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ABSTRACT

The aim of the study was to assess the usefulness of hybrid drying methods (convective-microwave
and convective-microwave-ultrasound) for sour cherry fruit preservation compared to convective drying.
As the raw material, three sour cherry cultivars varying in quality characteristics (‘Lutowka’, ‘Debreceni
Botermo’, ‘Nefris’) were used. Before drying, fruits were subjected to osmotic treatment. Three different
drying methods were examined: 1) convective (C), 2) hybrid with microwaves (C-MV) and 3) hybrid with
microwaves and ultrasound (C-MV-US). As the quality indicators of the investigated processes, the
changes in chemical composition, including alterations in the main groups of bioactive components, as well
as in the antioxidant potential were monitored at each production stage. It was found that, when compared
to convective drying, the use of the hybrid techniques allowed the drying time to be reduced from 9 to just
3 hours. Furthermore, employing hybrid drying eliminated the problems associated with the dehydration
barrier observed during convective drying of the cultivar ‘Debreceni Botermo’. Regrettably, although the
ultrasound used as the additional source of energy in the hybrid method slightly improved water evapora-
tion, in general no significant effect on the retention of phenolic compounds was found. Irrespectively of
the drying method, the effect of the cultivar proved to be crucial to the quality of the final product. Under
the same processing conditions, ‘Nefris’ turned out to be the most promising cultivar for producing
ready-to-eat fruit snacks of high nutritional value.
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INTRODUCTION medicinal properties, among others: cardiovascular

Fruits and vegetables are a vital source of phy-
tonutrients. There are numerous reports on the posi-
tive influence of consuming plant products on human
health (Piasecka et al. 2013; Septembre-Malaterre et
al. 2018). Among the red-colored fruits, sour cherries
are one of the most valuable in terms of nutritional
benefits resulting from their chemical composition
(The Red Report 2012). Their consumption is very
helpful in the prevention of life-style diseases, in-
cluding cancer (Khoo et al. 2011). Such properties
are directly linked with a high antiradical potential
resulting from the presence of phenolic compounds,
including a high percentage of anthocyanins. The lat-
ter ones, especially, are known to have significant
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disease prevention, anti-inflammatory, DNA damage
protection, and enzymatic and lipid peroxidation in-
hibition (Damar & Eksi 2012; Bell et al. 2014;
Wojdyto et al. 2014a; Braga et al. 2017). In the world
of constant rush and stress, chronic diseases are in-
creasingly diagnosed in ever younger people. An
easy access to food products rich in antioxidants
could contribute to their higher intake, so the effort
of looking for a new assortment that would draw the
attention of potential consumers to such products be-
comes justified (Sijtsema et al. 2012).

The outstanding phytonutrient profile of sour
cherry fruits (Khoo et al. 2011; The Red Report
2012) qualifies this species to be called ‘super fruit’.
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Unlike the fruit of other ‘super species’, such as
blackcurrant or chokeberry, the sour cherry fruit is
considered a delicacy because of its exceptional
taste and aroma. However, very few sour cherry cul-
tivars can be consumed fresh, as the acidic taste and
short picking season for the majority of cherry cul-
tivars necessitate fruit processing. An accurately de-
signed and effective technological process makes it
possible to conserve the bioactive compounds of
sour cherry at a reasonably high level.

One of the potential preservation methods
could be drying (Lewicki 2006; Kumar et al. 2014);
however, to make the fruit suitable for direct con-
sumption, an additional operation, such as osmotic
treatment, is essential (Konopacka et al. 2009; Or-
rego et al. 2014). To produce dried sour cherries that
might be acceptable for direct consumption as
a snack, osmotic dehydration is needed to balance
the sweet/sour taste as well as to obtain fine texture.
This production step also helps to increase the dry
matter content; however, it could lower the nutri-
tional quality of the product by causing leakage of
valuable hydrophilic compounds, such as anthocya-
nins. Literature data indicate that, depending on the
cultivar, the anthocyanin content in ready-to-eat
dried sour cherry snacks can range from 80 to as
much as 320 mg of anthocyanins in 100 grams of
product (Konopacka & Mieszczakowska-Frac 2014).
Also the choice of modern drying techniques, such
as microwaves or ultrasound, can reduce the drying
time or lower the process temperature, and thus con-
tribute to better preservation of bioactive ingredi-
ents in the dried product (Wojdyto et al. 2014b;
Calin-Sanchez 2015; Fan et al. 2017; Figiel &
Michalska 2017; Horuz et al. 2017; Onwude et al.
2017; Rodriguez et al. 2017). As the application of
the microwave technique for drying of perishable
fruits has been confirmed to be highly effective
(Michalska et al. 2016; Zielinska & Michalska 2016),
the application of ultrasound in drying processes still
remains at the experimental stage (Konopacka et al.
2015a). Recently, several experimental studies have
been carried out in Poland, with the challenge of de-
veloping innovative hybrid dryer systems employ-
ing high-power ultrasound combined with micro-
wave as well as convective drying methods
(Konopacka & Kowalski 2013). The positive effect

