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Abstract

Convective drying of strawberries was performed with or without ethanol pre-treatment (ET) in their fresh state or enriched
with isomaltulose osmotic dehydration (OD) or by pulsed vacuum osmotic dehydration (PVOD). Both osmotic processes
were executed by the immersion of 10 mm strawberry cubes in the osmotic solution for 300 min. The PVOD was done at
reduced pressure (160 mbar) during the first 20 min. The ET was conducted by immersion of the samples in 95% ethanol
for 2 min. Convective drying (60 °C and 1 m s™') was performed until a final moisture content of 11.50%,,, . The convec-
tive drying required from 195 to 300 min. The non-osmotically dehydrated dried sample required a shorter drying time and
produced samples with lower water activity, hardness and color change, and higher total anthocyanin content (TAC), total
phenolic content (TPC), and antioxidant capacity (AC). In addition to promoting enrichment with isomaltulose, both osmotic
processes reduced shrinkage and hygroscopicity compared to non-osmotically dehydrated dried samples. ET reduced drying
time by up to 30%, reduced hygroscopicity, and contributed to TAC, TPC, and AC preservation, showing as an interesting
procedure to be applied in the convective drying of strawberries. However, the ET increased the shrinkage of the samples.
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Introduction

Osmotic dehydration (OD) is considered a unitary opera-
tion of mass transfer between the food and the osmotic solu-
tion where the food is immersed. In this process, the two
main flows are solid gain and water loss. The solid gain flow
represents the incorporation of the solute from the osmotic
solution to the food (Gonzalez-Pérez et al., 2021; Ramya &
Jain, 2017). This flow makes OD an interesting technology
to enrich fruits, especially when the solute is beneficial to
human health, such as isomaltulose (also known as pala-
tinose), which is a low glycemic and cariogenic index car-
bohydrate (Lazou et al., 2020; Sawale et al., 2017).

The other flow refers to the diffusion of water from the
food to the osmotic solution. A third flow also occurs, which
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is the leaching of compounds, such as bioactive and aromatic
compounds. This flow is quantitatively negligible, but it can
result in significant changes qualitatively (Ramya & Jain,
2017). To maximize solid gain and water loss flows, the
vacuum application at the beginning of the osmotic process
promotes the replacement of the occluded air by osmotic
solution, increasing the area of contact with the osmotic
solution (Gonzélez-Pérez et al., 2021).

OD reduces the moisture content and water activity of
the food, but not enough to ensure stability and significantly
extend the shelf life of the product (Ramya & Jain, 2017).
Therefore, convective drying is commonly applied after OD
(Kroehnke et al., 2021; Macedo et al., 2021b; Mendonga
et al., 2017; Ramya & Jain, 2017; Turkiewicz et al., 2020),
where heated air is used to complete the removal of water
from the food. This is a low-cost, simple structure and con-
venient operation process (Liu et al., 2020; Wang et al.,
2019). However, drying can influence the quality parameters
of the food, causing loss of heat-sensitive nutrients, such as
bioactive compounds, present in fruits (Macedo et al., 2020;
Mendonga et al., 2017; Omolola et al., 2017).
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Strawberries are non-climacteric fruits of high sensory
appreciation, due to their attractive color and their charac-
teristic aroma and flavor. Furthermore, the strawberry has
high levels of antioxidant compounds, such as phenolics and
anthocyanins. These compounds are beneficial to health, as
they are associated with reduced risk of several diseases,
such as cancer, cardiovascular disorders, neurodegenera-
tive, and other chronic diseases (Basu et al., 2014). How-
ever, strawberries are very perishable, with a shelf life of
a few days postharvest. Therefore, the use of preservation
methods, such as convective drying, is essential for this fruit.
However, studies have shown that convective drying has
resulted in significant losses in the content of anthocyanins,
phenolics, and antioxidant activity in strawberries (Karam
et al., 2016; Lopez-Ortiz et al., 2020; Méndez-Lagunas
etal., 2017).

Treatments applied before drying fruits have been stud-
ied, aiming to accelerate the process of convective drying
to reduce the time of exposure of the product to heated air
(Wang et al., 2019). The addition of low-boiling organic
solvents, such as ethanol, acetic acid, and isopropanol, is
a pre-treatment that reduces the boiling point of water, due
to the mixture of solvent + water. Furthermore, the solvent
increases cell wall permeability, aiding the removal of water
(Corréa et al., 2012). As a low-cost and non-toxic solvent,
ethanol has been the most used (Tatemoto et al., 2015). Stud-
ies have reported beneficial effects of ethanol pre-treatment
on the drying of apple (Rojas et al., 2020a), banana (Corréa
et al., 2012), guaco leaves (Silva et al., 2018), melon (da
Cunha et al., 2020), pineapple (Braga et al., 2009, 2010;
Santos & Silva, 2009), pitaya (Aratjo et al., 2020; Macedo
et al., 2021a), potato (Rojas et al., 2019; Rojas & Augusto,
2018a), pumpkin (Carvalho et al., 2020; Rojas et al., 2020b;
Rojas & Augusto, 2018c), and scallion (Wang et al., 2019).

This work aimed to evaluate the influence of (i) osmotic
dehydration, using isomaltulose as a solute, with or without
pulsed vacuum, and (ii) ethanol pre-treatment on the dry-
ing kinetics and quality parameters, such as moisture con-
tent, water activity, shrinkage, hygroscopicity, color, total
anthocyanins, total phenolics, and antioxidant capacity of
strawberry.

