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Abstract: Milk and sodium alginate beads (SA) as encapsulation materials can improve the vi-
ability of Lacticaseibacillus acidophilus LAC5. The present study focused on interactive structural
optimization of milk and SA-based beads for improved survival of L. acidophilus LAC5 in cheddar
cheese. L. acidophilus was microencapsulated using varying concentrations of milk and SA, e.g., T0

(Milk/SA 0:0), T1 (Milk/SA 1/1:1), T2 (Milk/SA 1/2:1), T3 (Milk/SA 1/1:1.5), T4 (Milk/SA1/2:1.5),
T5 (Milk/SA 1/1:2.0) and T6 (Milk/SA 1/2:2.0). Free and encapsulated L. acidophilus were compared
for their survival in gastroenteric conditions. Structural and spectral analysis was performed using
scanning electron microscope (SEM) and Fourier transform infrared spectrometry (FTIR). The free
and encapsulated probiotics were incorporated into cheddar cheese. Organic acids were quantified
using HPLC. The combination of SA and milk significantly (p < 0.05) improved the survival of
L. acidophilus as compared to free cells. The increase in polymer concentration improved the structure
of beads and the survival of probiotics. However, the release profile of beads decreased with the
increase in polymer concentration. FTIR showed the presence of milk and SA in the beads. Better
storage stability (108 CFU/mL) was observed for T6 in all the treatments as compared to free cells.
The addition of encapsulated cells improved the sensory characteristics of cheese. This may help the
local food industry to utilize native probiotic strains to be incorporated into probiotic foods with
improved bio-accessibility.

Keywords: probiotics; microencapsulation; simulated gastric conditions; cheese

1. Introduction

Milk is a rich source of protein, fat, vitamins, and minerals. Milk protein consists of
caseins and whey proteins. Caseins are intrinsically unstructured proteins that precipitate
at an acidic pH. Casein micelles are highly hydrated colloidal particles. The casein micelles
allow milk to be supersaturated in calcium phosphate due to their capacity to bind divalent
and multivalent ions. Whey proteins are globular proteins, including β-lactoglobulin and
α-lactalbumin. The structure of β-lactoglobulin has several binding sites for hydrophobic
ligands such as fatty acids and vitamins [1]. Due to its structural and functional diversity, it
can be used as an encapsulation material for different bioactive materials. Milk proteins
have excellent interfacial agents used to form and stabilize emulsions. They can form
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covalent or electrostatic complexes with bioactive molecules to entrap them through the
formation of gels. Silva et al. [2] explored the potential of milk fat as an encapsulating ma-
terial for L. acidophilus. The combination of lecithin and milk fat provided better protection
for probiotics. Milk proteins and fats can self-assemble to form supra-structures that allow
the encapsulation and transport of a diversity of small molecules [3].

Probiotics are live microorganisms that, on adequate administration, can confer health
benefits on the host [4]. Probiotics help to lower cholesterol levels, gastrointestinal tract
(GIT) infections, and the chance of inflammatory bowel disease. They maintain the mi-
crobiota’s equilibrium in the bowel and help to improve the host’s immune system [5].
Probiotics are reported to treat constipation and diarrhea and improve microbial balance.
The selection of probiotic microorganisms is critical due to their different probiotic capa-
bilities. The issues related to health and the beneficial effects of probiotics are causing an
increasing consumer demand for probiotics. Probiotic survival is crucial at the time and site
of action [6]. Azam et al. [7] reported that low pH conditions in the stomach and bile salt
in the small intestine could reduce the viability of probiotics. The recommended amount
(107–109 CFU/mL) is reduced due to harsh conditions [8]. The viability of probiotics should
be maintained during their production, processing, and utilization [8].

Microencapsulation protects probiotics by providing a shield against harsh conditions
in gastrointestinal conditions. It helps to increase the survival rate of probiotics in the
gastrointestinal tract. The major challenges faced during encapsulation are the structural
stability of encapsulation materials, the selection of proper strain, and their effects on the
sensory profile of the food matrix [1]. Different types of coating materials are used for
the microencapsulation of probiotics. Sodium alginate is a widely used encapsulation
material due to its better intermolecular bonding. It is a polysaccharide with good gelling
ability. Its three-dimensional structure provides a good shape with divalent calcium and
magnesium ions. However, Azam et al. [9] reported the loss of viability of probiotics in
alginate beads due to the presence of pores. The release mechanism was inefficient due to
bioactive materials’ slow and uncontrolled release. Incorporating different polymers may
provide better bead structure to improve probiotics’ viability.

An effective encapsulation matrix can be developed using a combination of wall mate-
rials. Proteins as encapsulating materials have a better nutritional and functional profile
than carbohydrate and fat-based materials. Whey protein is an effective encapsulating
material for the encapsulation of probiotics. Whey protein produces a thermodynamically
stable bead structure by forming an intermolecular bond with alginate. The whey proteins
can help to improve the structural deformities in alginate beads. Whey proteins have
gelation, emulsifying, and film-forming properties. The characteristics of beads can be
influenced by encapsulation material and core-to-wall ratio [10].

