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Abstract: Chia seed mucilage (CM), flaxseed mucilage (FM), and inulin (INL) were used as
encapsulating agents to evaluate the possibility of increasing the survival of Lactobacillus casei
var. rhamnosus, renamed recently to Lacticaseibacillus rhamnosus, after spray drying. Moreover,
the viability of encapsulated L. rhamnosus was determined during the 250 day storage period at 4 °C.
In a second stage, the conditions that maximized the survival of L. rhamnosus were evaluated on other
probiotic bacteria (Lactiplantibacillus plantarum, Bifidobacterium infantis, and Bifidobacterium longum).
Additionally, the viability of encapsulated probiotics during the 60 day storage period at 4 and 25 °C
was evaluated. The conditions that maximize the survival of L. rhamnosus (90%) predicted by a
face-centered central composite design were 14.4% w/v of maltodextrin, 0.6% w/v of CM, and 90 °C of
inlet air temperature. Additionally, under these encapsulating conditions, the survival of L. plantarum,
B. infantis, and B. longum was 95%, 97%, and 96%, respectively. The probiotic viability improved
during storage at 4 °C but decreased at 25 °C. The highest viability values obtained for probiotics
during spray drying and during storage suggest a thermoprotector effect of CM, which would ensure
an optimal probiotic efficacy in the product, thus promoting its utilization in the food industry.

Keywords: microencapsulation; spray drying; probiotic bacteria; Lacticaseibacillus rhamnosus; flaxseed
mucilage; chia seed mucilage; inulin

1. Introduction

The probiotics market was valued at USD 46.54 billion in 2017 [1] and is projected to grow to
USD 76.85 billion by 2024 [2]. This growth is due to consumer awareness of the health benefits of
probiotic-based products. Several studies have shown that probiotics not only enhance the health
of the digestive system but also influence the care of the skin, oral cavity, female urogenital tract,
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and respiratory tract, among others [3,4]. Species in the Lactobacillus and Bifidobacterium genera are
the most studied probiotic bacteria, and some of them are used by the food industry. Lactobacilli
have a relevant role in controlling undesirable microbiota in the gut and are able to prevent the rise
in pathogenic bacteria by producing antimicrobial metabolites [5], maintaining the stability of the
gastrointestinal tract, preventing intestinal infections, and generally supporting intestinal health [6].
Lactobacillus casei var. rhamnosus (Lcr35), renamed recently to Lacticaseibacillus rhamnosus [7], has the
ability to adhere to intestinal cells by exerting antibacterial activity [8], and has also be shown to be
effective in treating children with bowel diseases such as chronic constipation [9]. Forestier et al. [10]
showed that L. rhamnosus delayed respiratory tract colonization and infection by Pseudomonas aeruginosa
when administrated orally. Kovachev and Dobrevski-Vacheva [11] determined that the application
of vaginal ovules with L. rhamnosus (Lcr35) after conventional 5-notroimidazole treatment increased
the clinical and microbiological efficacy of the therapy, and the microbial balance in the vaginal
ecosystem was restored in women diagnosed with bacterial vaginosis. On the other hand, several
studies have shown that a bacteriocin from Lactobacillus plantarum ATCC 8014, renamed recently to
Lactiplantibacillus plantarum [7], exhibits inhibitory activity against Staphylococcus aureus, Escherichia
coli, Listeria innocua, Pseudomonas aeruginosa, and biofilm forms of Serratia marcescens strains [12,13].
Furthermore, L. plantarum ATCC 8014 presents inhibitory activity against Clostridium spp. [14]. On the
other hand, bifidobacteria are considered as one of the early colonizers in the newborn’s gut, the presence
of which is favored by the consumption of human breast milk, which presents several factors that
promote the growth of these strains, such as lactulose and N-acetylglucosamine-containing saccharides
and oligosaccharides [15]. Bifidobacteria have been incorporated into various food products because
they show beneficial effects on human health ranging from protection against infection to different extra-
and intra-intestinal positive effects [16]. Yun et al. [17] determined that oral administration of B. longum
ATCC 15707 improved the survival (70%) rates of mice infected with Clostridium difficile, and the
intestinal tissues maintained structural integrity with some degree of damage. Rodrigues et al. [18]
demonstrated that B. longum ATCC 15707 supplementation increased the minerals content (calcium,
phosphorus, and magnesium) in the tibia and gave it a higher fracture strength in rats. Sheng et al. [19]
determined that the synbiotic treatment (Bifidobacterium infantis and xylooligosaccharide) was more
effective than either the probiotic or prebiotic alone against dextran sulfate sodium-induced ulcerative
colitis in rats. The efficacy of synbiotic treatment may be explained by the additive combination of the
direct anti-inflammatory effects of the probiotic and prebiotic components and their ability to fortify
colonic epithelial barrier integrity.

