[FiFiel applied
o sciences

Article

Shaping the Properties of Osmo-Dehydrated Strawberries in
Fruit Juice Concentrates

Hanna Kowalska, Magdalena Trusinska, Katarzyna Rybak, Artur Wiktor, Dorota Witrowa-Rajchert *

and Malgorzata Nowacka *

Citation: Kowalska, H.;

Trusinska, M.; Rybak, K.; Wiktor, A.;
Witrowa-Rajchert, D.; Nowacka, M.
Shaping the Properties of
Osmo-Dehydrated Strawberries in
Fruit Juice Concentrates. Appl. Sci.
2023, 13, 2728. https://doi.org/10.3390/
app13042728

Academic Editor: Monica Gallo

Received: 10 January 2023
Revised: 13 February 2023
Accepted: 18 February 2023
Published: 20 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution  (CC  BY)
(https://creativecommons.org/license

s/by/4.0/).

license

Department of Food Engineering and Process Management, Institute of Food Sciences,
Warsaw University of Life Sciences—SGGW, 02-776 Warsaw, Poland

*

Correspondence: dorota_witrowa_rajchert@sggw.edu.pl (D.W.-R.);
malgorzata_nowacka@sggw.edu.pl (M.N.)

Featured Application: Fruit juice concentrates can be used as an alternative osmotic agent to en-
rich fruits with naturally occurring sugars as well as bioactive compounds. This has a positive
effect on the nutritional value of osmodehydrated fruits compared with samples dehydrated in
a sucrose solution. The use of a strawberry or cherry fruit concentrate has a positive effect on the
color of osmotically dehydrated strawberries, while chokeberry juice concentrate has a specific
strong sensory profile, which is passed to osmodehydrated strawberries.

Abstract: The growing interest in high-quality food leads to looking for new solutions in the pro-
duction of natural fruit snacks. Osmotic dehydration is one of the processes, which can be used to
obtain a minimally processed product as well as to give it specific characteristics. Usually, a sucrose
solution is used as an osmotic agent; however, the use of chokeberry, strawberry, or cherry juice
concentrates can be beneficial in the process of the osmotic dehydration of fruits. The process of the
dehydration of strawberries with the use of fruit juice concentrates (chokeberry, strawberry, or
cherry) and a sucrose solution as a standard was carried out at a temperature of 30 °C for 3 h. The
kinetics of the processes (weight reduction, water loss, and solid gain) were evaluated as well as
physical (water activity, color parameters L*, a* b*, AE, texture with maximum force and compres-
sion work, and structure) and chemical properties (dry matter content, total polyphenols content,
total anthocyanin content, vitamin C, antioxidant activity with DPPH and ABTS radicals, spectral
analysis with FTIR method, sucrose, glucose and fructose content, and thermal decomposition with
TG analysis). The use of fruit juice concentrates positively influences the enrichment of the final
product with bioactive compounds, such as anthocyanin and vitamin C. Strawberry and chokeberry
juice concentrates have proven to be good hypertonic media for increasing the antioxidant activity
of dehydrated fruit. Moreover, the use of fruit concentrates has a positive effect on the sugar profile
of dehydrated strawberries.
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1. Introduction

Strawberries are willingly eaten due to their characteristic aroma, taste, and low en-
ergy value (about 32 kcal/100 g) and are rich in bioactive compounds, such as polyphenols
[1,2], as well as micronutrients, such as potassium, phosphorus, magnesium, iron, zinc,
calcium, manganese, and dietary fiber. The nutritional and health aspects of strawberry
fruits are related to the presence of polyphenol compounds. These compounds, especially
the anthocyanins present in the predominant amount in strawberries, and vitamin C, cre-
ate the antioxidant potential of these fruits [1,3]. Bojarska et al. [4] showed that the total
content of phenolic compounds in terms of gallic acid equivalents (GAE) ranged from
5300 mg GAE/100 g d.m. in strawberries of Kent and Kama cultivars to over 8000 mg
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GAE/100 g d.m. in Polka and Elsanta cultivars. Furthermore, the content of anthocyanins
ranged from 29.5 in fruits of the Kent variety to 79.3 mg/100 g d.m. in fruits of the Honeoye
cultivar, while the antioxidant activity was in the range of 44.8 to 62.9%, depending on the
cultivar. In addition, the studied strawberries contained condensed tannins ranging from
977.2 in Kent varieties to 2356.4 mg/100 g d.m. in fruits of the Honeoye cultivar. These
compounds have antiviral, anti-inflammatory, anticancer, and antibacterial effects.

The content of natural biocomponents in processed fruits is influenced by various
treatments. Salazar-Orbea et al. [5] showed that different processing techniques and con-
ditions affect the phenolic properties, color, and sensory characteristics of strawberries. In
the case of freezing, thermal treatment, and high-pressure processing of strawberries, the
mild thermal treatment showed similar patterns for most phenolic groups: an increase in
proanthocyanidins, no change in ellagic acid conjugates, and a major decrease in flavonols
and anthocyanins. Based on the available scientific literature, Langston et al. [6] presented
their views and knowledge on the conditions for retaining polyphenols. The retention and
stability of polyphenols depend on the pH and the presence of other compounds, e.g.,
those capable of forming colored and colorless derivatives with anthocyanins and sub-
stances such as oxygen or metal ions that catalyze oxidation processes and accelerate irre-
versible degradation processes.

Osmotic dehydration is used to remove water in the direction of food preservation
and also to modify the chemical composition and sensory properties. Multidirectional
mass exchange is used. After immersing the material in a highly concentrated osmotic
solution, cell sap flows from the fruit tissue into this solution, e.g., a stream of water and
some substances dissolved in it (organic acids, reducing sugars, dyes, vitamins, and aro-
mas). Efforts are made to limit the loss of these substances. Moreover, the components of
the osmotic solution penetrate the dehydrated material, which can eliminate the losses of
natural components of the dehydrated material and even increase their content through en-
richment with the use of appropriate osmotic media [7,8]. Therefore, the selection of process
conditions, in particular the type of osmotic substance, is extremely important in shaping
the properties of dehydrated products, both nutritional value and sensory quality.

Sucrose is a very useful and popular substance used for the osmotic dehydration of
fruits. However, the need to limit its consumption in the daily diet is the reason for the
search for other osmotic substances. Piasecka et al. [9] demonstrated the possibility of re-
placing 50% of sucrose with fructooligosaccharides with prebiotic activity, which resulted
in a reduction of over 22% of the energy value of sugars contained in dehydrated currants
and cherries. Attempts have been made to use polyalcohols, e.g., xylitol, maltitol, and
erythritol [10]. Another sucrose substitute is isomaltulose, called palatinose, which is a
reducing disaccharide found naturally in honey and sugarcane juice. The taste of this com-
pound is similar to sucrose but has a lower sweetness (42%) [11]. Kaur et al. [12] compiled
examples of studies using unconventional natural sweeteners such as honey, jaggery, co-
conut sugar, stevia, and beet molasses as osmotic agents. Many studies [7,8,13-16] have
shown the beneficial use of concentrated fruit or vegetable juices as osmoactive media for
osmotic dehydration and at the same time enrichment of plant materials. Concentrates
with a soluble solid content (SSC) of about 70% are obtained from fresh or frozen fruit or
vegetables without the addition of chemical preservatives. Juices (concentrates) contain
sugars, mainly fructose and glucose, but also other native substances with different mo-
lecular sizes.