Cheese is widely used due to its nutritional and sensory characteristics. Cheese
accounts for approximately 30% of the total business of dairy products. It is rich in
vitamins (vitamin A and B12), minerals (phosphorus and zinc), and proteins [11]. The
addition of probiotics can enhance the nutritional status of cheese. It may improve the
textural and sensory properties of cheese. However, few studies suggest that adding
probiotics can affect dairy products’ sensory characteristics [7,8]. The proposed study
was designed to develop and utilize dairy-based encapsulation matrices for improved
structure and survival of L. acidophilus under GIT conditions. The bio-accessibility of free
and encapsulated probiotics was evaluated through cheddar cheese.

2. Materials and Methods
2.1. Materials

Cow milk (fat 4.14%, protein 3.58%, lactose 4.96%, ash 0.72%, and SNF 9.25%) was
purchased from the local market. Sodium alginate, whey protein, pepsin, rennet, and
simulated intestinal fluid were obtained from Sigma Aldrich (St. Louis, MO, USA). MRS
agar (De Man Rogosa and Sharpe), MRS broth, and all other analytical grade chemicals
were purchased from Sigma Aldrich (St. Louis, MO, USA).
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2.2. Inoculum Preparation

L. acidophilus LAC5 was (previously characterized for its probiotic potential in the Labo-
ratory of Food Microbiology, National Institute of Food Science and Technology, University
of Agriculture Faisalabad, Faisalabad, Punjab, Pakistan). The strain was revitalized before
final use using MRS broth. The final concentration was maintained (1010 CFU/mL) [12].

2.3. Preparation of Alginate-Milk Microspheres

Milk and sodium alginate (low viscosity, Sigma Aldrich) were sterilized for 15 min
at 121 ◦C. Alginate-milk microspheres were made using an Encapsulator (Buchi B-390,
Switzerland) through extrusion into 100 mM CaCl2 while gently stirring (100 rpm). The
microspheres were prepared using a 0.45 mm nozzle and solidified in a 100 mM CaCl2
solution for 30 min. The microspheres (in wet condition) were then washed with distilled
water, filtered, and sealed in sterile conical tubes. Different microsphere formulations were
prepared and further studied for specific characteristics (Table 1).

Table 1. Treatment plan for alginate-milk microspheres.

Treatment Sodium Alginate Concentration Alginate/Milk Ratio

T0 0 0
T1 1

1/1
T2 1/2
T3 1.5

1/1
T4 1/2
T5 2

1/1
T6 1/2

2.4. Microencapsulation of L. acidophilus in Alginate-Milk Microspheres

A mixture containing lactobacilli (1010 log CFU/mL) with sodium alginate (2.5%) and
milk was passed through the encapsulator (Buchi 390, London, UK) into a 100 mM CaCl2
solution while stirring at 100 rpm. The beads were prepared using a 0.45 mm nozzle and
solidified in a 100 mM CaCl2 solution for 30 min. The beads were washed with distilled
water, filtered, and sealed in sterile conical tubes [10].

2.5. Encapsulation Yield and Diameter of Microspheres

The encapsulation yield of L. acidophilus was calculated by following the method
described by Liao et al. [13].

Encapsulation yield (%) = (quantity of lactobacilli released from the broken microspheres/
quantity of lactobacilli initially taken to prepare the microspheres) × 100

The size of microspheres was calculated using an optical microscope. For each for-
mulation, 30 microspheres were randomly picked and examined following the method
described by Shi et al. [14].

2.6. Structural Analysis of Beads

The structural analysis of beads was carried out following the protocol of Azam et al. [7].
Triplicate samples of treatments’ primary, intermediate, and final concentrations were
selected for analysis using scanning electron microscopy (SU1510, Hitachi, Tokyo, Japan).
The freeze-dried beads were coated with gold to take surface and cross-sectional images
(Vacuum 9.75 × 10−5 Torr, 15 kV accelerating voltage, magnification ≥ × 1000).

2.7. Spectral Analysis of Beads

The spectral analysis of beads was carried out using a Fourier transform infrared
spectrometer (FTIR) (Thermo Nicolet 6700, Thermo Electron Corp., Waltham, MA, USA).
The beads with encapsulated bacteria (1 g) were mixed with potassium bromide (100 mg
of KBr). Potassium bromide helps to get high-quality beam splitting. The process was
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completed at a wave number of 400 to 4000 cm−1 at a 4 cm−1 resolution. A total of
144 spectra were collected for 9 samples, with 16 scans per sample. The spectral speed
was set at 1 cms−1. The collected spectra were pre-treated for baseline correction using
Unscrambler software (Camo, Ltd., Oslo, Norway) [9].

2.8. Determination of Encapsulated and Free L. acidophilus LAC5

L. acidophilus LAC5 (0.50 g) was suspended in the 4.5 mL of sodium citrate (50 mM)
on a shaker at a pH of 7.5 till released at room temperature. Discharged lactobacilli were
serially diluted 10 times in the saline solution. After the incubation (37 ◦C for 24 h),
colonies of the lactobacilli were counted in aerobic environments. Serial dilutions of the
free lactobacilli were made 10 times using a saline solution. MRS agar was utilized for
plating aliquots of 100 µL [14].

