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Abstract

This study investigates the dynamic physicochemical and microbiological changes during
low-intensity ultrasound-assisted co-culture lactic acid bacteria (LAB) fermentation (Lac-
tobacillus acidophilus, Lactiplantibacillus plantarum, and Limosilactobacillus reuteri) of Echium
amoenum over 24 h. The pH decreased from an initial 6.5 to 3.9 after fermentation, coin-
ciding with a peak bacterial biomass of 6.8 CFU/mL, demonstrating robust microbial ac-
tivity and growth. In the unfermented sample, the maximum phenolics (147.23 + 0.17 mg
of gallic acid equivalents (GAE)/g of dry weight (DW)) and flavonoids (53.11 + 0.41 mg of
quercetin (QE)/g DW) amounts, along with antioxidant activity measured by means of
2,2-diphenyl-1-picrylhydrazyl (DPPH, 35.08 + 1.56 mg GAE/g DW), and ferric reducing
antioxidant power (FRAP, 1.02 + 0.05 mmol FeSOs equivalents/g DW) were reached at 24
h. In contrast, the ultrasound-assisted co-culture LAB fermentation using L. acidophilus
and L. plantarum exhibited the highest phenolic (299.42 + 0.89 mg GAE/g DW) and flavo-
noid (88.39 £ 1.53 mg QE/g DW) values, as well as the highest antioxidant activity (DPPH
64.02 + 1.67 mg GAE/g DW and FRAP 1.96 + 0.01 mmol FeSO4 equivalents/g DW), after
12 h of fermentation, indicating enhanced extraction efficiency, metabolite biosynthesis,
and reduced processing time. Furthermore, FTIR analysis confirmed structural alterations
in polyphenolic functional groups. Low-intensity ultrasound and co-cultured LAB fer-
mentation synergistically accelerated microbial growth, bioactive compound release, and
antioxidant capacity in E. amoenum, highlighting the efficiency of bioprocessing for func-
tional foods and nutraceuticals.
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1. Introduction

Echium amoenum, a highly valued medicinal plant in Iran, is known for its rich poly-
phenolic profile and strong antioxidant activity [1-5]. However, the bioavailability of
plant-derived phenolic compounds is generally low (approximately 5-10%), prompting
the use of microbial fermentation as an effective strategy to enhance their release and bi-
oavailability through the liberation of bound phenolics from the plant cell wall matrix. In
this context, lactic acid bacteria (LAB) fermentation has been widely recognized as an ef-
ficient bioprocess for improving the release and biosynthesis of functional metabolites [6].
In addition, ultrasound treatment, considered a green and innovative technology [7], can
further enhance fermentation efficiency by stimulating microbial activity [8-10] and facil-
itating the release of conjugated phenolic compounds through increased membrane per-
meability, improved mass transfer, and greater substrate accessibility [11,12].

Species of the genus Echium (Boraginaceae) are distributed across the Macaronesian
Islands, the Mediterranean Basin, and the Irano-Turanian region, and are characterized
by distinctive purple or blue flowers [1,3,4]. Among them, E. amoenum has a long history
of traditional use, commonly consumed as decoctions for its tonic, soothing, and antitus-
sive effects [2]. Owing to its broad spectrum of biological activities, this species has gained
considerable interest in the pharmaceutical, food, and cosmetic industries [7]. Studies
have shown that dried E. amoenum petals exhibit antioxidant, anti-inflammatory, anxio-
lytic, antiviral, and antidepressant activities, which are mainly attributed to their complex
phytochemical composition, including phenolic acids, flavonoids, carotenoids, and antho-
cyanins [2,4,12].

Microbial fermentation, as an economic and natural process, has traditionally been
used for various applications and stands as a forerunner in modern biotechnology [13].
Its capacity to convert raw and waste materials into valuable end-products through mi-
crobial action has significantly impacted multiple sectors [7,13]. Microbiological fermen-
tation leverages microorganisms to modify and enhance the bioactive potential of benefi-
cial products. By breaking down plant cell walls and promoting hydrolysis, fermentation
increases the content of polyphenols, flavonoids, organic acids, proteins, ceramides,
amino acids, biological enzymes, and antioxidants in raw plant resources [7,14,15]. More
specifically, microorganisms secrete enzymes, including cellulases and pectinases, which
may improve the permeability or even degrade plant cell walls, thereby improving the
liberation of active molecules. Furthermore, glycosyl hydrolases, phenolic acid decarbox-
ylases, and reductases mediate the biotransformation of glycosides, phenolic acids, and
proteins into bioactive metabolites, enhancing the nutritional and pharmacological prop-
erties. The production of antioxidant enzymes, such as superoxide dismutase and catalase,
by microorganisms during fermentation further potentiates the antioxidant capacity. Con-
sequently, fermentation represents a valuable technique for processing natural pharma-
ceuticals [7,16]. In particular, LAB fermentation demonstrably improves the functional at-
tributes of plant-based products, enhancing their antioxidant capacity, anti-aging proper-
ties, and other health-promoting effects [7,13,17]. The resultant functional blended fer-
mented beverage utilizing edible rose and shiitake mushroom with five commercial LAB
strains demonstrated increased levels of total phenols, total flavonoids, and free amino
acids, along with enhanced antioxidant activity [18]. Furthermore, co-fermentation of
wolfberry-longan juice using Lacticaseibacillus paracasei ZH8 and Lactococcus lactis subsp.
lactis YM313 notably improved total phenolic and flavonoid content, thereby enhancing
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antioxidant properties [19]. Based on this, Lactobacillus acidophilus, Lactiplantibacillus
plantarum, and Limosilactobacillus reuteri were selected based on their proven adaptability
to plant-based substrates, tolerance to acidic environments, and ability to produce en-
zymes involved in the biotransformation of phenolic compounds. In particular, L. planta-
rum is well known for its phenolic acid decarboxylase and reductase activities, while L.
acidophilus and L. reuteri contribute to organic acid production and redox modulation. The
co-culture strategy was adopted to exploit potential metabolic complementarity and syn-
ergistic interactions among strains, which have been reported to enhance bioactive com-
pound release and antioxidant capacity compared to single-strain fermentations [20].

However, conventional plant fermentation presents several limitations, including
long processing times, limited efficiency, incomplete substrate degradation, restricted nu-
trient release, and inconsistent environmental control, often resulting in reduced metabo-
lite yields. To overcome these constraints, ultrasound technology has been increasingly
employed to improve the efficiency, controllability, and scalability of fermentation pro-
cesses while reducing environmental impact and safety concerns [21]. When integrated
with fermentation, ultrasound enhances the release of bioactive compounds, such as phe-
nolics and flavonoids, by disrupting plant cell walls and promoting enzyme activity. In
addition, it improves mass transfer, mixing, and homogenization, thereby facilitating nu-
trient and gas diffusion within the fermentation medium [21]. Ultrasound pretreatment
can also stimulate microbial metabolism, cell growth, enzyme production, and metabolite
synthesis. Notably, low-intensity ultrasound (20-100 kHz) has been shown to transiently
increase microbial cell membrane permeability, enhancing substrate uptake, extracellular
enzyme secretion, and overall fermentation performance, thus highlighting its potential
for industrial fermentation applications [21].

