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The aim of this study was to improve the mechanical stability of biopolymer carriers and cell viability with addition of chitosan
coating during fermentation process and product storage. Dairy starter culture (1% (w/v)) was diluted in whey and mixed with
sodium alginate solution and the beads were made using extrusion technique. The mechanical stability of coated and uncoated
beads, the release behavior, and the viability of encapsulated probiotic dairy starter culture in fermented whey beverages were
analyzed. The mechanical properties of the beads were determined according to force-displacement and engineering stress-strain
curves obtained after compression testing. It was observed that addition of chitosan as a coating on the beads as well as the
fermentation process increased the elastic modulus of the calcium alginate-whey beads and cell survival.The current study revealed
that the coating did not significantly improve the viability of probiotics during the fermentation but had an important influence on
preservation of the strength of the carrier during storage. Our results indicate that whey-based substrate has positive effect on the
mechanical stability of biopolymer beads with encapsulated probiotics.

1. Introduction

Probiotic bacteria have been incorporated into a wide range
of dairy products and orally administrated in various forms,
such as food products, capsules, and tablets. The advantage
of dairy products is that the addition of probiotics to these
products enhances their functionality [1]. The viability of
probiotic cells is very important because of their numerous
health benefits but the desired number of viable bacteria is
difficult to achieve as their number decreases due to the influ-
ence of processing, storage, and gastrointestinal conditions.
Probiotic bacteria have poor survivability in yoghurt and
fermented milk as they do not tolerate exposure to highly
acidic and aerated media [2]. Providing probiotic living cells
with a physical barrier to resist unfavorable environmental
conditions is an approach currently receiving considerable
attention as acceptable systems for probiotic products could
be achieved [3–5]. Encapsulation is a valuable method that

has been recognized for use in the food industry for increas-
ing the viability and stability of probiotic bacteria against
unfavorable environmental conditions during processing and
storage [6–9]. Polysaccharides, such as alginate, chitosan,
gellan gum, and 𝜅-carrageenan, are the most commonly
used materials for the encapsulation of probiotics [10–
13]. Alginate is a linear polysaccharide consisting of 𝛽-D-
mannuronic and 𝛼-L-guluronic acids, which has been used
for the encapsulation of probiotics, proteins, antioxidants,
polyphenols, and vitamins [14, 15]. Some authors reported
that the mechanical and chemical stability of alginate beads
could be improved by using different coating materials,
which beside the protection could enable greater control over
bacterial release and improved the viability of encapsulated
probiotic organisms [12, 16, 17]. Chitosan, the cationic (1-
4)-2-amino-2-deoxy-𝛽-D-glucan, is industrially produced
from marine and fungal chitin is being used in the food
industry. This material is biodegradable, biocompatible, and

Hindawi Publishing Corporation
International Journal of Polymer Science
Volume 2015, Article ID 732858, 8 pages
http://dx.doi.org/10.1155/2015/732858



2 International Journal of Polymer Science

nontoxic. Due to its film forming properties, chitosan has
been used for the encapsulation of probiotics and prebiotics,
aromatic compounds, enzymes, and antioxidants [18–20]. It
has a high modulus along with low elongation-at-break but
mixing or copolymerizing chitosan with different polymers
can influence its morphology and plasticity [21].

In the recent studies, the textural properties of biopoly-
mer beads of different compositions were tested. These
results indicated that differences in mechanical responses to
deformation exist because of different crosslinking reactions
between biopolymers networks [22].

The textural and physical properties, as well as the
entrapment efficiency of the carriers, were greatly affected by
the total biopolymer concentration and the employed ratio
between both biopolymers [23–25].

The objective of this study was to evaluate the mechanical
properties of the beads prepared from a sodium alginate
solution containing whey solution with probiotic cells with a
chitosan coating formed after the extrusion process. Cell sur-
vival during the preparation processes was also investigated.
The influence of the fermentation medium on cell viability,
mechanical strength, and elastic modulus of the biopolymer
carriers before and during storage time was also examined
using a Universal Testing Machine (AG-Xplus).

