
����������
�������

Citation: Ostrowska-Ligęza, E.;
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magdalena_wirkowska@sggw.edu.pl (M.W.-W.); joanna_brys@sggw.edu.pl (J.B.);
agata_gorska@sggw.edu.pl (A.G.)

2 Department of Food Engineering and Process Management, Institute of Food Sciences, Warsaw University of
Life Sciences, 159c Nowoursynowska Street, 02-776 Warsaw, Poland; karolina_szulc@sggw.edu.pl (K.S.);
ewa_jakubczyk@sggw.edu.pl (E.J.)

* Correspondence: ewa_ostrowska_ligeza@sggw.edu.pl; Tel.: +48-22-5937635

Abstract: Chocolate-coated fruit is becoming more and more popular as a tasty snack. The subjects
of the research were freeze-dried strawberries and dark and milk chocolate-coated freeze-dried
strawberries. The DSC curves, sorption isotherms, and glass transition temperature were determined.
The state diagrams of the freeze-dried strawberries and dark and milk chocolate-coated freeze-dried
strawberries were investigated. The modulated differential scanning calorimetry (MDSC) technique
was used to determine the glass transition temperature. The DSC diagrams of the studied samples
showed differences in shape and course. The sorption isotherms of the freeze-dried strawberries
and dark and milk chocolate-coated strawberries belonged to type II according to BET classification.
A coating of milk or dark chocolate resulted in a significant reduction in the hygroscopic behaviour
of the freeze-dried strawberries and could be considered a promising way to improve the shelf life of
the product and improve the nutritional value for commercial production purposes.

Keywords: glass transition temperature; freeze-dried strawberries; milk and dark chocolate; MDSC

1. Introduction

New products that act as snacks are in great demand in the snack market. The
development of novel snacks with nutritious ingredients has an effective role in improving
diet quality. Eating between the main meals or snacking are popular behaviours throughout
the world and are especially appreciated by children [1]. Therefore, the nutritional quality
of such snacks has to be greatly considered [2]. Consumption of fruit-based snacks increases
the intake of nutrients and phytochemicals, which leads to positive health effects [3,4].
Fruit snacks may be prepared so they are comprised of a core portion coated with an
outer shell. A wide range of edible ingredients could be used as cores and coatings.
Nowadays, natural ingredients such as fruits have gained interest as a suitable material for
core formulation [5,6].

Chocolates and confectionery items are food products favoured by many people, espe-
cially children. Confectionery products are usually chosen for consumption because of their
flavour and textural properties and are often treated as sources of fats and carbohydrates.
However, confectionery products can be also considered a source of vitamins, minerals,
and even polyphenols and tocopherols, which are believed to have beneficial effects in the
prevention of heart disease and possibly some cancers [5,7]. Chocolate, the most popular
among cocoa products, is considered a luxury good [8], with the composition varying with
the type of product. In addition to cocoa, the final composition of the product is influenced
by many extra ingredients [7]. Dark chocolates with a high proportion of cocoa solids are
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generally treated as a rich source of magnesium (Mg) and copper (Cu), whereas milk and
white chocolates are relatively good sources of calcium (Ca) [9].

Water activity has usually been related to food stability, assuming internal thermody-
namic equilibrium in the product and its equilibrium with the environment while avoiding
kinetic aspects. Nevertheless, equilibrium may not be achieved in complex food systems
such as dehydrated or intermediate moisture products [10]. The removal of water during
processing of many products often results in the formation of an amorphous state, which is
a nonequilibrium state with time-dependent properties. The physical state of amorphous
materials may change from a solid glassy state to a liquid-like rubbery one when the glass
transition temperature (Tg) is reached. As the Tg is dependent on the water content, a
change from a rubbery to a glassy state can also occur as a consequence of a water content
decrease in the product during its processing or storage. The glass transition is supposed to
cause dramatic changes in some physical properties of the product. It is known that sticki-
ness and the collapse of dehydrated powdered products occur due to a drastic decrease in
the viscosity above the Tg [11–13]. On the other hand, an increase in the molecular mobility
above the Tg may allow the crystallization of amorphous compounds, especially in food
products containing low molecular weight sugars such as strawberries. In products with
crystallizing components, the determination of the critical water activity or critical water
content at a given temperature to avoid crystallization will allow a prolonged product shelf
life. State diagrams showing the relationships between a product’s water content and its
physical state as a function of the temperature together with sorption isotherms are useful
tools in process optimisation and food formulation for defining processing equipment and
operation variables and designing package and storage conditions [14].