Despite its potential advantages, ultrasound treatment may also present limitations
if improperly applied. High-intensity or prolonged ultrasound exposure has been re-
ported to induce microbial cell damage, excessive cavitation, free radical generation, and
degradation of thermolabile or oxidation-sensitive bioactive compounds. Such effects
may negatively impact fermentation performance and antioxidant stability [22,23]. There-
fore, careful optimization of ultrasound parameters, particularly intensity, frequency, and
exposure duration, is essential to ensure beneficial rather than detrimental outcomes.

This study aims to elucidate the synergistic effect of low-intensity ultrasound and co-
culture LAB fermentation on physicochemical properties, focusing on phenolic and flavo-
noid enrichment, antioxidant capacity (2,2-diphenyl-1-picrylhydrazyl (DPPH) and ferric
reducing antioxidant power (FRAP), and structural modifications of E. amoenum, in com-
parison with unfermented and ultrasound-treated samples. Furthermore, pH changes and
microbial growth dynamics were evaluated during the fermentation process. The findings
can contribute to the development of enhanced strategies for optimizing the functionality
of E. amoenum in food and health-related applications. Indeed, the ultrasound-assisted
fermented suspension of E. amoenum may represent a versatile ingredient for future ap-
plications, particularly in the food, nutraceutical, cosmeceutical, and pharmaceutical sec-
tors.

2. Materials and Methods
2.1. Materials and Reagents

Fresh flowers of E. amoenum were collected from the Alamut Mountains, Qazvin
Province, Iran (36.45° N, 50.62° E) during the peak flowering season in May 2023. “Fresh
and raw” refers to flowers processed immediately after harvesting without prior drying
or storage. After cleaning, approximately 800 g of petals were air-dried at 25 + 1 °C for 15
days under controlled laboratory conditions until constant weight was achieved.
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Folin—Ciocalteu reagent, sodium carbonate, sodium nitrate, aluminum chloride,
TPTZ (2,4,6-Tris(2-pyridyl)-s-triazine), ferric chloride, gallic acid, quercetin, 2,2-Diphenyl-
1-picrylhydrazyl (DPPH) radical, ferrozine, ethanol, methanol, and all other reagents of
analytical- or HPLC-grade were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Preparation and Ultrasound Bath Pretreatment

The cleaned petals of E. amoenum were air-dried at room temperature (25 °C). Then
the dried petals were well-grounded using a high-speed electric grinder and passed
through a 60-mesh sieve to obtain a uniform particle size powder. The resulting powder
was refrigerated in a two-layer package (aluminum and polyethylene) until further ex-
periments. In the next step, a suspension was prepared by dispersing 6 g of E. amoenum
powder in 100 mL of distilled water and sterilized by autoclaving at 121 °C and 15 psi for
15 min. Following sterilization and cooling, the sterile samples were subjected to an ultra-
sonic bath (Elmasonic S 60, Elma, Singen, Germany) operating at 37 kHz frequency and
150 W power. The ultrasound frequency of 37 kHz was selected as representative of low-
intensity ultrasound conditions, previously reported to enhance mass transfer, cell per-
meability, and microbial metabolism while avoiding structural damage. The sonication
treatment was applied for 10 min at 30 °C, with temperature control maintained using an
external cooling system to prevent thermal degradation of the bioactive compounds.

2.3. Microorganism and Inoculum Preparation

Lyophilised Lactobacillus acidophilus (DSM 20079), Lactiplantibacillus plantarum (DSM
20179), and Limosilactobacillus reuteri (DSM 20016) as fermentative strains were provided
by the Bioprocess Engineering Laboratory (BPEL, University of Tehran, Iran) and revived
twice using sterilized MRS (Man Rogosa and Sharpe) broth (Merck, Darmstadt, Germany)
at 37 °C for 16 h. All stock cultures were preserved at —20 °C in MRS broth containing 40%
sterile glycerol. Following two successive transitions in sterile MRS broth, they were cul-
tured in sterile MRS broth at 37 °C for 24 h to achieve cell concentrations of approximately
10° CFU/mL.

2.4. Fermentation Procedure with Intermittent Ultrasonic Bath Treatment

Immediately after ultrasound pretreatment, the samples were inoculated (a total of
10° CFU) with a single bacterial strain or with three different co-cultures (L. acidophilus —
L. plantarum, L. acidophilus—L. reuteri, and L. plantarum—L. reuteri) under aseptic condi-
tions and incubated at 37 °C for 24 h in a shaker incubator (Stuart Orbital Incubator S150).
For all fermentation experiments, the total inoculation level was standardized to approx-
imately 10° CFU per fermentation system to ensure comparability between treatments.
More specifically, the initial volume of the inoculum was 1% v/v; thus, in single-culture
fermentations, 1% v/v (10° CFU) of each bacterium was inoculated separately in every
sample, but in the mixed types, co-culture (a total of 10° CFU, in proportion to fifty percent
of each strain) of 0.5% v/v L. acidophilus and 0.5% v/v L. plantarum or L. reuteri were simul-
taneously inoculated in a sample [24]. This strategy was adopted to maintain a constant
overall microbial load across all experimental conditions and to allow meaningful com-
parison of fermentation performance. The inoculation level (10° CFU) was determined
based on viable cell counts of LAB starter cultures grown in MRS broth prior to inocula-
tion, as quantified by plate counting on MRS agar. The viable cell count at time 0 repre-
sents the first experimentally determined plate count performed immediately after inoc-
ulation and does not correspond to the theoretical inoculum concentration.

Moreover, fermentation was conducted under mild agitation (50 rpm) to ensure ho-
mogeneous mixing of the fermentation medium, uniform nutrient availability, and con-
sistent ultrasound energy distribution, while avoiding excessive oxygenation or shear
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stress. The selected LAB strains (L. acidophilus, L. plantarum, and L. reuteri) are aerotolerant
anaerobes or facultative heterofermentative bacteria capable of maintaining metabolic ac-
tivity under low-oxygen and microaerophilic conditions. The applied agitation speed was
therefore selected to support stable microbial growth and metabolite production without
inducing fully aerobic conditions.

During the fermentation period, ultrasonic bath treatments were applied intermit-
tently at 4 h intervals. Each ultrasonic session lasted 2 min under the same frequency and
power settings (37 kHz, 150 W) and temperature control conditions as the initial pretreat-
ment. Samples were withdrawn immediately before each ultrasonic treatment and at the
end of the fermentation period. Finally, the samples were centrifuged at 4307 g for 15 min
at 4 °C using a benchtop refrigerated centrifuge (10410 Corporate Drive, Sugar Land, TX,
USA) and then filtered. The filtrates were collected and stored at 4 °C until further analysis.
All experiments were carried out in triplicate.