2.9. Stability of the Encapsulated and Free L. acidophilus LAC5 at Different pH

The pH stability of the encapsulated and free lactobacilli was determined as described
by Afzaal et al. [8]. Milk-alginate microspheres containing lactobacilli were in tubes
containing simulated gastric fluid (SGF) (4.5 mL) at pH 2.0 and 2.5. The plates were
incubated at 37 ◦C for 10–120 min. After a specific time, the samples were subjected
to analysis. Serial dilutions of the free lactobacilli were made 10 times using a saline
solution. MRS agar was utilized for plating aliquots of 100 µL. Microspheres that contained
lactobacilli were recovered from the SGF. These microspheres were dissolved in a 4.5 mL
sodium citrate solution (50 mM) at pH 7.5. Discharged lactobacilli were serially diluted
10 times in the saline solution. MRS agar was utilized for plating aliquots of 100 µL.

2.10. Tolerance of Encapsulated and Free L. acidophilus LAC5 against Bile Salts

The stability of the free and encapsulated L. acidophilus was analyzed in the bile salts.
Free lactobacilli suspensions of 0.5 mL were present in the tube containing bile salts solution
(4.5 mL) at 1% w/v and incubated at 37 ◦C for 2 h. Encapsulated and free lactobacilli were
accumulated at different time intervals. Serial dilutions of the free lactobacilli were made
10 times using saline solution. MRS agar was utilized for plating aliquots of 100 µL.
After the breakage of microspheres in the solution of sodium citrate, a viable count was
determined for lactobacilli [15].

2.11. Stability of Encapsulated and Free L. acidophilus LAC5 during Storage

The stability of the encapsulated and free L. acidophilus (The lyophilized free cells
and encapsulated beads were packed in zip-lock polyethylene bags) during storage was
analyzed at 4 ◦C for 30 days. The samples were collected for viability measurement after
1, 3, 5, 7, 14, 21, and 28 storage days. Serial dilutions of the free lactobacilli were made
10 times using a saline solution. MRS agar was utilized for plating aliquots of 100 µL.
These microspheres were dissolved in the 4.5 mL sodium citrate solution (50 mM) at pH 7.5.
Discharged lactobacilli were serially diluted 10 times in the saline solution. MRS agar was
utilized for plating aliquots of 100 µL [15].

2.12. Release of the Encapsulated L. acidophilus LAC5 from Simulated Intestinal Fluid

The release study of the encapsulated L. acidophilus from beads was conducted using
milk-alginate microspheres in the SIF at pH 6.8. Encapsulated L. acidophilus were resus-
pended in 5 mL of sterile PBS (0.1%) before use. Milk-alginate microspheres (5 g), which
contained L. acidophilus, were poured into the conical tubes which contained pre-warmed
SIF (4.5 mL). Incubated at 37 ◦C and centrifuged at 100 rpm for 5 min. At the predetermined
time (0, 20, 40, 60, 80,100, and 120 min), aliquots of 100 µL were collected and instantly
examined for the number of discharged lactobacilli. A fresh medium of the same volume
was added to replace the volume of the withdrawn sample. The collective quantity of the
released rate is plotted against the time. Viable counts of L. acidophilus were determined [1].

Rate of release (RR%) = Vr/Va × 100
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Vr = Viable cells released from beads in SIF; Va = Viable cells added into beads in SIF.

2.13. Cheddar Cheese Preparation

Fresh cow milk was procured from a local farm (University of Agriculture, Faisalabad,
Punjab, Pakistan) and stored in sterilized glass bottles in a refrigerator at 4 ◦C. Rennet
(Sigma Aldrich) and starter culture were obtained from the Microbiology lab, University
of Agriculture, Faisalabad, Punjab, Pakistan. Cheddar cheese was produced in two-liter
milk batches (06 variants of cheese were prepared using the treatment plan). The frozen
probiotic culture was melted at room temperature. This culture was added to the milk to
get 107 CFU/mL. The starter culture was inoculated in the milk at 107 CFU/mL. Microen-
capsulated beads, starter culture (0.75 g), and rennet (0.5 mL) were also added. The curd
was cut using a steel mesh and cooked. The whey drainage and cheddaring process were
performed. The curd was cut, salted, incubated (25 ◦C for 24 h), and ripened for 4 weeks.
The cheese samples were collected on production days 1, 7, 14, and 21 days. These samples
were subjected to further analysis [16].

2.14. HPLC Analysis of the Organic Acids in Cheddar Cheese

The production of lactic and acetic acids in cheese was determined using HPLC [17].
Grated samples of the cheese (5 g) were mixed with 0.009 N sulfuric acid (25 mL) and 70 mL
of nitric acid (15.5 N). The mixture was homogenized at room temperature. After staying
in the water bath (50 ◦C for 1 h), centrifugation (4000 rpm for 20 min) of the obtained slurry
was performed. The soluble fraction situated between fat and casein was more centrifuged.
The obtained supernatant was filtered using filters of 0.22 Millipore. About 1mL aliquot
of each sample was stored at −20 ◦C in the HPLC vials until analyzed. HPLC analysis of
the reverse phase was performed using the HPLC system furnished with the C18 column.
Phosphate buffer (25 mM) at pH 2.5 was utilized as the mobile phase. Precisely 10 mL of
the prepared sample was injected into HPLC. The flow rate was kept at 1.5 mL per minute,
and a UV detector was utilized to detect 200 nm [18].

