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Abstract: Polysaccharides have excellent potential as food-grade coating materials for microencapsu-
lation in pro- and prebiotics-based functional food industry. In this study, potato, maize, and rice
resistant starches composite coatings with D-mannose, maltodextrin, and whey protein concentrate
were prepared for the spray-dried microencapsulation of Lactobacillus acidophilus KLDS 1.1003. Assess-
ment of different polysaccharide coatings to enhance the longevity of probiotics at high temperatures
of spray-drying process, storage, and targeted delivery in the gastrointestinal tract were the key
objectives of the present study. The highest microencapsulation efficiencies were shown by maize
(95.80%) and potato (94.30%) resistant starches. Similarly, maize resistant starch (MRS)-based com-
posites provided the highest thermal resistance, with Tg 38.77 ± 1.10–93.13 ± 0.81 ◦C and showed
the least 2.1 log cycles viability loss in simulated GI tract. Viability losses during storage were in the
following order: control > RRS > PRS > MRS, and the inactivation rate of the microencapsulated
cells followed the first-order kinetics (R2 = 0.9264–0.9918). The resistant starch-based spray-dried
microcapsules possessed 27.00 ± 0.03 to 52.28 ± 1.02 µm size range and SEM micrographs showed a
unified smooth surface without cracks and ruptures. These findings will expand the potential use of
natural food-grade coatings in functional foods and allied industries involving spray-dried products.

Keywords: polysaccharides; coating composites; probiotics; thermal protection; microcapsules;
in vitro digestion; storage stability; morphology

1. Introduction

Functional foods provide nutrition and demonstrate specific targeted functions sat-
isfactorily beneficial for improved health by reducing the risk of disease in the body [1].
Human eating lifestyles are driven by the food industry, which is continually searching for
innovative ways to introduce bioactive compounds and microorganisms (probiotics) that
play a pivotal role in sustaining better health in the human population [2]. According to
the (WHO) World Health Organization and (FAO) Food and Agriculture Association of
the United Nations, probiotics are defined as the ‘living microorganisms which convey
several health benefits to the host after administering in sufficient quantities’ [3]. Probi-
otics are primarily driven from lactic acid bacteria (LAB) and are the fastest growing sector
of the pharmaceutical, nutraceutical, and functional food industries [4]. The probiotic
functionality to impart their beneficial effects to the host is closely related to their viability
in minimum adequate amounts, i.e., 106–107 CFU/mL or g of food [5]. The global signifi-
cance of probiotics is increasing due to their health-maintaining nutritional and therapeutic
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values [6]. Health benefits include healthy gut microbiota, antimicrobial potentials [7–10],
relief in constipation, boosting up the immune system [11,12], improving calcium absorp-
tion [13], synthesizing vitamins, prevention of diarrhea [14], Helicobacter pylori infection
treatment, reduction in serum cholesterol levels, improvement in lactose tolerance levels,
and protection from colon cancer [15]. However, their availability is compromised due to
their sensitivity to acidic environments, severe heat treatment, humidity, mechanical pro-
cessing, oxygen toxicity, food matrix physical state, storage temperatures, and adverse
gastrointestinal conditions [16,17].

Lactobacillus acidophilus is amongst the most important commercial species of the
Lactobacillus genus [18], which is normally added to probiotic functional foods like yo-
ghurt, milk, toddler formula, and dietary supplements [19,20]. The optimum growth of L.
acidophilus takes place at 40 to 42 ◦C but above 45 ◦C it loses its viability during processing
and storage [21]. This shortcoming limits its application in heat dried powder products [22].
According to a study, a variety of matrices related to polysaccharides and milk proteins
can significantly protect the probiotic microorganisms through microencapsulation [23].
The cells remain entrapped within the microencapsulating material which favors bacterial
viability throughout processing, storage, and gastrointestinal tract passage [24]. Microen-
capsulation (ME) is a process which provides a physical barrier around the microbes or
active ingredients and improves their delivery in functional foods by providing protec-
tion against harsh environmental conditions throughout the processing and consumption
periods [25,26]. Among the microencapsulation techniques spray-drying is a technique
utilized on an industrial scale [27], but utilization of high temperatures causes thermal
inactivation and simultaneous dehydration of probiotic microorganisms during the drying
process which are key disadvantages in need of addressing [28].

Likewise, finding natural and effective coating materials for the spray-dried microen-
capsulation of probiotics, preserving their viability from harsh environments, is another
main challenge in microencapsulation [29,30]. There increasing investigation of resis-
tant starch (RS) matrices with thermos-protectants to formulate the prebiotic/probiotic
(symbiotic) combinations for microencapsulation [29]. A small fraction of the starch,
termed resistant starch (RS) escapes digestion in the small intestine by resisting pancreatic
enzymes and is fermented in the large intestine by healthy microflora [31]. Utilization of
RS for probiotics microencapsulation has dealt with numerous technological problems, e.g.,
thermal stability, increased shelf life, and targeted delivery [32,33].

Rice, maize, and potato resistant starches are starches with small granular size, contain-
ing high levels of resistant starch [34]. These starches have the capability to produce round-
shaped microcapsules after spray drying. These spherical microcapsules facilitate the en-
trapment of probiotic bacteria and enhance their survivability [35]. Zanjani et al. [36] com-
pared the rice and wheat starches for microencapsulation of probiotics and concluded that
these starches enhanced the survival of L. casei ATCC39392. Similarly, Etchepare et al. [37]
studied the high amylose maize starch in combination with thermoprotectant beads and
found that the survivability of L. acidophilus La-14 was enhanced. Potato starch (PS) con-
tains more amylopectin and resistant starch with phosphate groups, and it belongs to
B-type crystallinity [33]. The advantage of high adherence capacity of Bifidobacterium
strains to PS has been investigated by Crittenden et al. as well as for L. plantarum studied
by Muhammad et al. [16,38,39].