2.5. Effects of Ultrasound on the Growth of Bacterial Strains

Plate count agar using MRS agar medium was used to evaluate the effect of low-
intensity ultrasound on the growth of LAB bacterial strains during the fermentation of E.
amoenum at intervals of 4 h for 24 h. In this experiment, 100 pL of each sample was added
to 9.9 mL of sterilized deionized water, and serial dilutions were made. In the next step,
following the incubation period on MRS agar at 37 °C for 72 h, the logarithm of the num-
ber of colony-forming units per milliliter (log CFU/mL) was calculated. The bacterial
growth curve was also plotted as log CFU/mL [25]. Samples were collected at time 0 im-
mediately after inoculation to determine initial viable counts. To prevent the growth of
undesired microorganisms, the E. amoenum suspension was sterilized by autoclaving
prior to inoculation, and all fermentation steps were conducted under aseptic conditions.
In addition, the use of selective LAB growth temperatures and the progressive acidifica-
tion of the medium during fermentation further inhibited the development of competing
microbial populations.

2.6. Total Phenolic Content (TPC) Assay

The Folin—Ciocalteu colorimetric method with a UV spectrophotometer (Lambda 25,
PerkinElmer, Waltham, MA, USA) was applied to determine the TPC as described by Cas-
tangia et al. (2023) with slight modifications [26]. Briefly, 100 uL of the extract was mixed
with 100 pL of 10% Folin-Ciocalteu reagent and incubated for 5 min. Then, 800 uL of 7.5%
sodium carbonate solution was added. Then, the mixture was incubated in the dark at
25 °C for 30 min, and the absorbance was measured at 765 nm. Gallic acid was used as a
standard, and TPC was expressed as mg of gallic acid equivalent (GAE)/g dry weight.

2.7. Total Flavonoid Content (TFC) Assay

The TFC was evaluated through the aluminum chloride colorimetric method, as de-
tailed by Khosravi et al. (2024) with some modifications [27]. Briefly, 2 mL of each extract
was mixed with 0.2 mL of 5% sodium nitrite and 0.2 mL of aluminum chloride. Afterward,
2 mL of 0.1 M NaOH was added to the mixture. The absorbance was recorded at 510 nm
in comparison to the blank. Quercetin was utilized as the reference standard, and the TFC
was reported as mg quercetin equivalents per gram of dry weight extract (mg QE/g DW).

2.8. Antioxidant Capacity
2.8.1. DPPH Free Radical Scavenging Activity

To evaluate the antioxidant properties of the extracts, their effectiveness in scaveng-
ing DPPH radicals was measured as described by Bahrololoumi et al. (2024), with some
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modifications [28]. In detail, 20 pL of the extract was mixed with 1980 uL of DPPH (40
pg/mL in methanol) and incubated in the dark at room temperature for 30 min. Absorb-
ance was then measured at 517 nm against a blank. A gallic acid calibration curve at dif-
ferent concentrations (0-0.010 mg/mL) was used as a reference, and antioxidant activity
was expressed as mg (GAE)/g dry extract. All assays were performed in triplicate.

2.8.2. Ferric-Reducing Antioxidant Power (FRAP)

The FRAP assay was conducted according to the method described by Firoznezhad
et al. (2023) [2], with some modifications using a ferric complex of 2,4,6-tris(pyridin-2-yl)-
1,3,5-triazine (TPTZ) and Fe®. This complex was prepared by dissolving 15.62 mg of TPTZ
and 16.22 mg of ferric chloride hexahydrate in 50 mL of 300 mM acetate buffer (pH 3.6).
For the assay, 30 pL of the extract was added to 250 pL of the ferric complex. Following a
5 min incubation period in the dark, the absorbance was measured at 593 nm. A ferric
sulfate calibration curve, ranging from 0.09 to 1.045 uM, was also prepared. The data are
presented as the antioxidant capacity in mMol of ferric sulfate equivalents per gram of
dry extract [2]. All measurements were performed in triplicate.

2.9. Fourier-Transform Infrared Spectroscopy (FI-IR) Analysis

An Avatar spectrometer (Thermo Nicolet, Waltham, MA, USA) was employed to an-
alyze all the extracts. Prior to FT-IR analysis, fermented and ultrasound-treated and con-
trol samples were dried to eliminate residual water and obtain solid samples. FT-IR spec-
tra were recorded on the dried samples using an ATR-FTIR spectrometer (Thermo Nicolet,
Waltham, MA, USA) in the range of 4000-500 cm™!, with a resolution of 4 cm™".

2.10. Statistical Analysis

All experimental assays were conducted in triplicate, and data are presented as mean
+ standard deviation (SD). A two-way ANOVA followed by Tukey’s HSD post hoc test
for multiple comparisons was used to compare the means between different groups. Sta-
tistical analyses were performed using Python (v 3.10). Data processing and statistical
analyses were conducted using the libraries NumPy (v 1.24), pandas (v 1.5), SciPy (v 1.10),
and statsmodels (v 0.14). Pearson correlation analysis was also employed to assess the
relationships between bioactive compound concentrations and antioxidant activities.

3. Results and Discussion
3.1. pH Analysis During the Fermentation

The overall pH trend reflects the fermentative progression of E. amoenum in all sam-
ples and confirms the effectiveness of the low-intensity ultrasound-assisted mixed culture
system (Figure 1). LAB produces lactic acid and CO: during fermentation, resulting in a
decrease in pH level. This pH reduction is a key indicator of successful fermentation [29],
with the pH value reflecting bacterial activity and growth [24]. As illustrated in Figure 1,
the pH of all fermented samples exhibited a significantly decreasing trend over the 24 h,
starting from an initial pH of approximately 6.5 and dropping to values ranging between
4.95 and 3.9. The extent of pH decline varied notably among different fermentation treat-
ments. The least pronounced pH reduction was observed in the fermented E. amoenum
with L. reuteri as a single starter culture, while the most substantial pH decrease occurred
in the ultrasound-assisted fermented E. amoenum sample through a mixed culture of L.
acidophilus and L. plantarum, indicating enhanced bacterial growth and metabolic acid pro-
duction, which in turn accelerate organic acid generation, driving a more rapid and ex-
tensive pH drop. Notably, in this best-performing sample, a steep and rapid pH decline
was observed up to 12 h, followed by a continued but more gradual decrease from 12 to
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24 h. A previous study reported that after 24 h, the pH of wheat germ fermented via a
mixed culture of L. acidophilus and L. plantarum exhibited a greater reduction compared to
that observed in wheat germ subjected to single LAB fermentation [24]. Utilizing mild to
moderate-intensity ultrasound can enhance the efficiency of processes [30]. Meena et al.
(2024) proved that low-intensity ultrasound treatment promotes the proliferation of pro-
biotic microorganisms and increases lactic acid production [10]. Previous studies have
also proved that the proliferation of LAB can be enhanced as a result of heightened activity
of B-galactosidase, considering that ultrasound facilitates lactic acid yield through in-
creased extracellular levels of (3-galactosidase, which in turn raises acidity and promotes
fermentation [31].

