 

   
Different letters (a, b, c) indicate significant differences (p < 0.05) between samples. Different letters (a, b, c) indicate significant differences (p < 0.05) between samples.

Table 3 also shows the color parameters considered in the CIELAB L*a*b* space. The
lightness parameter (L*~77) showed no statistically significant differences (p > 0.05) in
the three samples analyzed. This high L* value (scale 0–100) indicates light powders.
However, for the a* parameter, the 7.5% sample presented the highest value (5.9 ± 0.5).
It was significantly different (p < 0.05) compared to the other two samples, which shows
a little tendency towards the red color. On the other hand, for the b* parameter, the FDP
10% sample presented the highest value (10.6 ± 0.6). It was statistically different (p < 0.05)
from the other samples, indicating the tendency towards the yellow color. The changes in
a* and b* parameters are attributed to a higher protein concentration, generating greater
protection for the brown phenolic extract, which begins to turn yellow, the characteristic
color of chickpea protein. Independent of the significant differences in each parameter
observed, the visual color and chromaticity diagram (xy scale) indicated light powders with
a little tendency to yellow at higher protein concentrations. Furthermore, in the images
(Table 3), it can be observed that at high protein concentrations, the compaction of the
powder additive increased. Therefore, all the samples analyzed had low water activity,
this is favorable for their storage and shelf life and, combined with their light color, would
allow for their addition to food matrices.

3.2.2. Structural Characterization of Powders

Scanning electron microscopy (SEM) was performed to evaluate the morphology of the
powder additives based on the walnut green husk extract. Micrographs correspond to the
CPP control (Figure 1A) used as wall material and to the powder additives with different
percentages of CPP (Figure 1B–D). Figure 1A shows an irregular, brittle, and flake-like
structure, a common structural characteristic (at 20 µm) of freeze-dried proteins [44,45].
A porous structure with irregular shapes and sizes is evident in the FDP 5% sample
(Figure 1B). This sample porosity may result from ice formation in the material during the
freeze-drying process. However, as the CPP concentration increases in the development
of the powder additive, a more defined, almost spherical morphology is observed with
the formation of larger capsules and a decrease in porosity (Figure 1C,D). This is evidence
of the encapsulation of phenolic compounds from the walnut green husk extract using
concentrations of 7.5 and 10% CPP.
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extract can be evidenced by a decrease or displacement of the typical signals of the bands 
measured by FTIR [20]. Figure 2 illustrates the FTIR spectra of the freeze-drying additives 
and the control sample corresponding to CPP. All FTIR spectra showed a typical absorp-
tion band at a wavelength of ~3278 cm−1, characteristic of the water’s hydroxyl group (–
OH). As a result of encapsulation, the C=O stretching of the amide I band of CPP at ~1633 
cm−1 has shifted slightly to ~1636 cm−1 in the spectrum of the FDP 7.5% sample. In parallel, 
amide II: N–H bending and C–N stretching of proteins at 1530 cm−1 has shifted to 1533 
and 1538 cm−1 in the FDP 5% and FDP 7.5% samples. In addition, it also identified a band 
around ~1235 cm−1 corresponding to the amide III region (CN stretching, NH bending) 
[46], which has shifted slightly to 1233 cm−1 in the FDP 10% sample. Although the band 
displacements are between 2–3 cm−1, the literature using chickpea protein reported these 
little changes as component interactions [20]. Moreover, CPP peaks are weakened in in-
tensity due to the encapsulation of phenolic compounds [20]. 

Figure 1. Images of antioxidant powder additives: (A) control protein; (B) freeze-dried powder
additive with 5% chickpea protein; (C) freeze-dried powder additive with 7.5% chickpea protein;
(D) freeze-dried powder additive with 10% chickpea protein.

The protective effect of CPP on the active compounds from the walnut green husk
extract can be evidenced by a decrease or displacement of the typical signals of the bands
measured by FTIR [20]. Figure 2 illustrates the FTIR spectra of the freeze-drying additives
and the control sample corresponding to CPP. All FTIR spectra showed a typical absorption
band at a wavelength of ~3278 cm−1, characteristic of the water’s hydroxyl group (–OH).
As a result of encapsulation, the C=O stretching of the amide I band of CPP at ~1633 cm−1

has shifted slightly to ~1636 cm−1 in the spectrum of the FDP 7.5% sample. In parallel,
amide II: N–H bending and C–N stretching of proteins at 1530 cm−1 has shifted to 1533
and 1538 cm−1 in the FDP 5% and FDP 7.5% samples. In addition, it also identified
a band around ~1235 cm−1 corresponding to the amide III region (CN stretching, NH
bending) [46], which has shifted slightly to 1233 cm−1 in the FDP 10% sample. Although the
band displacements are between 2–3 cm−1, the literature using chickpea protein reported
these little changes as component interactions [20]. Moreover, CPP peaks are weakened in
intensity due to the encapsulation of phenolic compounds [20].

3.2.3. Zeta Potential (pZ)

Zeta potential is an important and valuable indicator of particle surface charge, which
can be used to predict and control the stability of suspensions [47,48]. Figure 3 shows the
control protein’s zeta potential versus pH curve and FDP 5, 7.5, and 10% samples. At pH ~3,
all samples present values between |20–25| mV, independent of the protein concentration
used. This indicates that they are outside of the flocculation region (|5–15| mV) and near
the optimal region |30| mV, evidencing the stability of the powder additives at this pH.
So, this indicates potential applications in acid food matrices. Moreover, at pH 6–7, there
were differences in the values obtained, where the FDP 5% sample presented the highest
value (|30| mV) compared to the other samples (|~20| mV). It can be attributed to the
acid-base properties of different radicals charges or functional groups due to the structural
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characteristics of each flavonoid (present in the walnut green husk extract), which showed
a negative charge at pH ~7 [49], contributing to the total surface charge and evidencing
that they were not protected (free) in the FDP 5% sample.
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Figure 2. Infrared spectra by Fourier transform of additives in powders: Control: freeze-dried chick-pea
protein; FDP 5%: freeze-dried powder additive with 7.5% chickpea protein; FDP 7.5%: freeze-dried powder
additive with 7.5% chickpea protein; FDP 10%: freeze-dried powder additive with 10% chickpea protein.
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As expected, the control exhibits an isoelectric point (IEP) value of 4.55, similar to the
4.5 reported by Soto-Madrid et al. [25], while FDP 7.55% and 10% display consistent IEP at
4.45 with similar behavior. However, FDP 5% exhibits a slightly lower IEP of 4.3. All values
agree with Vani and Zayas. [50], Boye et al. [51], and Ma et al. [52]; the authors indicate that
most plant proteins have an IP between 4.0 and 5.0. It is important to note that proteins
could adsorb charges on their surfaces at their IEP due to the presence of other compounds,
such as polyphenols [53]. In this case, the diminution of IEP in the FDP 5% sample can
be attributed to negative charges from free phenolic compounds, independent of the total
neutral charge at IEP.

3.3. Stability of the Antioxidant Additive at Different Relative Humidities (RH)

The stability of antioxidant powder additives depends mainly on their water activity
since water can act as a reagent or solvent in different degradation reactions or contribute
to microbial growth. Furthermore, the water content of a freeze-drying product depends
on the residual moisture left in the product after drying and the water that it can adsorb
from the surrounding atmosphere during storage [54].

The effect of two relative humidities (33 and 75% RH) on antioxidant capacity via
DPPH and total polyphenol content, TPC, was analyzed in powder additives. The results
are shown in Figure 4A (TPC) and Figure 4B (antioxidant capacity). Relative humidity
affected TPC, decreasing significantly at 75% RH, dependent on protein concentration
(Figure 4A). For the FDP 5% sample, a 60% diminution of TPC was observed; meanwhile,
at 7.5%, it was 17%. However, relative humidity did not significantly affect (p > 0.05) the
TPC when the protein concentration was 10%. This demonstrated the importance of protein
concentration in protecting the antioxidant compounds from humidity during storage. The
same behavior was observed for antioxidant capacity (Figure 4B).

Interestingly, TPC and antioxidant capacity diminished as protein concentration increased
at 33% RH. It can be attributed to higher protection and protein–polyphenols interaction when
increasing the protein concentration, as shown in Figure 2. Moreover, the results above
indicated the presence of free polyphenols in the FDP 5% sample, which are corroborated in
Figure 3 with higher TPC and antioxidant activity, independent of relative humidity.

Furthermore, for the stability of the powders during storage, it is essential to maintain
the activity of antioxidant compounds and the powder color. Figure 5 shows the stability of
the additive powders for the lightness parameter (L*) at the different relative humidities and
the visual changes. The effect of relative humidity in lightness was insignificant at 33% RH,
independent of protein concentration. However, at 75% RH, the effect was also dependent
on protein concentration, with the lowest loss at 10% of protein concentration (FDP 10%). As
expected, considering the above results, the stability of samples at 75% RH was lower, showing
a dark powder after storage. For that, a 33% RH confirms the stability of the antioxidant
powder additive during storage. The FDP 10% sample maintained the lightness at 33% RH
and exhibited the lowest change in color when stored at higher relative humidity.

It is important to note that the higher encapsulation efficiency obtained at 7.5% w/v of
the encapsulating agent is not correlated to a higher TPC and antioxidant capacity during
storage conditions, as expected. In this case, it is attributed to oxidized phenolic compounds
in the powder surface, which is correlated (r-Pearson = 0.9707) to the a* parameter (Table 3).

Nevertheless, considering the cost of the freeze-dried process, the study highlights
the need for further investigations to bolster these findings compared to widely used
encapsulation technologies like spray drying. Such comparative analyses will provide
a more comprehensive understanding of the relative effectiveness and feasibility of the
developed antioxidant powder additives. The ongoing pursuit of knowledge in this area
will contribute valuable insights to the field and facilitate informed decision-making for
industrial applications.
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Figure 4. Analysis of the stability of the total polyphenol content and antioxidant activity of powder
additives at different relative humidities (RH): (A) total polyphenol content (TPC); (B) antioxidant
capacity of the powders quantified by DPPH radical scavenging activity. Green bars indicate relative
humidity 33%, and violet bars indicate a relative humidity 75%. FDP = freeze-drying powder at
different chickpea protein concentrations in % w/v. GAE = gallic acid equivalent. Different letters
(a,b) indicate significant differences (p < 0.05) between samples.
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4. Conclusions

The extracted compounds obtained from walnut green husk showed the presence
of phenolic acids, flavonoids, hydrolyzable tannins, and quinones, which are responsible
for the antioxidant capacity of the extract. Moreover, herbicides and pesticides were
also identified. Still, the extract is potentially non-toxic and can be used as a matrix
for phenolic extraction to develop natural additives. Chickpea proteins are shown in
this study as emerging polymers for encapsulating the phenolic extract from walnut
green husk. The FDP 10% sample presented the best values in the physicochemical and
structural characterization, demonstrating the protective effect of chickpea protein on
the active compounds. Considering only the antioxidant activity and powder color of
additives developed at high protein concentrations (10%), the best storage condition for
these powders is a low relative humidity (33%) to maintain the antioxidant compounds’
stability. This study demonstrated the importance of storage stability studies for powder-
form natural additives. Further studies will require applying this additive to different food
matrices and studying its behavior as an antioxidant additive through concentration and
sensorial analyses.
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Abstract: Tara gum, a natural biopolymer extracted from Caesalpinia spinosa seeds, was investigated
in this study. Wall materials were produced using spray drying, forced convection, and vacuum oven
drying. In addition, a commercial sample obtained through mechanical methods and direct milling
was used as a reference. The gums exhibited low moisture content (8.63% to 12.55%), water activity
(0.37 to 0.41), bulk density (0.43 to 0.76 g/mL), and hygroscopicity (10.51% to 11.42%). This allows
adequate physical and microbiological stability during storage. Polydisperse particles were obtained,
ranging in size from 3.46 µm to 139.60 µm. Fourier transform infrared spectroscopy characterisation
confirmed the polysaccharide nature of tara gum, primarily composed of galactomannans. Among
the drying methods, spray drying produced the gum with the best physicochemical characteristics,
including higher lightness, moderate stability, smaller particle size, and high glass transition temper-
ature (141.69 ◦C). Regarding rheological properties, it demonstrated a non-Newtonian pseudoplastic
behaviour that the power law could accurately describe. The apparent viscosity of the aqueous
dispersions of the gum decreased with increasing temperature. In summary, the results establish the
potential of tara gum as a wall material applicable in the food and pharmaceutical industries.

Keywords: tara gum; wall material; encapsulation; physicochemical properties; thermal properties;
structural properties; rheological properties

1. Introduction

The quest for natural polymers has intensified interest in unconventional plant re-
sources [1–3]. Among these, tara gum extracted from the seeds of Caesalpinia spinosa stands
out as a promising polymer. Tara gum has become a valuable source of polysaccharides,
boasting advantageous physicochemical and functional properties, making it a material of
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growing interest in polymer science and food applications [4–6]. Its potential as an encapsu-
lating agent has been acknowledged in diverse industry applications [5,7,8], attributed to its
capacity for enhancing active compounds’ stability and controlled release. The increasing
significance is underscored by the abundant gum production in Peru, accounting for 80%
of the world’s total [6], driving the need for an exhaustive characterisation to take full
advantage of this resource.

Only a few natural biopolymers act as encapsulation matrices [9,10]; the most common
are gum arabic, maltodextrin, xanthan gum, and emulsifying starches, which are more
widely used as encapsulating agents for food applications [11,12]. Therefore, it is necessary
to evaluate the characteristics of tara gum since little is known about its physicochemical,
structural, thermal, and rheological properties. It also represents a promising and relatively
unexplored area of study on polymers and encapsulating materials in the current research
context [7]. It is widely available in Peru and produces pods of high economic value due
to the tannins in the leaflets and the gum in the endosperm of the seeds [13]. Conversely,
various starches, proteins, maltodextrins, and gums are employed as wall materials for
encapsulating diverse bioactive compounds using various techniques [1,14–17]. Under-
standing this gum’s structure and physicochemical properties can contextualise it within
current encapsulant options, identifying its advantages and possible areas for improvement.
This approach contributes significantly to advancing the field by expanding the repertoire
of available materials and promoting sustainable solutions [18,19].

While tara gum holds encapsulating potential, its behaviour under physicochemical,
structural, thermal, and rheological analyses remains to be thoroughly explored. This study
comprehensively characterises fundamental properties: yield, moisture, water activity,
hygroscopicity, bulk density, colour, ζ-potential, particle size, polydispersity, structure,
elemental composition, functional groups, thermal stability, and flow behaviour. The results
provide a rigorous understanding of the essential properties of tara gum and confirm its
potential as an encapsulating material for multiple industrial applications. The main
objective is to lay a solid scientific foundation to use this local resource in encapsulation,
promoting regional circular economy and sustainability.

2. Materials and Methods
2.1. Materials

The tara pods used were kindly provided by farmers in the district of Talavera, province
of Andahuaylas, Apurimac Region in Perú (coordinates 13◦40′17.11′′ S, 73◦25′0.39′′ W). Like-
wise, a commercial organic sample of tara gum, produced by the company Associated
Mills SAC, was used for comparative purposes. We also used absolute ethanol (Scharlau,
Sentmenat, Spain), sodium chloride (Spectrum Chemical Mfg. Corp, Bathurst, NB, Canada),
and potassium bromide IR-grade (Thermo Fisher Scientific, Garfield, NJ, USA).

2.2. Obtaining the Tara Gum

A total of 120 g of germ-free tara seeds were placed in 800 mL of distilled water and
stirred using an M6 thermomagnetic stirrer (CAT, Ballrechten-Dottingen, Germany) at
70 ◦C for 12 h to obtain a viscous substance. The extract was then filtered, purified, and
mixed with 96% ethanol in a 1:1 ratio. This process was carried out to precipitate the
viscous substance [20,21].

Subsequently, the purified extract was separated into three parts and subjected to
a drying process using three methods. In the first method, a mini spray dryer B-290 (BÜCHI
Labortechnik AG, Flawil, Switzerland) was used, with an inlet temperature of 100 ◦C and
a pumping rate of 20%. The second method used forced convection oven drying FED 115
(BINDER, Tuttlingen, Germany) at 60 ◦C for 24 h. In the third method, a vacuum oven
VD56 (Binder, Tuttlingen, Germany) was used at 30 ◦C and a pressure of 10 mBar.

Finally, the material obtained was collected in low-density polyethylene bags and
stored in a desiccator at 20 ◦C for later use. Likewise, a commercial sample of tara gum
produced by the company Associated Mills SAC was acquired and used for comparative
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purposes, which was obtained through the mechanical processes of the separation and
milling of the endosperm from the tara seed, being considered a natural and gluten-free
product, used as a thickener in the food industry. An experimental flow diagram is shown
in Figure 1.
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2.3. Yield

The yield was calculated based on the initial mass of the tara seeds used, and the final
mass obtained after the extraction and purification was used to determine the efficiency of
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obtaining tara gum. The yield was expressed as a percentage and determined using the
ratio between the initial and final mass, according to the following equation [22]:

Y (%) =
mi
m f
× 100 (1)

where Y (%) is the yield in percent, mi is the initial mass (g), and m f is the final mass (g).

2.4. Moisture

Moisture was determined according to the methodology of AOAC 950.10. A total
of 2 g of sample was weighed into watch capsules and placed inside a forced convection
oven FED 115 (BINDER, Tuttlingen, Germany) at a controlled temperature of 105 ◦C until
a constant weight was reached. Moisture content was expressed as the percentage ratio of
the sample weight after drying to the sample weight before drying [23].

2.5. Water Activity (Aw)

To determine the Aw of the tara gum samples, specialised equipment known as
a water activity meter was used. In particular, the HygroPalm23-AW model from Rotronic
(Bassersdorf, Switzerland) was used. Before the measurements, the equipment was cal-
ibrated according to the manufacturer’s instructions. This ensured the reliability of the
Aw readings as the meter was adjusted with standard solutions. Tara gum samples were
placed in the reading chamber of the equipment, which measures the equilibrium relative
humidity on the sample. This relative humidity value is converted to Aw according to the
product characteristic curves stored in the meter’s memory [24].

2.6. Hygroscopicity

A total of 1 g of the sample was dispersed in 100 mL of a saturated NaCl solution (with
a relative humidity of 75%) in an airtight container. The temperature was kept constant at
25 ◦C. After seven days, the samples were weighed again, and the results were expressed
as a percentage increase in mass [25]:

%H =

(
m3−m2
m2−m1

)
× 100 (2)

where %H is the mass increase in percent, m1 is the weight of the empty Petri dish, m2 is
the weight of the Petri dish + sample, and m3 is the weight of the Petri dish + sample after
seven days.

2.7. Bulk Density

The displaced volume method was used to determine the bulk density of the tara
gum samples. This consists of weighing a known amount of the powdered sample and
placing it in a 10 mL graduated cylinder. The graduated cylinder was gently tapped on
a smooth, firm surface to settle the powder. The tapping removed the voids between the
particles. Finally, the volume displaced by the sample after tapping the graduated cylinder
was recorded. With the known mass and the measured volume, the bulk density (g/mL)
was calculated using the mass/volume ratio [26].

2.8. Colour Analysis

A CR-5 colorimeter from Konica Minolta (Tokyo, Japan) was used, which allows
the rapid and objective measurement of different colorimetric parameters based on the
interaction of the sample with a standard light source. Before the measurements, the
colorimeter was calibrated with standard black and white reference plates to ensure reliable
readings. Then, powdered tara gum samples were successfully placed inside the reading
cell, and the lightness values (L*), chroma a*, and chroma b* were recorded [27,28].

198



Polymers 2024, 16, 838

2.9. ζ-Potential

The dynamic laser light scattering technique was used to evaluate colloidal stability
using ζ-potential measurements. Powdered samples (20 mg) were dispersed in ultrapure
water (50 mL) and subjected to ultrasonication for 60 s before readings to ensure adequate
particle distribution. Measurements were performed with a Zetasizer ZSU3100 (Malvern
Instruments, Worcestershire, UK) at 25 ◦C using a specific DTS1080 cell to read the ζ-
potential of the dispersions. This electrokinetic analysis allowed the prediction of the
stability of the polymer suspensions due to the magnitude of the repulsive forces between
the particles [29].

