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Abstract.
BACKGROUND: The use of polysaccharide based edible coatings as a barrier against the solute entry of high caloric
constituents, such as sucrose, is a suitable strategy to develop pro-healthy osmo-dehydrated products.
OBJECTIVE: This work aims to study the effect of a calcium alginate film over the drying kinetics of strawberries during
an osmotic dehydration (OD) treatment at 60◦Brix, 4 h, 40◦C (sucrose). Also, textural parameters were evaluated.
METHODS: It was determined the changes in some selected physical properties, such as: moisture, total solid contents,
one-dimensional shrinkage and texture, at 30 min steps during OD treatment. Besides, water and solid diffusion coefficients
(DW

e and DTS
e , respectively) were calculated by using the analytical solution of Fick’s equation.

RESULTS: Diffusion coefficients for water and solids showed significant differences due to coating presence as an evidence
of the barrier effect. Coated strawberry samples presented several changes after 2 h of OD treatment at the assayed conditions
for most of the parameters evaluated.
CONCLUSIONS: Alginate coating at the tested conditions acts as a barrier to sucrose influx and to water outflux until 2 and
3 h of OD treatment, respectively. Besides, a good textural quality for osmotically-dehydrated strawberries was obtained.

Keywords: Coated strawberries, drying methods, pro-healthy products, diffusional analysis

1. Introduction

Strawberry (Fragaria x ananassa spp.) as a seasonal and perishable fruit, undergoes a wide variety of bio-
chemical changes during maturity that affect directly the nutritive and sensorial quality of the fresh product.
These fruits are important sources of dietary components such as vitamins and minerals, as well as several
phytonutrients that are potentially beneficial to human health and could be used against some chronic diseases
including cancer and cardiovascular disorders [1]. Against the natural development of deteriorative reactions,
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man has devised homemade techniques to extend the shelf-life of perishable foods [2]. However, during process
and storage steps, strawberries can be affected by many adverse changes due to heat treatments that industry
usually applies to significantly modify the overall quality of the final product [3]. Among them, dehydration
appears as one of the earliest preservation methods to remove water from different fresh raw materials [4]. Dehy-
dration process usually includes pre-treatments or pre-processing steps in order to retard chemical or biochemical
reactions that could affect the quality of the final product. This is the case of blanching and osmotic-dehydration
(OD) pre-treatments [5–7]. Under certain OD operating conditions, large undesirable solute uptake and greater
changes in the fruit constituents may adversely affect the sensory and nutritional attributes of fresh product. It
has been reported that changes were favoured by high temperatures and longer processing times [8]. Focusing on
alternatives to improve the final quality of the OD products, barrier technologies and combined methods to obtain
best quality dehydrated products have been a focus of interesting research in the last decades [9–12]. Among
the different treatments applied, in a preliminary stage, the use of edible coatings and films, covering fruits and
vegetables, were used to promote the reduction of several solute and gas transports such as moisture, O2 and CO2.
These edible coatings not only act as a barrier against external factors, but they are also used as carriers of food
additives in order to improve the antimicrobial protection, appearance, texture and taste during storage [13, 14].
Polysaccharide-based edible coatings such as alginate (ALG) are often used due to their capacity to form stable
gels [15]. In this sense, Matuska et al. [11] have defined several properties that edible coatings are expected
to have during osmotic membrane processes. ALG coatings accounted most of those qualities, for instance:
gel strength, simple and rapid film formation, high water diffusivities and maintenance of the coating in solid
state without dissolving into the osmotic solution. By using suitable conditions, it may allow faster treatments
reducing losses of desirable constituents while inhibiting solute penetration into the sample, among others [16,
17]. Moreover, in Argentina’s seacoast, a large amount of brown seaweed such as M. Pyrifera is available for
the production of alginates salts, nevertheless industrial production in Argentina has not started yet [18].

On the other hand, users are more concerned about the consumption of healthy products, such as those lower
in sugar content, as long as they cover their expectations in taste. Thus, the development of low sugar products
with good sensory quality is of paramount importance to meet the requirements of today’s consumer. In this
sense, the use of polysaccharide based coatings as barriers against the solid entry of high caloric constituents,
such as sucrose, is a suitable strategy to make a new generation of osmotically dehydrated products, widely
used as confectionary, ice creams and pastry ingredients [19]. In this regard, preservation of the nutritive and
bioactive constituents has been an important focus of research over decades. However, in recent years, quality
concept has been extended and sensorial quality aspects have become an integral part in modern formulation
of foodstuffs [20]. In fruit derivatives products, the sugar content and the aromatic profile, were traditionally
described as sensorial quality indicators. In addition, physical quality indicators are also intimately related to
sensorial quality, encompassing aspects as colour, texture, geometric shape, shrinkage, rheology and structure
of food materials [19, 21, 22]. Regarding physical indicators, shrinkage and hardening are considered the most
important physical changes taking place during drying of fruits. Therefore, microstructure modifications and
chemical changes affecting saccharides and proteins are, in some cases, responsible of the negative impact on
rehydration ability of dehydrated fruits [23].

The influence of edible coatings on the OD parameters in coated strawberries and the determination of the
effective diffusivity values (De) during a final drying step by using a microwave oven were previously studied
[24]. From the results obtained, it has been concluded that the application of strawberry coatings during the
tested conditions of osmotic dehydration constitute an efficient procedure to significantly reduce the solids gain
without affecting the loss of water. This work aims to focus on the behaviour of strawberry samples coated
with alginate films exposed to OD treatment by the determination of the water and solid diffusion coefficients
(DW

e and DTS
e , respectively) from the analytical solution of Fick’s equation during the OD pre-treatment step.

Calculated DW
e and DTS

e values allowed us to discuss the barrier effect of coating to sucrose influx and water
outflux. Also, textural properties were evaluated to reveal microstructure modifications in the vegetable matrix
and the effect of coating presence during OD pre-treatment step.
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Fig. 1. Schematic representation of the coating procedure to cover strawberry slices.

