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Abstract: The study provides comprehensive information on the vacuum impregnation process
applied to plant materials. It aims (in traditional applications) to ensure impermeability and
elimination of porosity of various materials. The process substantially accelerates mass transfer in the
liquid—-solid system. The study describes the course of the process and accompanying phenomena as
well its effects on plant tissues. The aim of the investigations was to determine the impact of some
impregnation parameters (pressure, pressure change rate, vacuum maintenance time, relaxation
time, and the coefficient of impregnating liquid viscosity) and the mode of impregnation (wet, dry,
cyclic wet) on the degree of filling the plant tissue with the impregnating solution. Jonagold apples
were used as the study material. The investigations have revealed that changes in the vacuum
impregnation parameters (vacuum maintenance time, relaxation time, pressure change rate in the
system) and the impregnation method do not exert a significant impact on the effectiveness of the
process as expressed by the degree of permeation of the impregnating solution into the tissue. The
pressure value and the viscosity coefficient were the only parameters that had a significant effect on
the impregnation yield.
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1. Introduction

Each type of impregnation under reduced pressure, referred to as vacuum impregnation, accelerates
mass transfer in the liquid—solid system, reduces porosity, and improves material permeability; hence,
the process is widely applied in the production of engine blocks and heads, power and brake
systems, and aircraft undercarriage elements [1]. It facilitates engineering of the structure (Food Matrix
Engineering) [2-5] and functional features of materials, simultaneously enhancing their physicochemical
stability [6,7]. Impregnation, which contributes to shortening the time of unit operations without
disturbing the original structure of tissues [8], is applied in the production of food for modification,
enrichment, or improvement of its quality [9].

Vacuum impregnation consists of the following phases: reduction of the pressure in the system
(up to over 3 kPa), maintenance of the pressure for a specified time, restoration of the atmospheric
pressure in the system, and maintenance of this pressure in the system during relaxation. In a porous
food raw material-liquid system, there are coupled phenomena of material deformation and relaxation
induced by expansion of gas escaping from pores and the outflow of liquids from free spaces [10-12]
as well as the impact of the impregnating liquid on the material structure. Deformation—Relaxation
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Phenomena (DRP) dominatein the first and second phase of the process and the Hydrodynamic
Mechanism (HDM) dominates in the last two phases when the impregnating liquid permeates the
structure of the material. This is accompanied by deformation and opposite-direction relaxation of
the material (compression) [13]. The pore volume decreases until establishment of equilibrium [14].
The process is determined by synergistic external factors (process conditions including pressure and
temperature, properties of the impregnating liquid, time of vacuum maintenance, time of relaxation,
viscosity and concentration of the impregnation solution, the size and shape of the material, and the
ratio of material mass to the solution mass) and internal factors (properties of the impregnated material
and its three-dimensional architecture) [4].

Processes occurring on the plant material-surrounding liquid surface are examined with an
assumption of cylindricity of the material pores. Determination of the process parameters is difficult,
hence the discrepancies in the results of different investigations [14,15].

Application-targeted research is focused on the process itself and impregnating liquids, which
together with their functions, e.g., protection against rupture and disintegration of material cells during
the drying, canning, or freezing processes, may constitute the “know-how” [16]. A reduced process
temperature decreases the likelihood of thermal damage to organic tissue and sustains its structure,
whereas the use of a sugar solution prevents loss of the volatile aroma of fresh fruit and discoloration
caused by enzymaticoxidative browning [17].

Impregnation often precedes heat treatment [18], and partial removal of water, reduction of pH,
and introduction of additional components to the material intended for freezing do not affect the
integrity of the material and contribute to prolongation of shelf life at low temperatures [16]. This
distinguishes impregnation from other methods of acquisition of new products [19]. The modification
of the structure of fruits and vegetables does not destroy their cellular structure, but ensures mass
transfer during osmotic dehydration of the material [20] and changes the physical properties of
the material, e.g., thermal conductivity and dielectric properties, which have a great impact on the
technological processing of fruits and vegetables [21].

