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Abstract: In a new probiotic food, besides adequate physicochemical properties, it is necessary to
ensure a minimum probiotic content after processing, storage, and throughout gastrointestinal (GI)
digestion. The aim of this work was to study the effect of hot air drying/freeze drying processes,
encapsulation, and storage on the probiotic survival and in vitro digestion resistance of Lactobacillus
salivarius spp. salivarius included into an apple matrix. The physicochemical properties of the food
products developed were also evaluated. Although freeze drying processing provided samples with
better texture and color, the probiotic content and its resistance to gastrointestinal digestion and
storage were higher in hot air dried samples. Non-encapsulated microorganisms in hot air dried
apples showed a 79.7% of survival rate versus 40% of the other samples after 28 days of storage.
The resistance of encapsulated microorganisms to in vitro digestion was significantly higher (p ≤ 0.05)
in hot air dried samples, showing survival rates of 50–89% at the last stage of digestion depending
on storage time. In freeze dried samples, encapsulated microorganisms showed a survival rate of
16–47% at the end of digestion. The different characteristics of the food matrix after both processes
had a significant effect on the probiotic survival after the GI digestion. Documented physiological and
molecular mechanisms involved in the stress response of probiotic cells would explain these results.

Keywords: microencapsulation; hot air drying; freeze drying; probiotic; gastrointestinal simulation

1. Introduction

Juices, fruits, vegetables, breads, and cereals fiber snacks are the main options being studied in
the area of probiotic functional foods as an alternative to dairy products [1]. It is generally accepted
that to have an evident effect, probiotic foods should have a minimum concentration of 106 CFU/mL
or gram, or a total consumption of 108–109 colony forming units (CFU) per day depending on the
microorganism strain and the physiological conditions of the host [2]. Therefore, that the probiotic
microorganisms would exert a beneficial effect on the host, they should survive the stresses suffered
during all food production processing and storage but they also should resist the passage through the
gastrointestinal tract to be delivered in the active form to the specific target point [3].
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In the development of probiotic functional foods, studies have shown that a specific food matrix
can simultaneously allow the multiplication of probiotics and provide protection during the product
shelf life [4,5]. Milk is considered the best matrix due to the high availability of all nutrients needed to
probiotic microorganism growth. However, the fruit matrix has been demonstrated to be a suitable
vehicle for the growth of probiotics [6]. The incorporation of probiotics into a fruit matrix, besides
developing a new probiotic food products category, could protect the microorganisms from the stresses
suffered during processing, storage, and the gastrointestinal (GI) digestion [6]. The encapsulation
of probiotics could offer an additional protection of the microorganisms to maintain survival rates
and higher viabilities during the GI digestion [7,8]. In addition, probiotic microorganisms are able
to adapt to adverse conditions when they have been previously subjected to controlled stresses [9].
Vacuum impregnation technology can incorporate probiotic microorganisms into a fruit matrix in a
controlled way without negative effects on the physicochemical and quality characteristics of the fresh
fruits [10]. The encapsulation of microorganisms by high pressures homogenization allows obtaining
homogeneous capsules, sphere shaped and quite rough, with diameters under 100 µm [11]. However,
the high water content and water activity of the fresh fruits require following a stabilization process
when they are not going to be consumed fresh and will be stored for long periods. Drying permits
increasing the product shelf life by reducing the water activity, therefore, limiting the development
of pathogenic microorganisms and conferring specific characteristics [12]. Freeze drying technology
is the preference selection technique when related to probiotic microorganisms as low temperatures
are used. The freeze dried food products maintain stable during long periods along with having no
negative changes in color neither in volume of the samples [13]. However, freeze drying technology
is expensive and the resulting products have high porosity levels, which could affect the survival of
the microbial cells during the GI digestion. Otherwise, hot air drying technology is not expensive as
freeze drying but the products can reach higher temperatures with significant changes in color and
volume. Moreover, in hot air dried products the shrinkage of the samples, together with the velocity
of water elimination can promote chemical reactions, changes, and interactions among compounds
than can have an effect on their stability and degradation [14]. The aim of this work was to study the
effect of the two drying processes most commonly applied in the food industry, encapsulation, and
storage on the physicochemical properties, the probiotic survival, and in vitro digestion resistance of
Lactobacillus salivarius spp. salivarius included into an apple matrix.

2. Materials and Methods

2.1. Raw Materials

The microorganism Lactobacillus salivarius spp. salivarius was provided in a freeze dried form by
the Spanish Type Cultures Collection (CECT 4063) (Valencia, Spain) [15].

Low pulp mandarin juice, from mandarin fruits cv. Ortanique (Citrus sinensis × Citrus reticulata)
acquired from a local farmer cooperative located in Benaguacil (Valencia, Spain), was obtained following
the methodology previously described in [14].

Apples (cv. Granny Smith) were acquired from a local market located in Valencia (Valencia, Spain).
Apple discs that are 5 mm thick, 20 mm of internal, and 60 mm external diameter were used in
this study.

2.2. Microencapsulation Process

The L. salivarius spp. salivarius microorganisms were encapsulated by homogenization pressures
using the methodology described by [16] with some modifications. Briefly, a mixture of 25 mL of
microorganism solution containing 1010 CFU/mL of L. salivarius isolated by centrifugation at 7700× g
for 15 min at 10 ◦C (Beckman Coulter AvantiTM J-25, Brea, CA, USA), 100 mL of sodium alginate (3%)
(Sigma-Aldrich, Steinheim, Germany), 1 mL of tween 80 (Sharlau, Sentmenat, Spain), and 200 mL
of commercial sunflower oil was homogenized at 70 MPa in two passes (Panda Plus Niro Soavi,
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Parma, Italy). Calcium chloride 0.1 M (Sigma-Aldrich, Steinheim, Germany) was used to break the
emulsion and kept overnight at 4 ◦C to separate the phases. Microcapsules were isolated from the
liquid phase by centrifugation at 7700× g for 15 min at 10 ◦C (Beckman Coulter AvantiTM J-25, Brea,
CA, USA).

