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Development and evaluation
of Chia seed-based nanofibers
and nanoemulsions for Bacillus
coagulans Encapsulation
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This study explores the encapsulation efficiency of composite nanofibers and nanoemulsions derived
from chia seed mucilage (Salvia hispanica L.), a natural hydrocolloid with notable bioactive properties.
Nanofibers, known for their high surface area and stability, and nanoemulsions, recognized for their
enhanced bioavailability, were utilized to encapsulate Bacillus coagulans. Chia mucilage demonstrated
a DPPH radical scavenging activity of 67.88% at 350 pg/mL and moderate antimicrobial effects, with
inhibition zones of 9 mm and 6 mm against Staphylococcus aureus and Escherichia coli, respectively.
Nanofibers prepared with 2-3% mucilage showed uniform morphology (diameters: 12.36-26.24 pm)
and significantly higher encapsulation efficiency (93.90 + 2.1) (p<0.05) than nanoemulsions (88.33 +
2). FTIR analysis confirmed the successful encapsulation of Bacillus coagulans, with characteristic
peaks in the ranges of 1500-1600 cm-2, 2800-3000 cm-2, and 3200-3500 cm-2. These findings suggest
that chia seed mucilage-based nanofibers offer a stable and efficient platform for probiotic delivery,
with promising applications in functional foods, pharmaceuticals, and cosmetics.
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Abbreviations

ATCC  American Type Culture Collection
CFU Colony Forming Units

DDW Double-Distilled Water

DLS Dynamic Light Scattering

DPPH  2,2-Diphenyl-1-picrylhydrazyl

FTIR Fourier Transform Infrared Spectroscopy
IC50 Half Maximal Inhibitory Concentration
NYSM  Nutrient Yeast Extract Salt Medium
PVA Polyvinyl Alcohol

RSA Radical Scavenging Activity

SEM Scanning Electron Microscopy

SOD Superoxide Dismutase

Z0I Zone of Inhibition

Nanotechnology involves the manipulation of matter at dimensions ranging from 1 to 100 nm, enabling the
development of new applications through unique phenomena'>. Among the various nanostructures, nanofibers
are particularly suitable due to their ease of preparation from a wide range of natural and synthetic polymers.
Their production is highly controllable, allowing for the manipulation and alteration of functional properties
during the manufacturing process. Nanofibers can be employed as carrier systems for delivering antimicrobial
agents, drugs, dyes, flavors, antioxidants, and other functional compounds3’4. Nanocomposites reinforced
with nanofibers are a prominent example of advanced nanomaterials. Nanofibers can be produced by various
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methods, with electrospinning being one of the most common techniques®®. In this method, a high voltage
creates a potential difference between the needle tip containing the polymer solution and the collection plate.
This causes a continuous jet of polymer to form, with the entangled polymer chains preventing the fiber strand
from breaking. The electrical charge draws the fibers towards the collection plate, facilitating fiber formation’=.

Various polymers, including polyvinyl alcohol (PVA), are widely utilized in electrospinning due to their
versatile properties. PVA, as a water-soluble, biodegradable, and cost-effective polymer, has been extensively
used in creating polymer nanocomposites. Its polar nature and ability to form strong intermolecular bonds make
it a suitable candidate for enhancing the stability and structural integrity of nanofibers!%-12.

In addition to synthetic polymers like PVA, natural biopolymers are gaining attention due to their
biocompatibility and functional properties. Chia (Salvia hispanical.) mucilage, a polysaccharide-rich
hydrocolloid, has emerged as a promising material for nanofiber production. Its high viscosity, adhesive
properties, and film-forming ability ensure good flowability and stability during electrospinning, making it
particularly suitable for biomedical and food applications!*-!°.

Phosphocasein peptides, derived from casein hydrolysis, also contribute significantly to nanofiber fabrication.
These peptides, due to their phosphorylated groups, enhance hydrogen bonding and ionic interactions within
the polymer matrix. This results in improved molecular entanglement and uniform fiber formation during the
electrospinning process, similar to the role played by PVA and chia mucilage!®.

Nanoemulsions, on the other hand, are colloidal systems consisting of oil, water, and surfactants, with
droplet sizes typically ranging between 20 and 200 nm. These systems are highly stable and possess unique
physicochemical properties, such as high surface area and low viscosity, making them ideal for encapsulating
bioactive compounds!”. Nanoemulsions enhance the solubility, stability, and bioavailability of encapsulated
compounds, offering significant advantages for applications in functional foods, pharmaceuticals, and
cosmetics'®. The small droplet size and uniform distribution of nanoemulsions allow for effective delivery of
hydrophobic compounds, such as probiotics and essential oils, across various matrices'®.

