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Abstract

The growing demand for high-quality gluten-free bread requires innovative technological and
functional approaches. This study investigates, for the first time, the use of Lacticaseibacillus paracasei
SP5, in free and immobilized form on traditional Greek trahanas, for producing GF sourdough bread
based on rice and buckwheat flour. Sourdough breads produced with free and immobilized cells
displayed greater performance than the control sourdough bread in microbial stability and
physicochemical properties, with the immobilized form showing the best results. In particular the
application of immobilized L. paracasei SP5 led to gluten free sourdough bread with enhanced
acidification (pH 4.55; TTA 12.9 mL) and remarkable lactic (2.20 g/kg) and acetic acid (0.76 g/kg)
levels, extending the shelf-life to 7.0 days against mold and 7.5 days against rope spoilage, statistically
significantly higher than the other two gluten free sourdough samples. It also showed the strongest
antifungal activity and improved technological characteristics, including higher loaf volume (2.84
mL/g), greater height (5.50 cm), and lower baking loss (17.42%). Total phenolic content (87.3 mg
GAE/100 g) and antioxidant capacity were also statistically significantly increased. Overall,
immobilized L. paracasei SP5 on trahanas appears to be a promising clean-label strategy to
improve quality, shelf-life, and functional value of GF bread.

Keywords: Lacticaseibacillus paracasei SP5; immobilization; trahanas; gluten free; sourdough;
antifungal activity

1. Introduction

The demand for gluten-free bakery products has significantly increased in recent years, driven
by the growing prevalence of celiac disease, non-celiac gluten sensitivity, and consumer interest in
health-conscious diets [1]. However, gluten free products on the market are frequently nutritionally
inadequate (lower micronutrients, protein, fiber) compared with their gluten-containing counterparts
[2]. Gluten free breads face important technological challenges because the absence of gluten causes
inferior dough rheology and structure, leading to reduced loaf volume, denser crumb, higher
firmness and faster staling than wheat breads. These effects are linked to the high starch content and
the lack of a viscoelastic protein network in gluten free doughs [3]. Likewise, incorporation of
nutrient-dense flours (e.g., wholegrain pseudocereals) and other non-traditional functional
ingredients has been widely explored, in order to tackle both nutritional and technological
shortcomings [4]. Pseudocereal flours such as buckwheat and quinoa supply higher protein quality,
dietary fiber, minerals, vitamins and antioxidant compounds, improving the nutritional and
functional profile of gluten free breads; other novel ingredients (hemp, carob, seaweeds,
fruit/vegetable flours) have also been evaluated. [5]. In addition, technological approaches that

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.0892.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 February 2026 d0i:10.20944/preprints202602.0892.v1

2 of 13

modify starch retrogradation and water binding are important to extend crumb softness and shelf
life, because gluten free breads (especially starch-rich formulas) are susceptible to staling.

Sourdough fermentation has emerged as a key strategy to enhance GF bread quality, as it has
the potential to improve dough handling, flavor and nutritional properties, increase protein
digestibility and mineral bioavailability (via phytate hydrolysis) and generate exopolysaccharides
and volatile compounds that positively affect texture, sensory profile and microbial stability [6].
Sourdoughs can be produced either spontaneously (native microbiota) or through inoculation with
selected well defined starter cultures mainly lactic acid bacteria [7]. Spontaneous fermentations offer
complex, authentic flavors but are less predictable and slower; inoculated/selected starters enable
controlled, reproducible fermentation and lower contamination risk. However, starter cultures
developed for wheat breads may not be optimal for gluten free pseudocereal flours and the selection
of effective lactic acid bacteria adapted to gluten free matrices is important. [8]. Selected lactic acid
bacteria strains (including strains of the Lacticaseibacillus paracasei group) have shown beneficial
technological and functional traits for bread applications (acidification, enzyme activities,
exopolysaccharides production, antifungal metabolites and flavor formation) [9]. On the other hand,
immobilization of lactic acid bacteria on food matrices or solid supports is an established technique
to enhance cell stability, viability and controlled metabolite release during processing and storage.
Immobilized cells often show improved functional activity and protection compared with free cells
[10]. Traditional food matrices and other supports have been used successfully as immobilization
carriers [11]. Combining nutrient-rich flours (e.g., rice and buckwheat/quinoa) with sourdough
fermentation using free or immobilized lactic acid bacteria may offer a practical route to overcome
gluten free bread limitations [12]. Recently, a novel Lacticaseibacillus paracasei SP5 strain was
successfully applied in wheat sourdough bread production in free and immobilized form in a starch
gluten matrix (trahanas). The outcome showed nutritional improvements, upgraded sensorial
features and higher resistance versus spoilage of the produced breads [13]. Therefore, the
employment of this novel biocatalyst in gluten free bread production could be very interesting.