The therapeutic effect of probiotics is achieved when their consumption is at least 10°~10” CFU/g or
mL [20], so the industry must ensure probiotic survival after the production process and viability during
storage of the products containing them. Several studies have demonstrated that microencapsulation
improves the survival and viability of probiotics [21-23]. Microencapsulation of probiotics is designed
to increase their stability and viability during processing and storage of several types of products,
and in the presence of gastric and intestinal fluids [24]. Spray drying is the most common method
used to microencapsulate probiotics [22,25] because it has a high production rate, low operation cost,
and the product has low humidity, is stable, and occupies a small volume [26]. However, the main
disadvantage of spray drying is the impact that the process temperature has on the cellular integrity of
probiotics during drying: It reduces the stability of encapsulated bacteria during product storage due
to osmotic stress, damage to the membrane, ribosome, DNA, and protein [27,28].

The composition and concentration of the solids in the encapsulation solution are relevant factors
because they define the degree of protection for probiotics against adverse environmental factors,
such as thermal and dehydration damage during spray drying, storage conditions, and gastrointestinal
conditions of the host. Maltodextrin, protein, polysaccharides, and reconstituted skimmed milk are
the most frequently used encapsulating agents in the encapsulating solution to protect probiotics
from the aforementioned adverse factors [25,26]. Some other materials have been suggested for use
in the encapsulating solution, such as prebiotics, soluble fiber, microbial polysaccharides (pullulan),
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and fruit juices; the results are promising as they improve the survival and viability of probiotics during
spray-drying encapsulation and during storage [22,25,29-33]. Prebiotics are of special interest because
of their synbiotic relationship with probiotics and because some may act as a thermoprotector [34-36].

Inulin (INL) is a heterogeneous blend of fructose polymers that can be found in a wide range
of plants, such as dahlia, garlic, Jerusalem artichoke, onions, chicory roots, and others [37]. INL is
a functional food ingredient that can be used as a prebiotic, texture modifier, fat or sugar replacer,
or dietary fiber [38]. The consumption of INL reduces the high triacylglycerol concentrations and,
therefore, reduces the risk of atherosclerosis, decreases the risk of intestinal tract diseases (irritable
bowel diseases and colon cancer), and enhances the absorption of calcium, magnesium, and iron [38].

Flaxseed (Linum usitatissimum L.) is considered a functional food because it contributes to
nutrition and has shown numerous beneficial health effects [39]. This seed presents a high content
of soluble fiber (7-10% of seed weight), commonly known as flaxseed mucilage (FM) [39,40]. It is
characterized as a mixture of two acidic (thamnogalacturonan I) [41,42] and one neutral polysaccharide
(arabinoxylan) [42,43]. FM has several potential applications, such as a texturing agent in the food
industry and a lubricant for the skin surface in cosmetic applications. In addition, the syneresis of
the gel decreases when FM is mixed with other hydrocolloids [44]. Furthermore, FM consumption
can prevent intestinal inflammation, decrease glucose and cholesterol in the blood [45], alter the
gut microbiota and improve insulin sensitivity in obese postmenopausal women [46], and suppress
postprandial lipemia in young men [47].

Chia (Salvia hispanica L.) seeds are considered a safe and functional food, contributing to nutrition
and preventing and treating several diseases such as cardiovascular diseases, inflammatory and
nervous system disorders, and diabetes, among others [48]. In 2017, the European Parliament and
the Council on novel foods declared chia seeds a novel food, and, therefore, able to be placed on
the market [49]. Chia soluble dietary fiber is a clear mucilaginous gel known as chia seed mucilage
(CM). It is composed of neutral sugars, D-xylose and D-glucose, showing the presence of various
carbohydrates on its structure, forming a tetra-saccharide as proposed by Lin et al. [50]. The CM has a
slimy, mucilaginous character at low concentrations, a property that will allow it to be widely used in
the food, pharmaceutical, and cosmetic industries [51].

L. rhamnosus has been on the market for more than 20 years as a pharmaceutical product; however,
studies evaluating the effect of spray-drying microencapsulation on its survival are limited. On the
other hand, new encapsulating agents are constantly being sought, with better properties than those
traditionally used. However, studies evaluating chia or flax seeds as a source of raw materials
for encapsulating probiotics through spray drying are limited. Therefore, studies evaluating the
survival and viability cell after drying and during storage are also limited. Although probiotic
microencapsulation with INL is common, few studies have evaluated its effect on the survival of
L. rhamnosus microencapsulated by spray drying.

The aims of this study were to evaluate the possibility of increasing survival of L. rhamnosus after
spray drying using inulin or mucilage from chia or flax seeds as encapsulating agents. Moreover,
the viability of encapsulated L. rhamnosus was determined during a 250 day storage period at 4 °C.
Then, in a second stage, the conditions that maximized the survival of L. rhamnosus were evaluated on
other probiotic bacteria (L. plantarum, B. infantis, and B. longum). Additionally, we also evaluated the
viability of encapsulated probiotic bacteria during the 60 day storage period at 4 and 25 °C.

