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Abstract: Vacuum impregnation (VI) stands as a diffusion-driven food processing method that has
found recent application within the food industry, particularly for the cold formulation of fortified
food products. Pulsed electric field (PEF) treatment can affect the food structure, influencing therefore
the mass transfer phenomena during the further processing. Thus, the study aimed at investigating
the effect of PEF treatment on selected physicochemical properties of vacuum-impregnated apples.
Apple slices were vacuum impregnated with aloe vera juice solution with or PEF treatment at different
intensities (125, 212.5 or 300 V/cm). The PEF was applied as a pretreatment—applied before the
VI process as well as posttreatment—applied after the VI process. The VI process with aloe vera
juice resulted in a sample weight increase of over 24% as well as structural changes, partial cell
viability loss and color alteration. In addition, the decrease of bioactive compounds was observed,
while antioxidant activity remained at a similar level as in raw material. PEF treatment adversely
affected vacuum impregnation efficiency, causing microstructural changes and cell viability loss.
Additionally, chemical composition modifications were evident through thermogravimetric analysis
(TGA) and Fourier Infrared Spectroscopy (FTIR) analyses. Tissue hardness decreased significantly
due to structural damage and caused high leakage from plant tissue, which resulted in hindering
saturation with aloe vera juice during the VI process. Additionally, reduced bioactive substance
content after PEF treatment was observed and the VI process did not restore apple samples of the
bioactive compounds from aloe vera juice.

Keywords: non-thermal processing; impregnation effectiveness; physical properties; structure;
chemical changes; bioactive compounds; cell viability; plant tissue

1. Introduction

Vacuum impregnation (VI) is a diffusion-based food processing technique that has
recently been used in the food industry for the development of functional foods [1]. VI
works by a mechanically induced pressure difference between porous foods that are sub-
merged in a solution surrounding them. First, the pressure in the food-liquid system is
reduced (vacuum step), allowing the native gases in the pores to expand and move away,
while the product pores are also expanded. When mechanical equilibrium is reached,
atmospheric pressure is restored (relaxation step). Doing so, the tissue relaxes and the
remaining gas contracts, while the external solution fills the pores, thanks to the action of
the hydrodynamic mechanism and the deformation-relaxation phenomena [2,3].
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There are many parameters that affect impregnation. Vacuum pressure correlates
negatively with impregnation yield, deleterious effects on the overall structure of the
product can increase when extremely low pressure is achieved. Longer holding and
relaxation times generally increase impregnation yield, while solution viscosity can be
challenging and hardly be introduced in the food matrix [4]. In any case, all process
parameters must be investigated for each specific product, since the type, dimension and
number of pores can vary greatly among different plant food matrices [5].

The composition of the solution, e.g., bioactive compounds content and solution
concentration plays a crucial role in the development of functional and fortified food
products. The most studied compounds to be added in the impregnating solutions have
been antioxidants [6], minerals such as calcium [7] or iron [8], vitamins such as ascorbic
acid [9] or tocopherol [10] and probiotics [11].

Recently the application of juices, both concentrated or diluted, has also been studied.
In particular, apples have been enriched with the phenolic compounds from the blueberry
juice [12] and grape juice concentrate [13]. In addition, apple juice [14] and mandarin
juice [15] were used as a medium for probiotic introduction into the apple tissue. Moreover,
aloe vera gel has been used to impregnate apple slices by De Rossi et al. [16].

Aloe vera is a perennial plant with fleshy leaves and a cactus-like form that belongs to
the Asphodelaceae family or a broadly circumscribed family called Liliaceae [17]. It is very
well known for its curative and therapeutic properties such as lowering cholesterol and
triglyceride levels in human blood, anti-inflammatory and anti-biotic properties, benefi-
cial effects against gastrointestinal, renal and cardiovascular diseases [18–20]. Aloe vera
offers numerous potential health benefits. It has been seen to enhance cardiac contraction
strength, lower cholesterol levels, reduce triglyceride levels, reverse existing atheromatous
cardiovascular disease, stimulate the regeneration of cells responsible for insulin synthesis
and release and provide long-lasting blood glucose control properties. It is used for ulcers,
gastrointestinal problems and kidney ailments [21]. Nowadays, the market for products
derived from this source is worth hundreds of millions of dollars worldwide and includes
various products such as gels, juices, dried supplements and more [22].

Pulsed electric field (PEF) is a technology based on the application of short pulses
(generally µs) of high voltage to conductive products that can affect the cell membrane
through the electroporation effect, that is, the creation of pores of reversible or permanent
nature [23]. It is considered a non-thermal treatment often used to improve mass transfer
in vegetable products [24]. Recently, it has also been studied as a pretreatment along with
vacuum impregnation of potatoes [25], strawberries [26] and seafood [27]. Thus, the aim of
this work was to determine the effect of pulsed electric field (PEF) treatment on selected
physicochemical and structural properties of apples subjected to vacuum impregnation
in Aloe vera juice. PEF pretreatment with different electric field strengths (125, 212.5
or 300 V/cm) was performed before or after the VI process to verify the effects on fruit
tissue properties.

2. Materials and Methods
2.1. Materials

The research material consisted of certified organic apples of the Golden Delicious
variety (12 ± 0.5◦ Brix), purchased in one batch from a local store in Cesena (Italy). Before
the tests, fruits were stored at a temperature of 4 ± 1 ◦C and a relative humidity of 80%,
for not longer than 10 days. The apples were washed in tap water and cut into 5 mm
thick slices, and then the seeds and peel were removed with the cork borer and sharp
knife, respectively.

Aloe vera juice, used to perform vacuum impregnation, was obtained from Aloe
Barbadensis Miller leaves from controlled organic farming—Alba Aloe Vera Organic 99.9%
Bio by Benessence (1◦ Brix). In order to avoid the phenomenon of osmosis during vacuum
impregnation, an isotonic solution was prepared by dissolving an appropriate amount of
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trehalose (EXACTA + OPTECH Labcenter S.p.A., San Prospero, Italy) in aloe vera juice (to
obtain isotonic solution around 11.5 g of trehalose dissolved in 88.5 g of aloe vera juice).

2.2. Technological Processing
2.2.1. Pulsed Electric Field Treatment

An S-P7500 pulse generator (Alintel SRL., Bologna, Italy) with a maximum output
voltage and current of 8 kV and 60 A, respectively, was used to perform the pulsed electric
field treatment. Six apple slices were placed in a chamber equipped with two parallel
electrodes. The distance between the electrodes was set to 12 cm. The chamber was filled
with tap water at a temperature of 25 ± 1 ◦C and initial electrical conductivity, measured
with an EC-meter Mod. Basic 30 (Crison, Barcelona, Spain), of 471 ± 5 µs/cm. Based
on preliminary tests (to obtain reversible and irreversible electroporation), the following
process parameters were selected: electrode voltage 1.5 kV, number of pulses 60, frequency
100 Hz, pulse width 0.1 ms and electric field strength 125, 212.5 or 300 V/cm. Table 1
presents the electrical capacitance and resistance of the samples subjected to the PEF
treatment, on the basis that the process might be described as reversible or irreversible.