Due to the higher chemical protection and molecular stability, polysaccharide and
protein complexes have been considered effective as compared to single wall coating ma-
terials [37]. Steric stabilizing and thickening behavior of resistant polysaccharides and
stabilizing characteristics of proteins provide stability to the microcapsule [38]. The whole
milk protein inventory constitutes 20% of whey. Major components of whey proteins (WP)
are β-lactoglobulin (50%), α-lactalbumin (20%), bovine serum albumin (10%), and im-
munoglobulin (10%), whereas lysozyme, lactoferrin, proteose, peptone, lactoperoxidase,
and osteopontin are minor components [39]. Recently, the complexes of different polysac-
charides with proteins have been studied, such as WP-gum Arabic [40], WP-beet pectin [41],
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and WP-high methoxyl pectin [42] for the microencapsulation process. Whey protein con-
centrate (WPC) been found favorable for delivering thermal protection during the spray
drying process [43]. Detrimental effects of heat and osmotic stress on bacterial cells can be
decreased by adjusting the drying carrier media [44]. Sugars maintain the unique structure
of membrane’s lipid bilayer; chemical reaction among sugars and cellular membranes
thus reduce the osmotic stress on bacteria, hence provide thermal protection during the
dehydration process [45]. Integration of lower molecular weight sugars like trehalose and
polyols, and mono sugars like a-D glucose and mannose in drying carrier media can serve
the purpose [16,25].

There are very few available studies which provide information about the comparative
utilization of different resistant starches such as rice, maize, and potato resistant starches
with combinations of heat protecting agents as food-grade coating materials for spray-
dried microencapsulation to produce stabilized powders containing probiotics. In addition,
the aim of our study is to encourage the utilization of resistant starch-based natural coating
matrices with heat protecting agents and investigate the effect of these coating matrices
and their physicochemical attributes associated with probiotics survivability during spray
drying process, storage, and simulated gastrointestinal (GI) conditions.

The underlying hypothesis of the current study was that the coating composites of
resistant starches with heat protecting agents (WPC, maltodextrin, D-mannose) could
additionally protect the probiotics against elevated spray drying temperatures, diges-
tion, and storage. Assessment of three polysaccharides, i.e., potato resistant starch (PRS),
maize resistant starch (MRS), and rice resistant starch (RRS) as potential coating mate-
rials containing L. acidophilus KLDS 1.1003 was carried out. The effect of these coating
formulations on the viability of probiotic cells after spray drying and in vitro digestion
upon storage and physicochemical properties of obtained dried powders were investigated.
This study could be an innovative idea to introduce resistant starches as biobased and
natural polymeric coating materials for microencapsulation and survival of probiotics
during spray-drying heat processes in functional foods, nutraceutical, and pharmaceuti-
cal products.

2. Materials and Methods

The LAB strain Lactobacillus acidophilus KLDS 1.1003 was isolated from traditional yo-
gurt in Inner Mogolia, China and identified by 16S rRNA gene similarity analysis and API
50CH strips. The bacteria were stored at the Key Laboratory of Dairy Science (KLDS), Min-
istry of Education, China. RRS (rice resistant starch, PubChem ID 24899737), MRS (maize
resistant starch PubChem ID 24899847), PRS (Potato resistant starch PubChem ID 24899595),
D-mannose (PubChem 24897068), maltodextrin 15 DE (PubChem: 62698), and lactic acid
(PubChem ID 24855212) were procured from Sigma Aldrich Mainland, China. Spray dried
whey protein concentrate (WPC-80) was procured from College of food Science and Tech-
nology, Huazhong Agricultural University, Wuhan—China, containing protein = 80%,
lactose = 4%, fat = 4%, ash = 3% and total moisture = 3.5%. Pancreatin from porcine pan-
creas (Sigma P1750), pepsin from porcine gastric mucosa (Sigma P6887, 3200−4500 U/mg),
and ox-bile (Sigma 70168) were procured from Sigma–Aldrich (Shanghai, China). All other
supplemental chemicals were of analytical grade.

2.1. Preparation of Cell Cultures

de Man Rogosa Sharpe broth (MRS-broth) was used for the reactivation of the frozen
stock culture of the L. acidophilus KLDS 1.1003. Reactivation of the culture was carried out
twice. Inoculation of the 25 mL of the culture was carried out successively in MRS-broth
(500 mL) of and incubation was done for 16 h until stationary phase. Cell pallets were
collected by centrifugation for ten minutes at 10,000× g and 4 ◦C. Thermo Sorvall Legend
Micro, 21 micro centrifuge machine was used for the centrifugation purpose. The pellets
were washed three times and were suspended in pre-sterilized distilled water.
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2.2. Formulations of Coating Composites for Spray-Drying

Freshly harvested L. acidophilus KLDS 1.1003 were taken as core and their culture
preparation procedure has been described in above Section 2.1. The control medium was
prepared by dispersing 5 g of WPC, 15 g of maltodextrin, and 5 g of D-mannose in sterilized
water with a continuous stirring for sixty minutes. The other formulations containing 10 g
of PRS (potato resistant starch, RRS (rice resistant starch) and MRS (maize resistant starch)
were separately heated at 75 ◦C for ten minutes. The resistant starch-based suspensions
were stirred with a magnetic stirrer during the whole process and cooled up to 25 ◦C. 6 pel-
lets of L. acidophilus KLDS 1.1003 were mixed into each resistant starch-based suspension
and then equal volume of control medium was combined with each suspension separately.
The composition of all solutions has been described in Table 1. High pressure homogenizer
(APV 2000, Munich, Germany) was used at 7000 rpm for 60 s afore from spray drying
process. Sterilized glass wares were used during the whole trial, and sterilization was done
at 121 ◦C for 15 min.

Table 1. Resistant starch-based coating formulations (% w/w) for microencapsulation of L. acidophilus
KLDS 1.1003 for spray drying.