With the increasing interest in functional foods and nutraceuticals, there is a focus on using chia seed-
derived hydrocolloids to create novel biomaterials for microencapsulating probiotics. Bacillus coagulans, noted
for its potential health benefits, including gut microbiome and immune system enhancement, is a key probiotic
of interest?0-22,

This study explores using chia seed hydrocolloids to create nanofiber composites for encapsulating Bacillus
coagulans. It aims to improve probiotic stability and delivery, with analysis through FTIR and SEM and
antioxidant and antimicrobial activity of nanofibers to evaluate their potential in functional foods.

Experimental

Material

Chia seeds (Salvia hispanica. L) (Kian Food Company, Tehran, IRAN), Unsaturated sunflower oil rich in vitamin
E (Shiraz, Iran), Polyvinyl alcohol (98%), phosphocasein peptide (21%), sodium alginate, resistant corn starch
with 99.9% purity, calcium chloride (CaCl2), Tween 80 (Merck, Germany), and double-distilled water (DDW)
with a purity of 18MQ cm™ from a water purification system (Nanopure Infinity, Barnstead International,
Dubuque, IA, USA) were obtained and procured.

Extraction of Chia seed mucilage

Chia seeds were mixed with NaOH (0.2 M, pH 8) at a 1:20 (w/v) ratio and stirred for 3 h at 1500 rpm using a
homogenizer (HD3200, Berlin, Germany) to extract the mucilage. The mixture was then centrifuged (Hettich-
320R Universal, Germany) at 4 °C for 20 min to separate swollen seeds and gel. The mucilage was dried at 50 °C
for 2 h, ground through a 20 ASTM mesh screen in a mixer (ZONYTEST, Argentina), and stored in polyethylene
bags in a cool, dry place?*2%,

Antioxidant properties of Chia seed mucilage

The free radical scavenging effect was assessed using the DPPH assay. Four milliliters of extracted chia seed
mucilage were added to 100 ml of methanol and incubated at 20 °C for 1 h. Absorbance at 517 nm was measured
with a UV-Vis spectrophotometer (Shimadzu UV/Vis-240 IPC, Japan). Antioxidant capacity was calculated
using:

RSD = [(Ao — A)/Ag] x 100 (1)

where %RSD is the free radical scavenging percentage, A , is the control absorbance (DPPH solution with DDW),
and A is the sample absorbance (DPPH solution with mucilage)®.

Antimicrobial activity of Chia seed mucilage

The agar diffusion method was used to assess antimicrobial activity. Discs (10 mm diameter) of the samples were
prepared and placed on a surface culture inoculated with 100 uL of bacterial suspension containing 103 CFU/
mL of the tested bacteria, Staphylococcus aureus ATCC 25,923 (Gram-positive) and Escherchia coliATCC 25,922
(Gram-negative). The discs were then placed on Muller Hinton agar (Merck, Germany) and incubated at 37 °C
for 24 h. Antimicrobial activity was measured by the difference between the disc diameter and the inhibition
zone diameter. If no inhibition zone was observed, the antimicrobial activity was recorded as zero26:27,

Electrospinning process
In this experiment, electrospinning was performed on solutions with varying ratios (Table 1) under different
conditions: voltages from 12 to 20 kV, feed rates from 0.125 to 0.5 ml/h, and needle-to-collector distances
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Sample | Chia Mucilage (%) | Polyvinyl alcohol (%) | Phosphocasein peptide (%)

A 2% 4% 4%

B 3% 4% 4%

Table 1. Chia seed mucilage solution samples with different concentrations for electrospinning.

from 9 to 15 cm. For optimization, a constant distance of 9 cm was maintained while varying one parameter
at a time and keeping the others constant. This selection was based on initial experiments and previous studies
showing that changing the distance had a lesser effect on fiber uniformity than varying voltage and feed rate. The
optimization was performed without the use of any specific software, and the results from these experimental
conditions were used to determine the best parameters.

After electrospinning, samples were examined using a scanning electron microscope (TESCAN Vega3,
Czech Republic) to identify conditions that produced fibers with minimal beads and maximum uniformity. The
selected sample was 2% of chia seed mucilage concentration, which was stirred for 15 h at room temperature
to form a homogeneous solution and then further homogenized using an ultrasonic titanium probe sonicator
(HD3200, Berlin, Germany). The final solution was loaded into a 5-ml syringe and electrospun at 18 kV using an
electrospinning device (Full Option Lab 2ESII-II, Iran). The needle-to-collector distance was set to 12 cm, with
a collector drum speed of 500 rpm?®.

Preparation of Bacillus coagulans

Lyophilized Bacillus coagulans(ATCC 7050) was obtained from the Scientific and Industrial Research
Organization of Iran. It was activated on Nutrient Yeast Extract Salt Medium (NYSM) agar (Merck, Germany)
at 37 °C for 24 h. A single colony was then inoculated into NYSM broth and incubated at 37 °C for 48 h with
shaking at 250 rpm. The bacterial suspension was centrifuged at 3000xg for 20 min, washed with sterile peptone

water, and stored in the refrigerator until use?’.