2.15. Viable Cell Count (VCC) of Cheddar Cheese

The viable cell count (VCC) of L. acidophilus in cheese samples was determined using
the pour plate method [19]. Ten grams of the sample were added to the 90 mL solution of
sodium citrate (20 g/L at 45 ◦C). The incubation (25 ◦C for 15 min) and homogenization
(27,000 rpm for 30 s) were performed to release the bacteria in the microbeads. Suitable
dilutions from the cheese with beads/free cells were added to the sodium citrate solution.
After pouring inoculation on MRS agar plates, the plates were incubated at (37 ◦C for 48 h)
in an anaerobic environment [20].

2.16. Sensory Evaluation of Cheddar Cheese

The sensory evaluation of control and encapsulated cheddar cheese samples was
performed using the Hedonic scale for crumbliness, stickiness, firmness, slice-ability, taste,
flavor and general acceptability. The trained panelists were more than twenty years old and
liked cheddar cheese. To evaluate samples, the panel comprises 62 members (43 males and
19 females, aged 20 to 45). The samples were randomly coded, and panelists were asked to
rate the samples. Spring water was used as a palate cleanser. The sensory evaluation was
performed organoleptically using fluorescent white light and marked the samples based
on their organoleptic characteristics with a Hedonic scale (1–5, 1 = poor, 5 = excellent) [10].

2.17. Statistical Analysis

Statistical analysis of the data was performed according to [21]. The data were subjected
to a two-factor factorial with a completely randomized design (CRD) for statistical analysis
using Statistics 8.1. An analysis of variance (ANOVA) was used with a p < 0.05 significance
level. The mean values of triplicates were expressed with their standard deviation.
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3. Results and Discussion
3.1. Encapsulation of L. acidophilus in Alginate-Milk Microspheres

L. acidophilus was encapsulated with different concentrations of alginate and milk.
The mean size of alginate milk microspheres produced by a nozzle size of 0.45 mm was
between 709 ± 1.08 and 879 ± 1.71 µm (Table 2). The concentration of polymer could cause
variation in microsphere size. The size of microspheres increased with the increase in total
polymer concentration. The alginate-milk microsphere size increased from 709 ± 1.08 to
879 ± 1.71 µm for T1 to T6 (Table 2). Alginate concentration affects the size and shape of
microspheres. A higher concentration of alginate led to the superior shape of microspheres,
such as in T4 to T6. On the other hand, microspheres with less alginate concentration
produced not only small sizes but also soft and tail-like structures with a lack of proper
sphere shape, for example, in T1. The results indicated that the alginate contribution is
more in shape than milk, but alginate microspheres are not stable in an acidic environment.
Milk proteins induce specific physicochemical and structural properties. These are gelation
properties, molecular abilities, gel swelling, biodegradability, and biocompatibility.

Table 2. Size (µm) and yield (%) of alginate-milk microspheres.

Treatment Size (µm) Yield (%)

T0 - -
T1 709 ± 1.08 60.7 ± 1.06
T2 733 ± 2.03 63.3 ± 0.07
T3 802 ± 0.07 73.9 ± 1.23
T4 812 ± 1.01 77.5 ± 1.04
T5 861 ± 0.09 85.9 ± 1.05
T6 879 ± 1.71 92.4 ± 1.21

T0 is control treatment containing free cells of L. acidophilus. So, its beads can not form.

Similar results were reported by Ahangaran et al. [22], who observed that by increasing
the polymer concentration, the wall thickness of microspheres increased, resulting in greater
protection. Due to increased wall thickness, the overall size of microspheres also increases
along with their smooth texture. Prasanna and Charalampopoulos [23] described that
encapsulation of L. acidophilus and Bifidobacterium bifidum in simple alginate beads was not
proven to be effective in 3 to 4% bile salt. The combination of alginate with proteins as
coating material produces more protection in foods and the gastrointestinal tract due to
matrix formation [24].

The extrusion method is efficient for higher encapsulation yield and smaller micro-
sphere sizes. The average microsphere size is a significant property for efficiency and firm-
ness. The size of microspheres directly correlates with protection and a negative correlation
with sensory attributes. Encapsulation yield increased with the increase of total polymer
concentration. The microbial suspension used for encapsulation was 10 log CFU/mL. The
alginate-milk concentration has a direct relationship to yield (Table 2). The maximum yield
was observed in T6 (92.4 ± 1.21%), while the minimum was obtained in T1 (60.7 ± 1.06%).
There are two major factors that affect the yield, i.e., encapsulation technique and microbial
type. Sipailiene and Petraityte [25] reported that the low encapsulation yield is due to the
sensitivity of microorganisms and heat treatment during encapsulation. High encapsu-
lation yield can be obtained due to the natural resistance of bacteria and encapsulation
conditions [23]. Encapsulation yield is a significant factor in checking the encapsulation
process efficiency and material wall characteristics [26].

3.2. Determination of Free and Encapsulated L. acidophilus Viable Cells

The cell suspension in a free form used for encapsulation was 10 log CFU/mL. The cells
encapsulated in the form of microcapsules ranged from 9.95 to 9.98 log CFU/g for various
treatments. As a result, a high encapsulation yield in alginate-milk microcapsules was
attained in the present study. There was not found a significant difference between the yield



Fermentation 2023, 9, 725 7 of 18

of encapsulation and the concentration of total polymer. Many researchers have reported
that the polymer concentration could affect the encapsulation yield. Zanjani et al. [27]
observed that the increase of starch with alginate in the formulation of microcapsules
could improve encapsulation efficiency for L. casei. Rodrigues et al. [28] reported that the
yield of microcapsules for L. casei ranged from 50.9% to 80%, with variation in the total
polymer concentration.

