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Abstract: This study aimed to implement a microencapsulated form of selected autochthonous
lactic-acid bacteria (LAB) isolated from the cheese-production chain and natural rennet obtained from
suckling lambs in the traditional production of hard sheep cheese, “Paški sir”, from the island of Pag,
Croatia. Two different formulations of microparticles were prepared: (i) microparticles containing the
strain of both Lactiplantibacillus plantarum and Lactococcus lactis (S2) and (ii) microparticles containing
both strains and natural rennet (S3). These formulations were used in the production of Paški
sir cheese simultaneously with standard production using non-encapsulated commercial starter
cultures and commercial rennet (S1). The number of Lc. lactis isolates decreased at day 30 and
were not isolated during the remaining ripening process, whereas the number of L. plantarum
remained stable throughout the ripening process. The level of LAB and the release of the rennet
from microsphere formulations at the end allowed for the production of cheese with the same
characteristics as the commercial product, indicating no negative interactions of natural rennet,
bacterial culture, and chemical components of microparticles. To our knowledge, this is the first
report of a microencapsulated L. plantarum (isolated from the abomasum of lambs) coupled with
natural lamb’s rennet used in the production of hard sheep cheese. This pilot study showed the great
potential for maintaining authenticity in cheese production by combining traditional and sustainable
innovative technologies.

Keywords: microencapsulation; Lactiplantibacillus plantarum; Lactococcus lactis; natural rennet; lamb
abomasum; Paški sir

1. Introduction

The development and introduction of novel technologies in the food industry have
always been a priority to improve existing production and food quality. An example of
such a technological process is microencapsulation, in which active ingredients are encap-
sulated in a suitable polymer material to obtain microparticles capable of retaining the
biological activity of the encapsulated ingredient. In the food industry, using microencap-
sulation to protect, isolate, or control the release of an active ingredient offers numerous
advantages [1–3] and mainly refers to the use of bioactive molecules and living cells [4]. In
the dairy industry, especially in cheese production, the potential is closely related to the
encapsulation of starter cultures [5–7], which may improve conditions during the ripening
process compared to traditional inoculation. Moreover, the added value of such products
lies in the bioactive compounds isolated from various natural sources, as they contribute to
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preserving biodiversity, quality, and recognition of the final product. In this context, the
simultaneous encapsulation of more than one ingredient, such as lactic-acid bacteria and
rennet, can lead to a product that can easily be incorporated into cheese production and
simplify the whole process from a technological point of view [8].

However, there is a lack of research on the development and application of these
microparticles in cheese making. Indeed, products containing encapsulated bioactive
compounds are still rare in the food industry, in contrast to their widespread use in the
pharmaceutical industry. Possible reasons for this are complex requirements for food
matrices, as the sensory properties of foods must not be affected by the addition of mi-
croparticles, and being orally ingested, they must withstand the adverse conditions of the
gastrointestinal tract [2]. This study aimed to produce a microencapsulated form of selected
lactic-acid bacteria isolated from the traditional cheese-production chain as potentially
the most suitable starter cultures alongside natural rennet obtained from suckling lambs.
The formulated microparticles were used in traditional Paški sir (hard cheese from sheep
milk, island of Pag, Croatia). When encapsulating lactic-acid bacteria and lamb’s rennet in
biopolymeric microparticles the advantages are a smaller opportunity for dosage errors,
less time spent in production (i.e., no need to wait 20–30 min after the addition of dairy
cultures), their common influence on the ripening process, and the smaller production cost
per unit of capsules when they are loaded with more bioactive components. The application
of the formulations during the production of traditional Paški sir cheese has the biggest
effect in the preservation of biodiversity. Moreover, the gradual release of encapsulated
components influences the improvement of the aromatic properties of the final product.
There are several studies that showed how the encapsulation process could be a great tool
for ensuring the cells’ survival and viability in the intricate food matrix. For example, in
the case of fermented sausages, the combination of non-encapsulated and encapsulated
bacterial cultures may be particularly effective for the application of functional starter
cultures with proven probiotic potential in order to enhance the hygienic and sensory
qualities while also delivering probiotics in finished products [9,10].

This paper presents the results of the characterization of microsphere formulations, the
isolation of lactic-acid bacteria, their identification, and the confirmation of encapsulation
success by molecular analysis. In addition, the physicochemical properties of experimental
cheeses during the ripening stages are presented as a conclusion of the effectiveness of
microencapsulation as a method, especially considering the use of natural rennet and the
selected lactic-acid bacteria based on their specific properties and the potential of using
them as a starter culture.

2. Materials and Methods

As previously reported, 150 isolates of lactic-acid bacteria from raw sheep milk, lamb
abomasum, cheese curds, and Pag-island cheese were identified [11]. Based on the biochem-
ical properties identified, the Lactiplantibacillus plantarum strain from the lamb abomasum
and the Lactococcus lactis strain from raw sheep milk were selected for microencapsula-
tion. Two formulations were created: (i) microparticles containing both strains (S2) and
(ii) microparticles containing both strains and natural rennet (S3). These novel formula-
tions were applied in the production technology of Paški sir cheese simultaneously with
standard production using non-encapsulated commercial starter cultures (Bioprox, Noyant-
Villages, France) and commercial rennet (Bioren, Chr. Hansen, Hørsholm, Denmark) as the
control (S1).