Removal of water from food products in order to increase their shelf life can be
achieved by different dehydration techniques. However, shrinkage phenomena which
depend on the interstitial mobility [15] affect the quality of the final product in classical
dehydration methods markedly [16]. Berries, for example, with delicate structures and
high levels of water content are very difficult to dehydrate by classical methods [17,18],
especially during air-drying, when a collapse causes considerable damage to their physical
structures [16]. Vacuum freeze-drying of biological products is the best method of water
removal, with end products of the highest quality compared with other dehydration
techniques [19,20]. Freeze-dried strawberries were found to be of excellent colour and
flavour [18,21] with a high rehydration capacity [18,22].

The chocolate panned products represent a type of food product exhibiting high
storage stability. Preservation of high-quality food products during their storage requires
monitoring such parameters as the temperature, air humidity, oxygen content in the storage
room, as well as the proximate chemical compositions of the products [23–25].

This presented study aimed to determine the influence of the chocolate coating on the
state diagrams of strawberry snacks. The water activity of the environment, water content,
and glass transition temperature of freeze-dried strawberries and dark and milk chocolate-
coated strawberries are critical parameters that enable predicting the strawberry snacks’
storage conditions and can be treated as an attempt to define the shelf life of the products.

2. Materials and Methods
2.1. Material

Fresh Senga Sengana (Fragaria ananassa) strawberries were purchased from a local
market in Warsaw (Poland). Then, the strawberries were cleaned and washed thoroughly
in tap water. After this process, they were thoroughly dried on paper-lined trays. After
drying, the strawberries were cut into 2–3-mm thick slices.

2.2. Freeze-Drying of Strawberries

The strawberry slices were prepared according to the methodology of Jakubczyk et al. [26].
Samples were placed on an aluminum tray and frozen at −40 ◦C for 4 h using a

shock freezer (Irinox, Corbanese, Italy). Then, the material was freeze-dried for 24 h with
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the application of a Christ Gamma 1–16 LSC freeze-dryer (Martin Christ Gefriertrock-
nungsanlagen GmbH, Osterode am Harz, Germany) under a pressure of 63 Pa and at a
shelf temperature of 20 ◦C.

2.3. Chocolate Coating of Freeze-Dried Strawberries

The freeze-dried strawberry slices were coated with dark or milk couverture choco-
late. Then, the coated strawberries were taken out and put on sieves. The sieves were
placed on paper trays in order to remove the excess chocolate. After drying, the dark and
milk couverture chocolate-coated strawberries were placed in tightly closed polyethylene
bags [25]. The dark couverture chocolate composition (according to the manufacturer’s
declaration) was as follows: cocoa mass: 70%; sugar: 32.5%; and fat: 44.9%. The milk
couverture chocolate composition (according to the manufacturer’s declaration) was as
follows: cocoa mass: 35%; sugar: 53.5%; and fat: 37.3%.

2.4. Sorption Isotherms

The water vapour sorption isotherms were determined according to the method of
Jakubczyk et al. [26] and Peleg [27]. The water vapour sorption isotherms were determined
using the static gravimetric method. The different saturated salt solutions (LiCl, CH3COOK,
MgCl2, K2CO3, Mg(NO3)2, NaNO2, and NaCl) and calcium chloride (CaCl2) were prepared
to obtain a water activity in the range of 0.0–0.753. The triplicate samples of the same
variant of freeze-dried strawberries without or with chocolate coatings were stored in
desiccators at a stable water activity and a temperature of 25 ◦C for 3 months. A small
amount of thymol was placed in the desiccator with the NaCl to avoid microbial growth in
the samples.

The Peleg model (Equation (1)) was evaluated by determining the best fit to the
experimental data [26,27].