3.3. Structural Analysis of Beads

Images of wet and dry beads were taken using a digital camera (Figure 1). The sodium
alginate beads were spherical in shape and glossy appearance. The increasing concentration
of milk in sodium alginate beads resulted in elongated beads. SEM micrographs showed
that the increase in milk concentration significantly reduced the pores of sodium alginate
(Figure 2). Sodium alginate beads were spherical in shape with intermolecular spaces. The
addition of milk reduced the intermolecular pores. However, the milk-based beads were
elongated but had a smooth structure. Shriveled and elongated beads may be due to the
effect of freeze-drying. Freeze-drying can affect the spherical shape of beads [9]. Sodium
alginate plays an important role in coating the materials. Though, sodium alginate is not
successful in protection due to the pores. The combination of sodium alginate and other
materials, such as starch, proteins, and carbohydrates, produces splendid results [28]. Milk,
along with all its constituents, exhibits good properties when used with alginate in the
formulation as a coating material. Lactose in milk is a growth booster for immobilized
probiotics in the gastrointestinal tract. Milk proteins, both casein and whey, when frag-
mented in the intestine, produce several other beneficial by-products. Proteins supply
essential amino acids for humans and bacteria and act as co-factor for many enzymatic
activities. Azam et al. [7] studied the composite encapsulation of the beads and found
that the composite beads were better in structure and protection. Wiessel et al. [29] have
reported the ability of L. acidophilus to be alive in the alginate-xanthan gum-inulin matrix in
carrot juice. The main advantage of encapsulation is the higher survival rate in high bile
and low pH conditions [30].

3.4. FTIR Spectral Analysis of Beads

The FTIR spectral analysis was performed for varying concentrations of sodium
alginate and milk-based beads to identify functional groups. The spectra of different
treatments (T1, T2, T3, T4, T5, and T6) are given in Figure 3. Sodium alginate spectra
showed aliphatic groups bands C–H (2900–2700 cm−1) and OH stretching vibrations
(3600–3000 cm−1). The symmetric and asymmetric stretching of COO− corresponded to
1415 and 1592 cm−1, respectively. These bands were distinctive among alginate and
its conjugated products. Pyranosyle ring and functional groups of C–O, and C–C–H
deformations were found at 1021 and 817 cm−1. The spectra of milk showed absorption
bands at 1442, 1630, and 3430 cm−1. The presence of O-H, C-H, and C=C functional
groups indicated the presence of milk in beads. These regions were present in all the
treatments, indicating the presence of sodium alginate and milk. However, the intensity is
directly proportional to the concentration of the component. Azam et al. [9] indicated the
presence of sodium alginate in beads with their spectral fingerprints. Sodium alginate and
its conjugated molecules showed aliphatic groups bands C–H (2900–2700 cm−1), and OH
stretching vibrations (3600–3000 cm−1).
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Figure 2. Encapsulated beads with varying concentration of sodium alginate and milk (T1: SA 1%,
Alginate/Milk ratio 1/1; T2: SA 1%, Alginate/Milk ratio 1/2; T3: SA 1.5%, Alginate/Milk ratio 1/1;
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The symmetric and asymmetric stretching of COO- were present at 1415 and 1592 cm−1.
Due to the interaction of different functional groups, spectral overlapping can be observed
in spectral results. The alginate monomers can bind calcium ions during encapsulation.
Atia et al. [31] used inulin and sodium alginate-based encapsulation material for probi-
otics. The hydroxyl and aliphatic groups were present at 1200–900 and 3500–300 cm−1

wavenumber, respectively. The functional groups of sodium alginate were present at
3500–2700 cm−1.

3.5. Low pH Stability of Free and Encapsulated L. acidophilus

Encapsulation of L. acidophilus in alginate-milk microcapsules significantly improved
the survival of L. acidophilus in SGF (Figure 4A,B). In SGF (pH 2.5), the viability of
L. acidophilus encapsulated in microcapsules was maintained after 120 min of incuba-
tion. In SGF (pH 2.0), the viability of encapsulated L. acidophilus could be maintained
for 30 min. After that, the viability of encapsulated L. acidophilus was observed to decrease
to 8 logs CFU/mL (T6 8.43 ± 0.1 log CFU/mL) after 120 min of exposure time (Figure 3).
The analysis of variance for viability in SGF of free and encapsulated L. acidophilus indicated
significant results with bead formulations, storage time and for their interaction. The
observed excellent pH resistance of encapsulated L. acidophilus can be attributed to the
buffering capacity of milk utilized in the formulation of microcapsules.