2.3. Incorporation of Microorganisms into the Food Matrix and Drying Process

Mandarin juices were used as a probiotic liquid vehicle and apple discs were chosen as the food
matrix. Mandarin juices containing 109 CFU/mL of L. salivarius spp. salivarius encapsulated and
non-encapsulated were prepared as described in [17]. Mandarin juices with probiotic microorganisms
were incorporated into the structural matrix of apple by vacuum impregnation with a vacuum pressure
of 50 mbar for 10 min and atmospheric pressure for further 10 min. The proportion of mandarin
juice and apple was 4:1 (w/w), with apple discs totally submerged into the mandarin juice with
probiotic microorganisms. Air dried apple samples with L. salivarius spp. salivarius encapsulated and
non-encapsulated were obtained using an air drier (POL-EKO model CLW400 TOP, Controltecnica
Instrumentación Científica S.L., Madrid, Spain). The air drying operation was carried out with multiple
temperature stages in one experiment, 60 ◦C for 1 h, 50 ◦C for 30 min, and 40 ◦C up to 24 h. Freeze
dried apple samples with L. salivarius spp. salivarius encapsulated and non-encapsulated were obtained
by freezing at −40 ◦C for 24 h and freeze dried (Telstar, Lyoalfa-6, Azbil, Spain) at 0.1 mbar for 24 h.
The results provided are the average of three replicates (Figure 1).
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Figure 1. Schematic process to obtain impregnated and dried apple discs with probiotic microorganisms.

2.4. Determination of Physicochemical Properties

Dried apple discs were characterized in terms of pH, water activity, and moisture content. Water
activity was measured with a dewpoint hygrometer (Aqualab 4TE; Decagon devices, Pullman, WA,
USA). To determine the pH, an aqueous solution 1:1 (w/w) was prepared and then measured with
a digital pH-meter (Mettler Toledo Gmbh., Schwerzenbach, Switzerland). Moisture content was
calculated from the water lost by a known amount of sample at 60 ◦C for 24 h and further 60 ◦C
at −0.8 bar (Vaciotem, P-SELECTA, Barcelona, Spain) until a constant weight. Determinations were
performed in triplicate.

2.5. Texture and Color Measurements

Color was measured using a spectrocolorimeter (MINOLTA model CM-1000R), with an illuminant
D65 and a 10◦ angle of vision observer. Results were provided in the CIE L*a*b* color system where
L* defines lightness, a* denotes the red-green value, and b* the yellow-blue value. The hue (h*ab)
and the chroma (C*ab) of the samples were also obtained. The results provided are the average of
four replicates.
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The mechanical properties of dried apples were evaluated in a texturometer (Stable Micro Systems
mod. TA.XT plus Godalming, Surrey GU7 1YL, United Kingdom) by means of a compression test
performed with a 2 mm diameter punch on the flat side of each apple disc. Maximum force (N) was
the parameter used to characterize the samples. The equipment was configured so that the probe
penetrated completely the sample by covering a distance of 10 mm. Data were collected with the
software Textura exponent 32, version 6.1.2.0. The speed of the assay was 2.0 mm/s, with an activation
force of 0.04903 N, and cell charge of 5 kg. The results provided are the average of six replicates.

2.6. Microorganisms Content Determination

L. salivarius spp. salivarius was determined on a double layer MRS agar (Scharlab, Barcelona,
Spain) after incubation at 37 ◦C for 24 h. In the encapsulated samples, the first dilution was done in a
phosphate buffer solution stirred for 30 min. Values provided are the average of four replicates.

2.7. Gastrointestinal Simulation Process

In order to simulate the effect of the gastrointestinal digestion on the probiotic microorganisms,
the methodology described in [17] was followed. Ti referred to a L. salivarius spp. salivarius content
(CFU/g), meanwhile ti referred to a moment in the gastrointestinal digestion. Ten grams of the sample
were mixed with 10 mL of pepsine 0.6% (w/v) (Sigma-Aldrich, Steinheim, Germany) adjusted to pH 3
with HCl 4M (t1—T1) and stirred at 37 ◦C for 90 min (t2—T2). The addition on a phosphate buffer
solution (pH 8) with 10% of bile (Sigma-Aldrich, Steinheim, Germany) was performed in the third
step (t3—T3). The phosphate buffer solution with 0.3% of bile and 0.1% pancreatine (Sigma-Aldrich,
Steinheim, Germany) was added on following an incubation at 37 ◦C for 90 min (t4—T4). The results
provided are the average of four replicates.

2.8. Storage

Dried samples were stored in hermetically closed opaque plastic bags without head space at room
temperature until analysis. The samples were analyzed weekly during the 28 days.

2.9. Statistical Analysis

The statistical analysis was carried out by a multifactorial ANOVA analysis, at 95% confidence
level, using the Statgraphics centurion XVI software (StatPoint Technologies, Warrenton, VA, USA).

3. Results and Discussion

3.1. Physicochemical Properties

The physicochemical properties of the air dried and freeze dried apple discs containing L. salivarius
spp. salivarius encapsulated and non-encapsulated are presented in Table 1.