2. Materials and Methods

2.1. Materials

Bifidobacterium infantis ATCC 15679, Bifidobacterium longum ATCC 15707, and Lactobacillus plantarum
(Lactiplantibacillus plantarum) ATCC 8014 were from American Type Culture Collection (Rockville, MD,
USA). Lactobacillus casei var. rhamnosus (Lacticaseibacillus rhamnosus) was from Lactil® (LaboratorioChile,
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Chile). Inulin was purchased from Terrium® (Chile). Flaxseed and chia seeds were acquired from the
local market. L-cysteine-HCl was purchased from Calbiochem® (Darmstadt, Germany).

2.2. Extraction of FM and CM

The FM was extracted according to Bustamante et al. [52]. Briefly, seeds were extracted with hot
distilled water at 90-95 °C and pH 5.0 for 30 min under agitation, at a 1:10 (w/v) ratio. The extraction
was repeated three times.

The CM extraction was carried out according to Bustamante et al. [22] with some modifications.
Seeds were extracted with hot distilled water at 80 °C and pH 5.0 for 2 h, at a 1:40 (w/v) ratio.
The extraction was repeated twice.

Then, both extracts, CM and FM, were spread on a tray and dried at 60 °C in an air convection
heat oven, milled and passed through a 0.425 mm mesh, and stored at —20 °C until use.

2.3. Preparation of Probiotic Suspension

Probiotics were pre-cultured twice with 5% (v/v) inoculum in MRS (5 mL) broth and incubated at
37 °C for 12 h. For strains of the genus Bifidobacterium, MRS broth (Difco, USA) was supplemented
with L-cysteine-HCl (0.05%, w/v) and incubated under anaerobic conditions (GasPak™ anaerobiosis
generator system, BD, USA). The probiotics for the encapsulation assays by spray drying were grown
in MRS (200 mL) broth inoculated (5%, v/v) with the grown pre-culture and incubated at 37 °C for
12 + 2 h. Probiotics in the late-log phase were harvested by centrifugation (6000x g for 10 min at 4 °C);
the pellets were washed with sterile distilled water and, again, centrifuged as described above. Finally,
the probiotics were re-suspended in sterile distilled water and added to the encapsulating solution.
In this stage, the bacterial suspension presented a total viable count between 10” and 10'® CFU/mL.

2.4. Effect of Inulin, or Mucilage from Chia or Flax Seeds, and Inlet Air Temperature on the Survival of
L. rhamnosus after Spray Drying

The effect of CM, FM, or INL as an encapsulating agent was determined on L. rhamnosus survival
after spray drying. Bacterial suspensions fed to the spray dryer contained maltodextrin (MD, food
grade, with a dextrose equivalent of 15, Prinal®) and different concentrations (0, 0.3, 0.6% w/v) of
CM, (0, 0.1, 0.2% w/v) FM, or INL (0, 5, 10% w/v) such that the total solids concentration was 15%
(w/v). The effect of encapsulating agents on L. rhamnosus survival was determined at three inlet
air temperatures (90, 110, and 130 °C). A response surface methodology (RSM) matrix was applied
as the experimental design. The experiments were organized according to a face-centered central
composite design with two variables (encapsulating agent and drying temperature) and three replicated
center-point experiments. A total of 11 experiments were performed for each encapsulating agent
(Table 1). The survival after spray drying and viability of L. rhamnosus during storage under the
refrigerated condition (4 °C) was followed periodically for 40 days and then determined at 80 and
250 days.

Table 1. A design central composite face-centered with two variables, encapsulating agent (chia seed
mucilage, flaxseed mucilage, and inulin) content (EAC) and drying inlet air temperature (T).

Encapsulating Solution

Treatment T (°O)
EAC t (%, w/v) MD t (%, w/v)
1 INL 0.0 15.0 90
2 110
3 130
4 5.0 10.0 90
5 110
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Table 1. Cont.

Encapsulating Solution

Treatment T (O
EAC Tt (%, w/v) MD t (%, w/v)
6 130
7 10.0 5.0 90
8 110
9 130
10 CM 0.0 15.0 90
11 110
12 130
13 0.3 14.7 90
14 110
15 130
16 0.6 14.4 90
17 110
18 130
19 FM 0.0 15.0 90
20 110
21 130
22 0.1 14.9 90
23 110
24 130
25 0.2 14.8 90
26 110
27 130

t INL: Inulin, CM: Chia seed mucilage, FM: Flaxseed mucilage, MD: Maltodextrin.

2.5. Effect of Chia Seed Mucilage on the Survival After Spray Drying and Viability during Storage of
L. plantarum and Strains of the Genus Bifidobacterium

This stage assessed the effect of the operation conditions (0.6% w/v of CM and 90 °C of inlet air
temperature) that maximized the survival of L. rhamnosus during the spray-drying process on survival
after spray drying and viability during storage of L. plantarum, B. infantis, and B. longum. Probiotics for
the spray-drying assays were prepared according to item 2.3. The viability of encapsulated bacteria
during storage was determined periodically for 60 days at 4 and 25 °C.