Ji et al. [32] mentioned that the whey proteins contributed to the high viability of bifi-
dobacteria encapsulated in alginate–pectin–whey protein microcapsules when exposed to
SGF (pH 2.5). Chen and Hang [33] demonstrated the survival rate of Lactobacillus paracasei
spp. paracasei F19 and Bifidobacterium lactis Bb 12 encapsulated in beads having casein in the
formulation can be increased with exposure to SGF (pH 2.5). The present results also exhib-
ited that a higher concentration of milk contributed to the improved protection of probiotics.
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Viable counts of encapsulated L. acidophilus were observed to reduce to 5.5 log CFU/mL
microcapsules and 7 log CFU/mL microcapsules after 120 min of incubation time for T1
and T3, respectively. The reason could be attributed to a denser hydrogel network due to a
higher milk concentration, thereby reducing the acid diffusion rate into the microcapsules.
Rather et al. [15] reported that the resistance of L. casei NCDC-298 was encapsulated in
various concentrations (2%, 3%, and 4%) of alginate. The results showed that the increased
pH stability was directly proportional to the alginate concentrations without any adverse
effect on the release of the entrapped cells at colonic pH.
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3.6. Bile Salt Solution Tolerance of Free and Encapsulated L. acidophilus

Free L. acidophilus was lost in bile salt solution after exposure for 1 h, probably due
to the damage caused by bile salts to cell wall integrity (Figure 5). Maximum viability
was observed in T6 (8.92 ± 0.13 CFU/mL). The viability increased with the increase in
polysaccharides and milk protein concentration. The analysis of variance for viability in
bile salt solution of free and encapsulated L. acidophilus indicated significant results with
bead formulations, storage time, and their interaction. The researchers mentioned that
probiotics are sensitive to the bile salt solution. Lin et al. [34] reported a five log decrease in
viable cell numbers of Bifidobacterium adolescentis after 12 h of incubation time in a 2% bile
salt solution and at 37 ◦C. Shori [35] observed that B. adolescentis decreased their numbers
after a 2 h incubation time of about 2 log CFU/mL, in 0.5% bile salt at 37 ◦C. However,
the alginate-milk microcapsules can offer protection against bile salts as compared to free
cells. This may be attributed to the alginate-milk matrix trapping structure that offered
more resistance to the adverse effects of bile salts. In the present study, improved bile salt
solution tolerance was demonstrated by encapsulated cells as compared to free cells. It was
impossible to compare the present study’s results with others because other scientists used
variable concentrations of bile salts. Halim et al. [36] reported that encapsulated probiotics
could improve survival compared to free probiotic cells in bile salt solution concentrations
of 1–3%.

3.7. Storage Stability of Free and Encapsulated L. acidophilus

The storage stability of free and encapsulated L. acidophilus at 4 ◦C is given in Figure 6.
The L. acidophilus encapsulated in alginate–milk microcapsules presented good viabil-
ity. However, L. acidophilus cells in free form showed poor stability during storage. The
analysis of variance for the viability of free and encapsulated L. acidophilus indicated
significant results with bead formulations, storage time, and their interaction. The vi-
ability of L. acidophilus in free form was reduced from 10 to 2.3 log CFU/mL (T0) after
storage for 28 days (Figure 6). Microencapsulation with optimized concentration of sodium
alginate and milk can help to improve the viability of probiotics. Feng et al. [37] demon-
strated that the blending of polymers for the encapsulation of probiotics has a potential
approach to improving the stability of probiotics during storage. The protective role of
utilizing whey proteins as encapsulation material was assessed during storage by de Araújo
Etchepare et al. [38], who reported more than 9 log CFU/g microcapsules viability after
180 days of storage. Chávarri et al. [39] evaluated that the microcapsules coated with
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chitosan possessed better protection for probiotics cells than other microcapsules during
the storage period. This may be attributed to the microcapsules coated with a denser
membrane formed due to chitosan. In the present study, the denser membrane formed of
alginate-milk polymers might provide excellent protection to probiotics during storage.
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3.8. Release Study of Encapsulated L. acidophilus

In order to confer health benefits on the human body, L. acidophilus should be released
from encapsulation in SIF. The release rate of microencapsulated L. acidophilus from micro-
capsules decreased significantly with increasing alginate concentration in the alginate-milk
ratio due to the denser polymer membrane. The releasing properties of microencapsulated
L. acidophilus in SIF have been presented in Figure 7. All the microencapsulated L. acidophilus
were released from microcapsules in 120 min. However, T1 showed rapid release compared
to other treatments and in T6 slow release was observed. The probiotics were released
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from the beads as because of swelling that caused erosion of the network composed of algi-
nate and milk in SIF. The composition and concentration of polymers affected the release
profile and the acid protection of microencapsulated L. acidophilus. Generally, the higher
concentrations of polymers increased the survival of L. acidophilus in an acidic medium
while reducing the release rate. However, Dimitrellou et al. [40] observed that the release
properties of microencapsulated probiotics were not significantly affected by an increase in
the concentration of alginate.
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3.9. Organic Acids in Cheddar Cheese