The pH, water activity, and moisture content values were similar to that obtained in previous
studies [6]. All the variables studied, drying process, encapsulation, and storage time, had a significant
effect (p ≤ 0.05) on the water activity values, which were higher for the air dried samples with
encapsulated L. salivarius spp. salivarius. Moreover, the statistical analysis revealed an interaction
effect between all the variables studied. The effect of the storage was more evident in the freeze dried
samples with values going from 0.23 to 0.398 in samples with encapsulated L. salivarius spp. salivarius
and from 0.381 to 0.433 in samples with non-encapsulated L. salivarius spp. salivarius. However, in
air dried samples the water activity values remained stable going from 0.56 to 0.554 and from 0.454
to 0.453 in samples with encapsulated and non-encapsulated L. salivarius spp. salivarius, respectively.
The low water activity values obtained in the samples dehydrated by both techniques did not allow
the growth of harmful fungi or other microorganisms during the storage time. The moisture content
was significantly affected (p ≤ 0.05) by the drying process and the storage time but not by the presence
of L. salivarius spp. salivarius encapsulated or non-encapsulated. The statistical analysis revealed an
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interaction effect between the drying process-storage and encapsulation-storage variables. The higher
values of moisture were obtained in air dried samples with L. salivarius spp. salivarius non-encapsulated.
As for the water activity, the variation of values during the storage were higher in freeze dried samples.
Freezing and sublimation of water during the freeze drying process causes greater cell disruption and
breakage, resulting in higher porosity samples. This facilitates the loss of water during the drying
process and increases the gain of water during storage. The pH values were significantly affected
(p ≤ 0.05) by all the variables studied. The statistical analysis also revealed an interaction effect. In all
cases the pH values ranged between 3.59 and 4.076. The small differences observed can be attributed to
the small differences in the growth of bacteria or to the small differences in humidity. These differences
are not relevant to the physicochemical properties and stability of the final product.

Table 1. Physicochemical characteristics (pH, water activity (aw), and moisture content (xw)) and Fmax

of dried apples with encapsulated and non-encapsulated microorganisms during 28 days of storage.
Results expressed as mean ± standard deviation of at least three replicates.

Storage
(days) aw xw(kgwater/kgsample) pH Fmax

Air
Drying

Encapsulated

1 0.56 ± 0.02 0.111 ± 0.009 3.67 ± 0.03 7 ± 2

7 0.553 ± 0.003 0.103 ± 0.012 3.66 ± 0.02 6.1 ± 0.6

14 0.527 ± 0.003 0.130 ± 0.019 3.62 ± 0.01 7.9 ± 0.7

21 0.541 ± 0.003 0.114 ± 0.001 3.78 ± 0.01 7.1 ± 1.6

28 0.554 ± 0.004 0.101 ± 0.006 3.64 ± 0.02 7.9 ± 0.7

Non-
Encapsulated

1 0.454 ± 0.015 0.142 ± 0.016 3.65 ± 0.02 14.4 ± 1.5

7 0.463 ± 0.01 0.114 ± 0.050 3.67 ± 0.02 14.8 ± 1.8

14 0.455 ± 0.004 0.099 ± 0.006 3.75 ± 0.012 13.3 ± 1.6

21 0.480 ± 0.018 0.105 ± 0.004 3.78 ± 0.010 17 ± 4

28 0.453 ± 0.009 0.094 ± 0.008 3.67 ± 0.02 17 ± 4

Freeze
Drying

Encapsulated

1 0.23 ± 0.02 0.059 ± 0.008 4.076 ± 0.016 5.8 ± 0.9

7 0.37 ± 0.02 0.044± 0.007 3.59 ± 0.02 3.8 ± 1.6

14 0.367 ± 0.003 0.085 ± 0.005 3.52 ± 0.02 2.7 ± 0.5

21 0.385 ± 0.014 0.053 ± 0.002 3.58 ± 0.02 5.3 ± 1.7

28 0.398 ± 0.007 0.084 ± 0.005 3.61 ± 0.05 6.4 ± 1.8

Non-
Encapsulated

1 0.381 ± 0.012 0.05 ± 0.02 3.88 ± 0.04 2.4 ± 0.3

7 0.415 ± 0.003 0.032 ± 0.002 3.780 ± 0.012 4.3 ± 0.5

14 0.408 ± 0.004 0.049 ± 0.003 3.845 ± 0.006 4.3 ± 1.2

21 0.42 ± 0.01 0.068 ± 0.012 4.01 ± 0.02 6.79 ± 1.14

28 0.433 ± 0.009 0.049 ± 0.002 3.940 ± 0.012 5 ± 2

p-Values

Drying (D) 0.0000 0.0000 0.0000 0.0000

Encapsulation (E) 0.0013 0.0589 0.0000 0.0000

Storage (S) 0.0000 0.0328 0.0000 0.0001

D*E 0.0000 0.0927 0.0000 0.0000

D*S 0.0000 0.0150 0.0000 0.9067

E*S 0.0000 0.0030 0.0000 0.0122

The values of color coordinates were significantly higher in freeze dried samples (Table 2). The L*

coordinate was significantly affected by the drying process but not by encapsulation nor storage
time. The observed brightness values in air dried samples can be explained by taking into account
the changes occurring in tissue structure during drying, mainly decreasing porosity, shrinkage, and
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destructuring [18,19]. A significant increase in the brightness value of the freeze dried samples was
observed due to the lower water content and the porous structure formation. The coordinate a* value
was, in all cases, considerably lower than the coordinate b* indicating that the characteristic yellow
color of the fresh fruit was maintained. However, an increase in the coordinates a* and b* samples
revealed a tendency to an orange color for the air dried samples with non-encapsulated microorganisms
as a result of oxidation reactions mainly because of long exposure to air and browning enzymatic
reactions because of the use of high temperatures. The lower increase in the a* coordinate by the
freeze dried samples can be attributed to the use of low temperatures during the process and the
absence of air exposure during the sublimation of frozen water. Statistical analysis of the data showed
a significant effect of the drying process and encapsulation in coordinates a*, b*, C*

ab. A significant
effect of the storage time was also observed on the coordinate h*

ab. The coordinate h*
ab showed a

significant interaction effect between the drying process and storage. The samples that maintained a
more stable form of the h*

ab coordinate during the storage were the encapsulated freeze dried samples.

Table 2. Color coordinates (L*a*b*), chroma (C*
ab), and hue (h*

ab) of dried apples with encapsulated
and non-encapsulated microorganisms during 28 days of storage. Results expressed as mean± standard
deviation of at least three replicates.