2.10. Particle Size and Polydispersity

To determine the particle size and polydispersity using a laser light scattering method,
the sample particles were dispersed in isopropanol and subjected to ultrasound for 30 s.
Then, a 600 nm helium–neon laser was incident on the sample, and the resulting diffraction
pattern was measured using a Mastersizer 3000 instrument (Malvern Instruments, Worces-
tershire, UK) [30]. The polydispersity was determined using the amplitude index [31,32]
according to the following relationship:

Span index =
D (90)− D (10)

D (50)
(3)

where D (10), D (50), and D (90) correspond to the diameters relative to 10%, 50%, and
90% of the cumulative size distribution.

2.11. SEM-EDS Analysis

Morphological and elemental analyses were carried out using a scanning electron
microscope (SEM) Prism E model (Thermo Fisher, Waltham, MA, USA). To prepare the tara
gum samples, they were arranged on carbon adhesive tape, ensuring uniform distribution.
Photomicrographs were captured at 30 kV, 2500×, and 500× magnification under low-
vacuum conditions, allowing a detailed evaluation of the surface morphology. In addition,
the elemental analysis was carried out using X-ray energy dispersion (EDS) [33].

2.12. FTIR Analysis

The functional groups of the tara gums were analysed using a Fourier transform
spectrophotometer (FTIR) model Nicolet IS50 (ThermoFisher, Waltham, MA, USA). Tablets
were prepared with 1 mg of sample and 99 mg of KBr. The mixture was crushed and passed
through a press at 10 tons [34]. For the readings, the transmission module was used in
the range of 400 cm−1 to 4000 cm−1, making use of a resolution of 8 cm−1, 32 scans were
carried out to ensure an accurate capture of the spectral information [26].

2.13. Thermal Analysis

A total of 10 mg of the sample was utilised for thermal stability analysis via ther-
mogravimetry (TGA). The measurement was performed using a thermal analyser (TA
Instrument, New Castle, DE, USA) with a heating rate of 10 ◦C/min. A differential scan-
ning calorimeter (DSC2500, TA Instrument, New Castle, DE, USA) was also used with
2 mg of the sample. The temperature range was set from 0 to 250 ◦C, with a heating rate of
10 ◦C/min in a nitrogen atmosphere [22].

2.14. Rheological Analysis

The experimental samples were continuously tested through an MCR 702e MultiDrive
rotational rheometer (Anton Paar GmbH, Austria). Flow curve measurements were deter-
mined using the CC27 concentric cylinder with a diameter of 26.661 mm and a length of
39.996, with a cup diameter of 29.914 mm at a shear rate of 1 to 300 s−1. They were then
analysed using shear stress models for fluids through the power law, Bingham Plastic, and
Herschel–Bulkley models [35]. Table 1 shows the details of the rheological models.

199



Polymers 2024, 16, 838

Table 1. Rheological models for non-Newtonian fluids.

Model Equation Parameters

Power Law τ = kγn k, n
Bingham Plastic τ = τy + nBγ τy, nB

Herschel–Bulkley τ = τy + kHγn τy, kH , n
Note: τ is the yield strength (Pa), γ is the shear rate (s−1), k is the consistency index (Pa*sn), n is the behavioural
index, τy is the yield strength (Pa), nB is the plastic viscosity (Pa*s), and kH is the consistency index (Pa*sn).

2.15. Statistical Analysis

Tukey’s multiple comparison test was used to evaluate possible significant differences
between groups, with a confidence level of 95%, after analysing variance (ANOVA). This
analysis allowed the variations between groups to be examined and statistical disparities
to be accurately determined. All statistical analyses and graphical representations were
realised using OriginPro 2024 software from Origin Lab Corporation, based in Northamp-
ton, MA, USA. This methodological approach provided a rigorous and comprehensive
evaluation of the differences between groups, ensuring a robust interpretation of the
results obtained.

3. Results and Discussions
3.1. Physical and Chemical Properties of Tara Gum

Table 2 presents the physicochemical properties of spray-dried tara gum (GA), forced
convection oven-dried tara gum (GE), vacuum oven-dried tara gum (GV), and commercial
tara gum (GC) for comparison. In terms of yield, the vacuum oven drying method (GV)
yielded the highest value at 45.21%, indicating optimistic process efficiency. Moisture
content ranged from 8.63% to 12.55% across different samples, with these values being
considered adequate as low moisture promotes material stability [36]. Water activity (Aw)
values ranged from 0.39 to 0.41, a desirable characteristic for encapsulating agents due to
increased resistance to microbial growth and biochemical deterioration reactions [37]. Other
authors reported water activity values of 0.55 for almond gum and 0.53 for gum arabic [38].
Hygroscopicity values below 13.41% were found, a fundamental value, considering that
the wall materials must present inert properties toward the active ingredients of the core,
which must also be non-hygroscopic [39]. Hygroscopicity is a critical factor affecting the
stability of food products [32]. Powders with values above 15.1% are considered highly
hygroscopic [40]. On the other hand, powders with hygroscopicity values below 10% are
considered non-hygroscopic and between 10.1% and 15% slightly hygroscopic, determined
at a relative humidity of 75% [41]. Also, hygroscopicity values were reported for gum
arabic between 26% and 40%, where fine particles (37 µm) with the highest value of 40%
presented a high capacity to retain and adsorb water [42]. Concerning bulk density, values
between 0.43 and 0.76 g/mL were found, which coincide with the densities of xanthan gum
(0.46 g/mL) [43] and gum arabic (0.50 g/mL) [37].

The lightness values (L*) indicated that the spray-dried tara gum sample (GA) was
the lightest, indicating a better preservation of the original characteristics through this
technique, while the oven-dried samples (GE and GV) showed some darkening; similar
values were obtained for gum arabic [37]. Regarding the tendency toward reddish (positive
a* values) or greenish (negative a* values) tones, the GA sample presented a slightly reddish
tone, unlike the rest; the commercial sample (GC) was the one with the highest greenish
intensity. In the case of gum arabic, the value recorded for this parameter was 2.48 [37].
Yellow tones (positive b* values) were observed in all samples; other authors have reported
values of 2.48 to 3.39 and 11.62 to 14.29 for gum arabic and almond gum, respectively [37].

The zeta potential values were negative in all tara gum samples due to ionisable acidic
groups in their structures [22,44]. The zeta potential represents the potential difference
between the compact ion layer and the dispersant medium, determining the repulsive force
between the particles and their colloidal stability [45]. All the gums presented moderate
stability between −16.57 and −23.77 millivolts [46].
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Table 2. Physical and chemical properties of tara gum obtained using different methods.

Properties
GA GE GV GC

¯
x ±SD * ¯

x ±SD * ¯
x ±SD * ¯

x ±SD *

Yield (%) 12.18 ± 0. 45 a 42.38 ± 0.44 b 45.21 ± 0.60 c 51.37 ± 0.19 d
Moisture (%) 8.63 ± 0. 35 a 11.42 ± 0.40 bc 12.55 ± 0.48 c 10.86 ± 0.53 b

Aw 0.37 ± 0.01 a 0.39 ± 0.01 b 0.41 ± 0.01 b 0.40 ± 0.01 b
Hygroscopicity (%) 10.51 ± 0. 41 a 12.29 ± 0.43 b 13.41 ± 0.36 c 11.42 ± 0.16 d

Bulk Density
(g/mL) 0.43 ± 0.01 a 0.71 ± 0.01 b 0.68 ± 0.01 c 0.76 ± 0.01 d

L* 91.02 ± 0.01 a 77.82 ± 0.01 b 79.62 ± 0.01 c 89.75 ± 0.01 d
a* 0.06 ± 0.01 a −0.33 ± 0.05 b −0.17 ± 0.04 c −0.41 ± 0.01 b
b* 3.52 ± 0.05 a 4.23 ± 0.05 b 6.01 ± 0.05 c 9.83 ± 0.02 d

ζ-Potential (mV) −16.57 ± 0.31 a −22.29 ± 0.38 b −22.97 ± 0.32 bc −23.77 ± 0.29 c
Particle Size (µm) 3.46 ± 0.01 a 30.94 ± 0.79 b 115.80 ± 1.64 c 139.60 ± 0.89 d

Polydispersity 1.77 ± 0.01 a 2.88 ± 0.09 b 3.09 ± 0.05 c 1.54 ± 0.02 d

Note: x is the arithmetic mean, SD is the standard deviation, and different letters indicate significant differences
per row evaluated for triplicates at 5% significance (*), the background color is the reference of the three chromatic
coordinates. Spray-dried tara gum (GA), forced convection oven-dried tara gum (GE), vacuum oven-dried tara
gum (GV), and commercial tara gum (GC).

The data indicate that tara gum is favourable for developing spray-drying encapsu-
lation processes, avoiding the agglomeration of the encapsulating particles [22,30,47]. In
food applications, adequate colloidal stability improves the interaction with the charged
components of the matrix. The results are similar to those of commercial samples of tara
gum used in spray-drying encapsulation processes [30,47]. The negative values suggest
its usefulness in food and pharmaceutical products, promoting favourable interactions
with its negative charge [5]. In addition to zeta potential, pH, ionic strength, and additives
influence colloidal stability, requiring a more comprehensive approach for optimising the
functional properties of these gums in various food and pharmaceutical applications [48].

The GA sample obtained by spray drying had the most petite particle sizes with
a D10 of 1.71 µm, D50 of 3.46 µm, and D90 of 7.84 µm. This indicates that 90% of the
particles were below 7.84 µm, with a mean of 3.46 µm and a minimum of 1.71 µm. This
narrow distribution of sizes less than 10 microns makes the GA sample the most suitable for
forming the walls of microcapsules, whose sizes vary between 1 and 100 µm. In contrast, the
GV sample obtained by vacuum drying exhibited the largest sizes with a D90 of 375.40 µm
and an average of 115.80 µm. Considering that the size of the nanostructures is located
between the range of 1–1000 nm, this sample would not be helpful as a wall material for
the nanoencapsulation process, for which the GA and GE samples with a D50 below 50 µm
seem to be more viable. Regarding polydispersity, the GA sample showed the lowest
index of 1.77, while GE and GV were the most polydisperse with indexes of 2.88 and 3.09,
respectively. This reflects that spray drying and convection oven drying methods give rise
to more homogeneous distributions of particle sizes [1,49].

Polydispersity constitutes an important indicator that describes the homogeneity of
particle size distributions [45] for tara gum samples. This shows that most of the samples
studied presented heterogeneous size distributions with significant variations between
the most extensive and most minor fractions, according to the parameters D90 and D10,
respectively. However, it should be noted that the tara gum sample obtained by spray
drying (GA) exhibited the lowest polydispersity index of 1.77. This indicates that using this
technique makes it possible to obtain the narrowest and most homogeneous distribution of
particle sizes compared to the other methods evaluated. Higher polydispersity values were
obtained for xanthan gum with 9.70 [50]. The results show that the tara gum obtained by
spray drying has the most suitable characteristics to be used as a wall material in micro-
and nanoencapsulation processes.

The results shown above show that tara gum’s physicochemical properties vary ac-
cording to the drying method used. Spray-dried tara gum presented the best characteristics
for use as an encapsulant. Spray drying allows for the quick drying of droplets and the
formation of tiny, uniform spherical particles [51,52]. This method prevents browning and
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thermal degradation with convection and vacuum drying [53,54]. Therefore, choosing the
drying method is a crucial factor that must be carefully considered during the production
of gums for encapsulation applications [55]. However, further research is necessary to
optimise the drying parameters to obtain gums with ideal physicochemical properties. In
conclusion, this study provides valuable information to guide the selection and production
of tara gums as wall materials in encapsulation processes.

3.2. SEM-EDS Analysis

Figure 2 shows microphotographs of the tara gum samples, which presented variability
in shape and size. Sample GA was observed at a magnification of 2500× (scale bar of 50 µm),
and GE, GV, and GC were observed at 500× (scale bar of 400 µm). The GA sample showed
a homogeneous surface without large visible pores and with mostly spherical shapes.
Concerning GE, a primarily smooth topography with defined particles was observed. At
the same time, GV exhibited an irregular surface, with numerous pores distributed over
the particles, and some angular edges were distinguished, denoting fragility. GC showed a
heterogeneous appearance with some aggregated particles, in which a wide distribution of
particle sizes can be distinguished.
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Figure 2. Scanning electron microscopy analysis on spray-dried tara gum (GA), forced convection-
dried tara gum (GE), vacuum-dried tara gum (GV), and commercial tara gum (GC).

GA presented particles with a smaller size and a more homogeneous shape; the sizes
of the particles can influence the dissolution rate of powdered gums [56], which in turn
directly influences the intrinsic viscosity and molecular mass [57]. Generally, the dissolution
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rate of polysaccharide powders increases with a reduction in particle size [37,56]. Likewise,
the exudates’ gums have various shapes and sizes [37,57].

Likewise, the C and O surface contents were analysed via energy-dispersive X-ray
spectroscopy (EDS). It was observed that the carbon content varied between 39% and 45.4%,
and the oxygen content varied between 54.6% and 61%. No significant differences in the C
and O compositions were observed between the gums. EDS analysis confirmed that the
different tara gum samples possess a similar composition of carbon and oxygen, which are
chemical elements in biopolymers used as wall materials [26,58,59]. This verifies that the
obtained gums are suitable with wall materials in micro- and nanoencapsulation processes.
The different drying methods used do not alter this desired composition.

SEM and EDS analyses show that the drying method affects the morphology of tara
gum. Spray drying achieves homogeneous spherical particles ideal for encapsulation, as
water’s rapid evaporation fixes the droplets’ spherical shape [60]. Convective and vacuum
methods cause irregularities due to higher thermal exposure [61]. The C and O composition
remains stable, indicating that the chemical nature does not change. The drying conditions
must be optimised to obtain the desired microstructure while preserving the composition.

3.3. FTIR Analysis

The infrared spectra of the gums obtained through spray drying, a forced convection
oven, a vacuum oven, and commercially are shown in Figure 3. The four samples presented
similar absorption patterns, indicating a similar chemical composition based on polysac-
charides. Characteristic bands of polysaccharides such as hydroxyl (–OH), carbonyl (C=O),
and C–O and O–H bonds were observed. Validated methodology was used to analyse and
interpret the infrared (IR) spectra [62].
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Figure 3. FTIR spectra of commercial tara gum (GC), vacuum-dried tara gum (GV), forced convection-
dried tara gum (GE), and spray-dried tara gum (GA).

The IR spectra of the tara gum samples showed a broad absorption band at 3393–3442 cm−1

due to the stretching frequency of the OH group [63,64]. The presence of –OH stretch-
ing could be attributable to sugars such as galactose and arabinose [5]. The absorption
band between 2924 and 2926 cm−1 is attributable to the stretching of the CH of the alkyl
group [37,65], and those located between 1413 and 1424 cm−1 are due to the bending
of the CH of the methyl group [64,65]. Likewise, the absorption bands located between
1633 and 1643 cm−1 are attributable to the asymmetric stretching of the carboxylate ion [65].
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The bands located between 1079 and 1092 cm−1 corresponded to the presence of galac-
tans [37]. Finally, the bands lying between 494 and 668 cm−1 were attributed to skeletal
mode vibrations of the pyranose rings [37]. The FTIR analysis showed that tara gum’s
chemical composition is preserved regardless of the drying method. The characteristic
bands of functional groups are maintained, indicating that the polysaccharide structure is
not significantly altered.

3.4. Thermal Analysis

Graphical representations of the TG curves of all the samples of the tare gums are
shown in Figure 4a–d. It can be noted that the samples exhibited similar thermal behaviours,
evidencing the presence of mainly two events.
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The first event occurred between 21.20 ◦C and 105 ◦C, with a mass loss between 8.50%
and 12.01%, similar to the moisture content determined in the samples, which would
correspond to the evaporation of free water due to the hydrophilic nature of the functional
groups of the polysaccharides present in the polymeric matrix, this decrease is attributed to
the onset of hydrogen bond breaking and the evaporation of water molecules, in addition
to the elimination of other thermolabile compounds of low molecular weight [66,67].

A second event occurred between 105 ◦C and around 600 ◦C (with peaks around
328.86 ◦C and 335.35 ◦C), which was associated with a mass loss of between 84.24% and
87.35%, which is related to the thermal decomposition of the carbohydrates present in the
tara gum [67,68]. At high temperatures, other organic compounds were eliminated in the
gums, culminating in obtaining final residues [59,69,70].

Figure 4e illustrates the DSC analysis performed on all samples; in the specific case
of the spray-dried tara gum (GA), an elevated glass transition temperature of 141.69 ◦C
was obtained as a slight change in the slope of the curve [71]. This finding offers valuable
insights into phase transitions and structural modifications within this material [33,72].
Glass transition temperature (Tg) is a critical parameter that influences the functional
properties and encapsulation behaviours of polymeric materials, thus impacting their po-
tential applications. A higher Tg can facilitate elevated temperatures during encapsulation
processes, which is crucial for developing specific applications [22,30,47]. Similar glass
transition temperatures have been reported for various polymeric wall materials used in
spray-drying processes, as was the case for maltodextrin (155.34 ◦C) [72]; also, Kurozawa
and Deschamps reported a Tg of 160 ◦C for maltodextrin [73,74], arabic gum (139.81 ◦C),
native potato starch (138.26 ◦C) [22], quinoa starch (139.21 ◦C) [75], and spray-dried tara
gum (157.7 ◦C) [22]. Glass transition temperatures below these values in the microcapsules
and nanocapsules would indicate that encapsulation was successfully achieved [33,72].

In the cases of the GE, GV, and GC gums (Figure 4f), endothermic melting peaks of
142.70 ◦C, 141.36 ◦C, and 153.63 ◦C were observed. In addition, an absence of change
in heat capacity between the initial and final state was observed, which was a limitation
for determining the glass transition temperature in the present study. Therefore, further
analysis is required for a complete understanding of the thermal processes present in
these gums, as it is known that the glass transition temperatures of natural gums are
usually high [22,30,47,75].

3.5. Rheological Properties

Figure 5 shows the non-Newtonian rheological behaviours, with a nonlinear relation-
ship between shear stress and strain rate. The GA sample recorded the highest maximum
shear stress but one of the lowest maximum shear rates compared to the rest. The GE gum
showed moderate values of these rheological parameters compared to the other samples.
Sample GV showed similar strain rates to GA but significantly lowered maximum shear
stress. Finally, GC exhibited the lowest levels of shear stress and maximum shear rate
relative to GA, GE, and GV.

Within the common non-Newtonian nature, GC presented the most favourable rheo-
logical profile considering the magnitude of the experimentally determined parameters.
Similar behaviours were reported for aqueous solutions of mucilage isolated from Opun-
tia ficus indica [76], which could be correlated with the shear rate using the power law
model; likewise, locust bean gum showed non-Newtonian flow behaviour at speeds of
high cut [77].

In Figure 6, the apparent viscosity is not constant; as the temperature increases from
40 to 80 ◦C, the viscosities of all the samples decrease, with downwardly shifted curves
being observed at higher shear rates. The observed behaviour is because increasing tem-
perature reduces the intermolecular forces. This trend occurs because it contributes to
increased intermolecular forces of attraction [5]. Similar behaviours were reported for Pithe-
cellobium dulce, in which the viscosity of the gum decreased with increasing temperature,
and the effect was more pronounced at temperatures below 50 ◦C [5]. The temperature
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study revealed that the tara gum samples under study show shear thinning behaviours at
temperatures of 80 ◦C.
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Figure 6. Apparent viscosity and shear stress curves at (a) 40 ◦C, (b) 60 ◦C, and (c) 80 ◦C.

Apparent viscosity was observed to increase with the shear rate, this behaviour being
typical in polymer solutions such as gums [78]. This phenomenon, observed in colloidal
suspensions such as starch–water mixtures, is attributed to dissipative hydrodynamic
interactions between particles, which induce the formation of hydroclusters [79].