2. Materials and Methods

2.1. Samples preparation

Strawberries (Fragaria x ananassa) were purchased from a local market in La Plata (Argentina), in ripe state
and stored up to 2 days at 5◦C until being osmotically-dehydrated. After being wiped with water and drained
with blotting paper to remove the excess of external impurities, samples were hand cut into slices along their
longitudinal axis (<5 cm) by using a special calibrated acrylic box and a long knife. Normally, 2 or 3 slices
could be obtained per fruit, edges being rejected. Samples were subjected to a two-step combined treatment
that include: coating application and OD treatment; this procedure is described in the next sections. The initial
thickness values were 1.31 cm and 1.19 cm for non-coated and coated samples, respectively.

2.2. Samples coating

The edible coating was prepared from sodium alginate solutions (2% w/w) (NaAlg, SKU-180947, Sigma
Aldrich) and calcium lactate solutions (5% w/w) (CaLac, SKU-C8356, Sigma Aldrich) as previously
reported [24]. Distilled water was used for preparing the coating solutions. Fresh strawberries were weighed
and dipped for 5 min in the sodium alginate coating solution. Then they were drained for 1 min in a plastic mesh
and dipped for 5 min in 5% calcium lactate solution. After being drained the coated slices were left on blotting
paper to remove surface excess of coating solution. Figure 1 shows the procedure to form the coating used to
cover the strawberry slices.

2.3. Osmotic dehydration treatment

The samples of strawberry were individually weighed (coated: 8.99 ± 1.00 g; non-coated: 7.77 ± 1.52 g) and
immediately treated. A half portion of the strawberry slices were coated (OD C samples) before being osmotically
dehydrated by immersion in sucrose solution (60 ◦Bx) at 40◦C during 4 h. During the whole OD treatment,
samples (material to solution ratio, 1:10 w/w) were kept submerged in a shaker containing the hypertonic solution
(100 rpm, TT400, Perca, Argentina). After treatment, the excess of OD solution was drained, carefully wiped
with water and dried in blotting paper. Four replicates of each experimental condition were carried out.

Since the initial moisture content was determined by AOAC 934.06 method [26], drying kinetic data during
osmotic dehydration was estimated by weight loss recorded at 30 min regular intervals in a 0.1 g sensitivity balance
(Denver Instrument, USA). The moisture content was finally expressed as kg water (w)/ kg dry matter (dm).
Soluble solids determination of the fresh and osmo-dehydrated samples was performed in triplicate according
to Gamboa-Santos & Campañone [24] by using a digital refractometer (Hanna Instruments Model HI96801,
USA). Moisture (W) and soluble solids (SS) contents were used to model the drying kinetics and calculate the
diffusional coefficients using the method described in Section 2.5.
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The OD characteristic parameters: weight reduction (WR, %), moisture loss (WL, %) and solid gain (SG, %)
were calculated according to the following equations [25]:

WR = 100 ∗
(

mo − mt

mo

)
(1)

WL = 100 ∗
(

moWo − mtWt

mo

)
(2)

SG = 100 ∗
(

mtTSt − moTSo

mo

)
(3)

where m is the sample mass (g), W is the moisture content (kg water/kg dm) and TS is the total solid content (kg
total solid/ kg initial dry matter, kg ts/ kg dmi). Subscripts 0 and t indicates the initial and final OD treatment
time, respectively.

2.4. Determination of physical properties

2.4.1. Texture Analysis
Texture analysis was conducted by means of a texture PRO CT analyser (Brookfield, Middleboro, USA).

Texture Profile Analysis Test (TPA) was carried out by using at least six strawberries (four OD treatment
replicates). The test was performed using a TA11/100 probe and samples were analysed at a fixed rate (0.5 mm/s)
and depth (30%). The necessary strength, area and distance values were determined in order to calculate the
different textural parameters: firmness, adhesiveness, elasticity, cohesiveness and chewiness by using the available
settings of Texture Pro CT software (V1.4, Build 17).

2.4.2. One-dimensional shrinkage evaluation
One-dimensional shrinkage (Sh, %) of strawberry slices at each OD time and condition was calculated (Equa-

tion 4) from thickness measurements recorded by an electronic system (0.1 mm sensitivity) available in a texture
PRO CT analyser (Brookfield, Middleboro, USA). Besides, thickness measurements were also verified by means
of a manual calliper (0.1 mm sensitivity). Thickness values (2L, m) were normalized respect to initial values
(2L0 , m) and presented as Normalized thickness (NT , Equation 5). Half thickness values as a function of time
were used as characteristic dimension (L, m) to calculate the diffusional coefficient (Section 2.5) [24].

Sh (%) = 100 ∗ (1 − NT ) (4)

where NT represents the Normalized thickness defined as follows:

NT = 2Lt

2Lo

(5)

where 2L is the measured thickness value. Subscripts 0 and t indicates the initial and final OD processing time,
respectively.

2.5. Modelling of the osmotic drying kinetics

One-dimensional transfer of water during OD treatment was described by Fick´s diffusion theory. The geo-
metrical shape considered for each strawberry sample was the infinite slab. As previously reported, the following
assumptions were taken as valid: i- the solid is a homogeneous material, ii- the uniform initial temperature
and moisture content, iii- the constant average effective moisture diffusivity (De). Besides, one-dimensional
shrinkage of samples during OD treatment was considered [24].
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The governing equations of the microscopic mass transfer phenomenon, presented below (Equation 6), were
used to calculate the effective moisture and solid diffusivities during OD treatment.

∂W(x, t)

∂t
= DW

e

∂2W(x, t)

∂x2 ;
∂TS(x, t)

∂t
= DTS

e

∂2TS(x, t)

∂x2 (6)

Where W is the local moisture content (kg w/kg dm), t the time (s) and x the mass transfer direction (m) for
infinite slab geometry. DW

e (m2/s) is the water diffusion parameter of the model and it represents the easiness
of water to leave the solid matrix during the drying process [4], DTS

e (m2/s) was also calculated for solid intake
by using Equation 6. The homogeneous moisture content distribution in the sample and the solid symmetry
were the expressions of the initial (Equation 7) and boundary (Equation 8) conditions, respectively. The external
resistance to mass transfer was taken as negligible (Equation 9).