2.6. Spray Drying

The encapsulation process by spray drying was performed in a Lab-Plant SD-05 laboratory
spray dryer, (Huddersfield, England), with a 1.5 mm diameter nozzle and main spray chamber of
500 mm X 215 mm. Probiotic suspensions were continuously mixed using a magnetic stirrer throughout
the spray-drying process. The feed flow rate used was 6 g/min. The dry powder was collected in sterile
glass bottles and stored under refrigeration (4 °C) until characterization.

2.7. Analyses

The CM and FM were characterized for proteins, lipids, fiber, ash, and non-nitrogen extract,
according to official AOAC methods [53].

Probiotic count was determined by serial dilution in 0.1% (w/v) sterile buffered peptone water,
according to Bustamante et al. [22]. Probiotic viability was expressed as CFU/g of dry powder and the
results were expressed as log CFU/g. The percent survival of probiotics was calculated as proposed by
Simpson et al. [54]:

N

Survival (%) = (N_o) % 100 1)
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where N and Nj represent log CFU/g of the spray-dried powder after drying and log CFU/g of dry
matter in the suspension fed into the dryer, respectively.

The feed solutions (10 mL) viscosity comprising the sterile encapsulation solution and L. rhamnosus
was determined using an AND Vibro SV-10 viscometer (A&D Company, Limited, Japan) at 20 °C.
The assay was performed in quadruplicate.

2.8. Characterization of the Spray-Dried Product

The morphology of the dried particles was evaluated with a scanning electron microscope (SEM)
(SU3500, Hitachi, Japan) according to Bustamante et al. [22]. In the analysis, a small amount of dry
particles was deposited and dispersed onto the sample holder equipped with double-sided carbon
tape. The particles size was determined with SEM.

The residual moisture content of the spray-dried powders was determined according to the
methodology established by the International Dairy Federation [55], i.e., the sample was oven-drying
at 102 °C until reaching constant weight.

2.9. Statistical Analysis

The Design Expert 6.0 statistics software (Stat-Ease, Minneapolis, Mn, USA) was used to perform
statistical analysis. Analysis of variance (ANOVA) was applied to determine the significance (p < 0.05)
of the encapsulating agent concentration and drying inlet air temperature on the survival of L. rhamnosus.
Significant differences between mean values were detected using Tukey’s test (p < 0.05) (Minitab®
version 17.1.0).

3. Results and Discussion

3.1. Effect of Inulin, or Mucilage from Chia or Flax Seeds, and Inlet Air Temperature on the Survival of
L. rhamnosus after Spray Drying

Prior to the encapsulation assay, CM and FM were characterized. The results showed that the
main component of CM was the non-nitrogen extract (64.15%), followed by proteins (14.43%), lipids
(1.07%), fiber (2.35%), and ash (12.18%), while the main component in FM was non-nitrogen extract
(67.21%), followed by proteins (15.74%), lipids (0.55%), fiber (2.04%), and ash (9.11%).

The effect of CM (0, 0.3, 0.6% w/v), EM (0, 0.1, 0.2% w/v), and INL (0, 5, 10% w/v) as a component
of the encapsulating solution on the survival of L. rhamnosus after spray drying was tested at different
inlet air temperatures (90, 110, and 130 °C). The RSM with a face-centered central composite design was
used to determine the influence of the encapsulating agent and inlet air temperature on the survival
of L. rhamnosus after spray drying; in Table 2, the results obtained in the nine drying runs for each
encapsulating agent are shown.

The viscosity is a relevant property for spray drying; when the solids content increases in the
encapsulating solution, its viscosity increases, resulting in large droplet sizes, which demands higher
inlet air temperatures, reducing the viability of probiotics. In this context, we carry out preliminary
tests to determine the concentration of the encapsulating agent (CM and FM), allowing small drops to
be produced during spraying. The results showed that the concentrations that make the difference
in the production of small drops or larger ones were 0.6% (w/v) and 0.2% (w/v) for CM and FM,
respectively. The INL (10%, w/v) concentration was selected to maintain the total solids content at 15%
(w/v) in the encapsulation solution and the minimum concentration suggested by Corcoran et al. [26].

The viscosity of the encapsulating solution increases when the concentration of the encapsulating
agent is increased, such as in CM (3.21 and 37.78 mPa s for 0 and 0.6% w/v, respectively) and FM
(2.36 and 6.22 mPa s for 0 and 0.2% w/v, respectively) (Table 2). The viscosity of the encapsulating
solution with CM was significantly (p < 0.05) higher compared to FM and INL. CM has a slimy
mucilaginous character at low concentrations due to it being constituted mainly by carbohydrates such
as D-xylose and «-D-glucose, and 4-0-methyl-o-D-glucuronic acid at a ratio of 2:1:1, respectively [50,51].
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Another study reported that the high viscosity of CM solution can be attributed to inter-molecular
chain entanglement in the aqueous medium due to the presence of 4-O-methyl glucuronic acid
substituent [56]. Moreover, the increase in viscosity attributed to the increase in the CM and FM
concentration in the dispersion could be due to hydrodynamic forces and the formation of an interfacial
film that produces an increased restriction of intermolecular motion [57].