Table 1. Electrical capacitance and resistance of the samples subjected to the PEF treatment and the
average was calculated from at least 8 repetitions.

Treatments *
Electrical Capacitance [nF] Resistance [kΩ]
Average SD Average SD

F 3.89 0.47 5.14 0.47
PEF_125 4.14 0.63 4.77 0.63

PEF_212.5 4.96 0.50 4.90 0.36
PEF_300 5.27 0.32 2.97 0.50

* F—fresh sample, PEF_x—means the pulsed electric field treatment with the use of electric field strength equal to
125, 212.5 or 300 V/cm.

2.2.2. Vacuum Impregnation Process (VI)

The VI process was applied before or after the PEF treatment (Figure 1) and 6 different
samples after the processing were obtained (Table 2).
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Table 2. Code and types of the obtained samples.

Code
VI PEF Intensities

[V/cm]Pre-Processing Post-Processing

F −
VI +

PEF_125_VI + 125
PEF_212.5_VI + 212.5
PEF_300_VI + 300
VI_PEF_125 + 125

VI_PEF_212.5 + 212.5
VI_PEF_300 + 300

The vacuum impregnation process was carried out in a closed chamber connected to
a vacuum pump and an automatic vacuum control system (AVCS, S.I.A., Bologna, Italy)
all maintained at a consistent temperature of 25 ± 1 ◦C. Weighed apple slices were placed
into 800 cm3 beakers on a metal frame, preventing contact of the samples to each other.
Subsequently, the solution has been added into beakers, with a solution-to-mass sample
ratio of 7:1 (V/m). The VI treatment lasted 36 min, with a gradual increase of the vacuum
lasting 8 min (100–80 kPa for 2 min, 80–60 kPa for 2 min, 60–40 kPa for 2 min, 40–20 kPa
for 2 min), keeping the sample under pressure of 20kPa (absolute pressure)—10 min, and
gradual restoration of atmospheric pressure—8 min. The relaxation time after vacuum
impregnation was 10 min. Afterward, the apple slices were withdrawn from the solution,
gently dried on filter paper and their mass was recorded. Six replicates were performed for
each sample. The weight gain (WG) during the process was computed using the formula
described by Tylewicz et al. [28]:

WG = 100·(m − m0)/m0, (1)

where
m—mass of the sample after vacuum impregnation,
m0—mass of the sample before vacuum impregnation.

2.3. Analytical Methods
2.3.1. Water Content and Water Activity

The water content was determined using gravimetric method [29]. The crushed
samples were dried in a laboratory dryer at a temperature of 70 ◦C for 48 h and then
water content was calculated on the basis of dry matter content. The determination was
performed three times for each sample.

The water activity of the samples was measured with an AquaLab Series3TE device
(Decagon Devices, Inc., Pullman, Washington, DC, USA) with an accuracy of ±0.001 [30].
The measurement was performed in duplicate for each sample at a temperature of 25 ± 1 ◦C.

2.3.2. Color Measurements

The color was measured using a Colorflex colorimeter (Hunterlab, Reston, VA, USA) in
the CIE L*a*b* system, where: L*—brightness, parameter a*—value of the color chromaticity
coordinate from green to red and parameter b*—value of the color chromaticity coordinate
from blue to yellow. Before measurement, the device was calibrated using black and white
standards. The measurement was made ten times for each material using a D65 medium
daylight source and a standard 10◦ observer. For each sample, the total color differences
(∆E) and the browning index (BI) were calculated in relation to fresh apple tissue [31]
according to following equations:

∆E =

√
(∆L∗)2 + (∆a∗)2 + (∆b∗)2, (2)
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where: ∆L*—difference in brightness values between a processed apple and a fresh one,
∆a*—difference in the value of the a* parameter between a processed apple and a fresh one,
∆b*—difference in the value of the b* parameter between a processed apple and a fresh one;

BI = 100·x− 0.31
0.172

, (3)

where: x = a∗+1.75·L∗
5.645·L∗+a∗−3.012·b∗ .

2.3.3. Texture Measurements

The texture of apples was analyzed using a Texture Analyser TA HDi500 (Stable Micro
Systems, Surrey, UK). Textural parameters were evaluated through a compression test.
Apples placed on the platform were compressed at random points using an aluminum
cylinder probe with a diameter of 5 mm moving at a head speed of 1 mm/s. The process
was stopped after obtaining 50% of the sample height [32]. The maximum force needed to
cause a deformation of the material was read from the obtained graphs. Twenty replicates
were performed for each sample.

2.3.4. Structure Analysis

A scanning electron microscope Phenom XL (Phenom World, Eindhoven, The Nether-
lands) was used to observe changes in the internal structure of the apple. The material
was subjected to a freeze-drying process to remove water from the tissues. The slices were
placed in the freezer at −40 ◦C for 48 h. Freeze drying was carried out in a Lio2000 freeze
dryer (Cinque Pascal S.r.l., Milan, Italy), with drying parameters: a shelf temperature of
25 ◦C, a pressure of 22 Pa, a condenser temperature of −47 ◦C and a time of 48 h. After
the process, the material was placed in light and air barrier packaging. A small piece of
freeze-dried plant tissue, cut with a razor blade, was attached to carbon tape and to a
metal table. The samples were sputter coated (Cressington 108 auto, Cressington Scientific
Instruments, Watford, UK) 5 nm gold layer for 25 s to increase their electrical conductivity.
Observations under the microscope were carried out at a voltage of 10 kV and a vacuum of
60 Pa. Photos were recorded at 200×magnification.

2.3.5. Assessment of Cell Viability

The assessment of cell viability was performed to evaluate cell membrane integrity
after PEF and VI processes. This parameter is important to evaluate the damage to the cells
as well as electrolyte leakage after processing, which helps in explaining the changes that
occur in the plant tissue. This, fluorescein diacetate (FDA, Sigma-Aldrich, Milano, Italy,
λex 495 nm, λem 518 nm) was used to determine cell viability (green-living cell) [33]. A
stock solution of 10−4 FDA was prepared in water and stored at 4 ◦C. The apple pieces 1
mm thick were incubated in the dark at 25◦ C for 5 min in a dye solution prepared with an
isotonic concentration of sucrose. The incubated samples were rinsed with deionized water
and examined under fluorescent light in a Nikon upright microscope (Eclipse TieU, Nikon
Co, Tokyo, Japan), equipped with a Nikon digital video camera (digital sight DS-Qi1Mc,
Nikon Co, Tokyo, Japan), at a magnification of 10. Around 6 to 8 photos were taken for
each sample.