Mass transfer during osmotic dehydration is highly dependent on the type of dehy-
drating medium, temperature, and time. Increasing the temperature increases the mass
transfer rate. However, too high a temperature may cause unfavorable changes in the de-
hydrated material related to a decrease in the content of components sensitive to temper-
ature increase. When optimizing the process conditions, the principle that the dewatering
time is shortened at high temperatures is applied. More often, the dehydration tempera-
ture is moderate, typically in the range of 40-50 °C [6,10]. Among the many benefits pre-
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sented by Chavan [17], the possibility of using a mild heat treatment conducive to pre-
serving color and taste deserves attention, because the product has favorable organoleptic
properties. Furthermore, various techniques are also used for osmotic dehydration to in-
crease the efficiency of mass transfer by partially damaging the structure of the material,
for example, the use of a pulsed electric field [18], ultrasound [19], reduced pressure [20],
or microwave [13].

The aim of the study was to check the suitability of concentrated fruit juices as os-
motic agents that could replace sucrose as a more attractive osmotic solution. In addition,
the use of fruit juice concentrates was intended to increase the nutritional value and nat-
uralness of the product, which can be offered as a snack with high nutritional and health-
promoting values. The research hypothesis assumes that the use of fruit concentrates dur-
ing the osmotic dehydration of strawberries will have a positive effect on shaping the
properties of osmodehydrated strawberries, including the content of bioactive com-
pounds.

2. Materials and Methods
2.1. Materials

The research material was strawberry fruits of the Vivara variety, which were bought
from an organic farm. The material was cut into 5 mm slices, then subjected to the process
of osmotic dehydration with the use of concentrated fruit juices from cherry, strawberry
(producer Biatuty, Poland), and chokeberry (producer Gomar, Pinczéw, Poland).

2.2. Osmotic Dehydration Process

The osmotic dehydration of strawberries was carried out in three 50% concentrates:
strawberry, chokeberry, and cherry. The characteristics of the used osmotic solutions are
presented in Table 1. The control sample consisted of fruits dehydrated in a 50% sucrose
solution. Dehydration kinetics were conducted at 30 °C for 3 h (parameters chosen on the
preliminary studies). The mass rate of material to the osmotic solution was 1:4. The VSLB18
water bath (VWR International, Radnor, PA, USA) with a shaking amplitude of 4 was used
for the osmotic process. The experiment was performed in duplicate. The analysis of the
kinetics of osmotic dehydration was carried out on the basis of weight reduction (%), wa-
ter loss WL (g/g initial dry matter i.d.m.), and solid gain increase SG (g/g i.d.m.) [10].

Table 1. Characteristics of osmotic agents.

Color Parameters

Osmotic Agent pH [-] Water Activity [-] L* 2+ b*
Sucrose solution 8.04+0.012 0.95+0.012 99.63 £ 0.012 -0.22+0.01 2 1.44+0.01¢
é Chokeberry 3.85+0.01°b 0.91+0.00° 0.41 +0.044 0.09 +0.01° -0.96 +0.094
=
€
3
§ Strawberry 3.30+0.01¢ 0.90 +0.00°® 9.57 +0.01° 42.23 +0.084 15.75+0.112
g
= Cherry 3.33+0.04¢ 0.90 +0.00°® 1.66 +0.07 10.82 £0.22¢ 1.71 £0.15°

Different letters in columns show the statistical difference (p < 0.05).
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2.3. Physical Analyses
2.3.1. Dry Matter Content

The dry matter content (DM) of strawberries was analyzed on fresh strawberries and
after the osmotic dehydration process. The measurement was made using the dryer
method in accordance with AOAC 920.15, 2002 [21]. The crushed material was weighed
with an accuracy of 0.0001 g into glass weighing bottles and dried in a laboratory drier
(SLW 115 dryer, Pol-Eko, Wodzistaw Slqski, Poland) at 70 °C to a constant weight. The
percentage of dry substance was calculated from the difference in weight before and after
the process. The assay was carried out in 4 replicates for each material.

2.3.2. Water Activity

Water activity (aw) was measured using an Aqualab 4 TE (Decagon, Pullman, WA,
USA) at 25 °C [22]. Water activity was measured in triplicate.

2.3.3. Color

The color measurement was carried out by reflection using a CR-5 colorimeter (Kon-
ica Minolta Bench-top, Japan). Color component values were recorded in the CIE L* a* b*
system [23]. A standard D65 light source, 2° observer, and 3 mm measuring diameter were
used. The proper tests were preceded by calibration using a white and black reference
plate. Furthermore, the total color difference was calculated on the basis of the L*, a*, and
b* parameters in comparison to fresh material. The test was performed in at least 10 rep-
licates for each sample.

2.3.4. Texture Analysis

Texture measurement was carried out on the basis of a compression test performed
using the TA-XT2i Texture Analyzer (Stable Micro System, UK) device at room tempera-
ture 20 + 2 °C [24]. The compressive force was recorded using the Texture Export com-
puter program (for Windows). The strawberries were compressed at a constant speed of
20 mm/min until a 25% deformation of their initial height was obtained. The maximum
force (Fmax) and compressive work of the dehydrated samples were determined. The test
was performed in at least 10 replicates for each sample.

2.3.5. Structure (Scanning Electron Microscopy (SEM))

The dried material was glued to a metal table and sputtered with a 5 mm layer of
gold (Leica EM ACE200; Leica Mikrosysteme GmbH, Vienna, Austria). The cross-section
observations were carried out using a Phenom XL (Thermo Fisher Scientific, Waltham,
MA, USA) scanning electron microscope under an accelerating voltage of 10 kV and a
chamber pressure of 60 Pa. At least 4 photos were taken for the section and at least 6 pho-
tos of the surface of each sample using 200x magnification.

2.4. Chemical Analyses
2.4.1. Extract Preparation

The dried material was ground in an analytical mill (IKA A1l basic; IKA-Werke
GmbH, Staufen, Germany). A 0.3 g of the sample was extracted with 10 mL of a mixture
of 80% ethyl alcohol and 0.1 M hydrochloric acid (85:15, v/v). The process was carried out
in the dark at 20 °C for 12 h on a shaker (Multi Reax, Heidolph Instruments, Schwabac,
Germany). The solution was centrifuged for 2 min at 4350 rpm in a laboratory centrifuge
(MegaStar 600, VWR). Two extracts were made for each sample.