2.1. Microencapsulation

To generate sufficient biomass for microencapsulation, a pure culture of each strain
was inoculated into 300 mL of de Man, Rogosa and Sharpe broth (MRS, Merck Millipore,
Burlington, MA, USA) and incubated at 30 ◦C for 24 h. The broth containing the propagated
culture was then centrifuged at 3800 rpm for five minutes (Eppendorf 5804r, Hamburg,
Germany), the supernatant was discarded, and cells from both broths were resuspended in
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15 mL of Brain Hearth Infusion broth (BHI, Thermo Fisher Scientific, Waltham, MA, USA).
Cleaned and dried lamb’s abomasa were prepared and extracted according to Green [12]
with some modifications. Abomasa were cut into 5–10 mm strips and put into a 6% (w/v)
NaCl and distilled-water solution. The ratio of abomasa and NaCl solution was 1:8 (w/w).
After the first 24 h, the extract was filtered and 50% of the solution amount was added from
the day before. The next day (48 h after), the extract was filtered and 50% of the solution
amount was added from the day before. After 72 h, the extract was filtered and all aliquots
were combined and centrifuged for 45 min at 16,000–20,000 g to remove impurities. After
extraction, the zymogen was activated to the active form of the enzyme by lowering the
pH of the extract to 2.00 for 30 min with HCl (36.5% (v/v); 25% (v/v)) and then adjusting
it to 5.5 with NaOH (2 mol/dm3; 1 mol/dm3; 0.5 mol/dm3). The clotting activity and
chymosin/pepsin content were determined according to the relevant ISO standards [13,14].
Cultures and rennet were microencapsulated in the Department of Chemistry, Faculty
of Agriculture, using a Büchi-B390 encapsulator (Labortechnik AG, Flawil, Switzerland).
Fifteen mL of BHI broth was homogenized with 85 mL of sodium alginate. The final
concentration of sodium alginate solution was adjusted to 1.5% (w/v).

The ionic-gelation technique was used to prepare the calcium-alginate microspheres
containing the strains. A 100 mL sodium-alginate solution was dripped into 100 mL of
1 mol/dm3 calcium-chloride solution through a nozzle (450 µm) and continuously stirred
using a magnetic stirrer. In the case of the S3 formulation, lyophilized lamb rennet in
a concentration of 10% (w/v) was additionally homogenized with cultures and sodium-
alginate solution and added to the calcium-chloride solution, as explained above. After the
procedure, the microspheres were separated by filtration, washed with sterile water, and
freeze-dried in an Alpha 1–2 LD Plus freeze-dryer (Christ, Osterode am Harz, Germany).
Aseptic conditions were provided throughout the process of encapsulation.

2.1.1. Microscopic Observations

The mixture of natural rennet/mixtures of bacterial culture/2% CaCl2, microsphere
size, shape, and morphology were examined by optical microscopy (OM) (Olympus BX
60, Center Valley, PA, USA) and a scanning electron microscope (SEM) (Axia ChemiSEM
Scanning, Thermo FisherAbout, Waltham, MA, USA). One hundred microspheres were
randomly selected from three batches to determine the size distribution. Mean diameters
of wet and dry microspheres were determined by optical microscopy using Olympus Soft
Imaging Solutions GmbH, version E_LCmicro_09Oct2009 (Münster, Germany).

2.1.2. Swelling Degree and Release of Rennet from Microsphere Formulation

A detailed method for determining the degree of swelling (Sw) has been previously
described [15], and Sw was calculated using the following equation:

Sw =
wt −w0

w0
× 100 (1)

where wt is the weight of the swollen microspheres, and w0 is their initial weight.
In-vitro-release studies from microparticles were performed at room temperature.

A system was formed by placing 0.01 g of dry microspheres in 50 mL of distilled wa-
ter. The amount of rennet released was determined by UV/Vis spectroscopy (UVIVIS
1900i, Shimadzu, Kyoto, Japan). Results are presented as the fraction of rennet using the
following equation:

f =
Rt

Rtot
(2)

where f represents the fraction of cumulatively released rennet, Rt is the rennet released at
time t, and Rtot is the total amount of rennet loaded in the microsphere formulation. The
rennet-release fraction (fRe) can be described by the following equation:

f = a + ktn (3)
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According to the Korsmeyer–Peppas model [16], the release constant k is related to the
microspheres’ overall diffusive-solubility coefficient and geometric properties, and the
exponent n is characteristic of the mechanism controlling the release rate.

2.1.3. Determination of Electrostatic Charge, Zeta Potential, and Size of Aggregates in
Mixtures of Natural Rennet/Bacterial Cultures and Calcium-Chloride Solutions

Electrostatic charge and zeta potential (ζ/mV) of rennet suspensions were measured
with a Zetasizer Nano ZS (Malvern, UK), which measures electrophoretic mobility based
on laser Doppler particle electrophoresis. Zeta potential was estimated from electrophoretic
measurements using Henry’s equation.

Ue = 2ε ζ (fκa/3η) (4)

where ζ is the zeta potential, ε is the dielectric constant, Ue is the electrophoretic mobility,
and η is the viscosity. In this case, fκa is 1.5 and is called the Smoluchowski approximation.
The deviation was within ±1 mV. All measurements were performed in triplicate at room
temperature. The hydrodynamic diameter (d/nm) was estimated by the Einstein–Stokes
equation, assuming a spherical aggregate. Results are presented as the mean value of at
least three to six measurements.