This phenomenon, called dilatancy, causes changes in the structure and alignment
of the polymer chains at high shear rates, increasing the interactions between chains
and, therefore, the apparent viscosity of the fluid. This phenomenon explains the non-
Newtonian behaviour and is a determining factor in the rheology of solutions of rubbers
and other polymers [80]. The GE gum at all its temperatures and GC gum at 60 ◦C exhibit
a particular rheological behaviour. An increase in apparent viscosity is observed at low
shear rates, known as shear thickening or dilatation. However, as the shear rate exceeds
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150 1/s, the apparent viscosity begins to decrease, a phenomenon called shear thinning.
This behaviour is called rheopectic or rheopexy, where the viscosity versus shear rate
curve forms a hysteresis loop [81]. A similar rheopectic behaviour has been reported for
a maltodextrin-based thickener [82].

3.6. Rheological Analysis

The rheological models of the tara gum samples, obtained through atomisation, by
forced convection drying, under vacuum, and as a commercial gum, are shown in Table 3.
Non-Newtonian pseudoplastic rheological behaviour was observed (n < 1) for all gums at
different temperatures. Most of the experimental data for tara gum fit the Herschel–Bulkley
model very well, with R2 values greater than 0.9743. However, the initial shear stresses for
GA, GE, GV, and GC were very close to zero; therefore, the power law model was the one
that fit best with R2 values greater than 0.9739. This model describes the flow curves well,
especially at high strain rates [83]. Xanthan gum, which is widely used as an encapsulating
agent, fits the power law model [43,84], as did gum of diutan [84] and carboxymethylated
tara gum [6], and has been used on numerous occasions to adjust the relationship between
the apparent viscosity and the shear rate of biopolymer solutions [84].

Table 3. Rheological analysis.

Model Parameters
GA GE GV GC

40 ◦C 60 ◦C 80 ◦C 40 ◦C 60 ◦C 80 ◦C 40 ◦C 60 ◦C 80 ◦C 40 ◦C 60 ◦C 80 ◦C

Power Law
k (×10−4 Pa·sn) 9.9045 0.7980 0.3872 14.20 5.2710 0.9830 14.90 3.3455 1.1252 0.0024 16.10 4.8530

n 1.1344 1.6180 1.7884 1.1073 1.2642 1.6141 1.0908 1.3583 1.5944 1.0684 1.0866 1.3152
R2 0.9739 0.9854 0.9913 0.9912 0.9816 0.9884 0.9902 0.9796 0.9938 0.9965 0.9967 0.9926

Bingham
Plastic

τy(Pa) 0 0 0 0 0 0 0 0 0 0 0 0
nB(Pa·sn) 0.0020 0.002 0.0023 0.0025 0.0021 0.0024 0.0024 0.0022 0.0025 0.0034 0.0026 0.0025

R2 0.9626 0.8578 0.8081 0.9826 0.9472 0.8628 0.9828 0.9244 0.8726 0.9944 0.9880 0.9422

Herschel–
Bulkley

τy(Pa) 0.0093 0.0166 0.0119 0.0034 0.0185 0.0215 0 0.0221 0.0219 0.0027 0.0035 0.0141
kH (×10−4 Pa·sn) 6.8532 0.2850 0.1993 0.0013 2.2715 0.3197 0.0017 1.1315 0.3804 0.0023 14.60 2.8672

n 1.2010 1.8081 1.9070 1.1250 1.4179 1.8217 1.0672 1.5573 1.7947 1.0780 1.1040 1.4111
R2 0.9743 1 1 0.9912 1 1 0.9892 1 0.9967 0.9966 0.9938 1

Note: τ is the yield strength (Pa), γ is the shear rate (s−1), k is the consistency index (Pa·sn), n is the behavioural
index, τy is the yield strength (Pa), nB is the plastic viscosity (Pa*s), kH is the consistency index (Pa·sn), and R2 is
the correlation coefficient. GA—spray-dried tara gum, GE—forced convection dried tara gum, GV—vacuum-dried
tara gum, and GC—commercial tara gum (GC).

3.7. Result Overview

A principal component analysis (PCA) of the physicochemical properties studied
allowed for establishing relationships between these complex variables [85,86], providing
a comprehensive view of their interactions. This methodology facilitated the identification
of significant trends [47], which could help design and optimise obtaining tara gum with
specific properties for use in the food, pharmaceutical, and cosmetic industries [30].

Figure 7 shows the PCA study, and it can be seen that spray-dried tara gum is associ-
ated with properties such as ζ-potential, luminosity L*, and chroma a*. These correlations
suggest a possible interdependence between these properties, which could influence the
stability and whiteness of tara gum. On the other hand, tara gums dried using a forced
convection oven and vacuum oven (GE and GV) are more related to high values of moisture,
Aw, hygroscopicity, and polydispersity, which would indicate that these gums are more
prone to deterioration, and they present more significant heterogeneity in particle size.
Finally, commercial tara gum (GC) is more related to high values of yield, particle size, ap-
parent density, and chroma b*, which would indicate that in economic terms of the process,
it would be more efficient, but on the contrary, due to the size of the particle, it would not
be the most appropriate to use in the micro- and nanoencapsulation of compounds. Based
on the results, spray-dried tara gum has the best physicochemical, structural, thermal, and
rheological properties.
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The Pearson correlogram (Figure 8) shows a significant positive correlation between
hygroscopicity and moisture (r = 0.96), attributable to the more significant number of
hydrophilic sites in the samples with higher residual water content [30]; a positive cor-
relation was also observed between yield and bulk density (r = 0.99) since higher yields
are obtained in denser and more compact particles [47]. On the other hand, significant
negative correlations were found between yield and ζ-potential (r = −1.00), chroma a* and
bulk density (r = −0.96), ζ-potential and bulk density (r = −0.98), and polydispersity and
lightness (r = −0.96), which could be attributed to competitive interactions between the
evaluated parameters. However, further studies are required to clarify the mechanisms
involved. In conclusion, the correlation analysis revealed significant associations between
the physicochemical properties of the studied gums.
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4. Conclusions

Tara gum emerges as a promising natural polymer for applications as a wall material
in encapsulation processes. The present work provides a comprehensive characterisation
of tara gum in terms of physicochemical, structural, thermal, and rheological properties
relevant to its application as a wall material. The tara gum obtained through different
drying methods showed moisture contents between 8.63% and 12.55%, water activity
between 0.37 and 0.41, hygroscopicity less than 13.41%, and apparent density between
0.43 and 0.76 g/mL. The FTIR analysis confirmed the presence of polysaccharides.

The spray-dried tara gum presented a better preservation of the original colour, smaller
particle size, and better thermal properties. All samples showed non-Newtonian pseu-
doplastic rheological behaviour, adequately described by the power law. The apparent
viscosity decreased with increasing temperature, showing shear thinning at 80 ◦C. The
results position tara gum as a viable material for encapsulation, with favourable characteris-
tics compared to other encapsulating agents. It is recommended that research be continued
aimed at practical applications of encapsulation with tara gum as a wall material in the
food and pharmaceutical industries.
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D.; Błażowski, Ł.; Tułodziecki, M. The application of dehumidified air in rapeseed and honeydew honey spray drying-Process
performance and powders properties considerations. J. Food Eng. 2019, 245, 80–87. [CrossRef]

32. Napiórkowska, A.; Szpicer, A.; Wojtasik-Kalinowska, I.; Perez, M.D.T.; González, H.D.; Kurek, M.A. Microencapsulation of
juniper and black pepper essential oil using the coacervation method and its properties after freeze-drying. Foods 2023, 12, 4345.
[CrossRef]

33. Ligarda-Samanez, C.A.; Choque-Quispe, D.; Moscoso-Moscoso, E.; Palomino-Rincón, H.; Taipe-Pardo, F.; Landa, J.P.A.; Arévalo-
Quijano, J.C.; Muñoz-Saenz, J.C.; Quispe-Quezada, U.R.; Huamán-Carrión, M.L. Nanoencapsulation of Phenolic Extracts from
Native Potato Clones (Solanum tuberosum spp. andigena) by Spray Drying. Molecules 2023, 28, 4961. [CrossRef]

34. Ren, Z.; Huang, X.; Shi, L.; Liu, S.; Yang, S.; Hao, G.; Qiu, X.; Liu, Z.; Zhang, Y.; Zhao, Y.; et al. Characteristics and potential
application of myofibrillar protein from golden threadfin bream (Nemipterus virgatus) complexed with chitosan. Int. J. Biol.
Macromol. 2023, 240, 124380. [CrossRef]

35. Quispe-Chambilla, L.; Pumacahua-Ramos, A.; Choque-Quispe, D.; Curro-Pérez, F.; Carrión-Sánchez, H.M.; Peralta-Guevara, D.E.;
Masco-Arriola, M.L.; Palomino-Rincón, H.; Ligarda-Samanez, C.A. Rheological and functional properties of dark chocolate with
partial substitution of peanuts and sacha inchi. Foods 2022, 11, 1142. [CrossRef]

36. Piñón-Balderrama, C.I.; Leyva-Porras, C.; Terán-Figueroa, Y.; Espinosa-Solís, V.; Álvarez-Salas, C.; Saavedra-Leos, M.Z. En-
capsulation of active ingredients in food industry by spray-drying and nano spray-drying technologies. Processes 2020, 8, 889.
[CrossRef]

37. Bashir, M.; Haripriya, S. Assessment of physical and structural characteristics of almond gum. Int. J. Biol. Macromol. 2016,
93, 476–482. [CrossRef]

38. Bouaziz, F.; Koubaa, M.; Neifar, M.; Zouari-Ellouzi, S.; Besbes, S.; Chaari, F.; Kamoun, A.; Chaabouni, M.; Chaabouni, S.E.;
Ghorbel, R.E. Feasibility of using almond gum as coating agent to improve the quality of fried potato chips: Evaluation of
sensorial properties. LWT-Food Sci. Technol. 2016, 65, 800–807. [CrossRef]

39. Vijeth, S.; Heggannavar, G.B.; Kariduraganavar, M.Y. Encapsulating wall materials for micro-/nanocapsules. Microencapsul.-
Process. Technol. Ind. Appl. 2019, 1–19. [CrossRef]

40. Zotarelli, M.F.; da Silva, V.M.; Durigon, A.; Hubinger, M.D.; Laurindo, J.B. Production of mango powder by spray drying and
cast-tape drying. Powder Technol. 2017, 305, 447–454. [CrossRef]

41. Schuck, P.; Jeantet, R.; Dolivet, A. Analytical Methods for Food and Dairy Powders; John Wiley & Sons: Hoboken, NJ, USA, 2012.
42. Rosland Abel, S.E.; Yusof, Y.A.; Chin, N.L.; Chang, L.S.; Mohd Ghazali, H.; Manaf, Y.N. Characterisation of physicochemical

properties of gum arabic powder at various particle sizes. Food Res. 2020, 4, 107–115. [CrossRef]
43. Lee, H.; Yoo, B. Agglomerated xanthan gum powder used as a food thickener: Effect of sugar binders on physical, microstructural,

and rheological properties. Powder Technol. 2020, 362, 301–306. [CrossRef]
44. Goff, H.D.; Guo, Q. The role of hydrocolloids in the development of food structure. Handb. Food Struct. Dev. 2019, 18, 1.
45. Lunardi, C.N.; Gomes, A.J.; Rocha, F.S.; De Tommaso, J.; Patience, G.S. Experimental methods in chemical engineering: Zeta

potential. Can. J. Chem. Eng. 2021, 99, 627–639. [CrossRef]
46. Schramm, L.L. Emulsions, Foams, Suspensions, and Aerosols: Microscience and Applications; John Wiley & Sons: Hoboken, NJ, USA, 2014.
47. Ligarda-Samanez, C.A.; Moscoso-Moscoso, E.; Choque-Quispe, D.; Palomino-Rincón, H.; Martínez-Huamán, E.L.; Huamán-

Carrión, M.L.; Peralta-Guevara, D.E.; Aroni-Huamán, J.; Arévalo-Quijano, J.C.; Palomino-Rincón, W.; et al. Microencapsulation
of Erythrocytes Extracted from Cavia porcellus Blood in Matrices of Tara Gum and Native Potato Starch. Foods 2022, 11, 2107.
[CrossRef]

48. Cano-Sarmiento, C.; Téllez-Medina, D.I.; Viveros-Contreras, R.; Cornejo-Mazón, M.; Figueroa-Hernández, C.Y.; García-Armenta,
E.; Alamilla-Beltrán, L.; García, H.S.; Gutiérrez-López, G.F. Zeta potential of food matrices. Food Eng. Rev. 2018, 10, 113–138.
[CrossRef]

49. Huamaní-Meléndez, V.J.; Mauro, M.A.; Darros-Barbosa, R. Physicochemical and rheological properties of aqueous Tara gum
solutions. Food Hydrocoll. 2021, 111, 106195. [CrossRef]

50. Sikora, M.; Kowalski, S.; Tomasik, P. Binary hydrocolloids from starches and xanthan gum. Food Hydrocoll. 2008, 22, 943–952.
[CrossRef]

51. Díaz-Montes, E. Wall Materials for Encapsulating Bioactive Compounds via Spray-Drying: A Review. Polymers 2023, 15, 2659.
[CrossRef]

52. Samborska, K.; Boostani, S.; Geranpour, M.; Hosseini, H.; Dima, C.; Khoshnoudi-Nia, S.; Rostamabadi, H.; Falsafi, S.R.; Shaddel,
R.; Akbari-Alavijeh, S.; et al. Green biopolymers from by-products as wall materials for spray drying microencapsulation of
phytochemicals. Trends Food Sci. Technol. 2021, 108, 297–325. [CrossRef]

53. Calín-Sánchez, Á.; Lipan, L.; Cano-Lamadrid, M.; Kharaghani, A.; Masztalerz, K.; Carbonell-Barrachina, Á.A.; Figiel, A.
Comparison of Traditional and Novel Drying Techniques and Its Effect on Quality of Fruits, Vegetables and Aromatic Herbs.
Foods 2020, 9, 1261. [CrossRef] [PubMed]

54. Guiné, R. The drying of foods and its effect on the physical-chemical, sensorial and nutritional properties. Int. J. Food Eng. 2018,
2, 93–100. [CrossRef]

55. Labuschagne, P. Impact of wall material physicochemical characteristics on the stability of encapsulated phytochemicals: A
review. Food Res. Int. 2018, 107, 227–247. [CrossRef]

211



Polymers 2024, 16, 838

56. Cui, S.W. Food Carbohydrates: Chemistry, Physical Properties, and Applications; CRC Press: Boca Raton, FL, USA, 2005.
57. Pachuau, L.; Lalhlenmawia, H.; Mazumder, B. Characteristics and composition of Albizia procera (Roxb.) Benth gum. Ind. Crops

Prod. 2012, 40, 90–95. [CrossRef]
58. Adsare, S.R.; Annapure, U.S. Microencapsulation of curcumin using coconut milk whey and Gum Arabic. J. Food Eng. 2021,

298, 110502. [CrossRef]
59. Medina-Torres, L.; Calderas, F.; Nunez Ramírez, D.; Herrera-Valencia, E.; Bernad Bernad, M.; Manero, O. Spray drying egg using

either maltodextrin or nopal mucilage as stabilizer agents. J. Food Sci. Technol. 2017, 54, 4427–4435. [CrossRef] [PubMed]
60. Hosseini, H.; Yaghoubi Hamgini, E.; Jafari, S.M. Chapter 9—Spray drying of starches and gums. In Spray Drying for the Food

Industry; Jafari, S.M., Samborska, K., Eds.; Woodhead Publishing: Sawston, UK, 2024; pp. 243–274.
61. Fathi, F.; Ebrahimi, S.N.; Matos, L.C.; Oliveira, M.B.P.P.; Alves, R.C. Emerging drying techniques for food safety and quality: A

review. Compr. Rev. Food Sci. Food Saf. 2022, 21, 1125–1160. [CrossRef]
62. Nandiyanto, A.B.D.; Oktiani, R.; Ragadhita, R. How to read and interpret FTIR spectroscope of organic material. Indones. J. Sci.

Technol. 2019, 4, 97–118. [CrossRef]
63. Akcicek, A.; Bozkurt, F.; Akgül, C.; Karasu, S. Encapsulation of olive pomace extract in rocket seed gum and chia seed gum

nanoparticles: Characterization, antioxidant activity and oxidative stability. Foods 2021, 10, 1735. [CrossRef] [PubMed]
64. Yahoum, M.M.; Toumi, S.; Tahraoui, H.; Lefnaoui, S.; Kebir, M.; Amrane, A.; Assadi, A.A.; Zhang, J.; Mouni, L. Formulation and

Evaluation of Xanthan Gum Microspheres for the Sustained Release of Metformin Hydrochloride. Micromachines 2023, 14, 609.
[CrossRef] [PubMed]

65. Ahuja, M.; Kumar, A.; Singh, K. Synthesis, characterization and in vitro release behavior of carboxymethyl xanthan. Int. J. Biol.
Macromol. 2012, 51, 1086–1090. [CrossRef] [PubMed]

66. Ballesteros, L.F.; Ramirez, M.J.; Orrego, C.E.; Teixeira, J.A.; Mussatto, S.I. Encapsulation of antioxidant phenolic compounds
extracted from spent coffee grounds by freeze-drying and spray-drying using different coating materials. Food Chem. 2017,
237, 623–631. [CrossRef]

67. Pant, K.; Thakur, M.; Chopra, H.K.; Nanda, V. Encapsulated bee propolis powder: Drying process optimization and physicochem-
ical characterization. LWT 2022, 155, 112956. [CrossRef]

68. Jafari, Y.; Sabahi, H.; Rahaie, M. Stability and loading properties of curcumin encapsulated in Chlorella vulgaris. Food Chem. 2016,
211, 700–706. [CrossRef]

69. Castro-López, C.; Espinoza-González, C.; Ramos-González, R.; Boone-Villa, V.D.; Aguilar-González, M.A.; Martínez-Ávila,
G.C.; Aguilar, C.N.; Ventura-Sobrevilla, J.M. Spray-drying encapsulation of microwave-assisted extracted polyphenols from
Moringa oleifera: Influence of tragacanth, locust bean, and carboxymethyl-cellulose formulations. Food Res. Int. 2021, 144, 110291.
[CrossRef]

70. Zhang, H.; Gong, T.; Li, J.; Pan, B.; Hu, Q.; Duan, M.; Zhang, X. Study on the Effect of Spray Drying Process on the Quality of
Microalgal Biomass: A Comprehensive Biocomposition Analysis of Spray-Dried S. acuminatus Biomass. BioEnergy Res. 2022,
15, 320–333. [CrossRef]

71. Leyva-Porras, C.; Cruz-Alcantar, P.; Espinosa-Solís, V.; Martínez-Guerra, E.; Piñón-Balderrama, C.I.; Compean Martínez, I.;
Saavedra-Leos, M.Z. Application of Differential Scanning Calorimetry (DSC) and Modulated Differential Scanning Calorimetry
(MDSC) in Food and Drug Industries. Polymers 2020, 12, 5. [CrossRef] [PubMed]

72. Pashazadeh, H.; Zannou, O.; Ghellam, M.; Koca, I.; Galanakis, C.M.; Aldawoud, T.M.S. Optimization and Encapsulation of
Phenolic Compounds Extracted from Maize Waste by Freeze-Drying, Spray-Drying, and Microwave-Drying Using Maltodextrin.
Foods 2021, 10, 1396. [CrossRef] [PubMed]

73. Kurozawa, L.E.; Park, K.J.; Hubinger, M.D. Effect of maltodextrin and gum arabic on water sorption and glass transition
temperature of spray dried chicken meat hydrolysate protein. J. Food Eng. 2009, 91, 287–296. [CrossRef]

74. Descamps, N.; Palzer, S.; Roos, Y.H.; Fitzpatrick, J.J. Glass transition and flowability/caking behaviour of maltodextrin DE 21. J.
Food Eng. 2013, 119, 809–813. [CrossRef]

75. Ligarda-Samanez, C.A.; Choque-Quispe, D.; Moscoso-Moscoso, E.; Pozo, L.M.F.; Ramos-Pacheco, B.S.; Palomino-Rincón, H.;
Gutiérrez, R.J.G.; Peralta-Guevara, D.E. Effect of Inlet Air Temperature and Quinoa Starch/Gum Arabic Ratio on Nanoen-
capsulation of Bioactive Compounds from Andean Potato Cultivars by Spray-Drying. Molecules 2023, 28, 7875. [CrossRef]
[PubMed]

76. Medina-Torres, L.; Brito-De La Fuente, E.; Torrestiana-Sanchez, B.; Katthain, R. Rheological properties of the mucilage gum
(Opuntia ficus indica). Food Hydrocoll. 2000, 14, 417–424. [CrossRef]

77. Hussain, R.; Singh, A.; Vatankhah, H.; Ramaswamy, H.S. Effects of locust bean gum on the structural and rheological properties
of resistant corn starch. J. Food Sci. Technol. 2017, 54, 650–658. [CrossRef]

78. Dolez, P.I.; Mlynarek, J. 22—Smart materials for personal protective equipment: Tendencies and recent developments. In Smart
Textiles and Their Applications; Koncar, V., Ed.; Woodhead Publishing: Oxford, UK, 2016; pp. 497–517.