The aim of the present study was the assessment of free and immobilized L. paracasei SP5 in
gluten free sourdough breads formulated from rice and buckwheat flours. Various quality features
of the produced sourdough breads were evaluated, and the feasibility of the proposed technology is
addressed and discussed.

2. Materials and Methods
2.1. Raw Materials

Gluten free breads were prepared using commercially available rice flour (Oryza sativa L.) and
buckwheat flour (Fagopyrum esculentum Moench) as the main cereal components. In particular, rice
flour (white, medium-grain) and buckwheat flour (whole meal) were used as the primary flours for
gluten free bread production. Rice flour contained approximately 80% starch, 6% protein, and 1.5%
fiber, while buckwheat flour contained 72% starch, 11% protein, and 5.5% fiber. Water, salt (NaCl),
and commercial baker’s yeast (Saccharomyces cerevisiae, Lesaffre, France) were used in all formulations.
Trahanas, a traditional Greek fermented wheat-dairy product, was utilized as an immobilization
matrix for L. paracasei SP5 cells. It ws produced by mixing 70% hard wheat flour with sour sheep’s
milk, boiling and soaking in fresh sour milk. Afterwards it was dried and left to matured for 4
approximately 4 days at 30 °C. Then it was cut into ~1 cm?® cubes and sterilized prior to use to ensure
the absence of contaminating microorganisms as described before [11].

2.2. Microbial Strain and Culture Conditions

The lactic acid bacteria L. paracasei SP5 was maintained at —-80 °C in MRS broth supplemented
with 20% glycerol. Prior to use, cultures were propagated twice in MRS broth at 37 °C for 18 h under
anaerobic conditions. For the preparation of free-cell sourdough, the activated culture was harvested
by centrifugation (5000xg, 10 min, 4 °C), washed twice with sterile saline (0.85% NaCl), and
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resuspended to a final concentration of 10° CFU/mL. Immobilization of cells took palace by mixing L.
paracasei SP5 suspensions with trahanas powder at a ratio of 1:5 (w/w), followed by freeze-drying to
obtain a stable immobilized starter as described before [11]. Specifically, freeze drying of either free
cell of L. paracasei SP5 or immobilized on trahanas L. paracasei SP5 was conducted by freezing at —44 °C
(5 °C/min) and drying for 48 h (at 5-15 mbar and —45 °C) with a FreeZone 4.5 Freeze-Drying System
(Labconco, Kansas City, MO, USA)

2.3. Sourdough Preparation

Three gluten free sourdoughs were prepared by mixing rice and buckwheat flours. In particular,
in all sourdough samples the following recipe was followed: 350g rice flour, 150g, buckwheat flour,
and 90ml water. The two flours were combined in a 70:30 ratio (rice:buckwheat) to ensure sufficient
starch for crumb softness and gas retention, while providing protein and fiber to improve dough
structure and water retention. Free or immobilized L. paracasei SP5 were inoculated at 108 CFU/g of
dough. The doughs were incubated at 30 °C for 24 h to allow fermentation. Sourdoughs were
subsequently incorporated at 30% w/w into final bread formulations. For comparison, control dough
without lactic acid bacteria inoculation were prepared under similar conditions and recipe.

2.4. Bread Preparation

The three sourdoughs were mixed in a concentration of 50% w/w with the remaining rice and
buckwheat flour (proportion of 70/30 and total weight 100g), approximately 100ml water, salt (2%
w/w), and baker’s yeast (1% w/w). Doughs were mixed for 10 min, proofed at 30 °C for 60 min, and
baked at 180 °C for 35 min in a convection oven. Likewise, there sourdough gluten free breads were
produced: containing;: (i) free L. paracasei SP5 (SDGF1), (ii) immobilized L. paracasei SP5 (SDGF2) and
(iii) without addition of L. paracasei SP5 (SDGF3). All sourdough bread samples were cooled at room
temperature for 2 h prior to analysis.