of ultrasound assistance on the hybrid (microwave-
convective) drying technique has already been con-
firmed on a small experimental scale with apples
(Kowalski & Pawlowski 2015), strawberry (Sza-
dzinska et al. 2016), raspberry (Kowalski et al.
2016), carrot (Kowalski et al. 2015; Konopacka et
al. 2017), and green pepper (Szadzinska et al. 2017).
A parallel hybrid drying system designed on a semi-
technical scale, intended for the dehydration of
highly adhesive biomaterials, specifically for the
preservation of osmo-dehydrated fruit had been de-
veloped in the Research Institute of Horticulture
(Patent No. PL 227427, 2017). In this device, the
convection drying is assisted by microwave energy
and an intense stream of ultrasound with an option
to work in an intermittent drying mode. To ensure
uniform contact between the applied energy and the
material being dried, a process chamber was de-
signed in the form of a rotary drum (Konopacka et
al. 2015b). The preliminary drying tests of the de-
vice, carried out for osmo-dehydrated cherries and
blueberries, proved the feasibility of reducing the
drying time by half when compared to convective
methods on trays. Surprisingly, the reduced drying
time did not considerably increase the retention of
anthocyanins (Konopacka et al. 2015b; Siucinska et
al. 2015), while the preliminary character of the ex-
periments did not provide sufficient data to explain
the observed phenomena.

The aim of the study was to determine the suit-
ability of the above-mentioned hybrid dehydration
system for the production of dried sour cherry fruits
with well retained bioactive properties. Three pop-
ular sour cherry cultivars with different physico-
chemical properties, previously subjected to os-
motic treatment, were taken as a model of material
rich in biologically active components and thus sen-
sitive to thermal drying conditions. Special attention
was paid to the effect of the ultrasound assistance,
applied at the drying step on the changes in the pat-
tern of sour cherry phenolic profile.

MATERIALS AND METHODS
The experiment was conducted on 3 sour cherry

cultivars: ‘Debreceni Botermo’ (DB), ‘Nefris’ (N)
and ‘Lutowka’ (L) originating from the Experimental
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Orchard of the Research Institute of Horticulture in
Dabrowice (central Poland). Fruits were picked at the
commercial maturity stage during the 2015 and 2016
harvesting seasons. Immediately after being trans-
ported, the fruits were cooled down at a temperature
of 2 °C for 24 h, then frozen and stored at —25 °C un-
til processing.

Osmotic dehydration

Prior to the drying operation, the fruits were sub-
jected to osmotic pretreatment chosen on the basis of
previous experiments (Siucinska et al. 2016a, b) with
some modifications. Before the osmotic dehydration
(OD), cherries were pitted in a frozen state (=5 °C).
OD was carried out in a water bath fitted with a shak-
ing plate (67 rpm). Process temperature was adjusted
to 40 °C and lasted 120 min. A sucrose solution
(60 °Bx) was used as an osmotic agent. A 3000-gram
sample of fruits was divided equally between six
2 dm? glass beakers at a fruit-to-syrup ratio of 1 : 2.
Every 30 minutes, the samples were stirred manually
in order to provide periodic movement between the
fruits and the solution, and thus to ensure a uniform
concentration gradient. After osmotic dehydration,
the fruits were rinsed with water to remove excess 0s-
motic solution from the surface of the fruits, drained
on a sieve, gently blotted on filter paper and subjected
to final drying. For each drying method, a separate
batch of osmo-dehydrated sour cherries was produced
in two technological replications.

Drying

After the pretreatment stage, 1000 grams of osmot-
ically dehydrated cherries were subjected to drying
using three different methods: convective drying on
trays (C) as the control and two versions of hybrid dry-
ing procedures carried out in a rotary drum. A work-
flow diagram of the experiment is presented in Figure
1. In the innovative hybrid drying method, combined
convective and microwave power was used solely (C-
MV) or with ultrasound assistance (C-MV-US).