2.2. Cheese Production

Prepared microcapsules were used in the experimental production of traditional Paški
sir cheese, with six cheese wheels made from each formulation (18 wheels in total). Every
day, one 60 L milk batch was divided into three 20 L batches, with each group represented
by one batch. Experimental production was conducted for six consecutive days, resulting
in 6 cheese wheels for each group. Activated microparticles in distilled water were added
to the pasteurized milk at 63–65 ◦C for 30 min and cooled to 33–34 ◦C, then stirred for
1 min. In S1 and S2, the cultures were added 25 min before the rennet, whereas in S3,
they were added together. Other production stages were the same. Figure 1 displays the
experimental-production process and its stages.
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Figure 1. Experimental-production scheme; S1—non-encapsulated commercial starter cultures and
rennet; S2—microparticles containing Lactiplantibacillus plantarum and Lactococcus lactis and non-
encapsulated natural rennet; S3—microparticles containing both strains and natural rennet.

In formulation S2, the microparticles (with L. plantarum and Lc. lactis) were added
at a concentration of 0.20 g/20 L and rennet at a concentration of 0.43 g/20 L of milk.
The concentration of microparticles in S3 was higher (2.15 g/20 L) due to the additional
presence of rennet. The number of added particles was determined during preliminary
tests combining payload release and curd firmness reached in 60 min. The rennet was
added at 600 IMCU per 20 L of milk in both cases to make an equivalent of 3000 IMCU per
100 L of sheep milk, which is the average used in Paški sir cheese production. According to
the manufacturer’s recommendations, commercial starter cultures in cheese group S1 were
added at a concentration of 0.17 g/20 L. The firmness of the curd was tested after 60 min of
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coagulation, then cut and heated at 42 ◦C for 10 min. After shaping and pressing the curd,
it was kept in brine for 24 h, then dried and ripened for 120 days (17 ◦C; 70–80% RH).

2.3. Microbiological Analysis

During the 120 days of ripening, cheese samples were taken every 30 days (90 samples
in total), starting from day 0, and microbiologically analyzed at the Department of Hygiene,
Technology, and Food Safety at the Faculty of Veterinary Medicine, University of Zagreb.
Whey samples were collected with the cheese on day 0 and analyzed microbiologically
(N = 18). For isolation and determination of the number of lactic-acid bacteria, 10 g
of the sample were aseptically collected, diluted in 90 mL of saline, and homogenized
for two minutes (Stomacher 400 Circulator, Seward, Worthing, UK). From the selected
decimal dilutions, 0.1 mL was collected, surface inoculated onto MRS agar (BioMerieux,
Marcy l’Etoile, France), and incubated for 48 h under anaerobic conditions (AnaeroGen,
Thermo Fisher Scientific, Waltham, MA, USA) at 30 ◦C. After incubation, the number
of bacteria per gram of sample was calculated using an automatic colony counter (Scan
1200, Interscience, Cantal, France) and expressed as log10 CFU/g. To gain insight into the
microbial population and the proportion of bacterial species, at least ten morphologically
distinct colonies were selected from each analysis and identified by MALDI-TOF mass
spectrometry using the MBT Compass 5.0 software package (Bruker Daltonik, Bremen,
Germany) at the Physical Chemistry Division of the Rud̄er Bošković Institute, Zagreb,
Croatia. Since the output of the MALDI Biotyper is a logarithmic-score value in the range of
0–3.0, indicating the probability of correct identification of the isolate, a score of 2000 to 3000
was used as the identification criterion, indicating a high-confidence species identification.
After identification, the microencapsulated species isolated from each sample were stored
in a microbiological-culture-preservation system at −80 ◦C (Deltalab, Barcelona, Spain)
until further molecular analysis.

2.4. Molecular Analysis

A RAPD-PCR analysis was performed at the Veneto Agricoltura Institute of Food Qual-
ity and Technology (Thiene, Italy) to confirm the authenticity of the isolated L. plantarum
strain with the original microencapsulated one. A total of 15 strains isolated during the
ripening process was used for analysis, along with a reference strain and positive control
L. plantarum ATCC 14917. After DNA extraction by thermal lysis with MicroLysis-Plus
solution and Lysis Profile 1 according to the manufacturer’s instructions (Microzone, Stour-
bridge, UK), the RAPD-PCR protocol was performed with two specific primers (Sigma
Aldrich, St. Louis, MO, USA) and an amplification program in the thermal cycler (PTC-200,
MJ Research, Waltham, MA, USA) according to the primer used (Table 1). Identification
of the RAPD-PCR products was performed by agarose-gel electrophoresis. In contrast,
the similarity between the obtained RAPD-PCR profiles of the different isolates was com-
pared and analyzed using a laboratory database and Gelcompare software (Applied Maths
Software, Sint-Martens-Latem, Belgium) with a dendrogram as the final result.

Table 1. Primers and corresponding amplification cycles used for RAPD-PCR analysis.

Primer Sequence (5′-3′) Length (nts) Cycle

M13 GAG GGT GGC GGT TCT 15

35 cycles of:
94 ◦C × 1 min
45 ◦C × 20 s

Ramp to 72 ◦C at 0.5 ◦C/s
72 ◦C × 2 min
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Table 1. Cont.