Material and Methods
Raw Material

Fresh strawberries fruits, cultivar “Camino Real,” were
purchased from the local market, selected for color
(predominantly red skin), integrity (no injury), weight
(19.41 +£5.41 g), and maturation stage (8.28 +0.63°Brix).
The strawberries were then washed in running water, sani-
tized with chlorinated water (200 ppm for 10 min), rinsed,

drained with absorbent paper, and stored at 4 °C for up to
2 days. The fruit skin was removed and the inside was cut
into 10 mm cubes (Fig. 1).

OD and PVOD

The osmotic solution of 35% (w w™!) of isomaltulose
(Beneo-Palatinit, Mannheim, Germany) was prepared
and used for OD and pulsed vacuum osmotic dehydration
(PVOD) of strawberry cubes, by immersing the cubes in the
osmotic solution (Fig. 1), in the proportion of 1:20 (w w™1),
at 25 °C, for 300 min. OD was performed at atmospheric
pressure throughout the process. PVOD was performed
with vacuum application (160 mbar, absolute pressure)
during the first 20 min. Then, atmospheric pressure was
resumed. After the osmotic processes, the samples were
immersed in an ice bath for 10s to interrupt the mass flow.
The sample surfaces were drained with absorbent paper
(Corréa et al., 2016).

Ethanol Pre-treatment

Fresh and osmotic dehydrated by OD or PVOD samples were
ethanol pre-treated (Fig. 1). The ethanol pre-treatment was
performed by immersing the sample in 95% ethanol (v v™),
in the proportion of 1:5 (w v, for 2 min, at 25 °C.

Convective Drying
Drying Operation

Samples, fresh and dehydrated by OD or PVOD, non- or
ethanol pre-treated were dried in a tunnel dryer (Eco Engen-
haria Educacional, MDO018 model, Brazil) (Fig. 1), with
the parallel flow at 60 °C and 1.0 m s~!. For each drying,
60.38 +0.44 g of sample was used. The sample was weighed
during drying, at 15-min intervals, with the aid of an ana-
lytical balance (Marte Cientifica, AD33000 model, Brazil)
(accuracy +0.01 g) coupled to the sample holder. Drying
was carried out until the samples had a moisture content
of 11.50+0.96%,,, . This value was established so that the
samples of all treatments had water activity below 0.6 (Jay
et al., 2005).

Moisture Ratio
The moisture ratio (MR) of the samples during drying was cal-

culated according to Eq. (1). The moisture content at equilib-
rium (X,) was determined by drying the samples for 1440 min.

=Xt_Xe 1
Xy —X @

e

MR
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Fig.1 Strawberry sample preparation, osmotic process, ethanol pre-treatment, convective drying, and quality analysis

where X)), X,, and X, represent the dry basis moisture (kg
water kg sample, ~') at the initial, time ¢, and the equilib-
rium stage, respectively.

Page Model

The Page model (Page, 1949), represented by Eq. (2), has
been successfully fitted to represent the drying behavior
(Rojas et al., 2020b; Rojas & Augusto, 2018c; Simpson
et al., 2017).

MR = ¢~ 2)

where MR is the moisture ratio; ¢ is the time (min); k is the
drying rate parameter (min~'); n is the dimensionless dry-
ing parameter.

Peleg Model

The two-parameter model proposed by Peleg (1988)
(Eq. 3) was also used to predict the drying kinetics.

t

MR = MR, - ———
O Kk +kot

3

@ Springer

where MR is the moisture ratio; MRy is initial moisture ratio
(equal to 1); ¢ is the time (min); k, is the Peleg rate parameter
(min~'), and k, is the Peleg capacity parameter.

DR

The drying rate (DR) was determined according to the mois-
ture content on a dry basis, according to Eq. (4) (Macedo
et al., 2020).

— Xt - Xt+At
At

DR “
where DR is the drying rate, X, and X, ,, are the moisture
content (kg water kg dry solid™") at t and 74 At, respectively,
t is the time (min), and At is the time difference (min).

Quality Analysis

The fresh and dried samples were characterized in terms
of moisture content, water activity, shrinkage, hardness,
hygroscopicity, color, total anthocyanins, total phenolics,
and antioxidant capacity.
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Moisture Content

The moisture content was determined by the gravimetric
method established by method 934.06 of AOAC (2010),
wherein the samples were placed in an oven at 70 °C,
under vacuum.

aW

The water activity (a,,) of the samples was determined on
an electronic hygrometer (Aqualab, series 3TE, Washing-
ton, USA), at 25 °C (Corréa et al., 2016).

Shrinkage

Sample volumes were determined using a toluene dis-
placement method (Gamboa-Santos et al., 2014). The vol-
umetric shrinkage of the samples was calculated according
to Eq. (5).

Shrinkage (%) = <1 - V1> % 100 5)
0

where V and V|, are the volumes (m?) of dried and fresh
samples, respectively.

Hardness

The hardness of the samples was measured using a texture
analyzer (Stable Micro Systems, TA-X2T, Surrey, Eng-
land), equipped with a 50 kg load cell, a 6 mm diameter
probe, test speed of 2 mm s~!, and penetration distance of
3 mm. The hardness was expressed in Newton (N).