W (x, 0) = W0; TS (x, 0) = TS0 (7)

∂W (0, t)

∂x
= 0;

∂TS (0, t)

∂x
= 0 (8)

W (L, t) = Weq; TS (L, T ) = TSeq (9)

Where L represents the half length of the infinity slab (m) and Weq and TSeq the equilibrium moisture and total
solid contents. Those equilibrium values were approximated with the final W (1.38 kg w/ kg dm and 1.41 kg
w/ kg dm for non-coated and coated samples, respectively) and TS (1.54 kg ts/ kg dmi and 1.73 kg ts/ kg dmi)
values. The Crank´s solution for infinite slab geometry in terms of the average moisture ratio (MR) and total
solid ratio (TSR) defined in Equation 10 were taken into account to determine both DTS

e and DW
e coefficients

[27]. The sum of the first 100 terms (n: 100) in Fick´s equation for both MR and TSR equations was considered
(Equation 10) [24].

MR = W(t) − Weq

Wo − Weq

=
[ ∞∑

n=0

8

(2n + 1)2π2 exp

(
−DW

e (2n + 1)2π2t

4L2

)]
;

TSR = TS(t) − TSeq

TSo − TSeq

=
[ ∞∑

n=0

8

(2n + 1)2π2 exp

(
−DTS

e (2n + 1)2π2t

4L2

)] (10)

Where Wo and TS0 represents the initial moisture (kg w/ kg dm) and solid content (kg ts/ kg dmi). The models
were fitted to the experimental drying and solid uptake kinetics by using the non-linear generalized reduced
gradient optimization method available as a Solver function (Microsoft Excel Software, Microsoft Corporation,
USA). DW

e and DTS
e values were identified by minimizing the sum of the squared differences between the

experimental and the calculated average moisture and solid content, respectively.

2.6. Rehydration rate (RR) and leaching losses (LL)

OD treatment is applied to obtain intermediate moisture products, subsequent drying is necessary to ensure a
microbiologically stable product. In order to evaluate the behaviour of the final dried strawberries, two parameters
were selected: rehydration ratio and leaching losses. Coated and non-coated osmotically-dried samples (sucrose
solution 60 ◦Bx, 40◦C, 4 h, material to solution ratio 1:10 w/w) were dried by applying microwaves (MW,
1.2 W/g, 100 min). After MW drying step, coated (C OD MW) and non-coated samples (OD MW) reached final
moisture contents <18%.

Rehydration of MW dried strawberries were performed according to previous studies [3, 31]. Dried samples
were immersed in distilled water at a 1:50 solid to liquid ratio (ambient temperature) for 2 h. Rehydration kinetic
was determined at 30 min time intervals. At the specified times strawberries were removed and dried in paper
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towels to be weighed. Rehydration experiments were performed three times and rehydration ratio (RR) was
calculated as follows:

RR = mr

md

(11)

where mr and md are the weights of rehydrated and dried strawberries, respectively.
Besides, the loss of soluble solids during rehydration step was gravimetrically determined. The soak water

was evaporated for 24 h at 70◦C. The residue was weighed, and the percentage of leached solids (LL, %) with
respect to the initial weight of dehydrated fruit was calculated. As described for RR determination, dehydrated
fruit refers to samples obtained after MW drying step [3].

2.7. Statistical analysis

The goodness of the fit for each model to the experimental data was evaluated using the root mean square error
(RMSE) [28] and the percentage of explained variance (VAR, %) [29], according to the following equations:

RMSE =

√√√√√ N∑
N=1

(Xei − Xci)2

N
(12)

VAR = 1 −
(

S2
yx

S2
y

)
(13)

Where X represents the computed variable (moisture, W; or total solid content, TS), ei and ci subscripts are the
experimental and calculated average values and N is the number of experimental data. Syx represents the relative
variance explained by the model (Equation 14) and Sy the total variance (Equation 15).

Syx =

N∑
i=1

(Xei−Xci)2

(N − 2)
(14)

Sy =

N∑
i=1

(Xei−Xei)2

(N − 1)
(15)

In addition, to evaluate the significance (95%) of the application of edible films on fresh and OD strawberry
samples, analysis of variance (ANOVA) was carried out for the individual factors: NS , WR, WL, SG, WL/SG,
SS, W, TS, DW

e , DTS
e , RR and LL by using Statgraphics 5.1 software (StaPoint, Inc., Warrenton, VT). Least

Significance Intervals (Fisher LSD, 0.05) were determined to identify significant differences between mean
values.

3. Results and Discussion

3.1. Influence of coating application over shrinkage during OD treatment

During food processing, shape and size modifications may be produced. An excessive shrinkage, in most
cases, negatively affects the preference and acceptance of the products by consumers [30]. Thickness (2L) values
were found to be in the range 0.86–1.19 cm for non-coated and 0.86–1.31 cm for coated samples, thus, one-
dimensional shrinkage reductions due to OD treatment were around 28 and 34%, respectively. In the previous
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Table 1

Normalized thickness (NT )1 values during osmotic-dehydration treatment for coated (OD C) and

non-coated (OD) strawberry slices (n = 6)

OD time (min) NT
OD NT

OD C

0 1.00 ± 0.00a2 1.00 ± 0.00a

30 0.83 ± 0.01a 0.87 ± 0.00b

60 0.77 ± 0.06a 0.79 ± 0.00a

90 0.77 ± 0.01b 0.75 ± 0.00a

120 0.76 ± 0.01b 0.72 ± 0.01a

150 0.77 ± 0.01b 0.72 ± 0.00a

180 0.74 ± 0.01b 0.67 ± 0.00a

210 0.74 ± 0.02b 0.65 ± 0.00a

240 0.72 ± 0.00b 0.65 ± 0.01a

1Measured thickness values (2L) were normalized respect to initial values (2L0 ). NT : 2L/2L0 . One-

dimensional shrinkage is calculated as (1-NT) ∗ 100. 2Samples with the same superscript letter in the

same row showed no statistically significant differences for their mean values at the 95.0% confidence

level (Fisher LSD; 0.05).