Storage
(Days) L* a* b* C*

ab h*
ab

Air
Drying

Encapsulated

1 43 ± 12 3 ± 2 19 ± 9 19 ± 9 81 ± 7

7 48 ± 10 3.6 ± 0.4 24 ± 8 24 ± 8 81 ± 4

14 61 ± 5 3.10 ± 1.09 29 ± 3 30 ± 3 84 ± 2

21 40 ± 5 4 ± 2 20 ± 7 20 ± 7 77 ± 5

28 53 ± 10 6 ± 2 29 ± 9 30 ± 10 78 ± 3

Non-
Encapsulated

1 55 ± 2 5.4 ± 1.2 31 ± 3 31 ± 3 80 ± 3

7 62 ± 10 8 ± 3 33 ± 6 34 ± 7 76 ± 4

14 47 ± 7 7 ± 3 26 ± 3 27 ± 3 75 ± 6

21 47 ± 5 8.1 ± 1.6 26 ± 5 27 ± 4 72 ± 6

28 40 ± 4 10.4 ± 1.6 22 ± 2 24 ± 2 64 ± 5

Freeze
Drying

Encapsulated

1 82.9 ± 1.4 −0.4 ± 0.9 27.6 ± 0.9 27.6 ± 0.9 91 ± 2

7 82.1 ± 0.6 −2.1 ± 0.3 27 ± 3 27 ± 3 94.60 ± 1.02

14 81.1 ± 1.5 −1.1 ± 1.2 25 ± 4 25 ± 4 93 ± 3

21 81.3 ± 0.9 −2.0 ± 0.6 27 ± 5 28 ± 5 94.3 ± 1.5

28 80.7 ± 1.6 0.1 ± 1.3 31 ± 4 31 ± 4 90 ± 3

Non-
Encapsulated

1 78.5 ± 0.9 3.1 ± 0.5 37 ± 4 37 ± 4 85.1 ± 0.3

7 78 ± 2 5 ± 2 37 ± 3 37 ± 3 83 ± 3

14 78 ± 3 4.2 ± 1.3 37 ± 2 37 ± 2 83 ± 2

21 78.1 ± 1.8 4.4 ± 1.9 38 ± 4 39 ± 4 84 ± 3

28 78.3 ± 1.4 5 ± 2 38 ± 3 38 ± 3 82 ± 3

p-Values

Drying (D) 0.0000 0.0000 0.0000 0.0000 0.0000

Encapsulation (E) 0.4986 0.0000 0.0000 0.0000 0.0000

Storage (S) 0.0721 0.0004 0.6644 0.5766 0.0005

D*E 0.0933 0.0351 0.0073 0.0150 0.2208

D*S 0.0790 0.0951 0.2234 0.2813 0.0197

E*S 0.0060 0.2359 0.0181 0.0308 0.0683

The maximum force required to penetrate the samples was significantly affected by all the variables
analyzed, showing an interaction effect between the drying—encapsulation and encapsulation—storage
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variables (Table 1). The main changes induced by dehydration treatments that affected the mechanical
properties of plant tissues were cellular turgor loss, alteration of the middle lamella, altered cell wall
strength, changes in the volume fractions of gas and liquid, as well as changes in the size and shape
of the samples [20]. The values of maximum force obtained in air dried samples were significantly
higher with remarkable values in non-encapsulated samples. This may be explained in terms of lower
water content in the freeze dried samples that reached at the end of the process, but also in structural
changes occurring in different plant tissues depending on the stabilization technique employed. Thus,
the removal of frozen water by sublimation promoted the formation of a porous structure, while the
associated water evaporation involving convective drying resulted in greater volume changes and
promoted the collapse of its structure [21]. The presence of encapsulated microorganisms modified
significantly (p ≤ 0.05) the texture of air dried samples, with lower values of maximum force similar
to those of freeze dried samples. The incorporation of alginate capsules with a low density into the
structure of apple discs probably led to a reduction in their hardness as previously notified in other
food matrices [22]. In air dried samples the addition of microcapsules resulted in less dense crystalline
networks and reduced particle–particle interactions, with more open structures and void spaces [23].

3.2. Content of L. salivarius spp. salivarius after Drying and during Storage

The content of L. salivarius spp. salivarius encapsulated and non-encapsulated in dried apples
together with the survival percentage during the storage is shown in Table 3. The drying process,
encapsulation of microorganisms, and storage had a significant effect (p ≤ 0.05) on the content and
survival of L. salivarius spp. salivarius. Immediately after drying, the microbial content was higher
in the freeze dried samples. Until 14 days of storage, the survival percentage in all samples was
higher than 50%. The significant damage caused to cells during dehydration operations, together
with the limited availability of water and nutrients, causes a significant decrease in the content of
microorganisms within a few days of storage. The higher content of non-encapsulated L. salivarius spp.
salivarius observed in air dried samples during all the storage time was remarkable. The content of
L. salivarius spp. salivarius obtained at 14 and 28 days of storage were 5.66 and 5.14 Log CFU/gdried,
respectively (Table 3). These values are significantly different from those obtained previously [6] in
air dried samples at 40 ◦C for 24 h, being 2.89 and 1.3 Log CFU/gdried after 14 and 30 days of storage.
The differences obtained in both studies could be attributed to the different drying temperatures and
could be explained by taking into account the responses of lactobacilli to specific stresses and their
capacity of adaptation and survival. The probiotic microorganisms contained in our apple samples
faced several stresses during both drying processes. Drying temperatures, acid pH, osmotic pressures,
and oxidation physiologically affected the cells. The responses of lactobacilli to environmental stress
have been reported [9]. The physiological and molecular mechanisms involved in the stress response
are well documented, including the induction of a specific protein leading to possible increases in
specific or multiple stress tolerances [24]. In our case, the high temperatures (60 and 50 ◦C) during
air drying to which the microbial cells have been subjected for a short period of time together with
the oxidation conditions could have favored their survival during the subsequent air drying and
storage. Our results agree with [25] who found an increase in the L. salivarius spp. salivarius survival
by heating bacterial cultures at 50 ◦C for 15 min before spray-drying. The heat stress response could
have an effect on the technological performance of lactobacilli due to the induction of some metabolic
pathways [26]. The induction of these responses could be found after exposure to sublethal heat stress
(specific response) or after exposure to other types of environmental stress (generic response), as was
previously proven in other probiotic microorganisms [26]. The porous envelope of the encapsulated
microorganisms could confer a protection against high temperatures, avoiding the favorable response
to thermal stress, but seemed to not protect the cells against the oxidation or the water migrations
during the storage. This was in agreement with other authors that observed alginate capsules were not
able to protect encapsulated microorganisms from water migrations [27] or oxidation reactions [28]
during storage.
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Table 3. Microbial content of L. salivarius spp. salivarius encapsulated and non-encapsulated (Log
CFU/gdried) in dried apples stored for 28 days. The number in brackets indicates the survival of
microorganisms in percentage. Results expressed as mean ± standard deviation of four replicates.