The Peleg model was chosen based on the best fit to the experimental data [26,27]:

u = AaB
w + CaD

w (1)

where u is the equilibrium moisture content, aw is the water activity, and A, B, C, and
D areconstants.

The regression analysis was performed according to the method of Jakubczyk et al. [26].
The determination coefficient (R2), the adjusted coefficient of determination (R2 adj), and
the root mean square error (RMSE) were used to estimate the compliance of the model with
the empirical data. The regression analysis was performed with the application of Table
Curve 2D v 5.01 (Systat Software Inc., San Jose, CA, USA).

2.5. Differential Scanning Calorimetry

The calorimetric measurements were performed with a Q200 DSC (TA Instruments,
New Castle, DE, USA) according to the methods of Jakubczyk et al. [26] and Ostrowska-
Ligęza et al. [28,29].

DSC curves are presented for three levels of water activity: 0.001, 0.329, and 0.753.
The water activity of 0.001 was a control, being basic and the first level of activity. It is

the lowest level water activity for food, and in the real world, no food has a water activity
level of 0.001.

The water activity 0.329 is the level corresponding to the water activity of many food
products stored under appropriate conditions.

The water activity 0.753 is the level corresponding to the critical water activity of many
food products stored under inappropriate conditions, such as at a high temperature and
air humidity. With such water activity, pathogenic microorganisms can develop, and food
products and ingredients can spoil very quickly (e.g., hydrolysis of fats occurs).
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2.6. Glass Transition Temperature

The glass transition temperatures of the freeze-dried strawberries and dark and
milk chocolate-coated strawberries were determined by modulated differential scanning
calorimetry (MDSC) as described by Jakubczyk et al. [26] and Ostrowska-Ligęza et al. [29].
The Gordon–Taylor model (Equation (2)) was used to describe the changes in Tg with the
water content and water activity [30]. The goodness of fit was estimated based on R2:

Tg =
(1 − xw)Tgs + kxwTgw

(1 − xw) + kxw
(2)

where Tgs, Tgw, and Tg are the glass transition temperatures of the solids, water, and sam-
ples, respectively, xw is the mass fraction of water, and k is the Gordon–Taylor model parameter.

2.7. Statistical Analysis

The statistical analysis was conducted as described by Ostrowska-Ligęza et al. [29].

3. Results
3.1. DSC Studies of Freeze-Dried Strawberries and Dark and Milk Chocolate-Coated Strawberries
at Different Levels of Water Activity

The subjects of the research were freeze-dried strawberries and dark and milk chocolate-
coated strawberries. Fructose, glucose, and sucrose is the mixture of sugars present in
strawberries [31,32]. The DSC diagrams of the samples stored at water activities of 0.001,
0.329, and 0.753 are presented in Figures 1–3, respectively.
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Figure 1. DSC curves of freeze-dried strawberries and strawberries coated with dark and milk
chocolate stored at a water activity of 0.001.



Appl. Sci. 2022, 12, 1342 5 of 13

Appl. Sci. 2022, 12, x FOR PEER REVIEW 6 of 14 
 

lower for the dark and milk chocolate-coated strawberries at a water activity of 0.329. An 
endothermic peak with a maximum temperature of 21.25 °C for the dark chocolate-coated 
strawberries and 20.23 °C for the milk chocolate-coated strawberries was observed (Figure 
2). Water activity in the range from 0.3 to 0.4 corresponds to the water activity during 
storage [28]. The maximum temperature of the carbohydrate transitions of the freeze-
dried strawberries and dark and milk chocolate-coated strawberries at a water activity of 
0.329 were observed at 175.87, 152.98, and 178.01 °C, respectively. Based on the obtained 
results, it can be stated that the thermal properties were not influenced by the level of 
water activity of the studied freeze-dried strawberry or dark or milk chocolate-coated 
strawberry samples. 

 
Figure 2. DSC curves of freeze-dried strawberries and strawberries coated with dark and milk choc-
olate at a water activity of 0.329. 