The highest concentration of each encapsulating agent exhibited high probiotic survival when
the lowest drying inlet air temperature (90 °C) was evaluated, 81% (INL, 10% w/v), 90% (CM, 0.6%
w/v), and 83% (FM, 0.2% w/v) (treatment 7, 16, and 25, Table 2, respectively). Moreover, for each type
and concentration of encapsulating agent, the survival of L. rhamnosus significantly decreased as the
drying inlet air temperature was increased from 90 to 130 °C. This fact can be explained by the loss
of viability of L. rhamnosus during convective thermal processing related to cellular lesions resulting
from the combined effects of heat and mechanical stress [58]. In previous studies, we evaluated the
effect of CM (0.2, 0.4 and 0.6%, w/v) as a component of the encapsulating solution on L. acidophilus
La-05 survival. The results showed a survival of 75.7% when L. acidophillus La-05 was encapsulated
with 0.6% CM and dried at 110 °C [22], a similar survival trend to that obtained in the present study.
However, the rate survival of probiotic bacteria depends on the strain [54].

Table 2. Viscosity of encapsulating solution (i), moisture content of powder, and survival of L. rhamnosus
after spray drying, and response given by the model derived from the experimental data.

Testment utmPad Mol RO el i
1 321 +0.029e 5.68 + (.27 b¢ 80.89 79.54 + 0.25 -1.18
2 401 +0.24¢f 67.48 68.72 £ 1.20 0.71
3 3.48 +0.16 8! 61.46 61.57 + 0.74 0.09
4 214 +0.09¢ 6.53 + 0.28 2 75.24 78.47 + 0.74 1.83
5 3.96 + 0.24 < 59.33 58.14 + 1.52 -1.08
6 3.98 +0.19 ¢ 50.81 51.14 + 2.18 0.18
7 2.06 +0.07 © 5.14 + 0.16 <4 83.02 81.14 + 0.63 -1.64
8 3.66 + 0.20 °f 64.60 66.91 +2.09 1.31
9 3.61 +0.14°¢f 53.58 53.16 + 0.29 -0.37
10 321 +0.11de 5.68 + (.27 b¢ 81.79 83.45 + 3.56 0.92
11 401 +0.24¢f 70.16 68.72 + 1.20 -0.71
12 3.48 +0.16 8! 58.53 61.57 + 0.74 1.69
13 18.30 £ 0.79 P 4.04 +0.18] 84.43 83.04 + 0.59 -0.68
14 4.01+031¢f 72.80 71.67 + 1.98 0.43
15 299 +0.158 61.18 59.44 + 1.84 -0.85
16 37.78 +1.54 2 472 +0214 87.07 89.98 + 0.90 1.62
17 3.73 +0.17 ¢ 75.44 73.91 + 0.73 -0.75
18 371 +0.17¢ 63.82 65.70 + 0.63 1.05
19 3.21 +0.01 de 6.23 + 0.26 2 80.73 79.54 + 0.25 -0.41
20 401 +0.24¢f 70.37 68.72 + 1.20 -0.49
21 3.48 +0.16 8! 60.00 61.57 + 0.74 0.54
22 479 +0.10 <@ 6.20 + 0.31 b 83.46 80.81 + 0.07 -0.79
23 5.14 + 0.12 <d 73.09 76.34 + 2.07 0.84
24 354 +0.17 ¢ 62.72 58.14 + 0.29 -1.37
25 622 +£0.27 ¢ 5.61 +0.24°¢ 86.18 83.46 + 0.15 -0.93
26 220+ 0.12h 75.81 80.83 £ 0.11 1.50
27 238 +0.09N 65.45 61.89 + 1.13 -1.21

 Mean values of four experiments; ' Mean values of two replicates, except in the central point where there were
three replicates. Different letters in the same column indicate significant differences by Tukey’s one-way analysis of
variance (p < 0.05).
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The survival of L. rhamnosus in terms of CM and FM concentration, and inlet air temperature (T)
fits a linear relationship according to the following equations:

S (%) =72.80 +2.64CM —11.63 T r? =0.94 2)

S (%) =73.09 + 2.72 FM — 10.30 T 2 =0.85 )

Meanwhile, the survival in terms of INL and T fits a quadratic equation:
S(%)=59.33 -144INL - 1221 T+ 6.71 INL? +3.70 T2 = 2.50 INL X T 2 =097 4)