research work, we observed that samples finished the OD treatment with almost 30% of shrinkage [24]. This
finding allowed us to confirm that OD treatment applied in strawberry slices (60◦C, 40◦Bx, 4 h) produces a
significant reduction in thickness values. In the present work, the kinetic of shrinkage during OD treatment
from 0 to 240 min at 30 min intervals has been addressed. Table 1 shows the normalized thickness (NT ) values
during OD treatment for coated and non-coated samples. Initial values of OD C samples were 11% greater than
OD samples due to coating presence (thickness initial values: 1.31 cm for coated and 1.19 cm for non-coated
samples). As can be seen, non-coated samples presented slightly higher thickness reduction (>shrinkage) during
the first hour of OD treatment, however, at longer OD times coated samples showed a significantly greater
one-dimensional shrinkage effect since their NT values were significantly lower for OD C samples (>90 min of
treatment, Table 1). Edible alginate coatings are highly hydrophilic and form a film over the sample that is easily
dehydrated, conversely, coating could exert as an external resistance that could slow down the water loss at initial
OD times. For longer immersion times, coated samples behaviour was similar than those of the non-coated ones.
In general, independently of the coating presence, the decrease in drying rate might be related to the reduction
in porosity of the material increasing the resistance to movement of water as the drying evolves [31, 32].

3.2. Influence of coating application over drying kinetics and OD parameters

In order to study in depth moisture losses and total solid contents, the drying kinetics of coated and non-coated
samples are depicted in Fig. 2. Initial moisture content of raw strawberries was 90.88 ± 1.43% w.b. (9.96 kg w/ kg
dm dry basis, d.b.) for coated and non-coated samples. Final moisture contents of osmo-dehydrated (4 h) samples
were in the range 58.0–58.6% (1.38 kg w/ kg dm and 1.41 kg w/ kg dm, for non-coated and coated samples),
being in accordance with moisture content values obtained in a previous research work after identical treatment
conditions (OD, sucrose, 4 h, 60◦C) [24]. Ciurzynska and Lenart [33] reported final moisture contents of samples
around 70% (2.24 g w/ g dm) during OD treatment in frozen strawberries (sucrose 61.5 ◦Bx, 30◦C, 3 h). These
values were similar to those obtained in the present work after 3 h of treatment for non-coated samples (2.18 kg
w/ kg dm, Fig. 2a). Weight reduction (WR) and water loss (WL) parameters presented in Fig. 3a and 3b show
a similar trend during the whole OD treatment regardless of the coating presence, that is, WR and WL values
increase along with treatment time. Furthermore, several works have reported a faster removal of water even
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Fig. 2. Drying kinetics of moisture (a) and total solid (b) contents during osmotic dehydration treatments in strawberry samples (�-coated;
�-non-coated). The error bars are based on mean ± SD (n = 4). Significant differences (Fisher LSD; 0.05) between coated (OD C) and
non-coated (OD) samples are marked with an asterisk (∗) for a given OD time.

Fig. 3. OD characteristic parameters (WR: weight reduction, WL: water loss, SG: solid gain, WL/SG: water loss/solid gain ratio) for strawberry
slices during OD treatment. The error bars are based on mean ± SD (n = 4). Significant differences (Fisher LSD; 0.05) between coated (OD C)
and non-coated (OD) samples are marked with an asterisk (∗) for a given OD time.
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Table 2

Soluble solid (SS, ◦Bx)1 content of strawberries during osmotic-dehydration treatment

OD times (min) SS (◦Bx)

OD OD C

0 8.6 ± 0.1b 7.7 ± 0.2a

30 12.9 ± 1.1b 10.7 ± 0.6a

60 15.7 ± 0.8b 13.7 ± 0.8a

90 17.5 ± 1.2b 15.1 ± 0.5a

120 16.8 ± 1.9a 17.3 ± 1.0a

150 16.6 ± 1.2a 16.8 ± 4.1a

180 18.3 ± 2.2a 21.5 ± 3.6a

210 19.9 ± 1.8a 25.5 ± 0.9b

240 20.2 ± 1.7a 23.8 ± 4.1a

1Samples with the same superscript letter in the same row showed no statistically significant differences

for their mean values at the 95.0% confidence level (Fisher LSD; 0.05).

for coated samples [10, 11, 34–36]. It was stated that coating did not affect the water loss kinetics during OD
treatment due to a great coating water permeability [35]. Despite this, significant differences could be observed
in WR and WL values in favour of non-coated samples during the whole OD treatment (Fig. 3a, 3b). Hereby, it
was described, for certain conditions and coating composition, that the presence of coating slows the transport
of water [37]. This behaviour could suggest that ALG coating is rapidly dehydrated compared to strawberry
sample from inside, thus, partial dehydrated coating probably acts as an external resistance to water movement.
Results previously obtained by Soteras et al. [16] for an ALG coating characterization support the hypothesis
stated above since for the individual system WL values of 69% after 2 h of OD treatment (60 ◦Bx, 40 ◦C) were
obtained, being notably higher than those obtained here for the strawberry+coating system (32%, Fig. 3b). Thus,
water diffusion at initial times was significantly greater for non-coated samples due to a barrier effect to water
loss in coated samples which is due to ALG coating material (Table 3).