79. Wagner, N.J.; Brady, J.F. Shear thickening in colloidal dispersions. Phys. Today 2009, 62, 27–32. [CrossRef]
80. Rapp, B.E. Microfluidics: Modeling, Mechanics and Mathematics; Elsevier: Amsterdam, The Netherlands, 2022.
81. Xu, Y. Stabbing Resistance of Soft Ballistic Body Armour Impregnated with Shear Thickening Fluid; The University of Manchester:

Manchester, UK, 2017.

212



Polymers 2024, 16, 838

82. Dewar, R.J.; Joyce, M.J. The thixotropic and rheopectic behaviour of maize starch and maltodextrin thickeners used in dysphagia
therapy. Carbohydr. Polym. 2006, 65, 296–305. [CrossRef]

83. Díaz, R. Reología aplicada a sistemas alimentarios. Editor. Grupo Compás. 2018, 18, 8080.
84. Gao, X.; Huang, L.; Xiu, J.; Yi, L.; Zhao, Y. Evaluation of Viscosity Changes and Rheological Properties of Diutan Gum, Xanthan

Gum, and Scleroglucan in Extreme Reservoirs. Polymers 2023, 15, 4338. [CrossRef] [PubMed]
85. Ligarda-Samanez, C.A.; Choque-Quispe, D.; Palomino-Rincón, H.; Ramos-Pacheco, B.S.; Moscoso-Moscoso, E.; Huamán-Carrión,

M.L.; Peralta-Guevara, D.E.; Obregón-Yupanqui, M.E.; Aroni-Huamán, J.; Bravo-Franco, E.Y.; et al. Modified Polymeric
Biosorbents from Rumex acetosella for the Removal of Heavy Metals in Wastewater. Polymers 2022, 14, 2191. [CrossRef] [PubMed]
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Abstract: In the food industry context, where fresh cheese stands out as a highly perishable product
with a short shelf life, this study aimed to extend its preservation through multi-layer edible coatings.
The overall objective was to analyze the biaxial behavior and texture of fresh cheese coated with
nanoliposomes encapsulating grape seed tannins (NTs) and polysaccharides (hydroxypropyl methyl-
cellulose; HPMC and kappa carrageenan; KC) using immersion and spray methods, establishing
comparisons with uncoated cheeses and commercial samples, including an accelerated shelf-life
study. NT, HPMC, and KC were employed as primary components in the multi-layer edible coatings,
which were applied through immersion and spray. The results revealed significant improvements,
such as a 20% reduction in weight loss and increased stability against oxidation, evidenced by a 30%
lower peroxide index than the uncoated samples. These findings underscore the effectiveness of
edible coatings in enhancing the quality and extending the shelf life of fresh cheese, highlighting the
innovative application of nanoliposomes and polysaccharide blends and the relevance of applying
this strategy in the food industry. In conclusion, this study provides a promising perspective for
developing dairy products with improved properties, opening opportunities to meet market demands
and enhance consumer acceptance.

Keywords: biaxial viscosity; texture; cheese; nanoliposomes; tannins

1. Introduction

Fresh cheese, whether made from cow or goat milk, stands out as one of the highly
perishable non-liquid foods, characterized by a short shelf life of 7 to 9 days [1,2] due
to its high water and nutrient content leading to increased syneresis, decreased pH, and
lipolysis [3]. The loss of quality, flavor, and texture indicates deterioration in cheeses, and
this alteration can occur due to various factors, such as temperature and humidity, as well as
internal factors inherent in the food composition [4]. One way to prevent food deterioration
is by applying edible coatings, defined as a thin layer of edible materials applied directly to
the surface of food, acting as a natural barrier against external conditions [5]. To address
intrinsic factors affecting cheese deterioration, molecules with antioxidant and antimicrobial
properties can be incorporated into edible coatings to enhance their functionality.

Condensed tannins or proanthocyanidins are phenolic compounds with high antioxi-
dant capacity that provide various health benefits [6]. Techniques have been developed to
incorporate these properties into different foods for therapeutic, structural, and preserva-
tive purposes. However, astringency and bitterness are the main organoleptic properties of
these compounds [7]. The perception of these properties in the mouth is directly related to
the ability of tannins to interact with salivary proteins, forming aggregates [8]; this makes
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their direct incorporation into foods challenging. Nanotechnology represents an innovative
and versatile alternative to reduce unpleasant tastes in the mouth, produced either by the
interaction between food components and saliva components or by the food’s nature [9,10].

Nanoliposomes are carrier systems for bioactive compounds widely used in various
industries, such as cosmetics, pharmaceuticals, and food, as they exhibit excellent bio-
compatibility with biological membranes due to their amphiphilic nature [11]. Recently,
lipid- and polysaccharide-based edible coatings have proven to be an effective strategy
to improve product quality [12]. Biopolymers are considered non-toxic compounds, easy
to modify and optimize, with some, such as hydroxypropyl methylcellulose and kappa
carrageenan, providing structure to food matrices, thus improving their texture [13].

Coatings can be applied to or inside foods using various methods [14–16]. Immersion
is the most common coating method for fresh products, ensuring good uniformity on
complex and rough surfaces. It is also simple and cost-effective. On the other hand,
spraying increases the liquid’s surface by forming small droplets and dispersing them
through a set of nozzles onto the food surface [17,18].

The percentage increase in the weight of the samples coated by immersion was ex-
pressed in Equation (1).

Weight gain (%) =
Initial weight − Final weight

Initial weight
× 100 (1)

For a steady nozzle centrifugal device, the atomization process, characterized by the
mean drop diameter, D, is governed by the following physical parameters [19].

• L: The characteristic dimension of the atomizer, nozzle hole diameter.
• U: The initial relative velocity of the injected suspension and ambient air.
• σ: The surface tension of the coating.
• ρs, ρa: The densities of the coating suspension and air, respectively.
• µs, µa: The dynamic viscosities of the coating suspension and air.

After applying the Buckingham Pi theorem, the following relationship (Equation (2))
is obtained:

D
L

= f
(

Re, We,
ρa

ρs
,

µa

µs

)
(2)

With four dimensionless numbers, the first term corresponds to the Reynolds number,
which represents the ratio of inertial force to viscous force:

Re =
ρUL

µ
(3)

The second term represents the Weber number, which corresponds to the ratio of
inertial force to surface tension force:

We =
U2ρL

σ
(4)

The third and fourth terms represent the density and viscosity ratios of the air and
coating suspension used, respectively.

Combining the first two terms in Equation (2) to eliminate velocity allows obtaining
another dimensionless number, the Ohnesorge number (Oh), which highlights the relative
importance of interfacial viscous and surface tension.

Oh = We
0.5Re

−1 =
µ

(ρσL)0.5 (5)

Studies on determining texture in cheeses include lubricated uniaxial and biaxial
compression tests, which determine extensional and compressional flows [20]. Young’s
modulus and viscosity are essential parameters obtained through lubricated compression
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tests to define the texture of fresh cheeses (FCs) coagulated with commercial acids [21].
Lazárková et al. [22] evaluated the texture of white cheese in brine using stress–strain
graphs corrected against Hencky deformation. Giliel et al. [23] used a double compression
test to determine the hardness, elasticity, cohesion, and chewiness parameters in cheeses
coated with a film-forming solution based on Ziziphus joazeiro fruit pulp.

Biaxial compression tests help determine the texture of hard, semi-hard, and soft
cheeses. They are based on mechanical properties and conducted using specialized equip-
ment. In these tests, the shape of the sample is maintained. At the same time, the contact
area with the plate increases as the height of the sample decreases, thereby determining the
cheese’s behavior in terms of stress and deformation [24,25].

The biaxial extension velocity distribution may be expressed in terms of the Hencky
stress,

.
εh, as follows:

uz = −2
.
εBz =

.
εhz (6)

ur =
.
εBr =

.
εhr
2

(6a)

uθ = 0 (6b)

where

uz = velocity in the z-direction [ms−1];
.
εB =

.
εh/2 = biaxial extensional strain rate [s−1];

ur = velocity in the r-direction [ms−1];
z = axial coordinate [m];
.
εh = Hencky strain rate [s−1];
uθ = velocity in the θ-direction [ms−1].

The compression stress in the vertical direction is as follows:

d
.
εh = −dh

h
(7)

where h = the height that separates the plates [m].
The biaxial extensional strain rate (also called radial extension rate) is equal to half of

the Hencky vertical strain rate [24]:

.
εB =

(
1
2

)
.
εh =

(
− 1

2h

)
dh
dt

=
uz

2(ho − uzt)
(8)

where ho = initial height of the sample [m]; h = height [m]; t = time [s].
The extensional viscosity is calculated from the stretching stress and the strain rate.

ηB = f (t) =
σB
.
εB

=
σB 2(ho − uzt)

uz
(9)

where

ηB = biaxial extensional viscosity [Pa s];
σB = biaxial compression stress [Pa];
.
εB = biaxial extensional strain rate.

The biaxial compression stress (σB) is obtained from the following expression:

σB =
Fh

πRo
2ho

(10)

where

Ro = initial radius of the sample [m];
F = force [N].
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Moreover, and as a complement to the mentioned studies, the composition of the food
is a relevant factor for result analysis, as the content of proteins, fat, water, and carbohy-
drates affects the rheological behavior and, therefore, the textural characteristics [26]. In this
context, the objective of this research was to analyze the biaxial behavior and texture of fresh
cheese coated with nanoliposomes encapsulating grape seed tannins (NTs) and polysaccha-
rides (HPMC and KC) using immersion and spray methods to establish comparisons with
uncoated cheeses and commercial samples, including an accelerated shelf-life study.

Studying texture in coated cheeses is fundamental as it is considered a quality attribute
that influences sensory perception, consumer acceptability, and the cheeses’ characteri-
zation, classification, and processing. Moreover, it provides valuable information for
manufacturers and consumers and contributes to the continuous improvement of dairy
products. The potential benefits associated with the research encompass a general improve-
ment in product quality, strengthening its structure, and adding antioxidant capacity to the
matrix, leading to new products, improvements in food processing, and product shelf life.

2. Materials and Methods
2.1. Materials

Condensed tannin powder with a medium degree of polymerization of 2.5 ± 0.2,
a galloylation degree of 15.5 ± 1.1, and an average molecular weight of 784 ± 61 was
used, sourced from the Enology Laboratory at the Pontifical Catholic University of Chile.
Dimerco Comercial Ltd. provided soy lecithin (Santiago, Chile). Glycerol PA (purity >99%)
and sodium thiosulfate were purchased from Sigma Aldrich (St. Louis, MO, USA). Ethanol
PA from Merck, HPLC-grade methanol (≥99.9%), Trifluoroacetic acid (TFA) from Merck
(Darmstadt, Germany), and Milli-Q water were used as solvents. Kappa carrageenan
(Carragel PGU 5289, Gelymar®, Santiago, Chile) and HPMC (Methocel E19, Dow Wolff
Cellulosics, Bomlitz, Germany) were employed. The liquid rennet CHY-MAX® M200 for
FC preparation was obtained from DILACO (Santiago, Chile).

2.2. Experimental Design

To determine the optimal concentrations of Tween-80 and GLY to be added in the
preparation of nanoliposomes encapsulating tannins (NTs), a multi-level factorial design
with 18 experimental runs was conducted in two blocks [27]. The factors, levels, and
evaluated response variables are presented in Table 1.

Table 1. Multi-level factorial design *.

Factors Low High Levels Units Answer Units

Tween-80 1 1 3 [%] ρ [kg/m3]
GLY 5 5 3 [%] Y [mN/m]

OD [Dimensionless]
* Software STATGRAPHICS Centurion XVI (v.16.1.03), 2022. GLY: glycerol; ρ: density; Y: surface tension; OD:
optical density.

In this experimental design, three levels were considered for the concentrations of
each factor. The evaluated response variables were density, surface tension, and optical
density. The design matrix was generated using the STATGRAPHICS Centurion XVI
software (v. 16.1.03), and the experiments were conducted in random order to minimize
bias. Subsequently, multiple optimizations of the response variables were performed
using the desirability function, where all the variables were maximized. This approach
aimed to enhance the encapsulating material per unit volume, potentially improving the
retention capacity of active compounds. Simultaneously, higher surface tension leads to the
formation of smaller droplets, favoring the uniform dispersion of coating components [28].

Additionally, Tween-80 and GLY concentrations were selected based on their critical
roles in emulsion stability and nanoliposome formation. The decision to focus on these
two factors was supported by previous research indicating their significant impact on
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nanoliposome properties [29]. While other formulation components were not included
in the factorial design, their levels were kept constant based on preliminary experiments
and literature review. This ensured a focused investigation of the main factors affecting
nanoliposome characteristics [30]. This approach allowed for a more efficient exploration
of the key parameters influencing the encapsulation process.

2.3. Nanoliposomes Encapsulating Tannins (NTs)

The formation of NT is based on the methodology described by Jafari et al. [31] with
some specific modifications. An oily phase was prepared, composed of Tween-80, grape
seed oil (OG), GLY, and Milli-Q water. Simultaneously, an aqueous phase containing tannins
in suspension (TS) in citrate buffer (0.1 M at pH 3) was prepared. Subsequently, the aqueous
phase was gradually incorporated into the oily phase using a programmable syringe pump
to control the flow and prevent the formation of aggregates. After incorporation, the
mixture was homogenized using an Ultraturrax (IKA T18, Staufen, Germany) at 10,000 rpm
for 3 min. Then, it underwent 5 min of sonication to obtain liposomes using an ultrasonic
cell disruptor (HIELSCHER UP100H, Teltow, Germany, max. 100 W) with an MS7 Micro
tip 7 sonotrode (7 mm in diameter, 120 mm in length, 130 W/cm2 acoustic power density)
working at 50% amplitude. Empty nanoliposomes (ENs) were used as a control. The
resulting liposomal suspension was stored at 4 ◦C to preserve its stability, and finally, the
efficiency of encapsulation and stability analyses were conducted before its use as the main
ingredient in multilayer edible coatings (MECs).

2.4. Encapsulation Efficiency (EE)

The methodology described by Babazadeh et al. [32] was employed to determine
EE. Two milliliters (2 mL) of NT were centrifuged at 4 ◦C and 14,000 rpm for 1 h (Hanil
Scientific Inc. Supra R22, Gimpo, Republic of Korea) to separate the suspended tannins.
The supernatant was filtered through 0.22 µm syringe filters and deposited in borosilicate
vials for analysis via UHPLC (Thermo Scientific Dionex UltiMate 3000, Waltham, MA,
USA). A C18 column (5 µm, 250 × 4.6 mm, Perkin Elmer, Shelton, CT, USA) and a UV
detector were used for tannin analysis. The mobile phases and gradients employed were as
described by Bianchi et al. [33]. Epicatechin monomer was used as the standard for tannin
quantification, with a calibration curve (5–500 µg/mL, R2 = 0.999). Epicatechin detection
was performed at 280 nm. The EE in percentage was determined in triplicate and calculated
using Equation (11).

EE =
[TE]− [TL]

[TE]
·100 (11)

where

[TE]: The initial concentration of encapsulated tannins, [mg of epicatechin/g of sample].
[TL]: The concentration of free tannins in suspension, [mg of epicatechin/g of sample].

2.5. Stability Study of NT

The stability study of NT was conducted using a LITESIZER 500 particle analyzer
(Anton Paar, Graz, Austria). The analysis included determining the particle size, polydis-
persity index, diffusion coefficient, zeta potential, conductivity, and transmittance for each
sample over a 15-day storage period at 4 ◦C. A backscatter measurement angle of 175◦ was
employed [34,35].

2.6. Film-Forming Suspensions Based on Polysaccharides (FSs)

HPMC and KC were used as polysaccharides to prepare film-forming suspensions.
Milli-Q water was heated to the dissolution temperature of each compound and stirred
magnetically at 1400 rpm for 15 min. After this time, the polysaccharide was slowly
and gradually added in a thin stream until complete dissolution. Once the polymer was
dissolved, it was tempered to 20 ◦C and dispersed using an Ultraturrax at 10,000 rpm for
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5 min. The resulting film-forming suspension was degassed in an ultrasound bath and
stored under refrigeration [36].

2.7. Formation of Multilayer Edible Coatings (MECs)

In this section, we employed the experimental designs previously conducted by our
research group to systematically vary the concentrations of components and optimize
relevant variables for creating multilayer edible coatings (MECs).

The selected NT from the experimental design and the FS-HPMC and FS-KC were
used for the formation of the MEC. The first coating comprised 65% NT and 35% HPMC,
designated as coating A. The second coating was prepared with 75% NT and 25% KC,
designated as coating B. Both A and B were prepared using magnetic stirring at 1400 rpm
and 20 ◦C for 1 h. After this time, the mixture was homogenized using an Ultraturrax at
3000 rpm for 15 s [37].

2.8. Preparation of Fresh Cheese

The methodology described by Nemati et al. [38] was employed to produce fresh
cheese with some modifications. Semi-skimmed cow’s milk was pasteurized at 75 ◦C
for 15 s. After this thermal process, the milk was cooled to 35 ± 2 ◦C, and CHY-MAX®

M200 liquid rennet, derived from Aspergillus niger, and calcium chloride were added.
This inoculation was allowed to rest for 30 min. Afterwards, the coagulum was cut into
approximately 2 cm cubes, and sodium chloride was added to salt the mixture. The
draining and molding process took place in a cheese vat measuring 10 × 10 cm2, with
weight applied, at refrigeration temperature for 24 h.

The commercial samples of goat cheese (GC) and vegan cheese substitute (VC), used
for texture and biaxial behavior comparisons, were purchased from a local supermarket in
Estación Central, Santiago, Chile.

2.9. Comparison with Commercial Samples

This study compares our experimental cheese samples with the commercial samples
of goat cheese and a vegan cheese substitute. This comparison highlights nanoliposome
coatings’ potential advantages and unique properties on the experimental samples. While
it is acknowledged that the commercial samples differ significantly in composition and
were not coated with liposomes, this comparison is still valid and provides meaningful
insights for several reasons.

Firstly, commercial goat cheese and vegan cheese substitutes represent standard bench-
marks in the market. By comparing our experimental samples to these established products,
we can evaluate how the liposome coatings influence key properties such as texture, shelf
life, and nutritional content relative to products consumers are already familiar with. This
helps contextualize the experimental cheese’s performance within the broader market.

Secondly, although the commercial samples were not coated with liposomes, the
comparison allows us to identify specific areas where the liposome coatings offer clear
benefits. For example, improvements in the stability and controlled release of bioactive
compounds in the experimental samples can be directly contrasted with the properties of
the commercial products; this helps demonstrate the added value liposome technology can
bring to cheese production.