2.3.6. Assessment of Bioactive Compounds
Extract Preparation

For the chemical determinations the samples were subjected to the freeze-drying
process (parameters of the process are described in Section 2.3.4), to standardize samples
and improve extractability. The dried apples were ground in an A 11 basic analytical grinder
(Ika-Werke, Staufen, Germany). Approximately, 0.3 g of the tested material was weighed
into the falcon and 10 mL of extraction reagent (80% ethyl alcohol and 0.1 M hydrochloric
acid, 85:15 vol/vol) was added. Extraction was carried out for 12 h at room temperature on a
Multi Reax shaker (Heidolph Instruments, Schwabach, Germany) protected from light. The
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solution was centrifuged in a MegaStar 600 laboratory centrifuge (VWR, Leuven, Belgium,
4350 rpm/min, 2 min). The extraction procedure was performed twice for each sample.

Determination of Total Polyphenol Content (TPC)

The content of polyphenols in apples was determined by the spectrophotometric
method using a color reaction with the Folin–Ciocalteau reagent according to the method-
ology described by Bochniak-Niedźwieck et al. [34]. The extracts were diluted twice with
distilled water. Reactions were performed in 96-well plates. A total of 40 µL of Folin–
Ciocalteau reagent diluted 5 times was added to 10 µL of the extract, and 250 µL of 7%
sodium carbonate solution was added after 3 min. The solution was incubated for 60 min
at room temperature without access to light. Absorbance measurement at 750 nm was
performed using a Multiskan Sky plate reader (Thermo Electron Co., Waltham, MA, USA).
The blank was prepared in the same way, with the extract replaced by the extraction reagent.
Two repetitions were performed for each of the tested extracts. In order to quantitatively
determine the content of polyphenols, a calibration curve was prepared for chlorogenic acid
(Sigma Aldrich, Switzerland) in the range of 0–100 g/mL and the results were expressed as
the amount of mg of chlorogenic acid in 100 g of dry substance.

Determination of Vitamin C

The vitamin C content was determined using the UPLC-PDA system (WATERS Ac-
quity H-Class, Milford, MA, USA). The measurement was made according to the method
presented by Beya et al. [35]. A total of 10 mL of cold extraction solution (3% metaphos-
phoric acid, 8% acetic acid and 1 mM EDTA solution) was added to 0.05 g of material and
stirred for 10 min on a laboratory shaker. The solution was centrifuged (6000 rpm, 4 ◦C,
5 min) and the supernatant was filtered through syringe filters (0.22 µm PTFE) and diluted
twice with eluent (Milli-Q water with 0.1% formic acid). A WATERS Acquity UPLC HSS
T3 chromatographic column (2.1 × 100 mm, 1.8 µm; Waters, Ireland) was used for the
determination. The flow of the mobile phase was 0.25 mL/min and the temperature of
the column thermostat and samples were 25 and 4 ◦C, respectively. The spectrum was
analyzed at a wavelength of 245 nm. The content of L-ascorbic acid was calculated based
on the calibration curve of the L (-) ascorbic acid analytical standard. The analysis was
performed twice for each sample.

Determination of Antioxidant Activity (AA)

The measurement of the antioxidant activity of the analyzed samples was based on de-
termining the ability of the sample solution to reduce the ABTS•+ cation radical. The starting
solution was prepared by dissolving 38.4 mg of 2,2′-Azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid) and 6.6 mg of potassium persulfate) in 10 mL of distilled water. The solution
was mixed and left at 4 ◦C for 12 h. The working solution was prepared immediately before
the analysis by diluting the starting solution 100 times with an 80% ethanol solution. 10,
20, 30 and 40 µL of the sample extract and 3 mL of the radical solution were added to
the reaction tubes. After 6 min, the absorbance was measured at a wavelength of 734 nm
(Heλios Thermo Electron 7.03 spectrophotometer, Thermo Electron Corporation, Waltham,
MA, USA) [36]. Antioxidant activity was determined on the basis of the decrease in the
absorbance of the radical solution in the presence of an antioxidant and expressed in mg of
Trolox/g of dry sample substance. The assay was performed in duplicate.

2.3.7. Fourier Infrared Spectroscopy (FTIR)

Measurements of infrared spectra were performed with a Cary 630 spectrometer
(Agilent Technologies Inc., Santa Clara, CA, USA), with a single reflection diamond interface
(ATR—attenuated total reflectance). The spectra were recorded in the wavenumber range
4000–650 cm−1, with the number of scans 32, at a resolution of 4 cm−1 [37]. Data were
assessed using MicroLab FTIR software (version 5.7). Three measurements were performed
for each sample.
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2.3.8. Thermogravimetric Analysis (TGA)

The thermal stability and decomposition of the samples were determined using a
TGA/DSC 3+ thermogravimeter (Mettler Toledo, Greifensee, Switzerland). A total of 5
to 7 mg of the dried material was weighted in 70 µL Al2O3 crucibles and heated from 30
to 600 ◦C at a rate of 5 ◦C/min in a nitrogen atmosphere (50 mL/min) [38]. The TG and
DTG curves were obtained from the differential values of the dependence of mass loss on
temperature. Thermograms TGA/DTG were evaluated using the STAR software (version
16.10) from Mettler Evaluation. Two replicates were performed for each sample.

2.4. Statistical Methods

STATISTICA 13 software (StatSoft Inc., Tulsa, OK, USA) was used for statistical analy-
sis. The relationships between the tested properties of apples and the applied processing
were analyzed using a one-way ANOVA analysis of variance. In order to identify which
samples were statistically significantly different from each other, multiple comparisons
analysis using Tukey’s test was used. Statistical inference was conducted at the significance
level α = 0.05. In order to comprehensively assess the obtained results, based on the ana-
lyzed physicochemical properties, a cluster analysis and principal components analysis
were performed. Ward’s method and the Euclidean distance were used. The results of the
cluster analysis were presented on the dendrogram.