Hygroscopicity

The hygroscopicity of the dried samples was determined
by placing approximately 1.0 g of sample in a desiccator
with saturated sodium chloride solution (75% of moisture
content) at 25 °C, for 7 days. Afterward, the samples were
weighed and the hygroscopicity was calculated by the differ-
ence in weight of the sample, expressed in % (g of absorbed
moisture per 100 g dry solids) (Sette et al., 2016).

Color

The colorimetric parameters of the samples were obtained
by direct reading on a colorimeter (Konica Minolta, model
CR-10, Osaka, Japan), with illuminant D65, using color
scale CIELab.

The L* parameter indicates the lightness, ranging from
0 (black) to 100 (white). C* represents chromaticity or

color saturation, in which the higher the C” values, the
higher the perceived color intensity. The °h indicates the
hue of the sample, where the angles of 0° or 360°, 90°,
180°, and 270° represent red, yellow, green, and blue
angles, respectively. The total color difference (AE) of
dried strawberries was calculated according to Eq. (6) tak-
ing as reference the fresh strawberry, whose parameters
are represented by the subscript “0” (Macedo et al., 2019).

AE= /(L =) (a —ag) + (b — b)) ®)

where L", a*, and b" are CIE lightness coordinate, CIE
red(+)/green(—) color attribute and CIE yellow(+)/blue(—)
color attribute, respectively.

TAC

The preparation of the extract for the quantification of total
anthocyanin content (TAC) was performed by mixing 2 g in
20 mL of ethanol acidified with HCI1 (0.1%). The mixture
was centrifuged at 25,400 X g, for 15 min. TAC was quan-
tified by the differential pH method, according to Eq. (7)
(Giusti & Wrolstad, 2001).

mg ) _
TAC (100g> -

{ [(AS 10 nm —A700 nm )pH] _(ASIO am~A700 nm )pHA,S] XMW x DF } (7)
exL

where MW is the molecular weight of pelargonidin-
3-glucoside (433.0 g mol™); DF is the dilution factor;
e is the molar absorptivity (22,400 mol™"); L is the path
length in centimeters.

TPC

The extract for quantification of total phenolic content (TPC)
was prepared by mixing 5 g in 40 mL of 50% methanol (v
v~!). The homogenized mixture was left to stand for 1h,
protected from light, at room temperature. The mixture was
centrifuged at 25,400 X g for 15 min, and the supernatant was
collected. The residue from the centrifugation was mixed
with 40 mL of 70% acetone (v v_!) and left to stand for
1h, protected from light, at room temperature. The mixture
was centrifuged at 25,400 X g for 15 min. The supernatant
was collected and mixed with the first. The final volume
was completed with deionized water up to 100 mL (Rufino
et al., 2010).

TPC was quantified using the Folin—Ciocalteu method
(Waterhouse, 2003), and the response was expressed in mg
of gallic acid per 100 g sample , .

@ Springer
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AC

The same extract prepared for the TPC analysis was used
for the antioxidant capacity (AC) analysis (Rufino et al.,
2010). AC was quantified by the ferric reducing antioxidant
power capacity (FRAP) and 2.2-diphenyl-2-picryl-hydrazyl
(DPPH) methods. The responses were expressed in pmol of
ferrous sulfate per g of sample,,, and g sample,, per g of
DPPH (Rufino et al., 2010).

Statistical Analysis

The experiment was conducted in a completely randomized
design, in a factorial scheme (2% 3) (Table 1) and three rep-
etitions. The data of the quality analyses were submitted to
analysis of variance (ANOVA), followed by the Tukey test.
The Dunnett test was used to compare the fresh sample with
each treatment individually.

A multivariate analysis was conducted by means of prin-
cipal component analysis (PCA) on the drying time, water
activity, shrinkage, hardness, hygroscopicity, colorimetric
parameters, total anthocyanin content, total phenolic con-
tent, and antioxidant capacity by FRAP and DPPH methods
responses to analyze their particular interrelationships as
influenced by osmotic process (none, OD, and PVOD) and
ethanol pre-treatment.

Statistical analyzes were carried out at the level of 5%
probability of error, with the aid of software Statistica (Stat-
Soft Inc., Tulsa, OK, USA).

Results and Discussion

Drying Kinetics

The drying times and drying kinetics of non-osmotically
dehydrated and subjected to OD or PVOD strawberries,

non- or ethanol pre-treated, are shown in Fig. 2. The time
required to finish the drying was from 195 to 300 min

Table 1 Experimental conditions

Code Osmotic process Ethanol Convective
pre-treatment  drying

Fresh No No No

CD No No Yes
ET+CD No Yes Yes
OD+CD OD No Yes
OD+ET+CD OD Yes Yes
PVOD+CD PVOD No Yes
PVOD+ET+CD PVOD Yes Yes

CD convective drying, ET ethanol pre-treatment, OD osmotic dehy-
dration, PVOD pulsed vacuum osmotic dehydration

@ Springer

(Fig. 2). Figure 2a indicates the percentages of increasing
drying time due to the inclusion of each osmotic process
compared to the respective drying of fresh strawberry (CD
or ET + CD). Figure 2b presents the percentages of reduc-
tion of drying time due to the application of the ethanol
pre-treatment compared to non-ethanol pre-treated drying.

The osmotically dehydrated (by OD or PVOD) samples
required a longer time to complete the drying in relation to
the drying of the fresh (non-osmotically dehydrated) sam-
ples showing longer drying time by up to 33% (Fig. 2a).
Fresh strawberry had a higher moisture content than both
osmotically dehydrated strawberries. However, the water
present in the fresh strawberry is mostly free, which facili-
tates its removal, requiring less time to complete the convec-
tive drying process.