Finally, the study aims to pave the way for future research and development. Including
the commercial samples without liposome coatings provides a baseline against which
future studies could compare results when similar coatings are applied to commercial
products. Future research could involve applying nanoliposome coatings to commercial
cheeses and vegan substitutes, allowing for a more direct comparison and validation of the
observed benefits.
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2.10. Proximate Composition

The proximate analysis of the cheeses included the determination of moisture content
through the gravimetric method described in A.O.A.C. 925.45 standard, protein content
using the Kjeldahl method as proposed by A.O.A.C. 990.03 standard, lipid or fat content
through the alkaline hydrolysis methodology described in A.O.A.C. 996.06 standard, and
the total ash content of the samples determined in a muffle furnace at 500 ◦C according to
A.O.A.C. 923.03 standard [39–42]. Carbohydrates were calculated by difference from the
previously obtained data and expressed as a percentage [43].

2.11. Dipping Coating Process

Pieces of fresh cheese were immersed in the coating suspension for 5 s to apply the
MEC to the samples. Subsequently, the coated cheeses were placed on mesh screens to
allow drying at room temperature (20 ◦C) for 1 h. Afterwards, they were transferred
to individual aluminum trays with perforations and stored under refrigeration condi-
tions at a constant temperature of 4 ◦C for six days, following the procedure outlined by
Vasiliauskaite et al. [44].

2.12. Spray Coating Process

In forming an edible layer on the surface of fresh cheese, an experimental approach
based on a pilot spray system was followed, as previously described by Silva-Vera et al. [45].
The liquid flow was controlled using a rotameter connected to the supply line to carry out
this task. The MEC needed for layer formation was prepared in a sealed 2.5-L tank. A
spraying device from Spraying System S.S. Co (model VA67255–60◦ S.S., Glendale Heights,
IL, USA) and air atomizing caps from the same brand (model VF2850–SS) were used to
optimize the process. The experimental tests were conducted at 5 [L/h], 50 [kPa] pressure,
and 0.3 [m] height. This combination of variables was applied to the cheese samples for
20 s. After application, the samples were initially stored at room temperature (20 ◦C) for
1 h for the formation and setting of the edible layer, followed by storage under refrigeration
conditions (4◦ C).

2.13. Lubricated Compression Test

A lubricated compression test was conducted to determine the biaxial behavior of
the samples to minimize friction and ensure extensional deformation. Rectangular prisms
of cheese measuring 5 cm in length × 2 cm in width × 1.5 cm in height were cut and
positioned between two parallel plates lubricated with vegetable oil, attached to a universal
testing machine (Zwick/Roell BDO-FBO.5T5 Texture Analyzer, Ulm, Germany). The
samples underwent biaxial deformation at a constant deformation rate (1 mm/s) and
were compressed to 85% of their initial height. The obtained data files were transferred to
Microsoft Excel® (v.2404/2019) for subsequent curve fitting [46].

2.14. Weight Loss (WL)

The percentage weight loss of the cheeses was determined by subtracting the initial
weight of the cheese from the weights measured at various intervals during storage under
accelerated conditions (30 ◦C), as per Equation (12) [47].

WL =
[Wi]− [Wt]

[Wi]
·100 (12)

where

Wi: The initial weight of the cheese.
Wt: The weight of the cheese at time t.
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2.15. Peroxide Index (PI)

The cheese samples with coatings were subjected to accelerated storage conditions at
30 ◦C for 6 days, following the methodology described by Sánchez-González and Pérez [48].
The peroxide index was determined according to the UNE-ISO 3960-2017 [49] standard for
oils and fats of animal and vegetable origin. A 0.3 [g] sample was weighed and dissolved
in 30 [mL] of acetic acid–chloroform solution (3:2). Subsequently, 3 [g] of potassium iodide
and 500 [µL] of distilled water were added, and the mixture was stirred for 1 min. Then,
30 [mL] of distilled water and 1.5 [mL] of a 1% starch solution were incorporated as an
indicator. Titration was carried out with 0.001 N sodium thiosulfate until a color change
was observed. Blank titration was performed, and the peroxide index was calculated
according to Equation (13).

PI =
(VM − VB)·N·1000

m
(13)

where

PI: Peroxide index expressed in Meq. O2/kg of cheese.
VM: The volume of sodium thiosulfate spent on the sample.
VB: The volume of sodium thiosulfate spent on the blank.
N: The normality of sodium thiosulfate.
m: The mass of cheese used.

2.16. Statistical Analysis

All the assays outlined in this manuscript were conducted in triplicate, and the experi-
mental data obtained were expressed as mean ± standard deviation. Differences among
three or more groups were assessed using ANOVA tests, followed by Tukey’s comparison
tests with a confidence level of 95% (p < 0.05) to establish statistical significance [50]. All
the statistical analyses were performed using the STATGRAPHICS Centurion XVI software,
v.16.1.03 (StatPoint Technologies, Inc., Warrenton, VA, USA).

3. Results
3.1. Multi-Level Factorial Design

During our research, we implemented a multi-level factorial design to optimize nano-
liposome composition (NT) for grape seed oil formulation. Figure 1 displays the estimated
response surface detailing the optimal combination of Tween-80 and GLY. The results
revealed that the optimal concentration of Tween-80 was 2.6%, while that of GLY was 1%
relative to the amount of grape seed oil. These proportions were critical for maximizing the
nanoliposome’s efficacy and stability. Under these optimal conditions, a desirability value
of 0.55 was attained, indicating an ideal combination that maximizes the nanoliposome’s
desired properties. These findings underscore the significance of meticulous component op-
timization in nanoliposome formulation, emphasizing efficiency in encapsulating bioactive
compounds and ensuring the quality and stability of the final product.
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3.2. Encapsulation Efficiency (EE)

Within the scope of our research, we assessed the EE for the epicatechin monomer in
NT derived from grape seed tannin powder, Tween-80, and glycerol. The results unveil a
significant EE, registering at 76 ± 0.03 [%]. This metric attests to the effectiveness of the
encapsulation process, showcasing the nanoliposomes’ capability to retain and safeguard
the epicatechin monomer during formulation.

The notable 76% EE underscores the efficiency of the specific combination of the
components employed in the nanoliposome synthesis. As determined in the earlier multi-
level factorial design, the presence of Tween-80 and glycerol optimizes the desirability
function and contributes significantly to the encapsulation efficiency. The nanoliposomes’
ability to encapsulate the epicatechin monomer with such efficacy is pivotal for ensuring
the stability and bioavailability of the compound across diverse applications, spanning
from the food industry to pharmaceuticals.

These findings reinforce the relevance of precise formulation in nanoliposome synthe-
sis for the efficient encapsulation of bioactive compounds, thus promoting their successful
application across various scientific and industrial domains.

3.3. Stability Study of NT

Table 2 shows the comprehensive results of a stability study conducted on nanolipo-
somes (NTs) throughout a 15-day refrigerated storage period. The mean particle size (MPS),
polydispersity index (PDI), diffusion coefficient, Z-potential, conductivity, and transmittance
parameters play crucial roles in determining the stability and behavior of the nanoparticles in
storage conditions. The results provide valuable insights into the dynamic evolution of NT
characteristics over time, shedding light on their potential applications in diverse fields.
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Table 2. Stability study of NT during the refrigerated storage period *.

Days MPS
[nm] PDI Diffusion Coefficient

[µm2/s]
Z-Potential

[mV]
Conductivity

[mS/cm]
Transmittance

[%]

0 450 ± 3 d 0.299 ± 0.10 d 1.088 ± 0.04 a 30.47 ± 1.89 b 2.98 ± 0.04 c 0.069 ± 0.01 a

1 434 ± 2 c 0.248 ± 0.04 b 1.129 ± 0.05 a 25.58 ± 2.65 a 2.94 ± 0.09 c 0.071 ± 0.02 a

2 356 ± 5 c 0.260 ± 0.05 c 1.375 ± 0.04 b 36.31 ± 2.32 b 2.83 ± 0.08 bc 0.066 ± 0.03 a

3 337 ± 3 b 0.265 ± 0.04 c 1.453 ± 0.07 c 29.38 ± 3.12 ab 2.62 ± 0.02 b 0.071 ± 0.01 a

4 349 ± 4 c 0.238 ± 0.09 ab 1.405 ± 0.05 c 42.66 ± 6.57 c 2.61 ± 0.07 b 0.071 ± 0.02 a

5 345 ± 3 c 0.226 ± 0.09 a 1.420 ± 0.02 c 40.05 ± 2.62 c 2.62 ± 0.09 b 0.069 ± 0.02 a

6 331 ± 5 a 0.259 ± 0.03 c 1.479 ± 0.06 c 28.59 ± 3.03 ab 1.84 ± 0.06 a 0.067 ± 0.04 a

7 319 ± 3 a 0.218 ± 0.05 a 1.537 ± 0.06 d 47.89 ± 5.23 c 2.86 ± 0.03 bc 0.062 ± 0.04 a

8 320 ± 4 a 0.216 ± 0.08 a 1.528 ± 0.01 d 27.93 ± 1.02 ab 2.61 ± 0.07 b 0.065 ± 0.01 a

9 324 ± 3 a 0.254 ± 0.02 c 1.511 ± 0.02 d 27.86 ± 1.14 ab 3.01 ± 0.03 c 0.066 ± 0.03 a

10 329 ± 4 a 0.263 ± 0.06 c 1.227 ± 0.09 a 28.57 ± 0.65 ab 2.69 ± 0.07 b 0.063 ± 0.03 a

11 321 ± 3 a 0.220 ± 0.04 a 1.528 ± 0.09 d 38.03 ± 1.72 a 2.74 ± 0.09 b 0.065 ± 0.02 a

12 324 ± 3 a 0.240 ± 0.06 b 1.432 ± 0.02 c 30.19 ± 0.29 ab 3.02 ± 0.02 c 0.063 ± 0.02 a

13 327 ± 2 a 0.243 ± 0.04 b 1.451 ± 0.04 c 32.65 ± 2.46 b 3.02 ± 0.01 c 0.064 ± 0.01 a

14 329 ± 3 a 0.241 ± 0.03 b 1.585 ± 0.09 d 34.74 ± 1.62 b 2.99 ± 0.03 c 0.064 ± 0.01 a

15 332 ± 2 a 0.242 ± 0.05 b 1.476 ± 0.02 c 37.96 ± 0.08 c 3.00 ± 0.03 c 0.063 ± 0.02 a

* Results are presented as means ± standard deviation. Different letters in the same column indicate significant
differences (p < 0.05). MPS: mean particle size; PDI: polydispersity index.

The data indicate that nanoliposomes exhibit significant stability over the 15 days, with
only minor fluctuations in critical parameters such as MPS, PDI, and Z-potential. This stability
is crucial for their potential use in various industries. For instance, in the pharmaceutical
industry, stable nanoliposomes can be used as drug delivery systems, where consistent particle
size and charge are essential for the effective and controlled release of therapeutic agents [51].
The cosmetic industry can also benefit from these findings, as stable nanoliposomes can
enhance the delivery of active ingredients in skincare products, improving their efficacy and
shelf life [52]. Additionally, in the food industry, nanoliposome stability can be leveraged to
encapsulate and protect sensitive bioactive compounds, such as vitamins and antioxidants,
ensuring their sustained release and enhancing the nutritional profile of food products [53].

These applications underscore the importance of understanding and optimizing nano-
liposome stability under various storage conditions. Future research could explore the
long-term stability of these nanocarriers and their behavior under different environmental
stresses, further broadening their potential industrial applications.

3.4. Proximate Analysis

Table 3 presents the proximate composition of the FC coated with MEC based on NT
and polysaccharides such as HPMC and KC, alongside the commercial GC and VC samples.
Significant variations in moisture, proteins, lipids, ashes, and carbohydrates are observed
among the samples, indicating the coatings’ differential impact on the cheeses’ nutritional
composition. These results provide a crucial starting point for the detailed discussion on
how the properties of the coatings, especially those incorporating nanoliposomes, influence
the composition and characteristics of fresh cheeses and their relevance in comparison to
commercial and vegan products.
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Table 3. Proximate composition of coated cheeses with MEC and studied commercial cheeses *.

Sample Moisture [%] Protein [%] Lipids [%] Ashes [%] Carbohydrates
[%]

FC 57.8 ± 0.4 d 17.9 ± 1.3 c 3.6 ± 0.2 ab 3.1 ± 0.1 c 17.5 ± 1.5 b

FC-NT/HPMC 54.9 ± 0.3 c 19.8 ± 0.3 d 3.0 ± 0.3 a 2.8 ± 0.1 b 19.4 ± 0.4 b

FC-NT/KC 54.2 ± 0.3 c 16.1 ± 0.2 b 4.6 ± 0.1 b 2.6 ± 0.1 a 22.4 ± 0.2 c

GC 47.9 ± 0.2 a 22.2 ± 0.2 e 25.2 ± 0.8 d 3.1 ± 0.1 c 1.7 ± 0.8 a

VC 49.3 ± 0.4 b 2.1 ± 0.1 a 7.4 ± 0.3 c 7.2 ± 0.1 d 33.9 ± 0.4 d

* Results are presented as means ± standard deviation. Different letters in the same column indicate significant
differences (p < 0.05). FC: control fresh cheese; FC-NT/HPMC: fresh cheese coated with nanoliposomes encapsulat-
ing grape seed tannins and hydroxypropyl methylcellulose; FC-NT/KC: fresh cheese coated with nanoliposomes
encapsulating grape seed tannins and kappa carrageenan; GC: goat cheese; VC: vegan cheese substitute.

3.5. Biaxial Behavior of Cheeses Coated with MEC

Figures 2 and 3 depict the results of the biaxial behavior of the cheese samples, de-
rived from the Hencky stress–strain equations when a compressive force is applied in the
vertical direction.
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Figure 2. Biaxial stress rate versus biaxial extensional strain rate for different types of cheese.
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The obtained data provide a detailed insight into how various factors influence the
texture of the cheese samples subjected to biaxial compression. Firstly, the influence of the
coating type becomes apparent, with the NT-HPMC-coated samples requiring a higher
force for deformation compared to those coated with NT-KC.

To model biaxial behavior, a linear fit was applied to the compressive stress curves [Pa]
against time θ [s], represented in Equations (14) and (15), where θ represents the difference
between the compression time and the stabilization of the test. This time adjustment
corresponds to the difference between the actual compression time (t) and, as visualized in
Figure 4, an initial time threshold (t0) passing through the origin.

σ = aθ (14)

σ = a(t − t0) (15)

where

σ: Compressive stress [Pa].
a: The slope of the line [Pa/s].
θ = (t − t0): Difference between the compression time and the initial time threshold [s].

The results of fitting the biaxial behavior curves for different cheese types at a com-
pression rate of 1 mm/s are summarized in Table 4.

Table 4. Fitting results of biaxial behavior curves of cheese samples *.

Sample Velocity [mm/s] A [Pa/s] R2 t0 [s] θ (t − t0) < tR [s]

FC 1 862.43 0.962 0.02 θ < (8.32 − t0)
FC-NT-HPMC-I 1 685.21 0.958 0.02 θ < (8.40 − t0)
FC-NT-HPMC-A 1 1036.8 0.919 0.02 θ < (8.10 − t0)

FC-NT-KC-I 1 769.06 0.941 0.02 θ < (8.45 − t0)
FC-NT-KC-A 1 1083.2 0.895 0.02 θ < (8.50 − t0)

GC 1 1385.8 0.995 0.02 θ < (5.96 − t0)
VC 1 1664.8 0.946 0.02 θ < (7.28 − t0)

* Results are presented as means ± standard deviation. FC: control fresh cheese; FC-NT-HPMC: fresh cheese
coated with nanoliposomes that encapsulate grape seed tannins and hydroxypropylmethylcellulose; FC-NT-KC:
fresh cheese coated with nanoliposomes that encapsulate grape seed tannins and kappa carrageenan; GC: goat
cheese; VC: vegan cheese substitute.

225



Polymers 2024, 16, 1559

Polymers 2024, 16, x FOR PEER REVIEW 12 of 22 
 

 

To model biaxial behavior, a linear fit was applied to the compressive stress curves 
[Pa] against time θ [s], represented in Equations (14) and (15), where θ represents the dif-
ference between the compression time and the stabilization of the test. This time adjust-
ment corresponds to the difference between the actual compression time (t) and, as visu-
alized in Figure 4, an initial time threshold (t0) passing through the origin.  𝜎 = 𝑎𝜃  (14)𝜎 = 𝑎(𝑡 − 𝑡 )  (15)

where 𝜎: Compressive stress [Pa]. 𝑎: The slope of the line [Pa/s]. 𝜃= (𝑡 − 𝑡 ): Difference between the compression time and the initial time threshold 
[s]. 

 
Figure 4. Modeling of the biaxial behavior for different types of cheese at a compression speed of 1 
mm/s. 

The results of fitting the biaxial behavior curves for different cheese types at a com-
pression rate of 1 mm/s are summarized in Table 4. 

Table 4. Fitting results of biaxial behavior curves of cheese samples *. 

Sample Velocity [mm/s] A [Pa/s] R2 t0 [s] θ (t − t0) < tR [s] 
FC 1 862.43 0.962 0.02 θ < (8.32 − t0) 

FC-NT-HPMC-I 1 685.21 0.958 0.02 θ < (8.40 − t0) 
FC-NT-HPMC-A 1 1036.8 0.919 0.02 θ < (8.10 − t0) 

FC-NT-KC-I 1 769.06 0.941 0.02 θ < (8.45 − t0) 
FC-NT-KC-A 1 1083.2 0.895 0.02 θ < (8.50 − t0) 

GC 1 1385.8 0.995 0.02 θ < (5.96 − t0) 
VC 1 1664.8 0.946 0.02 θ < (7.28 − t0) 

* Results are presented as means ± standard deviation. FC: control fresh cheese; FC-NT-HPMC: fresh 
cheese coated with nanoliposomes that encapsulate grape seed tannins and hydroxypropylmethyl-
cellulose; FC-NT-KC: fresh cheese coated with nanoliposomes that encapsulate grape seed tannins and 
kappa carrageenan; GC: goat cheese; VC: vegan cheese substitute. 

Figure 4. Modeling of the biaxial behavior for different types of cheese at a compression speed of
1 mm/s.

3.6. Quality Parameters in Fresh Cheese

Figure 5 reveals information on weight loss in the different cheese samples over six-
day storage under accelerated conditions. The FC sample showed a gradual weight loss,
which is expected due to natural dehydration during ripening. The low weight loss value
suggests that the uncoated FC maintains predictable weight loss over time.
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Figure 5. Weight loss for samples of cheeses coated with MEC and commercial cheeses versus storage
time under accelerated conditions.
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Furthermore, the peroxide index indicates the amount of peroxides (oxidizing com-
pounds) present in a sample. It is commonly used as an indicator of the rancidity or
oxidation of a product. The results presented in Table 5 provide a detailed insight into how
the peroxide index evolves in the different cheese samples over a six-day storage period
under accelerated conditions.

Table 5. Peroxide index expressed in Meq. O2/kg of cheese in a storage period under accelerated
conditions *.

Days

Sample 0 1 2 3 4 5 6

FC 2.2 ± 0.2 b 3.2 ± 0.2 b 3.7 ± 0.3 b 5.1 ± 0.4 b 5.7 ± 0.4 c 6.5 ± 0.2 c 9.1 ± 0.4 c

FC-NT-HPMC-I 0.7 ± 0.3 a 0.8 ± 0.2 a 1.4 ± 0.2 a 1.7 ± 0.3 a 1.9 ± 0.2 a 1.8 ± 0.5 a 2.8 ± 0.5 ab

FC-NT-HPMC-A 0.8 ± 0.5 a 1.4 ± 0.2 a 1.6 ± 0.2 a 1.7 ± 0.3 a 1.8 ± 0.2 a 1.9 ± 0.4 a 2.2 ± 0.4 a

FC-NT-KC-I 1.0 ± 0.3 a 1.4 ± 0.5 a 1.8 ± 0.2 a 2.0 ± 0.3 a 2.1 ± 0.2 a 3.0 ± 0.3 b 3.1 ± 0.5 ab

FC-NT-KC-A 1.2 ± 0.2 ab 1.3 ± 0.3 a 1.9 ± 0.4 a 2.1 ± 0.2 a 2.3 ± 0.3 a 3.2 ± 0.4 b 3.9 ± 0.6 b

GC 2.2 ± 0.4 b 3.0 ± 0.3 b 3.4 ± 0.2 b 4.2 ± 0.5 b 4.7 ± 0.3 b 6.2 ± 0.2 c 9.4 ± 0.4 c

VC 2.1 ± 0.5 b 3.0 ± 0.3 b 3.7 ± 0.3 b 4.8 ± 0.4 b 6.9 ± 0.2 d 7.9 ± 0.5 d 9.7 ± 0.3 c

* Results are presented as means ± standard deviation. Different letters in the same column indicate significant
differences (p < 0.05). FC: control fresh cheese; FC-NT-HPMC: fresh cheese coated with nanoliposomes that encap-
sulate grape seed tannins and hydroxypropylmethylcellulose; FC-NT-KC: fresh cheese coated with nanoliposomes
that encapsulate grape seed tannins and kappa carrageenan; GC: goat cheese; VC: vegan cheese substitute.