3. Results and Discussion
3.1. Vacuum Impregnation Process Combined with PEF Treatment of Apples

The impregnation yield expressed as weight gain is dependent on many factors,
among which the structure of the material, mechanical properties and process parameters
are considered as the most essential. Porosity is one of the most important variables of a
vacuum-impregnated material affecting the process efficiency, as it indicates the void space
for the inflow of the impregnating solution [39]. Apple is characterized by a relatively high
porosity (about 18–27%) which makes it a fruit that is often used in vacuum impregnation
studies [4,40–42]. In the present study, VI of apples in aloe vera juice solution resulted in a
weight gain of 24.4 ± 2.5% (Figure 2), whereas in the literature the following results can
be found: 15.17 ± 0.82 [43], 23.4 ± 0.5% [44], 27% (vacuum pressure of 300 mbar) or 31%
(vacuum pressure of 100 mbar) [45]. When PEF at low electric field strength (125 V/cm)
was used the mass gain was on a similar level as the VI sample, which was probably related
to small changes caused by PEF treatment and reversible electroporation. However, when
PEF at 212.5 or 300 V/cm was applied before VI, the weight gain amounted to 3.42 ± 1.68
and 1.87 ± 0.32%, respectively, and was significantly lower than in the other cases. It may
have been caused by the irreversible electroporation during PEF treatment, which could
lead to significant leakage of cellular juice from the apples to the solution. However, the
opposite result was noted by Mashkour et al. [46], who analyzed the effect of vacuum
impregnation of potatoes with PEF pre-treatment on iron enrichment. The study showed
that weight gain increased with the increasing PEF intensity and number of pulses. It was
explained by the electroporation mechanism, which resulted in easier removal of air from
the tissue with higher permeability of cell membranes during the reduced pressure stage
and easier penetration of the impregnating solution during the relaxation stage [46].

Figure 3 shows microphotographs of apple tissue stained with FDA solution aiming
at assessing cell viability. FDA is able to pass into cells through intact membranes, where
it is hydrolyzed by esterases to a fluorescent compound that cannot pass through the
membrane, considered to be functional only in the viable cells [47]. The VI resulted in the
preservation of cell viability, as it can be observed by the green fluorescence of the living
cells. The cell viability retention after the vacuum impregnation was observed also in other
studies [44,48–50]. However, several parameters can affect cell viability such as the pH of
impregnating solution or the concentration of substances dissolved in the solution. For
example, Mauro et al. [51] showed that vacuum impregnation in solutions with sucrose and
calcium lactate concentrations of 20 and 2%, respectively, resulted in the preservation of the



Foods 2023, 12, 3957 8 of 22

cellular structure, but increased concentrations of these compounds resulted in cell death.
In turn, Tappi et al. [44] observed that impregnating apple tissue with sucrose alone or
sucrose with calcium lactate solutions resulted in the preservation of cell viability, while the
addition of ascorbic acid to the solution resulted in cell death. The researchers suggested
that ascorbic acid may have remained in the intercellular space and was exposed to oxygen,
which caused its oxidation leading to loss of cell viability.
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tion with or without the use of PEF treatment at different intensities (125, 212.5, 300 V/cm) applied
before or after vacuum impregnation compared to the fresh one.

Apple samples subjected to PEF at 125 V/cm and vacuum impregnation showed
partial preservation of cell viability, while PEF at higher intensities (212.5 or 300 V/cm)
combined with vacuum impregnation led to almost complete loss of cell viability (Figure 3).
This phenomenon was observed independently of the PEF position, before or after the
VI process. These results are in line with those obtained by Tylewicz et al. [52], who in-
vestigated the effect of PEF pre-treatment at 100 or 200 V/cm on the properties of fresh
and osmotically dehydrated kiwi fruit. The researchers observed that PEF pre-treatment
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at 100 V/cm led to the partial preservation of cell viability of osmotically dehydrated
fruit, while higher PEF intensity (200 V/cm) caused cell death [52]. Similar behavior was
observed in the preservation of cell viability in the PEF pre-treated (100 or 200–400 V/cm)
osmodehydrated strawberries [53]. Whereas, Dellarosa et al. [51] found that the application
of PEF at 250 or 400 V/cm resulted in a significant loss of cell viability of apple tissue
(irreversible electroporation), while when PEF was applied at 100 V/cm, the result was com-
parable to fresh apple, indicating that only reversible electroporation occurred, which did
not result in loss of cell viability. From the images obtained in the present study (Figure 3), it
can be concluded that PEF at 212.5 or 300 V/cm induced irreversible electroporation, which
resulted in permanent perforation of the cell membrane and led to cell death, whereas
PEF at 125 V/cm induced reversible electroporation. Despite the limitation of the method
used to assess cell viability, which is the analysis of the small area of material, the results
obtained in other analyses (weight gain, hardness and color change) seem to confirm these
observations. A similar effect was noticed in kiwi fruit subjected to osmotic dehydration,
where a greater loss of tissue hardness was noticed when PEF treatment led to irreversible
electroporation [52].

3.2. The Effect of Vacuum Impregnation of Apples in Aloe Vera Juice on the Change of
Physical Properties
3.2.1. Changes in Water Content and Water Activity in Apples

In Figure 4 water content and water activity of the samples are presented. The water
content of fresh apples was 84.88 ± 0.08 g/100 g of product, while as a consequence of vac-
uum impregnation, it significantly increased to 86.29 ± 0.37 g/100 g of product. Similarly,
de Lima et al. [54] noted that the moisture content of vacuum-impregnated pineapples
was higher than fresh samples which was explained by water uptake during the treatment.
On the other hand, a different result was reported by Nawirska-Olszańska et al. [55], who
did not observe a statistically significant change in water content for fresh and vacuum-
impregnated black chokeberry in freshly pressed apple and pear juice (12.4◦ Brix). The
differences in obtained results may be due to the use of different raw materials, impregnat-
ing solutions and process conditions.
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Figure 4. Water content (a) and water activity (b) of fresh and vacuum-impregnated apples obtained
with or without the use of PEF treatment of different intensities (125, 212.5, 300 V/cm) applied before
or after vacuum impregnation. The same letters above the columns indicate homogeneous groups
that do not differ statistically from each other (α = 0.05).
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Vacuum impregnation combined with PEF treatment, regardless of PEF intensity and
the treatment order, also resulted in a statistically significant increase in water content in re-
lation to the fresh material. Additionally, for PEF treatment applied after vacuum impregna-
tion, water content increased significantly to 87.13 ± 0.15 g/100 g and 87.12 ± 0.20 g/100 g
of product when the PEF intensity of 125 or 212.5 V/cm was applied, respectively.

Water activity of food products is determined in order to evaluate their susceptibility
to microbial growth. A food material is considered microbiologically stable if the value
of water activity is below 0.6, whereas the value of water activity exceeding 0.95 enables
the growth of the majority of microorganisms [55]. From Figure 4b, it might be concluded
that neither vacuum impregnation alone nor the combination of vacuum impregnation
and PEF did not cause a significant change in water activity in comparison to the fresh
apple. This result is in line with the research of Hinestroza-Córdoba et al. [56], in which no
significant difference between fresh and vacuum-impregnated samples of lulo fruit was
obtained. Because of high values of water activity (between 0.98 and 0.99) both fresh and
vacuum-impregnated fruits are highly perishable and potentially hazardous products [7]
that need to be further processed to obtain microbiologically stable products.