The aim of the study was to determine the impact of selected impregnation parameters on the
degree of permeation of the model material tissue by the impregnating solution. The degree of
permeation of the model plant tissue by an impregnation staining solution was a measure of the
effectiveness of the impregnation process. The impact of the method of impregnation process, pressure,
pressure change rate, vacuum maintenance time, relaxation time, and the coefficient of impregnating
liquid viscosity on the effectiveness of the vacuum impregnation process was investigated.

2. Materials and Methods

A cylinder with diameter d = 17 mm and height h = 20 mm was cut out from the model material,
i.e., Jonagold apple tissue. The height of the cylinder was greater than the diameter (h>d), because
further research was carried out on its cross-section.

Water stained with a 2% Tris(4-(dimethylamino)phenylo)methylium chloride solution (2%
methylene violet, (Avantor Performance Materials Poland) was the impregnating liquid [22,23].
The viscosity coefficient of this solution was 1 mPa-s.Additionally, water and starch syrup solutions
stained with 2% methylene violet with a calibrated viscosity coefficient n [mPa-s] of 1, 50, 100, 200, and
400mPa-s were used to determine the impact of the viscosity coefficient on the degree of permeation of
the apple tissue by the impregnation solution.

The viscosity coefficient of the impregnating liquid was controlled with a Brookfield viscometer:
model LVDV-II+PRO (Brookfield Engineering Laboratories Inc. Middleboro, MA, USA). Temperature
was stabilized with a water bath. The viscosity coefficient was determined with the use of an 5-62
spindle at a rotational speed value ranging from 6 to 60 min~!. Computer software Rheocal v3.1
(Brookfield Engineering Laboratories Inc. Middleboro, MA, USA) was used to record the data and
control the viscometer.Measurements took place at 20 °C.
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The present investigations were based on both wet and dry impregnation methods as well as a
cyclic wet impregnation method, which was not included in the classification mentioned above.

The impregnation process was carried out in a 2dm3 chamber connected to a vacuum pump
regulating the pressure in the chamber in the range of 5kPa-atmospheric pressure (patm).The
experiments were conducted at a temperature of 20 °C, which was the same as the temperature of
the impregnating liquid. The volume of the impregnating solution was 0.5dm?. The course of the
subsequent experiments varied depending on the type of the impregnation process employed. Figure 1
describes the process of vacuum impregnation and its individual phases.

B A Moment of feeding a solution
wvi : : DVI

Atmospheric v H
pressure .
Ap :

Reduced \"4

pressure
tA tl tB t2

€«—— Impregnation——>
cycle

Figure 1. The process of vacuum impregnation and its individual phases: Phase 1—pressure change
during time t4, phase 2—vacuum maintenance during time t;, pressure change during time tg, phase
4—relaxation during time t,.

2.1. Wet Vacuum Impregnation (WVI)

In the case of wet vacuum impregnation (WVI), apple tissue samples were placed in a liquid-filled
chamber. The pressure was reduced to 5 kPa after sealing the chamber. The programmed pressure
changerates (%p) were 5, 10, and 30kPa-s™! respectively. Then, the chamber remained under vacuum
for 0, 100, 300, 600, and 900 s. Later, the chamber pressure returned to atmospheric pressure at a speed

Ap

(K) of 5,10, and 30 kPa-s~!. The last impregnation phase was carried out at atmospheric pressure and

lasted 0 to 900 s.

2.2. DryVacuum Impregnation (DVI)

During dry impregnation, the material was placed in an empty chamber, in which the pressure
was reduced to 5 kPa. Under such conditions, the impregnation liquid was injected into the chamber.
Then, the system maintained a vacuum in the chamber for time t;. After the atmospheric pressure
was restored in the chamber, the system was maintained over time t; after the impregnation. All
impregnation parameters in the DVI method were the same as in the WVI method.

2.3. Cyclic Wet Vacuum Impregnation

In the cyclic WVI experiments, the impregnation cycle was repeated 5 and 10 times without
disrupting the contact of between the impregnating liquid and the impregnated material.