Primer Sequence (5′-3′) Length (nts) Cycle

D11344 AGT GAA TTC GCG GTG AGA TGC CA 23

94 ◦C × 2 min
35 cycles of:

94 ◦C × 1 min
42 ◦C × 1 min

72 ◦C × 1 min and 30 s
Final step at 72 ◦C × 10 min

2.5. Physicochemical Cheese Analysis

Cheese samples (N = 90) were taken every 30 days during the 120 day ripening period.
The samples were taken on days 0, 30, 60, 90, and 120 and transported to the Department of
Dairy Science at the Faculty of Agriculture, University of Zagreb. Analyses were done in the
Reference laboratory for milk and Dairy products accredited according to HRN EN ISO/IEC
17025 [17]. Standard analyzed parameters were (1) total solids content [18], (2) protein
content per the Kjeldahl principle [19], (3) milk-fat content [20], (4) NaCl content [21], and
(5) pH values measured with the “Seven Multi” (Mettler Toledo, Greifensee, Switzerland)
pH meter per the manufacturer’s instructions.

2.6. Statistical Analysis

Results were analyzed using descriptive statistics methods (Statistica 13.5, TIBCO Soft-
ware, Palo Alto, CA, USA; PROC GLM, SAS 9.4, Cary, NC: SAS Institute Inc., Greenwood
Village, CO, USA) by determining the arithmetic mean with standard deviation (x ± SD)
and the minimum (min) and maximum (max) values. A one-way ANOVA was used with
a probability level of 0.05 to determine statistically significant differences between the
number of lactic-acid bacteria in the experimental cheese groups by sampling days. In
contrast, differences between individual isolates were determined by post-hoc analysis. The
same test was used to determine differences between observations regarding experimental
cheese groups (N = 3) and maturation stages (N = 5) at a probability level of 0.001. The
proportion of bacterial species within the different cheese groups and sampling days was
visualized by heat-map analysis.

3. Results
3.1. Microsphere Morphology, Shape, and Size

Before the simultaneous encapsulation of sheep rennet and bacterial cultures (L. plan-
tarum, Lc. lactis) in microparticles, lyophilization of rennet was performed, which converts
rennet from liquid to powder (solid). The solid form of rennet was mixed with prepared bac-
terial cultures. The mixture was homogenized with sodium alginate to obtain microspheres
through ionic gelation with a 2% solution of CaCl2. The microphotographs obtained by
optical microscope (OM) and scanning electron microscope (SEM) of the set-up mixtures
are presented in Figure 2.

Spherical microparticles were formed by rennet encapsulation in a biopolymer matrix
of sodium alginate under the action of calcium ions as gelling cations. Figure 3 shows
microphotographs of calcium-alginate microspheres, rennet-loaded calcium-alginate micro-
spheres, and calcium-alginate formulations containing both rennet and bacterial strains
(S3) obtained via the ionic-gelation process (wet) and after the drying process to a constant
mass via the lyophilization process (dry).
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3.2. Effect of Calcium-Ion Concentration on Bacterial Cultures and Rennet Mixtures in Solutions

The influence of calcium-cation concentration used for microsphere production on the
mixture of bacterial-cell cultures and rennet solutions was examined microscopically and
with size/zeta-potential measurements. The values of size and zeta-potential measurements
of natural rennet, mixtures of bacterial cultures, and rennet, as well as mixtures of natural
rennet, bacterial cultures, and 2% calcium ions, are presented in Table 2.

Table 2. The values of size and zeta-potential measurements of natural rennet, mixtures of bacterial
cultures L. plantarum and Lc. lactis, mixtures of natural rennet and 2% calcium ions, mixtures of
bacterial cultures L. plantarum and Lc. lactis with rennet, and mixtures of natural rennet, bacterial
cultures, and 2% calcium ions.

Sample d/nm ζ/mV

Natural rennet 35.26 ± 7.67 a −14.38 ± 1.402 a

A mixture of bacterial cultures 1175 ± 39.83 b −22.27 ± 0.4727 b

A mixture of natural rennet/bacterial cultures 833.7 ± 90.42 c −18.58 ± 0.2809 b

A mixture of natural rennet and 2% of calcium
ions solutions 1263 ± 36.65 b −8.472 ± 0.436 c

A mixture of natural rennet/bacterial cultures
and 2% of calcium ions solutions 1389 ± 74.1 b −12.67 ± 0.403 a

Values superscripted with the same letter within a column are not significantly different according to the post hoc
t-test with Bonferroni adjustment (p < 0.05).
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The shape and size of the formulation of microspheres, as well as the charge of the
encapsulated rennet and mixture of bacterial cultures, has a significant influence on their
release mechanism and kinetics, which is in accordance with research on their release in the
production process of traditional Pag cheese. There is already evidence that the most basic
function of particles, degradation to release bioactive components, depends on particle
shape [22].

3.3. Kinetic and Mechanism of Natural Rennet Release from Microspheres

When microsphere formulations are dispersed in water, the activation and releasing
process occur over a particular period of time, which is associated with a change in specific
properties of microparticle formulations, such as stability, mechanical strength, the perme-
ability of the aqueous medium, and disintegration time [23]. Previous knowledge about
the release of bioactive components from biodegradable microspheres has enabled the
selection of optimal parameters for the simulated encapsulation of the mixture of bacterial
cultures and rennet in order to achieve optimal release [24].

The release profile of natural rennet and bacterial strains from prepared formulations
is shown in Figure 4.
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Figure 4. (a) The amount of rennet released in time t from the prepared ALG/Ca/natural ren-
net microsphere formulations (black line) and ALG/Ca/natural rennet + bacterial cultures (red
line), (b) fraction of released average (log10 CFU/mL) of released bacterial strains with time from
ALG/Ca/natural rennet + bacterial culture microspheres at the optimal concentration of calcium
chloride, c(CaCl2), and sodium alginate. The figure also shows the standard deviations.

The values of the release constant k and exponent n are shown in Table 3.