2.4.2. Total Polyphenol Content (TPC)

Total polyphenol content was determined using a plate reader (Multiskan Sky,
Thermo Electron Co., Waltham, MA, USA). A 10 pL of sample extract, 10 pL of distilled
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water, and 40 uL of Folin Ciocalteu reagent (diluted 5-fold) were mixed in the well [25].
After 3 min, 250 uL supersaturated sodium carbonate was added. The mixtures were in-
cubated at 25 °C for 1 h. The quantitative content of total polyphenols was determined by
measuring the absorbance of the reaction mixture at a wavelength of 750 nm and using a
calibration curve prepared for chlorogenic acid (0-100 ug/mL). The analysis was per-
formed in duplicate.

2.4.3. Total Anthocyanins Content (TAC)

The differential pH method was used to determine the content of anthocyanin mon-
omers in the samples [26]. A total of 30 uL of sample extract and 135 pL of buffer (pH1:
0.025 M potassium chloride and pH 4.5: 0.4 M sodium acetate) were mixed in the reaction
well. The mixture was incubated at 25 °C for 20 min and then absorbances were measured
at 510 and 700 nm. The result was expressed in mg cyanide 3-glucoside per 1 g d.m. The
analysis was performed in duplicate.

2.4.4. Vitamin C

The vitamin C was measured with the ultra-performance liquid chromatography.
The H-Class UPLC system with a PAD detector (Waters, Milford, MA, USA) was used to
determine the content of ascorbic acid [1]. A total of 0.05 g of the ground material was
extracted with 10 mL cooled solution (3% meta-phosphoric acid, 8% acetic acid, 1 mM
EDTA) for 10 min and centrifuged (4350 rpm, 5 °C, 5 min). The supernatant was passed
through a syringe filter (0.2 um, GHP Acrodisc, Pall Corporation, Port Washington, NY,
USA) and, after 2-fold dilution with the eluent, was analyzed. Separation was carried out
on a Waters HSS T3 column (100 mm x 2.1 mm, 1.8 pm) for 5 min at 35 °C with a mobile
phase flow rate of 0.25 mL/min (0.1% formic acid in Milli-Q water). The quantitative con-
tent of ascorbic acid was determined by analyzing the spectrum at 245 nm and using the
calibration curve for the L(-) ascorbic acid standard.

2.4.5. Antioxidant Activity (AA)

The antioxidant activity of the dried material was determined using ABTS and DPPH
solutions of free radicals [1]. The working solutions were diluted with 80% ethyl alcohol
to obtain an absorbance in the range of 0.680-0.720 at 734 nm (ABTS) and 515 nm (DPPH).
A total of 10 uL of the sample extract and 250 uL of the radical working solution were
mixed in a 96-well plate and incubated at 25 °C. After 6 min for ABTS and 30 min for
DPPH, the absorbance of the solutions was measured. The degree of radical scavenging
was determined. The results were expressed in mg of Trolox per g dry substance of the
sample.

2.4.6. Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectra of the dried samples were collected using a Cary 630 spectrometer
(Agilent Technologies Inc., Santa Clara, CA, USA) with a diamond ATR. The analysis was
carried out in the wavelength range of 650-4000 cm™!, with a resolution of 4 cm, with 32
scans per sample [27]. A background spectrum was collected before each sample scan.
Spectrum processing was performed using MicroLab PC software (Agilent Technologies
Inc., Santa Clara, CA, USA). The analyses were performed in triplicate.

2.4.7. Sugar Content

Sugar content was determined using a high-performance liquid chromatograph with
a refractive index (RI) detector (Waters, Milford, MA, USA). The separation was carried
out on a Sugar-Pak I column thermostated at 90 °C, with a mobile phase flow (Milli-Q
water) of 0.6 mL/min [1]. The homogenized material (ca. 0.3 g) was diluted with 10 mL of
water (resistivity 18.2 MQ-cm) at 80 C and extracted at 25 °C for 4 h. The solution was
centrifuged (4350 rpm, 5 min), filtered through a syringe filter (Millex-FG, 0.20 um,
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25 mm, hydrophobic PTFE- Millipore, Milford, MA, USA), and 1 puL was injected into the
system. The quantitative content of analytes was determined on the basis of calibration
curves prepared for sucrose, glucose, fructose, and maltitol standard solutions. The anal-
yses were performed in duplicate.

2.4.8. Thermogravimetry Analysis (TGA)

The thermal stability of the materials was tested using a TGA/DSC 3+ thermogravim-
eter (Mettler Toledo, Greifensee, Switzerland) [27]. To 70 uL of alumina crucibles, approx.
5 mg of crushed dried material was weighed and heated at 30-600 °C (10 °C/min, with
nitrogen flow of 50 mL/min). The thermal weight loss curves and derivative thermal grav-
ity curves were analyzed using STAR software. Two measurements were performed for
each sample.

2.5. Statistical Analysis

Statistica 13 software (TIBCO company software, Palo Alto, CA, USA) was used for
statistical analysis. A one-way analysis of variance (ANOVA), as well as the homogenous
groups with the use of Tukey’s HSD test, was conducted. Additionally, the two-factor
ANOVA was determined to evaluate the effect of time of osmotic dehydration and os-
motic agent on the strawberry quality. The significance level was set at a = 0.05. Principal
component analysis (PCA) was performed to determine the relationship between mass
transfer and physicochemical indices. The following properties after 3 h of osmotic dehy-
dration in different osmotic agents were taken into account: WR, WL, SG, DM, aw, color
parameters L¥, a¥, b*, AE, Fmax, compression work, TPC, TAC, vitamin C, antioxidant ac-
tivity with DPPH and ABTS radicals, as well as sucrose, glucose, and fructose content.

3. Results and Discussion

3.1. The Influence of Fruit Concentrates on the Kinetics of the Strawberry Osmotic Dehydration
Process

During osmotic dehydration, water from the food matrix passes into the hypertonic
solution and solutes present in the solution flow into the food matrix. This is due to the
difference in osmotic pressure between the food tissue and the osmotic solution. The mass
transfer rate depends on many factors, among which is the type of osmotic agent [13,28].