2.4. Control

The control was impregnation at atmospheric pressure. It was (patm) carried out concurrently
with the other experiments, serving as a reference system. In the case of WVI, impregnation at
atmospheric pressure was carried out by immersing the material in the liquid in the chamber. In the
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DVI impregnation setup, the impregnating liquid was poured over the analyzed material placed in an
empty chamber. The impregnation workbench is presented in Figure 2.
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Figure 2. Scheme of the stand for vacuum impregnation process implementation: 1—vacuum chamber,
2—water bath, 3—cover, 4—vacuum pump, 5—reservoir for liquid, 6—reservoir for raw material.

2.5. Image Analysis

After the process of apple tissue impregnation with the staining solutions, cross-sections of the
samples were prepared for analyses. Cylindrical samples with diameter d = 17 mm and height h =
20 mm were cut at the midheight. Each cross-section was photographed with an OLYMPUS C5060
digital camera (Olympus Europe, Germany). To determine the degree of tissue staining with the
impregnating solution (ug), the image was analyzed using the PHOTOSHOP CS5graphics program
(Adobe Inc. San Jose, CA, USA). The histogram function was used, in which, in the first step, the
percentage of the entire sample surface extracted from the background was calculated. The second step
was to calculate the percentage of the surface stained with the impregnation solution. The penetration
rate of the impregnating substance was calculated as the ratio of the percentage of colored surface to
the percentage of the entire surface of the sample.

These experiments were carried out in five replications(fivecylindrical apple tissue samples
excised from different parts thereof were placed into the vacuum chamber at one time). The arithmetic
mean and standard deviation were calculated in all cases.

The subjects of analysis in the study werethe impregnation method, the pressure change rate in
various stages of the time to maintain the vacuum (t;) and the time of relaxation (t).

All results were analyzed for significance by means of Tukey’s honest significant difference test
(HSD) at a significance level of o« = 0.05using the STATISTICA 13.3 package.

3. Results

3.1. Influence of Pressure Change Rate, Vacuum Maintenance Time, and Relaxation Time

Figures 3 and 4 present the dependence of the percentage of apple tissue staining ug on the
dynamics of pressure changes in phases 1 and 3 of dry vacuum impregnation (DVI) for the selected
values of vacuum maintenance time t; and relaxation time t,.
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Figure 3. Dependence of the percentage of apple tissue staining ug on the pressure change rate in the
dry vacuum impregnation (DVI) cycle for t; = 0 and different values of t,: (a) t, =0's, (b) t =900 s.
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Figure 4. Dependence of the percentage of apple tissue staining ug on the pressure change rate in the
DVI cycle, for t; = 900 s and different values of tp: (a) t; =0, (b) t; =900 s.

For time values t; = t; = 0, the percentage of apple tissue staining in the dry impregnation process
(DVI) ranged from 79.5% for %’ =30 kPa-s! and f—]f =5kPa-s™! to 86.8% for f—f =30 kPa-s~! and f—]f =
30kPa-s~! (Figures 3 and 4). The standard deviations of the tested value in this experimental cycle

ranged from 3.7% to 17.5%. The highest degree of apple tissue staining, i.e., 87.4%, was noted at the
maximum values of t; and t; and for ?=£ =30 kPa-s~L.

ts

Figures 5 and 6 present the dependence of the percentage of apple tissue staining ug on the

dynamics of pressure changes in phases 1 and 3 of wet vacuum impregnation (WVI) for the selected
values of vacuum maintenance time t; and relaxation time t5.



Processes 2020, 8, 428

6 of 13

WWI 5 kPa WWI 5 kPa
=0 t,=0
Us [%] =0 us [%] ,=900 s
100 100

90
80
70
60

30
10
s s

A [kPa-'s™] S 5 ‘B [kPa-'s™]

(a)

90
80
70
60

30
Ap 10 Ap

t4 kPa-s| 5 B [kpa-s|

(b)

Figure 5. Dependence of the percentage of apple tissue staining ug on the pressure change rate in the
wet vacuum impregnation (WVI) cycle, for t; = 0 s and different values of t,: (a) t =0's, (b) t; =900 s.
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Figure 6. Dependence of the percentage of apple tissue staining ug on the pressure change rate in the
WVI cycle, for t; = 900 s and different values of t: (a) t; =0's, (b) t; =900 s.