4. Discussion
4.1. Multi-Level Factorial Design

The observed outcome underscores the pivotal roles played by both Tween-80 and
GLY in optimizing the desirability function value. Glycerol, known for its humectant and
plasticizing properties, emerges as a critical component [54]. Its inclusion enhances the film-
forming capacity and texture of the MEC. Glycerol’s humectant properties contribute to
moisture retention, a feature particularly beneficial for preserving freshness in cheese prod-
ucts. Moreover, its plasticizing characteristics augment the overall flexibility and pliability
of the MEC, contributing to improved film integrity. These attributes are of paramount
importance for the successful application of MEC in fresh cheese production, where fac-
tors such as texture, film-forming capacity, and moisture retention play crucial roles in
determining the quality and shelf life of the product. Thus, the synergy between Tween-80
and glycerol emerges as a strategic formulation approach, optimizing both functional and
organoleptic attributes for enhanced applicability in fresh cheese manufacturing.

4.2. Encapsulation Efficiency (EE)

The observed enhancement in EE with the application of ultrasound suggests a no-
table facilitation of the encapsulation process for smaller units of condensed tannins, as
highlighted by the findings of Rosales et al. [55]. Ultrasound, known for its ability to induce
controlled cavitation and enhance mass transfer, likely plays a pivotal role in promoting the
encapsulation of these smaller tannin units, resulting in the heightened efficiency observed
in our study.

Furthermore, the influence of citric acid, a tricarboxylic acid, on encapsulation is note-
worthy. As a crystalline solid under normal conditions, citric acid’s high solubility in water
becomes a critical factor in forming encapsulation complexes with epicatechin compounds
during the NT fabrication process, as discussed by Munin et al. [56]. The hydroxyl group’s
positioning at position 3 in epicatechin introduces subtle molecular interactions within the
encapsulation matrix. These interactions, along with the three-dimensional structure of the
molecule, potentially contribute to variations in EE, as proposed by Li et al. [57].

Regarding the interaction between lipidic particles (NTs) and carbohydrate polymers,
it is essential to acknowledge that these interactions can be complex and somewhat un-
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predictable due to the heterogeneous nature of the nanoliposome matrix. However, these
intricate interactions may play a crucial role in imparting stability to the coating.

The reported EE values align with prior studies demonstrating high EE for nanolipo-
somes loaded with diverse bioactive compounds, such as alpha-linolenic acid (ALA), an
omega-3-rich fatty acid, and polyphenols like naringin and naringenin [58–60]. The consis-
tency in EE values across different studies underscores the robustness of the nanoliposome
platform for encapsulating a broad range of bioactive compounds, showcasing its potential
for diverse applications in the delivery of therapeutic and nutritional agents.

4.3. Stability Study of NT

The stability study of NT revealed several dynamic interactions between its compo-
nents, shedding light on their role in maintaining the nanoliposome’s stability. The observed
fluctuations in key parameters provide valuable insights into the complex interplay of
factors influencing nanoliposome behavior during refrigerated storage.

The mean particle size (MPS) fluctuations observed in the initial days, followed by
stabilization around 331 ± 5 [nm] by day 6 (as shown in Table 2), may be indicative of an
equilibrium point reached in the aggregation–disaggregation processes of the nanopar-
ticles [61]. The dynamic nature of nanoliposome interactions can result in variations in
MPS, and the observed stabilization could suggest a balance between aggregation and
disaggregation phenomena [62].

Furthermore, the interactions between lipidic particles (NTs) and carbohydrate poly-
mers, such as HPMC and KC, which constitute the multilayer edible coatings (MECs),
play a crucial role in coated nanoliposome stability. The hydrophobic–hydrophilic balance
between the lipidic particles and the polysaccharide matrix influences the nanoliposome’s
overall stability by affecting their aggregation–disaggregation dynamics and surface charge
properties [63].

The polydispersity index (PDI) values, consistently within a moderate range, indicate
the relatively uniform dispersion of particle sizes. The stability in PDI implies that the
nanoliposomes maintained a relatively homogenous size distribution over the refrigerated
storage period [64].

The peak in the diffusion coefficient on day 2, indicating enhanced particle move-
ment or diffusion, provides valuable insights into the mobility of nanoliposomes. This
understanding can significantly impact their behavior in various applications such as drug
delivery or catalysis [65].

The Z-potential values, representing the surface charge of NT, declined until day eight
before stabilizing. Changes in Z-potential can influence the stability of colloidal systems,
and the observed variations suggest alterations in the electrostatic interactions governing
nanoliposome stability [66]. Further investigations into the factors influencing surface
charge dynamics could enhance our understanding of nanoliposome behavior.

The conductivity fluctuations, which reached a minimum on day 7, could potentially
indicate alterations in the ionic strength or conductivity of the surrounding media. These
variations might be attributed to changes in the nanoliposome’s environment, such as
interactions with the storage medium or potential surface modifications [67].

The transmittance values remained stable, indicating the maintenance of optical clar-
ity [68]; this is crucial for applications involving transparent or translucent materials, and
the consistent transmittance values suggest the preservation of the NT optical properties
over the storage period.

These results suggest a dynamic interplay of factors influencing nanoliposome stability
during refrigerated storage. The observed fluctuations in key parameters highlight the need
for a nuanced understanding of the specific interactions between the components of the MEC
and their effects on the coated nanoliposome stability. Further mechanistic insights into these
interactions will enhance our understanding of nanoliposome behavior and facilitate the
development of more stable and efficient nanocarrier systems for various applications.
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4.4. Proximate Analysis

The proximate composition of the analyzed cheeses reveals statistically significant
differences (p < 0.05) among the studied samples. The uncoated control cheese (FC) exhibits
a high moisture content (57.81% ± 0.40), characteristic of its fresh and unripened nature,
retaining a higher water content during its manufacturing process [69]. In contrast, GC
displays the lowest moisture content (47.92% ± 0.24). This lower moisture content is likely
due to the different properties of rennet curds from goat’s milk compared to cow’s milk
used in FC, which typically results in a firmer texture [70]. The specific ripening times for
the commercial cheese samples should also be considered, as they also influence moisture
content and texture. For instance, the commercial GC typically undergoes a ripening period
of approximately 4 to 6 months, compared to the FC, which does not undergo a significant
ripening process [71].

Regarding protein content, GC shows the highest concentration (22.17% ± 0.22),
attributable to the higher proportion of proteins typically found in goat milk compared
to the cow’s milk used in FC [72]. The coated cheese FC-NT/HPMC also exhibits a
significant (p < 0.05) protein content (19.82% ± 0.32), potentially linked to the coating and
the components used in its production.

Goat cheese stands out for its high lipid content (25.17% ± 0.77), characteristic of
goat cheeses rich in fat, contributing to its creamy texture and flavor [73,74]. The coated
cheese FC-NT/KC also shows a significant (p < 0.05) lipid content (4.61% ± 0.07), possibly
influenced by grape seed tannins and the properties of kappa carrageenan in retaining fat
in the cheese.

The ash content in cheese is related to the presence of minerals and inorganic com-
pounds. Both FC and GC display a notable ash content, possibly due to the mineral
composition of the milk used. In contrast, the coated cheeses FC-NT/HPMC and FC-
NT/KC show lower ash levels. The reduction in ash content could be due to the interaction
between the coating materials and the mineral components in the cheese. The polysaccha-
rides in the coatings might bind to certain minerals, thereby reducing their availability or
solubility, which can lead to lower ash content in the final product [75].

Furthermore, the cheese substitute (VC) stands out for its high carbohydrate content
(33.98% ± 0.37), attributable to the use of plant-based ingredients instead of dairy [76].
These variations in the proximate composition of the cheeses indicate how the nature of
ingredients and manufacturing processes influence the composition and, consequently, the
physical properties of cheeses.

The introduction of MEC made with NT and polysaccharides such as HPMC and KC
seems to have variable effects on the composition, suggesting the need for further research
to understand better its influence on the quality and nutritional value of cheeses.

4.5. Biaxial Behavior of Cheeses Coated with MEC

The results provide a detailed insight into how various factors influence the texture
of the biaxially compressed cheese samples. Firstly, the apparent influence of the type of
coating is highlighted, where the samples coated with NT-HPMC required a significantly
higher deformation force compared to those coated with NT-KC [77,78]. This discrepancy
is attributed to the intrinsic properties of the polysaccharides used in the coatings, showing
that HPMC tends to generate more rigid coatings in contrast to KC, which provides
more elastic coatings. Additionally, carrageenan in the coatings appears to accelerate the
deformation rate, possibly due to its gelling properties and water-retention capacity [79].

Another finding relates to the coating application method, where the samples coated
by immersion require a higher deformation force than those coated by spraying [80]. This
difference is mainly attributed to the coating thickness, as immersion results in a thicker
layer that demands additional force for deformation. In this regard, the application method
emerges as a critical factor in the rheological behavior of the samples.

Compared to laboratory-made cheeses, A significant difference is observed in the
biaxial extensional stress between the commercial cheeses GC and VC [81,82]. This disparity

229



Polymers 2024, 16, 1559

could result from variations in the dairy and non-dairy matrices used, the production
process, and the days of maturation before acquiring commercial samples.

Analyzing the biaxial extensional viscosity of coated and control cheeses reveals a
pseudoplastic behavior in several samples, suggesting a decrease in viscosity as Hencky’s
deformation rate increases [20]. This behavior is attributed to the coatings’ structure
and composition, which are more pronounced in the samples coated by immersion. The
observed differences between the immersion and spray-coated samples are associated with
the uniformity of the coating and the formation of a stable biopolymer network [83].

Furthermore, the commercial cheeses GC and VC exhibit higher biaxial extensional
viscosity, which is attributed to the proximal composition of the samples. Higher lipid and
carbohydrate contents provide structure to the food, requiring more effort for deformation.

The analysis of compression stress highlights the unique response of each cheese type.
The control FC shows a slope of 862.43 [Pa/s], indicating a relatively quick response to
compression [84]. Moreover, the high coefficient of determination (R2) of 0.962 suggests an
excellent fit quality of the linear model. This could be related to the typical soft and moist
texture of this type of cheese, which deforms and yields to compression more quickly.

On the other hand, GC exhibits the highest slope, with a value of 1385.8 [Pa/s] and an
R2 of 0.995; this indicates a swift response to compression and excellent model fit quality.
Due to their prolonged maturation process, the dense and firm texture of goat cheeses
could be related to this rapid response, as the cheese effectively resists compression [85].
VC shows a similar behavior, suggesting a quick response and a good model fit. The texture
of vegan cheeses generally resembles that of harder cheeses, which could explain this fast
response to compression [86].

The cheeses coated by immersion with NT and polysaccharides FC-NT/HPMC-I
and FC-NT/KC-I also show considerable slopes of 685.21 and 769.06 [Pa/s], respectively.
These results suggest that nanoliposome and tannin coatings can influence the mechanical
response of cheeses, possibly related to the interaction of these ingredients in the cheese
matrix [22]. In the case of the cheeses coated by spray with NT and polysaccharides FC-
NT-HPMC-A and FC-NT-KC-A, the slopes indicate even faster responses. These results
could be related to the specific properties of nanoliposomes and KC, affecting coated
cheeses’ texture and compression response. The results suggest that immersion application
may moderate the mechanical response of cheese; on the contrary, spraying presents a
faster mechanical response, thus providing the cheese with a coating texture that resists
compression more firmly [87].

Overall, these findings underscore the importance of carefully considering the compo-
sition of coatings, the type of carrageenan, the coating application method, and the type of
cheese in the formulation of food products. A deeper understanding of texture is essential
for developing food products with desired properties and ensuring the product’s quality.
These findings provide valuable guidelines for optimizing formulations and processes in
the food industry.

4.6. Quality Parameters in Fresh Cheese

The samples coated with HPMC, either by immersion (FC-NT-HPMC-I) or spraying
(FC-NT-HPMC-A), exhibit significantly less weight loss compared to the uncoated control
(FC). However, it is observed that immersion results in slightly higher weight loss than
spraying, which may be due to increased moisture retention in the spray-coated sam-
ples [88]. The low weight loss values in both the NT-HPMC-coated samples suggest that
applying NT-HPMC provides consistency in moisture retention over time. Similarly, sam-
ples coated with KC, either by immersion (FC-NT-KC-I) or spraying (FC-NT-KC-A), also
experience less weight loss compared to the control cheese (FC). The choice of application
method again influences the magnitude of weight loss, with immersion resulting in slightly
higher loss than spraying.

Lastly, the samples from commercial cheeses (GC and VC) exhibited weight loss over
the six days. However, this weight loss is significantly lower than the control cheese (FC).
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This difference could be related to variations in commercial cheeses’ proximal composition
and manufacturing process compared to FC.

In summary, these findings underscore the effectiveness of coatings with NT-HPMC
and NT-KC in reducing weight loss compared to the uncoated cheese [89].

In the case of FC, a progressive increase in the peroxide index is observed over time.
This increase suggests that lipids present in FC are undergoing an oxidation process.
The variability in peroxide values, indicated by the rising standard deviation, suggests
that oxidation may vary between individual samples, possibly due to differences in lipid
quantity, oxygen levels, or cheese storage conditions [90].

NT-HPMC and NT-KC coatings, applied by immersion and spraying, clearly demon-
strate antioxidant effects in reducing peroxide formation in cheese during storage. This
antioxidant effect is attributed to the ability of these coatings to act as physical barriers,
limiting the exposure of cheese lipids to environmental oxygen and the presence of tannins,
which are gradually released from the coating [91]. The cheese coated with NT-HPMC stands
out for maintaining consistent antioxidant protection over time, suggesting constant effec-
tiveness. On the other hand, NT-KC is also effective but shows more significant variability in
peroxide values and standard deviations, which could be due to specific sample factors. The
choice between NT-HPMC and NT-KC may depend on the desired consistency in antioxidant
protection and other specific factors related to the product or manufacturing process.

Furthermore, the samples from commercial cheeses GC and VC also exhibit lower
peroxide indices than FC, suggesting that these commercial cheeses have been formulated
or processed to reduce peroxide formation. This reduction could be attributed to selecting
ingredients (additives) and manufacturing methods that minimize exposure of cheese lipids
to oxygen. The low variability in peroxide values and lower standard deviations indicate
that these commercial cheeses maintain consistent quality and are less prone to oxidation.

5. Conclusions

During the analysis of the proximal composition, significant differences (p < 0.05) were
observed in the contents of moisture, proteins, lipids, ash, and carbohydrates between
cheeses coated with nanoliposomes (FC-NT/HPMC and FC-NT/KC) and commercial
cheeses (GC and VC). Particularly noteworthy is the significantly high protein content of
19.82% ± 0.32 in the FC-NT/HPMC coated cheese, indicating a potential influence of the
coating and its components on its production.

The analysis of biaxial behavior revealed that coating, application method, and cheese
type significantly influenced texture and compression response, with biaxial extensional
viscosity values ranging from 1036 to 1083 [Pa·s]. Furthermore, MEC exhibited antioxidant
properties by reducing peroxide formation by 75% compared to the uncoated cheese,
limiting weight loss to below 5% during refrigerated storage.

In terms of quality parameters, the nanoliposome coatings (NT-HPMC and NT-KC)
proved effective in significantly reducing (p < 0.05) weight loss and acted as antioxidant
barriers, limiting peroxide formation during storage. This antioxidant effect was attributed
to the ability of these coatings to act as physical barriers and the progressive release of
tannins. The commercial cheeses also showed less susceptibility to oxidation, emphasizing
the importance of formulation and processing in the final product’s quality.

These results underscore the complexity of the interaction between coatings, cheese
composition, and processing methods, emphasizing the need to carefully consider these
factors to develop food products with desired properties and ensure quality.
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Abstract: This study investigates the equilibrium state diagram of maltodextrins with varying
dextrose equivalents (DE 10 and 30) for quercetin microencapsulation. Using XRD, SEM, and optical
microscopy, three transition regions were identified: amorphous (aw 0.07–0.437), semicrystalline
(aw 0.437–0.739), and crystalline (aw > 0.739). In the amorphous region, microparticles exhibit a
spherical morphology and a fluffy, pale-yellow appearance, with Tg values ranging from 44 to
−7 ◦C. The semicrystalline region shows low-intensity diffraction peaks, merged spherical particles,
and agglomerated, intense yellow appearance, with Tg values below 2 ◦C. The crystalline region
is characterized by fully collapsed microstructures and a continuous, solid material with intense
yellow color. Optimal storage conditions are within the amorphous region at 25 ◦C, aw 0.437, and
a water content of 1.98 g H2O per g of dry powder. Strict moisture control is required at higher
storage temperatures (up to 50 ◦C) to prevent microstructural changes. This research enhances
understanding of maltodextrin behavior across diverse dextrose equivalents, aiding the development
of stable microencapsulated products.

Keywords: quercetin microencapsulation; maltodextrins; dextrose equivalents; equilibrium state
diagram; storage conditions

1. Introduction

Food polymers are polymeric materials that can be safely consumed by humans,
animals, or microorganisms [1]. These materials are categorized into polysaccharides,
proteins, and lipids. The use of food polymers has become increasingly significant in
the development of functional food products, including food packaging and nutrient
protection. Additionally, they are pivotal in biomedical applications such as controlled drug
delivery, tissue engineering, and wound coatings [2,3]. Compared to synthetic polymers,
food polymers offer notable advantages, including biodegradability, biocompatibility, and
recyclability [4,5].

Currently, the growing interest in nutrition and health has driven the development of
foods that not only meet basic dietary needs but also provide additional health benefits [6].
This trend has led to the creation of functional foods, which fulfill nutritional requirements
while positively impacting one or more bodily functions. These foods can also play a
preventive role by reducing risk factors associated with various diseases [7]. In addition
to these health benefits, it is crucial that food products maintain their properties such as
nutritional value, taste, texture, and safety under various external environmental conditions.
The primary goal of food conservation is to prolong the shelf life of food, ensuring that
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it remains safe and enjoyable to consume over an extended period [8]. The main factors
affecting shelf life are as follows: (i) the storage conditions, such as temperature, humidity,
and light exposure; (ii) the type of packing for protecting the product from the environment;
(iii) the stability and composition of the ingredients used in the product; (iv) processing
methods used for reducing sources of degradation such as pasteurization, sterilization, and
dehydration; (v) the use of chemical or natural preservatives can help prolong shelf life. By
understanding and optimizing these factors, manufacturers can ensure that their products
remain high-quality and safe for consumption over a longer period.

State diagrams are graphical representations that depict the different states of a sub-
stance or mixture under varying conditions of temperature, pressure, and composition [9].
In the context of food stability, these diagrams are essential for understanding and pre-
dicting the behavior and stability of food materials under different environmental condi-
tions [10]. State diagrams typically include the following components: isotherms, tempera-
ture at which they were constructed, water activity, moisture content, and glass transition
temperature [11]. By analyzing a state diagram, it is possible to determine the optimal
moisture content and temperature for storing dehydrated products to prevent microbial
growth [10]. Additionally, the diagram can reveal the conditions under which the product
will transition from a glassy to a rubbery state, indicating potential risks for caking or
loss of crispness [12]. Understanding the relationships between temperature, moisture
content, and other factors through state diagrams allows for the development of more
effective preservation, storage, and processing techniques. This ultimately leads to safer
and longer-lasting food products.