—8—PR Y —#—UPR
- AR == UAR

3.5
12 16 20 24 0 4 8 12 16 20 24

Time (h) Time (h)

Figure 1. pH changes during the fermentation (A) and ultrasound-assisted fermentation (B) of E.
amoenum. A (L. acidophilus); P (L. plantarum); R (L. reuteri); AP (L. acidophilus—L. plantarum); AR (L.
acidophilus —L. reuteri); PR (L. plantarum— L. reuteri); UA (Ultrasound-assisted L. acidophilus); UP (Ul-
trasound-assisted L. plantarum); UR (Ultrasound-assisted L. reuteri); UAP (Ultrasound-assisted L.
acidophilus—L. plantarum); UAR (Ultrasound-assisted L. acidophilus—L. reuteri); UPR (Ultrasound-

assisted L. plantarum— L. reuteri).

3.2. Effect of Low-Intensity Ultrasound on the Growth of LAB Bacterial Strains

An investigation into the effect of low-intensity ultrasound on the growth of single
and co-cultured LAB strains during the fermentation process (24 h) of E. amoenum was
conducted by evaluating changes in log CFU/mL. Initially, the increase was gradual dur-
ing the incubation phase (0—4 h), followed by a marked rise during the logarithmic phase
(4-12 h), leading up to the stationary phase. Furthermore, the log CFU/mL of ultrasound-
treated samples was significantly elevated compared to control samples after the logarith-
mic phase (p < 0.05), indicating that low-intensity ultrasound facilitates fermentation by
LAB (Figure 2).

Previous research indicated that ultrasound treatment significantly affects fermenta-
tion kinetics [10,32]. Cavitation induced by high-intensity ultrasound waves can create
elevated temperatures and pressures in liquids, leading to direct damage to bacterial cell
walls. It can also enhance the decomposition of water molecules, produce free radicals,
and impair DNA and enzymes in bacteria [33]. Furthermore, the antibacterial effects of
ultrasound are significantly influenced by its intensity, which means that, at suitable
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ultrasonic intensities, bacterial metabolism and growth can be stimulated. For example,
the application of ultrasound at 100 W, 30 kHz, and 25% amplitude for 15 min has been
shown to promote the growth and replication of L. plantarum AF1 during the fermentation
of milk, attributed to improved permeability of the cell membrane and the enhanced an-
tioxidant properties of the bacterium [34]. Another study indicated that intermittent low-
intensity ultrasound treatment (0.167 W/cm?) combined with Lacticaseibacillus paracasei for
10 min at 8 h intervals promotes bacterial growth, resulting in a 16.72% enhancement in
decalcification and a 33.45% increase in deproteinization, while also reducing the fermen-
tation duration of crab shells to 48 h [31]. Under low-intensity ultrasound treatment, the
growth of bacterial strains was observed to increase rather than be inhibited. This effect
may be attributed to several mechanisms, including the fact that low-intensity ultrasound
can improve the permeability of cell membranes and facilitate mass transfer, thereby pro-
moting microbial growth and process efficiency [10,35]. Furthermore, it can improve the
transport of oxygen and essential nutrients for microbial growth [36] and also induces
stable cavitation, causing repairable damage to bacterial cells, which may alter the bacte-
rial state and accelerate proliferation [37]. Additionally, ultrasound treatment signifi-
cantly enhanced bacterial growth in co-culture systems beyond that observed in mono-
cultures, suggesting that ultrasound exposure intensifies synergistic interactions among
bacterial strains, possibly by modulating cellular stress responses and metabolic coopera-
tion. Although mixed-culture fermentations demonstrated enhanced bioactive compound
release and antioxidant capacity compared to monocultures, strain-specific growth dy-
namics were not individually monitored in the present study. Therefore, the observed
synergistic effects reflect the collective metabolic activity of the co-cultures rather than the
contribution of individual strains. Future investigations employing strain-specific enu-
meration methods, such as selective media, qPCR, or metagenomic approaches, would be
valuable to further elucidate interspecies interactions and microbial succession dynamics
during ultrasound-assisted co-culture fermentation. Consistent with our findings, previ-
ous studies have reported that low-intensity ultrasound can stimulate the growth of LAB
during fermentation. For example, Chen et al. reported that after 24 h of fermentation of
ginkgo kernel juice, the viable cell counts of L. plantarum Y2 increased by 5.06%, 5.05%,
and 2.19% under ultrasound power densities of 173.88, 115.50, and 84.42 W/L, respectively,
compared to non-sonicated controls. This study, although conducted on a different sub-
strate and bacterial strain, supports the general role of low-intensity ultrasound in enhanc-
ing LAB proliferation under controlled conditions [30]. Ultrasound treatment exerts a ben-
eficial effect on the fermentation efficiency of microorganisms by stimulating cellular
growth and enhancing enzyme activity and metabolism, thereby enhancing the overall
fermentation process [8,9]. A 5 min ultrasound (35 kHz) before the fermentation of black
carrot juice led to a reduction in the number of LAB, while 15- and 30 min pretreatment
led to an enhancement [38]. Controlled ultrasound treatments (23 kHz, 10 um amplitude
for 3 and 5 min) induced a maximum 1.09 log CFU/mL elevation in Lactobacillus brevis
(LMG 6906) cell counts, a 58.17-82.59% enhancement in specific growth rate, and a 16—
36.25% augmentation in cell membrane permeability, which are correlated with a 0.51 de-
crease in pH level [39]. In addition, low-intensity ultrasound was observed to enhance
growth parameters, including specific growth rate and logarithmic phase duration, as
well as lactic acid production, cellular reproduction, and substrate consumption in Lacto-
bacillus casei [40]. Overall, ultrasound can effectively speed up the fermentation process,
decrease fermentation time, improve microorganism growth, and enhance biomass yields
[41].
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Figure 2. The effect of ultrasound treatment on LAB bacterial growth rate during the fermentation
of E. amoenum at 37 °C for 24 h in single (L. acidophilus (A), L. plantarum (B), L. reuteri (C)), and mixed
(L. acidophilus—L. plantarum (D), L. acidophilus—L. reuteri (E), and L. plantarum— L. reuteri (F)) cul-

tures, compared to fermented control samples without ultrasound exposure.

3.3. Total Polyphenol Content (TPC) and Total Flavonoid Content (TFC)

TPC and TFC were quantitatively assessed throughout the ultrasound treatment and
LAB fermentation process of E. amoenum at 4, 8, 12, 16, 20, and 24 h under four distinct
conditions, including single-culture fermentation, co-culture fermentation, and their re-
spective treatments combined with low-intensity ultrasound. The detailed data for TPC
and TFC are presented separately in Tables 1 and 2, respectively. Across all fermentation
modes, there was a statistically significant increase in both TPC and TFC levels compared
to unfermented controls and ultrasound-treated samples (p < 0.05), with the ultrasound-
assisted co-cultured LAB fermentation exhibiting the highest accumulation.