Day 1 Day 7 Day 14 Day 21 Day 28

Air Drying
Encapsulated 6.28 ± 0.09 (100) 5.030 ± 0.106 (80) 3.9 ± 0.3 (62) 3.36 ± 0.12 (53.5) 2.54 ± 0.06 (40.4)

Non-
Encapsulated 6.45 ± 0.09 (100) 6.19 ± 0.04 (96) 5.66 ± 0.06 (87.8) 5.36 ± 0.04 (83) 5.14 ± 0.08 (79.7)

Freeze
Drying

Encapsulated 7.00 ± 0.13 (100) 5.01 ± 0.04 (71.6) 3.61 ± 0.07 (51.6) 3.86 ± 0.06 (55) 2.64 ± 0.13 (37.7)

Non-
Encapsulated 7.10 ± 0.04 (100) 5.40 ± 0.07 (76) 5.13 ± 0.05 (72.3) 3.80 ± 0.05 (53.5) 3.2 ± 0.2 (45.1)

The obtained p-values of variables (drying, encapsulation, and storage) and their interactions were in all cases 0.0000.

3.3. Content of L. salivarius spp. salivarius after the Gastrointestinal (GI) Digestion Process

The simulated GI digestion process in this study covered the critical steps suffered by the probiotic
microorganisms throughout the entire digestive system [17]. Thus, the t1 and t2 steps referred to
the gastric mixture and digestion, respectively, t3 referred to the duodenal shock and t4 referred to
the intestinal digestion. As a probiotic microorganism, to exert a beneficial effect, L. salivarius spp.
salivarius should survive until the last step of the GI digestion (t4). L. salivarius spp. salivarius has
been demonstrated to have a potential effect against the Helicobacter pylori infection [15]. In order to
exert a specific beneficial effect against the Helicobacter pylori infection, the microorganisms should
be able to colonize the stomach (t2). The content of L. salivarius spp. salivarius encapsulated and
non-encapsulated in dried apples, exposed to simulated gastrointestinal tract conditions is presented in
Table 4. All the variables studied, drying operation, encapsulation of the microorganisms, storage, GI
digestion process, as well as the interaction between all the variables indicated, had a significant effect
(p ≤ 0.05) on the microorganism content. In order to easily observe the differences obtained among
samples, the relative content (Ti/T0 = CFU in ti/CFU in t0) of L. salivarius spp. salivarius at each stage of
the GI digestion process in air dried (left) and freeze dried (right) samples is presented in Figure 2.
The microbial content after simulation of the GI tract conditions was higher in air dried samples than
in freeze dried ones. The authors compared the survival of different probiotic microorganisms to the
GI digestion in cheese, orange juice, and bread, and found that the strain selected independently of
the food matrix had an influence on the survival of microorganisms [29]. However, the composition
with more fat content and the structure, liquid, or solid, of the different food matrices affected the
probiotic survival [29]. As far as we know, there are no studies that compare the same food matrix
subjected to different processes. In our case, the different characteristics of the food matrix after both
processes had a significant effect on the probiotic survival after GI digestion. The encapsulation of
L. salivarius spp. salivarius was effective in protecting microbial cells during digestion processing,
and the protection was higher during the storage in both dried samples. Generally, encapsulation
showed higher survival rates in the t1 and t3 stages independently of the drying process applied.
However, in the first stage of the digestion process, the positive effect of the encapsulation on the
freeze dried samples only appears after 14 days of storage. Our findings were similar to other studies
in which the encapsulation increased the survival of the probiotics microorganisms during the GI
digestion and the storage [30,31]. The survival rate reached by the air dried samples in the t1 stage
was remarkable including a growth of microorganisms in some cases. The mandarin juice used as
a liquid vehicle for microorganism growth and for their incorporation into the apple matrix had a
pH of 3.4. Apple fruit had a pH between 3 and 4. Probably, the growing, processing, and storage of
L. salivarius spp. salivarius in acidic conditions could promote the acid tolerance of microbial cells [32].
The porosity and volume differences between air and freeze dried samples could explain the differences
obtained in the microorganisms survival rates at t1 in both drying processes. Less porosity in air dried
samples together with marked shrinkages could promote a slower contact kinetics and could favor
the survival of L. salivarius spp. salivarius in acidic conditions. This agrees with the results obtained
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by [33] who demonstrated that two lactobacillus strains were able to survive in artichokes 90 days
without showing viability loss after the GI digestion and concluded that the roughness of the vegetable
structure contributed to the successful bacteria protection.

Table 4. Microbial content of L. salivarius spp. salivarius encapsulated and non-encapsulated (Log
CFU/gdried) during the digestion process of dried apples stored for 28 days of storage. The number in
brackets indicates the survival of microorganisms in percentage. Results expressed as mean ± standard
deviation of four replicates.