Maltodextrins are polysaccharides derived from starch through a process called partial
hydrolysis, which breaks down the starch into smaller carbohydrate molecules [13]. These
molecules are composed of glucose units linked together in chains of varying lengths [14].
Their structure and properties are determined by the degree of polymerization (DP) and
the extent of hydrolysis, reflected in the dextrose equivalent (DE). DE is a measure of the
amount of reducing sugars present in a sugar product, expressed as a percentage on a dry
basis relative to pure dextrose (glucose), which has a DE value of 100. It quantifies the
degree of hydrolysis of starch into glucose and other reducing sugars. A higher DE value
indicates a greater degree of starch hydrolysis, resulting in shorter chains of glucose units
and higher sweetness. Maltodextrin refers to hydrolysates with DE values ranging from
3 to 20, whereas those with DE values above 20 are classified as glucose syrups. Due to
their abundant hydroxyl (–OH) groups and branching structures, maltodextrins are highly
soluble in water, making them easy to incorporate into different formulations [15,16]. In
the food and beverage industry, maltodextrins serve multiple purposes. They enhance
texture, act as bulking agents, and stabilize products [17]. Typically, they are white, odorless
powders with a neutral to slightly sweet taste, depending on their degree of polymerization.
Similar to other carbohydrates, maltodextrins provide about four calories per gram [18].
There is an empirical rule that inversely relates the DP to the DE (DP = 120/DE), indicating
that as the DE increases, the DP decreases. For example, maltodextrins with DE values
of 10 and 30 have estimated DP values of 12 and 4, respectively. Maltodextrin with a DE
of 10 consists predominantly of long-chain oligosaccharides composed of glucose units,
with largely linear chains and some degree of branching. In contrast, maltodextrin with
a DE of 30 is composed of shorter chains of glucose units, resulting from more extensive
hydrolysis, leading to a higher proportion of short oligosaccharides and even monosaccha-
rides. The DE value impacts properties such as solubility, sweetness, and viscosity, with
lower DE maltodextrins being less soluble, less sweet, and more viscous, while higher
DE maltodextrins are more soluble, sweeter, and less viscous, making them suitable for
different industrial applications. Overall, maltodextrins are versatile and valuable additives
in various applications due to their solubility, neutral flavor, and functional properties.

Maltodextrins are widely used as microencapsulating agents in the food, pharma-
ceutical, and cosmetic industries [19–21]. Microencapsulation is a process where active
ingredients or sensitive compounds are coated with a protective material to improve their
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stability, control release, and enhance their handling properties [22,23]. Their use in encap-
sulating flavors, vitamins, probiotics, colorants, pharmaceuticals, and cosmetic ingredients
highlights their importance in improving product quality and functionality [24]. For ex-
ample, Saavedra-Leos et al. [25] studied a set of four maltodextrin powders with varying
DE and DP, all processed via spray drying. Their findings revealed a direct relationship
between DE and DP, with the degree of polymerization emerging as a better parameter for
describing the microstructure of maltodextrins. Later, Saavedra-Leos et al. [26] compared
the performance of maltodextrin and inulin as microencapsulating agents for antioxidants
contained in blueberry juice. The study reported that after spray drying, the maltodextrin
powder retained a higher concentration of antioxidants, demonstrating superior perfor-
mance in preserving these valuable compounds. In this context, it was found that for
spray drying orange juice with maltodextrin as the carrier agent, the microstructure of
the powders obtained using maltodextrins with a DE of less than 30 was stable and did
not collapse. This was observed as a white, non-agglomerated powder [27]. Based on the
DE, the type of maltodextrin plays a significant role in the yield and antioxidant content
of microencapsulated products obtained through spray drying. Maltodextrins with a DE
of less than 10 demonstrated higher content and yield values compared to those with DE
of 20 and 40 for both quercetin and resveratrol [28,29]. Maltodextrins have been used as
carrier agents in the drying of other juices, such as broccoli and strawberry juices, where
the properties of these juices, including aroma, color, and composition, were preserved in
the resulting dry powders [30,31]. Additionally, the effects of maltodextrin–inulin blends
on the preservation of antioxidants and probiotics have been reported [32]. Recently, an
equilibrium state diagram for a functional powdered food based on one of these mixtures
(25% maltodextrin and 75% inulin) was documented [33]. From this diagram, optimal stor-
age conditions to extend shelf life were identified. These conditions include a monolayer
water content of 2.79 g of water per 100 g of dry powder and a storage temperature slightly
above 30 ◦C. However, to the best of our knowledge, an equilibrium state diagram for
maltodextrin has not been reported, nor has the effect of DE on this diagram been explored.

Therefore, the aim of this investigation is to develop a functional food with techno-
logical application that also provides antioxidant properties, utilizing spray drying as a
microencapsulation technique. For the production of the functional powdered food, mal-
todextrins with varying degrees of dextrose equivalent (DE) were enriched with quercetin
as the antioxidant agent. Equilibrium state diagrams for the microencapsulated product
(quercetin/maltodextrin) will be employed to understand its behavior under specific en-
vironmental conditions (storage temperature and humidity) and to delineate the precise
conditions essential for preserving food stability and ensuring the sustained efficacy of the
antioxidant properties within the product.

2. Materials and Methods
2.1. Materials

Two commercial maltodextrins with different DE values, DE 10 and DE 30, were used
(≥99% purity, Ingredion, Mexico city, Mexico). The antioxidant employed was quercetin
(≥95% purity, Merck, Toluca, Mexico). The adsorption isotherms were developed using
microenvironments with different relative humidity. This was achieved using the following
inorganic salts: sodium hydroxide (NaOH), potassium acetate (CH3COOK), magnesium
chloride (MgCl2), potassium carbonate (K2CO3), magnesium nitrate (Mg(NO3)2), sodium
nitrate (NaNO3), potassium chloride (KCl), and potassium sulfate (K2SO4) (≥99% purity,
Fermont, Monterrey, Mexico).

2.2. Methods
2.2.1. Spray Drying

For the microencapsulation of the antioxidant, spray drying was employed. A 100 mL
feed solution was prepared using 20 g of the respective carrier agent (Maltodextrin DE 10
or DE 30), 1 g of quercetin, and distilled water. The microencapsulation process was carried
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out using a Mini Spray Dryer B290 (BÜCHI, Labortechnik AG, Flawil, Switzerland) under
the following conditions: a feed flow rate of 7 cm3/min, a hot air flow rate of 28 m3/h,
70% aspiration, and a pressure of 1.5 bar. Based on the findings reported by Saavedra-Leos
et al. (2022), an inlet temperature of 210 ◦C was selected to achieve the highest antioxidant
activity in the resulting product [32].

2.2.2. Sorption Isotherms

Sorption isotherms were determined using the static gravimetric method as proposed
by Labuza et al. [34]. The moisture content of the obtained products was measured using
the oven-drying method [35]. Approximately 2 g of dried food product powder were
placed into closed glass containers, comprising different saturated reagents to achieve the
desired water activity (aw) at equilibrium. The reagents used and the corresponding aw
achieved were NaOH (0.070), CH3COOK (0.225), MgCl2 (0.329), K2CO3 (0.437), Mg(NO3)2
(0.531), KCl (0.739), NaCl (0.84), and K2SO4 (0.96). The incubation temperature was set
at 25 ◦C, reflecting the typical room temperature in storage warehouses. Weights were
recorded every 24 h until a constant weight was achieved, defined by a difference of
±0.001 g between two consecutive weightings. The isotherms were constructed based on
the water activity data and the equilibrium moisture content of the evaluated samples. The
mathematical models used to describe sorption behavior are presented in Table 1.

Table 1. Mathematical models used to describe sorption behavior of dry food products.

Model Name Model and Describing Parameters

GAB

Xe = XmCKaw
(1−Kaw)(1−Kaw+CKaw)

Xe = equilibrium water content (g H2O/g dry mass)
Xm = equilibrium monolayer water content (g H2O/g dry mass)

aw = water activity
K and C = model constants

BET

Xe = XmCaw
(1−aw)(1+(C−1)aw)

Xe = equilibrium water content (g H2O/g dry mass)
Xm = equilibrium monolayer water content (g H2O/g dry mass)

aw = water activity
C = model constant

2.2.3. Antioxidant Activity (AA)

The functional powdered food was evaluated for its hydrogen-donating or radical-
scavenging activity using 2,2-Diphenyl-1-picrylhydrazyl (DPPH) as the standard. A mix-
ture of 1.7 mL of an alcoholic DPPH solution (0.1 mmol DPPH) and 1.7 mL of a microencap-
sulated suspension at a concentration of 30 µg/mL was prepared. The mixture was left to
stand in the dark for 30 min, and the absorbance was measured at 537 nm using a UV-Vis
Evolution 220 spectrophotometer (Thermo Scientific, Waltham, MA, USA). Measurements
were performed in triplicate after the spray drying process and during storage under
different humidity conditions.

2.2.4. Physicochemical Characterization

To characterize the microstructure of the functional food product, X-ray diffraction
(XRD) analysis was performed. This was conducted using a D8 Advance ECO diffractome-
ter (Bruker, Karlsruhe, Germany) equipped with Cu-Kα radiation (λ = 1.5406 Å), operating
at 45 kV and 40 mA in Bragg–Brentano geometry. Scans were conducted over a 2θ range of
5◦ to 50◦, with a step size of 0.016◦ and a scan time of 20 s per step.

Morphological analysis was carried out with a field emission scanning electron micro-
scope (FESEM) (JEOL JSM-7401F, Tokyo, Japan) at an acceleration voltage of 2 kV. Powder
samples were spread on double-sided conductive copper tape and coated with a thin gold
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layer using a sputter coater (Denton Desk II, Denton, TX, USA) to minimize charging effects.
Images were captured at various magnifications: 500×, 1000×, 2500×, and 5000×.

The glass transition temperature (Tg) was determined following the procedure out-
lined by Saavedra-Leos et al. [36]. A Q200 modulated differential scanning calorimeter
(MDSC) (TA Instruments, Lukens Drive, New Castle, DE, USA), equipped with an RCS90
cooling system, was utilized. The calorimeter was calibrated for temperature and enthalpy
using indium, and for heat capacity using sapphire. Nitrogen gas of HPLC-grade purity
was used as the purge gas at a flow rate of 100 mL/min. Approximately 10 mg of each
sample was placed in sealed Tzero™ aluminum pans. The thermal program involved
heating and cooling cycles with a modulation period of 40 s and an amplitude of 1.5 ◦C.
The temperature range was set from −35 to 240 ◦C.

3. Results
3.1. Sorption Isotherms at 25 ◦C

Figure 1A presents the adsorption isotherm for the quercetin–maltodextrin sample
with a DE of 10 (Q-MX10) stored at 25 ◦C. The experimental equilibrium moisture content
values (squared data points) for the functional food product were fitted using the GAB and
BET mathematical models (solid lines).
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MX10 (DE 10); (B) Q-MX30 (DE 30). 

3.2. Physicochemical Characterization 
Figure 2 presents the X-ray diffraction patterns of samples Q-MX10 and Q-MX30 after 

being subjected to different moisture adsorption conditions at 25 °C. Generally, the dif-
fractograms exhibited similar behavior, featuring a broad peak around 18° and several 
low-intensity diffraction peaks at 11°, 12.5°, 16°, and 27°. The broad peak is characteristic 
of amorphous maltodextrin, while the low-intensity diffraction peaks are associated with 
the crystallization of quercetin [32,33]. However, for the Q-MX10 sample stored at an aw 
of 0.840, there was a notable decrease in the intensity of the broad peak at 18° and the 
emergence of high-intensity diffraction peaks at 2θ angles of 16°, 17.5°, 18°, and 28°. In 
contrast, the Q-MX30 sample stored at the same aw displayed different behavior, showing 
the appearance of a high-intensity peak at 17°, the disappearance of the broad peak at 18°, 
and the emergence of relatively low-intensity diffraction peaks between 15° and 20° and 
at 24°. This reduction in diffraction intensity at 18° is linked to the effect of absorbed water, 
which promotes crystallization. This suggests that the microstructure of both MD10 and 
MD30 undergoes changes in stability at high aw values, transitioning from a glassy solid 
state to a crystalline solid state. Ballesteros et al. [44] conducted a comparative study on 
the encapsulation of antioxidant phenolic compounds extracted from coffee using both 
lyophilization and spray drying methods. Regarding the XRD analysis of samples using 
maltodextrin as a carrier agent, they found a very low degree of crystallinity. The samples 
exhibited a broad peak at 18° in 2θ, characteristic of such products, which is attributed to 
the amorphous nature of the powders obtained through spray drying. Matsuura et al. [45] 
conducted a study on the effect of dextrose equivalent in maltodextrin on the stability of 
coconut oil powder obtained through spray drying. The XRD results for all samples 
showed a characteristic diffraction at a 2θ angle of 20°, observed as a broad peak, which 
is indicative of amorphous materials. Zhang et al. [46] conducted a study on the use of 
maltodextrin as an encapsulating agent for xylooligosaccharides during the spray drying 
process. They concluded that using maltodextrin as a carrier material during spray drying 
promotes the formation of amorphous solid materials with high dissolution rates. 

Figure 1. Adsorption isotherms for quercetin-maltodextrin functional food stored at 25 ◦C:
(A) Q-MX10 (DE 10); (B) Q-MX30 (DE 30).

The GAB model is described by the monolayer moisture content (Xm) and the con-
stants C and K. The first parameter refers to the molecular layer that is bound to free sites
which can be occupied by water, creating an aqueous phase in the food. The constants C
and K, on the other hand, are related to the amount of energy required to remove water
from the monolayer and multilayer, respectively [37]. The mathematical fitting of the
GAB model indicates that the Q-MX10 sample exhibits three adsorption zones: (i) a steady
increase in moisture content from 1.10 to 2.3 g H2O per g of dry powder within an aw
range of 0.07 to 0.53; (ii) an increase in moisture content from 2.37 to 5.76 g H2O per g of
dry powder within an aw range of 0.53 to 0.73; (iii) an accelerated adsorption from 5.76 to
13.53 g H2O per g of dry powder within an aw range of 0.73 to 0.967. Regarding the model
fitting parameters, the following values were obtained: Xm = 1.29, C = 27.55, K = 0.937,
and R2 = 0.993. The GAB equation is one of the most widely used models for predicting
the shelf life of food. It is based on the theory of monolayer and multilayer adsorption,
where the food tends to absorb moisture from the environment through the multilayer and
subsequently the monolayer. The results obtained in this research align with those reported
by Navia et al. [38], who conducted a study on the development of a cassava flour and
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glycerol biopellicle. They determined the barrier properties of this product by performing
sorption isotherms at 15, 25, and 35 ◦C. These researchers fitted the experimental data to
the GAB, Oswin, Smith, and Henderson mathematical models. They reported that the GAB
model provided the best fit at all three temperatures. Specifically, at 25 ◦C, the GAB model
parameters were as follows: Xm = 4.52, C = 1.65, and K = 0.84 with an R2 value of 0.99.

The BET model, on the other hand, is characterized by the monolayer water content
(Xm) and the constant C. However, the BET model has a limitation regarding the range
of water activity in which it is valid, so the determination of adsorption phenomena was
carried out up to an aw value of 0.531. For the Q-MX10 sample, the parameters obtained
from the BET model fit were as follows: Xm = 1.25, C = 28.31, and R2 = 0.941. Unlike
the GAB model, the adsorption isotherm described by the BET model shows only two
adsorption zones: (I) the first corresponds to a constant increase in moisture content from
0.9884 to 1.3836 g H2O per g of dry powder in an aw range of 0.07–0.225; (II) the second
shows a significant increase in equilibrium moisture content from 1.3836 to 2.8666 g H2O
per g of dry powder in an aw range of 0.225–0.531. These results are consistent with
those reported by Talens Oliag et al. [39], who observed moisture adsorption behavior
using the BET model for breakfast cereals stored at 20 ◦C, obtaining Xm = 0.0514 and
C = 7.574. Similarly, Cerviño et al. [40] reported that the BET model provided the best fit
for describing the stability of sweet potato candies at 30 ◦C. They also reported an isotherm
with two adsorption intervals, where the best BET model fit was observed in the aw range
of 0.0–0.5.

Figure 1B displays the adsorption isotherm for sample Q-MX30 (squared data points)
stored at 25 ◦C. The solid lines represent the fit of the GAB and BET mathematical models.

The GAB model fit revealed three zones of moisture absorption: (I) a constant increase
in moisture content from 0.9948 to 3.0609 g H2O per g of dry powder, corresponding to
an aw range of 0.07–0.53; (II) a moisture increment from 3.0609 to 7.6387 g H2O per g of
dry powder in an aw range of 0.53–0.84; (III) an accelerated adsorption from 7.6387 to
18.0512 g H2O per g of dry powder in an aw range of 0.84–0.967. The parameters obtained
for the GAB model were as follows: Xm = 1.58, C = 31.48, K = 0.946, and R2 = 0.971.
These results align with those reported by Domínguez-Domínguez et al. [41], who studied
the adsorption isotherm behavior for hibiscus seed (Hibiscus sabdariffa L.) at 25, 35, and
45 ◦C. Specifically, at 25 ◦C, for the GAB model, they obtained R2 values of 0.9895, 0.9894,
and 0.9872 for the Criolla, China, and Sudan varieties, respectively. According to their
findings, the GAB model was the best fit for adsorption isotherms of low-moisture foods.
Pascual-Pineda et al. [42], investigated the storage conditions of dehydrated foods using
adsorption isotherms at temperatures of 15, 25, and 35 ◦C, analyzing three low-moisture
powdered foods: sucrose–calcium, pineapple, and paprika. They reported that the GAB
equation fits powdered products well, with R2 values exceeding 0.99. Brousse et al. [43]
conducted a study on the stability of dehydrated cassava puree (Manihot esculenta Crantz)
using adsorption isotherms at temperatures of 25, 35, and 45 ◦C. They concluded that both
the GAB and BET mathematical models accurately fit the experimental data, with a relative
mean error of less than 10%. Additionally, the primary difference in the results arises from
the fact that the BET model accounts only for monolayer adsorption, while the GAB model
considers the properties of water adsorbed in multilayers. The calculated BET parameter
for sample Q-MX30 were Xm = 1.50, C = 35.62, and R2 = 0.974.

When comparing the fitting values of the BET and GAB models between the two types
of maltodextrins (DE 10 versus DE 30), it is observed that the Q-MXDE30 sample exhibited
a higher monolayer moisture content for both models. This suggests that maltodextrin
with a higher DE (i.e., DE 30) adsorbs slightly more moisture. This can be explained based
on the chemical structure of maltodextrins, which consist of a main carbohydrate chain
(amylose) and branches (amylopectin). The arrangement of these components results in
differences in dextrose equivalents (DE). According to Saavedra-Leos et al. [25], a higher
DE value indicates a greater number of functional groups available for interaction with
water molecules, as well as a higher percentage of branching.
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3.2. Physicochemical Characterization

Figure 2 presents the X-ray diffraction patterns of samples Q-MX10 and Q-MX30
after being subjected to different moisture adsorption conditions at 25 ◦C. Generally, the
diffractograms exhibited similar behavior, featuring a broad peak around 18◦ and several
low-intensity diffraction peaks at 11◦, 12.5◦, 16◦, and 27◦. The broad peak is characteristic
of amorphous maltodextrin, while the low-intensity diffraction peaks are associated with
the crystallization of quercetin [32,33]. However, for the Q-MX10 sample stored at an aw
of 0.840, there was a notable decrease in the intensity of the broad peak at 18◦ and the
emergence of high-intensity diffraction peaks at 2θ angles of 16◦, 17.5◦, 18◦, and 28◦. In
contrast, the Q-MX30 sample stored at the same aw displayed different behavior, showing
the appearance of a high-intensity peak at 17◦, the disappearance of the broad peak at 18◦,
and the emergence of relatively low-intensity diffraction peaks between 15◦ and 20◦ and at
24◦. This reduction in diffraction intensity at 18◦ is linked to the effect of absorbed water,
which promotes crystallization. This suggests that the microstructure of both MD10 and
MD30 undergoes changes in stability at high aw values, transitioning from a glassy solid
state to a crystalline solid state. Ballesteros et al. [44] conducted a comparative study on
the encapsulation of antioxidant phenolic compounds extracted from coffee using both
lyophilization and spray drying methods. Regarding the XRD analysis of samples using
maltodextrin as a carrier agent, they found a very low degree of crystallinity. The samples
exhibited a broad peak at 18◦ in 2θ, characteristic of such products, which is attributed to
the amorphous nature of the powders obtained through spray drying. Matsuura et al. [45]
conducted a study on the effect of dextrose equivalent in maltodextrin on the stability
of coconut oil powder obtained through spray drying. The XRD results for all samples
showed a characteristic diffraction at a 2θ angle of 20◦, observed as a broad peak, which
is indicative of amorphous materials. Zhang et al. [46] conducted a study on the use of
maltodextrin as an encapsulating agent for xylooligosaccharides during the spray drying
process. They concluded that using maltodextrin as a carrier material during spray drying
promotes the formation of amorphous solid materials with high dissolution rates.
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Figure 2. X-ray diffraction patterns of samples Q-MX10 (A) and Q-MX30 (B) under various moisture
adsorption conditions at 25 ◦C.