Mass transfer parameters in terms of weight reduction (WR), water loss (WL), and
solid gain (SG) are reported in Figure 1. A statistically significant effect of the type of os-
motic agent was found only on the WR and WL of dehydrated strawberries. Moreover,
both of these parameters, as well as SG, were significantly dependent on the dehydration
time (p <0.05). The highest rate of weight reduction, water loss, and solid gain were at the
initial stage of the process, regardless of the type of hypertonic solution. The longer the
osmotic dehydration was, the bigger the mass transfer was observed. However, in all
cases, the mass transfer decreased after 30 min, which was caused by a decreasing osmotic
pressure difference between the dehydrated tissue and the surrounding solution. A simi-
lar tendency was observed during the osmotic dehydration of apples in grape juice, apple
juice, and cranberry juice as described by Wang et al. [29]. At the end of the process, straw-
berries osmodehydrated in a sucrose solution were characterized by the lowest values of
both WR and WL. These values were significantly smaller than in the cases of the use of
chokeberry or cherry juices. Each of the juice concentrates contains many substances with
different molecular sizes that can increase the osmotic pressure that determines water loss
but can also increase solid gain in dehydrated fruit tissue. For example, according to Ju-
rendi¢ and Séetar [30], unconcentrated chokeberry juice, containing 11-17% dry matter,
contains 110-143 g/L of sugar, including glucose, fructose, and sorbitol, approximately
32-40, 30-39, and 48-64 g, respectively/L. Other ingredients include polyphenols 4.7-9.0
g/L, fiber 3.0 g/L, as well as minerals 5.0 g/L, proteins 2 g/L, and fat <1 g/L. Lech et al. [7]
presented a detailed composition of polyphenolic compounds in chokeberry juice used as
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an osmotic agent, the total content of which was about 2919.4 mg/100 g d.m. Among the
identified compounds were the highest content of polymeric procyanidins (1857.4 mg/100
g d.m.), as well as phenolic acids, such as chlorogenic (400.1 mg/100 g d.m.), neochloro-
genic (251.2 mg/100 g d.m.), and many other flavonoid compounds, as indicated.
Although there was no significant effect of the type of osmotic agent on the solid gain
of strawberries, it was observed that, compared with the sucrose solution, the values of
this index were slightly higher when using juice concentrates. Due to the content of many
components of different molecular weights contained in the juice concentrates, these os-
motic agents showed a higher osmotic potential than the sucrose solution. Although all
osmotic agents had the same concentration, the water activity of the concentrates was in
the range of 0.90-0.91; that of sucrose was 0.95 (Table 1). In addition to the particle size of
the osmotic agent components, the viscosity may determine the differences in the pene-
tration of osmotic substances into the food material. Juice concentrates may contain ingre-
dients that increase this effect, e.g., pectins. The higher the viscosity, the higher the adhe-
sive forces to maintain adsorbed solids on the surface and inner capillaries of the straw-
berry tissue. Such an effect may affect the mass transfer resistance during osmotic dehy-
dration. In the literature studies, a varied effect of chokeberry juice concentrate on solid
gain was found. Cano-Lamadrid et al. [31], during the osmotic dehydration of pomegran-
ate arils in different combinations and ratios of concentrated pomegranate, chokeberry,
and apple juices, observed the lowest value of solid gain in samples osmodehydrated in
chokeberry juice concentrate. The authors attributed this result to the fact that the large
particle size characterizes chokeberry juice. It may affect the accumulation of solids near
the surface, compaction of the surface layers, and increase mass transfer resistance. On
the contrary, another research showed that the addition of a chokeberry concentrate to a
sucrose solution caused a slight increase in SG in strawberries. According to the authors,
it might be a result of the penetration of substances lower than the sucrose molecular
weight, which naturally occurs in chokeberry juice, into the fruits [32]. Other results
showed that a lower pH of the solution might quicken the removal of water, altering the
characteristics of fruits and vegetables and causing changes in their texture [33].

70 = 8 -3
~ -7 _ -
- _-""s
= = S et
I @) __-%z _ -
= N g EoC7 - E -~
§ 50 £ ¥ P
= 5 A T
S 40 g L S
o = 4 7z
E : .
& 30 —a— Sucrose : - -# - Sucrose ——o— Sucrose
3:;0 —— Chok juice = - -+ - Chok juice —— Chok juice
‘T 20 —e— Straw juice @ 2 = =% - Straw juice —o— Straw juice
= 10 —+— Cherry juice " - —a - Cherry juice —— Cherry juice
% o 2 {é
0 = 0
0 1 2 3 0 1 2 3
Time [h] Time [h]
(a) (b)

Figure 1. Effect of the type of osmotic agent (fruit concentrates) on the mass exchange kinetics of
osmodehydrated strawberries: (a) weight reduction, (b) water loss (dashed lines), and solid gain
(regular lines).
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3.2. The Impact of Fruit Concentrates on the Physical Properties

3.2.1. The Impact of Fruit Concentrates on the Dry Matter Content, Water Activity, and
Color of Osmotically Dehydrated Strawberries

The dry matter content in fresh strawberries was 8.2 + 0.05% and, as a result of os-
motic dehydration for 0.5 h, it increased twice. After 3 h of osmotic dehydration, it in-
creased to 31.3-36.5%, depending on the type of osmotic agent (Figure 2). Thus, after 3 h
of the osmotic dehydration process, the water content was in the range of 63.5-68.7%. A
similar effect was observed in sour cherry subjected to osmotic dehydration in concen-
trated apple juice and a mixture of apple and sour cherry juices [15]. The highest values
were found in strawberries dehydrated in cherry juice concentrate. Compared with tradi-
tional sucrose, the use of juice concentrates increased the dehydration effect of strawber-
ries by 10-46%, omitting the dry matter of fruits dehydrated for 3 h in chokeberry and
strawberry juice concentrates, with values similar to those obtained in the sucrose solu-
tion. A longer dehydration time increased the content of dry matter, regardless of the type
of osmotic agent, as a result of the mass transfer [34].

N Sucrose mm Chok juice B Straw juice B Cherry juice
—o—Sucrose —o— Chok juice —=—Straw juice —o— Cherry juice
_ 60 pg0s- 0899 - 0.882- 0902 - 15
® 0911 g 0508 2\, 0.879 - 0.876 - 09
= 0.884 — 0.896 — ~ = -% N
= 0 o914 - 0904 - 0587 = 0873 - 08 T
& : - 0.887 - c =
- i 07 =
g 07 %
g fgh 8 fgh D gh R
g 30 cde ef 0.5 '&)‘
£ € b =
.§ " . abcdab cabcd - 0.4 3
; 0.3
A 10 0.2
0.1
0 0.0
03 1 Time [h] 2 8

Figure 2. Effect of the type of osmotic agent (sucrose and fruit concentrates) on the dry matter con-
tent and water activity of osmodehydrated strawberries. Different letters above columns show the
statistical difference (p < 0.05).

Water activity is a parameter related to moisture content [7]. The water activity of
fresh strawberries was 0.954 + 0.08. Irrespective of the used osmotic substance, it de-
creased along with the longer dehydration time (Figure 2). Statistical analysis showed that
the time of the osmotic dehydration has a significant effect on this parameter (p < 0.05).
Significant differences in the water activity of osmotically dehydrated strawberries were
observed between the initial (0.5 h) and the final time of osmotic dehydration (3 h). How-
ever, there was no significant effect of the osmotic agent on the level of water activity in
dehydrated strawberries (p > 0.05). The highest decrease in water activity to 0.873 was
obtained in strawberries dehydrated in a cherry concentrate after 3 h of dehydration. The
water activity of strawberries at this level protects them against the development of path-
ogenic microorganisms but does not ensure full microbiological stability. According to
Moraga et al. [35], a slight decrease in high water activity causes a significant reduction in
the relative rate of all growth reactions and microbial destruction. However, further pro-
cessing is required to assure the longer stability of the product, e.g., drying [36,37].
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The color of food is one of the factors that determine the choice and willingness to
consume a product. As it has been shown in many publications, during various treat-
ments, transport, and storage, the color changes [23,38], therefore the selection of an os-
motic agent is of particular importance in shaping the properties of osmotically dehy-
drated fruits.