The three models have predictive capability deduced from the signal-to-noise ratio (higher than 4),
the small residual value, and Student residual and the “Lack of Fit F-value” (not significant) are
appropriate for the description of the response surface. Only inlet air temperature significantly
contributed (p < 0.05) to the predicted survival of the L. rhamnosus after drying, independent of
encapsulating agent type (Table 3). The three-dimensional surface plot (Figure 1) shows that the
survival of L. rhamnosus increased as the inlet air temperature was decreased from 130 to 90 °C,
and the concentration of CM and FM increased from 0.0 to 0.6% (w/v) (Figure 1a), and 0.0 to 0.2%
(w/v) (Figure 1b), respectively. Additionally, Figure 1c shows a minimum value for the survival of
L. rhamnosus (50.23%) obtained to 6.5% (w/v) of INL at 130 °C, where drying inlet air temperature
significantly (p < 0.0001) influenced the response (Table 3).

Survival (%)
Survival (%)

T(¢C) w00 ‘“’\,;
M (% wiv) -~ FM (% wiv)

~— N
9007000 50070.00

@ ) (b)

Survivval (%)

T(C) 1000™_

250
—— In(%wh)
90.0 0,00

(0)

Figure 1. Three-dimensional surface plot for the survival of L. rhamnosus after spray drying. (a) Chia
seed mucilage (CM) and drying inlet air temperature (T), (b) Flaxseed mucilage (FM) and drying inlet
air temperature (T), (c) Inulin (INL) and drying inlet air temperature.
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Table 3. Summary of ANOVA for the overall effects of chia seed mucilage (CM), flaxseed mucilage
(FM), or inulin (INL) concentration in the encapsulating solution and drying inlet air temperature (T)
on the survival of the L. rhamnosus after spray drying.

Factors DF? Mean Square Fexp b p>F
INL 1 12.40 1.95 0.2211
T 1 895.19 140.99 <0.0001
INL2 1 114.07 17.97 0.0082
T? 1 34.70 5.46 0.0666
INL x T 1 25.07 3.95 0.1037
M 1 39.49 6.78 0.0314
T 1 811.03 139.28 <0.0001
M 1 4455 2.97 0.1233
T 1 645.01 4295 0.0002

2 DF = Degree of freedom. P Fexp = Fisher ratio. Test for comparing model variance with residual variance.

Viability of the L. rhamnosus encapsulated with CM or without CM (control assay, only MD)
decreased gradually during the first fourteen days of storage at 4 °C and then remained relatively
constant (Figure 2). After one day of drying, viability of the L. rhamnosus encapsulated with 0.6% (w/v)
of CM and dried at 90 °C (Figure 2c) was higher than the control (without CM, Figure 2a) and with
0.3% (w/v) of CM (Figure 2b). After 30 days, viability of the L. rhamnosus (Figure 2b) encapsulated with
0.3% (w/v) of CM and dried at 90 °C showed an increase, which seems to be related to chain breakup;
however, the reason for the apparent increase in the count under experimental conditions has not been
determined [59]. After 40 days, the viability of L. rhamnosus in all the powders was greater than 6 log
CFU/g, and counts were higher than the levels recommended by the FAO/WHO [20] for probiotics to
provide well-being and provide the consumer with health benefits. Furthermore, the highest viability
of L. rhamnosus (9.26 log CFU/g) was obtained in powders with 0.6% (w/v) of CM and 90 °C of inlet
air temperature, counts higher than the levels required by the Italian Ministry of Health and Health
Canada of the Government of Canada (9 log CFU) [60].

The effects of storage under refrigeration conditions (4 °C) on the viability of L. rhamnosus
encapsulated after 80 and 250 days are shown in Table 4. The count after 80 days varied from 6.39
to 9.12 log CFU/g, while after 250 days, it varied between 6.30 and 9.07 log CFU/g. Therefore, all the
treatments showed counts higher than 6 log CFU/g, the minimum count recommended to offer
consumer health benefits [20]. After 80 days of refrigerated storage, the viability of L. rhamnosus was
significantly (p < 0.001) higher in the powders with 0.6% (w/v) of CM and dried at 90 °C. On the other
hand, after 250 days of storage at 4 °C, the viability was significantly (p < 0.001) higher in powders
with 0.3 and 0.6% (w/v) dried at 90 °C.

Table 4. Effect of the encapsulating solution (ES) composition and drying inlet air temperature (T) in
spray drying on viability of L. rhamnosus after 80 and 250 days of storage at 4 °C.