Similar results were obtained in the wet impregnation process (WVI). In this case, the highest
percentage of apple tissue staining (90.5%) was recorded at %P =30kPa-s! and ?—5 =5kPas™! and ata
time value of t; = t; = 900 s (Figures 5 and 6). The standard deviations for the impact of the dynamics
of pressure changes in the wet impregnation (WVI) process were similar to those calculated for the dry
impregnation treatment (DVI). Summing up this investigation cycle, it can be concluded there are no
clear trends in the impact of the dynamics of pressure changes in phases 1 and 3 on the impregnation
result. Therefore, further investigations of the dynamics of pressure changes were carried out in the
maximum value system, i.e., %p = f—]f =30 kPa-s~ 1.

3.2. Influence of Vacuum Impregnation Method

Figure 7 present graphs of changes in the percentage of apple tissue staining ug at time t;, at
different impregnation methods, and different relaxation time values t, and for the 30kPa-s~! pressure
change rate in the system in phases 1 and 3.



Processes 2020, 8, 428

t,=0
Us [%] Ap/ty=30 kPa-s™
100 Aplts=30 kPa-s™!

80
60
40

20

0
100
300

t1 [S] 600
900

5 (DVI)
5 (WVI)
p ATM p [kPa]

1,900 s
Ap/ty=30 Pa's™
Ap/t=30 Pa-s™

Us [%]
100

80
60
40
20

5 (DVI)
5 (WVI)
pATM p [kPa]

(b)

ti [s] 600
900

7 of 13

Figure 7. Changes in the percentage of apple tissue staining ugat time t; and different impregnation
methods: (a) tp = 0's, (b) t = 900 s. Pressure change rate in the system 30 kPa-s™1.

The impregnation was carried out at atmospheric pressure (pary) and 5kPa with the dry (DVI)

and wet (WVI) method.

Figure 8 presents selected photographs of apple tissue impregnated with water and stained with

a 2% methylene violet solution.

ti/t2 p (kPa) (impregnation method)

900/0

0/900

5(WVI)

5(DVI)

Figure 8. Apple tissue impregnated in different conditions using a staining solution with a viscosity
coefficient 1 = 1 mPa-s for the selected values of parameters t; and t;.

The pictures show a strong vacuum impregnation effect, regardless of the method employed.
Impregnation of the apple tissue at atmospheric pressure resulted in staining of merely the outer
layers of its tissues. Nevertheless, this experimental cycle allowed exclusion of another factor from the
research. Since there was no impact of the pressure change rate in the previous step, the investigations
were narrowed in terms of the impregnation method. It was noted that the results of the wet (WVI)
and dry (DVI) methods did not differ; therefore, the dry impregnation (DVI) mode, which was more

complicated, was discarded.
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3.3. Influence of Solution Viscosity Coefficient

Figure 9 shows a graph of the changes in the percentage of apple tissue staining ug depending
on the solution viscosity coefficient in the different impregnation treatments. The impregnation at
atmospheric pressure yielded below 20% of apple tissue staining, with standard deviations in the range
from 2.8 to 8.3%. When thepressure was reduced to 5kPa, the impregnation contributed to a sharp
increase in the percentage of apple tissue staining (ug). It ranged from 75.2% in the case of the 1 wet
impregnation cycle treatment 5 (WVI 1) to 79.7% in the fivecycles of WVIL As the viscosity of the liquid
increased, a decrease of apple tissue staining occurred. The standard deviations in the percentage of
staining in the vacuum impregnated apple tissue were higher, i.e., from 1.9 to 12.9%, than the values
noted for impregnation at atmospheric pressure. As in the previous cycle, there were no trends in the
impact of the vacuum maintenance time (t;) and the relaxation time (t;) on the impregnation results.

t,=0
t,=0
Ap/ty=30 kPa-s™
Ap/tg=30 kPa-s™

us [%]
100

80
60
40

20

Figure 9. Percentage of apple tissue staining us depending on the solution viscosity coefficient in the
different impregnation treatments, t; = t, = 0; pressure change rate—30kPa-s~!. 5(WVI 1)—onecycle of
WVI at 5 kPa, 5(WVI 5)—fivecycles of WVI at 5 kPa, 5(WVI 10)—10 cycles of WVI at 5 kPa.