Fresh strawberries at the stage of consumption maturity were characterized by L*, a*,
and b* color parameters at the levels of 33.8 + 3.9, 24.1 + 3.8, and 19.7 + 4.5, respectively
(Table 2).

Table 2. Comparison of color parameters and the absolute color difference of osmotic dehydrated
strawberries.

Color Parameters

Osmotic Agent Osmo-Dehydration Time (h) L* a* b AE
Fresh fruit - 33.79 +3.85 24.14 + 3.83 19.68+ 4.51 -
0.5 3748 +2.11¢% 21.95+3.63«d  1549+274d 743+11.87
Sucrose 1 38.97 +4.33 ¢ 21.28+357bd  1545+235d 8.73+3.31®
2 35.86 + 3.69 g 20.92 £3.75ac 1632 +3.79de 754 +2.67
3 4733 +4.53 h 18.73 +4.37abc 1422 +259« 1612+5.15«
0.5 19.74 £ 3.60 = 21.05+5.830bd  730+3.082 20.11+2.67 de
Chokeberry Juice 1 23.08 +2.42 abe 26.79 £ 4.02 de 9.88 +2.56bc 1543 +20.40 <«
2 20.94 + 2.60 av 14.78 +5.42 a 375+2.08a 23.01+3.84c¢
3 21.01+£1.36 13.30 +4.68 2 314+1.68a 2390+2.78¢
0.5 35.47 £ 4.15 g 2734 +3.054d  2326+320f 6.76+3.81a
Strawberry Juice 1 3721+277 % 3237 +334¢ 25.68 +3.62f 11.08 +4.84 abe
2 3227 £2.33 de 32.71+4.64¢  20.81+4.10¢ 9.92+4.4643>
3 32.84+2.21 ¢ 31.91+£393¢ 22.63+450f 9.40+4.48a
0.5 25.15 +2.49 be 31.77+213¢  16.12+298de 1263 +1.99 bc
. 1 27.38 +2.40 <« 3219+394¢  1494+340 1244 +1.73 bc
Cherry Juice
2 27.52 +1.55 2944 +2.06¢ 11.76 £1.69bcd  11.75 + 0.83 abe
3 23.06 +3.76 ab 30.66 +6.05¢  12.83+4.20« 16.02+3.14

Different letters in columns show the statistical difference (p < 0.05).

The highest color lightness L* was found in strawberries dehydrated in a sucrose
solution for 3 h, obtaining a value of 47.3 + 4.5. The lightness of the color of these fruits
was much higher compared with the color of the raw material. This is due to the high
color brightness of the sucrose solution (99.63) compared with the concentrates (0.41-9.57)
used as osmotic agents (Table 1). Generally, it is obvious that the color will change due to
the colored juice concentrates [14,29]. Additionally, the lower pH of the osmotic solutions
(Table 1) might influence the compounds responsible for the color (e.g., anthocyanin),
whose stability is dependent on the pH value [39]. As the pH increases, the anthocyanin
color lightens. However, the presence of components that are copigments can help retain
and partially stabilize the color [40]. Strawberries dehydrated in juice concentrates had a
darker color compared with those dehydrated in a sucrose solution. Fruits dehydrated in
a strawberry juice concentrate were characterized by color lightness similar to or higher
(32.3-37.2) than the color of the raw material. Strawberries kept in a chokeberry concen-
trate, rich in intense dark red anthocyanins, obtained the lowest value of the L* parameter
(19.8-23.1). This is related to the penetration of colored substances contained in fruit con-
centrates into the fruit [14]. Significant changes in the color of pomegranate seeds were
observed after osmotic dehydration in bitter orange juice, apple juice, and grape juice [8].
The value of the a* parameter decreased in strawberries dehydrated in a solution of su-
crose and chokeberry concentrate in comparison with the color of the raw material. On
the other hand, the use of strawberry and cherry concentrates increased the share of red
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color and the use of a strawberry concentrate also increased the share of yellow color in
comparison with the color of the fresh fruit. The lowest values of parameters a* and b*
were observed in the color of strawberries dehydrated in a chokeberry concentrate solu-
tion. This is due to the values of the parameters a* and b* of the color of the strawberry
concentrate, approximately 42.23 and 15.75, respectively, compared with the cherry con-
centrate (10.82 and 1.71) and the chokeberry juice concentrate with the value a* 0.09 and
b* —0.96 (Table 1). The type of osmotic agent had a significant impact on the absolute color
difference (Table 2). Lower values were found with the use of a sucrose solution and with
the use of a strawberry concentrate. All color differences were significant and perceptible
to the human eye [23]. For instance, apples dehydrated in beetroot and apple-beetroot
juice concentrates were characterized by a higher total color difference than apples sub-
jected to an apple juice concentrate and a sucrose solution [41]. However, choosing differ-
ent fruit concentrates characterized by intensive color can give an interesting color to the
fruit or vegetable snack [29]. The relatively low pH (approx. 3.30-3.85) of fruit juice con-
centrates (Table 1) and the content of various classes of polyphenolic compounds are re-
sponsible for the color of juices and, by penetrating them into dehydrated tissue, a new
color can be added to the product or its natural color can be enhanced. Some sources al-
lowing to characterize fruits, juices, or their concentrates have been quoted above. The
content of colored substances in the juices of strawberries [3,4], chokeberries [7,13,14], and
cherry [42] is their concentrated amount present in the fruit. In the study by Altuntas et
al. [42], sour cherry juice with 13.5° Brix and pH 3.19 contained about 3.3 mg/L of vitamin
C and 207.0-3.3 mg/L of anthocyanin compound characterized color parameters L*, a*,
and b* at the levels of 1.17, 3.84, and 0.86, respectively.

3.2.2. The Impact of Fruit Concentrates on Changes in the Texture and Structure of Os-
motically Dehydrated Strawberries

Food texture is another of the parameters characterizing food products that deter-
mines their quality. It is described as a combination of product characteristics that the
consumer can perceive through visual, auditory, and tactile receptors [23]. The defor-
mation test of fresh and osmotically dehydrated strawberries was carried out on the basis
of the compression test. The work that was needed to deform the fresh fruit slice was
about 2.49 mJ, while the maximum force corresponding to the hardness of the fruit was
about 1.37 N (Figure 3). Osmotic dehydration of strawberries in sucrose and juice concen-
trates resulted in a statistically significant decrease in both of these indicators, especially
after a longer processing time. This is the result of the osmotic mass exchange, which
causes a partial disturbance of the natural semi-permeability of the tissue and its destruc-
tion, mainly in the surface layer of dehydrated fruit. Strawberries dehydrated in a cherry
concentrate, after 3 h of the process, were characterized by the lowest value of compres-
sion work, obtaining the result of 0.42 m]J. On the other hand, the highest (1.72 mJ) and
closest to the value of compression work needed to deform fresh strawberries was found
in strawberries dehydrated in a sucrose solution for 0.5 h. The research by Gamboa-Santos
[43] showed that, due to the concentration and penetration of osmotic substances in os-
motically dehydrated strawberries, there was a decrease in elasticity and an increase in
the hardness of the samples. It was found that the changes in the texture could also result
from the formation of the surface saturation of the samples with the components of the
osmotic agent. As a result, firmness decreased to 3 h of osmotic dehydration but cohesive-
ness increased, while adhesiveness and elasticity remained at a constant level.