During LAB fermentation, the increase in measurable phenolic content primarily re-
flects the release of phenolic compounds bound to the plant cell wall matrix. Throughout
this process, microorganisms utilize enzymes such as cellulases and pectinases to break
down cell walls, facilitating the release of phenolics. In E. amoenum, a significant fraction
of phenolics is associated with polysaccharides and structural components of the cell wall
through ester or glycosidic linkages. Fermentation-induced acidification, together with
enzyme-mediated hydrolysis involving esterases, glycosidases, and phenolic acid—modi-
fying enzymes, promotes matrix loosening and facilitates the liberation of these bound
phenolics into the soluble fraction [7]. Specifically, lactobacillaceae, as key organisms in
food fermentation, metabolize polyphenolic compounds via reductases, decarboxylases,
and glycosidases [42]. In addition, microorganisms possess the capability to synthesize
flavonoids from carbohydrates and amino acids via enzymatic processes. The synergistic
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action within the mixed bacterial culture likely enhances enzymatic hydrolysis of E.amoe-
num cell walls, facilitating greater phenolic release and enhancing metabolic biosynthesis.
Additionally, ultrasound improves the permeability of cell membranes and facilitates
mass transfer, thereby accelerating extraction kinetics and microbial metabolism [30]. This
resulted not only in elevated total phenolic and flavonoid yields but also in a significantly
reduced extraction time relative to controls [9]. To comprehensively compare the total
phenolic and flavonoid contents, a time-course analysis was conducted at identical time
points for the different fermented samples, the ultrasound-treated sample, and the un-
treated control, with particular emphasis on the 12 h time point, corresponding to the peak
bioactive response in ultrasound-assisted co-culture fermentation. In the ultrasound-
treated sample, a significant increase in TPC and TFC was observed within the first 4 h;
thereafter, the rate of increase showed a declining trend, eventually reaching a value of
around 160 mg GAE/g of dry weight and 58 mg QE/g of dry weight, respectively, after 24
h. The initial significant increase within the first 4 h is attributed to the immediate release
of soluble phenolic and flavonoid compounds. The subsequent decline in the rate of in-
crease is likely due to the exhaustion of readily extractable compounds, potential degra-
dation of sensitive phenolic and flavonoid compounds under prolonged exposure to son-
ication, and the establishment of an equilibrium between extraction and decomposition.
The final value of both TPC and TFC after 24 h suggests the maximum achievable extrac-
tion yield under the given ultrasonic conditions. Peak concentrations of TPC and TFC
were consistently observed at 12 h in the ultrasound-assisted mixed fermentation using L.
acidophilus and L. plantarum, reaching approximately 299 mg GAE/g of dry weight and 88
mg QE/g of dry weight, respectively. Following this peak, a gradual decline in TPC was
observed, likely due to acidification-induced degradation and polymerization of phenol-
ics, as well as possible microbial catabolism under the fermented acidic environment.
Nevertheless, TPC and TFC levels remained significantly elevated relative to controls and
ultrasound-treated samples throughout the fermentation period, underscoring the effec-
tiveness of this integrated bioprocessing strategy.

Table 1. Total polyphenol content (TPC) of unfermented, ultrasound-treated, fermented, and ultra-
sound-assisted fermented E. amoenum extracts. Data are expressed as mean + SD. For each group,

means with different lowercase letters differ significantly (p < 0.05).

Sample TPC (mg GAE/g DW)
Time (4 h) Time (8 h) Time (12 h) Time (16 h) Time (20 h) Time (24 h)
Control 67.91™+2.23 109.12h + 1.61 121.334+0.55 133.91i+3.14 145.771'+0.44 147.231'+0.17
Ultrasound 105.89 1+ 0.78 134.311+2.31 149.881+2.91 150.16 s+ 1.43 158.55i + 0.64 160.28 ¢+ 1.12
Single fermentation
A 93.32 k+1.33 136.681+2.44 157.561 + 0.66 163.79 ¢ + 2.06 163.31 ¢+ 1.15 164.93 ¢+ 0.51
P 98.27 k+2.69 163.12¢+1.57 179.18 7 +0.34 183.32P+1.78 188.15 9+ 3.88 17751 +3.31
R 87.27t+0.17 121.224+2.09 147.211+2.91 151.16 s+ 0.63 149.66 '+ 3.03 162.79 ¢+ 0.74
Mixed fermentation
AP 123.434+3.21 167.19 ¢+ 3.99 241.76 2+ 2.58 251.66b+0.15 240.232+3.81 221.39 <+ 0.37
AR 111.2212+0.72 133.6121+ 3.07 197.21 £+ 0.47 218.11<+3.12 211.698+2.01 201.11 £+ 3.02
PR 106.11 M +2.29 181.88r+1.36 208.61 8 +2.03 225.71"+1.93 221.33<+0.38 235.33°+3.12
Ultrasound-assisted single fermentation
UA 116.99 v +1.08 179.21,+0.17 192.619+0.31 188.309+0.21 198.73 £+ 3.91 197.43 £+ 0.88
UP 123.044+2.77 189.33 1+ 3.71 231.12°+0.11 217.35x+0.34 22331 <+ 1.25 201.33f+3.12
UR 1114412 +1.52 151.945+2.82 173.87*+1.33 199.11 f+£2.16 165.21¢+1.53 161.3371+0.72
Ultrasound-assisted mixed fermentation
UAP 156.311+2.17 218.55 <+ 0.39 299.42 v + (.89 278.27 v+ 0.61 233.48 © +2.33 231.87 °+1.69
UAR 137.311+0.16 159.56i +1.07 241.912+2.03 249.66 b+ 1.77 226.15"+1.91 219.11 <+ 0.16
UPR 135.78 1+ 3.07 185.11v+0.57 248.21v+1.19 223.88 <+ 0.39 220.81 <+ 1.77 215.33x+3.12
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Single culture fermentation (L. acidophilus (A), L. plantarum (P), L. reuteri (R)); mixed culture fermen-
tation ((L. acidophilus— L. plantarum (AP), L. acidophilus—L. reuteri (AR), and L. plantarum—L. reuteri
(PR)); ultrasound-assisted single fermentation using L. acidophilus (UA), L. plantarum (UP), L. reuteri
(UR); ultrasound-assisted mixed fermentation using L. acidophilus—L. plantarum (UAP), L. acidophi-
lus—L. reuteri (UAR), and L. plantarum—L. reuteri (UPR).