Composition ES (% w/v) Viability (log CFU/g)
T (°C)
MD * cmt Day 80 Day 250
90 15 0 7.82+025¢ 7.77 £0.11°
14.7 0.3 876 £0.053> 872 +0.042
14.4 0.6 9.12+0.112  9.07+0.122
110 15 0 7.63+0.33¢ 743 +0.28°
14.7 0.3 751 +0.33¢ 7.29 +0.26 P
144 0.6 8.02+024b% 767 +0.04P
130 15 0 639+£014¢  633+017°¢
14.7 0.3 648 +0249¢  660+0.12°¢
144 0.6 729+0169  630+0.10¢

* MD: Maltodextrin; CM: Chia seed mucilage. Different letters in the same column indicate significant differences
by Tukey’s one-way analysis of variance (p < 0.05).
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The results observed in this study on the enhanced survival and viability of the L. rhamnosus
encapsulated with 0.6% (w/v) of CM suggest that this chia seed component would act as a
thermoprotector of cells undergoing the drying process and storage. The protein (14.43%) content of CM
reported in this study was similar to those reported by Bustamante et al. [52] and Felisberto et al. [61],
who determined that CM presented a high-protein-soluble concentration, 11.62 and 13.71 g/100 g
dry weight, respectively. On the other hand, Sandoval-Oliveros and Paredes-Lopez [62] determined
that the chia seed proteins are mainly constituted by globular proteins (52%). Furthermore, it has
been shown that the soluble fiber of chia seed and the proteins (denatured due to the encapsulation
solution sterilization and the effect of the drying inlet air temperature) present in mucilage may
increase the water holding capacity, enhancing the swelling ability [63], which would afford the
bacteria greater protection. On the other hand, the globulins exhibit poor mechanical properties
because the hydrophobic and SH groups are buried inside the molecule. Drying temperature produces
protein denaturation, changing its native structure, allowing protein—protein interactions, disulfide
cross-linking, and hydrogen-boding; these interactions make the denatured protein stiffer, stronger,
and stretchable, which would better protect the cells [52,64].
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Figure 2. Viability of L. rhamnosus encapsulated by spray drying with different concentrations of

chia seed mucilage (CM) during storage at 4 °C. (a) Control without the CM, (b) 0.3% w/v of CM,
and (c) 0.6% w/v of CM. Drying inlet air temperature (O) 90 °C, () 110 °C, and (*) 130 °C.

The residual moisture content is an important factor not only for maintaining the viability of
microencapsulated microorganisms, but also for handling, storage, packaging, and transportation,
among others [65]. In this assay, the moisture content (Table 2) varied between 2.20 and 6.53%. These low
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values show the production spray-dried powders with good manipulation characteristics, stable due
to the lower amount of water available for chemical reactions, probiotics viability, and stability of the
product during storage, among others.

3.2. Effect of Spray Drying on the Survival of L. plantarum and Strains of the Genus Bifidobacterium and
Viability during Storage

The operating conditions (0.6% w/v of CM at 90 °C) that maximize the survival of L. rhamnosus
were applied for encapsulating L. plantarum, B. infantis, and B. longum (probiotic bacteria commonly
found in the human gastrointestinal tract and present in many dairy products and functional foods).
Cell damage and activity loss may occur during processing, and also during storage of the dehydrated
cells. Thus, the encapsulation process should ensure that the microorganisms survive processing,
as well as maintain their viability during storage. In this context, viability during storage at 4 and
25 °C was evaluated for 60 days. The survival of different probiotic bacteria after drying (Table 5) was
greater than 90% (L. rhamnosus, 91.23%; L. plantarum, 94.77%,; B. longum, 96.07%; and B. infantis, 97.24%).
The high probiotic bacteria survival suggests that CM thermoprotected cell inactivation during spray
drying, avoiding damage to the membrane, ribosome, DNA, and protein [33,34]. On the other hand,
the fiber (2.35%) content of CM may offer different degrees of protection to the cell and act as a gelling
agent, increasing encapsulating efficiency and microcapsule stability. Other factors that could also
explain this high survival are strain growth phase (late-log phase or start-stationary phase) during spray
drying and the intrinsic tolerance of strains to heat. In this study, probiotic bacteria were harvested
in the late-log phase, the stage in which spray drying causes low cell damage, and a high number of
viable cells is obtained after drying. Teixeira et al. [66] determined that stationary phase cultures were
more resistant to heat than exponential phase cultures, while Corcoran et al. [26] determined that the
stationary phase was most suitable for microencapsulation by spray drying. Moreover, the survival of
the Bifidobacterium species after spray drying is dependent on the kinds of carrier [67] and varies with
the strains because some have a distinctive tolerance to heat [54]. In this assay, the moisture content of
powders varied between 2.95 and 5.77% (Table 4), values that ensure the fluidity and stability of the
product and avoid its agglomeration [65].

Table 5. Survival of probiotic strains encapsulated by spray drying with chia seed mucilage (0.6% w/v)
at 90 °C and moisture content after spray drying.

Probiotic Strain Survival t (%) Moisture Tt (%)
L. rhanmosus 91.23 +2.882 295 +0.17
L. plantarum ATCC 8014 9477 £ 1952 3.52+0.18
B. infantis ATCC 15679 97.24 +2.324 5.77 + 0.20
B. longum ATCC 15707 96.07 +0.07 @ 4.70 + 0.41

Same letters in the same column indicate not significantly different (p < 0.05) according to Tukey’s test.  Mean
values of two replicates. 't Mean values of four replicates.