Materials Control PRS ME RRS ME MRS ME

Potato resistant starch (g) - 10 - -
Rice resistant starch (g) - - 10 -

Maize resistant starch(g) - - - 10
Maltodextrin (g) 15 15 15 15

Whey protein concentrate (g) 5 5 5 5
D-manose (g) 5 5 5 5
Total solid (%) 25 35 35 35

pH 6.50 6.30 6.28 6.26
PRS ME = Potato resistant starch microencapsulation; RRS ME = Rice resistant starch microencapsulation;
MRS ME = Maize resistant starch microencapsulation.

2.3. Spray-Dried Microencapsulation Process and Storage of Powdered Composites

Lab-scale Buchi spray dryer (B-290, Flawil, Switzerland) was used for microencapsu-
lation of L. acidophilus KLDS 1.1003 using carrier mediums containing different resistant
starches by using the method described by Muhammad et al. [16]. Following conditions
were used to operate the spray dryer. Continual inlet (120 ± 2 ◦C) and outlet (60 ± 3 ◦C)
temperatures, feeding rate (7 mL·min−1), air pressure (0.3 MPa), and the drying air flow
rate (25 m3·h−1), respectively. A continuous stirring of all formulations was carried out
with the help of magnetic stirrer and pumped into the spray chamber. The powdered
microcapsules were collected from the cyclone bottom of the dryer. All dried powdered
formulations were put in airtight glass vials. The vials were sealed in an aluminum foil
and kept in desiccators having saturated lithium chloride (LiCl) solution (aw = 0.11) and
kept into an incubator at 25 ◦C till further microbiological, technological, in vitro digestion,
and morphological analyses.

2.4. Storage Perseverance of Resistant Starch-Based Microencapsulated L. acidophilus
KLDS 1.1003

Assessment of viability of resistant starch-based microencapsulated L. acidophilus
KLDS 1.1003 was carried out during storage period of forty-two days at ambient (25 ◦C)
temperature by enumerating on MRS-agar. The spray dried powder (0.1 g) was dissolved
in peptone water. The powder was allowed to dissolve for 20–30 min, and then serial
dilutions were prepared. 0.1 mL aliquot was plated and incubated for 48 h at 30 ◦C on
MRS agar. The viability assessment of encapsulated L. acidophilus KLDS 1.1003 throughout
storage was done by calculating the logarithmic values (log Nt/No) of the comparative cell
viability against storage time. A first order reaction kinetics model described by Lapsiri
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et al. [46] was used for the viability assessment by putting logarithmic values in given
Equation (1).

logNt/No = − kTt (1)

where Nt stands for viable bacteria (in CFU/g) at a certain storing time, No symbolizes the
quantity of viable cells (in CFU/g) in the beginning of the storage, and t represents the
time (in days) for storage. Whereas, kT indicates the rate of viability loss (per day) at 25 ◦C.

2.5. Microencapsulation Efficiency of Coating Materials

According to Ayama et al. [47] the encapsulation efficiency (EE%) of the microcapsules
has been defined as the number of viable cells encapsulated in the microcapsules compared
with the number of viable cells taken to form microcapsules and it is calculated by using
the following equation.

Encapsulation efficiency (%) =
No. of viable cells encapsulated in capsules
No. of viable cells taken to form capsules

× 100

2.6. Survivability of Microencapsulated L. acidophilus KLDS 1.1003 during Simulated
Gastrointestinal Conditions

Microencapsulated bacteria in spray dried formulations and free cell bacteria (FCB)
were analyzed to compare their competence to persist in vitro digestion simulating the
human gastric and intestinal conditions. Assessment of survivability of microencapsulated
bacteria during simulated gastrointestinal conditions was done by using the method as
describe by Mariana et al. [37] with slight modifications to make a better resemblance to the
duodenal bile salt concentration (4.4 g/L) and gastric pepsin activity (1600 unit/mL) found
in human aspirates. Next, 0.3 g of spray dried micro particles were suspended in saline
(2.5 mL) in 30 mL glass vials and then (2.5 mL) simulated gastric juice (double concentrated)
was added (pH 2.5, 7.2 mmol/L CaCl2, 3200 unit/mL pepsin, 98 mmol/L NaCl, 3 mmol/L
MgCl2, 12.8 mmol/L KH2PO4 and 24 mmol/L KCl) [48]. Screw capping of the vials was
done under a stream of nitrogen (N2) and after being screw capped the vials were incubated
for 1 h at 37 ◦C with a continuous magnetic stirring (130 rpm/minute) for gastric digestion.
Bile salts and pancreatin were dissolved NaHCO3 (0.1 mol/L) and added to the gastric
digesta, and incubated for 2 h. The serial dilutions of aliquots of the digesta were made by
using phosphate buffer solution (PBS) and enumeration of viable bacteria of each vial was
done after being platted on MRS-agar, as described earlier. Counts were performed after
30, 60, 90, and 120 min of incubation. Survival ratios were calculated before and after the
simulated digestion (log N/No).

2.7. Characteristics of Powders Coated with Starch Composites
2.7.1. Water Activity

An Aqualab water activity meter (Aqualab, Model Series 3 TE, Meter Group, Wash-
ington, DC, USA) was used to determine the water activity (aw) of spray dried formula-
tion powders.

2.7.2. Moisture Content

AOAC method was followed to determine the moisture contents (%) of all the samples
of powdered formulations [49]. The 2 g of each type of powder was taken and drying was
done at 105 ◦C until a constant weight was attained.

2.7.3. Hygroscopicity

One gram (1 g) of microencapsulated dry powder of each formulation was used to
determine the hygroscopicity. The hygroscopicity was calculated gravimetrically by follow-
ing the method as described by Fritzen-Freire et al. [50] over a 7-day period by maintaining
75% relative humidity (RH) in a desiccator. The desiccator contained a saturated solution
of NaCl at ambient 25 ◦C.
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2.7.4. Differential Scanning Calorimetry (DSC) Analyses

All microencapsulated formulations were analyzed for glass transition temperatures
by using the differential scanning calorimeter (DSC-6 Perkin Elmer, Ltd., Beaconsfield, UK)
by following the method described by Lv et al. [51] with some modifications. About 15 mg
(dry basis) of each sample was weighed into aluminum DSC pans and the pans were sealed
by using DSC pan sealer. After sealing, the pans were equilibrated at 25 ◦C for 2 h. Then the
heating of sample pans was done from −30 ◦C to 150 ◦C at a heating rate of 10 ◦C/minute
under a nitrogen atmosphere with a flow rate of 50 mL/m. A pre-weighed empty pan
was taken as reference. A double heating–cooling scanning step was performed before
calculating the onset, midpoint, and end glass temperature.