The DSC curves of the freeze-dried strawberries and dark and milk chocolate-coated 
strawberries at a water activity of 0.753 are shown in Figure 3. The first endothermic peak 
corresponds to the melting transition of the dark chocolate coating, with the value of the 
maximum temperature at 17.95 °C. On the DSC diagrams of the freeze-dried strawberries 
and milk chocolate-coated strawberries, no peaks were observed in the range of tempera-
tures from 0 to 30 °C. The milk chocolate coating was characterised by a lower content of 
fat, and this could cause the coating to partially dissolve. The peaks observed between 100 
and 210 °C correspond to the melting transition of the carbohydrates for all samples. The 
maximum temperatures of the melting peaks for the freeze-dried strawberries and milk 
chocolate-coated strawberries were determined to be 153.76 and 118.8 °C, respectively. 
The increase in water content in the strawberries caused a decrease in the melting points 
of the sugars contained in the strawberries and the milk chocolate coating. An endother-
mic peak with a maximum temperature of 153.46 °C was observed for the dark chocolate-
coated strawberries. The increased water activity of the carbohydrates lowered the melt-
ing points [38,39]. The freeze-dried strawberries and dark and milk chocolate-coated 
strawberries at a water activity of 0.753 could undergo permanent transformations. At a 
water activity of 0.753, oxidation and hydrolysis of fats can take place, as well as rapid 
rehydration of dried strawberries, the decomposition of sugars, and the development of 
pathogenic microorganisms, which lead to a reduction in the quality of the product. Kita 

-1.8

-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

-90 -40 10 60 110 160 210 260

H
ea

t f
lo

w
 (W

/g
)

Temperature (°C)

Freeze-dried
strawberry

Dark chocolate coated
strawberry

Milk chocolate coated
strawberry

Endo 

Figure 2. DSC curves of freeze-dried strawberries and strawberries coated with dark and milk
chocolate at a water activity of 0.329.
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chocolate at a water activity of 0.753.

Mild endothermic peaks at temperatures ranging from 0 to 30 ◦C were observed on
the DSC diagrams of the dark and milk chocolate-coated strawberries. The maximum
temperature of the first endothermic peak was observed at 21.21 and 20.15 ◦C for the dark
and milk chocolate-coated strawberries, respectively (Figure 1). The peak corresponds
to the melting of the chocolate that covered the strawberry. Cocoa butter was present in
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the dark chocolate, and a mixture of cocoa butter and milk fat was present in the milk
chocolate. The melting point of the chocolates was higher, but it should be mentioned
that the chocolate coatings were cooled to −90 ◦C, and therefore the fat memory was
erased [33,34]. Ostrowska-Ligęza et al. [35] investigated three types of chocolates: dark,
milk, and white. The authors found that the course of the DSC melting curves and melting
temperatures of the chocolates depended on the quality of the fat, addition of sugar or
emulsifiers, and particle size distribution in the chocolate.

The DSC diagrams of the freeze-dried strawberries and dark and milk chocolate-
coated strawberries were characterised by distinct endothermic peaks at a water activity of
0.001. The peaks were characterised by a very sharp course at a temperature range from
about 130 to 210 ◦C (Figure 1). For the DSC curve of the freeze-dried strawberries, one
endothermic peak was observed, with the maximum temperature found at 178.41 ◦C. The
maximum temperature of the second peak for the milk chocolate-coated strawberries was
characterised by a similar value of 177.68 ◦C. For the dark chocolate-coated strawberries,
the presence of a second endothermic peak on the DSC curve was observed at a maximum
temperature of 147.25 ◦C. The values of the transition temperatures corresponded to the
melting of the sugars contained in the snacks. The mixtures of sugars in the compositions
of the freeze-dried and coated strawberries may be in crystalline or amorphous states. The
melting temperature was dependent on the sugar state and composition of its mixtures.
Wang et al. [36] studied the temperatures of the melting transitions of sucrose, glucose,
fructose, and their mixtures at a water activity of about zero. The melting maximum temper-
ature of sucrose was observed at 190.6 ◦C, while that of glucose was 161.1 ◦C and fructose’s
was 128.2 ◦C. The melting transitions of the mixtures of glucose–sucrose, fructose–sucrose,
and glucose–fructose–sucrose were investigated by DSC. The melting temperature of su-
crose was found to decrease in the presence of either fructose or glucose [36]. Lee et al. [37]
determined the influence of the heating rate level on the melting transitions of sucrose,
glucose, and fructose. The onset melting temperature was investigated. The values of
the melting temperature were in agreement with the results published by Wang [36]. The
dark chocolate was characterised by the lowest content of sugar. Coating the strawberry
with dark chocolate probably lowered the melting temperature of the sugar. This melting
point of the sugars may prove that the chocolate coating of the strawberry was carefully
carried out.