3.2.2. Changes in Apple Color

Color is a crucial food property that has a key role in the assessment of food quality
and if not optimal can negatively affect consumers’ visual perception of a food product [57].
The results of L*, a* and b* parameters, as well as calculated values of ∆E and BI are
presented in Table 3.

Table 3. Color parameters of fresh and vacuum-impregnated apples obtained with or without
the use of PEF treatment at different intensities (125, 212.5 and 300 V/cm) applied before or after
vacuum impregnation.

Sample L* a* b* ∆E BI

F 78.63 ± 2.22 c* 0.92 ± 0.23 a 23.16 ± 1.10 abc 33.56 ± 2.16 a

VI 50.35 ± 6.55 ab 0.77 ± 1.10 a 20.99 ± 6.09 abc 28.93 ± 6.61 abc 46.02 ± 7.14 bc

PEF_125_VI 45.36 ± 2.73 a 1.34 ± 1.18 a 18.49 ± 3.02 a 33.64 ± 2.85 bc 55.32 ± 9.69 cd

PEF_212.5_VI 53.09 ± 2.18 b 4.31 ± 2.24 b 23.54 ± 1.69 bc 25.80 ± 2.33 a 59.25 ± 7.25 d

PEF_300_VI 52.25 ± 2.53 b 7.75 ± 2.03 c 25.87 ± 0.87 c 27.44 ± 2.90 ab 79.60 ± 6.97 e

VI_PEF_125 44.43 ± 5.43 a 1.06 ± 0.51 a 19.13 ± 4.29 ab 34.56 ± 5.65 c 52.05 ± 6.05 cd

VI_PEF_212.5 47.62 ± 5.41 ab 1.00 ± 1.72 a 20.43 ± 5.00 ab 31.40 ± 5.70 abc 48.49 ± 9.19 bc

VI_PEF_300 49.30 ± 4.37 ab 0.10 ± 1.01 a 18.41 ± 3.20 a 29.76 ± 4.73 abc 41.54 ± 5.35 ab

* The same letters (a–e) in columns indicate homogeneous groups that do not differ statistically from each other
(α = 0.05).

The value of the L* parameter for the fresh fruit amounted to 78.63 ± 2.22 and was
significantly higher than for the other samples, which ranged from 44.43± 5.43 to 53.09 ± 2.
The lower value of the L* parameter of vacuum-impregnated apples may be due to the
introduction of the aloe vera juice solution into the apple pores, but also to the different
way in which light is reflected from the surface of the fresh fruit with a porous structure
from the vacuum-impregnated fruit, whose pores are filled with liquid. In fact, the de-
termination involves measuring the radiation reflected from the surface of the material.
The solution filling the pores of the vacuum-impregnated tissue can absorb part of the
radiation so that a smaller part of it is reflected from the surface, which is recorded by the
measurement device [58]. A similar observation was conducted for apples impregnated
in a sucrose solution with ascorbic acid, green tea extract or a combination of these sub-
stances [6], or impregnated apples in a sucrose solution with ascorbic acid, calcium lactate
or their combination [44]. As a result of the combination of PEF treatment and vacuum
impregnation, the brightness did not change significantly compared to material subjected
to vacuum impregnation alone. Furthermore, it was observed that samples treated with
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PEF at 125 V/cm before or after vacuum impregnation had significantly lower L* values
than samples treated with PEF at 212.5 or 300 before vacuum impregnation.

The parameter a*, which relates to color changes ranging from green to red, for the
untreated apple was 0.92 ± 0.23, for the apple after VI alone 0.77 ± 1.10 and when PEF
treatment was applied, the parameter a* had a value ranging from 0.10 ± 1.01 (PEF after
VI, 300 V/cm) to 7.75 ± 2.03 (PEF before VI, 300 V/cm). Based on statistical analysis, it
was noted that the use of vacuum impregnation alone or with PEF treatment after VI did
not significantly change the value of the a* parameter compared to fresh raw material.
However, PEF treatment at 212.5 or 300 V/cm applied before the main process resulted in
statistically significant changes, indicating a higher contribution of red color in these two
variants than in the other samples.

The value of the parameter b*, which indicates a change in color from blue to yellow,
ranged from 18.41 ± 3.20 to 25.87 ± 0.87. Regardless of the treatment used, the values of
this parameter were not statistically significantly different from either the fresh sample or
the sample subjected to vacuum impregnation alone.

Concerning the total color difference (∆E), the higher the value of ∆E, the greater the
change in color is between the compared materials [59,60]. The ∆E values ranged from
25.80 to 34.56 and the values were significantly higher than 5, which means a noticeable
color difference. When PEF treatment was applied, the color changes were not statistically
different than in the sample treated only with vacuum impregnation.

The browning index BI is a measure reflecting the browning process of the apple flesh.
In fact, in most of the tested samples, the value of the a* increased, while the value of b*
decreased, which may suggest the occurrence of a browning reaction [44]. This process
is the result of the activity of the enzymes present in the apple tissue, which can cause
negative changes in appearance and sensory characteristics. This index is calculated based
on the parameters L*, a* and b* and characterizes the intensity of the brown color [61].
For fresh fruit, the browning index had a value of 34.60 ± 2.92, and after processing the
apples, the index value significantly increased by 30.1 to 121.9%. The value of the browning
index when VI was used was 53.13 ± 16.70 (an increase of 53.5% in relation to fresh
fruit). The greatest increase in brown color intensity was observed when PEF treatments of
212.5 or 300 V/cm were applied before vacuum impregnation (81.2 and 121.9% increase,
respectively). The increase in brown color intensity of these variants can be seen in the
macroscopic images of the samples (Figure 5). This was most likely due to the significant
damage to the structure caused by irreversible electroporation during the PEF treatment.
Depending on the applied parameters, PEF treatment can affect both the increase and
decrease of enzyme activity [62]. Because of that, it is recommended to use a lower electric
field strange, which assures reversible electroporation.
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3.2.3. Changes in Apples Texture and Structure

The effect of the applied treatments on the texture of the apple tissue was determined
based on hardness, defined as the maximum force required to obtain a given deforma-
tion. For the fresh apple, the average hardness was 10.80 N and as a result of vacuum
impregnation, this value remained almost unchanged (Figure 6). No statistically significant
differences in apple hardness as a result of vacuum impregnation were also observed by
Tappi et al. [6] and Derossi et al. [43]. However, from Figure 6, it can be seen that no
statistically significant differences may be due to the fact that hardness was characterized
by a relatively large variation for each sample (values of standard deviation ranged from
10.7 to 42% of the mean value). These high values of standard deviation are related to the
method of measurement as well as on the homogeneity of the tested samples. Similar large
variation in hardness was noted for apples vacuum impregnated in sucrose solution with
ascorbic acid, calcium lactate or a combination of both [44].
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The same letters above the columns indicate homogeneous groups that do not differ statistically from
each other (α = 0.05).