Microencapsulation of Bacillus coagulans

The microencapsulation process of Bacillus coagulanswas carried out by preparing a mixture of sodium alginate
(1%) and resistant corn starch (1%) in sterile distilled water. This mixture was stirred with a magnetic stirrer
until homogeneous. Ten milliliters of this mixture was added dropwise to 250 mL of sunflower oil containing
Tween 80, forming a water-in-oil emulsion. To form microcapsules and break the emulsion, a cold 0.1 M
calcium chloride solution was slowly added while stirring for 5 min. The microcapsules were then separated
by centrifugation, washed to remove residual oil, and stored in sterile glass containers in a refrigerator for later

use®,

Production of nanofibers containing microencapsulated bacteria

The optimum ratio from the nanofiber preparation stage (Table 1) was used to prepare a solution containing
0.5% encapsulated Bacillus coagulans. The bacteria were microencapsulated using a mixture of sodium alginate
(1%) and resistant corn starch (1%) as the encapsulating agents. This solution was stirred at 25 °C and then
immediately electrospun for 2 h using the electrospinning setup described in Sect. 2.7. The nanofibers were
composed of chia seed mucilage, with the encapsulated bacteria included in the final electrospun structure’!.

Production of Nanoemulsion containing microencapsulated bacteria

A 1% solution was prepared from 2% mucilage solution (Table 1), 0.5% of the encapsulated bacteria was added
to this solution and stirred at 300 rpm for 10 min, refrigerated for 24 h to fully hydrate, and then mixed with an
Ultra-Turrax machine (T18, IKA, Germany) at 10,000 rpm for 1 min32.

Particle size and stability

The particle size of the samples (nanoemulsion and nanofibers with encapsulated bacteria) was measured using
a particle size analyzer (DLS W3325, Microtrac, USA) at 25 °C with Mastersizer 3000 software. Measurements
were taken at 2%, 6%, and 10% dilutions to avoid multiple scattering effects®3. The span was calculated using
Eq. 2:

D(90%) — D(10%)
D(50%)

Span = (2)

where Dy, is the diameter below which 90% of particles fall, D,,, is the median diameter, D, ,, is the diameter

below which 10% of particles fall.

50% 10%

Encapsulation efficiency

One gram of each sample (nanofiber and nanoemulsion with encapsulated bacteria) was suspended in 9 mL of
0.1 M phosphate buffer (pH 7.0) and homogenized with a magnetic stirrer. The viable cell count was determined
by serial dilutions plated on MRS agar and incubated at 37 °C for 48 h3%3%.

amount of encapsulated components (log cfu g—)

Encapsulation Efficiency % = x 100 (3)

amount of initial components
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Storage Stability of Encapsulated compounds in nanofibers and Nanoemulsion
Storage stability was assessed over 20 days at 7-day intervals (days 0, 7, 14, and 20). For this, 24 mg of nanofibers
containing microencapsulated compounds were divided into 12 Eppendorf tubes (2 mg each). The tubes were
placed in a desiccator at 33% relative humidity and stored in an oven at 25 °C. On each test day, 2 samples were
dissolved in 5% ethanol, filtered using a 0.45 pum needle filter, and their absorbance was measured at 282 nm.
A calibration curve was used to determine the concentration of the released compounds from the absorbance
readings.

To compare the stability of microencapsulated compounds, 10 uL of the compounds were stored in Eppendorf
tubes under the same conditions. At each interval, 2 samples were dissolved in ethanol, and absorbance readings
were taken to calculate the release percentage during storage using the release test formula®®’.

amount of compound released at time t
total amount of encapsulated compound

Release % = x 100 (4)

Scanning Electron Microscope (SEM)

The surface of nanocomposite samples with varying concentrations of chia seed mucilage was analyzed using
a scanning electron microscope (TESCAN vega3, Czech Republic) at 5 kW. Small pieces of the samples were
mounted on aluminum holders with silver adhesive and coated with gold for 5 min (DSR1, Nanostructure
Coating Co., Iran) in a sputtering device. Imaging was then performed at magnifications up to 20,000x>%.

FTIR Spectroscopy

FTIR analysis was conducted using a Spectrum Two FTIR spectrometer (Perkin Elmer, USA). Thin discs of
the dried samples (nanofiber and nanoemulsion with encapsulated bacteria), each less than 1 mm thick, were
prepared by pressing with potassium bromide in a sample holder. The transmittance spectra were recorded in
the wavenumber range of 4000 -400 cm™! with a resolution of 5 cm™'%.

Statistical analysis

Measurements were performed in triplicate. Results are reported as mean +standard deviation (SD). Analysis
of variance (ANOVA) was conducted, and significant differences between mean values were assessed using
Duncan’s multiple range test with a significance level of (p<0.05), analyzed with SAS software (ver. 9.1, SAS
Institute Inc., Cary, NC)*.