2.7.5. Particle Size Analyses

Particle size calculation of dried powders was done by using the Mastersizer 2000
(Malvern Instruments, Worcestershire, UK) which was equipped with the Hydro 2000S
dispersion unit. Dispersion of each powdered sample (0.5 g) was done in water (5 mL) at
ambient temperature (25 ± 2 ◦C) then dispensed into the dispersion unit. Mie theory was
used to calculate the mean particle size diameters (dv,90) of each type of microcapsules [52].

2.7.6. Morphological Characteristics

A scanning electron microscope (SEM, Hitachi S-3400 N, Hitachi Ltd., Tokyo, Japan)
was used to study the morphological characteristics of spray dried powdered microcap-
sules by following the method as described by Muhammad et al. [16]. A small amount of
the dried powder samples was put on SEM metallic stub and covered by adhesive tape.
Then these samples were gold coated with gold-palladium by a sputter coater. The repre-
sentative micrograph images were taken at 10 µm resolution and 10 Pa vacuum pressure,
with an accelerating voltage of 5–15 kV.

2.8. Statistical Analyses

All of the above mentioned experiments were performed on microencapsulated L.
acidophilus KLDS 1.1003 and spray dried powders of all formulations obtained from spray
drying and where needed, the tests were performed in triplicates. Analysis of variance
(ANOVA) of the water activity, hygroscopicity, moisture content, particle size, glass transi-
tion temperature, viable counts during storage, and survival in simulated gastrointestinal
conditions, corresponding to the dried powders and the data obtained, was subjected to
statistical analyses using Statistix 8.1 (Analytical Software, USA). Tukey test was used to
compare treatment means at p < 0.05.

3. Results and Discussion
3.1. Efficiency of Encapsulation (%)

The results of our study show the viability of L. acidophilus KLDS 1.1003 after microen-
capsulation and encapsulation efficiency (EE%) of micro capsules which were produced
with a combination of resistant starches and different thermo protectants. The bacte-
rial viability in all formulation particles was greater than the minimal recommendations
(6.0 log CFU/g−1) [3]. Among the encapsulating matrices studied, MRS and PRS yielded
the best viability of L. acidophilus 1.1003; however, non-significant difference (p > 0.05)
was noted between them. Owing to enhanced viability, these two encapsulating matrices
provided the greatest survival rates, of 95.80% and 94.31%, respectively, followed by RRS
(86.95%) as shown in Table 2.

The encapsulation efficiency (EE) refers to the potential of coating materials to hold
or encapsulate the core materials within the microcapsule and it is among the salient
characteristic of wall materials [53]. The film-forming capability of starches provide fur-
ther protection to the core material and this ability makes starches a good choice for
microencapsulation [25,54]. Several technological problems like thermal stability, con-
trolled release, and longer shelf life of biologically active and sensitive molecules has been
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tackled with the use of resistant starches, especially in case of probiotics microencapsu-
lation [26,37]. Additionally, extra protection is provided to the probiotics when resistant
starch is used in combination with other polysaccharides by promoting synergistic effects
on gelation, as well as imparting a prebiotic effect by producing particles with integrated
structure [26,55]. These valuable features make these encapsulating matrices an alternative
to gum arabic, which is mostly utilized in spray drying for microencapsulation of food
components [25,37].

Table 2. Particle size distribution (span, diameter), microencapsulation efficiency (EE), and inactiva-
tion rate (R2) throughout 42-days storage at 25 ◦C of control and resistant starch-based microencap-
sulated L. acidophilus KLDS 1.1003.

Treatment Span Diameter (0.9 µm) EE (%) R2

Control 2.43 ± 0.01 b 27.00 ± 0.03 d 79.90 d 0.9264 d

PRS 1.99 ± 0.02 d 47.42 ± 0.80 b 94.30 b 0.9908 b

RRS 2.39 ± 0.02 c 41.55 ± 0.15 c 86.95 c 0.9892 c

MRS 3.44 ± 0.05 a 52.28 ± 1.02 a 95.80 a 0.9918 a

Data expressed as mean ± standard deviation. Significant variance is shown by different letters within individual
rows rendering to Tukey means post comparison test (p < 0.05).

Nunesa et al. [25] found that, the best viability of L. acidophilus s La-5 was produced by
inulin and hi-maize resistant starch. The greatest survival rates were 93.12% and 94.26% ob-
tained from these two encapsulating materials respectively, followed by 89.68% (gum Ara-
bic) and 90.34% (trehalose). Similarly, combinations of different encapsulating agents
(corn starch, glucose, oil, and protein) for spray drying were studied by Ying et al. [56]
for the protection of L. rhamnosus GG. They discovered that combining resistant starch
with encapsulating agents efficiently protected the microbes. That is why starches are
being employed widely for microencapsulation materials [57]. The mechanism to provide
protection might be associated with the helical structure of amylose which have the ability
to encompass other molecules to form highly stable complexes with these molecules [58].
In another study Rajam and Anandharamakrishnan [59] investigated how the addition
of fructo-oligosaccharides and galacto-oligosaccharides to whey protein isolates and mal-
todextrin systems increased the viability of Lactobacillus plantarum after spray drying.
Bustamante et al. [60] used encapsulating agents which is the mixture of linseed mucilage,
chia seed, and soluble protein of chia seed for microencapsulation of the Lactobacillus
plantarum, and concluded linseed mucilage efficiency was 88.25%. Arslan et al. [61] used
numerous wall materials (modified starch, WPC, gelatin, maltodextrin, acacia, and iso-
lated pea proteins) to for the microencapsulation of Saccharomyces cerevisiae var. Boulardi.,
reporting 84.69% to 91.81% efficiency. The higher survivability of microorganisms in the
present research work could be related to the concentration (20% m/v) and type of microen-
capsulating matrices. The feed solution solid concentration (20–30% m/v) is among the
best conditions ensuring higher viability of the bacteria [62]. Resistant starch can be cho-
sen as a potential prebiotic encapsulating wall material for probiotics, which beneficially
promote and protect their growth [63]. Mirzaei et al. [64] also studied microencapsu-
lated L. acidophilus in resistant starch and calcium alginate gel, and found similar results.
Sultana et al. [65] also observed the increased storage stability of microencapsulated bac-
teria by using high maize starch and alginate combinations by emulsification. Further,
Etchepare et al. [48] used the extrusion method for microencapsulation of Lactobacillus aci-
dophilus L-14, using alginate alone as well as alginate hi-maize combinations and reported
the similar results.