PEF treatment of the apple tissue resulted in a significant decrease in the hardness
of most samples. Similar results were obtained by Mashkour et al. [46], in which the
effect of PEF treatment on the hardness of vacuum-impregnated potatoes was analyzed.
Their results showed that PEF treatment significantly affected the reduction in hardness.
Moreover, the researchers observed that PEF treatment of higher intensity led to a greater
reduction in hardness, which is in agreement with the results obtained in our research. The
reason for the hardness reduction as a result of PEF treatment could be related to significant
damage to the plant structure. Texture parameters depend not only on the size of the
intercellular spaces but also on the cell size, shape and packing, cell wall thickness and
strength, adhesion of the middle lamellae and cell turgor [63].

The implemented VI and PEF processes caused significant changes in the cellular mi-
crostructure, as can be seen in images taken with a scanning electron microscope (Figure 7).
The fresh apples were characterized by a porous internal structure. The material consisted
of many cells tightly bound together, and the intercellular spaces were small. A similar
cellular structure was observed for fresh pear [64] and strawberry [65]. Vacuum impreg-
nation of apple tissue caused cell deformation and narrowing of the space between pores,
which was also observed by Ertek et al. [66] for VI of strawberries. The change in shape
and reduction of the cells can be explained by the loss of native fluid from the tissue, which
occurs due to the cracking of the cell walls due to impregnation.
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Figure 7. Microstructural changes of fresh and vacuum-impregnated apples obtained with or without
the use of PEF treatment of different intensities (125, 212.5, 300 V/cm) applied before or after vacuum
impregnation, magnification 200×.

As a result of the PEF pre-treatment, the formation of large pores into which substances
from the impregnating solution penetrated was observed. The material obtained using PEF
pre-treatment with an intensity of 125 V/cm seemed to be more filled with impregnating
solution than the materials obtained using PEF pre-treatment with higher intensities. In
addition, in all variants in which PEF pre-treatment was used, a more regular, closer
to circular pore shape and less deformation of the tissue can be observed than when
only VI was performed. When PEF treatment was applied after VI, other changes in the
microstructure of the apples were observed. When PEF at 125 V/cm was used the pores
were relatively small in size, their shape was regular, and they differed slightly from the
shape of the pores in the fresh sample. When PEF treatments at 212.5 or 300 V/cm were
applied after VI of the tissue with the solution, there was significant tissue damage and
the pores were very large compared to other samples. The effect of PEF treatment on
the structure of porous tissue is not fully understood, and due to the different structures
of different raw materials, PEF treatment can cause different changes depending on the
material. For example, the tissue structure of sweet potato inside the product remained
mostly intact after PEF treatment at 0.5 kV/cm and was not significantly different from
that of fresh material [67]. On the other hand, the dried plums pre-treated with PEF were
characterized by significant changes in microstructure compared to the dried material not
treated with PEF. Similarly, as in the present study, higher-intensity PEF treatment resulted
in the greater destruction of the material structure [68].

3.3. The Effect of Vacuum Impregnation of Apples in Aloe Vera Juice on the Change of
Chemical Properties
3.3.1. Bioactive Compounds and Antioxidant Activity in Apple Tissue

Figure 8 shows the vitamin C content, total polyphenols content and antioxidant activity of
the apple samples. The vitamin C content of the fresh fruit was 7.36± 0.32 mg/100 g d.m., as a
result of vacuum impregnation, this value significantly decreased to 4.89± 0.4 mg/100 g d.m.
(Figure 8a). Furthermore, the application of high-intensity PEF treatment (212.5 or 300 V/cm)
before or after VI resulted in a statistically significant reduction in the vitamin C content in
the apples in comparison to the VI apples. This was probably due to leakage of vitamin
C from the cells of the apple tissue caused by irreversible electroporation [69]. However,
it should be noted that PEF treatment may cause also the deactivation of enzymes [70]
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that are responsible for the degradation of ascorbic acid [71]. On the other hand, the PEF
treatment of 125 V/cm, which could induce reversible electroporation, applied before or
after the main process did not result in statistically significant changes in relation to the
vacuum impregnation alone. Similarly, Ciurzyńska et al. [72] studied the effect of PEF
pre-treatment with different parameters prior to drying of apples. The researchers observed
that the use of PEF treatments at 1, 3.5 and 6 kJ/kg before drying resulted in lower vitamin
C content in the dried tissue than in the case of samples without any pre-treatment. In
addition, PEF treatment of 1 kJ/kg enabled the lowest losses of this compound among
PEF-treated materials.
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Figure 8. Vitamin C content (a), total polyphenol content (TPC) (b) and antioxidant activity (c) in
fresh and vacuum-impregnated apples obtained with or without the use of PEF treatment of different
intensities (125, 212.5, 300 V/cm) applied before or after vacuum impregnation. The same letters
above the columns indicate homogeneous groups that do not differ statistically from each other
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In the case of total polyphenol content, fresh apples contained 1553 ± 93 mg of
chlorogenic acid per 100 g of dry matter (Figure 8b). Vacuum impregnation alone led to
a statistically significant decrease in polyphenol content by 31.6%. The decrease in the
TPC of the apple tissue as a result of VI can be explained by the fact that the TPC of the
apple cell juice, which leaks during the process, is higher than that of the aloe vera juice
solution used in this experiment. On the contrary, when VI is carried out in a solution rich
in bioactive compounds, there can be an increase in their content in the impregnated tissue.
This was obtained also by Dinçer [73] when using a solution of hibiscus juice, it was rich in
anthocyanins for vacuum-impregnating apples.

When PEF treatment was applied to the apple tissue, the TPC decreased significantly
with regard to the fresh sample (excluding the use of PEF at 300 V/cm applied after
VI) by up to 43.2%. It was noted that the application of PEF treatment prior to vacuum
impregnation resulted in a greater reduction in total polyphenol content when the higher
PEF intensity was used. This can be linked with the possibility of the formation of free
radicals and reactive oxygen species during the PEF treatment as a response to stress [74].
The decrease in total polyphenol content in vacuum-impregnated apples after PEF pre-
treatment is thought to be due to changes in structure, which may have increased cell
juice leakage before or during the first phase of impregnation or decreased penetration of
the impregnating solution into the voids during the second phase of impregnation. The
opposite direction of change in TPC was observed when PEF treatment was carried out after
the vacuum impregnation process. This indicates different changes in the microstructure of
the fruit caused by the treatments used.