The DSC diagrams of the freeze-dried strawberries and dark and milk chocolate-coated
strawberries at a water activity of 0.329 are shown in Figure 2. The shapes, diagrams, and
values of the melting temperatures were similar to those in the DSC curves with a water
activity of 0.001. The intensity of the chocolate melting peaks changed, being lower for the
dark and milk chocolate-coated strawberries at a water activity of 0.329. An endothermic
peak with a maximum temperature of 21.25 ◦C for the dark chocolate-coated strawberries
and 20.23 ◦C for the milk chocolate-coated strawberries was observed (Figure 2). Water
activity in the range from 0.3 to 0.4 corresponds to the water activity during storage [28].
The maximum temperature of the carbohydrate transitions of the freeze-dried strawberries
and dark and milk chocolate-coated strawberries at a water activity of 0.329 were observed
at 175.87, 152.98, and 178.01 ◦C, respectively. Based on the obtained results, it can be stated
that the thermal properties were not influenced by the level of water activity of the studied
freeze-dried strawberry or dark or milk chocolate-coated strawberry samples.

The DSC curves of the freeze-dried strawberries and dark and milk chocolate-coated
strawberries at a water activity of 0.753 are shown in Figure 3. The first endothermic peak
corresponds to the melting transition of the dark chocolate coating, with the value of the
maximum temperature at 17.95 ◦C. On the DSC diagrams of the freeze-dried strawberries
and milk chocolate-coated strawberries, no peaks were observed in the range of temper-
atures from 0 to 30 ◦C. The milk chocolate coating was characterised by a lower content
of fat, and this could cause the coating to partially dissolve. The peaks observed between
100 and 210 ◦C correspond to the melting transition of the carbohydrates for all samples.
The maximum temperatures of the melting peaks for the freeze-dried strawberries and



Appl. Sci. 2022, 12, 1342 7 of 13

milk chocolate-coated strawberries were determined to be 153.76 and 118.8 ◦C, respec-
tively. The increase in water content in the strawberries caused a decrease in the melting
points of the sugars contained in the strawberries and the milk chocolate coating. An
endothermic peak with a maximum temperature of 153.46 ◦C was observed for the dark
chocolate-coated strawberries. The increased water activity of the carbohydrates lowered
the melting points [38,39]. The freeze-dried strawberries and dark and milk chocolate-
coated strawberries at a water activity of 0.753 could undergo permanent transformations.
At a water activity of 0.753, oxidation and hydrolysis of fats can take place, as well as
rapid rehydration of dried strawberries, the decomposition of sugars, and the development
of pathogenic microorganisms, which lead to a reduction in the quality of the product.
Kita et al. [25] investigated the influence of the packaging methods and storage time on
chocolate-panned figs, cherries, hazelnuts, and almonds. They found that the right choice
of package type allowed for minimizing transformations proceeding in chocolate-panned
products during their long-term storage.