According to findings of Pitigraisorn et al. [66] after exposing the protein–starch
complexes to moist heat the starch granules absorbed moisture from the protein ma-
trix, which led to an increase in protein–starch interactions and apparently increased
the protein concentration. This mechanism substantially increased the gel strength of
the composite, resulting higher tolerance against moist-heat. The study conducted by
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Corona-Hernandez et al. [67] supported the explanation, by showing that the viscoelastic
properties were important factor to determine the thermo tolerance levels of microcap-
sules of polymer-protein complexes. Microcapsules should contain adequate numbers
of microorganisms to be incorporated in foods. Usually, the reduction in number of mi-
croorganisms’ population lower than 2 logarithmic cycles but larger than × 107 CFU/g
is required [68]. Normal range of encapsulation efficiency for probiotics is taken between
60–95% [69]. However, 90% (EE) value has barely been reported. The spray drying encap-
sulation technique can be used to explain these results, like, Lopez-Rubio and Lagaron [70]
reported that utilizing electro-spraying microencapsulation technique could significantly
improve the EE of probiotics.

3.2. Survivability of Composite-Based Microencapsulated Bacteria in Simulated GI Conditions

The key characteristic of probiotics to be incorporated effectively into functional foods
is their ability to withstand the digestive strains [23]. The viability of probiotics is noticeably
increased due to the protection provided by the biopolymers as microencapsulating coating
materials [71].

The effect of simulated GI (gastrointestinal) digestion conditions on the comparative
cell survival of free bacteria collected from MRS-broth and spray dried microencapsulated
L. acidophilus KLDS 1.1003 was assessed and their log transformed ratios (log N/No) are
given in Figure 1. MRS and PRS-based microencapsulated formulations showed a highly
significant (p < 0.001) better protection to L. acidophilus KLDS 1.1003 during the simulated
digestion, while the survival ratios were lesser in control and free cell bacteria.

Figure 1. Survival of free and coating-based microencapsulated L. acidophilus KLDS 1.1003 after
in vitro digestion. Bars express the mean value of log transformed ratio of bacterial counts, before and
during the simulated digestion for 2 h with 30 min interval. At the start of in vitro digestion
reaction vials contained: control (C) 6.6 ± 0.33 log CFU; free cell bacteria (FCB) 6.2 ± 0.28 log CFU;
potato resistant starch (PRS) 6.5 ± 0.33 log CFU; rice resistant starch (RRS) 6.4 ± 0.29 log CFU;
maize resistant starch (MRS) 6.3 ± 0.32 log CFU.

In the simulated gastrointestinal tract, the free-cultured and control L. acidophilus KLDS
1.1003 showed a loss of 3.5 and 3.3 log cycles, respectively. While the microencapsulated
particles ranged from a loss of 2.8 to 2.1 log cycles in relation to the initial counts. Resul-
tantly, the studied microparticles gave protection to microencapsulated bacteria, whereas,
free culture faced significant losses. These results are supported by a study conducted by
Gebara et al. [72]. According to this study, an increased resistance and survivability was



Coatings 2021, 11, 587 9 of 21

observed after exposing the microencapsulated probiotics against simulated gastrointesti-
nal conditions as compared to the free cells. MRS showed the highest protection for L.
acidophilus KLDS 1.1003, compared to control, PRS and RRS.

While for gastrointestinal study, the Pankasemsuk et al. [73] used the emulsion tech-
nique for microencapsulation of Lactobacillus casei by using hi-maize resistant starch and
reported that the highest protection and promotion of bacterial viability was shown by
the bacteria microencapsulated with corn starch when exposed to both gastric and biliary
fluids. In addition, Etchepare et al. [48] microencapsulated L. acidophilus using sodium algi-
nate alone and in combinations of hi-maize resistant starch by using extrusion technique
and found that hi-maize-based microcapsules showed the greatest resistant to simulated
GI conditions. The findings of our study are supported by the correlated results reported
in previous research works. RRS showed the lowest cell survival ratio among the microen-
capsulated treatments. It might be because of its poriferous and water soluble nature,
resulting an entire release of bacterial cells into harsh gastric conditions causing a sig-
nificant decrease in viability [34]. Maize resistant starch-based micro capsules enclosing
bacterial cells showed better cell survival after 2 h incubation in gastric medium than other
formulations. The ability of resistant starches to provide protection against gastric condi-
tions might be due to their characteristic of forming less soluble films compared to other
wall materials. Due to this ability the MRS and PRS-based powders are slowly rehydrated
and the water inflow through the cell membranes decreases, which results in a slower
release of microencapsulated bacteria in simulated GI atmosphere [74]. According to some
studies rice bran and resistant starches produced beads with a superior integrated structure
and imparted prebiotic effects to lactic acid bacteria in particular [75,76].

These findings prove that maize resistant starch (MRS) provides a better protection
to L. acidophilus KLDS 1.1003 cells against GI environments compared to other resistant
polysaccharides investigated in our study. The control formulation having no resistant
starch and the free cell bacteria which were not exposed to spray drying exhibited the same
survival ratios. The free cell bacteria had not been exposed to spray drying, while cells in
the control medium survived the drying process because the thermo protecting ingredients
protected them against heat-induced sub-lethal injuries [77].