Besides, other studies have pointed out that coatings could reduce the permeability of sugar, limiting the
solid uptake [38, 39]. Total solid content (kg ts/ kg dmi) at 30 min intervals during OD treatment is presented
in Fig. 2b. During the first 2 h of treatment non-coated samples presented significantly increased TS values
(maximum values up to 1.47 kg ts/ kg dmi) compared to coated samples (values up to 1.40 kg ts/ kg dmi). At
long OD times (>120 min), TS values for coated samples were notably risen compared to those of non-coated
samples. For coated strawberries, final TS values (4 h) (1.56 kg ts/ kg dmi) were significantly greater by 32%
compared to non-coated ones (1.18 kg ts/ kg dmi). After 3 h of treatment coated samples showed a significant
increase in TS content which reveals the coating ability, in the conditions here assayed, to uptake sugar at longer
OD times (Fig. 2b). Net solid gain values of coated strawberries after 3 h of OD treatment (0.9 kg ts/ kg dmi)
were similar than those obtained by Matuska et al. [11] for whole simple and double coated (0.5 and 1.0%
ALG) frozen strawberries (0.9–1.2 kg ts/ kg dmi) at comparable operating conditions (61.5% sucrose, 30◦C,
3 h). However, net solid gain values of frozen control samples reported by Matuska et al. [11] (2.0 kg ts/ kg dmi)
were greater than those reported here for fresh non-coated samples after 3 h of treatment (TS values increased by
1.2 kg ts/ kg dmi). Differences in net solid gain values are attributed to the frozen [11] or fresh (this work) initial
state of strawberry samples subjected to OD treatment. Ahmed et al. [40] reported that, after a freeze–thaw ice
water transformation, the fruit cellular structure was disrupted, thus favoring higher solute gain. Solid gain of
frozen+OD treated samples could be 3.5 times greater than samples not pre-freezing [40].

Table 2 shows the measured soluble solids (SS) content values obtained for OD samples. During the initial
90 min of treatment, SS content values in the range 12.9–17.5 ◦Brix (◦Bx) were found for non-coated samples.
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At initial times, these values were significantly greater than those obtained for coated strawberries by comparing
time to time (10.7–15.1 ◦Bx) OD treatments. At intermediate OD times (120 and 150 min) similar SS values
were registered, independently of the coating presence (e.g., 16.8–17.3 ◦Bx for non-coated and coated samples
at 120 min). Finally, after 180 min of treatment coated samples presented higher SS values (21.5–25.5 ◦Bx)
as compared to non-coated samples (18.3–20.2 ◦Bx). SS values were in accordance to solid gain (SG) values
depicted in Fig. 3c which shows a fast and significant increase in favour of non-coated samples from the starting
point to 90 min of OD treatment. SG values for coated samples at 30, 60 and 90 min were significantly lower by
70, 52 and 50%, respectively, compared with uncoated ones, which is indicative of a solids barrier effect. As an
evidence of the solid barrier effect caused by coating, it was previously reported a significant decrease (44%) in
SG values for double-coated samples compared to control ones [11]. Otherwise, after 180, 210 and 240 min of
treatment, SG values for coated samples increased by 21, 72 and 85% respect to those obtained for non-coated
strawberries. These results are in accordance with the surprisingly huge solids gain values observed during a
characterization study of calcium-alginate hydrogels (SG > 30%) prepared as the same conditions tested in this
work and after 2 h of OD treatment (40 ◦C, 60 ◦Bx) [16]. Thus, taking into account SG values presented in Fig. 3c
and TS values discussed above, the barrier effect of the ALG coating could be observed at the beginning of the
OD treatment but not towards to the end.

Related to WL/SG ratio, non-coated samples were in the range 4.3–12.5 (Fig. 3d). This is indicative of an
efficient OD treatment since water diffusion is promoted over solid transfer during the complete OD treatment.
As can be observed in Fig. 3b, during OD treatment, moisture losses increased with the immersion time, however,
solid gain values were around 4% after 2 h of treatment [40]. As a consequence, final WL/SG values were greater
than those reported in literature for similar OD treatments [39]. Previous studies indicated that SG and WL
values during osmosis attain equilibrium state as the time evolves [41, 42]. At the conditions evaluated, SG
values (Fig. 3c) seems to reach equilibrium levels after 2 h of OD treatment. As a consequence, WL/SG ratios
continually increase during osmotic treatment since WL values are on the rise (Fig. 3b, 3d). In the case of
coated samples, the most efficient processing time, in terms of WL/SG ratio, could be recorded in the middle
of the OD treatment (near to 150 min). Omitting the large increase at 30 min of treatment (WL/SG values of
10.8) which is due to large WL and low SG individual values (30 min, Fig. 3b, 3c), WL/SG ratios for coated
samples increased from 5.1 (60 min) to 10.4 (150 min) and then decreased to 6.5 (240 min), as a bell-shaped
curve. For coated samples, initial WL/SG values (up to 90 min) showed to be significantly higher than those
obtained for non-coated samples, however, at longer OD times (>180 min) the opposite trend occurs (Fig. 3d).
Garcı́a et al. [43] referred that WL/SG values for coated papaya samples were greater than those of non-coated
ones due to the formation of a superficial crust which acts as a barrier to mass transfer, limiting both water
and sugar countercurrent exchange. Therefore, at initial OD times high WL/SG values were mainly related to
WL parameter, while at long OD times, SG parameters determine the efficiency of the OD treatment [43]. Final
WL/SG values (6.5 ± 1.3, Fig. 3d) were similar than those reported for ALG coated strawberry slices after 4 h
of OD treatment (60 ◦Bx, 40 ◦C, WL/SG: 7.6) [24]. These results suggested that coating promoted the WL over
the SG, to a greater extent, at initial times. The “egg structure” formed with calcium ions and alginate solution
allows water to move through the semipermeable cellular membrane (coating) with much greater easiness than
the dissolves solids [44, 45].

3.2.1. Determination of diffusion coefficients (De) during OD treatments
Table 3 shows De values of water (DW

e ) and total solid (DTS
e ) obtained for non-coated (OD) and coated

(OD C) samples during OD treatment taking into account the thickness reduction (Table 1) and considering three
modelling scenarios: 2, 3 and 4 h of treatment. In all the cases, the values of calculated diffusion coefficients were
assumed as the rate of water (DW

e ) and solids (DTS
e ) which leaves and enter into the solid matrix, respectively.