In the case of impregnation carried out at atmospheric pressure, the tissue staining was low,
regardless of the viscosity of the impregnating liquid (Figure 10). Repeating vacuum impregnation
with a low viscosity liquid (n = 1 mPa-s) resulted in increased penetration of the impregnating liquid
into the fruit tissue. After using higher viscosity liquids (n = 400 mPa-s), liquid diffusion in the fruit
tissue was difficult. Repeated impregnation did not increase the amount of liquid diffusing into the
fruit tissue.

3.4. Statistical Analysis

The statistical analysis of the investigation results performed using Tukey’s reasonable significant
difference (HSD) test at a significance level of & =0.05 provides a comprehensive picture of the findings
of the research focused on optimization of the process parameters used in consecutive steps of the
experimental design.

Table 1 shows the results of statistical analysis of the impact of the analyzed factors, i.e., the
pressure change rate in impregnation phase 1 and 3, vacuum maintenance time, relaxation time,
impregnation method, pressure, and impregnating liquid viscosity coefficient on the results reflected
by the percentage of apple tissue staining.
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H p (kPa) (Impregnation Method)
(mPa-s)
5(WVI1) 5(WVI 10)
1
400

Figure 10. Apple tissue impregnated in different conditions using a staining solution with a viscosity
coefficient 1 = 1 mPa-s andn = 400 mPa-s, 5(WVI 5)—fivecycles of WVI at 5 kPa, 5(WVI 10)—10 cycles
of WVI at 5 kPa.

Table 1. Analysis of the significance of the impact of the analyzed factors on the us value. Mean values
marked with the same letter in columns do not differ significantly (p < 0.05).

Factor Value us(%)(SD)
5 80.5 (x15.2)a *

Pressure change rate

A _ 10 84.4 (+16.3)a

7o (kPass™) 30 76.5 (+14.4)a
Pressure change rate 150 Sg; Eiﬁ';;a
A _ J(x14.7)a

T (kPas™!) 30 79.6 (+11.2)a

0 84.1 (+13.1)a

100 83.8 (+14.6)a

Time t;(s) 300 80.7 (+12.8)a

600 87.8 (+11.9)a

900 82.8 (x14.5)a

0 84.5 (+17.4)a

100 83.6 (£15.5)a

Time t)(s) 300 76.7 (+15.3)a

600 82.5 (+12.2)a

900 82.9 (+10.8)a

WVI 84.7 (£13.4)a

. WVI5 89.4 (+15.7)a
Impregnation method WVI 10 88.4 (+16.2)a
DVI 85.3 (£16.8)a

5 83.4 (+17.5)a

Pressurep (kPa) AT 21.1 (£35)b

1 68.3 (£0.8)a

50 37.4 (£7.6)b

Viscosity coefficient(mPa-s) 100 27.0 (£8.3)c
200 21.1 (£5.3)cd

400 16.8 (+13.9)d

* Mean values marked with the same letter (a, b, ¢, d) in columns do not differ significantly (p<0.05).
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4. Discussion

Apple tissues exhibit medium susceptibility to impregnation. In previous studies, staining
solutions were used as an indicator of the effectiveness of the vacuum impregnation process [22,23].
Such solutions served only for visualization of the process effectiveness, but the degree of tissue staining
was not a source of empirical data for researchers. A comparison of the images taken in previous
reports with the results obtained in this study demonstrates their similarity. However, since the images
were not analyzed in the previous studies, this statement does nothave a scientific background based
on numerical data. Furthermore, each of the reports of food investigations cited in the present paper
werebased on wet vacuum impregnation, which is only one of many methods for implementation of
the process. Therefore, the results of the present study cannot be fully compared with those reported
by other authors [24-34].