3.2. Sorption Isotherms of Freeze-Dried Strawberries and Dark and Milk
Chocolate-Coated Strawberries

The moisture sorption isotherm of the freeze-dried strawberries and dark and milk
chocolate-coated strawberries measured at 25 ◦C is shown in Figure 4. Adding dried fruits
to chocolates has been widely used as a way of bringing nutritional and sensory benefits
to these products [40]. The moisture sorption isotherm of a complex food is one of the
most important measures affecting the acceptability, shelf life, and packaging and storage
requirements [41]. The sorption isotherms as experimental data and the Peleg fitted model
for freeze-dried strawberries with and without chocolate coatings at temperatures of 25 ◦C
are presented in Figure 4. The sorption curves obtained for the samples were sigmoidal in
shape, which is typical for type II isotherms [14,42]. The data showed typical behaviour
of rich sugar foods: a slight increase in the equilibrium moisture content in the low water
activity and a sharp increase above the water activity of 0.648 due to the prevailing effect of
solute–solvent interactions associated with sugar dissolution [14,43,44]. Chocolate coating
of freeze-dried strawberries influenced the course of the water vapour sorption isotherms.
The equilibrium water content of the coated samples was lower than that of the freeze-dried
fruit in the whole range of water activity. Lower values were obtained for strawberries
coated with milk than dark chocolate, indicating that the chocolate coating protected the
core against moisture absorption and the composition of the chocolate had a significant
impact on the course of the sorption isotherms. Ghosh et al. [45] showed that the water
vapour permeability of the chocolate coatings increased with the addition of cocoa powder
and lecithin but decreased with the addition of sugar. Along with the diffusion of moisture,
structural changes in the coating were observed by Ghost et al. [45] which altered the
diffusivity of the moisture through the coating. These structural changes can occur due to
the swelling of the cocoa particles or dissolving of the sucrose particles in the moisture and
subsequent migration to the surface. The mechanism of diffusion through the two dispersed
phases—sucrose and cocoa powder—is totally different. Moisture diffusion through the
cocoa powder occurs through the particles, which is influenced by the porous nature of
powder. The crystalline structure of sucrose makes it so that moisture cannot diffuse
through sugar crystals, and therefore, moisture diffuses along the surface of the sugar
particles [45]. The presence of a moisture layer on the surface can contribute to dissolving
the sugar, and sugar can seep into the surface of the coating to cause sugar bloom.

The goodness of fit for Peleg model was estimated based on the determination coeffi-
cient (R2), the adjusted coefficient of determination (R2 adj), and the root mean square error
(RMSE) (Table 1). The Peleg model was described by high values for R2 (from 0.9962 to
0.9995) and low values for the RMSE (from 2.94 to 7.17%) for all samples (Table 2).
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Figure 4. Water sorption isotherms of freeze-dried and dark and milk chocolate-coated strawberry.

Table 1. Fitting of Peleg model equation for obtained data.

Sample A B C D R2 R2 adj RMSE (%)

Freeze-dried
strawberry 5.371 ± 0.899 0.599 ± 0.025 2.543 ± 0.032 0.141 ± 0.006 0.9995 0.9961 2.94

Milk chocolate-coated
strawberry 547.074 ± 1.018 2.074 ± 0.105 1.682 ± 0.012 0.198 ± 0.027 0.9995 0.9953 3.38

Dark chocolate-coated
strawberry 1017.400 ± 1.865 2.591 ± 0.241 1.808 ± 0.101 0.155 ± 0.008 0.9962 0.9896 7.17

Values represent means ± standard deviations. A, B, C, D = constants of Peleg model; R2 = determination
coefficient; R2 adj = adjusted coefficient of determination; RMSE = root mean square error. Mean values ± standard
deviation (n = 3).

Table 2. Gordon–Taylor model fitting for experimental data.

Sample Tgs (◦C) k R2 R2 adj RMSE (%)

Freeze-dried
strawberry 18.18 ± 0.23 2.73 ± 0.05 0.9811 0.9735 9.53

Milk chocolate-coated
strawberry 9.07 ± 0.17 3.18 ± 0.13 0.8994 0.8592 24.72

Dark chocolate-coated
strawberry 11.54 ± 0.42 3.71 ± 0.21 0.9232 0.8925 39.19

Values represent means ± standard deviations. Tgs = glass transition temperature of solids; k = Gordon-Taylor
model parameter; R2 = determination coefficient; R2 adj = adjusted coefficient of determination; RMSE = root
mean square error. Mean values ± standard deviation (n = 3).

Ciurzyńska and Lenart [42] confirmed that the highest probability of fitting experi-
mental data for freeze-dried strawberries is given by Peleg’s model (R2 0.990–0.997). The
Peleg model was also the best fitting observed for freeze-dried Syzygium cumini fruit
(jambolan) [46] and freeze-dried apple puree gels [26] sorption values.