2.5. Analytical Methods

2.5.1. Determination of Antimicrobial Activity

Antifungal activity of L. paracasei SP5 was assessed using the double-layer agar diffusion method.
Overnight LAB cultures were centrifuged at 5000xg for 5 min, and the resulting cell-free supernatants
(CFS) were neutralized to pH 6 with 0.1% NaOH to avoid inhibitory effects due to acidity. The CFS
were also heat-treated at 120 °C for 15 min to evaluate the presence of heat-stable bacteriocins.
Antifungal activity was tested against common bread spoilage molds, including Aspergillus niger,
Penicillium roqueforti, and Fusarium oxysporum, by measuring inhibition zones after 48 h of incubation
at 25 °C.

2.5.2. pH and Total Titratable Acidity (TTA)

The pH of all the gluten free sourdough breads was obtained by mixing 10 g sample with 90 ml
distilled water and measuring the pH with a standard pH meter. Total titratable acidity values were
obtained as described before [11].

2.5.3. Baking Loss

The baking loss of all gluten free sourdough breads was obtained from weight measurements
taken before and after baking, according to the following formula:

_ Weight of dough-Weight of bread after baking » 100
Weight of dough

Baking loss (%)
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2.5.4. Specific Loaf Volume and Height

The specific volume of all the gluten free sourdough breads was measured using the rapeseed
displacement method performed one hour after baking. The loaves were weighed and their specific
volume was determined from the volume/mass ratio (mL/g). A pair of digital calipers was used to
estimate loaf height [11].

2.5.6. Moisture Content

Moisture contents of breadcrumb of all the gluten free sourdough breads (crust and central
crumb) were determined according to the AOAC Method 925.09, by heating at 98-100 °C in a partial
vacuum, and reporting loss in weight as moisture [14].

2.5.7. Total Phenolic Content (TPC)

After baking, the 3 sourdough breads were left at room temperature for 3 h. to cool Afterwards,
crumb samples were freeze-dried for 48 h using a FreeZone 4.5 lyophilizer (Labconco, Kansas City,
MO, USA). Then the extraction procedure was followed according to:1 g of the freeze-dried crumb
was suspended in 20 mL of phosphate-buffered saline (PBS, pH 7.4) and incubated under continuous
shaking at 37 °C for 1 h. Subsequently, a second extraction was performed to the residue with further
20 mL of PBS. The supernatants were collected and stored at —20 °C until the determination of total
phenolic content (TPC) and antioxidant capacity (AC).

Total phenolic content (TPC) was measured using the Folin-Ciocalteu reagent method as
described previously [13]. Briefly, 200 uL of each bread crumb extract was mixed with 800 pL of
Folin—-Ciocalteu reagent and allowed to react in the dark for 2 min. Then, 2 mL of 7.5% (v/v) sodium
carbonate solution were added, and the volume of the reaction was set to 10 mL with distilled water.
The mixture was incubated for 60 min in the dark at room temperature. Finally, the absorbance was
measured at 765 nm using a spectrophotometer. Standard gallic acid (GA) solutions and blanks were
also prepared. TPC values were expressed as milligrams of gallic acid equivalents per 100 g of dried
sample (mg GAE/100 g).

2.5.8. Antioxidant Capacity (AC)

The antioxidant capacity of the sourdough bread extracts was measured using 2 methods: (i) the
ABTS [2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)] radical cation assay, expressed as
Trolox Equivalent Antioxidant Capacity (TEAC), and (ii) the DPPH (2,2-diphenyl-1-picrylhydrazyl)
radical scavenging assay. Regarding the ABTS assay, the ABTSe* stock solution was produced by
mixing equal volumes of 7.4 mM ABTS and 2.6 mM potassium persulfate in water, followed by
incubation for 12 h at room temperature. Afterwards, the solution was diluted with distilled water,
in order to to achieve an absorbance of approximately 0.70 at 734 nm. Then, 100 pL of bread extract
was mixed with 3.9 mL of the diluted ABTSe* solution, incubated for 4 min. Finally, the absorbance
was measured at 734 nm against a blank. Concerning the DPPH assay, the radical scavenging activity
was determined by reacting the extracts with a DPPH solution, and the decrease in absorbance at 517
nm was recorded. Standard curves were prepared using Trolox and the results were expressed as
milligrams of Trolox equivalents per 100 g of dried sample (mg TE/100 g) [13].