In both cases De were derived from the analytical solution of Fick’s equation (Equation 10). De values found
to be in the range of 10–10-10–9 m2/s in agreement with De values recently reported by Islam et al. [46] for
OD samples of ripe papaya (De values from 2.25 10–9 to 4.31 10–9 m2/s). De

W values observed at 2 and 3 h of
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Table 3

Calculated diffusion coefficients of water loss (DW
e ) and solid gain (DTS

e ) during osmotic-dehydration treatment (Mean ± SD)

OD time: 2 h

OD treatment DW
e (∗109, m2/s) RMSE VAR (%) DTS

e (∗109, m2/s) RMSE VAR (%)

OD 4.56 ± 0.48b1 0.23 ± 0.09 99.91 ± 0.14 2.41 ± 0.26b 0.12 ± 0.03 78.89 ± 11.63

OD C 3.25 ± 0.24a 0.22 ± 0.11 99.97 ± 0.03 0.84 ± 0.18a 0.06 ± 0.01 96.98 ± 1.88

OD time: 3 h

OD treatment DW
e (∗109, m2/s) RMSE VAR (%) DTS

e (∗109, m2/s) RMSE VAR (%)

OD 2.93 ± 0.57b1 0.46 ± 0.04 99.92 ± 0.04 1.13 ± 0.07a 0.19 ± 0.04 - 2

OD C 2.09 ± 0.15a 0.27 ± 0.05 99.99 ± 0.00 1.12 ± 0.08a 0.09 ± 0.01 95.96 ± 1.84

OD time: 4 h

OD treatment DW
e (∗109, m2/s) RMSE VAR (%) DTS

e (∗109, m2/s) RMSE VAR (%)

OD 2.04 ± 0.21a1 0.53 ± 0.10 99.81 ± 0.10 0.70 ± 0.09a 0.10 ± 0.02 - 2

OD C 1.84 ± 0.07a 0.26 ± 0.03 99.99 ± 0.00 0.64 ± 0.13a 0.09 ± 0.02 96.01 ± 1.76

1Samples with the same superscript letter in the same column at each OD time showed no statistically significant differences for their mean

values at the 95.0% confidence level (Fisher LSD; 0.05). 2Values out of range.

treatment were significantly different (p < 0.05) by comparing coated and non-coated samples (Table 3). In both
modelling scenarios, it was observed the barrier effect to water transport since coated samples presented De

W

values reduced by 29% respect to non-coated samples. As been explained earlier, ALG coating can behave like
a barrier to solids entry but also to water loss. In this case, at the conditions here evaluated, barrier effect related
to solids influx was more notorious as compared with water outflux. This finding is supported by several papers
dealing with OD treatments in several coated vegetable matrixes such as pear [39], apple [47, 48], strawberry
[11, 39, 49], pineapple [50, 51], papaya [43], pumpkin [12], potato [36]. Besides, De

W values observed for
OD samples after 4 h of OD treatment (2.04 10–9 m2/s, Table 3) were different in one order of magnitude
compared to De

TS values (0.70 10–9 m2/s, Table 3). This trend was also observed by Alalli et al. [49] for similar
osmo-dehydrated strawberries (sucrose solution, 37◦C, 70 ◦Bx, 4 h; DW

e : 1.2 10–9 m2/s; DTS
e : 9.84 10–10 m2/s).

Regarding total solid diffusion, DTS
e values from 0.64 10–9 m2/s to 2.41 10–9 m2/s were observed for strawberry

samples during OD treatment at the different modelling scenarios evaluated. Islam et al. [46] reported solid
diffusion coefficients in the range 3.01–5.31 10–9 m2/s for papaya, notably greater than those here obtained for
OD and OD C strawberries after 4 h of treatment (0.70 10–9 m2/s, 0.64 10–9 m2/s, Table 3). This could be probably
due to differences in the fruit matrix, OD operative conditions or, what is more, the different assumptions made
for De calculation. Previous research papers have been shown that by neglecting the shrinkage an over-estimated
De value could be obtained [52].

As can be observed (Table 3) the reduction in OD modelling times increased the calculated DTS
e values of

non-coated samples (from 0.70 10–9 m2/s to 2.4110–9 m2/s). This observation is also valid to DW
e values for

coated (from 1.84 10–9 m2/s to 3.25 10–9 m2/s) and non-coated (from 2.04 10–9 m2/s to 4.56 10–9 m2/s) samples.
Considering DTS

e and DW
e values represent the easiness of the sugar and the water to penetrate and leave the

solid matrix, respectively, it could reflect the faster driving force which is produced at initial OD times. This
is consistent with others studies that showed that mass exchange during OD treatment occurred at a faster rate
within the initial 2 h followed by a reduction in drying rate during further processing time [53, 54]. In the case of
DTS

e values for coated samples they showed an increase when modelling time was reduced from 4 h to 3 h (0.64
10–9 m2/s to 1.12 10–9 m2/s), however, from 3 h to 2 h, DTS

e decreased from 1.12 to 0.84 10–9 m2/s. This may
be an indication of a different behaviour that occurs when coating is applied. On the other hand, a significant
reduction in DTS

e values could be appreciated due to coating application during the first 2 h of OD treatment.
Coated samples accounted a mean value of 0.84 10–9 m2/s compared to 2.41 10–9 m2/s obtained for non-coated
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ones. According to these results, during the first 2 h of OD treatment, ALG coating application reduced by 65%
the diffusivity of sugar from the OD solution to the strawberry samples at the experimental conditions applied.
Lazarides et al. [38] reported a reduction in the mass transfer coefficient of solid up to 30% along with a rather
small positive impact in water loss, in osmo-dehydrated coated potato samples (sucrose, 0,5% ALG, 0.5%,
30–50 ◦Bx). Finally, at longer OD times the global barrier effect due to ALG coating were not reflected in DTS

e

values since scarce differences could be appreciated (>3 h, Table 3). Figure 4 depicts the experimental and fitted
curves obtained for OD and OD C samples at three modelling scenarios (4 h, global effect, Fig. 4a; 3 h, Fig. 4b;
and 2h, Fig. 4c) by using the analytical solution and considering one-dimensional sample shrinkage. Table 3
also shows the statistical parameters obtained for the model (RMSE and VAR). As can be seen, drying curves
(W) in Fig. 4 show a clear more accurate fit than solid curves (TS), with values of explained variance (VAR)
above 99%. In addition, OD C samples show better model fittings (VAR > 96%) than OD samples for the three
modelling scenarios considered in TS curves, in particular at initial times. VAR values show worse fitting results
for non-coated samples (78.9%, 2 h, Table 3) which suggest that diffusive model is less adequate to describe
experimental TS values in non-coated samples.