2. Materials and Methods

2.1. Materials. Commercially available powdered alginic acid
sodium salt (medium viscosity) from brown algae (Sigma
Aldrich, USA) was used for the production of the beads.
The alginic acid was composed of 61% mannuronic and 39%
guluronic acid with an M/G ratio of 1.56. Low molecular
weight chitosan (Acros Organics, USA) was used as the
coating material. Calcium chloride CaCl

2
dihydrate (Acros

Organics, USA) was used as the gelling cation. Whey and
cow milk were obtained from a domestic dairy plant Imlek
d.o.o. (Belgrade, Serbia). The chemical composition of whey
was total solids 9.8± 0.03% (w/v); protein 2.6± 0.012% (w/v);
fat 1.05 ± 0.08% (w/v); and lactose 5.6 ± 0.114% (w/v).
The pH value of the whey before fermentation was 6.4.
The chemical composition of the milk was fat 0.5% (w/v);
proteins 3.1% (w/v); carbohydrates 4.7% (w/v); and calcium
0.12% (w/v).Thewhey and cowmilkwere pasteurized at 60∘C
for 60min and cooled to room temperature.

2.2. Preparation of Cell Culture. A freeze-dried dairy starter
culture known as “LactofermABY- 6” (containing Streptococ-
cus salivarius ssp. thermophilus, Lactobacillus delbrueckii ssp.
bulgaricus, Lactobacillus acidophilus, and Bifidobacterium
bifidum) was supplied by Biochem S.R.L. (Monterotondo,
Roma, Italy). For all experiments, the cell-whey suspension
was prepared by dissolving 1.0% (w/v) of frozen starter
culture in whey.

2.3. Encapsulation of Probiotics

2.3.1. Preparation of the Beads. Sodium alginate suspension
was mixed with cell-whey suspension in the ratio 1 : 1 (v/v).

The alginate beads were made by extruding the alginate-
cell suspension into 2.0% (w/v) of calcium chloride using a
syringe pump (Racel, Scientific Instruments, Stamford, CT,
USA). Alginate-cell suspension contains 1.70% (w/v) sodium
alginate. Ca-alginate beads were obtained at a collecting
distance of 3 cm between the blunt stainless steel needle
tip (18 gauges) and the calcium chloride solution. After
collection, the beads were allowed to harden for 30min. The
beadswere separated by filtration, transferred to a sterile Petri
dish, and stored at 4±1∘C in 0.2% (w/v) yeast extract solution
[26].

2.3.2. Coating of Alginate Beads with Chitosan. The chitosan
and sodium alginate solutions were prepared according to
the method of Zhou et al. [27]. Beads with chitosan coating
were prepared as follows: the alginate beads were immersed
in 100mL of chitosan solution (4 g L−1), shaken on an orbital
shaker at 100 rpm for 40min for coating, and rinsed with
sterile water to remove the excess chitosan. All steps were
performed under aseptic conditions.

2.4. Fermentation. Experiments were conducted in 100mL
Erlenmeyer flasks containing 50mL of medium (70% pas-
teurized whey and 30% milk). Based on preliminary exper-
iments (data not shown) 30% of milk was used for beverage
formulation as concentration that is appropriate for sensory
quality improvement. Samples were inoculated by adding
6% (w/v) of encapsulated starter culture. The fermentation
was realized at 42∘C. During the incubation, samples were
taken every 2 h for the determination of the pH value. The
fermentations were performed until a pH of 4.6 was attained
and the stopped by rapid cooling. After the fermentation,
samples were stored at 4 ± 1∘C for 21 days to determine the
viability of the cells and the mechanical stability of the beads.

2.5. Cell Release during the Fermentation. The influence of
the alginate concentration and chitosan on the encapsulation
efficiency was performed by determination of the viable
cell count (log CFU mL−1) and cell release from the beads.
Prepared beads (1 g) were dissolved in sterile sodium citrate
solution (2.0% (w/v)) by gently shaking at room temperature
for 5min. The cell release was determined based on the
quotients of the number of free cells in the fermentation
medium (CFU mL−1) and the total number of free (CFU
mL−1) and encapsulated cells (CFU g−1), as was presented in
the literature [26].

2.6. Analytical Methods

2.6.1. Enumeration of the Encapsulated Probiotic Bacteria. For
quantitativemeasurements of cell viability, it was necessary to
liquefy the beads and release the encapsulated probiotic cells.
The beads were dissolved in sterile sodium citrate solution
(2.0% (w/v)) by gently shaking at room temperature. The
number of S. thermophilus cells was determined by the pour
plate counting method on M17 agar. The number of viable
cells L. bulgaricus, L. acidophilus, and B. bifidum was deter-
mined by the pour plate counting method on MRS agar [28].
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Figure 1: The size of the beads measured using optical microscopy, 5 × 10: (a) alginate beads and (b) alginate beads coated with chitosan.