2.5.9. Mould and Rope Spoilage

Bread samples were stored under controlled conditions and evaluated for spoilage appearance
macroscopically. Evaluation criteria for rope formation included the detection of ripe cantaloupe
aroma and typical sticky crumb textures. Mould stability was assessed by monitoring the samples for
visible surface colonization, with the shelf-life recorded as the duration (in days) preceding the first
appearance of either bacterial or mould contamination. [13].
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2.5.10. Statistical Analysis

Analysis of Variance (ANOVA) followed by Duncan’s post hoc multiple range test was applied
to extract the specific differences between the various treatments. The analysis was performed using
the SPSS Statistics 20.0 (IBM Corp., Armonk, NY, USA) software at an alpha level of 5%. randomly to
prevent bias, and panelists were instructed to cleanse their palate with water between samples.

3. Results and Discussion
3.1. Antifungal Activity

The immobilized L. paracasei SP5 cells in trahanas exhibited significantly larger inhibition zones
against Aspergillus niger, Penicillium roqueforti, and Fusarium culmorum compared with the free cell L.
paracasei SP5 and none cell formulation (Table 1). These results indicate that immobilization not only
enhances the viability and metabolic activity of the culture, but it is likely to increase the production
or release of antifungal metabolites during fermentation and subsequent storage. The physical
protection afforded by the trahanas matrix likely reduces stress on the cells, promoting more
consistent synthesis of inhibitory compounds throughout the growth cycle.

Table 1. Antifungal Activity.

Sample Inhibition zone (mm)
A. niger P. roqueforti F. culmorum
Control (no LAB) 0 0 0
Free cells 82+0.3b 7.5+0.4b 7.0+0.3p
Immobilized cells 12.5+0.42 11.8 +0.32 11.0+0.42

Different superscript letters in a column indicate statistically significant differences (p<0.05).

This trend aligns with previous sourdough studies in which L. paracasei strains showed potent
antagonism toward Fusarium and other spoilage fungi, with antifungal effects ascribed to the
accumulation of organic acids and diverse low-molecular-weight metabolites including phenyllactic
acid (PLA) and lactic acid [15]. Similar enhancement of bread shelf life were reported in sourdough
prepared with specific lactic acid bacteria exhibiting antifungal properties, especially against A. niger
and F. culmorum, when such cultures were used to partially replace calcium propionate [16]. In
accordance to these observations, various lactic acid bacteria with antifungal properties were used in
sourdough preparations and have been proposed to partially substitute calcium propionate in bread,
extending shelf life and maintaining overall quality [16]. The enhanced antifungal activity reported
in immobilized systems is also consistent with reports that such cultures produce a broader spectrum
of volatile and non-volatile antifungal compounds such as cyclic dipeptides, medium-chain fatty
acids, and specific fatty acid derivatives, which act synergistically to inhibit spore germination and
hyphal growth in molds like A. niger and F. culmorum [17]. Recently, the application of immobilized
L. paracasei SP5 in wheat sourdough breads showed that immobilization in prebiotic matrices
prolongs resistance to mould and rope spoilage beyond 10 days, supporting the present findings [13].
This sustained bioprotective effect likely stems from improved cell activity and continuous release of
antifungal metabolites from the immobilization carrier. This outcome is particularly valuable for
gluten free breads, which are more susceptible to microbial spoilage, due to their higher water
activity and starch content. Likewise, the significantly higher inhibition zones observed in the case of
immobilized L. paracasei SP5 strongly suggest that trahanas-supported cultures can act as an effective
natural bioprotective strategy, reducing reliance on synthetic preservatives and at the same time
contributing to extended shelf life and product safety in gluten free bread applications. Such
functional starter systems respond directly to increasing consumer demand for clean-label, additive-
free products, which is an important consideration for both artisanal and industrial bakery markets.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.0892.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 February 2026 d0i:10.20944/preprints202602.0892.v1

6 of 13

3.2. pH and Total Titratable Acidity (TTA)

Th results obtained regarding the levels of pH and TTA of the produced gluten free sourdough
breads are presented in Table 2. The noticeable decrease in pH and increase in total titratable acidity
observed for sourdoughs fermented with L. paracasei SP5, particularly with immobilized cells,
indicate a more intense and sustained acidification than the unfermented control, which is critical for
both structure formation and microbial stability in gluten free bread systems. Similar ranges of final
pH (4.5-5.0) and elevated total titratable acidity have been reported for gluten-free sourdoughs
fermented with selected lactic acid bacteria, where stronger acidification correlated with improved
crumb texture and delayed staling [18].