Between osmotically dehydrated non-ethanol pre-treated
samples (OD + CD and PVOD + CD), the process in which
vacuum was applied (PVOD) required a longer drying time
compared to OD. Although PVOD has resulted in higher
water loss during the osmotic process, PVOD provides
greater incorporation of solute than OD (Gonzalez-Pérez
et al., 2021). Macedo et al. (2020) also observed that sam-
ples in which there was greater incorporation of solids
showed a trend towards a demand for longer drying time.
This is due to the increased incorporation of solute during
osmotic processes increasing the amount and strength of
water bonds with the material, making it difficult to get out
of the water from the material (Macedo et al., 2021b). How-
ever, between osmotically dehydrated ethanol pre-treated
samples (OD +ET + CD and PVOD + ET + CD), the OD
process required a longer drying time (Fig. 2a).

Compared to their respective non-ethanol pre-treated
samples, the ethanol pre-treatment (ET) reduced the dry-
ing time of fresh samples and those submitted to OD and
PVOD (Fig. 2b). ET reduced drying time by up to 30%.
This reduction corresponds to the drying of the sample sub-
jected to PVOD, in which the sample ethanol pre-treated
(PVOD+ET +CD) required 210 min to complete the dry-
ing, while the non-ethanol pre-treated sample (PVOD + CD)
required 300 min. The fresh and OD-submitted samples
had their drying times reduced by 13 and 11%, respectively.
Similar reductions were observed in other studies (Carvalho
et al., 2020; Macedo et al., 2021a). It is possible to observe
that ET is simple and low-cost processing, with a good
capacity to reduce the time and cost of the drying process
(Rojas et al., 2020b).

The added ethanol can reduce the drying time because
the ethanol mixes with water, reducing the vaporization
heat of the mixture (water + ethanol). Furthermore, the
evaporation of ethanol (or the water + ethanol mixture)
present in the surface layers of the material opens pores,
facilitates the evaporation of water present in the inner-
most layers of the material. A third consequence of added
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ethanol is the Marangoni effect. This effect is due to the
gradient of surface tension between water and ethanol,
causing ethanol to promote water displacement, facili-
tating drying (Macedo et al., 2021a; Rojas et al., 2020a,
2020b).

The moisture content of the samples reduced exponentially
during drying (Fig. 2c). Initially, fresh and pre-dehydrated by
OD and PVOD strawberries presented moisture content of
90.59, 75.95, and 72.12%,,,, , respectively. It is possible to
observe an abrupt reduction in the moisture content of both
non-osmotically dehydrated samples (CD and ET +CD) dur-
ing the first minutes of drying. In just 120 min, the moisture
content of samples submitted to CD and ET + CD treatments
was approximately 50.71%,,,, and 42.62%.,,,,, respectively.
This rapid reduction is due to the large proportion of free
water present in the fresh strawberry initially, which facili-
tates water removal. On the other hand, the reduction in the
moisture content of the osmotically dehydrated (both OD
and PVOD) samples was mild, both for the non- and ethanol
pre-treated samples.

T T T T T T T
0 50 100 150 200 250 300

Drying time (min)

Page Model

The values of the Page model parameters are presented in
Table 2. Page’s model fitted very well to the data, present-
ing high R? values and low SE values (Table 2), indicating
excellent similarity between the predicted and experimental
data, as observed in other studies (Macedo et al., 2021b;
Rojas et al., 2020a; Rojas & Augusto, 2018c). The good-
ness of fit of Page’s model to the data justifies the great
success of this equation when representing the migration
of water during the drying of food (Simpson et al., 2017).

According to Table 2, the osmotically pre-dehydrated
samples presented a higher value of the k parameter in rela-
tion to the control sample (not pre-dehydrated). There were
no significant differences among the values of the k param-
eter between the osmotic processes, whether pre-treated or
not, with ethanol. Furthermore, the ET did not significantly
influence the value of the k parameter. According to Simpson
et al. (2017), parameter k may be associated with the diffu-
sion coefficient and sample geometry.
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Table 2 Values of the cD

parameters (k and n), coefficient

OD+CD PVOD+CD

of determination (Rz), and k

. Non-ET 0.0078 0.0004 Ab 0.0175+0.0028 Aa 0.0139++0.0003 Aa
Z}a?h‘?;‘i;rf;o‘(’iifs“ma‘e (SE) ET 0.0113+0.0017 Ab 0.0201 £0.0018 Aa 0.017840.0002 Aa
n Non-ET 1.1828£0.0095 Aa 0.9924 +0.0356 Ab 1.0217+0.005 Ab
ET 1.1300£0.0330 Aa 0.9607 +0.0194 Ab 0.9979-+0.0029 Ab
R Non-ET 0.9982 +0.0006 0.9990 +0.0009 0.9992 +0.0001
ET 0.9961 +0.0021 0.9987 +0.0008 0.9994 +0.0001
SE Non-ET 0.0137 £0.0024 0.0087 +0.0045 0.0083 +0.0002
ET 0.02000.0006 0.0105 +0.0033 0.0077 +0.0001

Values are mean =+ standard deviation, n=3. The same uppercase letter indicates no significant difference
between non- and ethanol pre-treated samples, and the same lowercase letter indicates that there is no sig-
nificant difference among non-osmotically dehydrated, submitted to OD and PVOD dried samples, by the