Similar findings have been reported in recent studies demonstrating increased phe-
nolic and flavonoid content in plant materials following fermentation and ultrasound-as-
sisted fermentation. The co-fermentation process involving L. paracasei ZH8 and Lactococ-
cus lactis subsp. lactis YM313 in wolfberry-longan juice markedly enhanced the total levels
of phenolics and flavonoids, thereby improving the antioxidant properties [19]. Consid-
ering the limited bioavailability of plant phenolic compounds, with only 5-10% being ef-
fectively digested [40], microbial enzymes could release conjugated phenolics from plant
cell walls, thus improving their bioavailability [7]. Optimization of microbial strains and
fermentation parameters can markedly elevate bioactive phenolic yields in fermented
products [42,43]. Ultrasound-assisted fermentation of Citrus reticulata peel powder signif-
icantly increased total protein and carotenoid levels by 85.26% and 179.68%, respectively,
compared to non-fermented Citrus reticulata peel powder, and outperformed convention-
ally fermented samples. Differential metabolite analysis identified 521 compounds, pri-
marily organic acids, lipids, and flavonoids [44]. Similarly, ultrasonicated-assisted rice
lees fermented with Lactobacillus helveticus (URLH-48) showed the highest TPC (112.1 mg
GAE/mL) in comparison with control and other treatments [45]. The integration of fer-
mentation pre-treatment with ultrasound-assisted extraction notably enhanced the recov-
ery of TPC from mango leaves (ranging from a 20% to 52% increase), resulting in im-
proved antioxidant and antidiabetic properties [43]. Furthermore, sonication pretreat-
ments considerably enhanced the transformation of free phenolic acids obtained from
pineapple peel fiber throughout the fermentation process by Lactobacillus bulgaricus and
Streptococcus thermophilus, especially boosting the levels of ferulic acid, caffeic acid, and 5-
hydroxyflavone. This underscores the beneficial impact of sonication-assisted fermenta-
tion in facilitating the hydrolysis of conjugated phenolics into their free forms [46]. More-
over, in contrast to the non-sonicated sauce, the ultrasound-assisted (low-ultrasonic
power densities) fermentation of Porphyra yezoensis sauce with L. plantarum demonstrated
an increase of about 58% in TPC and 27% in TFC, reaching 92.38 mg GEA/g of dry weight
and 111.08 mg RE/g of dry weight, respectively [47]. In comparison to the control group,
low-intensity ultrasound treatment significantly enhanced (p < 0.05) TFC (30.27% and
12.00% increase) during mycelium fermentation [48]. In addition, findings from another
study demonstrated that the incorporation of ultrasound-assisted fermentation led to a
significant increase in the TPC, TFC, and antioxidant activity of grape juice compared to
both fermented and non-fermented grape juice (p < 0.001) [17].

Table 2. Total flavonoid content (TFC) of unfermented, ultrasound-treated, fermented, and ultra-
sound-assisted fermented E. amoenum extracts. Data are expressed as mean + SD. For each group,

means with different lowercase letters differ significantly (p < 0.05).

Sample TFC (mg QE/g DW)
Time (4 h) Time (8 h) Time (12 h) Time (16 h) Time (20 h) Time (24 h)
Control 20.128+1.33 32441 +0.06 42.11+0.41 50.12¢+1.11 50.87 ¢+ 1.66 53.11¢+0.41
Ultrasound 34.16"+2.03 43.28 <+ 0.91 4659+ 1.17 50.08 <+ 1.84 55.77 4+2.84 58.61 4+0.31

Single fermentation

A 39.91<+£1.25 41.54 <+ 3.01 48.33°+1.29 52.22¢+2.83 50.51 ¢+ 0.41 60.32 4+ 1.31
P 40.24+0.14 55.91 4+ 0.94 54.911+2.03 60.914+1.82 64.91+2.41 65.97 £+ 0.58
R 39.38 <+ 1.09 40.51 <+ 3.65 42.96 < £3.61 51.55 ¢ + 0.64 59.814+0.23 61.89 f+2.93

Mixed fermentation
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AP 43.42<+3.25 58.534+0.15 69.57 2 + 3.68 75.87°+0.77 72.132+£0.97 74.722+1.95

AR 4218 <+ 1.59 4991¢+1.25 52.91¢+1.25 56.914+1.25 69.21 2+ 0.67 66.91 f + 4.05

PR 4453 <+ 3.11 55.11 4+ 4.08 70.99 2 + 3.64 70.212+2.45 69.44 2+ 3.09 70.12+0.19
Ultrasound-assisted single fermentation

UA 45.88 k+2.55 50.22 ¢+ 0.55 51.21¢+1.61 63.32 1+ 0.63 66.87 f+1.39 63.25 f + 3.04

uP 46.61 x+1.99 60.324+3.15 69.122+0.16 70.23 2+ 3.31 69.87 2+ 1.39 65.32 1+ 0.15

UR 45.82k+0.78 50.191 ¢+ 0.75 64.23f+1.11 66.35f+1.82 60.64 4 +2.31 64.78 £+ 1.99
Ultrasound-assisted mixed fermentation

UAP 48.37¢+1.03 71.232+0.44 88.391+1.53 85.511+2.05 86.941 +0.62 86.111+2.12

UAR 43.91 <+ 0.57 59.67 4+ 3.99 73.332+3.44 77.63°+0.89 70.172+1.34 75.33°+0.33

UPR 46.84 %+ 1.08 63.07 f£0.77 68.531+3.11 77390+ 0.16 75.52b+3.81 75.66° + 0.59

Single culture fermentation (L. acidophilus (A), L. plantarum (P), L. reuteri (R)); mixed culture fermen-
tation (L. acidophilus—L. plantarum (AP), L. acidophilus—L. reuteri (AR), and L. plantarum—L. reuteri
(PR)); ultrasound-assisted single fermentation using L. acidophilus (UA), L. plantarum (UP), L. reuteri
(UR); ultrasound-assisted mixed fermentation using L. acidophilus—L. plantarum (UAP), L. acidophi-
Ius—L. reuteri (UAR), and L. plantarum —L. reuteri (UPR).

3.4. Antioxidant Potential

The antioxidant capacity of E. amoenum samples was evaluated using DPPH and
FRAP assays at multiple fermentation time points. Both assays showed a significant en-
hancement in antioxidant activity for all treatments compared to the unfermented controls.
Among them, the highest activity was observed for the ultrasound-assisted co-cultured
fermentation involving L. acidophilus and L. plantarum, followed by fermentation with L.
plantarum and L. reuteri, and then by those with L. acidophilus and L. reuteri. This enhance-
ment can be ascribed to both quantitative and qualitative improvements, including in-
creased soluble antioxidant phenolics concentrations and potential microbial biotransfor-
mation into metabolites with stronger radical scavenging capacity. During the fermenta-
tion process, LAB consume nutrients from the substrate to promote their growth, while
also enabling the bioconversion of compounds through structural alterations, which in
turn enhances the levels of metabolites with significant antioxidant properties [49]. Fur-
thermore, prior research indicates that specific metabolites generated by starter strains
during fermentation may significantly enhance antioxidant activity. For example, bioac-
tive compounds produced during fermentation, such as peptides and xylooligosaccha-
rides [41], and also antioxidant enzymes such as superoxide dismutase and catalase, can
play a critical role in strengthening the antioxidant capacity [7]. In addition, pretreatment
and intermittent exposure to ultrasound improve extraction efficacy and promote micro-
bial uptake and metabolic transformation of phenolics, thereby optimizing the antioxidant
profile.