Results

Antioxidant activity of Chia seed mucilage

In Fig. 1, the DPPH free radical scavenging ability of chia seed mucilage (Salvia hispanica L.) is presented.
The results show a concentration-dependent increase in DPPH radical scavenging activity with different
concentrations of chia seed mucilage. At the highest concentration tested (350 pg/mL), the chia seed mucilage
exhibited a significant DPPH radical scavenging activity of 67.88%. The increasing IC50 values with higher
concentrations reflect the cumulative effect of the mucilage in neutralizing DPPH radicals, indicating that
higher concentrations are necessary to achieve the same level of radical inhibition as the mucilage concentration
increases.

Antimicrobial activity of Chia seed mucilage

The inhibition zone (ZOI) diameters obtained by the disc diffusion method for the Gram-positive (Staphylococcus
aureus) and Gram-negative (Escherichia coli) bacteria are presented in Fig. 2. The data indicate that chia seed
mucilage exhibits moderate antimicrobial activity against both Staphylococcus aureus and Escherichia coli,
with inhibition zones of 9 mm and 6 mm, respectively. However, the antimicrobial efficacy of the mucilage
is significantly lower than that of the antibiotics tested. The findings of this investigation showed the higher
sensitivity of gram-positive bacteria compared to gram-negative bacteria that can be attributed to the absence
of a lipopolysaccharide cell wall in gram-positive bacteria. This structural difference in the cell wall composition
is likely a contributing factor to the enhanced susceptibility of gram-positive bacteria to the antimicrobial
properties of the chia seed mucilage*!*2.

Morphology of Mucilage Fiber

Nanofibers of mucilage were examined using scanning electron microscopy at different concentrations. The
nanofibers produced at concentrations of 2% and 3% exhibited distinct morphologies, as observed in the SEM
images (Fig. 3a and b). The average diameter of the nanofibers at 3% mucilage concentration (Fig. 3a) was
approximately 26.24 pm, showing a flat and uniform structure. Conversely, the nanofibers at 2% mucilage
concentration (Fig. 3b) had a significantly thinner diameter of approximately 12.36 pm. These thinner fibers
are attributed to the lack of solvent evaporation between the nozzle tip and the collector, owing to the high
fluid jet diameter*®. As shown in Fig. 3a and b, the variation in fiber diameters suggests successful formation of
hybrid membranes with interwoven structures, when fibers of different diameters overlap*~*6. These findings
demonstrate adequate molecular entanglement for producing defect-free fibers in electrospinning solutions.

Microencapsulation efficiency of Bacteria

The encapsulation efficiency of the nanocomposite containing encapsulated Bacillus coagulans was significantly
higher than that of the nanoemulsion containing encapsulated Bacillus coagulans (p <0.05), as shown in Table 2.
Several factors, such as the type of nanocomposite, the solution composition, the encapsulation process, and
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Fig. 1. DPPH radical inhibition evaluation of chia seed mucilage.
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Fig. 2. DPPH radical inhibition evaluation of chia seed mucilage.

the test conditions, influence the encapsulation efficiency of the nanocomposite solution. The encapsulation
efficiency of Bacillus coagulansis influenced by several factors. The type of nanocomposite plays a critical role
by providing enhanced mechanical stability and stronger interactions between the microcapsules and the
fibrous matrix, reducing leakage. The solution composition, including chia seed mucilage, sodium alginate,
and resistant corn starch, forms a stable network that creates a protective environment for the bacteria. The
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Fig. 3. Morphology of fiber with (a) 3% chia seed mucilage (b) 2% chia seed mucilage.

Nanoemulsion containing encapsulated Bacillus coagulans 88.33 + 2.00°

Electrospun nanocomposite containing encapsulated Bacillus coagulans | 93.90 = 2.10*

Table 2. Microencapsulation efficiency of Bacillus coagulans in Nanofiber and Nanoemulsion. The results

are presented in the form of mean + standard deviation for each of the treatments, and all experiments were
performed in three repetitions. Values with different letters are significantly different from each other at the 5%
level.

encapsulation process, particularly electrospinning, ensures uniform distribution of microcapsules within the
nanofiber matrix, leading to improved efficiency compared to emulsification methods. Additionally, controlled
test conditions, such as humidity and temperature, help maintain the integrity of the microcapsules, further
enhancing encapsulation efficiency®.