3.3. Influence of Water Activity on the Glass Transition Temperature of Freeze-Dried Strawberries
and Dark and Milk Chocolate-Coated Strawberries

The relationships between the water activity and glass transition temperature as a
function of the equilibrium moisture content are shown in Figures 5–7 for the freeze-
dried strawberries and dark and milk chocolate-coated strawberries, respectively. The
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experimental data of the glass transition temperature obtained for the freeze-dried and dark
and milk chocolate-coated strawberries are presented in Table 3. The fitting of the Gordon–
Taylor model for data obtained for the freeze-dried and dark and milk chocolate-coated
strawberries is shown in Table 2.
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Table 3. Glass transition temperature of strawberries (freeze-dried and coated with dark chocolate
and milk chocolate).

Water
Activity

Freeze-Dried Dark Chocolate-Coated Milk Chocolate-Coated

Tgi/◦C Tgm/◦C Tge/◦C Tgi/◦C Tgm/◦C Tge/◦C Tgi/◦C Tgm/◦C Tge/◦C

0.000 9.15 ± 3.35 14.62 ± 3.22 a 20.02 ± 3.14 3.50 ± 2.12 7.99 ± 1.17 b 12.54 ± 0.31 18.58 ± 1.78 21.08 ± 0.08 c 23.59 ± 1.63

0.113 8.70 ± 1.13 14.02 ± 0.23 a 19.34 ± 0.66 0.57 ± 0.92 6.12 ± 0.12 b 11.65 ± 1.16 16.69 ± 3.97 18.92 ± 3.71 c 21.41 ± 3.05

0.225 2.45 ± 0.04 8.13 ± 0.18 a 13.79 ± 0.35 −0.34 ± 1.49 4.56 ± 1.30 b 9.46 ± 1.12 4.65 ± 0.86 11.27 ± 0.24 c 17.76 ± 1.63

0.329 −3.98 ± 0.86 1.89 ± 0.11 a 7.74 ± 0.63 −7.94 ± 0.45 −2.04 ± 1.74 b 3.53 ± 3.03 −6.44 ± 0.45 −3.62 ± 2.59 c −0.74 ± 5.54

0.438 −10.59 ± 3.53 −4.79 ± 3.71 a 0.94 ± 3.85 −11.37 ± 1.99 −3.73 ± 0.54 b 4.00 ± 2.72 −19.68 ± 0.57 −15.40 ± 0.39 c −11.14 ± 0.21

0.529 −26.98 ± 0.31 −21.36 ± 0.57 a −15.71 ± 0.85 −24.52 ± 2.49 −16.44 ± 1.69 b −8.90 ± 5.09 −28.37 ± 0.52 −23.01 ± 0.79 c −17.65 ± 1.06

0.648 −40.75 ± 2.16 −35.62 ± 1.73 a −30.48 ± 1.29 −42.41 ± 0.35 −37.07 ± 0.57 b −31.72 ± 0.78 −40.69 ± 1.32 −35.73 ± 0.70 a −30.77 ± 0.07

0.753 −52.24 ± 3.67 −47.48 ± 3.34 a −42.75 ± 3.08 −53.42 ± 1.85 −47.79 ± 0.88 a −42.14 ± 0.08 −60.00 ± 2.53 −55.44 ± 2.72 b −50.89 ± 2.90

Values represent means ± standard deviations. Different letters in the rows indicate that the samples are
considered significantly different at the 5% level (p < 0.05).

The sugar mixture (fructose, sucrose, and glucose) in the freeze-dried strawberries
is in an amorphous state. These materials are not stable due to a lack of thermodynamic
equilibrium [26,47]. With the values of the water contents increasing, the values of the
glass transition decreased, as presented in the curves of the variations in glass transition
temperature and water activity with the equilibrium moisture content of the freeze-dried
strawberries and dark and milk chocolate-coated strawberries (Figures 5–7). The temper-
ature of determination of the sorption isotherm was 25 ◦C, and according to the glass
transition temperature conception, the values of the critical water activity and equilibrium
moisture content should be determined at exactly this temperature. This is not possible
because in the study, the highest glass transition temperature was determined for the milk
chocolate-coated strawberries and reached 21.08 ◦C, with an equilibrium moisture content
value of 0.00 at a water activity of 0.001 (Table 3).