The hybrid dryer allows application of various
combinations of convection, ultrasound, microwave
and chilling treatments. In the process, which lasted
180 min., the cycles of heating (60-80 °C) were used
either with or without the assistance of ultrasound
(200 W) and microwaves (300 W) (Fig. 1). The hy-
brid drying procedure had been established by the
authors after many experiments with the cultivar

‘Nefris’ (data mostly unpublished). The parameters
of the classic convective drying were as follows: air
temperature — 60 °C, duration — 540 min, horizontal
air flow velocity — 2.5 m/s, recuperation — 50%.
They were selected on the basis of experiments pre-
viously conducted in the Research Institute of Hor-
ticulture (Konopacka & Mieszczakowska-Frac
2014; Siucinska et al. 2016a), resulting in the ob-
taining of a product with water activity below 0.7 in
order to minimize the risk of microbial spoilage. For
each season and cultivar, the particular drying pro-
cedures were repeated twice.

Quality analyses

Both the raw material and the osmo-treated cherries
were subjected to basic physicochemical analyses,
such as dry matter content, titratable acidity, soluble
solids, as well as chemical analyses including sug-
ars, acids and phytonutrient profile and antioxidant
capacity. As regards dried samples, the same anal-
yses were carried out, with the exception of soluble
solids, instead of which water activity was measured
as an indicator of the final product stability.
Description of the analytical methods

Dry matter content was determined using the gravi-
metric method by drying to constant weight at 70 °C
under vacuum (3 x 10° Pa) according to PN EN
12145:2001. Titratable acidity (TA) was determined
potentiometrically (pH 8.1) with 0.1 mol-dm= NaOH
using a Mettler Toledo Titrator. Results were ex-
pressed as grams of citric acid per 100 grams of sam-
ple (g CA-100 g*). Soluble solids (SS) content was
measured by the refractometric method (RE50 Re-
fractometer, Mettler Toledo). The antioxidant activ-
ity (AA) was determined according to Re et al.
(1999) and expressed as a 50% reduction of ABTS™
reagent solution absorbance, and recalculated to mg
of Trolox equivalents per gram of dry matter. Meas-
urements of water activity were performed at least 24
hours after drying, using HC2-AW-USB station
probes connected to a PC running HW4-P-QUICK-
V3 software (Rotronic, B&L, Poland) working with
a measurement accuracy of +0.008 Aw. HPLC
equipment was used to determine sugars, acids and
phenolic compounds and their quantities in samples.
HPLC analysis of sugars was carried out according
to a procedure described by Konopacka & Mieszcza-
kowska-Frac (2014).
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Pitting of frozen fruits

l

Osmotic dehydration (OD)
(120 min, 40 °C, 67 rpm,
60 °Bx sucrose solution 1:2)

N\

Hybrid drying
Convective drying (C)
(60 °C, 540 i, 1 = 50% —
horizontal air flow (2.5 m/s))
(C-MV-US) (C-MmvV)

Duration: 180 min (4 cycles)
Heating temp: 60-80 °C

US: 200 W /0 W

MV: 300 W

Rotation of drum: 3 rpm

Air velocity: 5-9 m/s

Fig. 1. Schematic diagram of the experiment
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Fig. 2. Polyphenolic components profile of raw material and after osmotic dehydration depending on the cultivar. Means of
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Ascorbic, malic and citric acid contents were de-
termined according to the HPLC method detailed in
the paper by Mieszczakowska-Frac et al. (2015).
Qualitative HPLC analysis of phenolic com-
pounds was performed according to the method de-
scribed previously by Siucinska et al. (2016a).
Statistical analysis

The experimental results were statically analyzed
using Statistica 12 software package (StatSoft, Inc.,
Tulsa, USA). To assess the impact of the variables
on quality indicators, Analysis of Variance was used
where cultivar (C), season (S) and drying method
(DM) were considered as sources of variation.
Moreover, within the particular cultivars, One-Way
ANOVA was carried out to check the effect of ul-
trasound assistance. Additionally, the statistical dif-
ferences between means were determined using
Duncan’s multiple range test at a significance level
of p=0.05.