Particle size

In Table 3, the average particle size and particle dispersion index of the encapsulated nanoemulsion and
nanofiber were exhibited. No significant difference was observed in the average particle size between the
treatments (p>0.05). However, the average particle size in the nanoemulsion containing encapsulated bacteria
was larger than that in the electrospun nanocomposite containing encapsulated bacteria. In contrast, the
analysis of the particle dispersion index revealed a significant difference between the treatments (p <0.05). The
particle dispersion index was significantly higher in the electrospun nanocomposite containing encapsulated
bacteria compared to the nanoemulsion treatment (p<0.05). Increasing in concentration (3%) of the mucilage
solution and the constant percentage of polyvinyl alcohol (4%) and phosphocasein (4%) significantly increases
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Sample Average particle size (nm) | Particle dispersion index(nm)
Nanoemulsion containing encapsulated Bacillus coagulans 705.2 £+ 70.00* 1.1+ 0.05°
Electrospun nanocomposite containing encapsulated Bacillus coagulans | 676 &= 60.00°* 141 £ 0.1*

Table 3. Particle size and particle dispersion index of Nanofiber and Nanoemulsion containing encapsulated
Bacillus coagulans. The results are presented in the form of mean + standard deviation for each of the
treatments, and all experiments were performed in three repetitions. Values in each column with different
letters are significantly different from each other at the 5% level.
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the diameter of the nanofibers. The sample containing chia seed mucilage, peptide-protein phosphocasein, and
polyvinyl alcohol showed this increase in nanofiber diameter due to the increase in the viscosity of the polymer
solution?3:4°,

Storage Stability

Figure 4 presents the storage stability results of encapsulated bacteria based on the release percentage in
nanofibers and nanoemulsions. A significant difference was observed between the treatments (p<0.05). On the
day of production, the release levels were similar across all treatments. However, on subsequent days, the highest
release rates were observed in the control group (encapsulated bacteria before embedding in nanoemulsion
or nanofiber), followed by the nanoemulsion, and finally, the electrospun nanocomposite. The release rate
increased for all treatments by the 7th day, after which it gradually decreased until the end of the study period.
The control group exhibited the highest release rate (56.00+2.00) on the 7th day, with a notably rapid release
occurring in the first seven days. The high release rates of encapsulated compounds may be attributed to the
hydrocolloid matrix and surface interaction with phosphocasein proteins®>*!. Our findings demonstrated that
the encapsulation efficiency and storage stability of Bacillus coagulans was significantly higher in nanofibers
compared to nanoemulsions, attributed to the structural advantages and protective environment provided by
the nanofiber matrix.

Morphology of Encapsulated Nanofiber and Nanoemulsion

Scanning Electron Microscopy (SEM) was employed to examine several properties of the nanoparticles and
encapsulated bacteria, including surface morphology, structural integrity, and the internal cross-sectional view
of the bacterial microcapsules. In Fig. 5a, the surface morphology of the encapsulated Bacillus coagulans shows
uniformity and structural integrity in the microcapsules. Figure 5b highlights the encapsulation of bacteria
within the nanoemulsion matrix, where the smooth and homogeneous texture suggests effective encapsulation
and stability in the emulsion environment. Figure 5¢ demonstrates the incorporation of encapsulated bacteria
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Fig. 5. Morphology of (a) Encapsulated Bacillus coagulans (b) Encapsulated Bacillus coagulans embedded in
nanoemulsion and (c) Encapsulated Bacillus coagulans embedded in nanofiber.

into electrospun nanofibers, revealing a fibrous and porous structure that provides a protective environment,
enhances stability, and supports controlled release. These observations confirm the successful integration of
Bacillus coagulans into the designed delivery systems, highlighting their potential for improved stability and
bioactivity.

FTIR

Considering that the electrospun product contains encapsulated components from Bacillus coagulans bacteria,
chia mucilage, polyvinyl alcohol, and phosphocasein peptides, the peaks observed in Fig. 6 in the range of 1500
t0 2000 cm™ correspond to the stretching vibrations of C=0 (1650-1750 cm™), which arise from the presence of
carbonyl groups in the structures of compounds such as peptides (proteins) and lipids. The peaks related to the
stretching vibrations of C=C (1500-1600 cm~) are due to the presence of double bonds in aromatic rings found
in some compounds. In the range of 3000 to 3500 cm™, the peaks associated with the stretching vibrations of
O-H (3200-3500 cm") indicate the presence of hydroxyl groups in the structures of compounds like polyvinyl
alcohol, chia mucilage, and phosphocasein peptides. Additionally, the peaks related to the stretching vibrations
of N-H (3300-3500 cm™) indicate the presence of amine groups in the structure of peptides and proteins. In
the range of 500 to 1000 cm™, the peaks corresponding to the stretching vibrations of C-O (1000-1200 cm™) are
attributed to the presence of ether and ester groups in the structures of compounds such as polyvinyl alcohol
and phosphopeptides. The peaks associated with the C-C vibrations (500-800 cm~) result from the presence
of carbon-carbon bonds in the structure of organic compounds. In the range of 2000 to 2500 cm™, the peaks
related to the vibrations of C=N (2200-2300 cm~) suggest the presence of nitrile groups in the structure of
certain compounds, while the peaks corresponding to C=C vibrations (2100-2250 cm™~) indicate the presence
of triple carbon-carbon bonds in the structure of some compounds'*?2, Given that the electrospun product
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Fig. 6. FTIR analysis of (A) Encapsulated Bacillus coagulans embeded in nanoemulsion (B) Encapsulated
Bacillus coagulans embeded in Nanofiber (C) Nanoemulsion (D) Non-capsulated Bacillus coagulans embedded
in nanoemulsion.