The antioxidant activity of apples after VI was 3.68± 0.20 mg Trolox/g d.m. (Figure 8c)
and did not differ significantly from fresh apples, for which it was 3.58 ± 0.02 mg Trolox/g
d.m. Furthermore, no statistically significant differences in antioxidant activity were
observed between fresh and vacuum-impregnated apples using PEF at 212.5 V/cm—before
VI, 212.5 or 300 V/cm—after VI. On the other hand, the other samples showed a decrease in
antioxidant activity in the range of 19.2–43.2%. This phenomenon may be explained by the
bidirectional mass transfer during the VI process. In the first step of the VI process, there is
a partial loss of bioactive compounds from the porous tissue, while in the second step of
the process, bioactive substances can penetrate into the tissue along with the impregnating
solution. Owing to the changes in texture that occur as a result of PEF treatment, mass
transfer can increase in both the first and second stages of VI, and additionally, mass
transfer also occurs during PEF treatment itself. The inhomogeneous PEF effect can lead
to different changes in the antioxidant activity of treated samples. Genovese et al. [30]
analyzed the effects of PEF treatment with a specific energy consumption of 1.92 kJ/kg
in combination with osmotic dehydration on the properties of dried kiwifruit. For all
the drying temperatures used (50, 60 and 70 ◦C), the PEF pre-treatment gave the highest
antioxidant potential of the kiwifruit samples.

3.3.2. Fourier Infrared Spectroscopy (FTIR) of Apple Tissue

Fourier transform infrared spectroscopy (FTIR) was used to determine the molecular
structure and chemical composition of analyzed materials. Infrared radiation is absorbed
at different frequencies, which are related to the vibrational energy between atoms in a
molecule [75].

Figure 9 presents the FTIR spectra of the tested samples. The spectra show the
correlation between the intensity of the absorbance of the radiation and its energy expressed
as a wavenumber (cm−1). The tested materials showed a similar peak distribution, while
the peaks differed in height between the different materials. The presence of the same
functional groups in the analyzed materials is due to the use of the same raw materials to
obtain the individual variants, while different processing methods of the raw materials
have resulted in changes in structure and chemical composition, resulting in different
peak heights. The greatest differences between the materials were observed in the range
3500–2800 cm−1 (O-H group area) and 1800–600 cm−1 (C-H group area) [76].
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Figure 9. FTIR spectra of fresh and vacuum-impregnated apples obtained with or without the
use of PEF treatment of different intensities (125, 212.5 and 300 V/cm) applied before or after
vacuum impregnation.

Pulsed electric field treatment applied prior to VI generally resulted in the observed
peaks being lower than for fresh material but higher than for material treated alone with vac-
uum impregnation. Vibrations visible in the range 4000–3600 cm−1 indicated the presence
of water molecules. Subsequently, the characteristic of broad band in the 3600–3000 cm−1

region is related to the presence of hydroxyl groups, which may originate from alcohols,
phenols or carboxylic acids [77]. Absorbance peaks around 2950 and 2855 cm−1 indicate
asymmetric stretching and deformation of the -CH2 and -CH3 alkyl groups. In this region,
the highest intensity spectra were recorded for fresh and VI apples with PEF treatment at
125 V/cm applied after VI. The bands in the 1750–1650 cm−1 region relate to vibrations of
the carbonyl group (C=O) and are characteristic of aldehydes, esters and aromatic acids.
Absorbance peaks in the range 1450–1300 cm−1 also indicated the presence of alkanes in
the fruit [78]. Strong stretching vibrations for groups: (C-O) and (C-C) were recorded in
the 900–1150 cm−1 region, e.g., for different saccharide groups such as glucose, fructose
and sucrose [75]. The highest intensity in this range was observed for fresh and vaccum-
impregnated material with PEF treatment at 125 V/cm intensities applied before or after
VI as well as with 300 V/cm intensities applied after VI. The region below 900 cm−1 relates
to the conformational changes of the material, where organic compounds exhibit unique
molecular oscillations [79].

3.3.3. Thermogravimetric (TGA) Changes in Apple Tissue

Figure 10 shows the temperatures and weight losses by phase of thermal degradation
for fresh, VI apples without additional treatments and with PEF treatment. All VI materials
showed four phases of thermal degradation.

The mass losses observed in phase I (30–110 ◦C) of the degradation were 4.5–6.1%.
These losses were mainly due to the loss of water and volatiles. As the materials were
previously lyophilized, the weight losses in this phase were relatively low, with the vacuum-
impregnate apples being higher (4.7–6.1%) than untreated apples (4.5%).

In phase II (110–250 ◦C), mass losses in the range of 33.3–43.5% were recorded and
these were the highest losses obtained by thermogravimetric analysis. Thermal degradation
of fructose (119–165 ◦C), glucose (150–200 ◦C) and sucrose (170–212 ◦C) occurs in this
phase [80]. The weight loss from fresh tissue reached 43.5%, while the weight loss from
tissue only vacuum-impregnated was 36%. Weight loss from tissue subjected to pulsed
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electric field and vacuum impregnation ranged from 34.8 to 38.5%. From preliminary
studies, it is known that the fresh apple contained 4 g sucrose, 12.3 g glucose and 41.1 g
fructose in 100 g of dry matter. Based on the results of the thermogravimetric analysis, it
can be assumed that there was a loss of mono- and disaccharides from the tissue as a result
of the vacuum impregnation.

Foods 2023, 12, x FOR PEER REVIEW 18 of 24 
 

 

 

Figure 10. Phases of thermal degradation analysis (TGA and DTG) of fresh and vacuum-impreg-

nated apples obtained with or without the use of PEF treatment of different intensities (125, 212.5 

and 300 V/cm) applied before or after vacuum impregnation. 

The mass losses observed in phase I (30–110 °C) of the degradation were 4.5–6.1%. 

These losses were mainly due to the loss of water and volatiles. As the materials were 

previously lyophilized, the weight losses in this phase were relatively low, with the vac-

uum-impregnate apples being higher (4.7–6.1%) than untreated apples (4.5%). 