The decrease in the maximum compressive force of osmotically dehydrated straw-
berries confirmed the softening of the fruit [44] and depended on the type of osmotic
agent. The lowest value of the maximum compressive force was found in strawberries
dehydrated in a cherry juice concentrate for 1 h (Figure 3). However, the values of this
indicator in the remaining samples, including the raw material, did not differ significantly
and constituted the second homogeneous group.
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Figure 3. Effect of the type of osmotic agent (sucrose and fruit concentrates) on the mechanical prop-
erties of osmodehydrated strawberries. Different letters (small letters are for max force, capital let-
ters are for compression work) above columns show the statistical difference (p < 0.05).

Changes in the texture of osmotically dehydrated strawberries can be observed using
images taken with the scanning electron microscope (Figure 4).

Figure 4. Microstructure (200x magnification) of fresh strawberries osmotically dehydrated for 3 h
in solutions of sucrose, chokeberry (chok juice), strawberry (straw juice), and cherry juice concen-
trates.

According to Gamboa-Santos [43], osmotic dehydration by immersion in a sucrose
solution of 60° Bx at 40 °C for 4 h causes changes in texture due to the effect of changes in
the water content on the pectin and cellulosic components of fruit tissues. The thin cell
walls of strawberry tissue may promote damage to the cell texture and the intercellular
space. Osmodehydrated samples may have detached cell walls and a damaged mid-la-
mella as a result of cell plasmolysis and shrinkage [45]. Changes in the shape and volume
of cells and intercellular spaces are visible. This is due to the deformation and folding of
the surface. It was found that the type of osmotic agent caused changes in the structure of
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dehydrated strawberries, which became looser in relation to fruits not subjected to dehy-
dration. There was an increase in the volume of internal spaces when the tissue of non-
dehydrated strawberries was more compact. In addition, as a result of the saturation of
strawberries with sugars and other components of osmotic agents, cell walls thickened.
The most damaged structure is characterized by strawberries dehydrated in a cherry juice
concentrate, which may be attributed to the greatest effect of removing water from straw-
berries (WL and WL/SG), as well as the chemical composition of the juice and low pH
(approx. 3.2-3.3) of cherry juice (Table 1) [42,46,47]. Prinzivalli et al. [48] showed the effect
of extending the osmotic dehydration time of strawberries in a sucrose solution on greater
changes in texture. They found that after just 1 h of the process, there was a gradual sep-
aration and disintegration of the tissue, loss of the shape of the cell walls, and turgor.

3.3. The Impact of Fruit Concentrates on the Chemical Properties

3.3.1. The Influence of Fruit Concentrates on the Bioactive Compounds in Osmotically
Dehydrated Strawberries

Vitamin C was evaluated with ultra-performance liquid chromatography. In the
fresh strawberries, vitamin C content is equal to 235.8 + 5.7 mg/100 g d.m. (Figure 5). Due
to the high thermolability and solubility, the vitamin C content in 3 h dehydrated fruit
was significantly lower compared with the raw material. Statistical analysis showed that
the content of ascorbic acid in fresh strawberries was statistically higher than in samples
subjected to osmotic dehydration. The highest value of vitamin C was found in fruits de-
hydrated in the strawberry juice concentrate solution (220.48 + 3.62 mg/100 g d.m.), while
the lowest (65.60 + 3.03 mg/100 g d.m.) was found in strawberries dehydrated in a sucrose
solution, as expected. The statistical analysis showed a significant difference in the content
of ascorbic acid between strawberries dehydrated in the strawberry juice concentrate so-
lution and solutions of chokeberry, cherries, and sucrose. During the osmotic dehydra-
tion, mass transfer occurs and bioactive compounds contained in the juice concentrate
solution penetrate the tissue of the raw material. On the other hand, the raw material loses
its valuable substances as a result of leaching into the osmotic solution. Strawberry is rich
in vitamin C [1], therefore the material dehydrated in the strawberry concentrate solution
recorded the highest content of this vitamin. The low content of vitamin C in the straw-
berries dehydrated in the sucrose solution and juice concentrates, in this case, chokeberry
and cherries, results from the low or lack of content of these compounds in them. The
literature data show that chokeberry fruits contain about 2.4 mg/100 g of fresh fruit [36],
cherries 62.4 mg/100 g of fresh weight (f.w.), and strawberries 90.1 mg/100 g f.w. [3]. Juice
concentrates probably contained vitamin C in proportion to these amounts; therefore, in
dehydrated strawberries, high content was found only with the use of a strawberry juice
concentrate. The content of total polyphenols in chokeberry fruits is about 2919.4 mg/100
g d.m.[7], in cherry fruit about 314.4 mg/100 g f.w. [3], which may correspond to about
3000 mg/100 g d.m., and in strawberries (our research) about 1743 mg of chlorogenic
acid/100 g d.m.

The total content of polyphenols in fresh strawberries was about 1743 mg of chloro-
genic acid/100 g d.m. (Figure 6). The content of polyphenols in osmotically dehydrated
fruits differed significantly depending on the type of osmotic agent used (p < 0.05). How-
ever, there was no effect of dehydration time on the value of this index (p > 0.05). Never-
theless, Lech et al. [7] noticed that, with a longer time of osmotic dehydration in choke-
berry juice for carrot and zucchini, changes were statistically significant only for zucchini.
The use of a sucrose solution and cherry concentrates resulted in a decrease in polyphenol
content by about 6%. On the other hand, osmotic dehydration of strawberries in choke-
berry and strawberry juice concentrate increased the content of these compounds by about
1 and 10%, respectively. However, all these changes were not statistically significant, so it
can be noticed only as a trend.
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Figure 5. Effect of the type of osmotic agent (sucrose and fruit concentrates) on the vitamin C content
in osmodehydrated strawberries. Different letters above columns show the statistical difference (p
<0.05).