The results are presented as the total number of viable cells
on both substrate (M17 andMRS) and cell number expressed
in log (CFU mL−1) for free cells and log (CFU g−1) for
encapsulated cells.

2.6.2. Optical Microscopy. The beads shape and existence of
aggregates were examined after the encapsulation process
using an optical microscope. The diameters of randomly
selected wet beads in distilled water weremeasured by optical
microscopy (Carl Zeiss Microscopy GmbH, UK) using a
magnification of 5 × 10. The average diameter was calculated
from the measurements of 30 beads.

2.6.3. Scanning Electron Microscopy. Scanning electron
microscopy (SEM) was used to analyze the morphology of
the Ca-alginate beads according to the method of Stojkovska
et al. [29]. Samples were fixed on a sample holder and
visualized using a TESCAN MIRA3 XMU SEM (USA Inc.,
Cranberry Twp, PA, USA), operated at 20 keV.

2.6.4. Mechanical Properties of the Beads. Compression tests
of single beads submerged in distilled water were performed
using Universal Testing Machine, AG-Xplus (Shimadzu,
Japan), equipped with a 100N force load cell (force range
from 0.01 to 100N). The compression was performed up to
30% sample deformation (ratio of displacement to initial bead
diameter) at a compression speed of 1mm/min and ambient
temperature of 25 ± 1∘C according to the method described
in a previous work [30]. During the compression test, a single
bead was submerged in distilled water in a Petri dish and
placed on a flat plate. The distance between the plate (50mm
in diameter) position at a given deformation and the plate at
the first contact with the bead was measured. Thirty beads
from each sample were compressed and automatic detection
of the contact between plate and bead was performed with a
contact force of 0.1 N under identical conditions. The values
of elasticmodulus andmaximal forceswere determined using
the force-displacement and engineering stress-strain curves
(in the remaining text, stress-strain curves).

2.6.5. Fourier Transform Infrared Spectroscopy (FTIR). FTIR
spectra of freeze-dried alginate beads before and after fer-
mentation were analyzed in the wavenumber region of
4000 to 400 cm−1. FTIR was used to verify the chemical
interaction between alginate and the fermentation medium
(FTIR spectrometer BomemMB, series Hartmann & Braun).

2.6.6. Statistical Analysis. The experiments were performed
in triplicate. All values are expressed asmean± standard devi-
ation. Mean values were analyzed using one-way ANOVA.
TheTukey post hoc testwas performed formeans comparison
[Origin Pro 8 (1991–2007) computer package; Origin LabCo.,
Northampton,MA,USA]. Data were considered significantly
different when 𝑃 < 0.05. The mean values of the mechanical
properties of the beads were determined using equipment
software, TRAPEZIUMX 1.13.

3. Results and Discussion

3.1. Size, Shape, and Morphology of the Beads. The mean
diameter of the formed Ca-alginate beads was 2.60 ±
0.025mm. The shape of the beads did not change with the
addition of chitosan and the average size of the beads with
coating was 2.95 ± 0.11mm, as shown in Figure 1.

From the SEM images of cross sections of the sample,
encapsulated rod-shaped and spherical bacteria and their
binding in the carrier could be seen. The probiotic bacteria
were randomly grouped and placed in the cavity of carriers,
as shown in Figure 2.

Void spaces that were recorded around the bacteria in
this study were also similar spaces recorded by Sathyabama
et al. [31] in SEM micrographs of probiotic strains, namely,
Staphylococcus succinus (MAbB4) and Enterococcus faecium
(FIdM3) encapsulated in alginate spheres. Based on the
observed micrographs, it could be said that the gelation
process of alginate beads was disrupted especially in area
around the bacteria.

3.2. Influence of the Coating on the Viability of the Encapsu-
lated Probiotic Cells. The initial number of viable cells was
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Figure 2: SEMmicrographs of cross sections of alginate beads with
probiotic cells, magnification 10000x.