3.3. Effect of Coating Composites on Storage Stability of L. acidophilus KLDS 1.1003 in
Spray-Dried Powders at 25 ◦C

The bacterial count of viable L. acidophilus KLDS 1.1003 enclosed in spray dried mi-
croparticles and stored for 42 days at 25 ◦C is shown in Figure 2. The initial probiotic counts
of the spray-dried microcapsules were 8.00 ± 0.40, 8.60 ± 0.29, and 8.30 ± 0.41 log CFU g−1

for the PRS, MRS, and microparticles containing RRS, respectively.
These microparticles were generated by spray drying with optimized set conditions and

a storage study was conducted for 42 days at 25 ◦C without fixing RH. Then the impact of
polysaccharide-based matrices and physical states on the storage stability and viability of pro-
biotics was assessed. The initial probiotic cells range of about 7.8 ± 0.30–8.6 ± 0.29 log CFU/g)
of free and microencapsulated L. acidophilus KLDS 1.1003 cells was taken as shown
in Figure 2. The decline in viability of probiotics occurs due to the lipid oxidation of
membrane and this oxidation is crucially influenced by factors like temperature and
residual moisture content during storage [78]. The inactivation rate of microencapsu-
lated L. acidophilus KLDS 1.1003 cells followed first-order kinetics, shown in Table 2
(R2 = 0.9264–0.9918) during storage, has successfully been used by other experts [79,80].

The mixture of WPC, maltodextrin and D-mannose was taken as our control. In the
present study, significantly (p < 0.01) different inactivation rates of L. acidophilus KLDS 1.1003
in powders stored at 25 ◦C for 42 days were in the following order: control > rice resistant
starch > potato resistant starch > maize resistant starch. Free or non-encapsulated bacteria
declined viability 7.82 ± 0.30 to 2.5 ± 0.13 log CFU/g as compared to MRS-based microencap-
sulated bacteria (8.6 ± 0.29–4.1 ± 0.35 log CFU/g) and RRS (8.3 ± 0.41–3.6 ± 0.18 log CFU/g).
It might be correlated with the glassy state of the biomicrocomposite, because it has been
verified by several studies that an amorphous glassy state of biomicrocomposites is imper-
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ative for the survival of bacteria during the storage period [81–83]. Similarly, the storage
stability is also influenced by the combined effect of moisture content and glass transition
temperature of the microparticles. Changes in moisture content were observed due to the
transition of microparticles from rubbery to glassy state during storage period. This phe-
nomenon effected the storage stability as these changes can be seen in Figure 3B and Table 3
respectively [84].

Figure 2. Loss in viability of starch coating-based spray-dried and microencapsulated L. acidophilus
KLDS 1.1003 at 25 ◦C storage temperature, presented as a function of storage period, (day). The rate
constant k was obtained by linear regression analysis.

The process of microencapsulation has proven its worth to increase the microbial
viability by protecting them against unfavorable storage conditions. The essential surviv-
ability or viability of probiotics is the vital criteria for their incorporation in functional
foods during production and shelf life of these products. The effects of microencapsulation
protection on the survival of probiotics by using different biopolymers have been studied
by several researches. These research works showed that the viability of microencapsulated
probiotics was significantly enhanced as compared to non-encapsulated bacteria during
processing and storage, when these bacteria were microencapsulated with polymers and
their combinations with other materials [85,86].

Hugo et al. [87] studied the microencapsulation of Lactobacillus plantarum CIDCA
83,114 by using carrier mediums containing galacto-oligosaccharides and observed the
improvement in viability during storage. Etchepare et al. [48] also found the similar
decreasing trend in loss of viability of L. acidophilus La-5 after using hi-maize resistant
starch for microencapsulation material as compared to our study result. Correspondingly,
hi-maize, inulin, and trehalose were used thermal protectant in another study for the
spray dried microencapsulation of L. acidophilus where they provided protection during
the storage study [25]. The microencapsulating materials reduced the perviousness of
spray dried particles and created a physical insulation between bacteria and the external
environment which resulted in improvement in heat tolerance and increased capability
against drying and storage conditions [73,88].

3.4. Thermo Physical Properties of Starch-Based Spray Dried Powder

Onset (Tgo), mid (Tgm) and end points (Tge) are the aspects related glass transition
temperature attributes are presented in Table 3 and these were determined by using DSC
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thermographs. During storage, glass transition temperature (Tg) is vitally important for
spray dried products, because the characteristics of these products e.g., collapse of pores
and the changes in texture and rehydration capabilities, physical stability (caking and
adhesiveness), and biochemical reactions (based on enzymatic reaction color or texture
modifications and lipid oxidation) are directly linked to glass transition temperature [84,89].

Figure 3. Cont.
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Figure 3. Effect of the resistant starch coatings on physical properties of the spray-dried powders enclosing L. acidophilus
KLDS 1.1003 at 25 ◦C during 42 day storage. (A): water activity; (B): moisture contents (%), and (C): hygroscopicity
(g/100 g).

Table 3. Effect of the resistant starches and thermo protectants-based coatings on glass transition
temperatures of the spray-dried composite powders containing L. acidophilus KLDS 1.1003.

Treatment Tgo Tgm Tge

Control 50.08 ± 0.98 a 75.77 ± 0.74 a 101.46 ± 0.24 a

PRS 40.76 ± 0.43 c 69.12 ± 0.95 c 96.48 ± 0.56 c

RRS 48.07 ± 0.64 b 71.98 ± 0.69 b 97.89 ± 0.48 b

MRS 38.77 ± 1.10 d 65.95 ± 0.86 d 93.13 ± 0.81 d

Data expressed as mean ± standard deviation. Significant variance is shown by different letters within individual
rows rendering to Tukey means post comparison test (p < 0.05).