Table 3. Variation of release constant (k), exponent (n), and correlation coefficient (R2) of natural
rennet and bacterial cultures released from (ALG/Ca/natural rennet) microsphere formulations.

Microsphere Formulations k/min n R2

ALG/Ca/bacterial cultures 3.24 0.3550 0.9942

ALG/Ca/natural rennet 0.095 0.1014 0.9971

ALG/Ca/bacterial cultures + natural rennet 0.123 0.047 0.9985

The swelling degree of the ALG/Ca/natural rennet was 53.88 ± 3.71% and that of
ALG/Ca/natural rennet + bacterial cultures was 208.63 ± 18.95, whereas the swelling
degree of microspheres without rennet was 48.07 ± 12.21%. Knowledge of kinetics and
the mechanism controlling the release of components is essential for creating optimal
microparticle formulations based on biopolymer materials. The design of controlled-
distribution systems involves the optimization of many parameters. The most important
parameters are the biopolymer type and concentration of biopolymer and gelling cations.
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3.4. Isolation and Identification of Lactic-Acid Bacteria

The initial number of bacterial cultures before encapsulation was 9.39 ± 0.11 log10
CFU/mL, which provided sufficient biomass for encapsulation. After lyophilization, the av-
erage number of bacteria in both formulations was 10.69± 0.27 log10 CFU/g microparticles,
the weight of which was adjusted so that the final number of bacteria reached approxi-
mately eight log10 CFU/L milk, comparable to the recommended dosage of commercial
starter cultures used in the control group. The results of the microbiological analysis of the
cheeses during the ripening process are shown in Table 4.

Table 4. Lactic-acid bacteria count (log10 CFU/g ± SD) in cheeses produced with different
(non)encapsulated formulations.

Cheese Group
Sampling Day

0 30 60 90 120

S1 8.25 ± 0.60 8.34 ± 0.24 8.02 ± 0.32 7.30 ± 0.40 6.98 ± 0.42
S2 8.34 ± 0.39 8.37 ± 0.12 8.11 ± 0.16 7.48 ± 0.14 6.57 ± 0.39
S3 8.48 ± 0.53 8.31 ± 0.31 7.91 ± 0.48 7.53 ± 0.14 6.95 ± 0.32

Mean ± SD 8.36 ± 0.49 8.34 ± 0.22 8.01 ± 0.33 7.44 ± 0.26 6.83 ± 0.41
Min 7.44 7.74 7.00 6.77 5.84
Max 9.19 8.67 8.44 7.76 7.66

S1—cheese batch produced with commercial starter culture and commercial rennet; S2—cheese batch produced
with encapsulated L. plantarum and Lc. lactis; S3—cheese batch produced with encapsulated L. plantarum, Lc. lactis
and natural rennet from lamb abomasum; CFU—colony-forming unit; SD—standard deviation.

The average number of lactic-acid bacteria was highest on day 0 (8.36 ± 0.49 log10
CFU/g) and gradually decreased toward the end of the ripening process (Table 4). After
every 30 days, the number varied uniformly among the three cheese groups but without
statistically significant difference (p > 0.05). The average number of lactic-acid bacteria in
whey was 3.53 ± 0.54 log10 CFU/mL. As expected, the highest number was in whey made
from cheese produced with commercial starter cultures and commercial rennet (3.78 ± 0.55
log10 CFU/mL) but without significant difference compared to groups with encapsulated
indigenous cultures and natural rennet (p > 0.05).

MALDI-TOF analysis after day 0 showed that Lc. lactis accounted for most of the
bacterial population (>80%), followed by Leuconostoc mesenteroides and L. plantarum in all
three groups. However, the number of Lc. lactis isolates decreased at day 30 and were
not isolated later during the ripening process in all three groups. On the other hand, the
percentage of isolated L. plantarum strains increased at day 30 and was most abundant at
day 60 and 90 in groups S2 and S3, respectively, whereas their proportion was significantly
lower in the cheese batch with commercial starters, which could be an initial indicator
of successful encapsulation. In addition to the above species, Enterococcus faecium and
Micrococcus luteus were also frequently isolated.

3.5. Molecular Analysis of the L. plantarum Isolates

Of the 15 L. plantarum isolates tested from the S3 cheese, RAPD-PCR analysis showed
that 12 isolates (80%) had more than 93% similarity to the encapsulated reference strain,
with the highest degree of similarity (97%) to a strain isolated on day 0 (Figure 5). This
percentage was lower (83%) for one isolate from day 90, whereas the other two had a
different profile and showed more similarity to Leuconostoc mesenteroides and Enterococcus
durans in the database.
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Figure 5. Obtained RAPD-PCR profiles of L. plantarum isolates. R—referent strain; PC—positive
control; A—strain with 97% of similarity; B—strains with more than 93% of similarity; C—strain with
83% of similarity.

3.6. Physicochemical Cheese Analysis

Produced natural rennet, as described in the previous section, had total milk-clotting
activity of 1800 IMCU/g [13] and a chymosin: pepsin ratio of 80:20% [14]. During cheese
production, there was no significant difference between the S1 group of cheese and those
produced with natural rennet and indigenous lactic-acid bacteria regarding curd firm-
ness, whey separation, and the overall production process. The one-way ANOVA showed
differences in the determined parameters regarding sampling days (p < 0.001). No sig-
nificant differences were found between experimental cheese groups (p > 0.05). Table 5
shows the mean values of the measured parameters regarding groups and sampling days
(ripening stages).