Table 2. pH total titratable acidity and organic acid levels of the produced gluten free sourdough breads.

Bread Sample pH ;I:S Lactic acid (g/kg) Ac(e;lc(ga)c id
SDGF1 4.80 +0.02° 11.4 +0.5° 1.45+0.07° 0.62+0.02°
SDGF2 4.55+0.01¢ 12.9 +0.32 2.20+0.082 0.76+ 0.05°
SDGF3 6.00 + 0.022 6.4+0.4c 1.13+ 0.15¢ 0.49+ 0.03¢

Different superscript letters in a column indicate statistically significant differences (p<0.05).

The incorporation of sourdough fermented with L. paracasei SP5 significantly optimized the
chemical and functional parameters of the gluten free bread, with the immobilized cell system
(SDGF2) demonstrating the most efficient metabolic activity. This enhanced performance is directly
evidenced by the acidification parameters, where SDGF2 gluten free sourdough bread achieved the
most significant decrease in pH to 4.55 and the highest total titratable acidity of 12.9 mL Sufficiently
low pH and high total titratable acidity is essential to compensate for the lack of gluten by optimizing
starch gelatinization, protein hydration and gas-holding capacity [19]. More recent gluten free models
confirm that acidification in mixed cereal systems through lactic acid fermentation by lactic acid
bacteria (e.g., teff- or rice-based sourdoughs) improves dough rheology and crumb softness over
storage [20]. In rice-based gluten free breads, sourdough fermentation has been shown to lower pH,
increase total titratable acidity and in parallel enhance specific volume and sensory attributes,
underlining the central role of controlled LAB acidification for high-quality gluten free products [21].
The lower pH and higher total titratable acidity of sourdough breads fermented with immobilized L.
paracasei SP5 (SDGF2) align with literature and probably support both the improved mould resistance
and the technological performance of the resulting gluten free breads. Regarding the organic acid
concentrations, SDGF2 gluten free sourdough bread reached the highest lactic acid level of 2.20 g/kg
and acetic acid level of 0.76 g/kg, both significantly higher (p<0.05) than SDGF1 gluten free sourdough
bread and control gluten free sourdough bread (SDGF3). The concentration of lactic acid is
technologically critical as it exerts a softening effect on the buckwheat protein matrix and promotes
controlled starch swelling [22]. Simultaneously, the acetic acid concentration of 0.76 g/kg in SDGF2
plays a disproportionate role in biopreservation. Although present in lower quantities than lactic
acid, acetic acid is the primary reason of the antifungal activity observed against spoilage organisms
like Aspergillus niger [23]. At low pH levels, acetic acid penetrates fungal cell membranes more
effectively, disrupting internal homeostasis and extending the mold-free shelf life of the bread. The
results suggest that the immobilization of L. paracasei SP5 on the trahanas matrix provided a
protective microenvironment that favored intense acid production. This biotechnological approach
addresses the inherent challenges of buckwheat-based matrices, such as high buffering capacity and
mineral-bound phytic acid. In particular, organic acids facilitate phytic acid breakdown, leading to
greater bioavailability of essential mineral [24]. Overall, these results corroborate international
studies demonstrating that, in gluten free formulations, targeted organic acid production through
controlled lactic acid fermentation can successfully replace synthetic improvers and preservative [25].
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3.3. Bread Height, Specific Volume and Baking Loss

The use of L. paracasei SP5, either free or immobilized in trahanas in gluten free sourdough bread
production showed a significant impact on both the height and specific volume of gluten free rice—
buckwheat sourdough breads (Table 3).

Table 3. Levels of height, specific volume and baking loss of the produced gluten free sourdough breads.