RESULTS

Raw material characteristics

The quality characteristics of the raw material are
presented in Table 1. As anticipated, the chemical
composition of each cultivar was different. Also,
a strong influence of the growing season on almost
every parameter of the sour cherry characteristics
was identified. The only exception was the amount
of fructose (Table 2). The mean soluble solids con-
tent calculated for ‘Nefris’ and ‘Debreceni
Botermo’ amounted to 13.9 and 13.5 °Brix, respec-
tively. For ‘Lutowka’, the mean soluble solids value
reached only 11.8 °Brix. With respect to fruit acid-
ity, the measured values of titratable acidity were

between 0.92 and 1.75 g-100 g* of fresh mass. In the
case of this parameter, the lowest mean value was
recorded for ‘Debreceni Botermo® (0.95 g-100 g?).
Regardless of the cultivar, the 2015 season brought
about a higher concentration of SS and lower TA
when compared to the 2016 harvesting season (Ta-
ble 1). The calculated mean sugar/acid ratio (SS/TA
ratio), considered to be an indicator of fruit sweet-
ness, amounted to 8.80, 9.50 and 14.3 for ‘Nefris’,
‘Lutéwka’ and ‘Debreceni Botermo’, respectively.
The details on the amount of glucose, sucrose and
sorbitol, as well as malic and citric acids in the exper-
imental fruit batches are given in Table 1.

The HPLC analyses of bioactive components
confirmed the presence of 16 phenolic compounds
belonging to 4 groups, namely flavanols, phenolic
acids, flavonols and, the most important, anthocya-
nins. The quantitative differences between the groups
for the investigated cultivars are presented in Fig. 2.
The anthocyanin group was the most abundant and
constituted 63-75% of the total polyphenols. The
second largest group were phenolic acids, then fla-
vanols (except for ‘Debreceni Botermo’, which did
not contain flavanols at all), while the last were fla-
vonols. Although some differences were noticed be-
tween seasons in the quantity of particular polyphe-
nolic compounds (Fig. 2), the total amount of poly-
phenols was strongly determined by the cultivar (Fig.
3A). The same tendency was found for antioxidant
activity (Fig. 3B). The phenolic content and antioxi-
dant activity were positively correlated (R? = 0.941).
The antiradical activity measured by the ABTS™
method for ‘Nefris” was almost twice as high as that
for ‘Lutdowka’, and almost four times higher than for
the weakest ‘Debreceni Botermo® (Fig. 3B).

Table 2. Probability values of the F statistic from ANOVA for the raw material characteristics

" : . -1 -1
Souce ~ Drymater SOt Tzl e pomiainds (g 100 )
. 0
of variation (%) °Bx) (2100 g% flavanols acids flavonols anth. total phen.
Cultivar (CV) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Season (S) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CV xS 0.00 0.00 0.00 0.01 0.31 0.00 0.00 0.00
Source Sugars (g:100 g* dm™) Acids (g:100 gt dm?) - A"I'?olox
of variation glucose  fructose  sorbitol  total sugars malic acid citric acid total acids ~loogg‘1 dmr)
Cultivar (CV) 0.00 0.40 0.00 0.16 0.00 0.00 0.00 0.00
Season (S) 0.00 0.37 0.00 0.00 0.00 0.00 0.00 0.10
CV xS 0.25 0.25 0.00 0.43 0.00 0.00 0.00 0.00

Note: values in bold denote statistically significant effects (p = 0.05). Abbreviations: anth. — anthocyanins; total phen. — total

phenolics; AA - antioxidant activity
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Table 3. Effect of osmotic treatment on the physicochemical characteristics of sour cherry fruits in comparison with

raw material (averages for two seasons)

‘Lutowka’ ‘Debreceni Botermo’ ‘Nefris’
Trait Change OD-fruit Change OD-fruit Change OD-fruit
(unit) (unit) (unit)

Dry matter (%) 86 1T 22.4 +1.1% 5871 21.2 +0.6* 871 24.6 +1.4*
Soluble solids (SS) (°Bx) 8517 20.3 £1.0* 5717 19.2 £0.4* 901 22.8 £2.1%*
TA (g CA-100 g) 0.18 ¢ 1.06 £0.04*  0.04 4 0.91+0.03* 0.26 | 1.33 £0.17*
SS/TA Ratio 9717 19.2 £1.6* 697 21.2 £1.1%* 8.8 1T 17.6 +4.0*
Glucose (g-100 g*-dm™) 264 315445 06 7T 345+14 6.7 1T 36.6 £0.7*
Fructose (g-100 g*-dm™) 2217 26.0 +4.2 4317 28.2 £2.1%* 777 30.6 £2.7*
Sorbitol (g-100 g*-dm™) 401 6.6 £2.7* 481 7.8 £1.2% 8.0 7.6 £1.0%
Total sugars (g-100 g-dm™) 431 64.1+10.8 0171 70.5+3.0 6.3 74.8 +2.3%
Malic acid (g-100 g™*-dm™) 544 5.2 £0.7%* 314 5.1 £0.2% 6.5 5.9 +£0.9%
Citric acid (g:100 g*-dm™) 0.118 4  0.040 £0.007* 0.109 4  0.041 £0.002* 0.129 ¢  0.089 +0.056*
Total acids (g-100 g*-dm™) 554 5.3 £0.7* 324 5.1 £0.2% 6.6 6.0 £0.9%
Total phenolics (g-100 g*-dm™) 474 | 643 £26.9* 1151 598 £50.0* 7320 1082 +95.3*
AA (mg Trolox -100 g dm?) 10.4 4 18.3 £1.3* 134 11.3 £1.0* 148 4 30.1 +1.4*