Organic acids play an important role in contributing to the flavor and aroma [41] of
various varieties of cheese. Lactic acid bacteria ferment sugar producing lactic acid as the
major product. The analysis of the variance of lactic acid and acetic acid content for probiotic
cheddar cheese illustrated that lactic acid and acetic acid content increased significantly
with varying concentrations of encapsulation materials. Maximum lactic acid and acetic
acid production was observed in T4 (39.28 ± 6.3 mg g−1) and (1.02 ± 0.04 mg g−1) (Table 3).
The lowest lactic and acetic acid production was observed in T0 (34.24 ± 5.2 mg/g) and
T1 (0.82 ± 0.04 mg/g). Lipolysis and normal bacterial metabolism produce organic acids
(short-chain and water-soluble) in cheese. Therefore, lactic acid was the most abundant
organic acid observed in probiotic cheddar cheese. The value increased with the increase
in milk concentration. The quantitative evaluation of organic acids can monitor bacterial
growth and metabolism. The microbial metabolic activity in cheese was monitored by
evaluating the metabolic products, i.e., lactic acid and acetic acid. Lactobacillus spp. uses
the Leloir pathway to convert galactose to glucose-6-P, which is metabolized to DL-lactate
through the Embden-Meyerhof-Parnas pathway (EM pathway) [42]. Acetic acid may be
produced from lactose, citrate, and amino acids [43]. This increase might be attributed
to the higher concentration of free amino acids in cheeses produced by adding adjuncts
to probiotics. These amino acids might have contributed to the formation of acetic acid
as precursors. Zheng et al. [44] reported that the degradation (oxidative deamination of
decarboxylation) of amino acids (alanine and serine) could play a potential role in the
production of acetic acid.
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Table 3. Organic acids in probiotic cheddar cheese.

Treatment
Concentration (mg/g)

Lactic Acid Acetic Acid

T0 34.24 ± 5.2 0.85 ± 0.02
T1 35.46 ± 7.4 0.82 ± 0.04
T2 36.57 ± 3.5 1.13 ± 0.03
T3 36.44 ± 4.8 0.97 ± 0.02
T4 39.28 ± 6.3 1.02 ± 0.04
T5 37.84 ± 5.2 0.87 ± 0.08
T6 37.29 ± 7.2 0.86 ± 0.06

Acetic acid was found in all cheese treatments at levels that kept on enhancing with
an increase in milk concentration for microencapsulation. Significant effects were observed
due to the milk/alginate ratio used to encapsulate probiotics in the cheese. The increasing
milk concentration for encapsulation demonstrated a higher amount of acetic acid in cheese.
Stefanovic et al. [45] observed that L. casei could produce acetic acid as the end product of
their metabolism.

3.10. Viable Cell Count (VCC)

The results for the survival of L. acidophilus after 21 days of storage at 4 ◦C are presented
in Table 4. The data demonstrated that the probiotics remained stable at 4 ◦C during storage.
A mean reduction of only 0.15 Log/CFU was observed after 21 days of storage at 4 ◦C.
A statistically nonsignificant effect of treatments (alginate/milk ratio) was observed on
viability loss. The appropriate freezing matrix and a low storage temperature can be
accredited for the minimal loss in viability.

Table 4. Viable cell count (log10 CFU/g) of L. acidophilus in probiotic cheddar cheese.

Treatment
Storage Time (Days)

0 1 7 14 21

T0 9.92 ± 0.19 9.89 ± 0.10 9.87 ± 0.31 9.85 ± 0.12 9.86 ± 0.18
T1 9.93 ± 0.10 9.92 ± 0.22 9.90 ± 0.11 9.91 ± 0.16 9.88 ± 0.10
T2 9.93 ± 0.14 9.93 ± 0.12 9.90 ± 0.10 9.90 ± 0.14 9.89 ± 0.21
T3 9.94 ± 0.09 9.92 ± 0.21 9.91 ± 0.23 9.91 ± 0.21 9.90 ± 0.13
T4 9.95 ± 0.18 9.93 ± 0.14 9.92 ± 0.16 9.91 ± 0.24 9.91 ± 0.24
T5 9.91 ± 0.15 9.90 ± 0.13 9.89 ± 0.09 9.87 ± 0.13 9.88 ± 0.25
T6 9.90 ± 0.17 9.91 ± 0.21 9.88 ± 0.15 9.86 ± 0.17 9.87 ± 0.16

Milk as a freezing matrix for lactic cultures has long been demonstrated as an excellent
material [46], and the results from the current study exhibited that L. acidophilus coincides
with this observation. Moreover, the low storage temperature of 4 ◦C was recommended
earlier for lactic cultures [47]. However, storing frozen starters and probiotics at tempera-
tures lower than −40 ◦C is desirable, and commercial freezers at −20 ◦C are inappropriate
for this typical storage. It has been proposed that viable probiotic organisms should be
present at at least 107 log CFU/g of a product to confer health benefits on the host [48]. All
probiotics containing cheese developed in the present study thus satisfied the criteria of a
probiotic food product.

3.11. pH of Probiotic Cheddar Cheese

The pH of probiotic cheddar cheese decreased significantly with treatments and stor-
age. The rise in acidity could be attributed to lactic acid production by lactic acid bacteria
during lactose fermentation. The analysis of variance of pH for probiotic cheddar cheese
illustrated that pH decreased significantly with varying concentrations of encapsulating
material and storage days. Their interaction had significant effect on the pH. The pH of
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cheese prepared with various treatments was significantly lower than that of the control. As
the level of milk increased in the various treatments of cheese, the pH gradually decreased
(Table 5). Maximum pH reduction was observed in T4 (3.96 ± 0.05), and minimum in
T0 (4.20 ± 0.14). The reason can be the metabolic activity of lactic culture and/or high
fermentable sugar concentration in various cheese treatments. The whole and robust
metabolism of lactose and /or its monosaccharides in cheese curd is vital for producing
high-quality cheese. Subsequently, the existence of a fermentable carbohydrate might result
in the development of undesirable secondary flora during the ripening period of cheese.
The acidity depends chiefly on the quantity and type of starter, pre-acidification, duration,
and temperature of acid development [49].