Height Specific Volume Baking Loss

Bread Sample (cm) (mL/g) %)
SDGF1 5.35+0.102 2.79 +0.062 17.90 + 0.302
SDGF2 5.50 + 0.082 2.84 +0.042 17.42 +£0.122
SDGF3 4.88+0.12> 2.51+0.09° 18.55 + 0.402

Different superscript letters in a column indicate statistically significant differences (p<0.05).

Among the treatments, sourdough bread fermented with immobilized L. paracasei SP5 showed
the highest values of both height (5.50 cm) and specific volume (2.84 mL/g), whereas the control
sourdough bread exhibited the lowest values (4.88 cm; 2.51 mL/g). Sourdough breads fermented with
free L. paracasei SP5 showed intermediate values, indicating that immobilization in trahanas enhances
the gas-holding capacity and structural stability of the dough.

These findings align with Alper (2024), who reported that sourdough addition softens gluten
free doughs, promoting gas bubble expansion during fermentation and increasing loaf specific
volume [26]. The efficient performance of sourdough produced with immobilized cells of L. paracasei
SP5 may be attributed to enhanced metabolic activity of immobilized L. paracasei SP5, including
exopolysaccharide production [11], which improves the viscosity and elasticity of the gluten free
matrix. Moreover, the contribution of trahanas as an immobilization matrix can be attributed to its
composition, which offers additional amino acids and fermentable substrates that further promote
gas retention and loaf expansion[27]. The level of baking loss, was also significantly affected by the
starter culture (Table 3). The lowest baking loss was observed in SDGEF2 gluten free sourdough bread
(17.42%), followed by SDGF1 gluten free sourdough bread (17.90%), while the control gluten free
sourdough bread (SDGF3) exhibited the highest loss (18.55%). The reduced baking loss in sourdough
breads, particularly those produced with free or immobilized L. paracasei SP5, can be attributed to
improved moisture retention and matrix structure, consistent with previous reports in sourdough-
based gluten free breads [28,29].

3.4. Moisture Content

The moisture content of both crumb and crust was significantly influenced by the starter culture
and storage time (Figure 1). Immediately after baking, SDGF2 gluten free sourdough bread retained
the highest crumb moisture, followed by SDGF1 gluten free sourdough bread and finally the control
gluten free sourdough bread (SDGEF3) suggesting improved water retention associated with
immobilized L. paracasei SP5.

This behavior is consistent with previous observations in gluten free sourdough breads.
Specifically, exopolysaccharides produced by specific lactic acid bacteria are known to bind water,
delaying moisture loss and contributing to softer crumbs during storage [30]. SDGF1 gluten free
sourdough bread also retained more moisture than the control, but less than the immobilized
counterpart, indicating that immobilization enhances the functional activity of the strain in
maintaining water content over time. These results are in agreement with Agirbasli et al. (2024), who
reported that immobilized lactic acid bacteria improve hydration properties in gluten free bread
matrices [31].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Crumb and crust moisture content (%) of the produced gluten free sourdough breads at 0 and 24 h

storage.