utilizes Bacillus coagulans bacteria, it is expected that the FT-IR spectrum of this product will show some peaks
corresponding to the chemical structure of this bacterium. The peaks in the range of 1500-1600 cm™ correspond
to the stretching vibrations of C=C bonds in the aromatic rings present in the structure of Bacillus coagulans. The
range of 2800-3000 cm™ is associated with the stretching vibrations of C-H in the methyl and methylene groups
found in the fatty acids and proteins of the bacterium. The 1650-1750 cm™ range corresponds to the stretching
vibrations of C= O in the carbonyl groups within the bacterial proteins. The peaks in the range of 1540-1560 cm™
are related to the N-H bending vibrations in the amide (peptide) groups present in the bacterial proteins, while
the 1200-1400 cm™ range corresponds to the stretching vibrations of C-N in the amine groups found in the
amino acids that make up the bacterial proteins. Additionally, peaks in the 3200-3500 cm™ range, associated with
the stretching vibrations of O-H, indicate the presence of hydroxyl groups in the extracellular polysaccharides
produced by Bacillus coagulans®®>->*. FTIR analysis further confirmed the successful encapsulation of Bacillus
coagulans within the nanofiber matrix, with characteristic peaks corresponding to both the bacterial and chia
seed mucilage components. These findings suggest that electrospun nanofibers, integrating chia seed mucilage
and Bacillus coagulans, offer a viable method for creating stable, bioactive, and functional encapsulation systems,
with potential applications in various industries, including food, pharmaceuticals, and cosmetics.

Discussion

The DPPH free radical scavenging effects of hydrocolloids have been extensively studied, highlighting their
bioactive and antioxidant properties. Hydrocolloids, which include both polysaccharides and proteins,
demonstrate significant antioxidant activities®>°. Polysaccharide-based hydrocolloids, in particular, have been
shown to effectively scavenge and neutralize free radicals, such as the DPPH radical, through various mechanisms.
One key mechanism involves enhancing the superoxide dismutase (SOD) content, thereby supporting the
overall antioxidant defense system®. The findings from this study indicate that chia seed mucilage is a rich
source of natural antioxidants, capable of efficiently scavenging and neutralizing harmful free radicals. The high
antioxidant activity observed in chia seed mucilage is likely due to the presence of polyphenolic compounds,
vitamins, and other bioactive constituents within the mucilage matrix®®. Caffeic and chlorogenic acids are the
primary phenolic compounds found in chia seeds. These compounds play a crucial role in defending against free
radicals and inhibiting the peroxidation of fats, proteins, and DNA?>. These results suggest the potential of chia
seed mucilage as a valuable functional ingredient in the development of antioxidant-rich food, pharmaceutical,
and cosmetic products®®-°!. The antioxidant activity of chia seed mucilage, with its high DPPH radical scavenging
capacity, underscores its role as a natural antioxidant source. The moderate antibacterial activity observed for
chia seed mucilage suggests that it may contain bioactive compounds capable of inhibiting bacterial growth,
though not as effectively as gentamicin or sulfamethoxazole. The smaller inhibition zones, particularly against E.
coli, may reflect the mucilage’s lower potency or a different mechanism of action compared to these antibiotics.
The results indicate the potential for chia seed mucilage as a supplementary antimicrobial agent, possibly in

Scientific Reports |

(2025) 15:11039 | https://doi.org/10.1038/s41598-025-87703-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