Table 5. pH of probiotic cheddar cheese.

Treatment
Storage Time (Days)

0 1 7 14 21

To 5.42 ± 0.10 5.30 ± 0.06 4.87 ± 0.15 4.50 ± 0.12 4.20 ± 0.14
T1 5.37 ± 0.06 5.10 ± 0.15 4.57 ± 0.08 4.30 ± 0.16 4.13 ± 0.05
T2 5.32 ± 0.11 4.90 ± 0.14 4.48 ± 0.05 4.28 ± 0.07 4.05 ± 0.10
T3 5.35 ± 0.12 5.28 ± 0.16 4.81 ± 0.14 4.43 ± 0.05 4.15 ± 0.13
T4 5.28 ± 0.05 5.00 ± 0.10 4.38 ± 0.06 4.15 ± 0.08 3.96 ± 0.05
T5 5.44 ± 0.04 5.20 ± 0.07 4.67 ± 0.12 4.48 ± 0.10 4.17 ± 0.09
T6 5.39 ± 0.09 5.10 ± 0.09 4.72 ± 0.11 4.36 ± 0.11 4.10 ± 0.08

3.12. Sensory Evaluation of Probiotic Cheddar Cheese

The sensory characteristics of probiotic cheddar cheese have been presented in Table 6.
The analysis of variance for means of taste and flavor of probiotic cheese demonstrated
significant variations with increasing concentration of encapsulation material and ripening
days. Their interaction significantly affected the taste of probiotic cheddar cheese. How-
ever, the prepared cheddar cheese was not significantly different from that of the control
treatment (T0) with respect to crumbliness, stickiness, firmness, slice-ability, and general
acceptability. Incorporating microencapsulated probiotic L. acidophilus in the cheese did
not cause any defects. A maximum score was observed for taste in T6 (4.13 ± 0.07), and
a minimum score was observed for T0 (2.64 ± 0.07). The maximum score for flavor was
observed in T5 (4.05 ± 0.06), and the minimum score was observed for T0 (2.75 ± 0.04). A
maximum score was observed for crumbliness in T2 (3.58 ± 0.03) and a maximum score
for stickiness was observed for T4 (3.51 ± 0.11). T2 was observed to be the firmest cheese
among all the treatments (3.56 ± 0.08). Generally, consumers choose cheeses based on
sensory characteristics [50]. Higher moisture retention may result in a tough and rubbery
texture, thereby improving the body, texture, and functional properties of cheese [51].

Table 6. Sensory characteristics of probiotic cheddar cheese. Hedonic scale (1–5, 1 = poor,
5 = excellent).

Treatment
Parameters

Crumbliness Stickiness Firmness Slice-Ability Flavor Taste General Acceptability

To 3.48 ± 0.04 3.35 ± 0.10 3.50 ± 0.13 3.41 ± 0.05 2.75 ± 0.04 2.64 ± 0.07 3.18 ± 0.09
T1 3.51 ± 0.06 3.41 ± 0.08 3.55 ± 0.05 3.42 ± 0.10 3.11 ± 0.07 3.09 ± 0.08 3.17 ± 0.05
T2 3.58 ± 0.03 3.45 ± 0.05 3.56 ± 0.08 3.44 ± 0.08 3.28 ± 0.06 3.42 ± 0.09 3.15 ± 0.11
T3 3.46 ± 0.07 3.49 ± 0.07 3.45 ± 0.04 3.42 ± 0.10 3.66 ± 0.05 3.51 ± 0.11 3.18 ± 0.06
T4 3.51 ± 0.09 3.51 ± 0.11 3.44 ± 0.09 3.40 ± 0.11 3.71 ± 0.04 3.84 ± 0.08 3.09 ± 0.07
T5 3.49 ± 0.11 3.46 ± 0.05 3.47 ± 0.10 3.45 ± 0.12 4.05 ± 0.06 3.98 ± 0.08 3.12 ± 0.11
T6 3.48 ± 0.04 3.51 ± 0.04 3.53 ± 0.11 3.46 ± 0.04 4.03 ± 0.05 4.13 ± 0.07 3.16 ± 0.08
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The cheese flavor results from lipolysis and proteolysis by starter cultures/non-starter
lactic acid bacteria, and these microbes play a significant role in the flavor, body, and texture
of finished cheese.

4. Conclusions

The results demonstrated that encapsulated L. acidophilus could be utilized to produce
probiotic cheddar cheese. The encapsulated probiotics maintained viability and stability
under low pH, storage, and bile salt conditions. Therefore, whole milk can be combined
with alginate to protect the probiotics from harsh conditions like low pH, high bile con-
centration, elevated temperature, and targeted delivery of core material. This may help
the local food industry utilize native probiotic strains to be incorporated into probiotic
foods with improved bio-accessibility. Adding milk with alginate as an encapsulant may
open the doors for more natural materials to be used for encapsulation with a green image.
The outcomes of the present study provided an economical encapsulating material and an
optimized formulation to improve their viability. Furthermore, the increased viability of
encapsulated probiotics (L. acidophilus) will positively impact the probiotic’s food products.
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