All spray-dried microcapsules containing probiotic bacteria show high viability for a period of
60 days of storage at 4 °C (Figure 3). The initial counts of probiotics varied between 10.50 + 0.10 and
9.64 + 0.08 log CFU/g for B. infantis and L. rhamnosus, respectively. Then, after 60 days of storage,
the counts varied between 10.04 + 0.13 and 8.46 + 0.25 log CFU/g, for the same probiotic strains,
values above the recommended levels for probiotic food throughout the storage time, i.e., equal to or
greater than 6 log CFU/g of the product [20,68]. In addition, the viability of microcapsules containing
L. plantarum, B. infantis, or B. longum, stored after 60 days at 4 °C (Figure 3a), was significantly (p < 0.05)
greater than the viability of L. rhamnosus. The high viability values obtained for all probiotic bacteria
can be explained by a decrease in their metabolic activity when stored at refrigeration temperatures.
On the other hand, during storage of the microcapsules at 25 °C, a continuous decrease was noted in the
viability of the four probiotics (Figure 3b). The initial counts of probiotics varied between 10.24 + 0.31
and 9.45 + 0.17 log CFU/g for B. infantis and L. plantarum, respectively. However, L. rhamnosus lost
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its viability drastically after 28 days. Meanwhile, after 60 days of storage, viability of B. longum,
L. plantarum, and B. infantis reached counts of 1.70 + 0.08, 5.53 + 0.20, and 6.45 + 0.23 log CFU/g,
respectively. In this context, B. infantis and L. plantarum are more stable than B. longum and L. rhamnosus
at 25 °C. These results, compared to counts at 4 °C, represent a loss in viability for B. longum, L. plantarum,
and B. infantis of 83, 44, and 36%, respectively. The reduction in the number of viable probiotics stored
at 25 °C can be explained because at this temperature, the metabolic activity is higher and nutrients are
consumed quickly [69]. A solution to protect the viability of probiotic bacteria during storage is to
perform double encapsulation, where the outer layer has a protective function and the inner layer a
nutritional function.
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Figure 3. Viability during storage of probiotics encapsulated by spray drying with 0.6% w/v of chia
seed mucilage (CM) in the encapsulating solution at 90 °C: (a) 4 °C and (b) 25 °C. (=) L. plantarum,
(o) B. infantis, (+) B. longum, and (e) L. rhamnosus.

3.3. Characterization of the Spray-Dried Product

Figure 4 shows the SEM images of spray-dried particles containing probiotic bacteria encapsulated
with 0.6% w/v of CM at 90 °C, stored for 1 day at 4 °C. The particles of all the four groups show
a spherical shape and assorted sizes, varying between 1.77 and 15.5 um, with concavities typical
of materials produced by spray drying due to the shrinkage of the particles because of the rapid
evaporation of the liquid drops [70]. Additionally, the SEM micrographs revealed that the external
surface of the dry particles is free of fissure or disruption; entrapped cells are not visible in powder.
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Figure 4. Scanning electron microscopy images of spray-dried particles containing probiotics stored for
1 day at 4 °C. The spray-drying process was conducted with an encapsulating solution that contained
maltodextrin (14.4% w/v) and chia seed mucilage (0.6% w/v) and dried with an inlet air temperature of
90 °C. (a) L. rhamnosus, (b) L. plantarum, (c) B. infantis, and (d) B. longum.

4. Conclusions

Our results show that the survival of L. rhamnosus encapsulated by spray drying was negatively
affected by the inlet air temperature, an effect that can be reduced when chia seed mucilage, flaxseed
mucilage, or inulin were incorporated into the encapsulation solution. The optimal conditions of
encapsulation (0.6% w/v of CM; 14.4% w/v of MD; 90 °C) improve the survival and viability of probiotics,
achieving counts higher than recommended to exert consumer health benefits. Optimum encapsulation
conditions allowed promising survival values (>91%) during spray drying and viability (>8.5log CFU/g)
during storage under refrigeration conditions (4 °C) of L. plantarum, B. infantis, and B. longum. The high
viscosity of the aqueous solution of chia seed mucilage restricts its concentration in the encapsulation
solution by spray drying. However, these results show the potential of chia seed mucilage to
thermoprotect the integrity of probiotic cells against processing and storage conditions, which ensure
an optimal probiotic efficacy in the end product. The incorporation of probiotic cells into food matrices
is not easy, due to the wide range of detrimental processes that take place during food processing and
storage. In this context, the results of this study can be used as a reference by the food industry, as the
incorporation of chia seed mucilage as an encapsulating agent for probiotic cells by spray drying is a
strategy that would surpass the obstacles related to the probiotics’ lethality due to food processing
and storage.
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