Change is the value of decrease (¥) or increase (1) in a particular trait after osmotic dehydration expressed in the unit
of measure of that trait *Asterisks denote statistical significance between raw material and dehydrated fruits of culti-
vars tested using Duncan's multiple range test at p = 0.05. Abbreviations: OD — Osmotically dehydrated; SS — soluble

solids; TA — Titratable acidity; AA — Antioxidant activity

Characteristics of osmotically pretreated sour
cherry fruits

The changes in the quality characteristics of sour
cherry fruit caused by the osmotic pretreatment are
illustrated in Table 3. In the column ‘change’, the
value of decrease (V) or increase (1) in a particular
trait after osmotic dehydration is shown compared
to raw material and expressed in the unit of measure
of that trait.

Under the applied conditions of osmotic treat-
ment (60 °Brix sucrose solution, 40 °C, 120 min.),
the dry matter content in fruit tissue increased by an
average of 63, 38 and 55% in ‘Lutowka’, ‘Debre-
ceni Botermo’ and ‘Nefris’, respectively. It can eas-
ily be seen that the mass transfer for ‘Debreceni’
was less effective, which seems to be a cultivar-de-
pendent effect, and can probably be explained by
the greater thickness of the skin or covering waxy
layer than in the other cultivars. Along with the in-
crease in dry matter, being the consequence of the
rise in soluble solids, a slight decrease in titratable
acidity was observed, which is connected with the
leakage of organic acids to osmotic solutions. These
changes, in turn, altered the SS/TA ratio, which is
helpful in forecasting the sweetness of the final

product. Due to the applied pretreatment, the SS/TA
ratio increased twofold for ‘Lutowka’ and ‘Nefris’,
and 1.5 times for ‘Debreceni Botermo’ (Table 3).
The diffusion processes brought about other
changes which were connected with the leakage of
water soluble compounds of cell sap, such as sorbi-
tol (the observed reduction varied between 37—
52%), or other low mass constituents, including bi-
ologically active substances.

As expected, the pretreatment stage led to
a substantial reduction in the sour cherry phytonu-
trients (Fig. 2). The most severe losses of phenolics
(42%) were observed in ‘Lutéwka’, lower for ‘Ne-
fris’ (40%) and the lowest in ‘Debreceni’ (16%). In
spite of such differences, the amount of these com-
pounds in ‘Debreceni’ was still lower than in ‘Ne-
fris’, which retained the highest amount. The latter
cultivar was also able to maintain the highest anti-
oxidant activity (Table 3).
Effect of the drying method on the properties of
the final product
In the case of dried products, the cultivar had a sig-
nificant influence on all parameters, while the grow-
ing season affected almost all of them, the exception
being flavanols. The drying method, in turn, had an
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effect on 11 out of the 16 values measured (Table
4). However, due to the fact that the cumulative ef-
fect of drying method x season on the phenolic
compounds (except phenolic acids, which are
marked in bold) and the profiles of sugars and acids
did not show statistical significance, it was decided
to interpret the results using average values for the
two seasons.

The effect of the drying procedures applied to the
fruits of the investigated sour cherry cultivars is pre-
sented in Table 5. Unfortunately, the convective
drying conditions turned out to be not strong enough
to ensure microbial stability for ‘Debreceni Botermo’
(water activity above 0.7), whilst for ‘Lutéwka’ they
lasted slightly too long and led to over drying (water
activity 0.5). Again, like during osmotic dehydra-
tion, the ‘Debreceni Botermo’ turned out to be more
resistant to water loss than ‘Lutowka’ and ‘Nefris’.