Table 5. Physicochemical properties of experimental cheeses by groups and ripening stages.

Group Sampling
Day

Total Solids
(%) Milk Fat (%) Protein (%) NaCl (%) pH N

S1

0. 53.14 ± 0.84 a 27.81 ± 0.24 a 22.75 ± 0.78 a 0.87 ± 0.31 a 5.85 ± 0.30 a 6
30. 63.44 ± 1.30 b 33.17 ± 3.47 b 26.18 ± 0.72 b 1.40 ± 0.14 ab 5.21 ± 0.14 b 6
60. 65.25 ± 1.30 bc 32.77 ± 1.64 b 26.21 ± 0.89 b 2.16 ± 0.52 ced 5.17 ± 0.17 b 6
90. 68.64 ± 2.18 c 34.08 ± 1.23 b 28.60 ± 1.19 c 1.82 ± 0.13 bcd 5.31 ± 0.10 b 6

120. 74.07 ± 3.39 d 36.31 ± 2.87 b 30.21 ± 1.63 c 1.84 ± 0.45 bce 5.34 ± 0.17 b 6
R2 0.93 0.64 0.76 0.66 0.67

S2

0. 54.34 ± 1.34 a 25.12 ± 1.38 a 22.83 ± 1.55 a 0.74 ± 0.37 a 5.65 ± 0.16 a 6
30. 61.57 ± 1.30 b 30.33 ± 1.72 b 26.11 ± 1.12 b 1.68 ± 0.26 b 5.07 ± 0.06 b 6
60. 65.42 ± 0.62 c 33.44 ± 2.00 c 26.69 ± 0.60 bc 1.87 ± 0.21 b 5.12 ± 0.05 b 6
90. 68.53 ± 0.83 d 34.25 ± 1.80 cd 28.37 ± 0.68 cd 1.71 ± 0.25 b 5.14 ± 0.04 b 6

120. 74.45 ± 2.50 e 37.12 ± 1.59 de 30.47 ± 2.27 de 1.61 ± 0.47 b 5.14 ± 0.16 b 6
R2 0.96 0.87 0.80 0.64 0.83

S3

0. 51.09 ± 1.77 a 24.77 ± 1.89 a 21.32 ± 1.64 a 0.75 ± 0.19 a 5.64 ± 0.30 a 6
30. 61.03 ± 1.33 b 31.08 ± 1.43 b 25.09 ± 0.51 b 1.78 ± 0.25 b 5.02 ± 0.04 b 6
60. 65.17 ± 1.41 c 32.50 ± 1.70 b 26.46 ± 0.82 bc 1.66 ± 0.27 b 5.08 ± 0.06 b 6
90. 68.81 ± 0.85 d 32.83 ± 2.24 b 28.23 ± 0.49 c 1.68 ± 0.14 b 5.13 ± 0.09 b 6

120. 73.21 ± 2.42 e 35.87 ± 0.90 c 30.36 ± 1.58 d 1.55 ± 0.23 b 5.14 ± 0.06 b 6
R2 0.96 0.85 0.90 0.77 0.74

The results are displayed as mean (X) ± standard deviation (SD); N—number of observations, R2—coefficient
of determination; different exponents in each row of the same group represent the statistical difference between
observations (p > 0.001); S1—cheese batch produced with commercial starter culture and commercial rennet;
S2—cheese batch produced with encapsulated L. plantarum and Lc. lactis; S3—cheese batch produced with
encapsulated L. plantarum, Lc. lactis and natural rennet from lamb abomasum.
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4. Discussion

In recent years, encapsulation technology has been extensively used to improve
the viability of bacterial species and the associated functional properties of the final
product [25–27]. In the group of lactic-acid bacteria, Lactiplantibacillus plantarum and Lacto-
coccus lactis are the two species most commonly used for lactic-acid fermentation [28,29].
For this reason, and based on our preliminary results [30,31], these two species were
characterized and selected for the encapsulation experiment in the production of Paški
sir cheese.

From the microphotographs shown in Figure 2, it is easy to see the change in shape,
morphology, and color of the rennet-filled microspheres. The plain microspheres are
spherical, transparent in color, and wrinkled on the surface because of sodium alginate’s
ionic-gelation process and calcium-cation gelation. The wrinkled surface structure of the
rennet-free microspheres can be explained by the difference in the concentration of sodium
alginate on the surface and inside the microspheres, which is consistent with previous
studies [23].

The microparticle formulations loaded with rennet and bacterial cultures have smooth,
white, irregular spherical structures. The observed changes result from rennet/bacterial-
cell interactions incorporated into the calcium-alginate biopolymer matrix. In general,
the size and size uniformity of the microparticle formulations are mainly determined by
the experimental fabrication conditions (viscosity of the alginate solution, diameter of the
tip of the needle (nozzle) adding the solution, calcium-chloride concentration, and flow
rate) and the velocity of the alginate solution and distance from the syringe (nozzle) to the
gelling-cation bath [32,33].