Tukey test (p <0.05)

CD convective drying, ET ethanol pre-treatment, OD osmotic dehydration, PVOD pulsed vacuum osmotic

dehydration

Osmotic processes reduced n values in relation to the
values of the non-osmotically dehydrated samples (CD
and ET + CD) (Table 2). A significant difference was not
observed between both osmotic processes. Parameter n is
related to the type of diffusion and microstructure of the
material, where values above 1 indicate super-diffusion
and below 1 indicate sub-diffusion (Macedo et al., 2021b;
Rojas & Augusto, 2018c; Simpson et al., 2017). Rojas
et al. (2020b) stated that when the value of n is different
from 1, other mechanisms than diffusion are important.
The drying of the samples submitted to the treatments
OD+CD, OD+ET+CD, and PVOD + ET + CD showed
n< 1, and samples submitted to the treatment PVOD + CD
showed n > 1. However, these values were very close to
1 (Table 2). On the other hand, the n values of the non-
osmotically dehydrated samples (CD and ET + CD)
were higher than 1, indicating super-diffusion, associ-
ated with an important influence of another mechanism,

such as capillarity, as reported in other studies (Rojas,
et al., 2020b; Rojas & Augusto, 2018b, 2018c).

Peleg Model

Peleg model is used to describe moisture sorption curves.
This model fitted well with the experimental data of the
moisture ratio kinetics during the convective drying of
strawberries, presenting high values of R? and low values of
SE (Table 3), as also reported in other studies (Aydar, 2020;
Cruz et al., 2016).

As shown in Table 3, there was a trend of lower k; with
the ET. The exception was the OD + CD treatment, in which
the non and submitted to ET samples did not differ from
each other (p>0.05). Cruz et al. (2016) observed that dry-
ings that required less drying time had a lower value of
parameter k;. Among the samples not submitted to ET, the
non-osmotically dehydrated (CD) sample had the highest k.

Table 3 Values of the cD
parameters (k, and k),

OD+CD PVOD +CD

coefficient of determination k,

Non-ET
(R%), and standard error of

52.8302+0.6889 Aa

45.8673+1.8166 Ac 49.5744+0.2745 Ab

. ET 46.0989+ 1.0722 Ba 45.0801+0.9429 Aa 44.9435+0.1139 Ba
estimate (SE) of the Peleg

model k, Non-ET 0.7220+0.0043 Ab 0.8064+0.0106 Aa 0.8141+0.0019 Aa
ET 0.7291+0.0080 Ac 0.8084 +0.0062 Aa 0.7876+0.0006 Bb

R? Non-ET 0.9892 +0.0009 0.9932+0.0013 0.9895+0.0002

ET 0.9909 4+ 0.0025 0.9947+0.0017 0.9945 +0.0004

SE Non-ET 0.0339+40.0015 0.0245+0.0026 0.0299 4+ 0.0003

ET 0.0312+0.0043 0.0214+0.0036 0.0229+0.0007

Values are mean =+ standard deviation, n=3. The same uppercase letter indicates no significant difference
between non- and ethanol pre-treated samples, and the same lowercase letter indicates that there is no sig-
nificant difference among non-osmotically dehydrated, submitted to OD and PVOD dried samples, by the

Tukey test (p <0.05)

CD convective drying, ET ethanol pre-treatment, OD osmotic dehydration, PVOD pulsed vacuum osmotic

dehydration
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The OD + CD sample had the lowest. On the other hand, no
significant difference was observed in relation to the value
of k; among samples submitted to ET.

The k, parameter showed a significant difference only
for those osmotically dehydrated with vacuum applica-
tion between non (PVOD + CD) and pre-treated ethanol
(PVOD +CD +ET) samples. In the other treatments, no sig-
nificant differences were observed between non- and submit-
ted to ET samples. Furthermore, non-dehydrated strawber-
ries had lower k, values than osmotically pre-treated ones.
According to Cruz et al. (2016), the k, parameter is related
to the characteristics of the material and does not depend on
the drying conditions. This can be seen from the fact that the
value of the k, parameter was mainly influenced by the use
of osmotic processes, which causes mass exchanges between
the osmotic solution and the food, changing the composi-
tion of the material in relation to fresh one (not osmotically
dehydrated).

DR

The DR during sample dryings is shown in Fig. 3. At the
beginning of drying, the strawberries (especially the non-
osmotically dehydrated) present high moisture content, aid-
ing the removal of water, which results in high DR values.
During drying, the DR reduced, as the amount of water
to be removed reduces throughout the process, making it
increasingly difficult to remove the water.
Non-osmotically dehydrated dried strawberries (CD
and ET +CD) showed higher DR compared to osmotically
dehydrated samples (Fig. 3a), as also observed by Tylewicz
et al. (2019). This is due to the amount of free water for
removal being larger in fresh material compared to samples
that were previously dehydrated by osmotic processes. Fur-
thermore, the incorporation of solids during osmotic pro-
cesses increases the interactions of water with the material,

hindering the outflow of water, reducing the DR (Macedo
et al., 2021b).

The DR values of the osmotically dehydrated samples are
shown separately in Fig. 3b to facilitate the visualization of
data behavior. Among osmotically dehydrated strawberries,
the DR values were close throughout the dryings, except at
the beginning of the drying process, when the OD process
resulted in higher DR during drying (Fig. 3b). This is due
to the PVOD process which results in higher water loss dur-
ing the osmotic process, resulting in a sample with lower
moisture content at the beginning of convective drying.
Furthermore, the PVOD process provides higher solid gain
during the osmotic process (Gonzalez-Pérez et al., 2021).
Therefore, in the samples submitted to PVOD, the amount
of water to be removed is lower and the interactions of water
with the constituents of the material are higher, by increas-
ing dry matter.