DPPH radical scavenging activity peaked at approximately 64.02 + 1.67 mg GAE/g of
dry weight after a 12 h fermentation period, compared to the peak of the unfermented
control (35.08 + 1.56 mg GAE/g of dry weight) at 24 h and the peak of the ultrasound-
treated sample (39.10 + 2.32 mg GAE/g of dry weight) at 20 h. Similarly, FRAP values in
the fermented samples reached around 1.96 mmol FeSO: equivalents/g of dry weight at
12 h, while the control peaked later at roughly 1.02 mmol FeSOs equivalents/g of dry
weight at 24 h, and the ultrasound-treated E. amoenum showed the peak value of 1.15
mmol FeSOs equivalents/g of dry weight at 20 h of the treatment. These data are presented
in Figures 3 and 4, respectively. Following the peak at 12 h, a moderate decline in antiox-
idant activity was observed in some samples, likely due to partial degradation of phenolic
compounds under acidic and oxidative stress caused by extended fermentation. Nonethe-
less, antioxidant activity remained substantially elevated relative to unfermented samples
throughout the fermentation period, supporting the efficiency of ultrasound-assisted co-
cultured LAB fermentation in maximizing DPPH antioxidant potential of E. amoenum. The
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antiradical properties of fermented foods are influenced by several factors, including fer-
mentation duration, pH levels, microbial strains, dissolved oxygen concentration, temper-
ature, and others [41]. Recent findings indicate that lactic acid fermentation-assisted ex-
traction improves the recovery of antioxidants from fig leaves compared to single-solvent
extraction methods applied to non-fermented samples [50]. Consistent with prior findings,
LAB co-culture systems significantly enhance the antioxidant activity of plant extracts
[24,27]. This improvement is correlated with elevated phenolic content, primarily result-
ing from the enhanced capacity of co-culture processes to transform bound and conju-
gated polyphenols into their free form, relative to single-culture methodologies [7,27,51].
Consequently, this process leads to an increased number of hydroxyl groups, which are
considered key contributors to the observed beneficial activity [27]. Further findings re-
garding the enhancement of antioxidant activity in wheat germ through mixed LAB fer-
mentation compared to single fermentation revealed a significant rise in DPPH antioxi-
dant activity, increasing from 51.18% in raw wheat germ to 89.76% in mixed fermented
wheat germ using L. plantarum and L. acidophilus [24]. Furthermore, co-fermentation of
rambutan juice using L. plantarum and Limosilactobacillus fermentum improved both anti-
oxidant activity and flavor complexity [52]. Additionally, ultrasound-assisted solid-state
fermentation of citrus reticulata peels using Aspergillus niger maximized TPC, TFC, ABTS,
and DPPH radical scavenging activity by 29.6%, 31.2%, 48.2%, and 71.8%, respectively, in
contrast to the non-fermented sample [53]. In addition, the in vitro antioxidant activity of
fermented Ginkgo kernel juice with L. plantarum was enhanced through ultrasonication,
which facilitated the metabolism of phenolic acids, including ferulic acid, chlorogenic acid,
and caffeic acid [30]. In another study by Ruan et al. (2020), ultrasound-assisted liquid-
state fermentation by Bacillus subtilis enhanced the in vitro antioxidant capacity of soybean
meal [54]. Valorization of corn processing by-products through ultrasound-assisted fer-
mentation led to enhanced levels of TPC and TFC, thereby increasing antioxidant activity
[21]. Another investigation on the evaluation criteria for various fermentation stages un-
der low-power ultrasonication indicated that the P. yezoensis sauce produced a higher
quantity of phenolic compounds and demonstrated enhanced antioxidant properties in
the sonicated sample during the logarithmic phase of L. plantarum [47]. This comprehen-
sive analysis confirms that ultrasound-assisted mixed culture LAB fermentation improves
the extraction and antioxidant potential of E. amoenum phenolics and flavonoids. The syn-
ergistic action among LAB bacterial strains, especially L. acidophilus and L. plantarum, en-
hances compound release and bioactivity, while ultrasound treatment positively influ-
ences cell wall disruption and microbial metabolism.
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Figure 3. DPPH free radical scavenging activity of the (A) unfermented control, ultrasound-treated
sample (U), and fermented E. amoenum using (A (L. acidophilus); P (L. plantarum); R (L. reuteri); AP
(L. acidophilus— L. plantarum); AR (L. acidophilus—L. reuteri); PR (L. plantarum— L. reuteri)); (B) unfer-
mented control, ultrasound-treated sample (U), and ultrasound-assisted fermentated E. amoenum
(UA (Ultrasound-assisted L. acidophilus); UP (Ultrasound-assisted L. plantarum); UR (Ultrasound-
assisted L. reuteri); UAP (Ultrasound-assisted L. acidophilus—L. plantarum); UAR (Ultrasound-as-
sisted L. acidophilus— L. reuteri); UPR (Ultrasound-assisted L. plantarum—L. reuteri)).
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Figure 4. FRAP analysis of the (A) unfermented control, ultrasound-treated sample (U), and fer-
mented E. amoenum using (A (L. acidophilus); P (L. plantarum); R (L. reuteri); AP (L. acidophilus—L.
plantarum); AR (L. acidophilus—L. reuteri); PR (L. plantarum—L. reuteri)); (B) unfermented control,
ultrasound-treated sample (U), and ultrasound-assisted fermentated E. amoenum (UA (Ultrasound-
assisted L. acidophilus); UP (Ultrasound-assisted L. plantarum); UR (Ultrasound-assisted L. reuteri);
UAP (Ultrasound-assisted L. acidophilus—L. plantarum); UAR (Ultrasound-assisted L. acidophilus—
L. reuteri); UPR (Ultrasound-assisted L. plantarum —L. reuteri)). Mean values + standard deviations
are reported (1 = 3). In each graph, the same letter indicates not statistically different values (p > 0.05

among values with same letter and p < 0.05 versus values with different letters).
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3.5. Correlations

The Pearson correlation assay was applied to analyze the correlation between the
phenolic and flavonoid contents and antioxidant activities (DPPH and FRAP) of different
fermented extracts (Figure 5). Strong positive correlations were observed between TPC
and TFC and both DPPH radical scavenging activity (r = 0.90 and r = 0.88, respectively)
and FRAP (r = 0.99 and r = 0.93, respectively). These results align with Khosravi et al.
(2024), who correlated total polyphenol and flavonoid with DPPH and the metal chelating
ability of fermented date by-product [27]. Similarly, Akbari et al. (2023) revealed a strong
correlation between TPC and TFC with DPPH and ABTS scavenging activity of fermented
ethanolic extract of corn bran samples using L. plantarum and L. reuteri [55]. Additionally,
Carmo Brito et al. (2017) found a strong positive correlation between total phenolic com-
pounds and total anthocyanins with the ABTS scavenging activity in fermented cocoa
beans [56].
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Figure 5. Correlation between TPC, TFC, and antioxidant activities (DPPH and FRAP).