Our results indicate that the rubbery to glassy state transition (Tgo) temperature of
the MRS and PRS-based microencapsulated powders were considered significant as they
displayed significantly (p < 0.05) lower values (38.77 ± 1.10 to 40.76 ± 0.43 ◦C) respectively,
as compared to control (50.08 ± 0.98 ◦C) and RRS (40.76 ± 0.43 ◦C)-based powders. Tg of
spray dried powders is dependent on powder conformation and residual moisture con-
tent [90]. The mobility of the water molecules was limited in fiber-based formulation; that is
why a noticeable decrease was observed in Tg values of these formulations comparing to
the control [91]. The addition of resistant starches resulted in a prompt decrease of Tg of the
dried powders containing these starches as a chief component. The addition of MRS notice-
ably decreased of Tg from 38.77 ± 1.10 to 93.13 ± 0.81 ◦C as compared to other powders,
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while range acquired by addition of PRS from 40.76 ± 0.43 to 96.48 ± 0.56 ◦C, RRS and
control 48.07 ± 0.64 to 97.89 ± 0.48 ◦C, 50.08 ± 0.98 to 101.46 ± 0.24 ◦C, respectively.

The glycosidic residues are symmetrically present in pure maltodextrine, due to which
its glass transition temperature is 106.4 ◦C. However, Tg is decreased when hexoses like
D-mannose and D-glucose are added [92]. According to Lee and Moon, with the highest
enthalpy of gelatinization Tg was recorded up to 89.1 ◦C during the work on treated
PRS [93]. These results are supported by the fact that a very little disruption of double
helices occurs during the gelatinization of native granule. This suggests that lesser energy is
required for disentangling and losing the interconnected double helices [94]. These double
helices are formed by the outer branches of contiguous amylopectin chains [95]. However,
some researchers investigated that, at different moisture contents (13.3–8.7%), Tg of corn
starches were recorded up to 59.22–67.34 ◦C, respectively [96]. When the Tg is decreased
the cell membrane is stabilized in liquid crystalline state after spray drying, and this
decrease in Tg averts the consequential leakage of cell membrane during this process of
phase transition. Free radical oxidation like chemical reactions are decelerated due to the
glassy state of viscous carrier matrices. Hence, the glassy state of a matrix is considered
significant for the prevention of further cell destruction and additional protection to cells
during and after drying process [16,46,48,92].

3.5. Physicochemical Properties of Coating-Based Dried Powders

After drying and storage, the residual moisture content (MC), water activity (aw) and
hygroscopicity (H) values of the spray dried powders containing microencapsulated L.
acidophillus KLDS 1.1003 were significant for MC, aw and H (p < 0.01). These attributes
were influenced by the composition of polysaccharide-based carrier matrices (Figure 3).
The maize resistant starch (MRS)-based mixtures were categorized as containing the max-
imum aw and MC values, while, the control followed by RRS-based formulations had
the lowest values of aw and MC (Figure 3A,B). The mean water activity of the powders
ranging from 0.15 ± 0.004 to 0.30 ± 0.008 after 42 days storage is within the recommended
limit of (<0.6) to ensure the microbial stability [25,97]. According to Tonon et al. [98] aw
lower than (0.30 positively affect the powder constancy due to decreasing biochemical
reactions, resulting products with extended shelf life. Due to lower water activity, the avail-
ability of free water is decreased for biochemical reactions which increases the shelf life
of probiotic powders [99], whereas similar findings were observed by Tonon et al. [100],
although the range of differences were comparatively small: PRS showed the highest aw
value (Figure 3A). Lowest water activity was observed 0.10 ± 0.003 at day 0, while, with a
considerable increase in aw (0.30 ± 0.007) was recorded at day 42 of storage in control and
MRS respectively (Figure 3B).

Control and RRS-based samples (1.45 ± 0.04–2.00 ± 0.05% and 1.69 ± 0.04–2.14 ± 0.06%
w/w respectively) had lower residual water content values compared to MRS-based
2.64 ± 0.07–3.36 ± 0.09 w/w and PRS-based (Figure 3B) during 42 days of storage study
at 25 ◦C.

During storage period, the viability of probiotics is crucially effected by the moisture
content in probiotic powders [63]. Muhammad et al. [16] found similar pattern for MC
and aw, during their study on polysaccharide-thermo protectant formulations for microen-
capsulation of Lactobacillus plantarum KLDS 1.0334 [84,89]. The storage studies conducted
by Muzaffar and Kumar [101], Samborska et al. [102] and, Jaya and Das [103] also found
the similar pattern for aw and MC of spray dried powders based on tamarind, honey,
and mango powders. The composition of the carrier matrix, feeding rate, and inlet temper-
ature conditions in the spray drying process chiefly govern the moisture content pattern
in spray dried powders [104]. As far as the hygroscopic behavior is concerned, there is a
higher moisture content in polysaccharide and protein-based spray dried products [105].
In our study the moisture contents of all formulations were observed comparing the suit-
able parameters of residual moisture for spray dried powders (<5%), which represent a
better shelf-life [106,107].
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Likewise, water binding capacity and hygroscopicity (water absorption) of the con-
stituents of the carrier medium matrix can affect aw and MC in food powders [95]. In line
with our results, samples with the lowest moisture contents (control and RRS) had the
lowest hygroscopicity values, and on the other hand, MRS has a high water absorption
property (Figure 3C) because the final H was significantly affected by the composition of
feed solutions directly after drying. The increased water activity and moisture content
could decrease hygroscopicity during storage, and thus can reduce the driving force for
water absorption process [16,106].

3.6. Morphological Characteristics and Particle Size Distribution

The span factors (Table 2) of RRS, PRS, and MRS-based microcapsules were 2.40 ± 0.02,
1.99 ± 0.01, and 3.44 ± 0.05, respectively as compared to control 2.43 ± 0.00. Microcap-
sules with lower span factors exhibit more homogeneity and a narrower range of particle
size distribution.