ET showed a trend towards a higher DR compared to non-
ethanol pre-treated samples, especially for non-osmotically
dehydrated strawberries. This is due to the effects of the
addition of ethanol in favor of facilitating the removal of
water, as mentioned above.

Periods with constant or near-constant DR were rare or
even non-existent. The same was observed by Gamboa-
Santos et al. (2014) in convective drying of strawberries at
different air temperatures.

aW

The fresh material presented a high value of a,,
0.986 +0.004 (Fig. 4a), as is the characteristic of strawberry
(Dermesonlouoglou et al., 2016; Tylewicz et al., 2020). The
dryings significantly (p <0.05) reduced the a,, of the non-
and osmotically dehydrated samples. After drying, dried
strawberries presented a,, between 0.423 and 0.585. Similar

Fig. 3 Drying rates of the (
samples 0.25--- CD --a-- OD+CD 0.06=7 -2~ OD+CD
—— ET+CD —— OD+ET+CD —— OD+ET+CD
020 = PVOD+CD 0.05- - PVOD+CD
“ |-~ PpvoD+ET+CD

Drying rate (kg (kg min)™") =

PVOD+ET+CD

Drying rate (kg (kg min)™) z

Moisture contenty y, (kg kgl

0.004%= I I I 1
0 1 2 3 4

Moisture contenty 1, (kg kgl
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Fig.4 Water activity (a), ()
shrinkage (b), hardness (c), and 1.0
hygroscopicity (d) of the sam-
ples. Values are mean =+ stand-
ard deviation, n=23. The same 0.8
uppercase letter indicates no 2
significant difference between = 064
non and ethanol pre-treated o
samples, and the same lower- f
case letter indicates that there is L 04—
no significant difference among g
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dried samples, by the Tukey
test (p <0.05). The asterisk 0.0~
indicates a significant difference ’
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results were observed by Amami et al. (2017) when perform-
ing convective drying of strawberries to reduce the moisture
content by 90%.

The non-osmotically dehydrated dried samples (CD
and ET 4+ CD) presented lower a,, values compared to sam-
ples pre-dehydrated by OD or PVOD (Fig. 4a). During the
osmotic processes, there was incorporation of solids (iso-
maltulose), changing the composition and structure of the
food, which makes the water interact differently with the
material, influencing the fugacity of the water and conse-
quently the a;, (Damodaran, 2017).

Among the osmotic processes, the application of the
vacuum at the beginning of the osmotic process (PVOD)
resulted in a lower a,, value in dried strawberry (Fig. 4a).
The same behavior was observed by Deng and Zhao (2008).
This behavior can be explained by the lower a,, value of

@ Springer

(b)
80
75" Aa
£ 704 Ab
1) Ba Ab
_§°65—
£ Bb
= 607 Bb
551 |l|
50 1 1 1
Q 0
oo/\xoooxoo/\xo S /\xoo
<« oY% O &
F TP
<
)
40
Aa* Aa - Aa Aa
Aa* S 304 [7]
>
S
& 20-
3 Ab
2 104 H I I’"
=
1 0 I
Q0 0
Ooxo/\"o Sy Qo S o xoo
o < O 0
& O” & <</
P < 400

3

the sample submitted to PVOD than to OD, before convec-
tive drying (data not shown). In addition, the application of
vacuum during the osmotic process promotes changes in the
structure of the food matrix. Therefore, among the samples
submitted to OD and PVOD, OD caused less change in the
food, resulting in higher a,,

The ethanol pre-treated samples did not present a sig-
nificant difference in a,, in relation to their respective non-
pre-treated ethanol samples (Fig. 4a).

The a,, is an important parameter in food preservation and
quality. According to Jay et al. (2005), microorganisms and
enzymes need water to become active. Drying is a preserva-
tion method by reducing the moisture content to the point
of inhibiting the activity of microorganisms that deteriorate
food and cause food poisoning (Jay et al., 2005). The range
of the a,, values of dried strawberries indicates that they
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are microbiologically stable and safe since they presented
a value under 0.6 (value represented by the dotted line in
Fig. 4a).

Shrinkage

Dried strawberries showed shrinkage from 55.56 to 71.49%
(Fig. 4b). During drying, water is removed. The viscoelastic
matrix moves towards space previously occupied by water,
causing the material to shrink (Dehghannya et al., 2018). In
processes where there is a high removal of water, as in the
present study (90.59 to 11.50%,,,,, ), shrinkage occurs in a
high proportion (Nahimana et al., 2011). Gamboa-Santos
et al. (2014) found that shrinkage has a strong correlation
with moisture ratio in strawberry drying.

OD and PVOD contributed to the reduction of shrink-
age in relation to non-osmotically dehydrated strawberries
(Fig. 4b). The incorporation of solids that occurs during
osmotic processes reduces the mobility of the solid matrix
of the food, giving the material an elastic behavior typical of
the vitreous state, which reduces shrinkage along convective
drying (Nahimana et al., 2011).