3.5. TPC and AA

Significant differences (p < 0.05) were recorded in the sourdough bread samples regarding the
total phenolic content (TPC) and antioxidant activity (Table 4). Among the formulations, SDGF2
exhibited the highest TPC (87.3 mg GAE/100 g) and the highest ABTS (179.7 mg TE/100 g) and DPPH
(3.8 umol TE/g) values, indicating good antioxidant potential. SDGF1 gluten free sourdough bread
showed intermediate values for all parameters, whereas SDGF3 gluten free sourdough bread
presented the lowest TPC and antioxidant activity. Specifically, SDGF1 exhibited a total phenolic
content of 75.9 mg GAE/100 g, with antioxidant activity values of 154.1 mg TE/100 g (ABTS) and 3.0
pmol TE/g (DPPH). In contrast, SDGF3 showed lower values, presenting a TPC of 57.1 mg GAE/100
g, ABTS activity of 121.5 mg TE/100 g, and DPPH activity of 2.5 umol TE/g. The significant elevation
of TPC and AA observed in the SDGF2 gluten free sourdough bread can be attributed to the complex
metabolic flux of L. paracasei SP5 within the rice-buckwheat matrix. In cereal-based systems, a vast
majority of phenolic compounds are non-extractable, because they are covalently bonded to cell wall
polysaccharides via ester or ether bonds. The fermentation process, particularly when catalyzed by a
high-density immobilized culture, facilitates the synthesis of microbial enzymes such as various
esterases various glycosidases [32]. These enzymes act as biochemical catalysts that hydrolyze the
ester-linked phenolic fragments and facilitate the liberation of them from the dietary fiber complex
of the buckwheat and rice flours. This enzymatic liberation increases the concentration of free
phenolic acids, such as ferulic, p-coumaric and caffeic acids, which directly correlates with the higher
GAE values reported [33]. Furthermore, the higher antioxidant capacity measured in the SDGF2
gluten free sourdough bread reflects a synergistic relationship between microbial acidification and
phytochemical stability. The intense acidification creates an optimal environment for the stabilization
of buckwheat’s native flavonoids, such as rutin and quercetin, which are otherwise prone to oxidative
degradation during the thermal processing of baking [34]. The immobilization of L. paracasei SP5 on
the trahanas matrix provides a protective micro-environment that maintains higher metabolic
activity and cell viability compared to free L. paracasei SP5 cells. This sustained activity ensures a
continuous release of metabolites throughout the fermentation stages, leading to a more thorough
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transformation of the dough’s chemical profile [35]. Studies have shown that such targeted lactic acid
fermentation not only increases the bioaccessibility of these compounds but also promotes the
conversion of phenolic acids into more potent antioxidant derivatives, such as vinyl derivatives or
dihydro-derivatives, through microbial decarboxylation and reductase activities [36]. The
discrepancy between the control gluten free sourdough bread (SDGF3) and the inoculated samples
further underscores the role of lactic acid bacteria as bio-refineries. While the control sample relies
solely on the endogenous enzymes of the flours and yeast, the SDGF2 gluten free sourdough bread
benefits from the specialized metabolic pathways of the L. paracasei SP5 strain, which are amplified
by the carrier’s nutrient-rich dairy-wheat composition. The trahanas carrier likely contributes
additional nitrogenous sources and fermentable carbohydrates that fuel the production of bioactive
exopolysaccharides (EPS) [13]. These EPS molecules can act as secondary antioxidants by scavenging
reactive oxygen species, thereby contributing to the overall antioxidant capacity [13]. Consequently,
the use of immobilized L. paracasei SP5 represents a superior technological strategy for enhancing the
functional and nutraceutical profile of gluten-free matrices, transforming them from simple starch-
based products into bioactive-rich functional foods.

Table 4. Total phenolic content (TPC) and antioxidant activity (AA) (on dry weight basis) of the produced gluten

free sourdough breads.

Bread Sample TPC (mg GAE/100 g) ABTS (mg TE/100 g) DPPH (umol TE/g)
SDGF1 759 +3.40 154.1 +4.8° 3.0+0.20
SDGF2 87.3+£2.2a 179.7 £2.8= 3.8+0.1=
SDGF3 57.1+1.5¢ 121.5+1.3¢ 2.5+0.1¢

Different superscript letters in a column indicate statistically significant differences (ANOVA, Duncan’s multiple
range test, p<0.05.

3.6. Shelf Life

Gluten-free breads are highly perishable and susceptible to spoilage, with visible fungal growth
and rope development generally appearing aproximately within 3 to 5 days when produced without
a bioprotective agent [37]. The increased microbial stability observed in the SDGF2 gluten free
sourdough bread, which preserved for 7.0 days regarding mould spoilage and for 7.5 days regarding
rope spoilage is closely associated with its efficient acidification profile (Table 2). This is evidenced
by a pH value of 4.55 and a total titratable acidity (TTA) of 12.9 mL, representing the highest acidity
levels among all tested gluten free sourdough breads. In addition, the elevated lactic acid content in
SDGE2 gluten free sourdough bread plays a key role in preservation, as it works in conjunction with
acetic acid to suppress spoilage microorganisms through intracellular acidification, particularly when
the low pH favors the undissociated state of these organic acids [23]. These chemical conditions
provided an effective environment explaining the extension of its shelf-life against the proliferation
of fungi and Bacillus species [38]. SDGF1 gluten free sourdough bread successfully extended the shelf-
life to 6.0 days for both mould and rope resistance. This is a notable improvement over the 4.0-4.5
days observed in the control SDGF3 gluten free sourdough bread, confirming that the presence of L.
paracasei SP5 even in free form induces enough acidification to inhibit common spoilage organisms.
However, the one-day difference between SDGF1 and SDGF2 gluten free sourdough breads is
statistically significant and it demonstrates that the “free” environment does not protect the bacteria
as effectively against the rising acidity or thermal stress of baking, potentially leading to a slightly
lower accumulation of protective metabolites toward the end of the proofing stage.