Anthocyanins give fruits their color from blue to purple and red to orange. They have
a positive (pro-healthy) effect on the functioning of the body, but, due to the action of
oxygen, light, temperature, and other factors, they are degraded [30]. Thus, new ways of
preserving or enriching them are needed. Fresh strawberries were characterized by the
content of anthocyanins at the level of 20.9 mg Cyd-3-glu/g d.m. Statistical analysis
showed a significant effect of the type of osmotic agent (p < 0.05) and no effect of the pro-
cessing time (p > 0.05) on the content of these compounds in osmotically dehydrated
strawberries (Figure 6). In strawberries osmotically dehydrated in a chokeberry juice con-
centrate, their content significantly increased to about 32.9 mg Cyd-3-glu/g d.m. Addi-
tionally, when sour cherry was subjected to osmotic dehydration in an apple juice concen-
trate mixed with a sour cherry juice concentrate it resulted in a higher content of anthocy-
anin than the samples dehydrated in a sucrose or apple juice concentrate. This was con-
nected with the cherry juice uptake during the osmotic dehydration process [15]. In the
case of strawberries dehydrated in a sucrose solution, the content of anthocyanins de-
creased by half (49%). The use of strawberry juice concentrate reduced these losses to
about 27% and the use of cherry juice concentrate reduced these losses to about 5%.
Chokeberry fruit, therefore also juice concentrate, is a rich source of anthocyanins [49].
Using a chokeberry juice concentrate for the osmotic dehydration of strawberries may be
particularly beneficial for producing the so-called soft snacks with reduced moisture IMF
(intermediate moisture food) and health-promoting features.

Figure 7 presents the effect of the type of osmotic agent on the antioxidant activity of
osmodehydrated strawberries. The ABTS test gave a lower antioxidant capacity than the
DPPH test. According to Minutti-Lopez Sierra [50], the ABTS radical measured the anti-
oxidant capacity of hydrophilic and lipophilic compounds and the DPPH of hydrophobic
compounds. Statistical analysis showed a significant effect of the type of osmotic agent (p
< 0.05) and no effect of dehydration time (p > 0.05) on the radical scavenging activity for
DPPH and ABTS radicals. Since the DPPH and ABTS values were varied and, depending
on the osmotic agent used, they increased, decreased, or were constant in the range of 0.5—
3 h of dehydration, their average values over this time range were compared. Strawberries
subjected to a sucrose solution and a cherry juice concentrate were characterized by, re-
spectively, 24.4-34.2% and 19.4-33.7% lower values of antioxidant activity than fresh
strawberries. However, for strawberries dehydrated in chokeberry and strawberry juice
concentrates the values of both indicators were found to be 1.3-5% higher. Similar effects
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were observed for carrots and zucchini [7] and for apples [13], where the increase of anti-
oxidant activity was observed with the increasing time of osmotic dehydration in choke-
berry juice.
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Figure 7. Effect of the type of osmotic agent (sucrose and fruit concentrates) on the antioxidant ac-
tivity of osmodehydrated strawberries. Different letters (small letters are for antioxidant activity
according to ABTS radical, capital letters are for antioxidant activity according to DPPH radical)
above columns show the statistical difference (p < 0.05).

The FTIR spectra of the solutions (Figure 8a), as well as samples after osmotic dehydra-
tion (Figure 8b), were conducted in order to compare changes in the chemical structure of
strawberries dehydrated in different osmotic agents. As can be seen from Figure 8, the os-
motic solutions, as well as strawberries dehydrated in sucrose and juice concentrates, were
characterized by the similar vibrational modes of molecules in the samples, allowing for the
identification of functional groups and chemical compositions. In the case of the osmotic
solutions, the lower absorbance of the vibration (Figure 8a) was observed in comparison
with strawberries subjected to the osmotic dehydration in those solutions (Figure 8b).
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Figure 8. Fourier transform infrared (FTIR) spectra of the solutions (a) and strawberries after os-
motic dehydration (b) conducted in a different type of osmotic agent (sucrose and fruit concen-
trates).

Differences between the samples were observed mainly in the area between the
wavenumber range of 1800-600 cm™ and in the area of the C-H and O-H groups at 3500-
2800 cm™ [51]. In the first range of spectral wavenumbers (4000-3600 cm™), vibrations
associated with water molecules were visible. Then, in the region of 3600-3000 cm™, a
wide peak was noted, typical for the vibrations of the hydroxyl group, which may be de-
rived from alcohols, phenols, or carboxylic acids [52]. The characteristic band around
29502750 cm™ corresponded to the presence of vibrations of alkyl groups -CHz and -CHs.
Absorbance peaks in the range of 1450-1300 cm™ also indicated the presence of alkanes in
the strawberries dehydrated in different osmotic agents. Stretching vibrations around the
area of 1750-1650 cm™ indicated the presence of a carbonyl group. Spectra in this range
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of wavenumbers were characteristic of aldehydes, esters, and aromatic acids. In this
range, a decrease in absorbance intensity was observed, especially for strawberries osmot-
ically dehydrated in a sucrose solution. Spectral regions 1150-900 cm™ were represented
by C-O, C-C, and C-O-C bonds, e.g., by various groups of saccharides such as glucose,
sucrose, and fructose [27]. The highest absorbance intensity was recorded for strawberries
osmotically dehydrated with a sucrose solution. The last spectral region (below 900 cm™)
provided information about conformational changes of the tested raw material, in which
each organic compound exhibited unique molecular vibrations [53].

3.3.2. The Impact of Fruit Concentrates on the Sugar Content in Osmotically Dehydrated
Strawberries

The fresh strawberries were characterized by the sucrose content at the level of
1.3 £0.04 g/100 g d.m., glucose 29.5 + 1.81 g/100 g d.m., and fructose 33.8 +1.51% g/100 g
d.m. Figure 9 shows the content of individual sugars in osmotically dehydrated strawber-
ries after 3 h. Based on these data, significant differences in sugar content as a result of the
dehydration process were observed. As a result of the dehydration of strawberries with
sucrose solution, the level of sucrose content increased to 36.7 + 1.6 g/100 g d.m. However,
in the case of fruit juice concentrate solutions, the sucrose content was reduced compared
with fresh strawberries. These observations may result from the leaching of sucrose from
the strawberry tissue, in the case of fruit juice concentrates, resulting in its lower content.
On the other hand, the increase in the sucrose content is caused by the saturation of the
raw material with a sucrose solution and, as a result, an increase in its content. A similar
effect was observed by Konopacka et al. in sour cherry dehydrated in an apple juice con-
centrate and a mixture of apple and cherry juice concentrates [15]. Strawberries osmoti-
cally dehydrated in strawberry and cherry juice concentrates were characterized by an in-
crease in the content of glucose and fructose. Additionally, Wang et al. [29] noticed a higher
content of glucose and fructose in apple slices after osmotic dehydration in apple, grape,
and cranberry juice concentrates. Furthermore, strawberries dehydrated in sucrose and
chokeberry solutions recorded a decrease in these sugars. The fructose content was signifi-
cantly higher in strawberries dehydrated in the strawberry juice concentrate solution. These
differences can be explained by the different molar masses of the used osmotic solutions.
Those with lower molar masses allow for an increased diffusion of the substance into the
tissue of the raw material. The result is an increased sugar content [54]. Statistical analysis
showed significant differences in glucose content between the strawberry dehydrated in
the cherry juice concentrate solution and the other strawberry samples.
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Figure 9. Effect of the type of osmotic agent (sucrose and fruit concentrates) on the sugar content of
osmodehydrated strawberries. Different letters above columns show the statistical difference (p <
0.05).