The ET use increased the shrinkage, both for non-
osmotically dehydrated and pre-dehydrated by OD or
PVOD samples (Fig. 4b). The same was observed in other
studies (Silva et al., 2018). According to Silva et al. (2018),
the rapid evaporation of water during the drying with ET
causes greater damage to the material structure and conse-
quently more shrinkage.

Hardness

Hardness can be defined physically as the force necessary
to cause a deformation in the material. Sensorially, hard-
ness represents the force necessary to compress a solid food
between the molar teeth. Therefore, it is an important param-
eter of dried food texture (Macedo et al., 2021b; Szczesniak,
2002).

The hardness of the strawberries is shown in Fig. 4c. Sim-
ilar values were found in other studies (Deng & Zhao, 2008;
Khubber et al., 2020; Li et al., 2019; Schwieterman et al.,
2014; Tylewicz et al., 2019). The dried samples showed
higher hardness than the fresh strawberry, as also observed
by Tylewicz et al. (2019). This is due to physical changes,
such as shrinkage and distortion, which occur due to the
moisture content reduction during the drying of the straw-
berry, resulting in increased hardness.

Among the dried strawberries, the osmotic processes
increased the hardness of the dried strawberries. Some stud-
ies have observed that the inclusion of the osmotic process
prior to convective drying can cause softening of the dried
strawberry (Tylewicz et al., 2019). Khubber et al. (2020)
studied different solutes for carrot osmotic dehydration,

noting that the solute used influences the reduction or
increase in the hardness of the dried product. In the present
study, it was observed that the incorporation of isomaltulose
resulted in dried strawberries with higher hardness (Fig. 4c).
This same effect was observed by Lyu et al. (2017). Between
both osmotic processes (OD and PVOD), significant differ-
ences were not observed, indicating that the vacuum applica-
tion did not affect the hardness of the osmotically dehydrated
dried strawberries.

ET had no significant influence on the hardness of dried
strawberries, compared to the respective non-pretreated sam-
ples (Fig. 4c).

Hygroscopicity

The hygroscopicity of the samples was influenced by the
treatments studied. Osmotic processes, especially PVOD,
reduced dried strawberry hygroscopicity compared to
non-osmotically dehydrated dried samples (Fig. 4d). Iso-
maltulose is a sugar of very low hygroscopicity, giving this
characteristic to the product in which it is added (Sawale
et al., 2017). Thus, the samples that incorporate more iso-
maltulose, that is, those submitted to PVOD, resulted in
lower hygroscopicity.

ET contributed to the reduction of hygroscopicity of
osmotically dehydrated by OD and PVOD samples. How-
ever, ET had no significant influence on non-osmotically
dehydrated dried samples (Fig. 4d).

Hygroscopicity is an important property in dehydrated
foods. It is the capacity of the product to absorb moisture
from the air. Foods with high hygroscopicity can have their
stability reduced quickly, due to increased water absorption
from air, increasing their water activity, reducing the shelf
life of the product (Sette et al., 2016). Therefore, in the case
of the present study, it is desirable that the dried strawberry
has a low hygroscopicity.

Color

Color is an important attribute of the quality of a product
since it is the first parameter evaluated by the consumer and
directly influences their choices and preferences. In the case
of fruits, color is an attribute that can be associated with the
degree of maturation and freshness of the fruit, influencing
consumer acceptance. In strawberries, the consumer expects
the color to be predominantly red (Pathare et al., 2013).
The influence of the treatments studied in relation to the
colorimetric parameters of the samples is presented in Fig. 5.
Non-osmotically dehydrated dried samples (CD and
ET + CD) showed L" statistically equal to L" of fresh straw-
berry. The samples submitted to OD and PVOD showed
high L". This may be due to the pigments leaching dur-
ing osmotic processes. The ET influenced the L” only in
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Fig.5 Colorimetric param- (a) (b)
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the PVOD treatment sample, in which the ET resulted in a
higher value of this parameter (Fig. 5a).

The dried samples presented higher C” than fresh straw-
berries (Fig. 5b). The drying process causes a concentration
of the constituents of the material, due to the reduction of
moisture content, resulting in increased color saturation. The
sample submitted to the OD 4 CD treatment presented the
highest C” value. The ET influenced only the sample submit-
ted to OD (Fig. 5b).

The dried samples showed a higher value of °h than fresh
strawberries, indicating that the red hue was lower in the
dried samples (Fig. 5c). It is due to the leaching of antho-
cyanins during osmotic processes and the degradation of
anthocyanins during CD since anthocyanins are the pig-
ments that confer red coloration to strawberries. ET did not
influence non-osmotically dehydrated dried strawberry °h

@ Springer

but influenced dried samples that were osmotically dehy-
drated (Fig. 5c).

The AE is used to express the magnitude of the color
difference between the samples and a control sample (fresh
strawberry). The non-osmotically dehydrated dried samples
(CD and ET + CD) showed the lowest AE values. The ET
had influence only in the treatment of PVOD, increasing the
AE (Fig. 5d). Differences in perceptible color can be clas-
sified as very distinct (AE > 3), distinct (1.5 < AE < 3), and
small differences (1.5 < AE) (Pathare et al., 2013). Based
on this classification, the color difference between the dried
samples and the fresh strawberry was very distinct.

Exposure to heated air can result in chemical reactions
responsible for changing the color of the food, whether
related to discoloration, due to degradation of heat-
sensitive pigments, such as anthocyanins in strawberries; to
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non-enzymatic browning; to enzymatic browning by poly-
phenol oxidase (PPO) activity (L6pez-Ortiz et al., 2020;
Omolola et al., 2017). However, it can be observed that the
dried samples showed equal or higher L”, and higher C" than
the fresh strawberry, indicating that the browning reactions
(enzymatic or non-enzymatic) did not occur excessively
(Mierzwa & Kowalski, 2016).