Day 1 Day 7 Day14 Day 21 Day 28

Air
Drying

Encapsulated

t0
6.28 ± 0.09

(100)
5.030 ± 0.106

(100)
3.9 ± 0.3

(100)
3.36 ± 0.1

(100)
2.54 ± 0.06

(100)

t1
8.6 ± 0.2

(138)
3.649 ± 0.103

(73)
2.84 ± 0.07

(72)
3.46 ± 0.06

(103)
3.16 ± 0.04

(124)

t2
6.3 ± 0.2

(101)
3.02 ± 0.07

(60)
1.9 ± 0.2

(48)
2.73 ± 0.03

(81)
2.052 ± 0.104

(81)

t3
6.0 ± 0.2

(95)
2.64 ± 0.06

(52)
2.48 ± 0.12

(63)
2.80 ± 0.04

(83)
2.42 ± 0.12

(95)

t4
5.6 ± 0.3

(89)
2.94 ± 0.04

(59)
1.9 ± 0.3

(50)
2.84 ± 0.09

(84)
1.5 ± 0.2

(60)

Non-
Encapsulated

t0
6.45 ± 0.09

(100)
6.19 ± 0.04

(100)
5.66 ± 0.06

(100)
5.36 ± 0.04

(100)
5.14 ± 0.08

(100)

t1
7.23 ± 0.04

(112)
6.06 ± 0.13

(98)
5.63 ± 0.09

(100)
2.50 ± 0.09

(47)
1.9 ± 0.2

(37)

t2
5.18 ± 0.09

(80)
4.32 ± 0.05

(70)
4.04 ± 0.09

(71)
1.65 ± 0.09

(31)
1.2 ± 0.8

(23)

t3
5.25 ± 0.05

(81)
1.85 ± 0.09

(30)
2.88 ± 0.06

(51)
1.673 ± 0.102

(31)
1.5 ± 0.9

(28)

t4
4.046 ± 0.112

(63)
2.85 ± 0.04

(46)
1.9 ± 0.2

(34)
1.56 ± 0.04

(29)
1.2 ± 0.2

(23)

Freeze
Drying

Encapsulated

t0
7.00 ± 0.13

(100)
5.01 ± 0.04

(100)
3.61 ± 0.07

(100)
3.86 ± 0.06

(100)
2.64 ± 0.13

(100)

t1
6.40 ± 0.07

(91)
4.62 ± 0.13

(92)
2.95 ± 0.04

(82)
2.4 ± 0.2

(62)
2.2 ± 0.2

(85)

t2
5.25 ± 0.09

(75)
2.8 ± 0.3

(56)
2.4 ± 0.5

(67)
1.7 ± 0.3

(44)
1.94 ± 0.13

(74)

t3
3.42 ± 0.12

(49)
2.2 ± 0.2

(43)
2.1 ± 0.4

(58)
1.2 ± 0.3

(32)
1.13 ± 0.06

(43)

t4
1.900 ± 0.102

(27)
2.3 ± 0.2

(47)
1.4 ± 0.2

(39)
0.6 ± 0.4

(16)
1.1 ± 0.2

(43)

Non-
Encapsulated

t0
7.10 ± 0.04

(100)
5.40 ± 0.07

(100)
5.13 ± 0.05

(100)
3.80 ± 0.05

(100)
3.2 ± 0.2

(100)

t1
6.481 ± 0.112

(91)
4.242 ± 0.012

(79)
4.06 ± 0.12

(79)
3.02 ± 0.07

(79)
0.7 ± 0.7

(20)

t2
2.93 ± 0.12

(41)
2.3 ± 0.2

(42)
1.7 ± 0.3

(33)
2.06 ± 0.14

(54)
0.3 ± 0.7

(10)

t3
1.4 ± 0.9

(20)
1.2 ± 0.2

(22)
1.39 ± 0.05

(27)
0.8 ± 0.5

(20)
0.3 ± 0.7

(10)

t4
0.5 ± 0.4

(8)
0.7 ± 0.2

(14)
0.4 ± 0.4

(9)
0.3 ± 0.3

(8)
0.2 ± 0.3

(5)

The obtained p-values of variables (drying, encapsulation, and storage) and their interactions were in all cases 0.0000.
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Figure 2. Relative content (Ti/T0 = CFU in ti/CFU in t0) of L. salivarius spp. salivarius at each 

stage of the GI digestion process in air dried (left) and freeze dried (right) samples.  
 

Figure 2. Relative content (Ti/T0 = CFU in ti/CFU in t0) of L. salivarius spp. salivarius at each stage of
the GI digestion process in air dried (left) and freeze dried (right) samples.

4. Conclusions

Hot air and freeze drying allowed obtaining of dried apples that contain probiotic microorganisms
with suitable physicochemical characteristics during 28 days. Contrary to that generally expected,
the hot air drying processing allowed obtaining a higher amount of probiotic microorganisms in
fruit matrices than freeze drying and also with a higher resistance to the GI digestion. The different
characteristics of the food matrix after both processes had a significant effect on the probiotic survival
after the GI digestion. An appropriate managing of the process operations could help increase the
microorganism survival until acceptable levels of probiotics microorganism. The understanding of
the processes effect on the microorganisms’ survival and its resistance to in vitro digestion are key
steps to develop this new type of product. Further fundamental studies on probiotic survival during
processing and storage would be necessary in order to enhance the microorganisms’ protection and
thus, the industrial utility.

Author Contributions: Conceptualization, E.B., N.B. and M.D.R.; methodology, L.C.-J. and C.B.; writing—original
draft preparation, L.C.-J.; writing—review and editing, E.B. and N.B.; funding acquisition, E.B. All authors have
read and agreed to the published version of the manuscript.

Funding: Authors thank the postdoctoral grant Juan de la Cierva Incorporación (IJCI-2016-29679).

Conflicts of Interest: Authors declare no conflict of interests.

References

1. Brahma, S.; Sadiq, M.B.; Ahmad, I. Probiotics in Functional Foods. Ref. Modul. Food Sci. 2019. [CrossRef]
2. International Dairy Federation (IDF/FIL). Physiological and functional properties of probiotics. Bull. Int.

Dairy Fed. 1992, 272, 17–22.
3. FAO/WHO. Probiotics in Food-Health and Nutritional Properties and Guidelines for Evaluation. 2006.