7.55 ± 0.11 (log CFU g−1) for uncoated beads and 7.59 ±
0.16 (log CFU g−1) for coated alginate beads. During the
fermentation, the number of viable cells in the beads without
chitosan increased by 0.79 while in the beads with chitosan
they increased by 0.88 (log CFU g−1) log units and reached
values of 8.34 ± 0.14 (log CFU g−1) and 8.47 ± 0.29 (log
CFU g−1), respectively. Based on these results, it could be
concluded that addition of chitosan did not have a statistically
significant effect on cell viability during the fermentation.

In addition, comparing the coated and uncoated alginate
beads, a significant difference in cell releasewas observed.The
number of cells released into the fermentation medium from
the uncoated beadswas 5.33±0.05%,while a slightly lower cell
leakage of 4.98±0.09%was observed for alginate beads coated
with chitosan.This could be explained by the fact that, during
the fermentation, electrostatic interaction between alginate
carboxylate groups and ammonium chitosan groups leads to
a suppression of cell release [32, 33]. Based on the obtained
results, it could be stated that chitosan as coat decreased cell
leakage and enhanced retention of the cells within the beads.
Influence of chitosan coating on the fermentative activity
and survival of encapsulated probiotic cells in simulated
gastrointestinal conditions was a subject of our previous
work [34]. According to the presented results in mentioned
paper, chitosan-coated beads had higher probiotic viable cell
count than samples with alginate beads after fermentation,
and especially in simulated gastric conditions at pH 3.0 and
2.5. Chávarri et al. [35] also reported that chitosan coating
provides better protection of the probiotics in comparison
with uncoated microcapsules.

In this study, the influence of the coating on cell viability
during storage was also considered. As shown in Figure 3, the
chitosan coating improved the viability of the encapsulated
probiotics during storage. After 21 days, it was observed that,
in the chitosan-coated alginate beads, a greater number of
bacteria survived in comparison with those in the uncoated
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Figure 3: Viable cell number of bacteria during 21 days of refriger-
ated storage, at 7 days of interval for cells in alginate beads (log CFU
g−1) and coated alginate beads (log CFU g−1).

beads, which indicated that the coating improved the viability
of the probiotic strains. These findings are in agreement with
previous results for the encapsulation of the probiotic strainL.
plantarum in alginate beads coated with chitosan [12]. Thus,
the chitosan coating did not adversely influence the growth of
the bacteria during fermentation but stimulated their survival
during storage.

3.3. Effect of the Fermentation Process on the Chemical
Structure of the Alginate Beads. The results of FTIR analysis
and the position of the characteristic bands are shown in
Figure 4. The band at 3370.2 cm−1 corresponds to stretching
vibrations of –OH linked to –NH

2
. The band at 1411.5 cm−1

(related to asymmetric COO-stretching vibration) became
broader after interaction of beads with fermentationmedium
[36]. The results showed changes in the peaks of the amino
and carboxyl groups before and after fermentation, which
indicates ionic interactions between the carbonyl groups of
alginate and the amino groups of the proteins. Hydrogels are
potential absorbers of ions present in the medium [37]. The
diffusion of Ca2+ into the alginate network is confirmed by
the shift of the –C–O and the C–O–H vibrations to lower
frequencies; additionally, spectral changes in the regions of
the COO-antisymmetric and symmetric stretching vibra-
tions occurred. The bands around 1400 cm−1 and 1000 cm−1
correspond to –C–O, –C–C, and –C–OH groups [38].

3.4. Influence of the Fermentation Process, the Coating, and
the Storage Time on the Mechanical Stability of the Beads.
Mechanical strength and elastic modulus of the carriers with
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Figure 4: FTIR analysis of alginate beads with probiotics before and
after fermentation.

probiotic cells were determined with the aim of defining
the mechanical stability of the carriers that could be of
significance for their further application. The viscoelastic
properties of alginate gels have been assessed so far by using
static or dynamic compression tests [24, 39–42].Theprinciple
of the measurements was to impose a strain on the beads by
compression and tomeasure the corresponding force and the
resulting stress.

According to the results presented in Figure 5, it could be
seen that the addition of whey with probiotic cells into the
sodium alginate solution led to stabilization of the carriers
and increased force values. Based on this observation, it could
be stated that the calcium ions and proteins from milk and
whey had an additional effect on the stability of the carriers.
This effect could be explained by the ability of whey proteins
to form a gel in the presence of Ca2+ ions. This type of gel,
resulting from a dimeric association of guluronic acid regions
withCa2+ in the “egg box” formation, is similar to the alginate
gel [15, 43]. pH is also an important factor during the fer-
mentation and has effect onmechanical stability of the beads.
The proteins from the milk and whey are pH dependent
and improve gelation process in the pH range 4,5–5,5 [44].
Comparing the results obtained for the force before and after
fermentation, it could be concluded that the fermentation
process increased the strength of the alginate beads.