Appl. Sci. 2023, 13, 2728

17 of 22

Weight loss [%]

Fresh
—Sucrose

—Chok juice
Straw juice

30 60 90 120

Figure 10 shows the thermograms of fresh and osmotic dehydrated strawberries. The
presented thermogravimetric curves show that the mass of the raw material decreased
with the increase in temperature. All samples showed three phases of thermal decompo-
sition. The first phase is from ambient temperature to 100 °C and is related to the evapo-
ration of moisture [51]. In this stage, the total weight loss was from 3.1 to 4.4%. The second
stage was recorded in the temperature range of 100-220 °C, where two small peaks were
observed from 105-165 °C and 151-197 °C and a high peak was observed in the range of
170-212 °C [55]. The first two peaks are from fructose and glucose, while those degraded
in the temperature range of 170-212 °C is sucrose. The mass loss was the highest for straw-
berries dehydrated in a sucrose solution. There was a noted mass loss from 28.6% for
strawberries dehydrated in a chokeberry juice concentrate to 35.6% for material dehy-
drated in a sucrose solution. This is in agreement with the results presented in Figure 9.
Next, the phase from 220-450 °C is observed, where the material is lost from 27.2 to 38%
of its initial weight. In these temperatures, decomposition of the polysaccharides such as
hemicellulose, cellulose, and lignin occurs [27]. The highest peak in this phase is observed
for the chokeberry juice concentrate, where the mass loss was the highest and equal to
39.2%. The last phase was from 450 to 600 °C, where the mass loss was from 3.5 to 4.6%,
where lignocellulose is further decomposed [27,55].
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Figure 10. Effect of the type of osmotic agent (sucrose and fruit concentrates) on the sugar content
in osmodehydrated strawberries.

3.4. PCA Results

In order to determine differences and similarities (correlations) [14] between the an-
alyzed dehydrated fruits in terms of the type of osmotic agent and mass exchange indices
(water loss, solid gain, weight reduction, dry matter content) and physical properties as-
sessed in terms of compression force and work, as well as composition (the content of total
polyphenols, anthocyanins, ascorbic acid, and sugars, as well as antioxidant activity), a
major component analysis with classification (PCA) for strawberries dehydrated for 3 h
was performed (Figure 11a). The main components (PC1 and PC2) explain 98.5% of the
variability in the properties of dehydrated fruit.

Weight reduction was strongly (12 = 0.97, data not shown) positively correlated with
fruit water loss, while relatively low solid gain values had no effect on these indicators
(Figure 11a), which confirms that water migration from the samples to the surroundings
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was predominately mass flux during osmotic dehydration. The water activity of dehy-
drated strawberries was strongly correlated with solid gain and sucrose content (2= 0.96
and 0.99). Such results are very interesting when comparing them with previously men-
tioned results, despite the fact that water loss dominated solid gain and the uptake of
solids participated in the creation of water activity value as well. It was shown that the
compressive force Fmax and the compressive work correlated negatively with dry matter
content (r2=-0.81 and —0.85, respectively). Although osmotically dehydrated products are
not hard and crunchy, appropriate softness is desirable in them and the changes in their
mechanical properties may be mainly related to changes in the tissue structure caused by
osmotic dehydration. Lower dry matter content could be associated with smaller changes
in structure, a lower solid gain, greater firmness, and higher values of mechanical prop-
erties. DPPH and ABTS indices were strongly positively correlated with the content of
anthocyanins (r> = 0.80 and 0.93), while DPPH also correlated with the content of total
polyphenol content (12 = 0.66) and both negatively correlated with solid gain (r> = -0.89
and —0.93). The negative correlation between solid gain and antioxidant activity shows
that the role of osmotic agents represents a protective role rather than being a source (per
se) of biological compounds. It was also interesting that the total polyphenol content was
strongly correlated with the vitamin C content (12 = 0.94) of the dehydrated strawberries.
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Figure 11. PCA analysis: (a) PCA loading plot of two principal components, (b) score plot presenting
analyzed samples in term of PC1 vs. PC2. Markings: DM —dry matter content, WL—water loss,
SG—solid gain, Aw —water activity; L¥, a*, b*, AE—color parameters. Red lines indicate active data
included in the PCA analysis, blue lines - additional data. The red line on (b) concerns the separation
of a group of data with a similar effect of osmotic agent on the examined physicochemical indicators.

Among the color parameters, color lightness L* was positively correlated with solid
gain (r2 = 0.85) and sucrose content and negatively correlated with mass and water loss (12
=-0.80 and 0.92) and anthocyanin content (r2=-0.91). The increased content of anthocya-
nins in the chokeberry juice concentrate caused the greatest darkening and color changes
in dehydrated strawberries (Figure 11a, Table 2, Figure 6). The color parameter a* corre-
lated with glucose and fructose content (r2 = 0.90 and 0.95) and b* correlated with vitamin
C and fructose content (12 = 0.75 and 0.79). The color parameters a*, b*, and AE and the
fructose content had the least influence on the PCA (the shortest lines in the PCA diagram)
and did not correlate significantly (p < 0.05) with any of the factors. This explains that the
color of all samples, although varied depending on the type of osmotic agent, did not
significantly depend on the mass exchange and physicochemical indices.
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The use of osmotic dehydration in various osmotic media allowed to divide the ob-
tained data, as in Figure 11b. The type of osmotic solution was an important factor in data
clustering.

4. Conclusions

The use of fruit juice concentrates as osmotic agents affects the formation of the phys-
icochemical properties of strawberries. With great advantage, such agents can replace the
commonly used sucrose solution.

The use of juice concentrates resulted in a higher mass exchange effect (by 3.4-25.5%)
compared with the sucrose solution. The higher weight reduction of dehydrated fruits
resulted from higher water losses and only slightly higher solid gains. There was no effect
of the type of osmotic agent on the water activity of dehydrated strawberries. A longer
time of osmotic dehydration caused a significant decrease in this indicator. The highest
decrease of water activity to 0.873 was obtained in strawberries dehydrated in a cherry
concentrate for 3 h. These fruits showed the highest dry matter content (36.5 +2.2%). How-
ever, further processing such as drying is required to assure the longer stability of the
product.

Fruit concentrates are a good osmotic agent for shaping the color and texture of os-
motically dehydrated strawberries, as well as preserving or increasing the content of com-
pounds with antioxidant properties, especially concentrates of chokeberry and strawberry
juices. Compared with fresh strawberries, osmotically dehydrated strawberries showed a
high content of polyphenols (1632-1915 chlorogenic acid/100 g d.m.). The use of choke-
berry juice concentrate enriched dehydrated strawberries in anthocyanins; the strawberry
juice concentrate had a positive effect on the content of vitamin C.

The use of fruit juice concentrates for osmotic dehydration of strawberries has a pos-
itive effect on the sugar profile by reducing the sucrose content in favor of naturally oc-
curring sugars, mainly glucose and fructose, in fruit concentrates.
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