TAC, TPC, and AC

The TAC, TPC, and AC by the FRAP and DPPH methods
are presented in Fig. 6a, b, c, and d, respectively. Fresh
strawberries presented as a good source of bioactive and
antioxidant compounds (Fig. 6a-d). These compounds con-
tribute to the strawberry being classified as a functional food

with various preventive and therapeutic health benefits, with
positive effects in various diseases, such as hypertension,
inflammation, cancer, cardiovascular and neurodegenerative
diseases (Basu et al., 2014).

Fresh strawberries presented higher TAC, TPC, and AC
than dried strawberries (Fig. 6a-d), since convective drying
causes degradation of these compounds. During drying, the
reduction of moisture content and physical changes favor
oxidative reactions, which degrade the bioactive and anti-
oxidant compounds of strawberry (Méndez-Lagunas et al.,
2017).

The TAC was the group of compounds that suffered the
greatest degradation. This is due to the loss of anthocyanins
by leaching during osmotic processes since these compounds
are very water soluble. Furthermore, anthocyanins are very
sensitive, suffering high losses during exposure to drying air
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temperature, due to the change in the structure of anthocya-
nins, in addition to oxidative processes (Méndez-Lagunas
et al., 2017). According to Méndez-Lagunas et al. (2017),
anthocyanins can be degraded enzymatically by polyphenol
oxidase, as they are relatively heat-stable enzymes. Méndez-
Lagunas et al. (2017) found a significant reduction in TAC
after convective drying of strawberries, mainly at the begin-
ning of drying.

Osmotic processes and convective drying also signifi-
cantly reduced the TPC and CA of the samples (Fig. 6a-d).
Méndez-Lagunas et al. (2017) and Tylewicz et al. (2019)
also observed a reduction in TPC and AC after strawberry
convective drying. According to Méndez-Lagunas et al.
(2017), during drying, thermal degradation of phenolic com-
pounds occurs. Furthermore, bound phenolic compounds are
released and partial degradation of lignin occurs, promot-
ing the release of phenolic acid derivatives, increasing the
thermal degradation of these compounds (Méndez-Lagunas
et al., 2017).

The ET had a beneficial effect on the preservation of
TAC, TPC, and AC (Fig. 6a-d). The effect of ethanol on
the preservation of bioactive and antioxidant compounds
may be related to the reduction of drying time, reducing the
exposure time of the product to hot air (Aragjo et al., 2020).
Some studies report that ET reduces the content of some
bioactive compounds. However, this effect may be related to
the long time of the ET process, with the extraction of these
compounds (da Cunha et al., 2020).

Principal Component Analysis

The principal component analysis (PCA) was used to inves-
tigate the influence of both studied factors on drying time,
water activity, shrinkage, hardness, hygroscopicity, color
parameters, total anthocyanin content, total phenolic con-
tent, and antioxidant capacity by FRAP and DPPH methods
responses, as illustrated in Fig. 7a and b.
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The first (PC1) and second (PC2) axes were responsi-
ble for 71.78% and 12.11%, respectively, giving a total of
83.89% of the explained variance. As seen in the scores plot
(Fig. 7a), the osmotically dehydrated dried samples were on
the negative side of the PC1 axis, while the non-osmotically
dehydrated dried samples (CD and ET + CD) were on the
positive side of the PC1 axis, evidencing the differences
between the properties of non- and osmotically dehydrated
samples after drying process.

The shrinkage, TAC, TPC, and ACggp responses
were observed to positively correlated (Fig. 7b). It can be
observed that the highest values of these responses were
associated with the ET 4+ CD treatment (Fig. 7a and b). As
expected, ACpppy was opposite to TAC, TPC, and ACpgap
responses, as low ACpppy; response values indicate high AC.
High values of anthocyanic, phenolic, and antioxidant com-
pounds were obtained when drying time was short, indicat-
ing that longer drying times resulted in more degradation of
these compounds. (Fig. 7b).

In general, the osmotically dehydrated samples (by OD
or PVOD, non- or ethanol pre-treated) were associated with
high values of drying time, a,, hardness, L*, C*, AE, and
ACpppy. Therefore, when searching for strawberries with
maximum content of bioactive and antioxidant compounds,
the choice should be made for the ethanol pre-treated dried
fruit, non-osmotically dehydrated. However, if the main
interest is in a dried strawberry enriched with isomaltulose,
the inclusion of the osmotic process previously convective
drying is recommended.

Conclusion

Osmotic dehydration, with or without vacuum application,
enriched strawberries with isomaltulose and contributed to
the reduction of shrinkage and hygroscopicity of the dried
product. However, osmotic processes increased drying time,
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water activity, hardness and caused higher color change in
relation to non-osmotically dehydrated strawberry, besides
resulting in samples with lower total anthocyanin and total
phenolic contents and antioxidant capacity.

Ethanol pre-treatment proved to be an interesting proce-
dure to be applied in the convective drying of strawberries,
as it was efficient to reduce drying time, contributed to the
reduction of hygroscopicity, and minimized the degradation
of total anthocyanin and total phenolic contents and anti-
oxidant capacity. However, the use of ethanol caused higher
shrinkage of the samples.
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