The microsphere formulations produced were approximately millimeters in size. The
average sizes of the microparticle formulations loaded with rennet were 1386.51 ± 0.231 mm
and 1181.21 ± 0.153 mm without a mixture of rennet and bacterial cultures. The slightly
larger value of the rennet-filled microsphere size can be explained by electrostatic interac-
tions between the negatively charged rennet (−14.38 ± 1.402 mV) and negatively charged
mixtures of bacterial cells (−22.27 ± 0.4727 mV) and the positively charged calcium ions.
Adding calcium ions to the rennet solution improved rennet flocculation and coagulation
and changed the zeta potential of the rennet through the process of electrostatic interactions
(Figure 2; Table 2) because calcium ions hold the protein structure together and change the
size, color, and morphology of the microparticle formulations [34,35]. Lactic-acid bacteria
are Gram-positive bacteria; their cell walls consist of a complex structure of macromolecules.
The cytoplasmic membrane is surrounded by a peptidoglycan sacculus embellished with
proteins, teichoic acids, and other glycopolymers such as polysaccharides [36]. Precisely
because of this structure, they can bind metal ions to the membrane. The binding of calcium
ions to the membrane of Gram-positive bacteria leads to partial neutralization of the cell
membrane, which also causes a reduction in repulsion between bacterial cells and their
grouping into larger aggregates. Because of that, such formulations of microspheres have a
white color [23]. Moreover, the addition of calcium ions increases the adhesion of bacterial
cultures, which is also one of the leading forces in their grouping at the surfaces [37].

After freeze-drying, the calcium-alginate microspheres (ALG/Ca) and microspheres
were loaded with natural rennet and the bacterial mixtures (ALG/Ca/natural rennet +
bacterial mixtures) lost their spherical character, and these particles acquired an irregular
structure indicative of a porous structure. Changes in shape, size, and morphology were
caused by complete water loss.

After water loss, the microspheres shrank significantly, reducing their size. The
average size of the lyophilized ALG/Ca microparticles was 542.31 ± 0.69 µm and of
the ALG/Ca/natural rennet + bacterial mixtures was 861.61 ± 43.21 µm, respectively.
Complete moisture loss resulted in an average size reduction of over 60%. The size
and morphology of wet and dry microspheres with bacterial strains were similar to the
other types of microparticle formulation. The morphology and surface changed dramat-
ically, becoming rough, porous, and layered. Additionally, the color of the lyophilized
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ALG/Ca/microparticle formulations was transparent, whereas the color of the lyophilized
ALG/Ca/natural rennet + bacterial mixture microparticles was white because of natural-
rennet and bacterial-mixture encapsulation.

The kinetics and mechanism of rennet release were investigated for microparticles
prepared with a fixed concentration of calcium chloride and a fixed concentration of
sodium alginate. It is important to emphasize that natural rennet is characterized by
an initial rapid release followed by a slow release. The mechanism controlling natural
rennet from both types of microsphere-formulation release is a diffusion mechanism. The
gelation rate of alginate is a crucial factor in controlling the uniformity and strength of the
microspheres. Slow gelation produces a homogeneous structure with better mechanical
properties. Homogeneous microparticles improve the diffusion rate due to the uniform
pore size, whereas heterogeneous microparticles diffuse slowly in a gel-network structure.
In the case of formulations loaded with natural rennet and a mixture of bacterial cultures,
smaller amounts of rennet are released, which occurs because of complex interactions
between rennet, bacterial cultures, and calcium ions. In the formulation of microparticles
loaded with natural rennet and a mixture of bacterial cultures, larger aggregates are formed,
which causes a decrease in the amount of natural rennet released. The release curve of the
bacterial strains indicates their long-term survival and activity even after 40 days, which
indicates that the formulations can be stored for a long time without losing their activity.

According to the Korsmeyer–Peppas model [16], the release constant k includes the
total-dissolution-diffusion coefficient and the geometric characteristics of the particles, and
the exponent n is characteristic of the mechanism that controls the release rate. The value
for n < 0.45 indicates that the controlling mechanism of release was the Fickian diffusion
mechanism, indicating a reduced concentration gradient over time (Table 3). The K value
was higher for the formulations loaded with both natural rennet and mixed bacterial
cultures, suggesting that at the beginning, there was a faster release of natural rennet from
those types of microparticles. On the other hand, the bacterial cultures that were located on
the surface of the microparticle formulations (ALG/Ca/bacterial cultures) were released
relatively quickly (K value was high) by the diffusion process, which achieved a pH value
that is optimal for cheese production.

The release profile of rennet from the prepared formulations of ALG/Ca/natural
rennet microparticles is related to the degree of swelling Sw. The gel swells under external
pressure (swelling pressure) due to the action of the solvent. At equilibrium, the swelling
pressure is zero due to the balance of two opposing trends. Generally, the increase in
entropy is due to the mixing of polymer, solvent, and network [38].

Swelling values for microparticles loaded with rennet (ALG/Ca/natural rennet +
bacterial cultures) were relatively high because calcium promotes increased coagulation
of natural rennet and bacterial cells. The calcium ions, bacterial cells, and natural rennet
caused an increase in gel-network-density cross-linking and, thus, the degree of swelling.
Similar results have been previously reported for the encapsulation of cells [23]. This may
be due to electrostatic repulsion between the negatively charged natural rennet enzyme,
bacterial cells, and the free portion of the alginate chain (the zeta potential of calcium-
alginate matrices is approximately −10 V) [39] and the mechanical interaction.

Regarding the survival rate of the culture in microparticles, preliminary studies were
performed with the L. plantarum strain. It was demonstrated that the dynamics of the cul-
ture’s survival in microparticles follow the dynamics of its release, leading to the conclusion
that microspheres create favorable conditions for the growth of the strain [11]. These results
agree with other studies that proved that the microencapsulation process has a positive
effect on the survival and activity of bacteria [40–43]. However, their release may depend
on various factors, such as the encapsulation-material type, the polymer concentration [15],
and the ambient temperature [44]. However, our results [11] show that the strain L. plan-
tarum was released immediately when in contact with the aqueous medium on the day of
encapsulation and reached its highest value on the fifth day, after which its concentration
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gradually decreased. Similar results were obtained for the strain Lactobacillus sakei by Jurić
et al. [23].