Available online: http://www.fao.org/3/a-a0512e.pdf (accessed on 1 February 2020).
4. Batista, A.L.D.; Silva, R.; Cappato, L.P.; Almada, C.N.; Garcia, R.K.A.; Silva, M.C.; Raices, R.S.L.; Arellano, D.B.;

Sant’Ana, A.S.; Junior, C.A.C.; et al. Quality parameters of probiotic yogurt added to glucose oxidase
compared to commercial products through microbiological, physical-chemical, and metabolic activity
analyses. Food Res. Int. 2015, 77, 627–635. [CrossRef]

5. Martinez, R.C.R.; Aynaou, A.E.; Albrecht, S.; Schols, H.A.; De Martinis, E.C.P.; Zoetendal, E.G.; Venema, K.;
Saad, S.M.I.; Smidt, H. In vitro evaluation of gastrointestinal survival of Lactobacillus amylovorus DSM
16698 alone and combined with galactooligosaccharides, milk and/or Bifidobacterium animalis subsp. lactis
Bb-12. Int. J. Food Microbiol. 2011, 149, 152–158. [CrossRef]

6. Betoret, E.; Betoret, N.; Calabuig-Jiménez, L.; Patrignani, F.; Barrera, C.; Lanciotti, R.; Dalla Rosa, M. Probiotic
survival and in vitro digestion of L. salivarius spp. salivarius encapsulated by high homogenization pressures
and incorporated into a fruit matrix. LWT-Food Sci. Technol. 2019, 111, 883–888.

http://dx.doi.org/10.1016/B978-0-08-100596-5.22368-8
http://www.fao.org/3/a-a0512e.pdf
http://dx.doi.org/10.1016/j.foodres.2015.08.017
http://dx.doi.org/10.1016/j.ijfoodmicro.2011.06.010


Microorganisms 2020, 8, 654 11 of 12

7. Burgain, J.; Gaiani, C.; Linder, M.; Scher, J. Encapsulation of probiotic living cells: From laboratory scale to
industrial applications. J. Food Eng. 2011, 104, 467–483. [CrossRef]

8. Capela, P.; Hay, T.K.C.; Shah, N.P. Effect of cryoprotectants, prebiotics and microencapsulation on survival of
probiotic organisms in yoghurt and freeze-dried yoghurt. Food Res. Int. 2005, 39, 203–211.

9. Tsakalidou, E.; Papadimitriou, K. Stress Responses of Lactic Acid Bacteria; Springer: New York, NY, USA, 2011;
Volume 23, pp. 23–67.

10. Betoret, E.; Betoret, N.; Arilla, A.; Bennár, M.; Barrera, C.; Codoñer, P.; Fito, P. No invasive methodology to
produce a probiotic low humid apple snack with potential effect against Helicobacter pylori. J. Food Eng.
2012, 110, 289–293. [CrossRef]

11. Patrignani, F.; Siroli, L.; Serrazanetti, D.I.; Braschi, G.; Betoret, E.; Reinheimer, J.A.; Lanciotti, R.
Microencapsulation of functional strains by high pressure homogenization for a potential use in fermented
milk. Food Res. Int. 2017, 97, 250–257. [CrossRef]

12. Betoret, E.; Betoret, N.; Rocculi, P.; Dalla Rosa, M. Strategies to improve food functionality: Structure-property
relationships on high pressure homogenization, vacuum impregnation and drying operations. Trends Food
Sci. Technol. 2015, 46, 1–12. [CrossRef]

13. Betoret, E.; Calabuig-Jiménez, L.; Barrera, C.; Dalla Rosa, M. Sustainable drying technologies for the
development of functional foods and preservation of bioactive compounds. In Sustainable Drying Technologies;
Del Real Olvera, J., Ed.; IntechOpen: Rijeka, Croatia, 2016; pp. 37–57.

14. Betoret, E.; Sentandreu, E.; Betoret, N.; Codoñer-Franch, P.; Valls-Bellés, V.; Fito, P. Homogenization pressures
applied to citrus juices manufacturing. Functional properties and application. J. Food Eng. 2012, 111, 28–33.
[CrossRef]

15. Aiba, Y.; Suzuki, N.; Kabir, A.M.; Takagi, A.; Koga, Y. Lactic acid–mediated suppression of Helicobacter pylori
by the oral administration of Lactobacillus salivarius as a probiotic in a gnotobiotic murine model. Am. J.
Gastroenterol. 1998, 93, 2097–2101. [CrossRef] [PubMed]

16. Ding, W.K.; Shah, N.P. Effect of homogenization techniques on reducing the size of microcapsules and the
survival of probiotic bacteria therein. J. Food Sci. 2009, 74, M231–M236. [CrossRef] [PubMed]

17. Calabuig-Jiménez, L.; Betoret, E.; Betoret, N.; Patrignani, F.; Barrera, C.; Seguí, L.; Lanciotti, R.; Dalla Rosa, M.
High pressures homogenization (HPH) to microencapsulate L. salivarius spp. salivarius in mandarin juice.
Probiotic survival and in vitro digestion. J. Food Eng. 2019, 240, 43–48.

18. Maskan, M. Drying shrinkage and rehydration characteristics of kiwifruits during microwave drying.
J. Food Eng. 2001, 48, 177–182. [CrossRef]

19. Lewicki, P.P.; Jakubczyk, E. Effect of hot air temperature on mechanical properties of dried apples. J. Food Eng.
2004, 64, 307–314. [CrossRef]

20. Chiralt, A.; Martínez-Navarrete, N.; Martínez-Monzó, J.; Talens, P.; Moraga, G.; Ayala, A.; Fito, P. Changes in
mechanical properties throughout osmotic processes: Cryoprotectant effect. J. Food Eng. 2001, 49, 129–135.
[CrossRef]

21. Contreras, C.; Martín, M.E.; Martín-Navarrete, N.; Chiralt, A. Effect of vacuum impregnation and microwave
application on structural changes which occurred during air-drying of apple. LWT-Food Sci. Technol. 2004,
38, 471–477. [CrossRef]

22. Santos, M.G.; Carpinteiro, D.A.; Thomazini, M.; Rocha-Selmi, G.A.; da Cruz, A.G.; Rodrigues, C.E.C.;
Favaro-Trindade, C.S. Coencapsulation of xylitol and menthol by double emulsion followed by complex
coacervation and microcapsule application in chewing gum. Food Res. Int. 2014, 66, 454–462. [CrossRef]