Despite the fact that before drying the difference in
dry matter content between ‘Debreceni Bétermo’
and ‘Lutowka‘ was only 1.2 units (21.2 and 22.4%
of dry matter respectively for ‘Debreceni’ and
‘Lutowka’; Table 3), after drying it rose to 18.8
units (69.4 and 88.2%, respectively; Table 5), which
confirms poor suitability of this cultivar for convec-
tive drying. In the case of ‘Lutowka’, the classic
convective drying on trays turned out to give a prod-
uct with the lowest amount of remaining water.

The discrepancies between the cultivars sub-
stantially diminished when the hybrid drying meth-
ods were applied. Using the combination of convec-
tive drying with microwave energy (C-MV) did not
only lead to the shortening of drying time to 3 hours,
but also passed over the dehydration barrier ob-
served for ‘Debreceni Bétermo’ during classic con-
vective drying.

Table 4. Probability values of the F statistic from ANOVA for dried product characteristics

H H . -1, -1
Source of variation Dt(re)r/ (T/at— Tgéﬁéikye Wfatgr Phegselzlncofi(lmpounds (g 100 dnr)
0) (9:100 gty VY flavanols acigs  favonols anth.  total phen.
Cultivar (CV) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Drying method (M)* 0.00 0.00 0.00 0.02 0.00 0.56 0.00 0.00
Season (S) 0.00 0.00 0.00 0.51 0.00 0.00 0.00 0.00
CVxM 0.00 0.00 0.00 0.04 0.00 0.04 0.00 0.00
CV xS 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
M xS 0.01 0.00 0.00 0.18 0.02 0.68 0.71 0.36
CVxMxS 0.37 0.09 0.00 0.69 0.09 0.96 0.51 0.53
Sugars (g-100 g*-dm™) Acids (g-100 g*-dm™) AA
Source of variation (mg Trolox
glucose  fructose sorbitol total sugars malic acid citric acid total acids gt-dm™)
Cultivar (CV) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Drying method (M)* 0.16 0.00 0.76 0.00 0.11 0.01 0.11 0.00
Season (S) 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
CVxM 0.24 0.08 0.60 0.01 0.01 0.00 0.01 0.00
CV xS 0.11 0.18 0.52 0.02 0.00 0.00 0.00 0.00
M xS 0.24 0.97 0.31 0.28 0.07 0.35 0.09 0.03
CVxMxS 0.24 0.00 0.08 0.00 0.16 0.01 0.20 0.00

*Drying method: C; C-MV-US; C-MV.

Note: values in bold denote statistically significant effects (p = 0.05)
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Table 5. Effect of drying method on the physicochemical characteristics of dried sour cherries fruits of three cultivars.

Means of two seasons

Cultivar negr:g?j Dry matter (%) Tltzztélbolg chl;j ity Water activity (g.-ll—?)gl[giq(?;-l)
C 88.2 £3.20 b* 4.07 +0.22 a 0517 +0.064 a 5.02 £0.61 a
‘Lutowka’  C-MV-US 85.9 *1.12 a 415 +029 a 0568 +0.011 b 531 +0.64 a
C-mVv 83.7 £1.51 a 3.89 £0.27 a 0.607 +0.014 c 480 +0.73 a
. ~C 69.4 +4.77 a 3.02 £0.28 a  0.776 =0.053 ¢ 5.01 £0.12 a
ggt’;;i‘}‘ C-MV-US 810 +1.64 b 357 +026 b 0666 £0.023 a  4.96 +0.36 a
C-MV 789 £337 b 340 £0.16 b  0.695 +0.040 b 500 £0.19 a
C 82.1 235 a 442 £095 a 0.639 +0.042 b 579 £1.05 a
‘Nefris’ C-MV-US 83.8 +0.48 a 449 +0.73 a 0.620 +0.010 a 573 £0.75 a
C-MVv 828 +1.41 a 452 +0.78 a  0.632 +0.023 ab 576 £0.72 a
Cultivar Drying Sugars (g-100 g‘l'dm'l)-
method glucose fructose sorbitol total sugars
C 365 142 a 320 £1.48 a 495 +0.85 a 735 £2.09 b
‘Lutowka’ C-MV-US 35.7 £1.36 a 305 £1.95 a 450 +047 a 70.8 £2.12 a
C-MV 364 +1.41 a 316 £1.78 a 475 +094 a 72.8 +1.82 ab
C 359 +0.84 b 296 +0.83 a 6.78 +£0.86 a 72.3 093 a
‘Debreceni
Bétermo’ C-MV-US 35.3 +0.82 ab 28.3 £0.71 a 6.75 +1.34 a 70.4 +1.51 a
C-mv 349 +093 a 28.6 £2.24 a 6.85 £091 a 70.3 £2.62 a
C 34.7 +0.87 a 30.7 £1.78 a 7.10 £097 a 72.6 £2.57 a
‘Nefris’ C-MV-US 347 +£1.35 a 305 £2.30 a 7.34 £1.32 a 725 £2.59 a
C-MV 349 £091 a 31.7 £1.01 a 7.36 £0.96 a 739 £1.28 a