In phase II (110–250 °C), mass losses in the range of 33.3–43.5% were recorded and 

these were the highest losses obtained by thermogravimetric analysis. Thermal degrada-

tion of fructose (119–165 °C), glucose (150–200 °C) and sucrose (170–212 °C) occurs in this 

phase [80]. The weight loss from fresh tissue reached 43.5%, while the weight loss from 

tissue only vacuum-impregnated was 36%. Weight loss from tissue subjected to pulsed 

electric field and vacuum impregnation ranged from 34.8 to 38.5%. From preliminary 

studies, it is known that the fresh apple contained 4 g sucrose, 12.3 g glucose and 41.1 g 

fructose in 100 g of dry matter. Based on the results of the thermogravimetric analysis, it 

can be assumed that there was a loss of mono- and disaccharides from the tissue as a result 

of the vacuum impregnation. 

In phase III (250–440 °C), weight losses were also high, varying from 28.4 to 36.8%. 

The smallest loss in this phase (28.4%) was recorded for fresh apples. For vacuum-impreg-

nated tissue, the weight loss in phase III was considerably higher (35.1%). The effect of 

PEF treatment was inconclusive, with less weight loss occurring in most variants with its 

use than with the use of VI alone. In phase IV (440–600 °C), weight losses for VI samples 

ranged from 4.0 to 7.2% and 20.6% for the non-impregnated sample. 

In phase III (250–440 °C), polysaccharide degradation begins and continues in phase 

IV. The polysaccharides present in apples—hemicellulose, cellulose and lignin are de-

graded at temperatures of 220–315 °C, 250–450 °C and 320–450 °C, respectively [77,81]. 

The chemical composition of aloe vera juice should also be noted. It contains more than 

75 biologically active components such as vitamins, minerals, monosaccharides, polysac-

charides (glucomannan and acemannan), amino acids, anthraquinones, saponins, phy-

tosterols, phenolic compounds and salicylic acids. The main phytonutrients are polysac-

charides and anthraquinones [82]. The most important polysaccharide of aloe vera is ace-

mannan, the degradation of which mainly occurs at temperatures between 200 and 600 °C 

[83]. Significantly higher weight losses in phase III for apples impregnated with the aloe 

Figure 10. Phases of thermal degradation analysis (TGA and DTG) of fresh and vacuum-impregnated
apples obtained with or without the use of PEF treatment of different intensities (125, 212.5 and
300 V/cm) applied before or after vacuum impregnation.

In phase III (250–440 ◦C), weight losses were also high, varying from 28.4 to 36.8%. The
smallest loss in this phase (28.4%) was recorded for fresh apples. For vacuum-impregnated
tissue, the weight loss in phase III was considerably higher (35.1%). The effect of PEF
treatment was inconclusive, with less weight loss occurring in most variants with its use
than with the use of VI alone. In phase IV (440–600 ◦C), weight losses for VI samples ranged
from 4.0 to 7.2% and 20.6% for the non-impregnated sample.

In phase III (250–440 ◦C), polysaccharide degradation begins and continues in phase IV.
The polysaccharides present in apples—hemicellulose, cellulose and lignin are degraded at
temperatures of 220–315 ◦C, 250–450 ◦C and 320–450 ◦C, respectively [77,81]. The chemical
composition of aloe vera juice should also be noted. It contains more than 75 biologically
active components such as vitamins, minerals, monosaccharides, polysaccharides (gluco-
mannan and acemannan), amino acids, anthraquinones, saponins, phytosterols, phenolic
compounds and salicylic acids. The main phytonutrients are polysaccharides and an-
thraquinones [82]. The most important polysaccharide of aloe vera is acemannan, the
degradation of which mainly occurs at temperatures between 200 and 600 ◦C [83]. Signif-
icantly higher weight losses in phase III for apples impregnated with the aloe vera juice
solution compared to non-impregnated apples may indicate that the solution has effectively
penetrated the pores of the apple tissue as a result of impregnation.

3.4. Cluster Analysis and Principal Components Analysis Results

The results of the cluster analysis (CA) and Principal Components Analysis (PCA) are
presented in Figure 11. The CA and PCA analyses were conducted taking into account
water content, water activity, color parameters L*, a*, b*, BI; hardness, total polyphenol
content, vitamin C content and antioxidant activity. The results of the analysis made it
possible to distinguish three large groups (clusters). Cluster 1 included only a fresh sample,
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while the second group stands for the sample subjected to the VI applied alone and with
the application of PEF used as post-treatment and only in one case for pre-treatment when
the lowest electric field strength (125 V/cm) was used. This shows that both VI and PEF
treatment caused changes in plant tissue. Another cluster contains two samples obtained by
PEF treatment with an intensity of 212.5 or 300 V/cm applied before vacuum impregnation.
This means that higher intensities of PEF treatment caused more pronounced changes in the
structure and properties of the apple tissue, which cannot be restored during the vacuum
impregnation process.
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Figure 11. Cluster analysis (a) and Principal Components Analysis (PCA) (b) of fresh and vacuum-
impregnated apples obtained with or without the use of PEF treatment of different intensities (125,
212.5 and 300 V/cm) applied before or after vacuum impregnation.

4. Conclusions

The vacuum impregnation process resulted in obtaining a product with a higher water
content and a significant difference in color compared to the fresh material. The weight of
the sample impregnated with aloe vera juice increased by over 24%. Furthermore, there
were observed significant changes in the structure of the material and partial loss of cell
viability, which can be related to a decrease in the polyphenols and vitamin C content.
However, the antioxidant activity for the VI sample did not change statistically.

Due to the mechanism of the PEF treatment, it was observed several negative effects
such as changes in the microstructure of the plant tissue as well as partial (125 V/cm) or
complete (212.5, 300 V/cm) loss of cell viability, which can be linked to the texture altering
(softening).

As a result of PEF treatment, applied both before and after vacuum impregnation,
the hardness of the tissue decreases significantly, which is associated with damage to the
structure, leakage from cells and low efficiency of tissue saturation with the impregnat-
ing solution. This is probably related to the greater leaking from the apple tissue than
the force caused by the pressure forcing the surrounding aloe vera juice into the tissue
due to the vacuum impregnation process. The reduced content of bioactive substances
after PEF treatments results from changes in the structure of the material, which on the
one hand may support mass exchange, and on the other—cause the loss of nutritionally
valuable substances. The reduction of bioactive compounds, including vitamin C content
(PEF 212.5 or 300 V/cm applied before and after vacuum impregnation) and antioxidant
activity (PEF 125 or 300 V/cm applied before vacuum impregnation or 125 V/cm after
vacuum impregnation) was observed. Whereas total polyphenol content was statistically
unchanged or higher in comparison to untreated vacuum-impregnated samples. The use
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of pulsed electric field treatment reduces the effectiveness of the vacuum impregnation
process, so the PEF treatment is not recommended to be used before or after the vacuum
impregnation process.
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