3.6. FT-IR

The variations in the chemical bonds and functional groups of ultrasound-treated,
fermented, and ultrasound-assisted fermented E. amoenum samples are presented in Fig-
ure 6. FTIR spectroscopy provides a valuable method for examining bacterial responses
to ultrasound treatment [39]. As shown in Figure 6A and Figure 6B, ultrasound-assisted
fermentation induced more pronounced spectral shifts compared to ultrasound-treated
and fermentation alone, particularly in regions associated with hydroxyl and carbonyl
functional groups. Specifically, the control E. amoenum sample exhibits a strong, broad
absorption band in the 3200-3400 cm™ region, associated with O-H stretching vibrations
in hydroxyl-rich compounds such as polysaccharides and polyphenols [55,57]. Further-
more, distinct bands in the 1700-1600 cm™ region stem from C=O stretching and aromatic
C=Cbonds in polyphenols and lignin-derived structures [27]. In addition, bands observed
around 1200-1000 cm™ are characteristic of C-O and C-C stretching in carbohydrates,
highlighting the integrity of the cell wall polysaccharide network. As can be seen in the
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figure, the ultrasound-treated E. amoenum sample exhibits a distinct increase in intensity
and slight band broadening in the 3200-3400 cm region. This indicates enhanced release
of hydroxyl-containing compounds such as polyphenols from within the cells. The ultra-
sound-induced cavitation creates temporary pores and increases cell-wall permeability,
allowing these compounds to be more efficiently extracted without generating new hy-
droxyl groups through chemical reactions. Moving to the 1600-1700 cm™! range, the inten-
sity remains largely unchanged or shows a slight increase. This confirms that under mild
sonication, the covalent bonds of conjugated carbonyls and aromatic rings remain intact.
Ultrasound facilitates their physical release but does not degrade their core chemical
structures. In the polysaccharide sensitive region of 1000-1200 cm™, no significant change
in peak shape, position, or overall intensity is noted. Mild ultrasound causes physical dis-
aggregation, such as the loosening of the cell-wall network and partial breakdown of weak
intermolecular interactions, but does not substantially hydrolyze the covalent glycosidic
bonds of cellulose, hemicellulose, or pectin. Consequently, the polysaccharide fingerprint
in the infrared spectrum remains similar to that of the untreated control. Furthermore,
from the figure, it is evident that fermentation induces significant biochemical and struc-
tural changes, which are prominently observed as increased intensity and shifts in O-H
bands, reflecting the enhanced level of free phenolic acids resulting from the activity of
the enzymes produced by the LAB during fermentation and modification of phenolic
compounds [55]. Microbial enzymes such as cellulases and pectinases disrupt the plant
matrix, enhancing the extractability of antioxidants and increasing the phenolic content.
The effectiveness of antioxidants is determined by structural characteristics, including the
quantity and arrangement of hydroxyl groups on the ring structures, and the degree of
unpaired electron delocalization within the oxidized phenolic intermediate [58]. Prior re-
search indicates that phenolic compounds were primarily hydroxylated during the fer-
mentation process using LAB [49]. Furthermore, the unfermented control spectrum ex-
hibits a notably higher peak intensity in the 1600-1700 cm™ region, which corresponds
primarily to C=O stretching vibrations of phenolic acids, esters, and other carbonyl-con-
taining compounds, as well as aromatic C=C stretching vibrations commonly found in
lignin and polyphenols. The elevated intensity in the unfermented sample indicates a
greater abundance of intact carbonyl and aromatic structures. Fermentation results in a
marked decrease in peak height in this region, indicating enzymatic degradation and bi-
ochemical transformation of these carbonyl and aromatic compounds. Specifically, micro-
bial activity during fermentation hydrolyzes carbonyl-containing esters and modifies phe-
nolic structures, resulting in reduced intensities of these functional groups. A parallel
trend is also observed in the polysaccharide region near 1000 cm™, where the peak inten-
sity is similarly diminished in the fermented samples compared to the control. This band
is attributed to C-O stretching vibrations in cellulose, hemicellulose, and other structural
polysaccharides. The reduction in peak height further reflects microbial enzymatic depol-
ymerization of the polysaccharide matrix, promoting the breakdown of the plant cell wall
through cleaving the intramolecular glycosidic bonds ((3-1,4) and facilitating the release
of bound phenolic antioxidants [55]. The observed effects are significantly more pro-
nounced in mixed bacterial cultures, likely attributable to their synergistic interactions,
which enhance metabolic activity and promote superior growth compared to monocul-
tures under the same conditions. Ultrasound-assisted fermented samples exhibited the
most pronounced FTIR spectral shifts. These alterations confirm extensive depolymeriza-
tion of polysaccharides and maximal release of bioactive phenolic compounds and are
directly correlated with the experimentally observed enhancement in the antioxidant ac-
tivity and total phenolic content of fermented samples.
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Figure 6. (A) FTIR spectra of the unfermented control E.amoenum sample (C), the ultrasound-treated sam-
ple (U), the mixed culture fermented samples (L. acidophilus— L. reuteri (AR), L. plantarum—L. reuteri (PR),
and L. acidophilus — L. plantarum (AP)), and the ultrasound-assisted mixed culture fermented samples (L.

acidophilus— L. reuteri (UAR), L. plantarum —L. reuteri (UPR), and L. acidophilus—L. plantarum (UAP)). (B)
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Spectra of the control unfermented E.amoenum sample (C); the ultrasound-treated sample (U); the single
culture fermented samples (L. acidophilus (A), L. reuteri (R), and L. plantarum) (P); and the ultrasound-
assisted single culture fermented samples (L. acidophilus (UA), L. reuteri (UR), and L. plantarum (UP)).

4. Conclusions

This study elucidated the significant impact of low-intensity ultrasound-assisted mixed
LAB fermentation on the microbial dynamics and bioactive profile of E. amoenum during a 24
h fermentation period. Ultrasound-assisted co-culture LAB fermentation procedures, espe-
cially the one combining L. acidophilus and L. plantarum, not only enhanced bacterial prolifer-
ation and metabolite biosynthesis, reflected by a pH drop and increased CFU/mL counts, but
also significantly elevated total phenolic and flavonoid contents, as well as DPPH and FRAP
antioxidant capacities, compared to ultrasound-treated samples and unfermented controls.
Importantly, the ultrasound treatment accelerated the attainment of peak bioactive levels,
achieving in 12 h what control samples could not reach even after 24 h, highlighting the supe-
rior efficiency of the ultrasound-assisted mixed LAB fermentation in enhancing both the quan-
tity and rate of bioactive compound extraction. Furthermore, FTIR analysis confirmed struc-
tural modifications and alterations in polyphenolic functional groups, underpinning the en-
hanced release of bioactive compounds. Overall, the synergistic effects of low-intensity ultra-
sound treatment and co-cultured LAB fermentation present an efficient bioprocessing tech-
nology for maximizing bioactive metabolites and functional properties of E. amoenum. In par-
ticular, owing to its enhanced antioxidant power and phenolic content, it could be incorpo-
rated into functional foods and beverages, developed as a nutraceutical extract, or employed
in cosmetic and dermatological formulations aimed at oxidative stress mitigation. Further-
more, its bioactive-rich profile may support pharmaceutical applications following appropri-
ate downstream processing and safety evaluation.
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