* Different letters in columns, for each cultivar separately, denote statistically significant differences according to
Duncan's multiple range test p = 0.05. Abbreviations: C — convective drying; C-MV-US — convective-microwave-

ultrasound drying;. C-MV — convective-microwave drying

In the second hybrid method tested (C-MV-
US), where ultrasound energy was also used to en-
hance water removal from the fruit, the additional
source of energy slightly improved mass transfer,
making the dehydration process more effective than
without US. Regardless of the cultivar, the samples
dried with US assistance were characterized by
lower water activity. The details on the influence of
drying methods on the chemical composition of
fruit of the investigated cultivars are given in Table
5. With the exception of water activity, no signifi-
cant differences between the two hybrid methods
were observed in the investigated physicochemical
parameters. The same applied to bioactives (Table
6), except for flavanols and flavonols in ‘FLutowka’
(higher retention for hybrid method with US).

With regard to antioxidant activity, the ‘Ne-
fris’ and ‘Debreceni Bétermo’ fruits dried with the

hybrid methods were better protected against losses
of antioxidant potential than the convectively dried
fruits. Comparing the two hybrid methods, although
the difference was not statistically significant, the
antioxidant activity for ‘butowka’ and ‘Debreceni
Botermo’ was higher in C-MV-US-dried samples,
whilst for ‘Nefris’ the C-MV sample gave the higher
result. Irrespective of the drying method, ‘Neftis’
was the cultivar with definitely the highest antioxi-
dant potential (about 1.7 x higher than in ‘L.utowka’
and 2.6 x higher than in DB) (Table 6).

The antioxidant activity of a product depends
on the polyphenolic content. Table 4 shows the effect
of drying method and cultivar as well as season on
the total polyphenolic content and other characteris-
tics of the dried product. As was proved, the cultivar
effect was dominating, while the drying method in-
fluenced the bioactive components to a lesser extent.
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The details on the retention pattern of a partic-
ular polyphenolic group with regard to the drying
method are presented in Table 6. The anthocyanins
group is the most abundant phytonutrient group in
sour cherries and it has the biggest impact on the
final bioactivity. The correlation coefficient be-
tween the antioxidant activity and the anthocyanin
content remained very high and reached 0.958,
while in relation to total polyphenols it was 0.849.

Regarding the effect of ultrasound assistance
applied in the hybrid drying, US turned out to have
a slight (cultivar-dependent) effect on the retention
of polyphenols.

DISCUSSION

It is widely known that drying conditions in-
fluence the quality of dried material. As regards
sour cherry, Wojdyto et al. (2014b) had proved that
bioactivity of this species was better protected in
mild drying conditions, namely short drying time,
low temperature and limited material contact with
oxygen in the drying air. Therefore, combined
methods, like vacuum-microwave drying or hybrid
drying, usually give better results than classic con-
vective drying. Their study revealed that properly
chosen microwave power contributed to higher
amounts of total phenolics and anthocyanins, attrac-
tive color and high antioxidant activity. Our results
do not exactly comply with these conclusions. In
our experiment, the hybrid method admittedly al-
lowed the drying time to become shorter; however,
it did not cause the expected better preservation of
phenolic compounds. Irrespective of the drying
method applied, the level of bioactives was similar
in all the dried samples, despite the significant
shortening of the hybrid drying time.

The results are especially surprising taking
into account that ultrasonic waves, widely consid-
ered to be a very promising means of providing as-
sistance in the drying of plant material, were used
among the techniques applied. There can be several
reasons for such untypical outcomes. The useful-
ness of ultrasound depends on individual optimiza-
tion and precise dosage (Siucinska & Konopacka
2014; Musielak et al. 2016; Rajewska & Mierzwa
2017). First of all, the choice of raw material should

be carefully considered, then the osmotic agent and
the construction of drying equipment, and finally
the process parameters such as ultrasound power
and method of application, air temperature and ve-
locity (Carcel et al. 2007), with the quantity of
sample subjected to sonication being also im-
portant.