The morphological analysis performed using SEM is shown in Figure 3. This figure
presents a representative micrograph acquired at 1000X magnification of samples Q-MX10
and Q-MX30 subjected to various storage humidity conditions at 25 ◦C.
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For both samples within the aw range of 0.070–0.329, a very similar behavior was
observed, exhibiting a comparable morphology with particle sizes ranging between 2 and
15 µm. The observed morphologies included semi-spherical shapes with smooth surfaces as
well as particles with irregular (rough) surfaces. As the water activity increased (aw = 0.437),
a change was noticed in some particles within the samples, displaying irregular spheroidal
structures with the appearance of deflated balloons; this phenomenon is associated with the
limit of moisture adsorption stability. At an aw of 0.531, the samples exhibited a different
morphology, resembling clusters or agglomerates of irregularly shaped spherical particles
larger than 15 µm. Finally, at water activities higher than 0.739, crystallized structures
with irregular shapes and smooth surfaces were observed. These observations suggest
that the adsorbed water in the samples induced crystallization, leading to changes in
particle morphology and size, resulting in a rigid, crystalline solid material. The SEM
analysis of MD10 and MD30 provided insights into the morphology of spray-dried samples
and established the stability threshold at which microstructural changes occur due to
moisture adsorption, altering the properties of the powders. Navarro-Flores et al. [47]
conducted a study on the spray drying of a native plant rich in phenolic compounds
using maltodextrin as a carrier agent. They reported that the resulting microcapsules
exhibited irregular shapes, smooth surfaces with depressions, and particle sizes ranging
from 3 to 8 µm. Ferrari et al. [48] reported on the stability of spray-dried blackberry
powder using maltodextrin (DE of 20) and gum Arabic as carrier agents. The particles
exhibited spherical shapes of various sizes. Specifically, for the samples obtained using
maltodextrin, the microcapsules were found to have smooth and wrinkled surfaces, with a
size of 43.67 ± 1.76 µm. Additionally, it was noted that during storage for 150 days at 25
and 35 ◦C, the powders showed a significant tendency to agglomerate.

Thermogravimetric analysis (TGA) quantifies mass loss in relation to temperature
increase. Figure 4A,B present the TGA results for the spray-dried Q-MX10 and Q-MX30
samples subjected to different humidity adsorption conditions at 25 ◦C. Figure 4C,D display
the derivative weight curves relative to temperature, providing a clearer view of the onset
and completion of each thermal event. In general, four thermal events were identified
for both types of maltodextrins, observed under all humidity adsorption conditions: the
first event occurs within a temperature range of 50–150 ◦C, corresponding to an 8% mass
loss due to water evaporation; the second thermal event, occurring between 200 and
250 ◦C, involves a mass loss of approximately 40%, likely related to the degradation of
low-molecular-weight carbohydrates; the third event, observed between 250 and 325 ◦C, is
associated with a 40% mass loss, attributed to the thermal degradation of high-molecular-
weight carbohydrates; finally, the fourth thermal event appears between 425 and 500 ◦C,
with a 10% mass loss corresponding to the calcination or final degradation of the organic
matter in the sample. Costa Ferreira et al. [49] microencapsulated phenolic compounds
from the by-product of tucum almonds (Astrocaryum vulgare Mart.) using maltodextrin as
a carrier agent in spray drying. Their TGA analysis revealed only three thermal events:
the first in the temperature range of 50–100 ◦C, the second between 200 and 239 ◦C, and
the third from 283 to 356 ◦C. On the other hand, Saavedra-Leos et al. [25] reported a well-
defined thermal event at approximately 115 ◦C, which was observed only in samples with
the highest aw values (i.e., aw = 0.75). This event was attributed to thermal hydrolysis
induced by the large amount of adsorbed water and supplied heat. However, this thermal
event was not observed in the TGA analysis presented in this study. In sugar polymers,
thermal degradation induces caramelization (Maillard reaction), generating aromas, color
changes (yellow and brown tones), and flavor shifts from smooth, caramelized sweetness
to bitter, burnt notes. The thermal degradation process involves stages such as enolization,
dehydration, carbonyl cleavage, dicarbonyl scission, retroaldolization, aldolization, and
radical reactions [50].
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25 ◦C: (A,C) Q-MX10; (B,D) Q-MX30.

Figure 5 shows the MDSC thermograms for samples Q-MX10 and Q-MX30 at an aw
of 0.07. Each graph displays three curves: the reversible heat flow (left axis, in red), the
modulated heat flow (first right axis, in blue), and the non-reversible heat flow (second
right axis, in green). The glass transition temperature (Tg) is observed in the reversible heat
flow curve, while other thermal events, such as melting and degradation, are observed
in the non-reversible heat flow curve [29]. The Tg appears as a smooth change in the
slope of the curve, indicated by arrows in the figures. Table 2 summarizes the Tg values
for samples Q-MX10 and Q-MX30 under different humidity conditions. Although both
samples exhibited similar behavior, with Tg decreasing monotonically with increasing aw,
sample Q-MX30 presented slightly lower values. The Tg varied from 44.2 to −10.99 ◦C
for sample Q-MX10 and from 44.2 to −9.5 ◦C for sample Q-MX30. This is a common
behavior observed in carbohydrate polymers like maltodextrins, where water molecules act
as plasticizers [51]. They increase the free volume between glucose molecules, promoting
the transition of the microstructure from a glassy state to a rubbery state.

Table 2. Tg values of samples Q-MX10 and Q-MX30 under different humidity conditions.

Water Activity (aw)
Sample

Q-MX10
Tg (◦C)

Q-MX30
Tg (◦C)

0.07 44.2 ± 0.04 44.22 ± 0.01
0.225 33.98 ± 0.02 43.43 ± 0.03
0.329 33.05 ± 0.07 −0.34 ± 0.03
0.437 2.89 ± 0.15 −7.35 ± 0.24
0.531 −9.16 ± 0.2 −6 ± 0.02
0.739 −11.2 ± 0.21 −8.83 ± 0.36
0.84 −10.99 ± 0.63 −9.5 ± 0.4
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activity level at which the observed changes occurred. Initially, for aw values of 0.07–0.531, 
the Q-MX10 sample appeared as a dry, fine, non-agglomerated powder with a light-yel-
low color. The Q-MX30 sample showed the same appearance in the aw range of 0.07–0.437. 
At an aw of 0.739 for sample Q-MX10, and aw of 0.531 for sample Q-MX30, a change to a 
more intense yellow color and increased particle agglomeration was observed. As aw in-
creased further, the powder crystallized due to moisture adsorption, resulting in a contin-
uous, rigid material with a shiny appearance and intense yellow color. For sample Q-
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The general appearance of the powders was studied using optical microscopy. Figure 6
shows optical photographs of the Q-MX10 and Q-MX30 samples subjected to different
humidity conditions. Both samples exhibited similar behavior, differing only in the water
activity level at which the observed changes occurred. Initially, for aw values of 0.07–0.531,
the Q-MX10 sample appeared as a dry, fine, non-agglomerated powder with a light-yellow
color. The Q-MX30 sample showed the same appearance in the aw range of 0.07–0.437. At
an aw of 0.739 for sample Q-MX10, and aw of 0.531 for sample Q-MX30, a change to a more
intense yellow color and increased particle agglomeration was observed. As aw increased
further, the powder crystallized due to moisture adsorption, resulting in a continuous,
rigid material with a shiny appearance and intense yellow color. For sample Q-MX10, this
occurred at an aw of 0.739, whereas for sample Q-MX30, it was observed at an aw of 0.531.
Evidently, the differences in water activity observed here are caused by the differences in DE
between the two maltodextrins, with the Q-MX30 sample tending to adsorb more moisture
than the Q-MX10 sample. Saavedra-Leos et al. [25] observed the macroscopic behavior
of a set of four maltodextrins with DE ranging from 10 to 40 using optical photography.
They reported a color change in the powder from white to pale yellow up to an aw range of
0.434–0.532. Beyond this aw value, the maltodextrins exhibited various physical changes,
such as particle agglomeration, volume shrinkage, the appearance of a rubbery state, and
moisture saturation. These changes were more pronounced for maltodextrins with higher
DE values.

3.3. Antioxidant Activity of the Functional Food

The determination of antioxidant activity (AA) was carried out by scavenging free
radicals using the DPPH reagent as a standard. Figure 7 shows the results for the AA of
Q-MX10 and Q-MX30 samples subjected to different moisture adsorption conditions at
25 ◦C. AA is expressed as the percentage inhibition (%) of DPPH radicals due to hydrogen
donation for the neutralization of free radicals (OH-). For sample Q-MX10 after the drying
process, the initial AA value was 18.02 ± 2.03%, while for sample Q-MX30, the initial
AA value was 22.73 ± 1.65%. In order to evaluate the effect of storage conditions (water
activity) and the type of carrier agent (DE 10 and DE 30) on the AA value, an ANOVA
analysis was conducted with a significance level of α = 0.05. The results indicated that
there was no significant difference in the mean AA value across the different storage
conditions. Additionally, there was no significant effect of using MX10 or MX30 on the
AA. This indicates that under these storage conditions, the microencapsulated antioxidant
compound in the maltodextrin is preserved, preventing degradation due to the absorbed
water. Georgetti et al. [52] evaluated the chemical and biological properties of spray-dried
soy extract employing three carrying agents. The results indicated an AA of 59% for
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concentrated soy extract, 55% for silicon dioxide, 52% for maltodextrin, and 50% for starch.
Recently, the antioxidant activity of quercetin microencapsulated in inulin, maltodextrin,
and their blends was compared. It was found that in the case of maltodextrin, quercetin
exhibits greater interaction, which reduces its bioactivity in interacting with free radicals.
As a result, the AA is lower with maltodextrin compared to inulin [32]. For a 25–75%
maltodextrin–inulin blend containing quercetin and B. claussi as a probiotic, the AA in the
aw range of 0.073–0.856 was statistically similar. This suggests that the humidity conditions
did not significantly impact the antioxidant’s preservation capacity [33].
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4. Discussion
Equilibrium State Diagram

Equilibrium state diagrams can be constructed by combining water sorption isotherms
and Tg to determine the critical values for water content and water activity at a specific
storage temperature [53]. However, these diagrams can provide additional physicochemical
information that helps to understand the behavior of the powder during storage. In this
context, Figure 8 presents the equilibrium state diagram for samples Q-MX10 and Q-MX30,
constructed based on the physicochemical characterization results. The diagram’s main
feature includes the adsorption isotherms at 25 ◦C described by the GAB model, depicted
as continuous blue and red lines for samples Q-MX10 and Q-MX30, respectively, which
are read on the left Y-axis. By comparing the two isotherms, the state diagram reveals
that while the adsorption behavior of both maltodextrins is similar in shape, there is a
slight difference in the equilibrium moisture content adsorbed. Specifically, sample Q-
MX30 adsorbs more water than sample Q-MX10. This behavior is evidently related to
the differences in the DE between the two maltodextrins. Additionally, the Tg data are
displayed as dashed lines in blue (Q-MX10) and red (Q-MX30), corresponding to the right
Y-axis. Furthermore, to the individual information obtained from the isotherm and Tg
(as previously discussed), combining these data provides parameters related to storage
conditions, such as the critical water content (CWC), the critical water activity (CWA), and
the amount of moisture adsorbed at a given storage temperature. The CWC and CWA
are important thresholds that indicate the limits within which a material can be stored
safely without compromising its integrity. Critical parameters can be extrapolated from
the intersection of the storage temperature line (dashed green line) with the Tg curve and
subsequently with the isotherm curve. These values are read directly from their respective
axes. At the storage temperature of 25 ◦C, the CWC values are nearly identical for both
samples, at 1.98 g of H2O per g of dry powder. However, the CWA values are slightly
different, with 0.41 for sample Q-MX10 and 0.27 for sample Q-MX30. In the state diagram
is indicated the calculated monolayer water content (M0) for each isotherm, which were 1.2
and 1.5 for samples Q-MX10 and Q-MX30, respectively. When comparing the M0 values
against the CWC, the latter is several times higher. M0 represents the amount of water

248



Polymers 2024, 16, 2014

adsorbed in a single molecular layer on the surface of the material, it is often considered the
most stable state for a material because it indicates that all available binding sites for water
on the surface are occupied, and any additional water will lead to multilayer adsorption,
which can be less stable. On the other hand, CWC indicates the water content at which a
material transitions from a glassy (solid, stable) state to a rubbery (less stable, more reactive)
state. It represents the maximum water content at which the material can maintain its
structural integrity and stability [11,54,55]. When the CWC is significantly higher than the
M0, it means the material can tolerate a relatively high amount of water before becoming
unstable. This suggests good moisture resistance and a stable glassy state over a wider
range of water content.

In addition to the aforementioned data, the equilibrium state diagram provides fur-
ther insights into the microstructure, morphology, and appearance of the samples. This
information is represented by vertical dotted lines, indicating the thresholds at which
microstructural transitions occur. These lines help visualize and understand the changes in
the material’s physical properties under different conditions. Based on the physicochemical
characterization results from XRD, SEM, and optical microscopy, three distinct transition
regions were identified: amorphous, semicrystalline, and crystalline. In the amorphous
region (aw range: 0.07–0.437), the microparticles exhibit a predominantly spherical morphol-
ogy. The overall appearance is a fluffy powder with a pale-yellow color. The corresponding
Tg values range from 44 to −7 ◦C. The semicrystalline region (aw range: 0.437–0.739), or
intermediate region, shows a semicrystalline behavior. Here, very-low-intensity diffraction
peaks are observed above the broad peak in the XRD pattern. The particles begin to collapse,
displaying merged spherical particles with irregular shapes. The overall appearance is
an agglomerated powder with an intense yellow color. The Tg values in this region are
practically below 2 ◦C. In the crystalline region (aw above 0.739) the microstructure of the
functional food is completely collapsed. The morphology of the particles becomes fully
irregular, and the overall appearance is that of a continuous solid material with an intense
yellow color. These transitions help us to understand the material’s stability and behavior
under varying humidity conditions.

Finally, the optimal storage conditions for these functional foods, which are based
on quercetin microencapsulated in maltodextrins with different dextrose equivalents, lie
within the amorphous region. These conditions are defined by the CWC and CWA values.
The ideal storage parameters are a temperature of 25 ◦C, an aw of 0.437, and a maximum
water content of 1.98 g of H2O per gram of dry powder. While these functional foods can
tolerate storage temperatures up to 44 ◦C, the maximum water content is constrained by the
monolayer water content value, which is 1.2 g of H2O per gram of dry powder. In various
studies where maltodextrin is used as a microencapsulating agent, storage temperatures
close to 50 ◦C have been reported. However, to prevent microstructural changes, the
moisture content at these temperatures must be kept below 0.1 g of H2O per gram of dry
powder. Clearly, in such cases, very strict humidity control is required to avoid the collapse
of the microstructure [56,57].
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5. Conclusions

This study investigates the equilibrium state diagram of functional foods based on
maltodextrins (MX) with varying dextrose equivalents (DE 10 and DE 30) for quercetin
microencapsulation via spray drying. Equilibrium adsorption isotherms at 25 ◦C were
constructed to compare the adsorption behavior of these polymeric foods. Among the
adsorption models tested, the GAB model presented better fitting results than the BET
model. Both samples exhibited similar monolayer water content (M0) of approximately
1.2–1.5 g of water per g of dry powder. Physicochemical characterization techniques, in-
cluding XRD, SEM, TGA, MDSC, and optical microscopy, provided comprehensive insights
into the microstructural transitions occurring under varying humidity conditions. An
equilibrium state diagram was constructed to predict the optimal storage conditions for the
functional foods. Three transition regions—amorphous, semicrystalline, and crystalline—
were identified based on differences in crystallinity through XRD analysis, changes in
particle morphology observed in SEM micrographs, and variations in powder appearance
and color noted from optical microscopy. The optimal storage conditions were extrap-
olated from the isotherms and Tg curves, defined by the CWC and CWA thresholds: a
temperature of 25 ◦C, an aw of 0.437, and a maximum water content of 1.98 g of water
per gram of dry powder. The antioxidant activity showed similar values despite varying
water content, indicating the preservation of the antioxidant within the carrying agent
across the complete range of water activities. This research enhances understanding of
maltodextrin behavior across diverse dextrose equivalents, aiding in the development of
stable encapsulated products.

Author Contributions: Conceptualization, Z.S.-L. and C.L.-P.; Data curation, A.C.-L. and D.L.-G.;
Formal analysis, Z.S.-L. and C.L.-P.; Funding acquisition, Z.S.-L.; Investigation, A.C.-L. and L.A.L.-M.;
Methodology, Z.S.-L., D.L.-G. and C.L.-P.; Project administration, Z.S.-L. and C.L.-P.; Resources,
Z.S.-L. and C.L.-P.; Software, A.C.-L. and L.A.L.-M.; Supervision, L.A.L.-M.; Validation, D.L.-G. and
L.A.L.-M.; Visualization, A.C.-L. and L.A.L.-M.; Writing—original draft, Z.S.-L. and C.L.-P.; Writing—
review and editing, Z.S.-L. and C.L.-P. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article. Further inquiries can be directed to the corresponding author/s.

Acknowledgments: The authors thank to Andrés Isaac González Jáquez for his support with the
acquisition of XRD patterns, and the Laboratorio Nacional de Nanotecnología (Nanotech) for the use
of the FESEM.

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

References
1. Kouhi, M.; Prabhakaran, M.P.; Ramakrishna, S. Edible polymers: An insight into its application in food, biomedicine and

cosmetics. Trends Food Sci. Technol. 2020, 103, 248–263. [CrossRef]
2. Paliwal, R.; Palakurthi, S. Zein in controlled drug delivery and tissue engineering. J. Control. Release 2014, 189, 108–122. [CrossRef]

[PubMed]
3. Shahbaz, A.; Hussain, N.; Basra, M.A.R.; Bilal, M. Polysaccharides-based nano-Hybrid biomaterial platforms for tissue engineer-

ing, drug delivery, and food packaging applications. Starch-Stärke 2022, 74, 2200023. [CrossRef]
4. Shit, S.C.; Shah, P.M. Edible polymers: Challenges and opportunities. J. Polym. 2014, 2014, 427259. [CrossRef]
5. Ali, A.; Ahmed, S. Recent advances in edible polymer based hydrogels as a sustainable alternative to conventional polymers. J.

Agric. Food Chem. 2018, 66, 6940–6967. [CrossRef] [PubMed]
6. Shi, J.; Mazza, G.; Le Maguer, M. Biochemical and Processing Aspects. Functional Foods, 1st ed.; CRC Press: Boca Raton, FL, USA,

2016; Volume 2. [CrossRef]
7. Essa, M.M.; Bishir, M.; Bhat, A.; Chidambaram, S.B.; Al-Balushi, B.; Hamdan, H.; Govindarajan, N.; Freidland, R.P.; Qoronfleh,

M.W. Functional foods and their impact on health. J. Food Sci. Technol. 2021, 60, 820–834. [CrossRef] [PubMed]

251



Polymers 2024, 16, 2014
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