During vacuum impregnation, plant tissues exhibit different types of behavior. In apple tissue,
there is strong gas expansion in the pores in the vacuum phase, which is explained by the natural
outflow of the liquid from pores induced by the pressure gradient [35]. Mango, peach, and orange
tissues exhibit strong deformation of the porous structure during the vacuum phase and after restoration
of atmospheric pressure in the system [36,37]. Diced carrots, zucchini, and beetroot impregnated in
isotonic sucrose maintain the increased pore volume [15].

Impregnation treatment of vegetables and fruits is usually carried out at pressure values from 5 to
60kPa. Reduction of the impregnation pressure increases the effect of this process [38]. The effectiveness
of impregnation is enhanced with increasing process time in the range from 0 to 120min. Increased
viscosity of the impregnating liquid reduces the efficiency of the process [22], while low viscosity
eliminates deformation of the material [11,24]. There is a strict correlation between the efficiency of the
process and the impregnated material and its structure [15].

Fruit and vegetables are particularly susceptible to impregnation, which is applied for
intensification of mass transfer in the solid-liquid system [38].

The most common measure of susceptibility of various raw materials and food products is effective
porosity, e [%], defined as m? of gas inside the pores/m? of sample [27].

In general, all researchers try to provethat the greater the effective porosity, i.e., the more gases
there are in the free spaces of the material, the more susceptible this material is to vacuum impregnation.

The most susceptible raw materialsare eggplant (e¢=64%), mushroom (e.=36%), and cherry
(£¢=30%). Apple (€e=23%—-27%), mandarina pills (¢.=25%) or orange pills (e¢=21%) are slightly less
susceptible, while the smallest are banana (e.=4%), plum (e.=2%), apricot (e¢=2%), and kiwi fruit
(ee=2%). It is worth noting the large discrepancies in the results of effective porosity tests obtained for
different varieties of apple and zucchini [14,26,28,39-42].

On the other hand, the vacuum impregnation process model published by Fito [27] shows that
not all the porous structure of the material is filled with the surrounding liquid. Gases still occupy
part of thestructure. This means that the porosity of raw materials is not an excellent measure of its
susceptibility to vacuum impregnation. In addition, the widespread use of wet vacuum impregnation
(WVI) in existing food materials research creates a barrier to the escape of gases from pores in the
form of the liquid surrounding thematerial. In this method of performing vacuum impregnation, the
liquid is in contact with the raw material before reducing the pressure. Dry vacuum impregnation
(DVI) was used in this work. In this method, the liquid is introduced into the vacuum chamber after
removing the gases from the pores and the escaping gases do not find resistance in the form of the
surrounding liquid.

Research on the effectiveness of the vacuum impregnation process carried out by the authors by
image analysis method indicates that about 80% of the apple tissue is filled with impregnating liquid.
Meanwhile, the porosity of the apple is about 25%. Such a result means that the results of tests based
on porosity cannot be compared with those based on image analysis.

Thus, when assessing the effectiveness of the impregnation process, one should also provide the
method of assessment next to the chosen indicator.
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This fact is also indicated by earlier research of the authors regarding the process of vacuum
impregnation of wheat in order to facilitate the separation of bran from endosperm in the process of
milling into flour. The indicator of the effectiveness of impregnation was grain moisture. The moisture
content increases obtained during vacuum impregnation were much higher than theporosity. The
increase in moisture content reached 15% [43,44].

5. Conclusions

The tests conducted during this experiment and the statisticalanalysis of theresults led to the
following conclusion:

Pressure and impregnating liquid viscosity coefficient are the only parameters that have a
significant effect on the impregnation result, as reflected by the degree of filling of the tissue with the
impregnating solution. The other parameters examined in the study did not induce significant changes
in the analyzedparameter.

The process of vacuum impregnation may find application as a support for other processes found
in food technology that involve mass exchange in a liquid—solid system, such as osmotic drying or
extraction. It can be used in the production of sausages, cheeses, and vegetable and fruit products. The
largest potential applications of vacuum impregnation, however, result from the fact that this process
allows the structure of many solid food materials to be modified by filling them with ingredients that
do not naturally occur in them, such as probiotics or vitamins [43,44].

Author Contributions: T.G.—Methodology, L.R.—Investigations, M.D.—Validation. All authors have read and
agreed to the published version of the manuscript.
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