3.3. Influence of coating application over textural properties during OD treatment

OD treatment causes changes in several physical properties of fresh products. Among them, texture is one
of the most affected parameters probably due to the plasticizing and shrinkage effect of water on the pectic
and cellulosic components of the fruit tissues. The low solids content and thin cell walls of strawberry samples
could also favour the textural damage and the disruption of the intercellular structure. The release of enzymes
and substrates will cause further problems with the flavour and colour [55]. Solid uptake notably modifies final
product composition since a solid gain of up to 5–10% attained during OD treatment represents relative increases
of 50–100% referred to an initial soluble solid content of 10% [56]. Thus, it also results in the development of
a concentrated solids layer under the product surface which decreases the driving force for water flow. Solid
uptake blocks the surface layers of the product, posing an additional resistance to mass transfer and lowering the
rates of complementary dehydration. As a consequence, it was expected OD samples presented several changes
in textural properties. Figure 5 depicts TPA parameters obtained for strawberry samples during OD treatments.
Among them: firmness, adhesiveness, cohesiveness, elasticity and chewing index have been addressed. For
non-coated samples a slight increase in firmness parameter was observed at 60 min of OD treatment (Fig. 5a).
Previous research works have reported an increase in texture firmness along with the removal of water and solid
uptake during OD treatment [48]. However, after the first hour of OD treatment, firmness parameter decreases
for non-coated samples, probably as a result of cell wall degradation and loss of turgor induced by the rupture of
the parenchyma cell walls [55]. OD could induce cells deformation and collapse along with the contraction of the
intercellular spaces. Previous studies have reported that OD treated samples presented detached cell walls and
damaged middle lamella [57]. As can be seen on Fig. 5a firmness of coated OD samples is maintained constant
(600 N) during the first 180 min. Then, this parameter decreased until 450 N, being these values similar to those
described by Moreno et al. [57] for strawberries (565 N) during a comparable OD treatment (40◦C, sucrose 65
◦Bx, 300 min). The Ca+ binding to pectic acid molecules could produce an increase in fruits texture resistance
while preserving the firmness of the covered samples during almost the whole treatment [34]. Differences in
firmness parameter between non-coated and coated samples have been obtained until 180 min of treatment. As
mentioned earlier, firmness values were most reduced for non-coated samples compared to coated ones, however,
the former showed a higher firmness at the beginning of the OD treatment. Due to coating soft texture, firmness
values for coated samples are perceived as reduced at initial OD times (Fig. 5a). A previous work carried out on
different hydrogels showed that combination of coating solutions of 2% sodium alginate and 5% calcium lactate
presented the best performance regarding to consistency textural parameter, which is usually related to firmness
[39]. Despite of being the most consistent, ALG hydrogel presented force compression values as lowest as 20 N
when it was considered as unique system and before applying an OD treatment stage [39]. Hence, in the present
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Fig. 4. (Continued)
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Fig. 4. Experimental (exp) and calculated (cal) moisture (W) and total solid (TS) content for non-coated (i. W, iii. TS) and coated (ii. W,
iv. TS) strawberry slices considering three OD modelling scenarios: (a) 4 h, (b) 3 h, (c) 2 h of treatment times. The error bars are based on
mean ± SD (n = 4).

work, ALG material covering strawberry samples could lower the overall firmness of the strawberry+coating
system as has been observed in Fig. 5a at initial times. During the last 60 min, samples presented similar values
and also the same trend in firmness parameter. In fact, it was described that at long OD times ALG coating reduces
it thickness by dehydration and attaches to strawberry slices creating a unified strawberry+coating system [24].
In gelled products, adhesiveness, cohesiveness and gumminess are significant properties for texture evaluation
[58]. Adhesiveness values obtained for strawberries are presented in Fig. 5b. During the complete OD treatment
no differences were observed over adhesiveness due to coating presence. After 3 h of OD treatment a significantly
decrease in this texture parameter has taken place. Cohesiveness represents the resistance of internal bindings
which form the structure of the product. As reported in literature, fresh berries are characterized to be low in
cohesiveness [55]. Then, after OD treatment, samples reported in the present work have almost duplicated their
values (from 0.245 to 0.480 for non-coated samples and from 0.260 to 0.443 for coated samples) probably
due to compaction phenomenon that occurs when water leaves the sample and the sugar enters. Until 180 min
of treatment, coated samples showed significantly lowers cohesiveness values compared to those obtained for
non-coated samples (Fig. 5c). As explained above, during the first hours of OD treatment coating is less compact
than strawberry sample which is covering. During the last hours of treatment, strawberry and coating behave as
a unified product, therefore, cohesiveness values, independently of coating, are similar (Fig. 5c). The absorption
of sugar until saturation causes a decrease in elasticity along with an increase in fragility of sample texture
[59]. This behaviour could be appreciated in non-coated samples subjected to OD treatment (Fig. 5d). Elasticity
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(a)

(c) (d)

(e)

(b)

Fig. 5. TPA parameters obtained for strawberry samples during OD treatments: (a) Firmness, (b) Adhesiveness, (c) Cohesiveness, (d)
Elasticity and (e) Chewing index. The error bars are based on mean ± SD (n = 6).

values decreased from 2.00 to 1.19 after 4 h of treatment. In the case of coated samples, values were in the
range 1.64–1.85 during the whole OD treatment. According to the results presented in Fig. 5d some elasticity
maintenance effect due to coating application could be attained. The chewing index is defined mathematically as
the product between hardness, cohesiveness and elasticity. Figure 5d shows the values obtained for this parameter
during OD treatment. As can be seen, non-coated samples presented significantly higher values during the first
120 min of treatment. Then chewing values (Fig. 5e) decreased and become comparable to those obtained for
coated samples. Since chewing index depends on parameters discussed above, it was assumed that differences
observed among coated and non-coated samples must be mainly attributed to significant microstructural changes
and turgor losses of the vegetable matrix induced by OD treatment.
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Table 4