Table 2 shows the volume mean diameters and span factors of microcapsules. The av-
erage volume mean diameters (µm) of RRS, PRS, and MRS-based microcapsules were
41.55 ± 0.15 µm, 47.42 ± 0.80 µm, and 52.28 ± 1.08 µm, respectively, as compared to con-
trol (27.00 ± 0.04 µm). These results are comparable to the findings of Matos et al. [108]
who stated that the diameters of stabilized starch particle in emulsions were in the range
of 23–43 µm. Besides to these results, Ashwar et al. [63] also investigated the microen-
capsulation of Lactobacilli by using RS4 rice starch and reported that the range of particle
size diameter was 45.53 ± 0.42 to 47.12 ± 0.98 µm. Similarly, Mirzaei et al. [64] reported
the mean diameters of alginate-resistant starch beads produced by extrusion was in the
range of 50–80 µm. There are minute differences in particle sizes because of different
materials and techniques were used for microencapsulation [109]. Nunes et al. [25] re-
ported the sizes of different micro particles containing L. acidophilus La-5 varied from
6.68 to 19.30 µm [37]. Additionally, Rajam and Anandharamakrishnan [59] studied Lacto-
bacillus plantarum (MTCC 5422) containing capsules and verified that larger particle sizes
(6.68–23.89 µm) may be related to gelling and film forming properties of microencapsu-
lating materials. Heidebach et al. [110] claimed that probiotics’ microcapsules should be
smaller than 100 µm so to avoid a gritty sensation after consumption. The spray drying in
general produces desirable particle sizes with smaller diameters to ensure the quality and
homogeneity in functional food products [111]. Smaller (less than 100 µm sized particles
have a textural advantage due to which microencapsulated probiotics can be incorporated
directly into a variety of food, pharmaceutical, and nutraceutical products [112].

Studies have shown that resistant starch-based micro particles have a persistent granu-
lar shape and they have larger sizes after spray-drying due to resilience against mechanical
damage, higher crystallinity (35–38%), and higher amylose contents than regular and
waxy starches [95]. Hydration capacity of different polysaccharides also correlates the size
differences. This might be due to the high hydrophilicity of polysaccharides (because of
a larger number of amino acid and hydroxyl groups) and COO−, SO3 chemical groups
which interact with water molecules via hydrogen bridges [48].

Moreover, there are several factors affecting the size of spray dried products. These fac-
tors include solubility, molecular weight, viscosity, and total solids of the medium solution,
surface active components, nozzle diameter, type of atomizer, and the drying process [84].
According to Carneiro et al. [52] when highly viscous solutions are atomized they obstruct
the emulsification rate and grainy particles are produced. The highly dispersed phase
fraction can increase the consolidation of molecules by intensive colliding, which results in
the production of molecules with larger diameters. The viscosity of the polymer solution is
also affected by the molecular weight of the polymer which produces larger size droplets
in spray drying. Thus, based on our findings it can be proposed that physical character and
viscosity of the carrier solution can synergistically influence the mean size of the powdered
particles of related hydrocolloids.
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Micrographs of the MRS, PRS, and RRS micro particles containing L. acidophilus KLDS
1.1003 were obtained by SEM are shown in Figure 4. The microstructural view, of all
powders showed partly spherical particles with concavities resembling to other spray-
dried microcapsules [59]. Due to the fractional collapse and quick evaporation of moisture
from the surface of the molecules after and during spray drying, characteristically rough,
wrinkled, coarse, and crumpled surface micro capsules are produced [84,113]. Su et al. [114]
and Fritzen-Freire et al. [50] also reported such concavities on products typically produced
by spray drying. However, there were no fracture or visual cracks on their surfaces,
which indicates minimal or no permeability to air and ensures greater shielding effect to
probiotics against unfavorable conditions [59]. The micro particles produced with MRS
(Figure 4D) presented a smooth surface with a regular shape. A round external surface was
observed with similar characteristics by Domian et al. [115] after microencapsulating of oil
with OSA-corn starch. Alike features were observed in the present work for micro particles
containing MRS. RRS-based composites were slightly rough and shrunken (Figure 4B),
because of a rapid loss of moisture from the porous surface of the matrix during spray
drying [97,116]. The wrinkled and irregularly ellipsoidal shape of the PRS containing micro
particles (Figure 4C) was due to their persistence against thermal denaturation [95,117].

Figure 4. SEM micrographs of coated microcapsules containing L. acidophilus KLDS 1.1003; micro-
capsules showing spherical particles with concavities and surface dents in (A) Control, (B) Rice
resistant starch, (C) Potato resistant starch, (D) Maize resistant starch. Bar size = 10 µm equivalent in
each image.

As seen in Figure 4, the microcapsules are not ruptured and have no surface crevices
proving good structural integrity and suggesting very little penetrability of gas in the form
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of oxygen and water vapors [118]. Numerous constraints such as atomization process,
composition, drying rates, and viscosity of the medium being spray dried, critically in-
fluence the morphological features of the spray dried products. Similarly, studies found
that during the drying process, water and solutes movement is significantly restricted
within viscous droplets due to which formation of bigger particles takes place without an
obvious structural collapse [16]. Comparing to the control samples, polysaccharide contain-
ing samples showed a little collapse of microcapsules, and formation of a little wrinkled
spherical particles took place (Figure 4). These wrinkled particles enhanced the contact
surface area of micro composites with the microbial cells which increased their mutual
adherence and produced well-structured and better microcapsules containing probiotics.
Surprisingly, there were no noticeable structural distortions on the surface of the micro
particles containing resistant starches [84].

4. Conclusions

Compared to non-encapsulated bacteria, overall a positive effect of all the starch-based
compositions was observed regarding the improvement against thermal denaturation, im-
provement in tolerance against the simulated GI conditions for enzymatic hydrolysis,
and cell viability at room temperature during storage. However, concerning the percent-
age of EE, thermal resistance, and gastrointestinal simulation, MRS-based microsphere
encapsulating matrices has the higher protective capacity. Hence, MRS can be further in-
vestigated as a potential material to be incorporated as a new delivery carrier to administer
the probiotics orally.
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