combination with other treatments. However, its relatively low efficacy compared to standard antibiotics suggests
that it may be more appropriate for applications where mild antimicrobial activity is sufficient, or where natural
or plant-based antimicrobials are preferred®>%. The antimicrobial analysis revealed moderate efficacy,
particularly against Gram-positive bacteria, suggesting that chia seed mucilage could be utilized as a
supplementary antimicrobial agent. Previous studies have shown that when the viscosity of the electrospinning
solution decreases from 0.453 to 0.118 Pa.s, sufficient intermolecular entanglement occurs, preventing the fiber
jet from breaking into droplets and resulting in higher-quality fibers. Our results align with these findings, as
reducing the mucilage concentration—and consequently the viscosity—enhanced molecular entanglement in
the 2% electrospinning solution, thereby improving the spinning properties of the fibers. Moreover, the extremely
thin fiber diameter was influenced by the combined effects of solution viscosity and electrical conductivity®?.
Encapsulation efficiency refers to the amount and quality of the encapsulated material within the nanocomposite.
Parameters such as the percentage of encapsulation and particle size distribution are commonly used to assess
this efficiency®®®>. Alginate and corn starch were selected as encapsulating materials due to their unique
physicochemical properties and their proven effectiveness in probiotic encapsulation systems. Alginate is widely
recognized for its excellent gel-forming ability, biocompatibility, and protective properties, which help to shield
probiotics from environmental stresses such as pH variations and high temperatures. Its ability to form a stable
gel matrix ensures uniform distribution of probiotics and enhances encapsulation efficiency, as supported by
previous studies®®. Corn starch, on the other hand, acts as a filler and structural support, improving the
mechanical stability of the encapsulation matrix. It also contributes to controlled release properties by slowing
down the diffusion of probiotics, thus enhancing their stability during storage. Moreover, the polysaccharide
structure of corn starch can create a prebiotic effect, indirectly promoting probiotic growth and activity during
gastrointestinal transit*’. The combination of alginate and corn starch in this study was aimed at leveraging
their complementary properties. The higher encapsulation efficiency of microencapsulated Bacillus coagulansin
fibers, compared to nanoemulsions, is likely due to the enhanced mechanical stability, stronger interaction
between the microcapsules and the fibrous matrix, better environmental protection, and more controlled release
properties offered by the fibrous structure. These factors collectively contribute to the superior performance of
fibers as carriers for microencapsulated bacteria®®®. Similar findings were reported by Nawaz et al. (2023), who
demonstrated an encapsulation efficiency of 82.90% for Lactobacillus acidophilusencapsulated in apple pectin/
PVA nanofibers. They attributed the high EE% to the uniform distribution of probiotics within the nanofiber
structure, facilitated by the solubility and mechanical properties of the biopolymer matrix. The strong and
flexible biopolymer matrix in nanofibers, as discussed by Nawaz et al. (2023), ensures enhanced structural
integrity and protection of probiotics from external stresses, such as shear forces. This aligns with our findings,
as the nanofiber matrix in our study not only provided better encapsulation efficiency but also maintained the
stability and controlled release of Bacillus coagulans over the storage period’”. These results further highlight the
advantages of nanofiber-based encapsulation systems compared to other delivery systems, such as nanoemulsions.
Moreover, Nawaz et al. (2023) and other studies, such as those by Ma et al. and Simonic¢ et al., have also reported
that biopolymers like gum Arabic, sodium alginate, and polyethylene oxide contribute to the successful
encapsulation of probiotics, primarily due to their compact structure and biocompatibility’"”2. The results of our
study are consistent with these findings, indicating that the choice of biopolymer and encapsulation method
plays a critical role in improving encapsulation efficiency and maintaining probiotic viability. The nanoemulsion
system in our study demonstrated moderate encapsulation efficiency and probiotic viability for Bacillus coagulans
during storage, which aligns with findings from previous studies. For example, Vaishanavi et al. (2020) reported
that nanoemulsions prepared using soy protein and gum Arabic effectively enhanced the stability and
survivability of Lactobacillus delbrueckii subsp. bulgaricusduring 40 days of storage. They observed a consistent
viable count for the first 15 days, followed by an increase in viability, attributed to the prebiotic properties of gum
Arabic and the growth-promoting effects of soy protein. The stability and viability of probiotics in nanoemulsions
are highly dependent on the matrix components and their ability to protect probiotics against external stresses”>.
Similar to Vaishanavi et al. (2020), our findings suggest that nanoemulsions can act as a suitable delivery system
for probiotics, although their long-term stability and encapsulation efficiency remain lower compared to
nanofibers. This is likely due to the structural differences between the two systems, as nanofibers offer a more
compact and protective matrix. The differences in particle size and dispersion index between the nanoemulsion
and electrospun nanocomposite are likely due to the inherent differences in the encapsulation environments and
stabilization mechanisms provided by these two systems. The electrospun nanocomposite, with its solid and
stable matrix, offers superior control over particle size and distribution, leading to a more uniform dispersion of
encapsulated bacteria. This contrasts with the nanoemulsion, where the liquid medium and potential for
instability can result in less consistent particle sizes and distribution. These findings suggest that electrospinning
is a more effective technique for achieving stable and uniform encapsulation of bacterial particles compared to
nanoemulsion methods’*’>. The high release rates of encapsulated compounds may be attributed to the
hydrocolloid matrix and surface interaction with phosphocasein proteins®*>!. Our findings demonstrated that
the encapsulation efficiency and storage stability of Bacillus coagulanswere significantly higher in nanofibers
compared to nanoemulsions, attributed to the structural advantages and protective environment provided by the
nanofiber matrix. The presence of wrinkles and cracks is likely due to the drying process employed during the
preparation of the microcapsule powder. Additionally, crystalline, grain-like structures were commonly observed
in figures. These crystal-like formations are a result of the capsule preparation process, specifically due to the
drying method used’®-78. The morphological characteristics of the nanofibers produced, especially at lower
concentrations, demonstrated adequate molecular entanglement, contributing to defect-free fiber production.
The study by Madybekova et al. (2024) investigated the development of probiotic delivery systems co-
encapsulated with plant extracts, aimed at enhancing survivability, prolonging nutritional benefits, and enriching
fermented beverages based on acid whey. They utilized FTIR analysis to identify functional groups in
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microcapsules containing Bifidobacterium bifidum and stevia extract. Their findings revealed shifts in key peaks,
such as 3413.9 cm™ (NH stretching), 1650 cm™ (CO stretching), and 2127 cm™ (nitrile groups), indicating
significant interactions between the encapsulated agents and wall materials like alginate and chitosan. Similarly,
in the present study, FTIR spectra confirmed the presence of characteristic functional groups, such as C=0,
C=C, and O-H stretching vibrations, in nanoemulsion-based edible films encapsulating Bacillus coagulansand
chia seed mucilage. These results suggest the successful formation of stable bonds within the matrix, aligning
with the findings of Madybekova et al., and further validating the effectiveness of the encapsulation system”.
The study by Krithika and Preetha (2019) investigated the physicochemical properties and stability of synbiotic
nanoemulsions, utilizing FTIR spectroscopy to monitor structural changes in the emulsion system. Similar
results were observed in our study, particularly in the bands associated with C=O stretching vibrations, which
indicate changes in the protein structure and other components in the emulsion system. These findings highlight
that FTIR is an effective tool for evaluating the stability and molecular changes in nanoemulsion systems®’. The
results of this study demonstrated the successful encapsulation of Bacillus coagulans within an electrospun
nanofiber matrix and provided detailed insights into the chemical interactions of the encapsulated components.
In comparison, the study by Alizadeh et al. also identified key functional groups such as carbonyl (C=0) and
hydroxyl (O-H) groups, confirming the structural contributions of proteins, polysaccharides, and other bioactive
compounds. However, this study offers additional observations, including the presence of nitrile groups (C=N)
within the nanofiber matrix, which were not reported by Alizadeh et al. This difference could be attributed to
variations in the composition of the encapsulated materials or the specific methodologies employed. Furthermore,
the identification of C-H stretching vibrations in fatty acids and proteins, as well as amide and amine groups
from bacterial proteins, highlights the unique contributions of Bacillus coagulansand its extracellular components
in this system. The comparison underscores the enhanced analytical approach in this study, which not only
validates the findings of Alizadeh et al. but also expands on them by identifying additional functional groups and
molecular interactions. These differences reflect the broader applicability and versatility of the encapsulation
system developed in this research for delivering bioactive compounds in various industries®!. These findings
suggest that electrospun nanofibers, integrating chia seed mucilage and Bacillus coagulans, offer a viable method
for creating stable, bioactive, and functional encapsulation systems, with potential applications in various
industries, including food, pharmaceuticals, and cosmetics.