The values of the glass transition temperature for the freeze-dried strawberries and
dark chocolate-coated strawberries were lower, being 14.62 and 7.99 ◦C, respectively
(Table 3). Jakubczyk et al. [26] researched the effect of the incorporation of apple puree and
maltodextrin to agar sol on the sorption properties and structure of the dried gel. The au-
thors investigated the relations between the glass transition temperature, water activity, and
water content for apple snacks. They found that a higher value for the critical water content
and critical water activity at the glass transition temperature of 25 ◦C, determined from the
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relations of water content–water activity and water content–glass transition temperature,
can result in better stability for the physical properties of stored products. Dried apple
puree gels with maltodextrin were characterised by a significantly higher critical water
activity than dried gel without a carrier addition. Sà and Sereno [39] investigated phase
transitions and unfreezable water in fresh and freeze-dried samples of onions, grapes, and
strawberries after equilibration at different relative humidities. Freeze-dried strawberries
and onions were obtained in the form of powder. From the DSC trace for each product,
the glass transition temperature and melting temperatures were determined. The onset
and end temperature of the glass transition were defined. The glass transition temperature
ranges obtained by Sà and Sereno [39] differed from those obtained in this article. The
values of the onset and end glass transition temperature at a water activity of 0.33 obtained
by Sà and Sereno [39] reached −22.6 and −14.8 ◦C, respectively, and the results obtained
in this study at the same water activity were −3.9 and 7.7 ◦C, respectively (Table 2). This
could be due to different sample preparation methods and a different methodology of using
DSC. The Gordon–Taylor equation was able to predict the glass transition temperature for
the water–food systems studied from the corresponding pure component values [39]. The
freeze-dried entire tissue and homogenised tissue of the strawberries were used to obtain
the moisture sorption isotherms and glass transition temperature by Moraga et al. [14].
Strawberry pretreatments cause changes in the tissue structure that affect the water binding
capacity of the different product phases at equilibrium with a determined aw value. They
found that freeze-drying was the method by which products with a very low water content
were obtained. This ensures the stability of the product during storage.

Nightingale et al. [48] investigated the influence of the fluctuation temperature and
relative humidity on the storage of dark chocolate. The impact of the storage conditions
on the quality of the dark chocolate by sensory and, among others, DSC measurements
was determined. The dark chocolate was kept under various conditions and analysed at
0, 4, and 8 weeks of storage. They found that varying the storage conditions (e.g., high
or low temperature and varying humidity) caused changes in the texture of the chocolate.
The cocoa butter changed from the V to VI polymorphic form, which caused blooms on
the surface of the dark chocolate. The temperature variation had the worst effect on the
quality of the dark chocolate. The authors recommended storage of dark chocolate at a
constant temperature and relative humidity. According to Kita et al. [25], the selection of
appropriate storage and packaging conditions for chocolate-covered fruit and nuts will
ensure their appropriate quality.

In this study, phase diagrams for the dark and milk chocolate-coated freeze-dried
strawberries were determined for the first time.

4. Conclusions

Differences in shape and course were observed in the DSC diagrams of the freeze-dried
strawberries and dark and milk chocolate-coated strawberries. The sorption isotherms
of the freeze-dried strawberries and dark and milk chocolate-coated strawberries were
classified as type II according to BET. Based on the obtained results, it can be stated that the
shape and course of the sorption isotherms of the freeze-dried strawberries and dark and
milk chocolate-coated strawberries were influenced by the method of snack preparation.
The glass transition temperature decreased with the increase in the moisture content, which
could be due to the strong plasticizing effect of water on this parameter. Coating with milk
or dark chocolate resulted in a significant reduction in the hygroscopic behaviour of the
freeze-dried strawberries and could be considered a promising way to improve the shelf
life of a product.
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