Rehydration properties: rehydration ratio (RR) and leaching losses (LL) of coated and non-coated dried strawberries as a function of the

time

Samples RRt30 RRt60 RRt90 RRt120 LLt120 (g/ 100 g DM)

OD MW 1.38 ± 0.08a 1.58 ± 0.14a 1.83 ± 0.15a 1.89 ± 0.28a 45.29 ± 5.94a

C OD MW 1.72 ± 0.28a 2.03 ± 0.27a 2.31 ± 0.31a 2.50 ± 0.28a 44.87 ± 6.36a

1OD MW: MW dried osmo-dehydrated samples; C OD MW: MW dried coated osmo-dehydrated samples. 2Samples with the same super-

script letter in the same column showed no statistically significant differences for their mean values at the 95.0% confidence level (Fisher

LSD; 0.05).

3.4. Rehydration properties in final dried strawberry samples

Rehydration ability and leaching losses are physical parameters that can provide valuable information about
the quality characteristic of dried samples, especially when the product is added to yogurt, milk, ice creams,
juices, etc. The rehydration ratio (RRt) of MW dried pre-treated samples at 30 min intervals during 2 h and the
leaching losses (LL) after this time are presented in Table 4. Non-significant different RR values were obtained
after 2 h of rehydration for non-coated and coated samples respectively (1.89 and 2.50). These achievements are
in agreement with those reported by Megı́as-Pérez et al. [23] for OD samples. El-beltagy et al. reported values
of 2.57–3.44 for strawberries subjected to solar drying (up to 24 h) [60].

In a previous paper focused on quality indicators of air-dried strawberries, when samples were subjected to
60 and 70◦C (420 min), RR values in the range 4.0–5.6 were obtained [61]. In general, samples increased their
RR along with the rehydration time (from 0.5 to 2 h).

Leaching losses (LL) quantifies the solid losses from the food matrix to the rehydration medium. Table 4
shows LL values after OD treatment and final drying step (MW drying). LL values ranged between 44.8–45.3
(g/ 100 g DM) for coated and non-coated MW samples, respectively (without significant differences). Although
LL results may seem excessive, even greater values for similar samples have been recorded in the literature. In
a previous study of convective drying of strawberries (40–70 ◦C, 3–7 h), without pre-treatment stage, LL in the
range 59.0–72.4 g/ 100 g DM were obtained for rehydrated samples [3]. In other study, carried out on strawberries
dried by convection assisted by power ultrasound (40–70 ◦C, 30 and 60 W) and without applying a pre-treatment
step, leaching losses during rehydration of dried strawberry samples were found to be in the range 61.8–77.6%
[61]. Moreover, values of LL higher than 50% have been reported for several dried fruits and vegetables [23, 62,
63]. The values obtained in the present work were lower than those found in the literature and could be attributed
to both (osmotic and microwave drying) processes and their combination.

4. Conclusion

In this work it was explored the effect of alginate coating material over drying kinetics, OD parameters,
one-dimensional shrinkage and textural properties of strawberry slices during an osmo-dehydration treatment.
Special emphasis was made on the barrier effect of coating over the water outflux and solid uptake. Diffusion
coefficients for water loss (DW

e ) show significant differences between coated and non-coated samples for 2 and
3 h of OD treatment. Coated samples presented DW

e values significantly lower by 29% (for 2 and 3 h) compared
to those obtained for non-coated ones, thus, barrier effect to water loss was verified up to 3 h of OD treatment.
On the other hand, De values for total solids (DTS

e ) showed significant differences due to coating presence
up to 2 h of OD treatment (coated samples: DTS

e : 0.84 10–9 m2/s; non-coated samples: DTS
e : 2.41 10–9 m2/s),

thus, the barrier effect of ALG coating to solids entry could be observed only for the first 2 h of treatment.
OD parameters also support both WL and SG barrier effects. Coating presence caused a significant reduction
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in WL and SG values for coated samples up to 150 min of OD treatment. These results were also verified over
drying kinetics (W and TS) and SS values since for coated samples they were significantly lower than non-coated
ones until almost 2 h of treatment. However, WL/SG values were significantly greater for non-coated samples at
longer OD times. Attending to one-dimensional shrinkage values, coated samples presented significantly higher
thickness reductions, in particular, as the treatment evolved. For the textural properties, during the first 2 h,
firmness, adhesiveness, elasticity and chewing index were maintained compared to raw initial samples. Besides,
cohesiveness parameter showed intermediate values for coated samples, they also were lower than those of
non-coated ones and nearest to initial values. RR and LL were similar regardless of the presence of the coating.
Therefore, according to texture properties, OD parameters, drying kinetics and De results obtained in this work,
it is recommended the reduction in OD times to 2 h at the tested conditions.
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[12] Rodriguez A, Garcı́a MA, Campañone LA. Experimental study of the application of edible coatings in pumpkin sticks submitted
to osmotic dehydration. Drying Technology: An International Journal. 2016;34(6):635-44. http://doi.org/10.1080/07373937.2015.
1069325.
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[24] Gamboa-Santos J, Campañone LA. Application of osmotic dehydration and microwave drying to strawberries coated with edible
films. Drying Technology. 2018;1-11.

[25] Fernandes FAN, Rodrigues S. Optimization of osmotic dehydration of bananas followed by air-drying. Journal of Food Engineering.
2006;77:188-93.

[26] AOAC. Method 934.06, in: Official Methods of Analysis of the Association of Official Analytical Chemists (15va ed.), vol. 1, ed.
Association of Official Analytical ChemistsArlington, VA; 1997.

[27] Crank J. The Mathematics of Diffusion, 2nd ed. Oxford University Press, Oxford. 205-09;1975.
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