As expected, the highest number of lactic-acid bacteria was at day 0 in all three
groups but without significant differences in commercial starter cultures and rennet, in-
dicating that the microparticles largely facilitated the release of bacterial cells in a short
period of time. There were no differences in further sampling either, as their numbers
varied evenly between the three groups throughout the ripening process, with a final
number of 6.83 ± 0.41 log10 CFU/g at day 120. These results contrast with those of other
studies [27,45,46], in which the authors found significant differences between the number
of encapsulated cultures, slightly higher than those used as free cells. As Özer et al. [45]
explained, a possible reason for the limited decline in the number of encapsulated bacteria
could be the slow decay of the microparticles during the ripening process or the delayed
release of the cells in the deeper layer of the polymer [23].

In both cases, this information may also indicate the success of encapsulation, i.e., the
fact that only a tiny portion of the microparticles was released from the whey. Accordingly,
in our study, higher CFU losses in the whey were observed in the cheese group with
commercial cultures but without any significant difference between the other two groups.
However, Fortin et al. [25] demonstrated the same with encapsulated cultures, which could
indicate lower CFU levels in the curd. However, as the author noted, the fraction that
ended up in the whey was only a small portion of the added cells, so this ultimately did
not affect the number of viable cells in the curd.

Among encapsulated cultures, Lc. lactis accounted for the majority of the isolated
population in all groups on day 0 (>80%), in contrast to L. plantarum, which was less than
10%. Since no molecular analysis of Lc. lactis was performed, we cannot know whether
it originates from microparticles or milk due to its abundance in the microflora of sheep
milk and other animal species [47,48]. Since there are no data in the literature on the release
kinetics of two different bacterial species and they are contained in the same concentration
in the microparticles, we can hypothesize that the size of the bacterial cells, in this case,
could be a reason for the increased number of Lc. lactis. However, these hypotheses are
verified by SEM microscopic analyses of the microsphere-microparticle formulation surface,
which showed that Lc. lactis cells were on the surface (Figure 3).

Nevertheless, already at day 30, the percentage of Lc. lactis isolates decreased, whereas
at the same time, the population of L. plantarum increased due to its strong competitive
ability [31], which is probably the reason for the inhibition of Lc. lactis growth since it was no
longer isolated at the end of the ripening. In a similar study by Salazar-Montoya et al. [46],
Lc. lactis was encapsulated in a separate form and the microorganisms remained viable
throughout the ripening process, with no decrease in the population by the end of the
ripening period.

The percentage of isolated L. plantarum strains in both experimental cheese groups
gradually increased from day 30, peaked at days 60 and 90, and then decreased toward the
end of ripening. In contrast to Lc. lactis, L. plantarum was isolated in the S1 group only on
day 0, where it represented less than 10% of the population, adding to the evidence of RAPD-
PCR analysis confirming the authenticity of the isolated strains with the encapsulated one.

Together with indigenous lactic-acid bacteria, the production of natural rennet from
lamb abomasa has the potential to preserve biodiversity and utilize animal by-products.
Some authors suggest that lamb rennet is best for clotting that species’ milk [49], and
thus, the produced rennet has higher overall clotting activity than other natural rennets
on the market, and the chymosin: pepsin ratio of 80:20% is optimal for producing ripened
cheeses [8]. The physicochemical results show no significant differences in the determined
parameters regarding experimental cheese groups (p > 0.05, N = 3) but show significant
differences between ripening stages (p < 0.001, N = 5). Differences in ripening stages or
sampling days were expected. During the ripening stages, water evaporated, significantly
increasing other parameters. Total solids differed in every stage, whereas milk fat and
protein content had no significant differences between days 30 and 60. Chloride content
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and pH values were only significantly different between days 0 and 30 (p < 0.001), when the
majority of water and whey evaporated. The aforementioned differences are expected for
Paški sir cheese while it is ripening [50]. The absence of differences between experimental
groups can be noted as the successful production of natural rennet and dairy cultures from
the indigenous territory and its implementation into a traditional cheese, Paški sir, which
is PDO (Protected Designation of Origin). It can be an excellent way to introduce new
technologies into conventional cheese production, emphasizing the local in contrast to
the global.

5. Conclusions

The present study results show that the number of microencapsulated indigenous L.
plantarum reached the required level of free bacterial cells compared to commercial cultures,
especially in the S3 cheese batch, where cultures and natural rennet were applied together
in microencapsulated form. It indicates no negative interactions of natural rennet, bacterial
culture, and chemical components of the microparticles. The number of encapsulated
indigenous L. plantarum remained stable throughout the ripening process, and in the end,
a cheese with the same characteristics as the commercial product was produced. The
physicochemical properties and release of rennet from microsphere formulations indicate
that encapsulation of rennet with calcium alginate has excellent potential for application in
the hard-sheep-cheese manufacturing process. To our knowledge, this is the first report of
using an encapsulated strain of lactic-acid bacteria isolated from the abomasum of lambs
and natural rennet in the production of hard sheep cheese. This approach can benefit
traditional and boutique cheese varieties by making them safer with pasteurization and
unique by adding indigenous dairy cultures. The preservation of biodiversity can have a
great added value through the diversification of cheeses of the same type (i.e., semi-hard,
hard cheese) on a local and global scale.
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