Direct sonication of a small amount of sample
is definitely more effective than an air-borne sys-
tem, especially when the sample is much bigger. In
the latter system, the transfer of acoustic waves to
the sample is limited because the air greatly attenu-
ates and absorbs the acoustic energy (Fan et al.
2017). In our experiment, there was 1 kg of dehy-
drated fruits subjected to drying. The majority of ex-
periments had been conducted only on a small scale,
taking 10 to 50 grams of material. In those cases,
applying ultrasound was beneficial because of accu-
rate and cumulative interaction of ultrasound and
the material being dried. When it comes to drying
on a larger scale, the results are not so satisfactory,
like in our case. Moreover, it is highly probable that
in air-borne systems the power density of ultrasonic
waves is not appropriate. Konopacka et al. (2015b)
have proposed a hypothesis that US power above
0.5-1 kW per 1 kg of dried material should be suf-
ficient for accelerating the drying process.

Another probable reason why, despite the sig-
nificantly shorter drying time, needed to obtain
product stability, the hybrid drying methods did not
produce the expected effect of higher retention of
bioactive components could be the shape of the dry-
ing chamber. Sour cherry fruits dried in a drum are
likely to be more exposed to the drying air and oxy-
gen than those dried on trays. Moreover, during the
constant movement of material the fruit surface is
subjected to abrasion, which exposes deeper layers
of cells to unfavorable deterioration of oxygen-sen-
sitive compounds (Braga et al. 2017). Taking the
above into consideration, future experiments with
hybrid drying in a drum chamber should focus on
incorporating a coating film capable of preventing
losses of bioactive components.

Despite the absence of a positive effect of the
hybrid drying method on the antioxidant properties
of the dried sour cherry snack, the effect of reduc-
ing the drying time to a third still remains a serious
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argument in favor of implementing such a drying
system into practice.

As already mentioned in the Introduction,
apart from drying methods, proper cultivar selection
also has to be mentioned as a promising tool for in-
fluencing the nutritional value of processed sour
cherry products (Konopacka & Mieszczakowska-
Frac 2014). From among ten cultivars of sour
cherry, the cited authors indicated the cultivar ‘Ne-
fris” as the most valuable for the purpose of drying,
mainly due to the high initial anthocyanin and poly-
phenolic contents. Our results confirmed why ‘Ne-
fris” and ‘Lutéwka’ are commonly recognized as in-
dustrial cultivars suitable for processing, on the ba-
sis of SS/TA ratio, which was significantly lower
for these two cultivars, and they are more sour,
while ‘Debreceni Botermo’ is regarded rather as
a table cultivar, suitable for direct consumption.
Wojdyto et al. (2014a), investigating polyphenolic
content, antioxidant properties and other nutritional
components in 33 sour cherry cultivars, had also
confirmed that bioactive properties of this species
were highly dependent on the cultivar. As regards
the aspect of forecasting the nutritional value of the
processed sour cherry fruit, the region of origin and
harvest period might also have an influence on plant
growth and metabolite concentration (Khoo et al.
2011). In Denmark, ‘Nefris’ was also in the group
of cultivars with a high total phenolic and anthocy-
anin content, whilst ‘Lutéwka’ was in the middle.
Further, Khoo et al. (2011) had proved that ‘Neftris’,
as a cultivar with higher levels of the above-men-
tioned compounds, showed greater antioxidant ca-
pacity and inhibition activity against cancer cell
proliferation. Summarizing, irrespective of the loca-
tions, researchers more often indicate ‘Nefris’ as the
most promising cultivar in terms of obtaining nutri-
tionally valuable products. This consistency re-
mains in agreement with our results.

CONCLUSIONS

Using a combination of convective drying with
microwave energy (C-MV) reduced the drying time
to a third, compared to convective drying. Hybrid
drying eliminated the problems associated with the
dehydration barrier observed in 'Debreceni

Boétermo’ during convective drying, when applied
individually.

Ultrasound used as the additional source of en-
ergy in the hybrid drying technique improved the
water evaporation, but without significantly affect-
ing the levels of phenolic compounds.

The effect of the cultivar is crucial to the dry-
ing process and the quality of the final product. Un-
der the same processing conditions, ‘Nefris’ turned
out to be the most promising cultivar for producing
ready-to-eat fruit snacks of high nutritional value.
This cultivar showed the highest antioxidant poten-
tial and, irrespective of the processing method, the
amount of phenolic compounds remained at the
highest level when compared to other cultivars.

The results of this investigation indicate that
the use of ultrasound can modify the quality of the
final product, while the choice of cultivar not only
influences product attractiveness but also has a ma-
jor impact on its pro-health properties.
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