In contrast, the lower metabolic output in the control SDGF3 gluten free sourdough bread, with
lactic and acetic acid levels of only 1.13 g/kg and 0.49 g/kg respectively, resulted in earlier spoilage
within 4.0-4.5 days. These findings suggest that the immobilization of L. paracasei SP5 on the trahanas
carrier optimizes fermentation kinetics, facilitating a metabolite profile that improves both the
technological and bioprotective properties of gluten-free sourdough bread [13,33].
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Table 5. Appearance of rope and mould spoilage in the produced gluten free sourdough breads.

Bread sample Mould spoilage Rope spoilage
days
SDGF1 6.0+ 0.5 6.0+ 0.5
SDGF2 7.0+0.52 75+0.5°
SDGF3 4.0+0.5¢ 4.5+ 0.5

Different superscript letters in a column indicate statistically significant differences (ANOVA, Duncan’s multiple

range test, p<0.05.

4. Challenges and Perspectives

The application of Lacticaseibacillus paracasei SP5, particularly in immobilized form, demonstrates
considerable potential for advancing the production of high quality and functionally enhanced gluten
free sourdough bread. The technological, microbiological and functional improvements observed in
this study highlight the feasibility of this biotechnological approach and support its relevance for
clean-label bakery innovation. Nevertheless, further optimization is required to facilitate large-scale
industrial implementation.

A major challenge involves the industrial scale-up of immobilized starter systems, which
necessitates maintaining homogeneous cell distribution, consistent metabolic activity, and structural
integrity of the carrier throughout large-scale dough mixing, fermentation, and baking. Continued
progress in carrier design, freeze-drying, and stabilization technologies is expected to enhance
reproducibility, improve storage stability, and ensure reliable and consistent performance under
industrial processing conditions.

In addition, the inherent structural limitations of gluten-free doughs, including reduced
viscoelasticity and limited gas retention capacity, remain critical technological constraints. These
limitations could be further addressed through optimized fermentation kinetics, hydration strategies,
and synergistic formulation approaches combining fermentation with structuring agents. The
enhanced antifungal activity, improved loaf volume and extended shelf life achieved with
immobilized L. paracasei SP5 are fully consistent with current consumer demand for preservative free
and clean label bakery products, highlighting the industrial relevance of this approach. Likewise,
future research should be focused on refining immobilization methodologies, including advanced
encapsulation or structured carrier systems, in order to enhance scalability, process control, and
starter performance consistency. Overall, L. paracasei SP5 seems to be a multifunctional and
commercially promising starter culture capable of supporting the development of next generation
gluten free breads with improved technological performance, stability and functional value.

5. Conclusions

The present study highlights the potential of L. paracasei SP5, particularly when immobilized in
traditional trahanas, as a natural and effective strategy for the ameriolation of gluten free sourdough
bread quality. The use of Lacticaseibacillus paracasei SP5 as a sourdough starter markedly improved
the overall quality, stability, and functional value of gluten-free sourdough bread. In particular,
gluten free sourdough bread produced with free and immobilized L. paracasei SP5 on trahanas
exhibited intensified acidification and the highest concentrations of lactic and acetic acids. These
outcomes led into enhanced microbial stability, extending in the highest levels the shelf life of the
sourdough bread against mould and rope spoilage compared. In parallel, significant technological
improvements were recorded, including higher loaf volume and height, reduced baking loss, and
improved moisture retention. The immobilized formulation also exhibited the highest functional
potential, with markedly increased total phenolic content and antioxidant activity, demonstrating the
capacity of targeted sourdough fermentation to enhance both technological and functional properties
of gluten-free bread.
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Future research should explore sensory characteristics and underlying biochemical mechanisms
to further refine the functional and organoleptic properties of gluten-free breads and enable their
commercial exploitation.
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