Conclusion

This study highlights the potential of chia seed mucilage and Bacillus coagulans in the development of functional
food and pharmaceutical products, emphasizing the effectiveness of composite nanofibers for encapsulating
probiotics. The antioxidant and antimicrobial properties of chia seed mucilage, as well as its ability to form
stable nanofibers, make it a promising candidate for encapsulation purposes. Our findings demonstrated that
the encapsulation efficiency and storage stability of Bacillus coagulans were significantly higher in nanofibers
compared to nanoemulsions, attributed to the structural advantages and protective environment provided by the
nanofiber matrix. Moreover, the morphological analysis confirmed that nanofibers offer better control over the
encapsulated bacteria’s morphology, ensuring improved encapsulation efficiency and stability. The antioxidant
activity of chia seed mucilage, with its high DPPH radical scavenging capacity, underscores its role as a natural
antioxidant source. Although the antimicrobial activity of chia seed mucilage was moderate, its efficacy against
Gram-positive bacteria suggests potential as a supplementary antimicrobial agent. This moderate activity,
when combined with other antimicrobial agents, could enhance overall product protection. Furthermore, it
may be suitable for use in formulations where mild antimicrobial action is sufficient, such as in low-risk food
products or as part of a multi-barrier preservation strategy. The morphological characteristics of the nanofibers
produced, especially at lower concentrations, demonstrated adequate molecular entanglement, contributing to
defect-free fiber production. FTIR analysis further confirmed the successful encapsulation of Bacillus coagulans
within the nanofiber matrix, with characteristic peaks corresponding to both the bacterial and chia seed
mucilage components. These findings suggest that electrospun nanofibers, integrating chia seed mucilage and
Bacillus coagulans, offer a viable method for creating stable, bioactive, and functional encapsulation systems,
with potential applications in various industries, including food, pharmaceuticals, and cosmetics. Additional
studies are being conducted to evaluate the application of encapsulated Bacillus coagulans in food products,
focusing on its functional and sensory properties. These investigations aim to further explore the potential of
this encapsulation system in enhancing product quality and consumer acceptance.

Data availability
The data that supports the findings of this study is available from the corresponding author upon reasonable
request.
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