23. Qaziyani, S.D.; Pourfarzad, A.; Gheibi, S.; Nasiraie, L.R. Effect of encapsulation and wall material on the
probiotic survival and physicochemical properties of symbiotic chewing gum: Study with univariate and
multivariate analyses. Heliyon 2019, 5, e02144. [CrossRef]

24. Alonso García, E.; Pérez Montoro, B.; Benomar, N.; Castillo-Gutiérrez, S.; Estudillo-Martínez, M.D.;
Knapp, C.W.; Abriouel, H. New insight into the molecular effects and probiotic properties of Lactobacillus
pentosus pre-adapted to edible oils. LWT-Food Sci. Technol. 2019, 109, 153–162. [CrossRef]

25. Zhang, Y.; Lin, J.; Zhong, Q. Effects of media, heat adaptation, and outlet temperature on the survival of
Lactobacillus salivarius NRRL B-30514 after spray drying and subsequent storage. LWT- Food Sci. Technol.
2016, 74, 441–447. [CrossRef]

26. De Angelis, M.; Gobbetti, M. Stress Responses of Lactobacilli. In Stress Responses of Lactic Acid Bacteria, 1st ed.;
Tsakalidou, E., Papadimitriou, K., Eds.; Springer: New York, NY, USA, 2011; Volume 23, pp. 219–249.

http://dx.doi.org/10.1016/j.jfoodeng.2010.12.031
http://dx.doi.org/10.1016/j.jfoodeng.2011.04.027
http://dx.doi.org/10.1016/j.foodres.2017.04.020
http://dx.doi.org/10.1016/j.tifs.2015.07.006
http://dx.doi.org/10.1016/j.jfoodeng.2012.01.035
http://dx.doi.org/10.1111/j.1572-0241.1998.00600.x
http://www.ncbi.nlm.nih.gov/pubmed/9820379
http://dx.doi.org/10.1111/j.1750-3841.2009.01195.x
http://www.ncbi.nlm.nih.gov/pubmed/19723206
http://dx.doi.org/10.1016/S0260-8774(00)00155-2
http://dx.doi.org/10.1016/j.jfoodeng.2003.10.014
http://dx.doi.org/10.1016/S0260-8774(00)00203-X
http://dx.doi.org/10.1016/j.lwt.2004.07.017
http://dx.doi.org/10.1016/j.foodres.2014.10.010
http://dx.doi.org/10.1016/j.heliyon.2019.e02144
http://dx.doi.org/10.1016/j.lwt.2019.04.028
http://dx.doi.org/10.1016/j.lwt.2016.08.008


Microorganisms 2020, 8, 654 12 of 12

27. Dianawati, D.; Shah, N.P. Enzyme stability of microencapsulated Bifidobacterium animalis ssp. lactis Bb12 after
freeze drying and during storage in low water activity at room temperature. J. Food Sci. 2011, 76, M463–M471.
[CrossRef] [PubMed]

28. Anal, A.K.; Singh, H. Recent advances in microencapsulation of probiotics for industrial applications and
targeted delivery. Trends Food Sci. Technol. 2007, 18, 240–251. [CrossRef]

29. Soares, M.B.; Martínez, R.C.R.; Pereira, E.P.R.; Balthazar, C.F.; Cruz, A.G.; Ranadheera, C.S.; Sant´Ana, A.S.
The resistance of Bacillus, Bifidobacterium, and Lactobacillus strains with claimed probiotic properties in
different food matrices exposed to simulated gastrointestinal tract conditions. Food Res. Int. 2019, 125, 108542.
[CrossRef]

30. Ribeiro, M.C.E.; Chaves, K.S.; Gebara, C.; Infante, F.N.; Grosso, C.R.; Gigante, M.L. Effect of
microencapsulation of Lactobacillus acidophilus LA-5 on physicochemical, sensory and microbiological
characteristics of stirred probiotic yoghurt. Food Res. Int. 2014, 66, 424–431. [CrossRef]

31. Yonekura, L.; Sun, H.; Soukoulis, C.; Fisk, I. Microencapsulation of Lactobacillus acidophilus NCIMB 701748
in matrices containing soluble fibre by spray drying: Technological characterization, storage stability and
survival after in vitro digestion. J. Funct. Foods 2014, 6, 205–214. [CrossRef]

32. Kajfasz, J.K.; Quivey, G. Responses of Lactic Acid Bacteria to Acid Stress. In Stress Responses of Lactic Acid
Bacteria, 1st ed.; Tsakalidou, E., Papadimitriou, K., Eds.; Springer: New York, NY, USA, 2011; Volume 23,
pp. 23–53.

33. Valerio, F.; De Bellis, P.; Lonigro, S.L.; Morelli, L.; Visconti, A.; Lavermicocca, P. In vitro and in vivo survival
and transit tolerance of potentially probiotic strains carried by artichokes in the gastrointestinal tract.
Appl. Environ. Microbiol. 2006, 72, 3042–3045. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/j.1750-3841.2011.02246.x
http://www.ncbi.nlm.nih.gov/pubmed/21696390
http://dx.doi.org/10.1016/j.tifs.2007.01.004
http://dx.doi.org/10.1016/j.foodres.2019.108542
http://dx.doi.org/10.1016/j.foodres.2014.10.019
http://dx.doi.org/10.1016/j.jff.2013.10.008
http://dx.doi.org/10.1128/AEM.72.4.3042-3045.2006
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Raw Materials 
	Microencapsulation Process 
	Incorporation of Microorganisms into the Food Matrix and Drying Process 
	Determination of Physicochemical Properties 
	Texture and Color Measurements 
	Microorganisms Content Determination 
	Gastrointestinal Simulation Process 
	Storage 
	Statistical Analysis 

	Results and Discussion 
	Physicochemical Properties 
	Content of L. salivarius spp. salivarius after Drying and during Storage 
	Content of L. salivarius spp. salivarius after the Gastrointestinal (GI) Digestion Process 

	Conclusions 
	References