Elastic modulus of the beads was calculated from the
slope using least squares regression of the plot of the stress
versus strain data obtained from the compression testing.
The resulting force-displacement data pairs were converted
into corresponding stress and strain values, based on the
initial bead diameter. Curves fitting for force-displacement
and stress-strain experimental data and quality of the fit
(𝑅2 > 0.99) are shown in Figure 5. Since alginate particles
are viscoelastic, the slopes of the tangents in the elastic parts

of the stress-strain curves before and after fermentation were
used for the determination of the modulus. Elastic parts of
the stress-strain curves (mostly from 10% to 20% strain)
were selected according to tested degree of recovery after
compression and elastic limits studied in literature data [23,
42]. Ca-alginate beads of approximate size 3.01 ± 0.11mm
were used for compression testing because of the possibility
of comparisons with beads coated with chitosan.

The values of elastic modulus of the alginate beads
obtained before the fermentation (0.059 ± 0.0029N) were
slightly higher than beads made of calcium alginate without
addition of cell-whey suspension (0.048 ± 0.0049N). How-
ever, results for the elastic modulus of calcium alginate beads
reported by Chan et al. [42] are significantly higher compared
to the results in this study. The main difference between the
two studies is compression speed used during the assays.
Wang et al. [40] demonstrated that the compression speed
has influence on the modulus of alginate beads because the
wet alginate beads are generally considered to be viscoelastic
and may lose liquid under compression. The modulus values
of calcium alginate beads (made of medium viscosity alginate
without addition of cell-whey suspension, M/G ratio 1.56)
obtained at 30% sample deformation are in good agreement
with results reported by Ouwerx et al. [24]. From the
force-displacement curves presented in Figure 5, it could be
noticed that the presence of chitosan coating reduced the
interaction between alginate and the fermentation medium
which resulted in a decrease of the measured force of the
coated beads after the fermentation process in comparison
with the uncoated beads. The results of the elastic modulus
of the beads shown in Figure 6 indicate that coating and
fermentation increased the modulus of the beads.

The mechanical stability of the beads is important during
storage in order to assume the quality and shelf life of
fermented beverages. From Figure 7, it could be seen that the
maximal forces for alginate beads increased in the first 24 h
because of their direct contact with Ca2+ ions from the fer-
mentation medium. Maximal forces were higher for alginate
beads up to the 7th day of storage in comparison with the
force for the coated beads. After 1 day, the alginate strength
began to decline and this trend continued until the end of the
storage. On the other hand, the strength of chitosan-coated
beads increased up to the 7th day when it began to decrease
because of intensive cells growth in the cavity of the material
and erosion of the bead network. Based on the results,
chitosan as a coating material contributed significantly to the
preservation of the strength of the carrier during the storage.

4. Conclusions

The probiotic starter culture was successfully encapsulated in
uncoated and coated alginate beads prepared by the extrusion
method. The present study showed that the fermentation
process improved the mechanical stability of the biopolymer
beads because of the presence of calcium ions and proteins
from the milk and whey in the fermentation medium.
According to the obtained results, the presence of the chi-
tosan coating improved the carrier strength during storage.
Chitosan enables the physical isolation of bacteria from the
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Figure 5: Comparison of the force-displacement (a) and stress-strain (b) polynomial fitted curves of the biopolymer carriers before and after
the fermentation process (30% deformation, compression speed 1mm/min, and means values ± SD, 𝑛 = 30).
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external environment and decreases cell release during the
fermentation. The results also indicate that fermentation
increased themaximal force in comparisonwith freshlymade
uncoated beadswith probiotic cells (before fermentation) and
extended the shelf life of the product.We have concluded that
whey-based fermentation medium had a positive effect on
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the stability of the material for encapsulation of probiotics,
which is a very significant finding for the future applications
of whey-based fermentation medium in combination with
biopolymer beads for the production of fermented beverages.
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Vukašinović-Sekulić, and M. B. Rakin, “Effect of immobilisa-
tion materials on viability and fermentation activity of dairy
starter culture in whey-based substrate,” Journal of the Science
of Food and Agriculture, 2015.
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